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Abstract
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Chair of the Supervisory Committee:
Professor William M. Atkins
Department of Medicinal Chemistry

P-glycoprotein (P-gp), an ATP Binding Cassette transporter (ABCB1), plays an important
role in multidrug resistance in cancers and clinical drug interactions. P-gp utilizes the energy from
ATP hydrolysis to drive conformational transitions from the inward-facing (IF) to outward-facing
(OF) states that lead to extracellular drug release. In addition to the nucleotide-dependent
conformational rearrangements which provide alternating access of substrates to intracellular or
extracellular milieu, the drug binding sites have been proposed to cycle between high and low
affinities to facilitate drug binding or dissociation. However, drug-specific effects on nucleotide-
dependent affinity changes to P-gp remain largely uncharacterized. The lack of binding kinetics in
general also limits the mechanistic interpretation of P-gp transport. Furthermore, molecular details

of IF and OF conformations have not been demonstrated because the structure of OF P-gp remains



unavailable by classical methods. To address these questions, this dissertation describes the work
in employing complementary biophysical, biochemical and structural techniques to gain additional
insight on P-gp. By using Fluorescence Correlation Spectroscopy to monitor fluorescent probe
affinities for P-gp, our results indicate that changes in affinities are both probe- and nucleotide-
dependent. Combined with a novel antibody-based quenching strategy for vesicle-based transport,
we find that Flutax-2 may represent an under-appreciated class of P-gp substrates whereby
transport is uncoupled to nucleotide binding and hydrolysis. Hydrogen-Deuterium Exchange Mass
Spectrometry was used to characterize the detailed structural dynamics of P-gp in the IF or OF
states, and in detergent or nanodiscs environment. Vanadate inhibition of P-gp to promote the OF
conformations leads to an overall decrease in deuterium uptake throughout the NBDs, but also
causes an increased solvent exposure of a peptide from TM1 which supports the OF conformation
with an opening of drug binding sites towards extracellular space. Interestingly, several peptides
displaying EX1 exchange kinetics indicate that P-gp motions occur on a wide range of time scale,
from seconds to hours. Lastly, Surface Plasmon Resonance is presented as viable technique for
studying drug interactions with membrane proteins reconstituted into nanodiscs. Experimental
considerations, advantages and disadvantages associated with different biosensor chips are
discussed, and successful preliminary experiments with small-molecules binding to P-gp
nanodiscs are demonstrated. Together, these results shed light on the complex structural and

functional mechanism of P-gp.
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Chapter 1

Introduction to P-glycoprotein as an ATP-dependent Efflux Transporter, with Emphasis
on Cooperativity between Drug Binding, ATP Hydrolysis and Conformational Switch

1.1 P-glycoprotein
1.1.1  Structure and Function

In living cells, membrane transporters are essential for regulating the movement of solutes, small
molecules and macromolecules across biological membranes. Among these transporters, members
of the ATP-binding cassette (ABC) family are active transporters. From prokaryotes to eukaryotes,
a key role of these transmembrane ATPases is to harness energy from hydrolysis of ATP to
transport nutrients into cells (importers) or to export metabolic byproducts or xenobiotics out of
cells (exporters). In humans, there are 49 ABC genes that are classified into 7 subfamilies (ABC-
A to ABC-G) based on sequence homology and all function as exporters (1). P-glycoprotein (P-
gp), also known as ABCBI1 or multidrug resistance protein 1 (MDR1), is a clinically important
ABC efflux transporter that has a protective role. P-gp mediates the secretion of metabolites and
drugs into the bile, urine and lumen of the gastrointestinal tract, as evidenced by the localization
of P-gp on the apical surface of epithelial cells in small biliary ductules in the liver, proximal
tubules in the kidney, and columnar cells in the colon. Likewise, P-gp is also found at the blood-
brain, blood-placenta, and blood-testis barriers to protect vital organs from toxins and xenobiotics
(2).

Although the 3D crystal structure of human P-gp (MDRI1A) is unavailable, a significant
understanding of its mechanism is derived from crystal structures of mouse P-gp (mdrla/mdr3)

and bacterial ABC transporters (such as Sav 1866). Like all ABC proteins, P-gp has a structural



core of two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs). While
some members of the family are half transporters consisting of subunits that form homodimers or
heterodimers, P-gp is a full transporter consisting of a single polypeptide of 1280 amino acid
residues (~170 kDa) arranged in two homologous halves from an amino terminal TMD to a
cytosolic NBD.

The NBDs of P-gp each contain several highly conserved motifs, including the Walker A and B
sequences, the signature C motif, and the H loop and Q loop. The TMDs each comprise six
transmembrane helices which form multiple, overlapping drug binding sites that contribute to the
substrate promiscuity. It has been widely proposed that during ATP binding and hydrolysis, P-gp
undergoes a large scale conformational change, which involves NBD dimerization (to form a
“nucleotide-sandwich” dimer) coupled to conformational rearrangements in the TMD (3,4). This
conformational change converts P-gp from an inward-facing (IF), open conformation to an
outward-facing (OF), closed conformation that facilitates translocation of drugs across the lipid
membrane (Figure 1.1). As discussed further in this chapter, it is becoming apparent that P-gp does
not simply exist as a two-state, [F or OF system. There is compelling evidence that indicates that
the transporter is conformationally heterogeneous and flexible. That is, P-gp exists as an equilibria
of multiple partially open or closed states. It could be envisaged that the multiple conformations
present a large selection of drug binding sites that contribute to the broad substrate specificity of
P-gp, and the intrinsic flexibility facilitates the interconversion between conformations to
contribute to its function as an efflux pump. However, it is also very likely that the structural
heterogeneity and dynamics of P-gp hampers years of crystallization efforts and makes this a

challenging membrane protein to study.



1.1.2  Physiological and Clinical Significance, Motivation for Study

One of the most critical functions of P-gp is its protective role in the blood brain barrier, as
demonstrated with mdrla double knockout mice (5). Nearly all the knockout mice died after
exposure to ivermectin, a pesticide which does not cause adverse effects in normal mice. The
knockout mice accumulated a nearly 100-fold increase in ivermectin in the brain, which indicated
that P-gp in the blood brain barrier played a crucial role in excluding xenobiotics or drug substrates
from the brain compartment. Structurally, the blood brain barrier consists of endothelial cells that
are joined together by tight junctions and very little fenestration or pinocytosis occurs in these cells
(6). The blood brain barrier is therefore less leaky compared to blood capillaries in other parts of
the body, and generally, larger and more hydrophobic molecules are required to partition into the
endothelial cells in order to reach the brain. It is now well-established that P-gp at the blood brain
barrier helps to prevent penetration of large, hydrophobic drugs into the brain. P-gp plays a similar
role in other sanctuary sites such as placenta, testis, and kidney (2,7,8).

Clinically, there is considerable interest in P-gp because of the role it plays in drug-drug
interactions, bioavailability and multidrug resistant (MDR) cancers. For example, induction of P-
gp activity reduces bioavailability of orally administered drugs and decreases therapeutic efficacy.
Inhibition of P-gp activity, on the other hand, increases bioavailability of the drug but potentially
leads to an increased risk of drug-associated toxicities or side effects. Due to the efflux function
of P-gp, overexpression of the protein confers multi-drug resistance in malignancies such as colon
and kidney cancers because many anticancer drugs like the anthracyclines, taxanes and vinca
alkaloids are substrates of P-gp. Even in cancers that have a low basal level of expression, P-gp is
found to be upregulated following prolonged exposure to chemotherapy, resulting in poor

prognosis (9). Potential drug-drug interactions also occur when P-gp inhibitors intended to act as



chemosensitizers are substrates for the drug metabolizing cytochrome P450s (10). Induction or
inhibition of the cytochrome P450s by the chemosensitizers alters the metabolism of co-
administered anti-cancer drugs and this presents significant challenges in chemotherapy dosage
adjustments because of unpredictable drug metabolism and clearance pathways.

Approaches to inhibit P-gp activity are essential to overcome P-gp dependent MDR cancers.
Highly specific P-gp inhibitors that lack interactions with the P450s have been developed over the
years but none have been clinically approved due to severe toxicities accompanying increased
brain penetration of anticancer drugs (11). In addition to the continuous pursuit of novel, highly
specific P-gp inhibitors from a variety of sources, other proposed strategies include control of
protein expression for direct therapeutic purposes and tailoring drug regimens to include P-gp
inhibitors based on anticancer drugs used. Additionally, it is imperative to investigate the
molecular basis of P-gp as an ATP-dependent transporter in order to establish new solutions to
treat mdr cancers. Other human ABC transporters share many structural and functional features
and overlapping substrate specificities with P-gp. Therefore, P-gp remains the prototypical
transporter from a mechanistic perspective and a major target for pharmacological intervention of
the clearance of other drugs.

The aim of this dissertation is to investigate the molecular details of P-gp transport. Compared to
the very fast, diffusion rate-limited transport process associated with ion channels, protein-
mediated transport processes such as facilitated diffusion and active transport are slower processes
because of additional requirements for ligand binding and protein conformational changes. This
presents an opportunity for biophysical and biochemical characterization of the elementary rate

constants and identifying the rate-limiting step involved in P-gp transport cycle. In addition, the



mechanistic knowledge from studies with P-gp may have broader implications for other ABC

transporters.

1.1.3 Catalytic and Transport Mechanism

A generally described mechanism of transport pathway of P-gp includes a putative transition state
that has been well-characterized and linked to a conformational change that is necessary for
transmembrane movement of drugs (12-15). Although the exact sequence of events that occur
during the energy-dependent drug transport process remains uncertain, an early model proposed
by Sauna et al. involved the following basic steps: 1) Initiation of the transport pathway by ATP
binding and/or drug binding, 2) Dimerization of the NBDs following ATP binding and/or
hydrolysis, 3) Conformational rearrangements at the TMDs that is coupled to a high to low affinity
switch at the drug binding site that releases the drug, and 4) Resetting the pump with
binding/hydrolysis of a second ATP molecule (16). A confounding aspect in the analysis of P-gp
mediated drug transport is the presence of basal activity even in the absence of drugs, which is
sometimes not incorporated into transport models. A more elaborate model based on analysis of
the transition state of P-gp was proposed by Al-Shawi et al., which took into account both basal
and drug-stimulated ATPase activity of P-gp and also demonstrated that the transition states
involved in the drug-coupled and uncoupled activity are different (Figure 1.2; adapted from (17)).
The model suggests that P-gp exists in at least two active populations, an uncoupled and coupled
form that transports drugs. In the absence of drugs, the uncoupled form leads to basal ATPase
activity, whereas in the presence of drugs, more P-gp is recruited to the transport competent
coupled population. Therefore, at relatively high drug concentrations, P-gp presumably exists only
in the coupled form with high drug affinity sites. Besides the basal and drug stimulated activity (in

the absence of drugs and presence of activating concentrations of drugs respectively), very high



concentrations of drugs generally result in drug inhibited activity, possibly through occupying low
affinity sites that induce new conformations.

Associated with the transport cycle is the generally accepted model of alternating catalysis of the
NBDs (Figure 1.3). Extensive studies that exploit vanadate trapping of nucleotide at either catalytic
site, mutations or chemical modifications which inactivate one catalytic site, completely abolished
ATP hydrolysis at the other site (18-20). Therefore, it is postulated that when one site enters the
post-hydrolysis transition state, the other site cannot do so, and the NBDs catalyze ATP hydrolysis
alternately (21). In addition, although P-gp is likely to be bound with two molecules of ATP under
physiological conditions, it has been demonstrated that the energy from hydrolysis of one ATP
molecule is sufficient to drive transport (17). It is proposed that P-gp keeps a “conformational
memory” of which NBD last hydrolyzed ATP, and catalysis takes place in a reciprocal fashion. In
Figure 1.2, the binding of a new molecule of ATP (shown) promotes the hydrolysis of a previously
bound ATP molecule.

Historically, the “processive clamp” model was proposed in lieu of the alternating catalysis model,
because Tampe et al. isolated NBD dimers containing two ADPs in addition to those containing
one ATP and one ADP, and two ATPs. Therefore, it was hypothesized that both ATPs can be
hydrolyzed sequentially in a single cycle (22). A main feature of the model is the ATP-induced
NBD dimerization which causes a conformational change in the TMDs that displaces the drug,
and NBD dissociation following sequential ATP hydrolysis that resets the transporter. Although it
is now clear that the alternating catalytic site model is operative because subsequent biochemical
studies demonstrated an ‘occluded” ATP molecule in the NBDs, it is noteworthy that the
mechanistic concepts of ATP-induced NBD dimerization and ADP-induced dissociation prevail

across different models.



1.2 Overview: Multiple Drug Binding Sites of P-gp

P-gp has been estimated to bind more than 300 different compounds. However, how P-gp
recognizes and binds a diverse array of anticancer drugs, cyclic peptides, xenobiotics, lipids and
detergents is still a subject of intense debate. P-gp has been described as a ‘flippase’ or
‘hydrophobic vacuum cleaner’ in earlier models with heavy emphasis on substrate-lipid
interactions (23). However, it has become clear with many investigations that there are more
specific, multiple drug binding sites on P-gp that contribute to its broad substrate specificity.
Multiple binding sites were located within P-gp using a range of photoaffinity analogs that labeled
both the N- and C- terminal halves of the transmembrane regions, and classical radioligand binding
and displacement experiments revealed competitive or non-competitive interactions. One of the
earliest studies demonstrated the presence of two distinct, positively cooperative, transport sites
termed the H site for Hoechst 33342 (that also binds colchicine), and R site for Rhodamine 123
(also binds anthracyclines) (24). A third binding site for prazosin and progesterone was also
reported (25). Later, more extensive binding studies revealed at least four distinct binding sites
that are linked by negative heterotropic allostery and up to seven different binding sites on P-gp
has been reported (26). Besides the competitive and non-competitive interactions between drugs,
it has also been shown that multiple molecules of a drug can bind simultaneously to P-gp based on
biphasic ATPase and binding assays, which suggest that low affinity and high affinity sites exist
(27,28). Furthermore, these binding sites have also been classified as transport or modulatory sites,
because some substrates are transported by P-gp but others modulate its ATPase activity without
being transported. Currently, direct drug binding studies with P-gp are limited and most of these

are not related to the rates of drug transport. In other words, there is a disconnect between binding



and transport kinetics, and it is unclear whether the transport sites of P-gp are related to the high
and low drug affinity sites. We attempt to address this gap in knowledge in Chapter 2, where we
use Fluorescence Correlation Spectroscopy (FCS) to selectively probe the high affinity sites of
ligand binding and perform vesicular transport experiments under conditions that populate the high

affinity sites.

1.3 Overview: Allosteric Interactions between Drug Binding Sites and Nucleotide Binding

Domains

Conformational changes transmitted between drug binding sites and nucleotide binding domains
are believed to drive translocation of drugs across the membrane. Drug binding at the TMDs has
been shown to quench the fluorescence probe MIANS covalently bound at the NBDs (29). Cross-
talk in the reverse direction has been demonstrated by the ability of nucleotide binding and
hydrolysis within the NBDs to elicit conformational changes at the TMDs, as shown by tryptophan
quenching, limited trypsin digestion, photolabeling and changes in binding of UIC2 antibody to
the extracellular epitope on P-gp (14,30,31). Overall, these investigations suggest inter-domain
communication via conformational changes; however, few studies actually explored how cycling
between high and low drug affinity binding sites differentially affect P-gp conformation and
promote drug translocation.

Several lines of research suggest that drug binding and nucleotide binding are coupled. However,
to date, biochemical strategies for investigating nucleotide-dependent changes in drug binding
affinity remain difficult and results are controversial. For example, photolabeling studies with
iodoaryl-azidoprazosin (IAAP) showed a reduction in substrate binding when P-gp was trapped

by vanadate in a post-hydrolysis conformation (30). However, using equilibrium radioligand



binding assays, another group demonstrated that a reduction in drug binding affinity was effected
not only by post-hydrolysis vanadate trapping, but also with a non-hydrolysable nucleotide analog
AMP-PNP (27). This suggests that nucleotide binding and hydrolysis led to a decrease in drug
binding. In contrast to these studies, fluorescence quenching experiments with MIANS using
detergent solubilized P-gp showed no change in affinity for many drugs at different nucleotide
bound states (32). Based on these studies two opposing models of how P-gp transports drugs have
been proposed. The first multistep model proposed that, for efficient and rapid translocation of
drugs, the drug binding sites switch from high affinity (for drug association) to low affinity (for
drug dissociation) that are alternately exposed to the opposite sides of the bilayer during ATP
binding or hydrolysis. A second model proposed that nucleotide binding has no effect on drug
affinity. These observations may arise from underlying differences in reconstitution methods, such
as liposomes/membrane vesicles vs lipid-detergent micelles, and also from direct (radioligand
binding assays) versus indirect measurements of drug binding affinity. These results also likely
indicate that coupling between nucleotide bound conformations and drug binding is dependent on
the identity of the drug. In general, much remains to be learned about the nucleotide-dependent
interactions between drugs and P-gp and additional binding studies with new strategies are
required. In Chapter 2, FCS together with nanodiscs technology, allow us to probe both the drug
binding and nucleotide binding sites of P-gp and to study nucleotide-dependent effects on probe
affinity changes. In Chapter 4, Surface Plasmon Resonance (SPR) may provide an additional
strategy to measure drug binding affinities to P-gp although more work is needed to extract the

rate constants.



