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Abstract
Multidrug resistance protein 1 (MRP1) is an integral membrane protein belonging
to the ATP-binding cassette (ABC) superfamily that utilizes ATP binding and hydrolysis
to transport various endogenous substrates and/or xenobiotics across membranes against
a concentration gradient. The overall goal of my research was to examine the nucleotide
and protein interactions of MRP1 using various biochemical methods. In the first study,
Cu2+(Ph)3 which promotes cross-linking of two nearby Cys residues and limited
proteolysis were used to study conformational changes of MRP1 at different stages of
ATP binding and hydrolysis at the nucleotide binding domains (NBDs). The limited
trypsin digestion patterns indicated that some Cys residues of MRP1 could be crosslinked in the nucleotide-free state and that the Cys cross-linked MRP1 was more
susceptible to trypsinolysis. Furthermore, binding of ATP, AMP-PNP, and trapping of
ADP by MRP1 prevented the cross-linking events from occurring, but binding of ATPγS
did not. However, the ATPγS-bound MRP1, like nucleotide-free MRP1, showed
enhanced sensitivity towards trypsinolysis. These studies show that the two ATP
analogs, AMP-PNP and ATPγS, interact with MRP1 in different ways. In the second
study, the interaction of MRP1 with other cellular proteins was examined. An in vivo
chemical cross-linking approach combined with affinity purification and MS analysis was
initially used to identify protein partners directly interacting with MRP1. When this
approach proved unsuccessful, a second approach involving immunoaffinity purification
of MRP1-containing complexes followed by MS analysis was adopted. Six potential
candidate interacting protein partners of MRP1 were identified via this approach and two
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of them, FUS and drebrin, were further characterized by co-immunoprecipitation and
colocalization experiments. FUS seems unlikely to be an important binding partner of
MRP1 since confocal and subcellular fractionation studies showed it to be exclusively
localized in the nucleus. On the other hand, drebrin depletion by siRNA knock-down
resulted in a moderate decrease in MRP1 overall expression levels although the
membrane localization of MRP1 remained unchanged.
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Chapter 1 Introduction

1.1 Multidrug resistance in cancer and the discovery of MRP1
Chemotherapy is a common strategy used in the treatment of malignant tumors.
However, successful drug treatment in cancer patients is often confounded by the
acquisition of chemoresistance by the tumor cells. Multidrug resistance (MDR) can be
induced in vitro by repeatedly exposing tumor cells to a single chemotherapeutic drug,
such as doxorubicin (DOX) (which targets topoisomerase II) or docetaxel (which targets
tubulin). Frequently, the cells become resistant to not only the original drug used for
selection but also to other structurally and functionally unrelated agents [1]. Patients with
certain types of cancer, such as non-small cell lung cancer (NSCLC) [2] and chronic
lymphoblastic leukemia (CLL) [3], show intrinsic or natural resistance to many
chemotherapy agents. In contrast, some tumors, such as small cell lung cancer (SCLC)
[4] and gastric carcinoma [5], are initially sensitive to chemotherapy but then acquire
resistance after extensive drug treatments.
The very first membrane transporter shown to be directly associated with the
emergence of a drug resistant phenotype was identified in several drug-selected Chinese
hamster ovary cell lines in 1976 [6]. This 170 kDa cell surface glycoprotein, named Pglycoprotein (Pgp), was further characterized as an energy-dependent efflux pump that
actively transports various xenobiotics (including many anticancer drugs) out of cells by
utilizing the energy from ATP binding and hydrolysis [7].
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Pgp remained the only known multidrug efflux transporter responsible for MDR
until the late 1980s. At that time, a human SCLC cell line (NCI-H69) variant obtained by
culture in gradually increasing doses of DOX displayed a MDR phenotype without
increased expression of Pgp [8, 9]. This MDR variant of NCI-H69, designated H69AR,
not only showed resistance to DOX but was also cross-resistant to a broad range of
anticancer drugs, including anthracycline analogues, Vinca alkaloids and
epipodophyllotoxins [9, 10]. This non-Pgp-mediated MDR phenomenon was
subsequently found to be associated with a novel membrane protein, named multidrug
resistance protein 1 (MRP1), which was cloned from H69AR cells in 1992 [11]. This
finding not only confirmed that drug resistance could occur in a Pgp-independent
manner, but also facilitated the subsequent discovery of a whole new family of membrane
proteins, namely the MRP-related transporters, with significant physiological,
pharmacological and pathological roles [12].

1.2 The ATP-binding cassette (ABC) superfamily
The ATP-binding cassette (ABC) superfamily proteins are characterized by three
highly conserved motifs found in their cytoplasmic nucleotide binding domains (NBDs).
The Walker A motif (with consensus sequence GXXGXGK(S/T) where X can be various
amino acids), and the Walker B motif (with consensus sequence HHHHD(E/D) where H
is a hydrophobic residue) are found in many ATPases and they have been demonstrated
to be essential for binding and hydrolysis of ATP [13-15]. In addition, ABC proteins
possess a unique ABC signature sequence LSGGQ (known as ‘C’ signature), which is
2

just upstream of the Walker B motif (Fig. 1.1A) [14]. ABC proteins that carry out very
diverse cellular functions can be found in organisms ranging from prokaryotes to humans
[16].
The human ABC superfamily is now known to be comprised of 48 genes and
these have been classified into 7 subfamilies (ABCA to ABCG) [17]. The ABC C
subgroup consists of 12 members, including MRP1 through MRP9, the cystic fibrosis
transmembrane conductance regulator (CFTR/ABCC7) and two sulfonylurea receptors
(SUR1/ABCC8 and SUR2/ABCC9) (Fig. 1.2). Almost all of the MRPs (except MRP9)
have been associated with drug resistance, at least in vitro, by the demonstration that they
can transport certain types of endo- and xenobiotics across membranes [18]. However,
three ABCC proteins are not directly involved in active transport. Thus CFTR functions
as a cAMP regulated chloride ion channel that mediates the transepithelial salt and water
transport down a concentration gradient [19]. The SURs are regulators of the inwardly
rectifying K+ channels Kir6.2 and Kir6.1 that couple changes in plasma glucose
concentration to insulin release [20].

1.3 Membrane topology and structure of MRP1
MRP1 contains 1,531 amino acids and the fully glycosylated form has an
apparent molecular weight of 190 kDa. The initial computer-assisted analysis of the
predicted sequence of MRP1 revealed that this protein consists of multiple
transmembrane (TM) helices and two cytoplasmic domains containing the ABC motifs
[11]. Subsequent biochemical studies, such as identification of utilized N-glycosylation
3

Figure 1.1: Sequence alignment of the NBDs of MRP1 and a cartoon representation
of the NBD dimer. (A) The amino acid sequence alignment of NBD1 and NBD2 of
human MRP1 was performed using ClustalW2 (EBI). The Walker A and Walker B
sequences are highlighted in grey whereas the C signature motif is in bold. The Q-, Dand H-loops are underlined, and conserved Q, D and H residues are in boldface and
italics. The catalytic base Glu (E) is indicated by an arrow. The consensus sequences of
Walker A, Walker B and ‘C’ signature motifs are shown underneath the sequence
alignment. (B) The cartoon representation of the closed NBD dimer. Each NBS consists
of Walker A motif (WA) and Walker B motif (WB) from one NBD together with the ‘C’
signature motif from the other NBD. The Q-, D- and H-loops are in white and italics.
NBS1 is considered as ‘non-consensus’ due to the lack of catalytic Glu residue from
Walker B of NBD1 as well as the presence of non-conserved ‘C’ signature motif from
NBD2.
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Figure 1.2: Dendrograms and topologies of full-length ABCC proteins. (A)
Dendrogram representation of the relative similarities among members of the ABCC
subfamily based on the sequence alignment of full-length proteins using ClustalW2
(EBI). Swiss-Prot accession numbers: MRP1/ABCC1, P33527; MRP2/ABCC2, Q92887;
MRP3/ABCC3, O15438; MRP4/ABCC4, O15439; MRP5/ABCC5, O15440;
MRP6/ABCC6, O95255; CFTR/ABCC7, P13569; SUR1/ABCC8, Q09428;
SUR2/ABCC9, O60706; MRP7/ABCC10, Q5T3U5; MRP8/ABCC11, Q96J66;
MRP9/ABCC12, Q96J65. (B) Topology of long and short ABCC proteins. Long ABCC
proteins (MRP1, -2, -3, -6, -7 and SUR1, -2) have three polytopic MSDs and two NBDs.