1.4 Overview: Nucleotide or Drug-induced Conformational Change and Structural

Complexities

A gap in our current understanding of P-gp mechanism is the extent to which the NBDs engages
or dissociates as P-gp transits from an IF to OF conformation, and how these movements are
coupled to helical rearrangements in the TMDs during a transport cycle. The first X-ray
crystallographic structure of P-gp in the nucleotide-free, IF, open state was solved for the murine
isoform and refined recently (33,34). Although ATP hydrolysis is proposed to require the
association or close contact between the NBDs based on studies of analogous bacterial ABC
transporters, no matching OF or closed conformation of any eukaryotic ABC transporter has been
reported. Rather, many studies have used homology modeling to construct such an OF
conformation using SAV1866 as a template (35). Notably, among structures reported for murine
and C.elegans P-gp, there is a continuum of IF conformations with various extent of NBD
separation (46 A to 72A), which suggests conformational flexibility of the transporter. Early FRET
experiments that utilized P-gp labeled with donor and acceptor fluorophores at the NBDs reported
paradoxical results. MIANS/NBD labeled P-gp in the presence of detergent demonstrated no
significant changes in energy transfer efficiency when P-gp was in the resting state, in presence of
drug or ATP alone, or with a combination of ATP and drug (36). In contrast, cysteine mutants of
P-gp labeled with Alexa 488 and Atto dyes reconstituted into liposomes showed around 5-10%
increase in FRET efficiency in the presence of ATP and between 10- 20% increase in the presence
of vanadate (versus resting state). The authors also observed at least three populations of FRET
efficiencies under conditions of verapamil transport using single molecule FRET, which they
attribute to at least three major conformations of P-gp during a transport cycle (37). Most recent
studies using single particle electron microscopy provide conflicting results, again, with different

reconstitution systems. With cryo-EM, human P-gp in detergent micelles were reported to undergo
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a switch from IF to OF conformation in the post-hydrolysis state with vanadate trapping in the
absence of drugs (38). However, this was not observed by negative stain EM using mouse P-gp in
bicelles or nanodiscs and the IF to OF conformational change was only shown with vanadate
trapped P-gp in the presence of drugs (39). The resolution of the techniques may result in the
differences, because cryo-EM enables higher resolution of the particles compared to negative stain
EM. Furthermore, it is possible that P-gp in bicelles or nanodiscs may have different
conformational dynamics compared to P-gp in detergent. Although the P-gp isoforms are different
in the two studies (human versus mouse), mouse P-gp has 87% sequence homology with human
P-gp and it is unlikely that they are structurally dissimilar. A common feature reported in both
studies is that P-gp exists in both [F and OF conformations, although it was reported to be of equal
ratio for human P-gp in detergent micelles, but only up to 3% of the OF conformation for mouse
P-gp in lipid membranes. These biochemical data highlight that conformational heterogeneity of
P-gp may contribute, and it may also be possible that the authors have employed different
classification systems that resulted in different 3D reconstruction of P-gp conformations. The
NBDs of P-gp likely does not dimerize with a tight interface, unlike homologous bacterial
exporters (such as MsbA), and this is likely to result in subjective assessment of particles as open
or closed states. Without the crystal structure of P-gp in the OF state, orthogonal structural
techniques are required to study the conformational changes of P-gp. In Chapter 3, we use
Hydrogen Deuterium Exchange Mass Spectrometry (HDX-MS) to compare structural changes and
solvent accessibility between mouse P-gp in the resting and post-hydrolysis states, in both

detergent and nanodiscs environment.
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1.5 Summary

This chapter serves to emphasize that a multi-faceted approach is required to elucidate the
mechanism of drug transport by P-gp. Despite more than 30 years of biochemical research, direct
binding experiments to measure drug or nucleotide affinities remain scant and difficult, because
many hydrophobic substrates of P-gp are poorly soluble in aqueous buffers and non-specific
interactions are prevalent. Furthermore, very weak affinity interactions between nucleotides and
P-gp (millimolar range) prohibit many biochemical and biophysical characterizations. In addition,
different reconstitution systems between studies likely contribute to the disparate results and a
detergent-free membrane environment for studying P-gp has been recommended (40). P-gp
reconstituted into lipid nanodiscs is reported to behave similarly to P-gp in liposomes or native
membranes, and has additional advantages such as homogeneous size distribution and accessibility
of both intracellular and extracellular epitopes for analyses.

The remainder of this dissertation is, therefore, dedicated to efforts made towards applying state-
of-the-art biophysical strategies, in combination with a lipid nanodisc model membrane platform,

to provide new insights on P-gp-ligand interactions and structural changes.
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Figures

Figure 1.1. Cartoon representations of mouse P-gp in different conformations. Crystal structure
of P-gp in the IF (inward-facing) conformation (PDB ID: 4Q9H, left) and homology model of P-
gp in the OF (outward-facing) conformation (PMDB: PM0075213, right) with Sav1866 as a
template. Shown in light blue, light pink, light orange and pale green are regions corresponding
to TMD1 (residues 31-366), NBD1 (residues 367-625), TMD2 (residues 687-1010) and NBD2

(residues 1011-1272) respectively.
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Figure 1.2. Activity and transport cycle of P-glycoprotein, modified from (17). In the absence of
drug, but in the presence of ATP, P-gp partitions into the uncoupled cycle (lower, shaded) and
hydrolyses ATP without doing any transport work. This constitutes the basal activity of P-gp. In
the presence of a drug substrate, P-gp partitions into the coupled activity cycle in which drug
transport is coupled to ATP hydrolysis and results in the stimulated activity of P-gp (upper,
unshaded cycle). Drug binding promotes the binding of a second ATP molecule at the nucleotide
binding domain, which leads to the subsequent hydrolysis of a bound ATP from the previous
catalytic cycle (alternating catalysis, figure 1.3). After passing through a high energy transition
state (red asterisk), the drug is released to the extracellular space, followed by the release of Pi and

ADP. The two transition states (two red asterisks) represent two different experimentally

determined protein conformations, from (17).
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Figure 1.3. A proposed model for alternating catalysis by P-gp, adapted from (21). Rectangles
represent the two transmembrane domains of P-gp; circle, square and hexagon represent different
NBD conformations when occupied by ATP, ADP or no nucleotide, and ADP+Pi respectively. A
hypothetical cycle begins when drug binds at a site within the transmembrane domains, and the N
catalytic site is empty while the C catalytic site has a bound ATP (top left). The binding of a new
molecule of ATP at the N site allows ATP hydrolysis at the C site, and the post-hydrolysis
conformation at the C-site prevents hydrolysis at the N site (top right). The post-hydrolysis, high
chemical potential state of the C site after bond cleavage is depicted as a hexagon. Relaxation of
the C site occurs, which is coupled to rearrangements in the TMDs that results in the release of
drug from inward-facing, high affinity site to outward-facing, lower affinity site and Pi is released
(bottom right). Drug and ADP dissociates from P-gp, and the cycle resets (bottom left) but now
the ATP molecule at the N site will undergo hydrolysis when a new molecule of ATP binds to the

C site in the next cycle.
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Chapter 2

Differential Coupling of Binding, ATP Hydrolysis and Transport of Fluorescent Probes
with P-glycoprotein in Lipid Nanodiscs

Parts of this chapter are taken from the published manuscript:
Li, M. J,, Nath, A., and Atkins, W. M. (2017) Differential Coupling of Binding, ATP Hydrolysis,
and Transport of Fluorescent Probes with P-Glycoprotein in Lipid Nanodiscs. Biochemistry 56,

2506-2517

2.1 Introduction

P-glycoprotein (P-gp; ABCBI) plays a critical role in drug disposition and drug resistance by
exporting a wide range of structurally diverse xenobiotics from several cell types. As discussed in
Chapter 1, based on crystallographic models of mammalian P-gp in the absence of nucleotide (4,5)
and results with bacterial P-gp homolog in the presence of nucleotides (6), it is well-established
that binding and hydrolysis of ATP are coordinated to large scale conformational changes (7,8)
that lead to alternate formation of inward-facing and outward-facing states (Figure 2.1). The
binding and hydrolysis of ATP are coupled to binding and transport of different drugs in a drug-
dependent manner. One possible outward-facing state is stabilized by addition of ATP or ADP
with vanadate (9), and the resulting vanadate-trapped state has provided a model for the hydrolytic

transition state or the post-hydrolysis state, and possibly other outward-facing conformations.

However, data suggest that different drugs elicit different conformations and hence differential

coupling between drug transport and nucleotide-bound states. In addition, many drugs are
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known to bind with a stoichiometry greater than 1 drug per P-gp, possibly as high as 4 or 5 drugs
per P-gp. It is likely that the two-state nucleotide-dependent scheme (inward-facing vs. outward-
facing) is oversimplified, and each of these states may include substrate-dependent
conformational ensembles that depend on both the identity of the drug bound and the number of
drugs bound, as recently emphasized with verapamil (11).

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

corresponding fluorophore bind at the same site.

It has also been technically difficult to apply many biochemical methods to P-gp in detergent
solution or liposomal preparations. As mentioned in Chapter 1, results on changes in drug affinity
for P-gp in different nucleotide-bound states in a detergent environment or in a lipid bilayer have
been contradictory (12-14). In general, additional details concerning the nucleotide-dependent
interactions of probes and drugs with P-gp are required to fully understand its mechanism and new

methods to study these interactions may contribute.

20



We have previously established P-gp in lipid nanodiscs as a platform for its biochemical and
biophysical characterization. For example, conformation specific antibodies against human P-gp
in nanodiscs differentially recognize the vanadate-trapped nucleotide-bound P-gp vs. nucleotide
free and other nucleotide-bound states, as probed by SPR (15). Here we extend the nanodisc
platform with a comparison of DMPC and E. coli lipid nanodiscs, to monitor the affinity of probe
ligands to different nucleotide-bound states of murine P-gp using fluorescence correlation
spectroscopy (FCS). FCS measures the fluctuation in fluorescent intensity of single molecules over
time and reports on the diffusion properties of the fluorescent molecules. In particular, FCS has
some advantages over other fluorescence based approaches. One advantage is the extraordinary
sensitivity of FCS that allows for interrogation specifically of low drug occupancy states. Here
we demonstrate that the murine P-gp in nanodiscs exhibits nucleotide-dependent changes in
affinity for BODIPY-verapamil (BD-verapamil) and BODIPY-vinblastine (BD-vinblastine), but
the affinity of paclitaxel-Oregon Green 488 (Flutax-2) is unaffected by nucleotide. The chemical
structures of each are shown in Figure 2.2 along with the corresponding unlabeled drug. Most
interestingly, Flutax-2 is a transport substrate in murine P-gp vesicles but it does not stimulate
ATPase activity in either lipid environment. Together the results confirm that P-gp in lipid
nanodiscs has distinct ligand binding sites for commonly used fluorescent probes, at low
occupancy, that are differentially coupled to nucleotide binding, and they demonstrate the utility

of FCS with P-gp nanodiscs.
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2.2 Materials and Methods
2.2.1 Materials

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and n-dodecyl-f-D-maltoside (DDM)
were purchased from Avanti Polar Lipids. BODIPY FL verapamil (also known as Everfluor FL
Verapamil) was purchased from Setareh Biotech. Oregon Green® 488 Paclitaxel (Flutax-2),
BODIPY vinblastine, Alexa Fluor 488 succinimidyl ester and DiOCi6(3) were purchased from
ThermoFisher Scientific. Unless stated otherwise, nucleotides and other reagents were from

Sigma-Aldrich.

2.2.2 P-gp and MSPI1DI1 Protein Expression and Purification

Hexa-histidine tagged MSP1D1 was expressed in Escherichia coli and purified via nickel affinity
chromatography as described in detail previously (16). Briefly, MSP1D1 was expressed in E. coli
BL21-Gold (DE3) cells transformed with a pET expression vector encoding kanamycin resistance
with a C-terminal histidine tag and a TEV protease cleavage site. Cells were lysed using a French
press followed by ultracentrifugation (45,000 g for 45 minutes) to separate intact cells and cell
debris from the supernatant, and the supernatant was passed through a Ni-NTA column for
purification. Pro-TEV Plus (Promega Corporation) was used to cleave the histidine-tag according
to the established protocol, and cleaved MSP1D1 was further purified with another Ni-NTA
affinity column, dialyzed into standard buffer (200 mM Tris, 100 mM NaCl, 0.5 mM EDTA, pH

7.4) before storing in aliquots at -80 °C.

The wild-type mouse P-gp mdrla (or also known as mdr3) was expressed and purified from Pichia

Pastoris as described previously with some modifications (17). Yeast cells were grown and
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induced with methanol in a 32 L DCI-Biolafitte fermentor with a 20 L working volume. Frozen,
harvested cells were thawed before resuspension in an ice-cold homogenization buffer (100 mM
Tris, 250 mM sucrose, | mM EDTA, 1 mM EGTA, 100 mM 6-aminohexanoic acid, 2 ug/ml
pepstatin A, 2 ug/ml leupeptin, 1 mM PMSF, 2 mM benzamidine) at 0.5 mg cells/ml. Cells were
lysed by French press and P-gp was solubilized in buffer containing 1% DDM (w/v) and protease
inhibitors, purified by Ni-NTA and DEAE-cellulose chromatography according to established

protocol, concentrated to 1mg/mL and stored in aliquots at -80 °C.

2.2.3 Nanodiscs Reconstitution and Purification

P-gp nanodiscs formation has been described previously (16). Instead of E. coli total lipid extract,
DMPC was used to minimize heterogeneity in lipid composition and to increase the drug-
stimulated over basal activity of murine P-gp. Briefly, DMPC lipid films were solubilized in disc
forming buffer (20 mM Tris, 100 mM NaCl, pH 7.4) in presence of 6-fold excess DDM. Purified
P-gp, MSP1DI1 and lipid were mixed in a molar ratio of 0.1:1:80 and incubated for 1 hour at room
temperature on a nutator. To remove the detergent, pre-washed Amberlite XAD2 resin (Sigma-
Aldrich) was added at 0.6g/ml for 2 hours at room temperature, and P-gp nanodiscs were recovered
by passing through a 25 Ga needle. P-gp nanodiscs were separated from empty nanodiscs by SEC-
HPLC chromatography (Superdex 200 10/300 GL column, GE Healthcare). Fractions containing
P-gp nanodiscs were collected and concentrated using a 100 kDa MWCO centrifugal filter unit
(Millipore). P-gp nanodisc concentrations were estimated by comparing coomassie-stained P-gp

bands with BSA standards of known concentration using SDS-PAGE.
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2.2.4 ATPase Activity Assay

Basal and drug-stimulated ATPase activities of P-gp were measured using a colorimetric assay to
monitor the release of inorganic phosphate according to Chifflet et. al. (18). P-gp nanodiscs (0.5
ug) were incubated in ATPase buffer (150 mM NH4Cl, 50 mM Tris, 5 mM MgSOs4, 0.02% NaNG,
pH 7.4) in the presence of | mM MgATP for 1 hour at 37 °C. Drugs were added from concentrated
DMSO stocks and final DMSO concentration did not exceed 1% (v/v). The absorbance intensity
from the formation of phosphomolybdate was measured at 850 nm using a Tecan Infinite M200
microplate reader.

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

has low affinity and inhibits ATPase activity (19):

B KiK2Vo+ KoViS + V,S?
a K K7+ KoS + §2

where V is the overall rate of ATP hydrolysis, Vo is the basal rate of ATP hydrolysis in the absence
of drug, Vi is the maximal rate of ATP hydrolysis when there is only activation, Ki is the
[substrate] that stimulates half of this maximal increase in ATPase activity, V2 is the rate of ATP
hydrolysis at infinite [substrate], and K2 is the [substrate] that gives half maximal decrease in

ATPase activity from the value V1 to the value V2.
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2.2.5 Fluorescence Correlation Spectroscopy

FCS measurements were performed on a home-built instrument, consisting of an inverted Zeiss
Axio Observer D1 (Carl Zeiss Microscopy, Peabody, MA) microscope equipped with HydraHarp
400 detection electronics, a pulsed 485 nm diode laser line, and a Tau-SPAD photon counting
detector (PicoQuant GmbH, Berlin). Laser power was set at 150 uW to maximize signal to noise
level and to minimize excitation saturation effects and photobleaching. The laser was passed
through a 488/10 excitation filter and focused into the sample by a 63X/1.2 N.A. C-Apochromat
water immersion objective. The resulting fluorescence signal of the sample was collected through
the same objective and separated from the excitation light by a 488 nm dichroic mirror in
combination with a 535/70 emission filter (all filters from Chroma Corp, Bellows Falls, VT).
Emitted light was focused onto a 50 um multimode fiber (OZ Optics, Ottawa, ON) and transmitted
to the Tau-SPAD detector. Autocorrelation and time-correlated single-photon counting of
fluorescence signal from the detector was performed using the HydraHarp 400 and SymphoTime
64 software (PicoQuant). Binding titrations were performed by adding increasing concentration of
P-gp nanodiscs (receptor) to a fixed nanomolar concentration of the fluorophore (ligand). P-gp and
empty nanodiscs were dialyzed in FCS buffer (20 mM Tris, 150 mM NaCl, 2 mM MgSOs, 4%
glycerol, pH 7.4) overnight and centrifuged at 17,500 rpm at 4°C for 15 minutes to remove any
aggregates before use. A fixed amount of empty nanodiscs was added to minimize adsorption of
fluorophores or P-gp to tubes and cover slips. For the data shown, 25 nM BD-verapamil was added
to various P-gp nanodiscs concentrations in presence of 1 uM empty nanodiscs. Similarly, 25.7
nM Flutax-2 was added to P-gp nanodiscs in presence of 0.3 uM empty nanodiscs, and 50 nM BD-
vinblastine was added to P-gp nanodiscs in presence of 0.3 uM empty nanodiscs. Effect of

nucleotides on binding of drug-fluorophore to P-gp was characterized by adding 1 mM AMP-PNP,
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or | mM ATP with 240 uM Vi. Orthovanadate stock solutions (100 mM) were prepared from
Na3zVOu4 (Calbiochem) with boiling at pH 10, and sub stocks were boiled for 5 minutes and diluted
with FCS buffer before each use. Fluorophore concentrations were determined using €™ = 82,000
+ 5000 M'cm™ at 506 nm for BODIPY dyes (ThermoFisher) and 49,100 = 1100 M-'cm™ at 496
nm for Flutax-2 (20).