Short ABCC proteins (MRP4, -5, -8, -9 and CFTR) have only two polytopic MSDs and
two NBDs.
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sites [21, 22], epitope mapping of MRP1-specific monoclonal antibodies (mAb) [23-26],
and hemagglutinin A (HA) epitope insertion analyses [27, 28], are consistent with an
overall membrane topology of 17 TM helices arranged into three polytopic membrane
spanning domains (MSD) and two cytosolic NBDs (Fig. 1.3B).
In addition to the conventional 4-domain core structure of an ABC protein (NH2MSD-NBD-MSD-NBD-COOH), MRP1 (a so-called ‘long’ MRP) has an extra NH2terminal domain comprising five TM helices with an extracellular NH2-terminus [21, 22].
The functional significance of this additional MSD, which is now designated MSD0, is
currently unknown. However, several studies have shown that deletion of MSD0 has no
effect on protein trafficking to the plasma membrane of mammalian cells and is not
required for the transport of some MRP1 substrates (e.g., leukotriene C4 (LTC4)) [29, 30].
Instead, cytoplasmic loop 3 (CL3) which links MSD0 to MSD1 contains a sequence
between Cys208 and Lys270 that is critical for MRP1 trafficking and activity [31, 32].
The first but very limited set of 3D structural data for MRP1 was obtained at 22 Å
resolution by electron microscopy of single particles of the purified protein [33]. The
MRP1 monomer, similar to CFTR [34] and Pgp [35], showed a 2-fold pseudosymmetry
with a ring of protein around a 35 Å diameter pore. This may correspond to the substrate
translocation “pore” of MRP1 [33]. Atomic models of MRP1 (i.e., the core structure
lacking MSD0) [36] have been derived by comparative homology modeling using the
crystal structure of a bacterial ABC transporter (Sav1866) from Staphylococcus aureus at
3.0 Å resolution as template [37]. The homology models are in an ADP-bound
conformation in which the transporter is open to the extracellular space (another crystal
6

Figure 1.3: Predicted topology model and tryptic fragment pattern of human
MRP1. (A) Schematic representation of MRP1 fragments generated by limited trypsin
proteolysis [23]. (B) Predicted secondary structure of human MRP1 based on various
computer-assisted algorithms and considerable experimental data. In this model, the
protein has 17 predicted TMs that are organized into three MSDs. The two cytoplasmic
NBDs are responsible for binding and hydrolyzing ATP. The three “tree” symbols
indicate the utilized N-glycosylation sites at Asn19, Asn23 and Asn1006 [22]. The locations
of the epitopes of five MRP1 specific mAbs (isotypes indicated) are shown. mAbs
MRPr1 [24] and QCRL-1 [23] recognize linear epitopes (sequence indicated) where as
mAbs QCRL-2, QCRL-3 and QCRL-4 recognize conformational epitopes within the two
NBDs [25].
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structure has been reported for Sav1866 in complex with AMP-PNP, but the two
structures are virtually identical with only minor conformational differences at the NBDs
[38]). The 12 TM helices exhibit considerable twist and each NBD is in contact with the
opposite MSD (i.e., NBD1-MSD2; NBD2-MSD1) [36]. Sav1866 is a homodimeric
multidrug exporter that shows significant sequence similarity to human ABC transporters
of the B subfamily (Pgp NBD1 is 50% identical to the Sav1866 NBD; Pgp MSD1 is 16%
identical plus 19% similar and Pgp MSD2 is 15% identical plus 20% similar to the
Sav1866 MSD [39]), and the Sav1866 structure is consistent with cysteine (Cys)scanning mutagenesis and chemical cross-linking data for Pgp (ABCB1) [39, 40]. The
Sav1866 monomer has approximately 22% sequence identity to MSD1-NBD1 (amino
acids 300-871) and MSD2-NBD2 (amino acids 971-1531) of MRP1 [36]. However,
similar tertiary structures are likely to be conserved among these large transmembrane
ABC exporters. Therefore, the homology models provide possible dispositions of the 12
TM helices and 2 NBDs of the core structure of MRP1.

1.4 Expression and localization of MRP1
MRP1 is ubiquitously expressed in all tissues in the body with high levels of
expression reported in lung, testis, kidney, placenta, and cardiac muscles [11, 41, 42].
MRP1 is barely detectable in normal human liver; however, its expression is elevated
during liver regeneration and in some severe liver diseases, such as primary biliary
cirrhosis, chronic hepatitis C virus infection and submassive cell necrosis [43, 44].
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Immunocytochemical studies have demonstrated that MRP1 is predominantly
localized on the basolateral membrane of polarized cells, including transfected cells and
in normal tissue samples [42-47]. However, MRP1 is reported to localize to the apical
membrane of the brain capillary endothelial cells in adult human brain tissue samples
[48] and primary cultured bovine brain cells [49]. This suggests that MRP1 may limit the
entry of various endogenous organic anions and xenobiotics to the brain. Moreover,
MRP1 protein is also present in various physiological barriers, including the blood-brain
barrier [48], blood-cerebrospinal fluid barrier [48], the placenta [42], and the blood-testis
barrier [41]. With the exception of blood-brain barrier, MRP1 is expressed in the
basolateral membrane of these physiological barriers [41, 42, 48]. MRP1 is believed to
contribute to the barrier function and protect various ‘sanctuary’ sites by extruding toxic
compounds back into the bloodstream.

1.5 Substrate profiles of MRP1
Initially, the substrate specificities of MRP1 were examined by in vitro drug
accumulation assays, which revealed many anticancer drugs as substrates of MRP1, such
as anthracycline, plant alkaloids, methotrexate and certain heavy metal oxyanions (Fig.
1.4) [8-11, 50]. Later on, many endogenously formed organic anion substrates of MRP1
were discovered by vesicular transport experiments. Many of these are glutathione
(GSH), glucuronate, and sulfate conjugates (Fig. 1.4) [51, 52]. The GSH-conjugated proinflammatory mediator LTC4 [53] and the cholestatic estrogen conjugate β-estradiol 17(β-D-glucuronide) (E217βG) [54] are two well-known substrates for MRP1 and are
9
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Figure 1.4: Chemical structures of selected substrates of MRP1.
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commonly used in standard vesicle transport assays in vitro. Thus MRP1 is a conjugated
organic anion transporter as well as a multidrug transporter.
The mechanisms of substrate transport are rather complicated in MRP1. Some
drug substrates, such as vincristine and mitoxantrone, are effluxed through a co-transport
or reciprocal-stimulated mechanism with GSH [55, 56]. In other circumstances, GSH
can stimulate substrate transport (e.g., estrone 3-sulfate (E13SO4), 4-(methylnitrosamino)1-(3-pyridyl)-1-butanol-O-glucuronide (NNAL-O-gluc) and glutathionyl-quinolineoxide
(QO-SG)) without itself being transported [57-59]. GSH itself is a relatively poor
substrate for MRP1, but its transport can be enhanced by some xenobiotics, such as
verapamil and apigenin, by increasing the apparent affinity of the transporter for GSH
[60, 61]. Lastly, some substrate transport by MRP1, such as the antifolate methotrexate
and E217βG, occurs independently of GSH [54, 62]. Techniques, such as photoaffinity
labeling with radioactive substrates and nucleotides together with site-directed
mutagenesis, have been used extensively to determine regions that are important for
substrate binding and transport activity. However, there are still a lot of unanswered
questions regarding the substrate selectivity and translocation pathway, such as the
number and exact region of substrate binding and/or modulating site(s), as well as the
translocation mechanism for substrates moving from one side of the membrane to the
other.