Competition experiments between the fluorescent probes and drug substrates for binding were
carried out in the presence of a fixed concentration of P-gp nanodiscs (300 nM) and dye (as used
for binding titrations). Drug stock solutions were made up in DMSO and final DMSO
concentration in FCS samples did not exceed 1% (v/v).

Samples were incubated at room temperature (22.5 + 0.5°C) for 90 minutes before measurement.
5-10 times of 1 minute measurements were recorded for each sample. Autocorrelation curves with
intensity spikes due to aggregation or insolubility were removed. A one component, free diffusion

model was used to describe the autocorrelation function (G)) for single fluorescent molecules:

1

G() = l(1 + 1)_1 (1+5)°

N ™ S21tp

where N is the average number of molecules in the focal volume, tp is the translational diffusion
time of the particles transiting the observation volume, and S (= Zo/ro) is the structure parameter
which is the ratio of the axial (Zo) to lateral dimension (ro) of the volume (fixed at 5.0 for our
instrumentation). For single component samples such as free dye alone or fully bound dye species
to nanodiscs, the above equation was used to obtain tp. The laser point spread function was
approximated by a three-dimensional Gaussian model and 20 nM of Alexa Fluor 488 succinimidyl
ester was used for calibration and estimating the ro? value (ro’>= tp *4D, where D is the diffusion

coefficient of Alexa Fluor 488 SE which is reported to be 414 um?/s) (21). Fitting of
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autocorrelation curves was performed using Igor Pro 6, which uses the Levenberg- Marquardt
nonlinear least squares fitting algorithm. The goodness-of-fit was derived from the % value or

residual plot.

2.2.6  Equilibrium Binding of Fluorophores to P-gp Nanodiscs

To analyze a solution containing n non-interacting fluorescent species with n different tpi, the

overall autocorrelation function is described as:

1 1

n
. T B 2
G(r) = ;bl (1+ T—Di) (1+ S;;Di) 2

where S is the structure parameter (Zo/ro) and biis the relative amplitude of the components which

is proportional to the concentration of molecules, assuming constant brightness of the molecules

and contribution of chemical kinetic processes are negligible.

Here we used the approach of measuring a single, apparent tp, which is a weighted average of all
the n components (free dye, empty nanodiscs, P-gp nanodiscs) in solution to determine the

equilibrium dissociation constant, Kd

[E] . [P]

TfreeT TE e + 1P 5

LT

TD,app—

where Tfee, TE, TP are the known translational diffusion times of the free fluorophore, empty
nanodiscs and P-gp nanodiscs respectively, while [E] and [P], Kt and Kp are the concentrations

and the dissociation constants of empty and P-gp nanodiscs respectively.
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The concentrations of fluorophore and empty nanodiscs added to the samples were constant and
fixed in the above equation, and non-specific binding to the empty nanodiscs was accounted for
by determining Kk in a separate titration with empty nanodiscs alone. The dissociation constant of
fluorophore binding to P-gp was obtained by plotting the apparent diffusion time vs. different P-
gp nanodiscs concentrations, and independent data sets collected on different days were globally

fitted.

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

[P-gp]
Kbpi

[P-gp] . [P-gp], [E
I+ Kbpi * Kp * Ke

Fractional Occupancy =

where Kb and Kbz refers to the dissociation constants of the high and low affinity sites of P-gp,
assuming that the Kwm values for ATP hydrolysis derived from the activity assays are close

approximates for the Kp values, and [high affinity sites] = [low affinity sites] = [P-gp].

The potencies of the drugs in competing for fluorophore binding to P-gp nanodiscs were assessed
using the following non-linear regression derived from the Hill equation to determine the ICso

value:
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(TMax - TBase)
TD,response — TBase™T [Drug] "
I+(—)
ICso

where Tmax and TBase refer to the apparent diffusion times of the fluorophore when it is maximally

bound to P-gp nanodiscs or when it is unbound, and n is the Hill coefficient.

2.2.7 Vesicle-based Transport Assay of Flutax-2

Transport of Flutax-2 was evaluated using inside-out membrane vesicles containing human or
murine P-gp (GMO0015 or GM0004 from GenoMembrane). The assay made use of an anti-
Fluorescein antibody (anti-FL IgG; Thermofisher) that is membrane impermeant to quench the
fluorescence of free Flutax-2 in solution but not Flutax-2 transported into vesicles. Fluorescence
measurements were performed using a Varian Cary Eclipse spectrophotometer with a temperature-
controlled sample compartment. A 75 pl aliquot of membrane vesicles containing 50 pg protein
was pre-incubated with 133 nM Flutax-2 in transport buffer (20 mM Tris, 150 mM NaCl, 5 mM
MgSOs4, pH 7.4) at 37°C for 5 minutes. To initiate transport, a 10 pl aliquot of ATP or AMP-PNP
(control) was added by mixing for 10s (effective concentration 4.7 mM). At various time points, a
15 pl aliquot of anti-FL IgG (Img/ml stock) was added with 10s mixing to rapidly quench the
fluorescence of Flutax-2 remaining outside of vesicles and fluorescence readings were collected
immediately. The final concentrations of reagents after addition of anti-FL IgG were 100 nM
Flutax-2, 4 mM nucleotide and 1 uM anti-FL. Ab. A control experiment with 100 nM Flutax-2 and
1 uM anti-FL Ab demonstrated that up to 90% of fluorescence quenching was achieved within

first few seconds of mixing, in agreement with another study (20). Excitation was set at 495 nm (5
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nm slit width) and emission was recorded from 510 to 650 nm (10 nm slit width). Data was
collected at 1 nm interval and a single measurement was completed within 30 seconds. Since
changes in fluorescence intensity were proportional to the dilution factor, the initial rate of ATP-
dependent transport was approximated by taking the difference between the fluorescence intensity
in presence of ATP and AMP-PNP after antibody quenching, scaling it to the fluorescence
intensity for 100 nM Flutax-2 in presence of vesicles, and dividing by the amount of protein used
and reaction time (adapted from GenoMembrane protocol). We recognized that more free dye
remaining in AMP-PNP-containing incubations would result in different extent of quenching by

antibody, so the subtraction method may be an underestimate of the rate of transport of Flutax-2.

Initial rate of transport (calculated from the first 2 or 3 time points contributing to linear phase) =

Difference in fluorescence intensity (ATP-AMPPNP)  Amount of substrate in reaction medium (mole)

Total fluorescence intensity Amount of protein (mg) x Reaction time (min)

2.2.8 Homology Modelling

For illustrative purposes, we constructed a homology model of P-gp in the outward facing
conformation based on crystal structures of the homodimeric bacterial ABC transporter SAV1866.
Using the I-TASSER server (22) , N-terminal (residues 1-628) and C-terminal (residues 689—
1280) portions of the human P-gp sequence were separately modeled with an AMP-PNP-bound
crystal structure of SAV1866 (PDB ID: 20NJ) specified as the primary template and the inward-
facing murine P-gp structure (PDB ID: 4M1M) excluded as a template. This yielded models for
the N- and C-terminal halves of P-gp that were then aligned with the 20NJ crystal structure so as

to provide an outward-facing model of P-gp (excluding residues 629—-688). This model should be
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considered a rough approximation of the overall conformation of P-gp and possible inter-helical

contacts in one of many outward-facing states, rather than as an atomically precise structure.

2.3 Results
2.3.1 Reconstitution of Mouse P-gp in DMPC Nanodiscs

Previously published results have demonstrated the utility of incorporating human P-gp into
nanodiscs with E. coli mixed lipids (15,16). However, attempts to reconstitute human P-gp into
DMPC nanodiscs were unsuccessful. Surprisingly, murine P-gp, which is 87 % identical to human
P-gp, reconstitutes readily into DMPC nanodiscs using MSP1D1 as scaffold protein (Figure 2.3).
Size exclusion chromatography and electrophoresis demonstrate that the final P-gp nanodiscs are
highly purified, with a ratio of MSP1D1 scaffold : P-gp of 1.6:1 for the pooled fractions used
(Figure 2.3). The theoretical ratio is 2:1. A significant advantage of the DMPC nanodiscs is their

increased homogeneity and reproducibility compared to nanodiscs made with E. coli lipid extracts.

2.3.2 ATPase Activity of P-gp Nanodiscs with Probe Substrates

Although fluorescent analogs of probe drugs are used widely in cell-based assays to assess P-gp
transport activity, their biochemical characterization is reported in only a few cases, and steady
state kinetic parameters and binding constants are particularly sparse for the murine P-gp.
Therefore, we determined the concentration dependence of BD-verapamil, BD-vinblastine and
Flutax-2 in standard ATPase assays, in comparison to the corresponding unlabeled drugs (Figure

2.4). For each, the data were fit to a velocity equation that includes P-gp that is singly- or doubly-
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bound with substrate, as described in Methods. Whereas BD-verapamil and BD-vinblastine are
known substrates for murine P-gp and human P-gp, biochemical data for Flutax-2 with murine P-
gp have not been reported. The recovered parameters are summarized in Table 2.1. Consistent with
findings that smaller molecules tend to be more stimulatory and larger molecules tend to bind more
tightly with lower ATPase stimulation (23), BD-Verapamil and BD-vinblastine exhibit lower Kwms
for both sites compared to their unlabeled analogs. BD-verapamil and BD-vinblastine stimulate
ATP hydrolysis ~8-fold and ~2-fold over basal ATPase activity, respectively. Interestingly, BD-
vinblastine is much less stimulatory than vinblastine. The Kwm values for high affinity sites that
stimulate ATP hydrolysis are in the range 77-330 nM, which are significantly below the
corresponding high affinity Km values for verapamil or vinblastine, suggesting tighter binding of
BD-verapamil and BD-vinblastine. Also, both BD-verapamil and BD-vinblastine exhibit clear
substrate inhibition with respect to ATPase activity, as observed for many drugs and probe
substrates at higher concentrations. In contrast, Flutax-2 does not stimulate ATPase activity and
modestly inhibits basal ATPase activity at concentrations approaching the low affinity Km for

paclitaxel.

For comparison, we also studied the stimulation of ATPase activity for each probe substrate with
P-gp in E. coli lipid nanodiscs. The results are summarized in Table 2.1. Although the basal
ATPase activity is higher in the E. coli lipid nanodiscs, the concentration-dependent effects of the
three probes on ATPase activity are qualitatively similar in E. coli lipid nanodiscs as in DMPC
nanodiscs. Flutax-2 exhibits no stimulation in either lipid environment. Neither BD-Vinblastine
nor Flutax-2 stimulated ATPase activity in E. coli lipids. In fact both BD-Vinblastine and Flutax-
2 are low affinity inhibitors that decrease the ATPase activity more in the E. coli lipid than in the

DMPC nanodiscs (Figure 2.4).
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In summary, the three probe ligands behave differently from one another in a lipid-dependent
manner, and from their corresponding non-fluorescent analogs but, in particular, Flutax-2 is
distinct in its inability to stimulate ATP hydrolysis in either case. We note that the value for Ko
with paclitaxel includes a high level of error because of insufficient data points at higher
concentrations. This was due to the solubility limits of paclitaxel that prohibited the use of higher
concentrations. Similarly, there is significant error in the K1 values for the E. coli lipid nanodiscs,
because of minimal activation. Although we acknowledge the error, the data still demonstrate
substrate inhibition for paclitaxel in DMPC and a behavior distinctly different from that of BD-
verapamil in E. coli lipid nanodiscs. We are careful not to overinterpret the recovered parameters,
but they clearly indicate that Flutax-2 behaves differently with respect to the other ligands in

DMPC nanodiscs and differently with respect to BD-verapamil in E. coli lipid nanodiscs.

2.3.3 Fluorescence Correlation Spectroscopy and Binding of Fluorescent Probe Substrates at

Low Occupancy

In order to obtain more detail about the behavior of the fluorescent probes observed in fluorescent
transport assays, we measured equilibrium binding affinities for each using FCS. This method is
based on a shift in the diffusion times of the free probe when it binds to a P-gp nanodisc that has
a much slower rate of diffusion. The P-gp nanodisc system is uniquely suited for FCS. In contrast,
P-gp liposomes are not optimal because they provide a heterogeneous population of particles with
different sizes, and hence different diffusion properties, and a large membrane reservoir for
nonspecific binding of probe ligands. Also, an important distinction between FCS and other
fluorescence based methods to monitor binding, is that FCS does not require a change in

fluorescence intensity or emission wavelength associated with binding. The diffusion constants
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are independent of the intensity. The experimental design is a reverse titration in which increasing
concentrations of P-gp nanodisc are added to a low, fixed, concentration of dye, and this selectively
probes the tightest binding interaction between P-gp and ligand, without significantly populating

the low affinity site(s).

Before monitoring the binding of fluorescent probes to the high affinity sites of P-gp in nanodiscs,
it was necessary to calibrate the diffusion times of empty nanodiscs and P-gp nanodiscs, in order
to account for any binding of probe to the lipid bilayer of the nanodisc. This was accomplished
by incorporating trace amount of DiOCi6(3) into empty nanodiscs and also into P-gp nanodiscs in
the molar ratio of 1:160 (dye to lipid) to determine the diffusion properties of nanodiscs with or
without P-gp. The autocorrelation curves fit well to the one-component model and the average
diffusion times of empty and P-gp nanodiscs were 1.71 = 0.07 ms (n=5) and 3.02 £+ 0.18ms (n=12),
respectively (Figure 2.5). These values were used in subsequent experiments in which P-gp

nanodiscs were titrated into solutions of BD-verapamil, BD-vinblastine or Flutax-2.

The addition of P-gp nanodiscs to solutions of each fluorescent probe, in the absence of nucleotide,

resulted in concentration-dependent shifts in their diffusion times as shown in Figure 2.6.

In addition, we monitored the binding of each fluorophore to empty nanodiscs. At the
concentrations used, BD-verapamil exhibited negligible binding to the lipid nanodiscs whereas
Flutax-2 and BD-vinblastine yielded apparent Kp value of 3.6 uM and 1.7 uM respectively, which
is more than an order of magnitude higher than the Kp's recovered for the tight binding site on P-
gp in each case. A comparison of binding to P-gp nanodiscs versus empty nanodiscs is shown for
each dye in Figure 2.7. In binding experiments with P-gp nanodiscs, the P-gp nanodisc-induced

shift in fluorophore diffusion time was corrected for the membrane partitioning of the dye, as
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described in Materials and Methods, to obtain an apparent Kp specifically for binding to P-gp.
The recovered values are listed in Table 2.2. The fact that the limiting values of t in the binding
isotherms of Figure 2.6 do not reach the theoretical limit of the bound diffusion time (t ~ 3 ms)
likely arises from some impurity or heterogeneity of the dye in solution, wherein a fraction of
fluorescent species that contribute to T do not bind. Also, it is important to emphasize that with
this experimental design, in which P-gp nanodiscs are titrated into a limiting concentration of
probe, to a first approximation only the highest affinity site is occupied throughout the titration.
Higher occupancy states are minimally populated. This is demonstrated with simulated binding
isotherms based on the experimentally determined Kp values and the experimental condition, in

Figure 2.8.

The binding affinity of each probe was determined also in the presence of a saturating
concentration of AMP-PNP, which is a non-hydrolyzable analog of ATP, and in the vanadate-
trapped state. The vanadate-trapped state is widely used to mimic the post hydrolysis transition
state or the transition state (24,25). It is established that binding of AMP-PNP or vanadate trapping
leads to a shift in the conformational ensemble towards an outward-facing conformation with
NBDs in close proximity to one another, and with rearrangement of the TMHs. These nucleotide-
bound states are expected to be predominantly outward facing, although likely different from one

another and possibly are drug dependent and isoform dependent (6,26,27).

These results included interesting complexity. We observed that addition of P-gp nanodiscs to
BD-verapamil or BD-vinblastine, but not Flutax-2, is accompanied by an increase in
fluorescence intensity. Therefore, we investigated whether the observed increase in fluorescence
intensity was due to a change in the quantum yield of BD-verapamil or BD-vinblastine upon

binding to Pgp or nanodiscs. Since FCS measures apparent number of fluorescent particles in
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addition to hydrodynamic radius, we are able to determine the apparent molecular brightness
from single-component fits.
For a two-component system where the brightness per molecule changes due to binding over the

course of a titration, the apparent number of molecules is described by:

_ F(EN+a-nmy?
F@2+A-MN

app

where Q2/Q1 is the ratio of quantum yields of the species, f is the molar fraction of species 2, and
N is the true number of fluorescent molecules in the experimental focal volume, on average. The
apparent number of molecules decreases over the course of a binding titration, before returning
to N as binding is saturated as in Figure 2.9a. Correspondingly, the apparent brightness per
molecule (i.e., the ratio of the measured intensity to Napp) also changes over the course of the
titration, with the final value corresponding to the molecular brightness of the fully-bound

species, according to this equation:

Q2 Q2
<a+(1—f)>(f(a)2+(1—f)) @y
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Napp =

In other words, the overall brightness is predicted to change linearly with fraction bound, while
the apparent brightness per molecule is predicted to change asymptotically and more rapidly.
Figure 2.9b shows the change in both quantities for the case N = 1 and Q2/Q1 = 4. Fitting the
experimentally observed changes in B/Napp to the above equation indicate that there is no
evidence for a significant change in molecular brightness (F-test: P > 0.4 for both compounds) as

in Figure 2.9c. Therefore, the brightness per molecule did not change with an increasing fraction
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bound (f), but the data indicate that increasing the concentration of P-gp nanodiscs leads to a
change in the apparent Napp. The change in Napp likely results from the recruitment of BD-
verapamil or BD-vinblastine from weak nonspecific binding sites on the glass surfaces to the
experimental focal volume upon binding. As a result of this complexity, the reported Kp values

are apparent Kp’s and should be considered as relative values.

Regardless of this complexity, the results, with binding parameters summarized in Table 2.2,
clearly demonstrate that BD-verapamil and BD-vinblastine have decreased affinity for their high
affinity site in the vanadate-trapped state, with increases in Kp of 10.3-fold and 6.8-fold
respectively. Interestingly, the results with AMP-PNP are more substrate-dependent when
comparing BD-verapamil vs. BD-vinblastine. With BD-verapamil, addition of AMP-PNP induces
a 5.1-fold increase in Kp, but only a 1.9-fold increase in Kp for BD-vinblastine. Furthermore, the
results with Flutax-2 suggest a very different behavior. Specifically, the high affinity binding of
Flutax-2 is relatively insensitive to the AMP-PNP binding or to vanadate trapping. This result was

examined in greater detail below.

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

It is reported that Flutax-2 is a transport substrate for human P-gp, but no additional
characterization has been reported (28). Because Flutax-2 exhibited a high affinity interaction with
the murine P-gp (Kp= 519 nM), with no effect on ATPase activity in this concentration range, we
hypothesized that Flutax-2 binds at a site distinct from drugs that stimulate ATPase activity.
Therefore, we performed competition experiments to determine whether it binds competitively

with verapamil or vinblastine. For comparison we also determined whether BD-verapamil and BD-
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vinblastine bind competitively with these substrates. In separate experiments, each fluorescent
probe was poised at a concentration (25-50 nM) that partially saturated the high affinity site on P-
gp, in the presence of excess P-gp nanodisc (300 nM), and each nonfluorescent drug was titrated
into the sample. As the nonfluorescent drug displaces the fluorescent dye, the apparent diffusion
time of the dye decreases. This approach revealed whether each dye was competitively displaced
by each drug. Results for the titration of verapamil or vinblastine into solutions containing the
complexes [P-gp nanodisc * BD-verapamil], or [Pgp nanodisc ¢ Flutax-2] are shown in Figure 2.10

and Figure 2.11, and the results for each of the dye combinations is summarized in Table 2.3.

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

compete for the binding sites of vinblastine, verapamil or paclitaxel.
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2.3.5 Transport of Flutax-2

Whereas some probes are known to be both transport substrates for P-gp and stimulate ATP
hydrolysis, there are some that are transported despite the lack of ATPase stimulation (31).
Because Flutax-2 exhibited high affinity for P-gp without having any effect on ATPase activity,
we determined whether it is a transport substrate for murine P-gp. The human P-gp has been
reported to actively transport Flutax-2 but the corresponding experiments with the murine protein
have not been reported (28). Murine P-gp vesicles were used as described in Methods and we
exploited anti-Fluorescein antibody (anti-FL IgG) to monitor the concentration of Flutax-2
remaining outside the vesicles after the addition of ATP or AMPNP. The anti-FL IgG added at
various times quenches the fluorescence of free Flutax-2 but not the Flutax-2 that is transported to
the inside of the vesicle. As a result, the fluorescence intensity remaining after addition of ATP
and anti-FL-IgG represents the Flutax-2 that is transported. For comparison, we also measure the
transport of Flutax-2 by human P-gp vesicles. The results are shown in Figure 2.12. Both human
and murine P-gp clearly transport Flutax-2 in an ATP dependent process, with similar initial
transport rates of approximately 51 pmol/mg total protein/min and 42 pmol/mg total protein/min

respectively.

In light of the combined results that indicate that Flutax-2 is transported (Figure 2.12) but its
binding is unaffected by nucleotide (Figure 2.6) we considered whether Flutax-2 stimulated
ATPase activity in the Genomembrane system. We performed ATPase assays in both mouse and
human P-gp vesicles and the results are shown in Figure 2.13. Whereas verapamil exhibited
substrate inhibition with a maximal apparent 1.4-fold stimulation of ATPase activity in both
human and mouse P-gp vesicles, Flutax-2 did not stimulate ATPase activity in the concentration

range studied.
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Finally, we note that there is apparent binding of Flutax-2 to the vesicles, distinct from transport,
based on the background fluorescence in the samples containing AMP-PNP (Figure 2.12, insets).
In order to determine whether this resulted from some background P-gp transport that was
insensitive to AMPPNP, we also examined the effect of vanadate trapping (Figure 2.14).
Vanadate trapping, like AMP-PNP, completely inhibited the time dependent increase in

fluorescence without decreasing the time independent background fluorescence.

2.4 Discussion

The results described here contribute to three aspects of P-gp research. The first aspect is the
demonstration that murine P-gp can be functionally reconstituted into lipid nanodiscs with
DMPC. This is interesting because our attempts to reconstitute human P-gp into DMPC
nanodiscs have not been successful, despite successful incorporation into nanodiscs made from
E. coli lipid extract. It is established that the mouse P-gp and human P-gp have distinct lipid
requirements (32), but it is difficult to predict how efficiently various membrane proteins can be
incorporated into nanodiscs. So, we considered the possibility that the murine P-gp could be
successfully incorporated into nanodiscs with DMPC. The verapamil-stimulated and vinblastine-
stimulated ATPase activities of the murine P-gp nanodiscs are nearly identical to previously
published results for P-gp in membranes or detergent solution (33,34). Moreover, larger
molecules such as BD-verapamil and BD-vinblastine have higher affinity for P-gp than the
unsubstituted drugs verapamil or vinblastine and this further confirms the catalytic and
conformational integrity of the P-gp in this lipid environment. As noted elsewhere,
incorporation of membrane proteins into lipid nanodiscs enables the application of several

biochemical techniques that are difficult or impossible in other membrane platforms (35-37). The
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ability to reconstitute mouse P-gp into lipid nanodiscs allows for the application of new
approaches to its characterization.

The second contribution of this work is the application of FCS to characterize P-gp, which is
uniquely enabled by the nanodisc platform. FCS is particularly useful because many in vitro
probes of P-gp transport are fluorophores. In fact many in vitro transport assays utilize
fluorescence to monitor uptake into cells, via flow cytometry or fluorescence microscopy.
However, understanding the specific interactions of these probes with P-gp requires purified
preparations and different methods, and FCS provides some advantages. Neither detergent-
solubilized preparations nor proteoliposomes are expected to be optimal with FCS due to
heterogeneity in micelle or liposome dimensions. The monodisperse P-gp nanodiscs with a
single P-gp per particle, and with both NBDs and cytosolic drug binding sites accessible to
solution, are optimal for FCS. FCS provides a previously unexploited approach to characterize
the interactions of commonly used fluorescent transport probes with P-gp and hence to better
relate biochemical parameters to transport behavior. One potential advantage of FCS is that it
does not rely on changes in emission intensity of ligand fluorescence or P-gp intrinsic
fluorescence. Fluorescent probes that undergo no change in emission intensity can be studied by
FCS. An additional significant advantage of the FCS is its high sensitivity, which requires
minimal amounts of pure protein and allowed for the specific interrogation of low occupancy
states of P-gp in the studies presented here.

The third aspect of P-gp research that is expanded here concerns the additional detail of its
interactions with probe substrates revealed by the combination of FCS with functional activity
assays. It is well established that drugs and modulators differentially couple ATP hydrolysis by

P-gp to transport, and that nucleotides may also alter drug affinity to P-gp. Among the studies
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that have explored the functional linkage between drug binding sites and NBDs, nucleotide
analogs yield variable effects on drug affinity when comparing different drug analogs. For
example, 'classic' studies indicate that the ATP-vanadate trapped P-gp has lower affinity for the
photo-affinity analog of prazosin, whereas another study showed that nucleotide binding, even in
the absence of ATP hydrolysis, is capable of lowering drug affinity (12,14). Despite these, and
other, elegant studies by a range of investigators, the mechanism by which drug binding is
coupled to transport is not completely defined, and there may be drug-dependent mechanisms.
Whereas BD-verapamil and BD-vinblastine interactions have been studied with human P-gp in
various biological systems (38,39), their nucleotide-dependent interactions with murine P-gp
have not been described under any conditions to the best of our knowledge. As noted above, the
results for interactions of murine P-gp in nanodiscs with verapamil and vinblastine were
consistent with previous studies in other lipid or detergent systems, thus validating the utility of
the FCS and nanodisc platform. Specifically, AMP-PNP bound and vanadate trapped-P-gp
demonstrate a 5- and 10-fold reduction in affinity for BD-verapamil respectively, compared to a
1.5- and 3.5-fold reduction in affinity for BD-vinblastine. The results for BD-verapamil and BD-
vinblastine support the well-known behavior of P-gp, wherein the equilibrium affinity of drugs
may be decreased in the presence of nucleotides, but the magnitude of the decrease in affinity
can be drug-dependent and nucleotide-dependent. Addition of AMP-PNP to the complex of BD-
vinblastine with human P-gp is sufficient to 'release' drug (39) but here the nucleotide causes an
increase in Kp for BD-vinblastine of only 2-fold.

The human P-gp transports Flutax-2 in cell-based systems but its binding affinity for any P-gp
has not been determined. Interestingly, Flutax-2 is distinct from the other probes or substrates

studied here, inasmuch as it causes no detectable stimulation of ATP hydrolysis when bound to
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its high affinity site and only inhibits modestly at higher concentrations that approach the low
affinity Km for verapamil. Presumably, the transport of Flutax-2 that we observe requires the
well-established conformational switching of Pgp, without formation of the same 'NBD dimer'
conformation that hydrolyzes ATP at accelerated rates observed with other substrates. The
combined results demonstrate that Flutax-2 binds with high affinity to murine P-gp at a site that
is distinct from verapamil, paclitaxel or vinblastine. Based on the transport results, two
possibilities are evident. Either the high affinity Flutax-2 binding site is not coupled to ATP
hydrolysis, but nucleotide dependent switching between inward-facing and outward-facing
conformations still occurs, without an increase over basal ATP hydrolysis, and Flutax-2 is able to
dissociate from the outward facing conformations even though its affinity is not decreased.
Alternatively the transport observed in our assay with vesicles occurs from P-gp complexes with
multiple Flutax-2 molecules bound. Possibly, nucleotides do lower the affinity of Flutax-2 at
high stoichiometry's of Flutax-2:P-gp, which are not probed in our FCS experiments, and this
would facilitate transport. However, even if this occurs, it does so without stimulation of ATP
hydrolysis, based on the lack of Flutax-2 effect on ATP hydrolysis even at high concentrations.
On the basis of gel electrophoresis (not shown) we estimate that the transport assays contained
150 - 200 nM P-gp, similar to the level of P-gp expression in vesicles reported by others (40).
With 117 nM Flutax-2 in the assays, and dramatically different Kp values for the first and second
Flutax-2 binding sites, this would be expected to result in minimal P-gp with multiple Flutax-2
molecules bound in the transport assays. Therefore, it is unlikely that the observed transport
requires multiple Flutax-2 binding, and we propose that the first possibility is operative.
Apparently, binding to this high affinity site is not coupled to ATP hydrolysis but it allows for

transport. Flutax-2 is among the murine P-gp transport substrates that do not stimulate ATP
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hydrolysis. The combined results are summarized in Figure 2.15, which emphasizes the

similarities and differences between the probes studied here.

Figures

Figure 2.1. P-gp in inward facing and outward facing conformations. A) Crystal structure of apo
murine P-gp (PDB ID: 4Q9H) and B) illustrative homology model of human P-gp (see Materials
& Methods) manually docked with a discoidal HDL model. Colored segments are:
transmembrane domains 1 (yellow) and 2 (blue); nucleotide binding domains 1 (green) and 2
(red). The OPM database (10) was used for the spatial arrangement of P-gp with respect to the
lipid bilayer (white). The red helical peptides around the lipid bilayer represent the MSP protein

of the nanodisc.
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Figure 2.2. Chemical structures of the drugs and their fluorescent analogs used in this work.
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Figure 2.3. Separation of P-gp embedded nanodiscs from empty nanodiscs. A) SE-HPLC elution
profile of nanodiscs reconstitution mixture (blue) and purified P-gp nanodiscs (red). B)
Visualization of eluted fractions of nanodiscs reconstitution mixture from 15 to 28 minutes, by
Coomassie staining of reducing SDS-PAGE. Fractions containing P-gp that co-eluted with
histidine-tag cleaved MSP1D1 were pooled together (fractions 17 to 20) and concentrated using a

100 kDa MWCO spin filter.
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Table 2.1. Kinetic parameters for substrate inhibition (two binding sites) of ATPase activity

with drugs and fluorescent analogs

Vi (nmol Pi/min/mg) V2 (nmol Ki (uM) K2 (uM)
Pi/min/mg)
DMPC Nanodiscs
Verapamil 1004 + 160 >0 55.7+14.8 118.9+38.8
BD-Verapamil 492+ 10 107+ 13 0.08 = 12.1+1.6
0.008

Vinblastine 276 + 31 >0° 26+ 1.0 40.1£9.7
BD-Vinblastine 105° 21 +4 0.04+0.01 0.7+0.1
Paclitaxel 199 + 23 48+ 6 1.3+0.5 16.3+24.7°¢
Flutax-2 65 ° 18+£2 03+0.74 13.8+3

E. coli Lipid Nanodiscs

BD-Verapamil  627.5+11.2 218.4+2239 0.07+0.02 113.5+118.4°
BD-Vinblastine 465° 156.5 +24.8 005+0.19 1.1+04
Flutax-2 500° 33.2+46.8 02+039 26+09

@ denotes parameter reaching constraint set at greater than 0. ® denotes parameter held at a
constant value. °Large errors due to modest inhibition at the highest drug concentration used. ¢
Ambiguous,because of a lack of ATPase stimulation by these ligands (V1 is close to Vo) Fits

for the DMPC nanodiscs and E. coli nanodiscs with three probes are shown in Figure 2.4.
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Figure 2.4. Modulation of ATPase activity of P-gp by drugs and fluorescent analogs. P-gp DMPC
nanodiscs (0.5 pug), in presence of 1 mM ATP, were used for ATPase activity assays with ligands
(A-C). A) o Verapamil and m BD-verapamil; B) o Vinblastine and m BD-Vinblastine C) o
Paclitaxel and m Flutax-2. D) Effect of fluorescent probes on the ATPase activity of P-gp
reconstituted into E. coli nanodiscs. See (16) for details on E. coli lipid nanodiscs reconstitution.

Each data point represents mean + standard deviation of triplicates.
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T (ms)

Figure 2.5. Calibration of diffusion times for free dye (Alexa fluor 488), empty nanodiscs labeled
with DiOC16 and P-gp nanodiscs labeled with DiOC16. The autocorrelation curves yielded the

diffusion time of each species reported in the main body of the manuscript.
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Figure 2.6. Equilibrium binding of fluorescent probes to P-gp nanodiscs under different

nucleotide-bound conditions. Top panel: Saturation binding isotherms plotted as apparent

diffusion time of probes as a function of P-gp concentration. Bottom panels: Normalized FCS

autocorrelation curves of fluorescent probes with increasing nanodiscs concentrations (shifts from

red to purple/left to right).
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Figure 2.7. Binding of dyes to empty nanodiscs compared to P-gp nanodiscs.

Table 2.2. Nucleotide-dependent changes in affinity to fluorescent probe-ligands *

Nucleotide bound BD-Verapamil BD-Vinblastine Flutax-2
states Kb (uM) Kb (uM) Kb (uM)
Apo (control) 0.23 £0.08 0.042 + 0.006 0.52+£0.09
AMP-PNP 1.16 0.3 0.083 £ 0.012 0.53+0.09
ATP +V;j 2.35+£0.7 0.29 £ 0.04 0.49 £0.08
Empty nanodiscs ND 1.67 £0.46 3.63+£0.32

ND = Not determined due to minimal binding at concentrations of nanodiscs used.