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1.6 Physiological and pathological aspects of MRP1
The contribution of MRP1 to the protection of normal mammalian tissues has
been investigated in knockout mice. Mrp1/Abcc1-deficient mice generated
independently by two groups were found to be both viable and fertile indicating that this
transporter is not essential to life [63, 64]. Mrp1-/- mice show an impaired LTC4mediated inflammatory response, presumably due to a reduced secretion of LTC4 from
mast cells during inflammation, which confirms that LTC4 is an endogenous substrate for
MRP1 [64]. Furthermore, these mice are hypersensitive to the damaging effects of
etoposide in tissues that normally express high levels of Mrp1, such as the bone marrow,
the epithelium of the oropharynx, the testicular tubules, and the urinary-collection duct
cells [64, 65]. The predominantly basolateral membrane location of MRP1 protein
contrasts with the apical membrane localization of other ABC transporters, such as Pgp
[66], MRP2 [67], ABCG2 [68], which is thought to be crucial in tissue defense.
Therefore, MRP1 likely protect these vital organs against endo- and xenobiotics through
a basolateral cellular defense mechanism rather than the elimination of the metabolites
from the body through the urine or bile [47].
MRP1 also exports antioxidant GSH and the pro-oxidant GSSG, and thus it may
play a role in regulating cellular GSH/GSSG homeostasis. Studies have shown that the
cellular GSH levels are decreased in at least some cell lines overexpressing MRP1 [69],
whereas increased levels of GSH are observed in tissues of Mrp1-/- mice that normally
have high levels of the protein [63]. Furthermore, the levels of MRP1 in certain tissues
can be enhanced upon exposure to some agents that induce oxidative stress [70]. This
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presumably is one of the cell’s mechanisms of self-defense since MRP1 can efflux the
toxic lipid peroxidation products (e.g., 4-hydroxynonenal-GS) that are formed during
periods of oxidative stress [71]. Taken together, MRP1 seems to have multiple functions
in cells, and not only plays a role in mediating inflammatory responses involving LTC4
but also has a role in protecting cells from chemical toxicity and oxidative stress.
Clinical MDR is studied by analyzing the tissue samples from cancer patients.
Increased expression of MRP1 has been reported in a wide range of solid and
hematological tumors, such as lung, breast, prostate, as well as leukemia and childhood
neuroblastoma [2-4, 72-77]. MRP1 is often overexpressed in NSCLC, and its expression
has been shown to be predictive of poor response to chemotherapy and poor overall
survival [72, 73]. MRP1 expression also correlates with relapse and the reduction in
overall survival in breast cancer [74] and neuroblastoma [77].
Direct evidence for a causative role of MRP1 in clinical drug resistance has to
date been difficult to prove, which may be due to several factors. First, apart from MRP1
(ABCC1), two other ABC transporters, Pgp (ABCB1) and breast cancer resistance
protein (BCRP/ABCG2), have been demonstrated to contribute to MDR in tumors, and
they often are co-expressed in many cancer types [78]. Secondly, the mechanisms of
MDR found in tumor cells are indeed multifactorial, and can involve alterations in drug
uptake, drug detoxification processes, DNA damage repair systems, and apoptosis
pathways [79]. Thirdly, variations in clinical validation (e.g., tissue processing
methodologies, detection methods and scoring criteria) contribute to the difficulty of
uncovering the mechanisms of MDR for these multidrug transporters in clinical tumors.
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1.7 Structure and function of NBDs of MRP1
1.7.1 NBD Structure
The high resolution crystal structures of both dimeric NBDs of Rad50 from
Pyrococcus furiosus [80] and the complete bacterial ABC transporter Sav1866 [37]
reveal that the two ATP-binding sites are very close together when nucleotide is bound,
and each ATP-binding site is made up of residues from both NBDs. The two NBDs
present in a ‘head-to-tail’ arrangement, and each nucleotide binding site (NBS) is
composed of the Walker A and Walker B motifs from one NBD together with the ‘C’
signature motif from the other NBD (Fig. 1.1B) [37, 80-82]. Other than the two Walker
motifs and ABC signature motif, the Q, D and H loops are also remarkably conserved
among all ABC transporters (Fig. 1.1A) [83]. Furthermore, the crystal structures of
NBDs from a number of bacterial ABC proteins reveal a conserved fold in each NBS.