 Average values calculated based on global fits of at least two independent experiments
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Figure 2.8. Simulated binding isotherms for BD-verapamil (top), BD-vinblastine (middle), and
Flutax-2 (bottom) binding to the high affinity site (main panel) and the low affinity site (inset)
based on the K1 and K> values from ATPase assays. Flutax-2 did not stimulate ATPase activity

and resulted in a larger prediction uncertainty of the high affinity site. For each probe, less than
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0.5% of the second binding site is populated at the highest level of occupancy used in the FCS

experiments.
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Figure 2.9. Analyses on increased brightness of BODIPY-drugs binding to P-gp nanodiscs. A)
Apparent number of molecules (Napp) as a function of the molar fraction of the brighter species 2
(bound), under different ratios of quantum yields of species 1 and 2. Note that Napp remains
constant and is reflective of the true N, at f=0 and 1, when only species 1 or 2 exist. At intermediate
concentrations where there is a mixture of species 1 and 2, Napp appears to decrease. B)
Relationship between change in apparent molecular brightness or overall brightness, as a function
of fraction bound, when N = 1 and Q2/Q1 = 4. As the fraction of the bound species 2 increases over
the course of a titration, it is predicted that the overall brightness increase linearly with fraction
bound, however the apparent brightness per molecule increases asymptotically. C) Fitting the
experimentally observed changes in B/Napp for BD-verapamil and BD-vinblastine indicate that
there is no evidence for a significant change in molecular brightness (F-test: P > 0.4 for both

compounds).
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Figure 2.10. A comparison of dose-dependent effect of drugs on fluorescent probes binding to P-
gp nanodiscs. Apparent diffusion time of BD-verapamil (open circles) and Flutax-2 (open
triangles) measured as a function of concentration of unlabeled drug verapamil (left panel), or
vinblastine (right panel). For this experiment 25 nM BD-verapamil or Flutax-2 was used in
presence of 300 nM P-gp nanodiscs. Error bars represent standard deviation of 5 measurements.

Verapamil and vinblastine displace BD-verapamil but not Flutax-2. Results from this experiment

and competition experiments are summarized in Table 3.
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Figure 2.11. Competition experiments with BD-vinblastine and either vinblastine (left) or

paclitaxel (right). BD-vinblastine is displaced by both vinblastine and paclitaxel.

55



Table 2.3. Effect and potency of modulators on fluorescent analogs binding to P-gp ®

Verapamil Vinblastine Paclitaxel
ICso (uM) n ICso (uM) n ICso (uM) n
BD- 173 £ 69 095+03 17.5+11 0.5+0.1 ND
Verapamil
BD- ND 8.8+6 0.4+0.1 327+£567 0.5+0.5
Vinblastine
Flutax-2 ND ND ND

ND = No detectable changes in apparent diffusion time. n refers to the Hill coefficient

? Average values calculated from two independent experiments
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Figure 2.12. Transport of Flutax-2 into human or mouse P-gp vesicles. P-gp vesicles (50 pg
protein) were incubated in the presence of 117 nM Flutax-2 and 4.7 mM ATP or AMP-PNP for
various times before quenching the remaining free dye by anti-fluorescein IgG. A) and B) Overlaid
emission spectra of Flutax-2 incubated with human or mouse P-gp vesicles respectively, excited
at 495nm, with fluorescence intensity normalized to the intensity measured after addition of
nucleotides (grey, taken as 100%). Normalized emission spectra measured immediately after

addition of anti-fluorescein IgG to incubations with ATP or AMP-PNP were depicted in solid
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black and dotted lines respectively. Inset: Normalized emission intensity measured at 526 nm, after

quenching by antibody, plotted as a function of time.
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Figure 2.13. Modulation of ATPase activity of human and murine P-gp vesicles (Genomembrane)
by Flutax-2. 5 pg total protein in vesicles were incubated in buffer containing 150 mM NH4Cl, 50
mM Tris, 5 mM MgSOs4, 0.02% NaN3, 5 mM TCEP, 100 uM EGTA, in presence of | mM ATP
and varying Flutax-2 concentrations (1% final DMSO concentration) for one hour at 37 °C. Parallel
reactions containing 240 uM orthovanadate were carried out to subtract vanadate-insensitive
ATPase activity. Inset: Positive control showing verapamil stimulated ATPase activity of human

and mouse P-gp vesicles.
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Figure 2.14. ATP-dependent transport of Flutax-2 by mouse P-gp inside-out vesicles. Negative
controls using 4.7 mM ATP and 1.1 mM orthovanadate, 4.7 mM AMP-PNP or equal volume of
buffer were performed according to the transport assay described in Methods for 0, 5 and 10

minutes of incubation time.
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Figure 2.15. Venn diagram summarizing the interactions of drugs and fluorescent analogs used in

this paper with P-glycoprotein. Dotted circle represents compounds that stimulate ATPase activity

and also inhibit activity at high concentrations. Transport of compounds has been demonstrated
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for both human MDR1 and mouse mdrla (41-43). * Transport of BD- vinblastine demonstrated

for human MDR1 (39).
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Chapter 3

Slow, Asymmetric Conformational Dynamics of P-glycoprotein in Lipid Nanodiscs

Parts of this chapter have been taken from a manuscript in preparation.

3.1 Introduction

It is well-established in the literature, and from results in the previous chapter, that drug transport
is an energy-coupled process which involves large scale conformational rearrangements. The
available crystal structures from multiple homologous ABC transporters, including Sav1866 and
MsbA (1-3), combined with cryoEM structures, DEER studies with spin-labeled variants, and
FRET with fluorescently-labeled NBDs, suggest that P-gp undergoes large scale opening and
closing motions, between an inward facing (IF) conformational ensemble and outward-facing (OF)
conformational ensemble (4-6). For some ABC transporters, nucleotides drive formation of a
stable OF conformation with the NBDs in intimate contact. In addition, the transition state for
ATP hydrolysis can be mimicked by addition of ATP, or ADP, and vanadate, which 'traps' a quasi-
stable OF conformation (7,8). In contrast to Sav1886 or MsbA, however, recent data suggest that
the IF to OF conformational transition of P-gp is less tightly coupled to nucleotide binding or
hydrolysis (9); even in the presence of excess nucleotide and vanadate, P-gp retains a substantial
population of IF states with varying degrees of separation between NBDs (10,11). Apparently, the
'"nucleotide-trapped' OF conformations of P-gp are less stable than in other ABC proteins, although
vanadate trapping leads to near complete inhibition of ATPase activity even for P-gp. The
emerging model suggests that drug-free P-gp samples a wide range of IF conformations that could

bind different substrates or inhibitors, even with nucleotide bound. Apparently, the drug free P-gp
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explores an expansive conformational landscape with a dynamic equilibrium of states defined by
different inter-NBD distances.

However, little is known about the local conformational status of discrete regions within either the
IF or OF ensembles. Molecular dynamics simulations and X-ray structures suggest that, in addition
to the large amplitude motions associated with switching between IF and OF states, some regions
undergo local fluctuations in secondary structure, including 'hinge regions' in the TMHs (6,12,13).
It is possible that low amplitude, local, transitions in these hinge regions could be propagated to
the NBDs to account for the wide range of inter-NBD distances. However, no experimental
methods have revealed specific conformational changes within the IF ensemble that could
participate in the recruitment of substrates or coupling of binding and ATP hydrolysis. In fact,
little information is available concerning the time scales for conformational relaxation within the
ensemble. In addition, the structural models are obtained in the absence of a membrane, so the
effects of a lipid bilayer on the conformational status remain uncharacterized.

In order to map the local dynamics of P-gp with increased spatial and temporal resolution, we have
performed H/D exchange mass spectrometry (H/DX MS) with P-gp in lipid nanodiscs compared
with P-gp in detergent solution. The results indicate complex local dynamics superimposed on the
IF conformational ensemble. Interestingly, the dynamics include relaxations on a remarkably wide

range of time scales.
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3.2 Materials and Methods
3.2.1 P-gp and MSP1D1 Protein Expression and Purification

Hexa-histidine tagged MSP1D1 was expressed in Escherichia coli and purified as described in
Chapter 2. Expression of his-tagged P-gp in Pichia pastoris and purification were carried out as in

Chapter 2.

3.2.2 P-gp in Detergent-Lipid Micelles or Nanodiscs

Img/ml purified P-gp was solubilized in buffer containing 20 mM Tris, 100 mM NaCl, ] mM
TCEP, 0.1% DDM, pH 7.4. DMPC lipid was added to a final lipid-protein ratio of 2:1 (w/w) for
activation of P-gp, and for optimal micelle formation with a lipid-detergent ratio (or Rso1) of around
2 (w/w) (14,15). Reconstitution of P-gp into DMPC nanodiscs was carried out as described (16).
P-gp nanodiscs were separated from empty nanodiscs by SEC-HPLC chromatography (Superdex
200 10/300 GL column, GE Healthcare) and concentrated up to 1 uM using a 100 kDa MWCO

spin filter (Millipore).

3.2.3 Hydrogen Deuterium Exchange

P-gp micelles or nanodiscs were incubated in the absence or presence of 10 mM MgATP and 2.4
mM vanadate for 15 minutes at 25 °C, prior to hydrogen deuterium exchange experiments.
Exchange reactions for P-gp nanodiscs were initiated by a 10-fold dilution into deuterated buffer
containing 95% D20 (Cambridge Isotope Labs), 20 mM Tris, 100 mM NaCl, 2 mM MgCl, pD
7.4 and samples were incubated at 25 °C for various times. Deuterated buffer including 0.1%

DDM was used for exchange reactions with P-gp micelles. Samples were quenched with an
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equal volume of ice-cold quench buffer (300 mM KP1i, 4 M guanidine hydrochloride, 250 mM
TCEDP [tris(2-carboxyethyl)phosphine], pH 2.5), followed by an addition of 25:1 sodium
cholate/DMPC, and the entire mixture was transferred rapidly to ice-cold immobilized pepsin
(Pierce) for a 5 minute digestion. At the last minute of digestion, 3 mg of ZrOz coated silica resin
(Hybrid SPE resin, Sigma) (or 10 mg for P-gp micelles) was added to the mixture and incubated
on ice for the remaining duration to remove excess lipid. The final mixture was filtered using a
cold microcentrifuge spin filter (0.45 pm cellulose acetate) at 4 °C for 30 seconds, before rapidly
frozen in liquid nitrogen and stored at -80 °C until analysis. All reactions contained the
tetrapeptide, PPPI, as an internal standard to ensure consistency in exchange conditions across
samples. Undeuterated samples were prepared with the steps described above, except that

Optima LC-MS grade H20 was used in place of D20.

3.2.4 Mass Spectrometry

Samples were thawed on ice for 5 minutes and injected onto a refrigerated Waters nanoAcquity
HDX-UPLC system coupled to a Synapt G2-S QTOF mass spectrometer (Waters). Peptides were
trapped and desalted on a trap C8 column flowing 0.1% formic acid (FA) with 0.02%
trifluoroacetic acid (TFA) at 100 uL/min for 3 min (ACUITY UPLC BEH C8 1.7 pum VanGuard
column, Waters), followed by separation using an analytical C8 column (ACUITY UPLC BEH
C8 1.7 um, 1 x 100 mm column, Waters) running a gradient of 5- 40% solvent B for 8 min (solvent
A, 0.1% FA, 0.02% TFA and 5% acetonitrile (ACN); solvent B, 0.1% FA, 0.02% TFA and 80%
ACN). At the end of UPLC gradient, sample flow from the column was diverted to waste to prevent
excess cholate from entering the mass spectrometer. To minimize sample carryover, the column

was cleaned with two rapid cycles of 10-100% solvent B while the syringe, loop and trap column
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were washed with a series of 10% FA, 80% methanol, 2:1 isopropanol/ACN and 80% ACN. The
electrospray ionization source was operated in the positive ion mode and ion mobility was enabled
for the instrument. Peptide identification were done by tandem MS/MS using a combination of
data independent acquisition method with ion mobility (High Definition MSF) and data-dependent
MS/MS acquisition. Peptic fragments of P-gp were identified through database searching in
ProteinLynx Global Server Version 3 (Waters) as well as through Protein Prospector. Relative
deuterium uptake based on the centroid of isotopic distribution was processed by DynamX Version
3 (Waters) and deuterium incorporation was not corrected for back-exchange. Bimodal mass
spectra were deconvoluted using HX-Express 2 to extract fractional contribution by individual
mass envelopes. The rate of relaxation was determined by fitting the fractional decay of the lower

mass species with a first-order exponential.

3.2.5 Activity Assay

The hydrolysis of ATP by P-gp (ATPase activity) was determined from the amount of inorganic
phosphate released from ATP hydrolysis, based on a colorimetric method adapted from Chiftlet
(17). P-gp in nanodiscs (1 pg) or detergent-lipid micelles (3 png) were aliquoted into tubes and
incubated at 25 °C for varying duration (0 to 4 hours). At the end of incubation, assay buffer (50
mM Tris, 150 mM NH4Cl, 5 mM MgClz, 0.02% NaN3, 10 mM TCEP, 100 uM verapamil, 1 mM
ATP, pH 7.4) in the absence or presence of 240 uM Vi was added to initiate the reaction. After 30
minutes at 37 °C, the reaction was stopped by adding EDTA to a final concentration of 10 mM.
The absorbance intensity from the formation of phosphomolybdate was measured at 850 nm using

a Tecan Infinite M200 microplate reader.
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33 Results
3.3.1 Comparison of P-gp in Nanodiscs Compared to Detergent Solubilized P-gp

In order to determine whether the lipid or detergent environment has an impact on local dynamics,
we performed H/DX MS on P-gp reconstituted in DMPC nanodiscs and detergent-lipid micelles.
At various times after dilution into buffer containing D20, the exchange reactions were quenched,
the protein was digested, and peptides were analyzed for deuterium uptake. The recovered peptides
spanned 37.7 % and 40.1 % of the total protein primary sequence for P-gp in nanodiscs vs. P-gp
in detergent, respectively. As expected this included mainly peptides in the NBDs. Considering
only NBDs, the sequence coverage in H/DX experiments was 68.2 % and 70.3 % for the P-gp in
nanodiscs vs. in detergent, respectively (Table 3.1 and Figure 3.1). Thus, the H/DX provides a
good characterization of the backbone dynamics for the NBDs. The fractional incorporation of
deuterium into all recovered peptides at varying times is shown in Figure 3.2A for the nucleotide-
free P-gp as well as for ATP/Vanadate trapped P-gp ("Vi Trapped" in Figure 3.2A). The individual
points represent the midpoint of each recovered peptide and they report the percent of amide
protons that have been exchanged for that peptide. Note that the density of points within the
sequences corresponding to the TMHs is much lower than the density of points in the regions
corresponding to NBDs. This reflects the lower recovery of peptides in the TMHs. The butterfly
plots' in Figure 3.2A indicate only modest changes in H/D exchange upon vanadate trapping (lower
half of each butterfly plot) compared to the apo P-gp (upper half of each butterfly plot). The
differences are most easily identified in the difference plots in Figure 3.2B, where positive values
indicate peptides with lower deuterium exchange in the vanadate trapped samples compared to apo
samples and negative values indicate greater exchange in the vanadate trapped protein. These plots

demonstrate that the deuterium exchange properties are very similar in detergent and in nanodiscs
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with a few notable differences. Specifically, sequences throughout both NBDs become modestly
less susceptible to exchange upon vanadate trapping, and the differences is slightly larger for the
P-gp in detergent than in nanodiscs. That is, P-gp in detergent adopts more distinct IF and OF
conformations for the nucleotide-free vs. vanadate trapped, states based on the difference in
exchange. Also, the data for both environments are consistent with vanadate trapping causing a
redistribution of the IF conformations toward a more closed OF ensemble without forming a 'tight'
or rigid OF state.

A few specific peptides are of particular interest. It is notable that the intracellular loops ICL 1,
ICL3, and ICL4 that are thought to mediate coupling between drug binding sites in the TMHs and
the NBDs (ICL2 was not recovered) are also protected from exchange upon vanadate trapping,
indicating that their local conformation is altered, as expected for a greater population of the OF
upon Vi trapping. These ICLs exhibit a significantly greater sensitivity to vanadate trapping in
detergent than in nanodiscs. Consistently in both detergent and lipid environments, ICL4 is more
exchange-protected in the presence of vanadate than ICL1. Asymmetry in the ATP binding sites
is also observed. The Walker A (WA) peptide and the Q loop in NBD1 undergo a larger decrease
in solvent accessibility with vanadate trapping, compared to NBD2. D and H loops in NBD2
appear to be modestly more solvent-exposed in the presence of Vi-trapping than in NBD1. In
addition, although the coverage throughout the TMHs is low, the peptide 69-78 behaves according
to our expectations. Specifically, peptide 69-78 exhibits an observable increase in HDX upon
addition of ATP and vanadate, in marked contrast to the vast majority of peptides in the NBDs.
This is expected for the OF conformation which allows for solvent access to the drug binding sites

and this is discussed in further detail in Discussion.
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In general, the relative changes with vanadate trapping of peptides throughout P-gp are
qualitatively the same in nanodiscs as they are in detergent, although NBD1 is more sensitive to
ATP/vanadate than NBD2. These results for the P-gp in detergent and in nanodiscs, in the presence
and absence of ATP/Vanadate are superimposed on the three dimensional structure of murine P-

gp in Figures 3.2C and D.

3.3.2 Direct Observation of Conformational Relaxation, Mixed EX1/EX2 Kinetics

Closer examination of the time course of deuterium exchange revealed a large number of peptides
with time-dependent bimodal distributions of deuterated peptide ions or 'EX1 kinetics.' This
behavior results when a slow change in solvent accessibility or slow folding-refolding equilibrium
occurs more slowly than amide deuterium exchange. A total of 4 peptides exhibited mixed
EX1/EX2 kinetics for P-gp in detergent and 15 peptides demonstrated this behavior in nanodiscs,
suggesting that the lipid bilayer slows down local dynamics that are otherwise too fast to observe,
in the detergent preparations. The deuterium uptake data for exemplary mixed EX1/EX2 behavior
are shown in Figure 3.3. The widespread distribution of peptides with EX1 kinetic behavior
throughout the NBDs suggests a wide range of conformational diversity on biologically relevant

time scales (Figure 3.3B).

It is particularly striking that the EX1 kinetics occur on a such wide range of time scales for
different peptides; some peptides undergo conformational relaxation over the course of a minute
while others take several hours to relax. The most solvent-exposed peptide in both nanodiscs and
detergent mixtures, 1036-1053, undergoes the fastest rate of relaxation with a half-life of 47s

(Figure 3.3A). It is located in a large, unstructured loop connecting two beta sheets after TM 12 but
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prior to WA (NBD?2). Interestingly, distant peptides based on the linear sequence of P-gp display
similar kinetics when they are located near each other or are expected to interact in the tertiary
structure. For example in both detergent and nanodiscs preparations, peptides containing the C
motif of NBD1 (520-549) and WA of NBD2 (1065-1078) exhibit slow EX1 kinetics and are
involved in the formation of a sandwich dimer (Figure 3.4). In addition, peptides from ICL1 (153-
167) and ICL4 (901-915), although far apart based on the primary sequence, extend as coupling
helices in close contact to NBD1 and they exhibit EX1 kinetics on a similar time scale (Figure
3.3D).

Generally, all of the peptides that display bimodal kinetics are found in connecting loop regions
between beta strands or alpha-helices in the NBDs or ICLs, which is consistent with a MD
simulations where local fluctuations in these regions contribute to global, conformational
dynamics of P-gp (11). Peptides with moderate conformational relaxation rates (half-life between
minutes to 4h) are found to be distributed across the protein, including ICL1 and ICL4. Peptides
with slow relaxation rates are found at both of the NBDs in the ATP binding sites. These peptides
are mapped onto the structure of P-gp in Figures 3.3C and D.

Vanadate trapping slows down the rate of relaxation for some of these peptides. For most of the
peptides, especially those with slow relaxation rates in the free enzyme, the increase in half-life
for exchange in the presence of ATP and Vi could not be measured within the resolution of these
experiments. However, for peptide 1036-1053, it is observed that vanadate trapping results in a
~10 fold increase in half-life of relaxation, from 47 s to 9.6 min (Figure 3.5). This is consistent

with the general 'tightening' of the NBDs noted in Figure 3.2.

70



3.3.3 Functional Stability in Nanodiscs and Detergent-Lipid Micelles

In order to determine whether the unusually slow conformational exchange revealed by the
bimodal EX1 kinetics P-gp denaturation was due to time-dependent denaturation of P-gp, we
monitored the functional properties of P-gp in detergent and nanodiscs during the time course used
to monitor H/DX. P-gp in nanodiscs and detergent-lipid micelles were pre-incubated at 25°C for
varying duration before they were assayed for ATPase activity by a standard method (see
Methods). Because of the low basal activity of P-gp in detergent, verapamil was added as part of
the ATPase buffer to produce an appreciable increase in phosphate release. The results are shown
in Figure 3.6. The stimulated ATPase activities of P-gp in detergent and nanodiscs are constant
throughout the entire course of the 4 hour H/DX experiment. As an additional probe of the
functional effects of the time-dependent changes in conformation observed by H/DX, we pre-
incubated a sample of P-gp nanodiscs for 4 hrs at 25°C prior to H/D exchange. After 4 hrs we
performed an exchange experiment and monitored deuterium uptake after 1 minute. The results
were identical to the deuterium uptake observed at 1 minute without pre-incubation (Figure 3.7).
This result demonstrates that the slow conformational exchange observed in the EX1 kinetic
behavior is not the result of an irreversible, non-equilibrium, change. Rather the slow EX1 kinetics

reflect an equilibrative exchange process.

34 Discussion

The results reveal several features of P-gp dynamics. The direct comparison of the global exchange
kinetics demonstrates that P-gp dynamics in lipid nanodiscs are qualitatively similar to the
dynamics in detergent solubilized preparations. In both cases, the NBDs yielded good peptide
coverage and 68.2 %- 70.3 % of the NBDs was amenable to analysis in nanodiscs and micelles.
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For both the P-gp in the lipid membrane and in detergent, treatment with ATP and vanadate
resulted in modest reductions in the deuterium exchange rates for most peptides in the NBDs,
consistent with a redistribution of the IF vs. OF macroconformations toward the OF state, which
is expected to have more intimate contact between NBDs and slower exchange. Notably however,
the vanadate trapping did not result in a major decrease in exchange for any peptides, suggesting
that the vanadate trapped state of P-gp is not as long-lived or well populated as it is for other ABC
transporters, despite its persistent lack of ATPase activity. In addition, several peptides from the
TMHs of P-gp in detergent were recovered and their exchange behavior was consistent with
expectations. Specifically, the peptide corresponding to residues 69-78 in TMH1 undergoes a
moderate shift to greater solvent accessibility upon addition of ATP and vanadate, consistent with
shift toward the OF state. Inspection of different OF conformations from homology modelling
suggest that this observation may be due to the movement of TM1 itself, accentuated by the proline
kink (Pro 66), or due to movement of neighboring helices away from TM1 (Figure 3.8). Other
peptides in the TMHs (eg. TM7) behave as expected of highly ordered, alpha-helical structures
and are highly solvent-protected with a low rate of deuterium uptake (Figure 3.9). Taken together
the current results with H/DX MS and other studies based on cryoEM and DEER suggest that P-
gp cannot be trapped in tightly closed OF state with persistent long-lived NBD-NBD interactions
although the ensemble shifts toward an equilibrium mixture that resembles the OF conformation
to a greater extent than in the absence of ATP and vanadate.

The results for these H/DX experiments address an apparent discrepancy between two EM studies
with P-gp in different lipid environments (4,10). For the current results, a larger difference in
deuterium uptake between the ligand-free and vanadate-trapped P-gp in detergent micelles

suggests that P-gp adopts more distinct IF and OF conformations under these conditions, in
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agreement with the recent cryoEM results that demonstrated that P-gp exists in a mixture of IF and
OF conformations that converts more completely to OF conformation in presence of ATP and Vi.
Together, those cryoEM studies and the current H/DX results suggest that P-gp behaves more like
a two-state system, IF and OF, in detergent micelles. In contrast, a more modest difference in
deuterium uptake between ligand-free and vanadate-trapped protein is observed for P-gp
nanodiscs, which suggests that there is a shift in equilibria to more OF-like conformations without
static association of the NBDs due to the intrinsic flexibility of P-gp in a lipid membrane. Our
results demonstrate that there are differences in the conformational dynamics of P-gp in a lipid vs.
detergent environment.

The most striking aspect of the results is the large number of peptides that exhibit mixed EX1/EX2
kinetics. The fact that several peptides within the NBDs and at least two of the ICLs exhibit
conformational exchange on a wide range of time scales is consistent with the suggestion based
on other methods that P-gp is conformationally heterogeneous. The conformational exchange
detected by H/DX makes structural sense, in as much as the peptides that display this behavior
consist of regions where helices or B-strands defined by crystallographic models terminate. The
unwinding of the ends of helices or the fraying of B -sheets at the ends of strands is expected to
occur on slower time scales than deuterium uptake of solvent exposed amides, and the fluctuation
between a random coil and a local folded structure is what gives rise to ‘EX1’ exchange kinetics.
An additional observation of significance is the asymmetric distribution of the H/D exchange
behavior, between the two NBDs. As noted above and shown in Figure 3.2, WA and Q loop in
NBD1 undergo a larger decrease in solvent accessibility with vanadate trapping compared to
NBD2. Although these differences are modest, they demonstrate that the well-established

functional asymmetry of the NBDs which leads to their alternate occupancy by nucleotides is
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recapitulated in the dynamics of the different NBDs; they are dynamically asymmetric as well as
functionally asymmetric.

These experiments have implications for mechanisms of promiscuous substrate recognition by P-
gp. The results do not directly address the effects of substrates on the conformational landscape of
P-gp; additional studies with multiple substrates or inhibitors will be necessary to map such effects.
However, to the extent that the extraordinary conformational diversity of the substrate-free IF
ensemble in the NBDs can be extrapolated to the TMHs, it is reasonable to expect that substrates
in the membrane would encounter many TMH conformations at any instant, and this in turn leads
to the possibility that different substrates have different affinities for different conformations. For
single substrate enzymes, the situation in which a substrate encounters a range of conformations
and binds preferentially to one member of the ensemble represents the limiting case model for
ligand-dependent conformational dynamics known as 'conformational selection.' Conformational
selection is distinct from the other commonly used limiting case model of 'induced fit' in which a
substrate encounters and binds to a single enzyme conformation, which subsequently undergoes
conformational change to an active, higher affinity form (Figure 3.10). Importantly,
conformational selection and induced fit are not mutually exclusive models. In fact, the
detoxication enzyme glutathione transferase A1 (GSTAL1) includes a dynamic C-terminal helix
that presents an ensemble of active sites, and kinetic data suggest that different substrates select
different conformations. Furthermore, crystallographic structures suggest that the C-terminus of
GSTAI1 adopts different locations with different substrates bound (18-21). Thus, it appears that
GSTAI1 utilizes both substrate-dependent conformational selection and substrate-dependent active
site 'fits." Based on the data here for the IF of P-gp, conformational selection is likely to contribute

in the case of P-gp. Further studies are necessary to explore this and to determine the potential
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contribution of induced fit, and whether different substrates select or induce different

conformations.

Figures

Table 3.1. Percent coverage of major domains of P-gp and number of peptides (total and

bimodal) recovered for P-gp in detergent and nanodiscs.

P-gp in detergent- P-gp nanodiscs

lipid micelles

Overall coverage (%) 40.1 37.7
TMDI1 coverage (%) 15.6 13
TMD2 coverage (%) 19 15.7
NBDI1 coverage (%) 76.2 73.8
NBD?2 coverage (%) 64.2 62.7
Redundancy 2.2 1.55
Total peptides 91 59
Bimodal peptides 4 15

(clearly resolved)

75



M E L E E DL K GRAUDIKMNKNTF 5 KMNGZEKIKS KKE KK K P A 5 VL T MHWFR A G W L DR L Y H
1 10 20 30 a0 50
L v &6 T L A ATITTIMHGUWVYAILWPTLMMLITFGTDMTTDS 5 V G vV 5 K 0 5 T @ 5 E A D K RAMNF

6-11 E B0 °0 100

A K L EEEMWNTT Y AY Y Y T G I GAG WV LI VAYI 5 F W L AAGRD QI K I R 0 K F F H A
110 120 130 140 150

I M N Q E I G W F D V HD VG E L NTHRILTODUDUVS K E 6 I DK I G M F F A M A T F F G G F
160 170 180 190 200

EEEE——SSSSSSSsSsSsSsSsSsSSsS
T —S—SBB__—_—_—_—————

I I 6 F TR GWK L TLWVTILATIZSUPUVLGILSAGI K I L S F T b K E L A Y A K A G A V A
210 220 230 240 250

E E V L A AT RTWVIAFGSGOASHKIKETLEHRTYNHNHNL A K R 6 I K K A I T N I 5 M 6 A A F L
260 7 280 290 300

L I YA S Y A LAF WY 6T S5 L VIS KETZY S I G QV Vv F F vV L I 6 A F 5§ G 0 A S P N I EA
310 20 330 340 350

F AN A RGAAY EV F K I I DNKWP S5 I DS F 5 K § K P D 1 ¢ 6 N L E F N I HF 5 ¥ P 5 R
360 370 380 390 400
—

K E VvV 0 I L K G L N L KV KSGOQTVAILWVGEGNSGC s T T 9 L Mo R L Y P LDGM®WHV S IOD
410 420 430 440 450
T— -

=

K E AN A Y D F I WK LPHOGFDTLVVGEWRTGHATDQIGL G 0 K R I A I A R A vV R N P K I L L L
510 520 53_8 540 550
L e
.. e
0D E A T S A LD TE S EAV V QO A ALDEKARTETEGRT v I A R L 5 T V R N DV I A G F D G G
ﬂ 570 580 590 600

vV I v E Q0 G N HDELMABETKTEGTIYFEKILWVMTOGGTA E I E G N E A C K 5 0D E I DN L D M S
sl s20 830 sio £

—

5 KD 5 6 5 5 L I RRRS5TRIK S I CGPHUDUGOGTDRK T K E L DEDV P P 5 F W R I L K L H
660 670 680 ﬁ Too

5 T E W P Y F V V 6GI F CA I I NGOG L O PATF S5 VI K Vv V vV F T N G G P E T @ R O N 5 N L
e 20 730 740 750

F s L L F LI L6 I I S F I TFFILOQ@GFTTFGKAG L T K LR Y MWV F K M L R QD V S W F
760 7 780 790 BOD

_—

—

76



b o P K NTTGATLTTA RTILAWMNDA AAGOQWYIEKGATGS R L AUV IFOQOMNTIAWMNILSGSGTOUGTIITIS5LIVYG
810 B20 830 B840 B50

— —————

W o L T L L L L A I VP I TIATIATGUVUVEM®KIEKMLSGOATLIEKTDIEKT KTETILTETGSGEKTIATTEAH®ATITENF
B70 880 890 900

B —————

R T ¥V VvV 5 L T R EOQOKFETMHNY A QS5 L @ I P Y R HNAMUEKT K AUHYF G I TF S F T Q0 A MMY F S ¥ A
920 930 940 950

v F
960 970 980 990 1000

lSHIIRIIEI(‘I’PEIDS\"S'I'QZGLKPNHLEGNU’QFSG\I‘VFNYPTRPSIP\!L&
1019 1020 1030 1040 1050

G 1] A G ¥ E I N I
1110 112_0 1130 1140 1150

H o F I D s L P DKY N TRV GDKSG T O L S G 60 KR I AIARATLUVYVROGOQPMHTIILILILZDEHAT
1 1180 1190
EEEEEE—S———

5
1200

A L DT E S E K V¥V V 0 EALUDI KA ARTETGHSRTTCTIWVIAMHHNMRLSTIOQCMNATDILTIUVWV I OQHNTUGIEK V KE H

1210 1220 1230 1240 1250
B —————
6 T H 0 0 L L A @ K G I ¥ F S5 M V 5 V q’ A G A K R S5 L E H H H H
1260 1270 1260 1284

e BB ®

Figure 3.1. Peptide coverage map of P-gp. Recovered peptides of P-gp in detergent-lipid micelles
(blue bars) and in nanodiscs (red bars) are shown below the primary sequence of P-gp (4Q9H).
More peptides were observed for P-gp in detergent than in nanodiscs. Figure was created using

MS Tools(22).
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Figure 3.2. HDX comparison of apo P-gp versus vanadate trapped P-gp in detergent lipid micelles
or nanodiscs. (A) Butterfly plots showing hydrogen/deuterium exchange profiles of P-gp in either
micelles (top butterfly plot) or nanodiscs (bottom butterfly plot). Each plot compares the deuterium
uptake profile for the apo P-gp with the vanadate-trapped state and percent deuterium uptake is
plotted at the midpoint of the peptide sequence. Solid connecting lines indicate continuous
coverage, whereas dotted lines reflect missing sequence coverage. (B) Difference deuterium
exchange profile of P-gp peptides in apo P-gp and vanadate-trapped P-gp (apo minus vi-trapped =
A% exchange) at varying times of exposure to D20. Dotted line represents the sum of differences
between the two conditions across all time points, and thus the cumulative difference in deuterium
exchange. Positive values or negative values indicate regions of P-gp that become more or less
protected in the vanadate-trapped state respectively. (C) Difference in solvent accessibility
between the apo and vi-trapped states for P-gp detergent micelles at 1 hour, mapped onto P-gp
structures in the inward- and outward-facing conformations (IF and OF; PDB: 49QH (murine p-
gp) and PMDB: PM0075213 (human P-gp based on SAV1866 OF conformation)). Regions in P-
gp that become moderately exposed (cyan, 0 to -5%), moderately protected (yellow, 0-5%), highly
protected (orange and red, >5 and >10%) in the vanadate-trapped state relative to the apo state are
shown. Structures are rotated 180° and shown in the lower panel. (D) Same as (C) but for P-gp
nanodiscs. Abbreviations used: TMH, trans membrane helix; NBD, nucleotide binding domain;