ATP binding is mainly stabilized by interactions of the three phosphate groups with
residues of the Walker A motif [84]. Highly conserved serine (Ser) and glycine (Gly)
residues from the ‘C’ motif also contact the γ-phosphate, but only in the dimeric ATPbound state [85]. Both the terminal aspartate (Asp) in the Walker B motif and the
glutamate (Glu) immediately following the Walker B motif coordinate the Mg2+ ion
through water [81, 82, 86, 87]. The Q loop contains a highly conserved glutamine (Gln)
that binds to the Mg2+ ion and the attacking water, and is thought to have an important
role in coupling hydrolysis to transport [82, 87]. The Asp and Histidine (His) in the D
and H loop, respectively, stabilize the nucleotide through the contact of water [82, 85].
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1.7.2 Functional characteristics of NBDs of MRP1
The ATP binding and hydrolysis characteristics of the individual NBSs of MRP1
have been investigated using various radioactive and non-radioactive ATP and ATP
analogs [88-96]. The individual steps of the catalytic cycle have been characterized
under different conditions (Fig. 1.5) [97]. ATP analogs, such as AMP-PNP
(nonhydrolyzable) and ATPγS (poorly hydrolyzable) (Fig. 1.6), are commonly used
instead of the more labile ATP to study the nucleotide binding properties of various
ATPases during the pre-hydrolysis steps of their catalytic cycle [90, 98]. The transition
state of an ATPase during ATP hydrolysis can be examined by “trapping” ADP in the
protein. This involves the use of a phosphate-mimicking anion, orthovanadate, where the
geometry of such ADP-trapped protein complexes is thought to resemble that of the
transient transition state complex (MRP1·Mg·ADP·Pi) [99, 100]. ATPases such as Pgp
and MRP1 are trapped in an inhibitory complex state and their catalytic cycle and
transport process is arrested at the post-ATP hydrolysis state [88, 100].
The NBDs of all ABC transporters share extensive amino acid sequence identity.
However, some structural features present in the NBDs of MRP1 and related ABCC
transporters (e.g., CFTR/ABCC7) are different from proteins in other subfamilies of ABC
proteins (e.g., Pgp/ABCB1). The two NBSs of MRP1 have been proven to be
functionally non-equivalent and the transport requires both NBSs to be functional [8896]. The photolabeling of MRP1 by 8-azido-[γ32P]ATP and 8-azido-[α32P]AMP-PNP
occurred predominantly at NBS1 whereas trapping of 8-azido-[α32P]ADP in the presence
of orthovanadate occurs predominantly at the more hydrolytically active NBS2 [88-96].
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This may be due to the structural differences present in the two NBDs. MRP1 has a
relatively atypical NH2-proximal NBD (NBD1) with the presence of an Asp residue
instead of a Glu residue following the Walker B motif (Fig. 1.1A) [11]. This Glu residue
has shown to be essential for the β-γ phosphodiester bond cleavage of ATP as its
mutation completely inhibits the ATPase activity of the bacterial ABC transporter
MJ0796 [81, 82]. The absence of Glu in NBD1 may be responsible for the low
hydrolytic activity of NBS1 compared with NBS2 [88, 89]. Mutating this Asp793 to Glu
in NBD1 enhanced the ATPase activity of NBS1, whereas the reciprocal Glu1455 in
NBD2 to Asp mutation inactivated the protein and decreased the rate of ADP release
from NBS2 [91, 92]. Similar to other MRP-related transporter proteins and CFTR, the
NBD1 of MRP1 has a 13 amino acid “deletion” between the Walker A motif and ‘C’
signature motif which is not present in NBD2 nor in NBD1 of ABCB family members
(Fig. 1.1A) [11]. Insertion of 13 amino acids “corresponding” to the sequence in NBD1
of human Pgp into MRP1 caused a major conformational change at that region since a
conformation-dependent mAb (QCRL-3) specific for that region of MRP1 failed to
recognize the mutant protein [25, 88]. The insertion not only abolished high affinity ATP
binding by NBS1 but also arrested the transport cycle [88]. Compared with NBD1, the
COOH-terminal NBD2 includes the consensus Walker A and B motifs as well as the
catalytic Glu1455 residue (Fig. 1.1A). However, its signature motif is not strictly
conserved, a feature also found in some other ABCC proteins (e.g., CFTR and SUR1)
(Fig. 1.1A) [19, 20]. As revealed by the ‘head-to-tail’ folding of the NBD dimer, the
NBD2 signature sequence is associated with the NBS1. The mutation of conserved
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glycine (Gly1433) residue at the fourth position of LSVGQ signature motif to Asp in
NBD2 of MRP1 enhanced 8-azido-[γ32P]ATP labeling of NBS2 but completely inhibited
the 8-azido-[α32P]ADP trapping at NBS1 [93].