WA, Walker-Ames motif; ICL, intracellular loop; D-H, D and H loops).
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Figure 3.3. Peptides displaying EX1-related kinetics in P-gp lipid-detergent micelles or nanodiscs.
(A) Representative isotopic mass envelopes of peptides (residues labeled at top of the panels) with
bimodal kinetics in nanodiscs (right) but not in lipid-detergent micelles (left). Rates of relaxation
are measured by fitting the decay of the low mass population to a single exponential function
(bottom graph in each panel, data from nanodiscs), and peptides are categorized into fast (red),
moderate (yellow), and slow (purple) based on relaxation half-lives. Inset: The centroid of the low
and high mass distributions was used to plot the deuterium uptake for the two populations (low
mass- solid line; high mass-dashed line). (B) Diagram comparing the localization of bimodal
peptides across the linear sequence for P-gp in lipid-detergent micelles or nanodiscs. Peptides are
colored according to relaxation half-lives (fast-red, moderate-yellow, slow-purple). Regions
colored gray did not show EX1-like behavior under experimental conditions. Lines indicate pairs
of distant peptides based on the primary sequence of P-gp but are in close proximity/interact with
each other in the tertiary structure of P-gp. (C) and (D) Location of these peptides plotted onto the

IF conformation of P-gp for lipid-detergent micelles or nanodiscs respectively.
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Figure 3.4. Bimodal peptides 520-549 (containing C motif, yellow spheres) and 1065-1078
(containing WA motif, red) found in P-gp in detergent and nanodiscs. The peptides from NBDI1
and NBD2 interact with each other to form a sandwich dimer in the presence of nucleotide (ATP,
carbon, phosphorus, nitrogen and oxygen atoms shown in green, orange, blue and red

respectively).
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Figure 3.5. (A-D) Mass spectra and deuterium uptake plots for specific peptides in the apo (green)

and vanadate trapped (red) states, with residues indicated at the top of each plot. Peptides with

EX1 kinetics display bimodal isotopic distributions, which can be fitted with two Gaussian

distributions. The centroid of these distributions was used to plot the deuterium uptake for the low

(solid line) and high mass (dashed line) populations. (E) Kinetics of unfolding in the two states

determined by plotting fraction of low mass population over time, for peptide 1036-1053. (F-G)

Localization of these peptides in inward- or outward facing P-gp; yellow or orange indicates

modest to high solvent protection (or increased rigidity) in the vanadate trapped state relative to

the apo state.
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Figure 3.6. Functional activity of P-gp in detergent or nanodiscs during HDX time points. P-gp in
lipid-detergent micelles or nanodiscs was incubated at 25°C for varying duration, before initiation
of reaction by addition of assay buffer (50 mM Tris, 150 mM NH4Cl, 5 mM MgSOs4, 0.02% NaN3,
100uM verapamil, 1 mM ATP, pH 7.4) with or without 240 uM Vi for 30 minutes at 37°C, and Pi
released was measured by a colorimetric assay (Chifflet). Activity is depicted as % of the control
ATPase activity without prior preincubation, which is 604 nmol/min/mg for nanodiscs and 233

nmol/min/mg for detergent micelles. Error bar represents standard deviation of triplicates.
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Figure 3.7. Comparison of H/DX with and without 4 hour pre-incubation in buffer. The percent
deuterium uptake by P-gp nanodiscs at 1 minute, before and after 4-hr pre-incubation at 25°C,
were identical to each other, indicating that P-gp is structurally stable during HD exchange. The
same peptides were observed for both data sets, and the peak ion intensities of the peptides were
mostly similar, with 83% of the peptides not having CV exceeding 30% (Coefficient of variation,
CV = standard deviation of peptide ion intensities/ mean of peptide ion intensities). This suggests

minimal sample aggregation over 4 hours.
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Figure 3.8. Rearrangements .of TMI and neighboring helices as P-gp switches from IF to OF
conformations. Top: P-gp in the apo state, in IF conformation (PDB 4Q9H). Regions that are more
solvent-exposed in the apo state are shown in yellow and regions that are more solvent-exposed in
the vi-trapped state are shown in light blue. Proline kink at position 66, displayed as spheres. OF
structures obtained from homology modelling of P-gp using SAV1866, OF1: PMDB PM0075213;
OF2: from (16). Red arrows indicate possible movements of the TM helices. In OF 1, the yellow
region of TM1 moves towards the central hydrophobic core of P-gp and becomes more solvent
protected, whereas the blue region moves away from the core and becomes more solvent exposed.
Alternatively, in OF 2, movement of other helices such as TM6 away from the hydrophobic core
may also result in the top region of TM1 becoming more solvent exposed during a conformational

change.
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Figure 3.9. Exchange profiles at selected regions of P-gp. Note the relatively lower deuterium
uptake at the TMHs, and higher deuterium uptake at the ICL and NBD. Overall, the warmer colors
highlight regions of P-gp that are more solvent-exposed in the apo state than in the vanadate-
trapped state. Of particular interest is the peptide 69-78 located in TM1, where the vanadate-

trapped state (red) is more solvent-exposed than the apo state (blue).
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Figure 3.10. Induced fit and conformational selection models for an enzyme and a substrate. The
induced fit model (shaded blue) postulates that the binding of a ligand results in a conformational
transition of Ei to Ex that optimizes binding. In the case of conformational selection (not shaded),
the enzyme exist in a dynamic equilibria of two or more conformations, and only one form of the
enzyme (shown as E2) binds to the ligand. Kinetic and thermodynamic studies are required to

determine the mechanism of ligand binding for P-gp.
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Figure 3.11. Individual uptake plots for all recovered peptides of P-gp in detergent-lipid micelles,
comparing the apo (blue, solid circles) and vanadate-trapped states (red, open squares). Each plot
represents the average from multiple charged states and the average percent deuterium exchange

was calculated by dividing the observed deuterium uptake by the theoretical maximum deuterium
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uptake for each peptide ((number of residues — number of prolines -1)*final fraction of D20 during

exchange). PPPI is used as an internal standard and the uptake plot indicates identical exchange

conditions between the two states (last plot).
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Chapter 4

Applications of Lipid Nanodiscs for the Study of Membrane Proteins by Surface Plasmon

Resonance

Parts of this chapter are taken from the published manuscript:
Trahey, M., Li, M. J., Kwon, H., Woodahl, E. L., McClary, W. D., and Atkins, W. M. (2015)
Applications of Lipid Nanodiscs for the Study of Membrane Proteins by Surface Plasmon

Resonance. Curr Protoc Protein Sci 81, 29 13 21-16.

4.1 Introduction

Methods for characterizing the structure and function of membrane proteins have lagged behind
corresponding approaches for the study of soluble proteins. Despite significant advances in
structural methods applied to membrane proteins (1-3), it is often difficult to identify and
implement the best conditions for purifying membrane proteins and for studying their functional
interactions with ligands or other proteins. As a result many membrane proteins are studied in a
diverse range of artificial membranes or detergents that are not optimal for all the studies desired
for a complete characterization. The fundamental kinetic and thermodynamic parameters that
describe the interaction of many protein complexes are required for accurate prediction of binding
to cell surface receptors. However the effects of receptor solubilization on these in vitro
parameters remain uncertain and likely vary for different receptors. Even with a wide range of
lipid systems or detergents available, many analytical methods applied to systems of this type

remain difficult or impossible.
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Surface Plasmon Resonance (SPR) has revolutionized the study of molecular interactions between
soluble proteins and their partners or small molecule ligands. However, the application of SPR to
membrane proteins is sometimes successful but may be significantly more susceptible to artifacts
(4-7). These experiments often include immobilization of a soluble protein, or solubilized portion
of a membrane protein, on a sensor chip with subsequent analysis of a soluble binding partner as
an analyte. In principle, there could be value in immobilizing full length membrane proteins in a
native-like membrane environment using soluble proteins or small molecule ligands as analytes.
Indeed, attempts have been made to use liposomes as the membrane in this experimental approach
(8-10). However, a few problems with liposomes are likely to limit the generalizability of the
approach. Liposomes are large, unstable and may fuse to form larger vesicles or aggregates. There
may also be a large extent of non-specific partitioning of ligands into excess lipids. In short,
traditional membrane platforms have limitations when used in SPR analyses.

Despite great effort to characterize the fundamental mechanism of P-gp and its interactions with
drugs, its large size and integral membrane character have made progress difficult. As
demonstrated in previous chapters where P-gp nanodiscs were exploited for FCS or H/DX MS, P-
gp nanodiscs could also enable surface plasmon resonance (SPR), which could be a powerful
method for studying the interactions of P-gp with drug substrates and inhibitors. SPR can provide
kinetic information and binding affinities for proteins with ligands, but its application with
membrane proteins has been nearly nonexistent. Therefore, protocols for the study of membrane
proteins in nanodiscs with SPR could provide a much needed starting point for the application of
SPR to study P-gp. However, there are only a few examples of the application of nanodiscs to
study membrane proteins by SPR (11-15) and the limited experience with this combination of

technologies suggests that many experimental parameters must be considered and optimized. This
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chapter focuses on the optimization of methods and conditions to apply SPR to the proteins in
nanodiscs, with the potential to apply them to study drug-P-gp interactions in the future.

One distinction to consider is the advantages of nanodiscs compared to liposomes in studying these
interactions. A few previously published experiments from our lab, combined with some
experiments not previously described, demonstrate the potential utility of P-gp nanodiscs in
contrast to P-gp liposomes. An interesting and useful feature of nanodisc-incorporated
transmembrane proteins is that epitopes on both sides of the membrane are available for analysis.
This is demonstrated in Figure 4.1 with an example in which two different antibodies can be
observed to bind to human P-glycoprotein incorporated into nanodiscs by SPR. A second example
with P-glycoprotein-nanodiscs demonstrates that both sides must be available in at least some
particles. Here ATP and VOs bind to the cytosolic nucleotide-binding domains and cause a
conformational change that releases the UIC2 antibody, known to bind at the external side of P-gp
in its ligand free form. Such a result would not be possible with liposomes where both nucleotide
and the UIC2 antibody could not reach their binding sites on a single P-gp. Clearly, nanodiscs
provide a potential means of studying complex interactions via SPR with some unique advantages.
Therefore, the purpose of this chapter is to provide protocols for the initial parameterization of
SPR experiments in which a membrane protein or receptor incorporated in a nanodiscs is
immobilized on SPR chips for analysis of binding to a soluble partner protein. Methods to prepare
the CMS5, L1 and NTA sensor chips with nanodiscs are described (Figure 4.2). Furthermore,
examples of small-molecule SPR experiments are shown, using model P-gp substrates, verapamil

and vinblastine, to obtain kinetic rates and demonstrate multiple drug binding sites.
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4.2 Materials and Methods
4.2.1 Protein Expression and Purification

P-gp and MSP1DI1 were expressed and purified as previously described in Chapter 2.

4.2.2 Reconstitution into Nanodiscs and Purification

POPC empty nanodiscs used for testing biosensor surface capacity and stability were formed by
mixing POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and MDP1DI in a 65:1 ratio
with sodium cholate in disc forming buffer ( 100 mM potassoum phosphate, 50 mM sodium
chloride, pH 7.4) and incubated on a nutator for 1 hour at 4 °C. To remove the detergent, pre-
washed Amberlite XAD?2 resin was added and the sample was incubated for an additional 4 hours
at 4 °C and empty nanodiscs were recovered by passing through a 25 Ga needle. P-gp was

reconstituted into DMPC lipid nanodiscs and purified as described in Chapter 2.

4.2.3 SPR Experiments

Because the presence of nanodisc presents additional options for capuring proteo-nanodiscs on
SPR sensor chips and additional surfaces for nonspecific binding, compared to nonmembrane
proteins, it was essential to first characterize the interaction of empty nanodiscs with various chip

surfaces.
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4.2.3.1 Immobilization of Anti-6 Histidine Antibody on a CM5 Chip and Nanodiscs Capture

The CMS5 chip consists of a layer of carboxymethylated dextran immobilized onto a gold surface.
Molecules such as proteins can be covalently attached to the free carboxyl groups via amine,
aldehyde or thiol functional groups.

The CMS5 chip was first activated with a 10-minute injection of 0.4 M I-ethyl-3-(3-
dimethylaminoprolyl)-carbodiimide (EDC)/0.1 M N-hydroxysuccinimide (NHS) mixture at a flow
rate of 10ul/min, followed by an injection of 86 pg/ml of mouse anti-6-histidine antobody diluted
in 10 mM sodium acetate (pH 4.5) for 5 minutes to reach immobilization level of 13000 RU. The
surface was deactivated with an injection of 1M ethanolamine, pH 8.5, for 7 minutes. Two 20-
seconds pulses of regeneration solution containing 10 mM glycine (pH 1.5) were included to
stabilize the surface before priming instrument with running buffer (100 mM KPi, 50 mM NaCl,
pH 7.4) and loading with nanodiscs. To investigate surface capacity and post-capture stability,
various concentrations (0.5, 2 and 8 uM) of histidine-tagged empty nanodiscs were injected for 3

minutes at a flow rate of 10ul/min.

4.2.3.2 Capture of Nanodiscs using the L1 Chip

The L1 sensor chip is comprised of lipophilic alkyl chains covalently attached to
carboxymethylated dextran on the surface. The alkyl chains insert into the lipid layer of vesicles
or liposomes, therefore there is no need for additional affinity tags on the protein or lipid. This
sensor chip is also suitable for nanodisc work because of the presence of a lipid bilayer, which is
expected to incorporate the alkyl chains from the chip as a method of 'capture.'

The L1 chip was first washed with two 30-seconds pulses of 20 mM CHAPS before equilibration

with running buffer (100 mM KPi, 50 mM NaCl, pH 7.4). 0.5, 2 and 8 uM of empty nanodiscs
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were injected at a flow rate of 10pl/min for 30 minutes, before coating any unbound sensor surface
with BSA (0.2mg/ml for 5 minutes) to reduce non-specific binding of analyte. The level of BSA
captured also provides an indication of the degree of sensor chip saturation with nanodiscs, because

a fully saturated surface will not bind BSA (or only to a small extent).

4.2.3.3 Capture and Immobilization of Nanodiscs using the NTA Chip

The NTA chip consists of a carboxylmethylated dextran matrix pre-immoblized with
nitrilotriacetic acid (NTA). This allows affinity capture of histidine-tagged proteins via Ni-NTA
complex.

The NTA chip was preconditioned with three 1-minute injections of 350 mM EDTA (pH 8.0) at a
flow rate of 30 ul/min, followed by a wash step with running buffer (100 mM KPi, 50 mM NaCl,
pH 7.4). 500 uM NiCl: solution diluted in running buffer was injected at a flow rate of 10 ul/min
for 1 minute to charge the surface, followed by an extra wash step with 3 mM EDTA and
stabilization for 1 minute. Charging with Ni** resulted in an increase of ~ 40 RU. 0.5, 2 and 8 uM
of empty nanodiscs were injected at a flow rate of 10pl/min for 3 minutes .

To perform crosslinking of nanodiscs on a NTA chip, steps were carried out as above with an
injection of 500 uM Ni** solution for 3 minutes. Flow cells were activated with an injection of 0.4
M EDC /0.1 M NHS mixture at a flow rate of 10ul/min for 5 minutes, followed by loading empty
nanodiscs or P-gp nanodiscs (10 mM HEPES, 350 mM NaCl, pH 7.4) onto reference or sample
flow cell respectively. 400 nM P-gp nanodiscs were injected at a flow rate of 5 pl/min for 12
minutes (about 4500 to 6000 RU) and empty nanodiscs were injected to reach 2250 to 3000 RU.
Remaining exposed surface was deactivated with an injection of 1M ethanolamine, pH 8.5, for 7

minutes and nickel was stripped from the surface with a 1 minute pulse of 350 mM EDTA.
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4.2.3.4 SPR Binding Experiments and Data Analysis

Binding experiments were performed at 25°C on Biacore T200 at a flow rate of 50 pl/min in
running buffer containing 20 mM Tris, 350 mM NaCl, 2% DMSO, pH 7.4. Association and
dissociation of tested analytes were set at 120 and 300 s respectively. Sensorgrams were solvent
corrected and double referenced (signals from reference flow cell were substracted from sample
flow cell and corrected with a buffer injection). All referenced sensorgrams were analyzed with

Biacore T200 evaluation software for equilibrium and kinetic binding parameters.

4.3  Results
4.3.1 Comparison of Empty Nanodiscs Capture between Different Chips

CMS5 Chip

The anti-6-his antibody coupled CMS5 chip had a lower capture level than the NTA chip but higher
than the L1 chip (Figure 4.3). However, the post-capture stability was less than the L1 chip.
Comparing the stability of similar capture levels of nanodiscs (~3000 RU; the 2 uM curve for L1
and the 0.5 uM curve for CM5) we observed that material on L1 showed no loss during the
stabilization period yet 1.7 % of the initial capture was lost from the CM5 chip (49 RU).

L1 Chip

The L1 chip saturated at ~ 3500 RU of empty nanodiscs (Figure 4.3C). When levels less than 3000
RU were captured, a response was detected from the BSA injection; for capture levels around 2000
RU there was an increase of ~100 RU of BSA. The post-capture baseline was the most stable
among all the tested chips as depicted in Figure 4.3E.

NTA Chip

104



The nickel-activated NTA surface captured significantly more nanodiscs than either the CM5/Ab
or L1 chips, with over 10,000 RU captured at the highest ligand concentration (Figure 4.3A).

However at these high capture levels the stability was extremely poor (Figure 4.3E).

4.3.2 Real Time Monitoring of Analyte Binding by SPR

In order to maximize the signal from small molecule binding events to P-gp nanodiscs, the NTA
chip was chosen because it offered the highest capacity for nanodiscs loading. To overcome the
problem of unstable baseline and dissociation of nanodiscs from the biosensor surface, amine
coupling was performed in addition to histitidine-tag capture by nickel to provide a stable baseline.
Although the final level of captured-crosslinked nanodiscs was ~6000 RU compared to captured-
uncrosslinked nanodiscs (~16800 RU), possibly due to limited dextran sites available for
crosslinking, the immobilized level was higher than what could be obtained with L1 or anti-his
antibody coupled CMS5 chip and was suitable for small molecule experiments. In this setup,
between 1 to 60 RUs of signal were observed from the two common substrates of P-gp. Duplicate
injections of the concentration series of each compound were highly reproducible and saturation
of a high affinity site could be observed, demonstrating the robustness and stability of the system.
Binding constants (Kp) obtained from steady-state analyses of verapamil and vinblastine at low
occupancy were 28.6 = 7.05 uM and 15.4 + 1.8 uM respectively, which were in close
approximation to the Km values of 55.7 + 14.8 uM and 2.6 + 1.0 uM measured from activity assays
(Chapter 2, Table 2.1 and Figure 2.4). Kinetic analyses of the sensorgrams revealed a mass-
transport limited fast phase in both on- and off-rates for verapamil and vinblastine, which indicates
on-rates greater than 10°/Mesec and off-rates greater than 1/sec. A second slow phase in the on-

rates for verapamil and vinblastine was observed, which may indicate heterogeneity in the system.
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At higher drug concentrations, the association phase was non-saturable within 120 s. In addition,
a slower off-rate of 0.02/sec was observed for vinblastine binding based on a separate, double
exponential fit of the dissociation phase. A slower off-rate is consistent with the higher affinity of

vinblastine for P-gp compared to verapamil.

4.4 Discussion

It is clear that there are different approaches (i.e. different biosensor chips, capture or
immobilization strategies) to study membrane protein in nanodiscs using SPR. However, careful
design and consideration of experimental setup is required to obtain reliable sensorgrams. While
developing and optimizing these assays we have found the following parameters to be important.

1. Purity of Nanodiscs

It is critical that nanodisc preparations be as pure as possible. We recommend removing empty
nanodiscs from a his-tagged proteonanodisc preparation by nickel chromatography followed by
size exclusion chromatography. For the L1 chip it is important to purify the discs by size exclusion
chromatography because liposomes and various lipid-protein complexes can also be captured via
the lipophilic substituent.

2. Desired Nanodisc Capture Level

This depends on many factors including the specific analyte (high molecular weight versus small
molecule) as well as the goal of the experiment (quantitative kinetics or qualitative response). In
either case, one should first calculate the Rmax, the theoretical maximal response obtainable for the
analyte:

Rmax (RU) = (analyte mol wt / ligand mol wt) X immobilized ligand (RU) X stoichiometry
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High molecular weight analytes will result in greater response so lower capture levels are adequate.
Low molecular weight analytes requires greater capture levels to achieve a detectable Rmax. In
addition some analytes may demonstrate mass transfer limited binding requiring low capture levels
(see point 4). The L1 chip requires more nanodiscs due to longer capture time (15-30 min)
compared to CMS5 and NTA chip (1-2 min).

3. Choosing a reference surface

A well matched reference surface is critical to deal with artifacts arising from possible refractive
index changes in the analyte solution (the bulk effect), injection noise, and non-specific binding.
We recommend using empty nanodiscs as the reference surface. If empty nanodiscs are
unavailable for the reference cell, an anti-6-his antibody immobilized CM5 chip or a deactivated
CMS5 surface (capped with ethanolamine) can be used. In the case of NTA chip, the reference cell
can be the naive NTA surface (uncharged with Ni**); a charged surface is not recommended due

to issues with non-specific binding.

4. Mass Transfer Limitations

The transfer of the analyte from the bulk flow to the sensor surface is a diffusion-controlled
process. To minimize possible mass transfer limitations for kinetic experiments, lower capture
levels of nanodisc (ligand) on the surface and fast flow rates (30 — 100ul/min) of analyte are
recommended. Both help reduce the analyte consumption and diffusion distance. Mass transfer
limitation can be checked by using different flow rates for the analyte injection. If mass transfer
limitation occurs, the apparent rates of both association and dissociation will increase as the flow
rate increases.

5. Baseline drift with different chips
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Baseline drift, the dissociation of captured nanodiscs from the surface of the chip, complicates the
analysis of analyte binding especially in cases where the level of drift approaches the analyte
response level. In addition different rates of drift between the experimental and reference cell must
be taken into account. This will likely vary with individual proteins and can be tested.

The L1 chip has been observed to provide the most stable baseline of captured nanodiscs compared
to the CM5/AD chip and NTA chip. Although both the NTA and CMS5 chip demonstrate significant
drift at high capture level, lowering the capture level can improve the stability of response on the
surface. Nanodiscs can also be captured and crosslinked on the NTA chip to improve stability.

6. Non-specific binding

It is important to initially test for non-specific binding by injecting analyte over the reference
surface of empty nanodiscs. If binding is detected, the source may be determined by performing
control experiments injecting analyte over surfaces without the nanodiscs, such as the deactivated
surface or anti-6-his antibody surface for CMS5 chip, the NTA or Ni-NTA surface for NTA chip,
or the exposed hydrophobic layer on the L1 chip. In some cases the running buffer can be
optimized to reduce the non-specific binding by adding: soluble carboxymethyl dextran (NSB
reducer, GE Healthcare), high salt (up to 500mM NaCl), BSA (up to 2 mg/ml), or EDTA (250
uM). Detergents should be avoided because they can affect the lipid bilayer.

With these key parameters in mind, experiments were performed to monitor real-time binding of
small molecules to P-gp nanodiscs using SPR. So far, there are no direct kinetic analyses of drug
binding to P-gp. Determination of the kinetic rate constants may provide critical information such
as the rate-determining step in the transport cycle of P-gp, and the extent to which substrate binding
and transport is coupled to the ATPase activity of the transporter. This provides an idea of the

efficiency of P-gp as a transporter in harnessing the energy from ATP hydrolysis to result in
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productive translocation of drugs across the membrane, which is most likely to vary between drugs
(i.e. substrates and inhibitors). SPR provides a direct measurement of association and dissociation
rate constants in addition to equilibrium binding parameters. Other advantages include low sample
consumption, a fully automated system, and versatility of biosensor chips for different
capture/immobilization strategies.

We first assessed the binding of two typical substrates of P-gp, verapamil and vinblastine, to P-gp
nanodiscs captured and crosslinked onto a NTA chip. We chose the NTA chip because a high level
of captured nanodiscs is required to maximize the signal from small molecule binding events.
However, due to the unstable baseline at such high levels of capture we included an additional
crosslinking step to immobilize the captured nanodiscs onto the surface using amine-coupling
chemistry. This resulted in a much more stable baseline, although a lower level of nanodiscs was
immobilized, which suggests that the available dextran sites for crosslinking are limited on the
NTA chip (Figure 4.4). Nevertheless, the amount of P-gp immobilized (~ 5500 RU) was adequate
to observe signals from small molecule binding. Similarly, a matching level of empty nanodiscs
(~ 2250 RU) based on mass differences was immobilized in the reference flow cell. Steady-state
analyses of the sensorgrams for both verpamamil and vinblastine revealed a high affinity binding
site, with Kp = 28.6 = 7.05 uM and 15.4 + 1.8 uM respectively, in close approximation to the Km
values of these drugs based on ATPase activity measurements (Figures 4.5 and 4.7). Interestingly,
the signal demonstrated an intial saturation at around 5-6 RU for verapamil at the high affinity site,
which was close to the expected signal from the binding of one molecule of verapamil to P-gp (7-
9 RU) based on a mass ratio calculation, from equation in Parameters, point 2. With increasing
concentrations of verapamil, a nonsaturable binding component was observed, as elaborated

below. Similarly, the signal for vinblastine saturated at around 3-4 RU at the high affinity site,
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which was lower than the value expected from one molecule of vinblastine binding to P-gp (~ 15-
18 RU). It is possible that the lower solubility or increased hydrophobicity of vinblastine may
contribute to this result because there may be more non-specific binding to the empty nanodiscs
(which is subtracted) and P-gp also encounters less of the soluble drug for a given concentration.
Due to this uncertainty, the results with vinblastine must be considered with caution.

A more detailed assessment of the sensorgrams reveals that there are fast and slow processes in
the association and dissociation phases of both drugs (Figures 4.6 and 4.8). The initial linear
association/dissociation kinetics is indicative of mass transport limited (MTL) binding, and only
the lower bounds of the rates could be determined. The fast association rates for both drugs are
greater than 10°/Mesec because in the case of MTL, the rate of diffusion of drugs from the bulk
flow to the receptor sites on the biosensor surface is slower than the actual rate of association of
drugs to P-gp. Indeed, in a confluent monolayer cell system, the rate of association of drugs to P-
gp has been reported to be in the range of 10° to 10'%/Mesec that is limited by the lateral diffusion
of drugs within a lipid layer (16,17). The linear dissociation phase also limits extraction of kinetic
information, but it suggests that the fast dissociation rates for both drugs have to be greater than
1/s. Notably, a slower dissociation phase was observed in the case of vinblastine but not for
verapamil, which is in good agreement with a higher affinity for vinblastine than verapamil. The
off-rate of vinblastine was around 0.02/s, and a slower off-rate of 0.093/min has been reported for
radiolabeled vinblastine (18). An interesting observation is that the steady-state response does not
saturate at higher concentrations. The lack of saturation at higher drug occupancy indicates the
presence of weaker, and perhaps non-specific, binding sites on the receptor. As alluded to in
Chapter 1, P-gp is capable of binding to multiple drug molecules and there are high and low drug

affinity sites which allosterically activate or inhibit ATPase activity. Subsequently, we performed
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separate analysis of the off-rates of vinblastine at low and high concentrations in order to discern
kinetic differences at the high and low affinity sites. A slower off-rate of 0.002/s was obtained for
vinblastine at low concentrations, which is close to the value previously reported. Collectively, it
appears that the off-rates for vinblastine vary about 10 fold between the high and low affinity sites.
Taking into account a 20-fold difference in Kwm based on activity assays, it may be speculated that
drug binding affinity to P-gp is primarily governed by dissociation rate.

An observation that needs more work to address is the presence of a second slow association phase
that takes a longer time to reach steady-state and may arise from heterogeneity in the system.
Sources of heterogeneity include non-uniform orientation of immobilized protein, multiple protein
conformations, or analyte heterogeneity. More experiments that include different immobilization
strategies, varying association and dissociation duration will be required to test which model is
operative. Despite the complexity of the SPR data that prevents definitive conclusions about the
stoichiometry and mechanism of binding it is particularly interesting to consider the possibility
that the binding complexity is related to the conformational complexity of P-gp that was observed
in the H/DX MS experiments in Chapter 3. Specifically, the slow conformational changes
suggested by the EX1 kinetics of some peptides would possibly yield slow binding phases in the
SPR experiments.

In summary, this chapter describes SPR as a powerful tool that can be applied to membrane
proteins in nanodiscs to dissect the intricacies of ligand binding. However, detailed work is needed
to fine-tune experimental conditions to obtain reliable and reproducible kinetic information.
Importantly, we have successfully demonstrated the use of SPR for monitoring substrates binding
to P-gp nanodiscs. The lower bounds of the association and dissociation rates are obtained from

these experiments, and we have also shown that the off-rate is drug-dependent. The kinetics of
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these drugs binding to P-gp suggest that relatively weak substrate binding, which entails fast
association and dissociation rates, may be a dominant mode of action for P-gp to transport a broad

range of substrates out of the cell.
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Figure 4.1. SPR can be used to interrogate membrane protein epitopes on either side of the
membrane. P-glycoprotein (Pgp) embedded in MSP1DI1E3/E.coli lipid nanodiscs were captured
on L1 sensor chips. (A) Monoclonal antibody (M2) binding to the C-terminal FLAG tag on the
cytosolic side of P-gp detected by SPR. (B) Monoclonal antibody (UIC2) to an extracellular
epitope detected by SPR. (C) UIC2 bound to Pgp nanodiscs on the L1 chip is eluted by increasing
concentrations of ATP-Mg**-orthovanadate (injections depicted by arrows). ATP-Mg*'-
orthovanadate binds to the nucleotide binding domain of P-gp, alters the conformation of Pgp and
lowers the affinity for UIC2 antibody. In these experiments the reference cell contained empty

nanodiscs.
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Figure 4.2. A schematic of the SPR sensor chips and their capture strategies. Depicted are three
Biacore sensor chips tested for capturing nanodiscs. All chips have a gold layer coated with a
carboxymethylated dextran matrix. The first two chips, NTA and CM5/Ab, exploit the histidine
tag on the nanodiscs for capture. The third, the L1 chip, uses the lipid bilayer for capture. (A) The
nitrilotriacetic acid (NTA) chip is charged with nickel ions that chelate the NTA and the histidine-
tagged nanodisc. (B) The CM5 chip uses amine coupling to covalently link an anti-histidine tag
antibody to the chip surface that binds to the histidine-tagged nanodiscs. (C) The L1 chip has a

proprietary lipophilic substituent on the dextran that inserts into the bilayer.
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Figure 4.3. Capture and stability of nanodiscs on NTA, CM5 anti-histidine antibody and L1 sensor
chips. Three concentrations of histidine-tagged MSP1D1-POPC empty nanodiscs (8, 2 and 0.5
uM) were captured on three different sensor chips. (A) The NTA chip surface was charged with
nickel and then loaded with the indicated concentrations of nanodiscs for 3 min followed by a 5
min stabilization period. (B) The CMS5 chip was activated with EDC/NHS to amine couple the
anti-6-his antibody and then loaded with nanodiscs for 3 min followed by a 5 min stabilization
period. (C) The L1 chip was conditioned with brief injections of 20 mM CHAPS, washed with

buffer then loaded with nanodiscs for 30 min, tested for saturation with BSA, followed by a 5 min
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stabilization period. The decline seen (noted with *) is the bulk shift effect due to the BSA
injection. All chips were regenerated in between cycle of increasing nanodiscs concentrations. (D)
The capture capacity of the different chips derived from the data in (A)-(C) as a function of the
initial nanodiscs concentration used for capture. (E) The percentage of the captured nanodiscs
response remaining after the 5 min stabilization period as a function of the initial nanodiscs

concentration used for capture.
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Figure 4.4. Comparison between P-gp nanodiscs captured or captured-crosslinked onto a NTA

chip. For capture only, the NTA chip was charged with 500 uM NiClz for 1 min, followed by an
extra wash step with 3 mM EDTA and stabilization for 1 min before loading with P-gp nanodiscs
for 12 minutes (shown in red). For capture-crosslinking, the NTA chip was charged with 500 uM
NiCl: for 3 min with extra wash step and stabilization as described previously, with an activation
of the surface by an injection of 0.4 M EDC /0.1 M NHS mixture at a flow rate of 10ul/min for 5

minutes, before loading with P-gp nanodiscs for 12 minutes. Surface was deactivated with an
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injection of 1M ethanolamine for 7 minutes and Ni** was removed from the surface with a 1 minute
pulse of 350 mM EDTA. One-third of the protein was immobilized on the surface using the

capture-crosslink approach, but the post-immobilization baseline was more stable than capture

only approach.
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Figure 4.5. Semi-log plot of equilibrium response of verapamil binding to P-gp nanodiscs
immobilized onto the NTA chip. A two-site steady state binding model is used to determine the
binding constants for verapamil binding to the high and low affinity sites. Binding constant for the
high affinity site can be determined because the signal reached saturation (inset; normal plot) and
the saturating signal is well within the response expected from the binding of a molecule of
verapamil. The binding constant for the low affinity site cannot be determined accurately because

of non-saturating response at the highest drug concentration.
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Figure 4.6. SPR sensorgram of verapamil binding to P-gp nanodiscs immobilized onto the NTA
chip. Dose-response curves obtained with an association duration of 120 s and dissociation period
of 300 s, at a flow rate of 50ul/min. Note that the binding signal does not saturate at high
concentrations, suggesting that weak and possibly non-specific binding is involved. The presence

of a slow association phase indicates some sources of heterogeneity the system.
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Figure 4.7. Semi-log plot of equilibrium response of vinblastine binding to P-gp nanodiscs
immobilized onto the NTA chip. A two-site steady state binding model is used to determine the
binding constants for vinblastine binding to the high and low affinity sites. Binding constant for
the high affinity site can be estimated because the signal is reaching saturation (inset; normal plot),
however the signal is lower than expected from the binding of a molecule of vinblastine, possibly
because of a larger extent of non-specific binding to the empty nanodiscs in the reference cell
which has been subtracted. The binding constant for the low affinity site cannot be determined

accurately because of non-saturating response at the highest drug concentration.
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Figure 4.8. SPR sensorgram of vinblastine binding to P-gp nanodiscs immobilized onto the NTA
chip. Dose-response curves obtained with an association duration of 120 s and dissociation period
of 300 s, at a flow rate of 50ul/min. Note that similar to verapamil, the binding signal does not
saturate at high concentrations, suggesting that weak and possibly non-specific binding is
involved. The presence of a slow association phase indicates some sources of heterogeneity the
system. Compared to verapamil, vinblastine has a slower off-rate which is consistent with a higher

affinity for P-gp.
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