Like other ABC-ATPases, the two NBSs of MRP1 show allosteric interaction and
they function cooperatively. The binding of ATP at NBS1 increases the ATP binding
and hydrolysis at NBS2 [94]. Meanwhile, NBS1 is able to bind ATP with high affinity
independently of NBS2 [88]. However, the ATP binding at NBS1 could be enhanced by
vanadate-induced trapping of ADP at NBS2 [89]. Moreover, mutations in the Walker A
motif of NBD1 (Lys684 to Leu, Met, Arg or Glu) which significantly reduced ATP
binding at mutated NBS1 result in decreased ATP-dependent solute transport [30, 88, 89,
94-96]. On the other hand, impairing the ATP binding and hydrolysis functions of NBS2
by mutating Lys1333 (to Leu, Met, Arg or Glu) in the Walker A motif of NBD2 result in
complete loss of transport activity [30, 88, 89, 94-96].

1.8 Proposed transport cycle of MRP1
Several studies support the idea that MRP1, as well as Pgp, alternate between
high- and low-affinity substrate binding states during the substrate transport cycle [30,
91, 96]. Studies using photoactive substrates (e.g., LTC4) have shown that the
photolabeling of MRP1 by [3H]-LTC4 was strongly attenuated in the presence of ATP
and vanadate under conditions permitting hydrolysis [30]. Similar results were obtained
using ATP or poorly hydrolysable ATP analog ATPγS [91, 96]. This suggests that ATP
binding rather than hydrolysis converts the protein from a high to low affinity substrate
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binding state, and the occupancy of both NBSs with ATP locks the protein in a low
affinity substrate binding state.
The transport cycle of MRP1 is still under investigation, but a model is proposed
based on current structural and biochemical data (Fig. 1.7) [101, 102]. First, substrate
binds to a high affinity binding site that induces a conformational change of the protein
and facilitates the binding of ATP to NBS1. The initial binding of ATP promotes the
binding of a second ATP as well as the formation of the NBD dimer. Upon the binding
of second ATP, the closed NBD dimer configuration forces the protein into a low-affinity
binding state and the substrate is released into extracellular medium. After ATP
hydrolysis at NBS2, the inorganic phosphate and ADP are released from NBS2. Whether
the release of ADP from NBS2 alone is enough to reset the protein for another cycle or
the dissociation of ATP from NBS1 is also required is still speculative. Indeed, not all
MRP1 substrates transport the same way, especially those that involve co-transport and
allosteric transport mechanisms.

1.9 Regulation of MRP1 expression
Regulation of MRP1 is complicated and not well understood. It may require
different regulatory mechanisms in normal tissues and in cancer cells. The human MRP1
gene is mapped to chromosome 16p13.11-13.12 [11]. In some drug resistant cancer cell
lines, elevated MRP1 expression is due to the amplification of the gene rather than
transcriptional activation [11, 103], while in others, an increased transcription occurs
without gene amplification [104, 105].
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Studies have shown that MRP1 has a TATA-less and CAAT-less proximal
promoter, and the basal promoter activity was localized to a GC-rich region (-91 to +103)
[106-108]. This GC-rich region contains several putative binding sites for the
transcription factor Sp1 that modulates the basal promoter activity of MRP1 [109]. The
tumor suppressor protein p53 has been shown to suppress MRP1 promoter activity in
vitro, which may be caused by disrupting the binding of Sp1 since there is no canonical
p53 binding site within the promoter region of MRP1 [110]. Therefore, there seems to be
a link between a loss of p53 function and/or an increase in Sp1 activity and the upregulation of MRP1 expression found in some drug resistant tumors [72, 111]. The
MRP1 promoter region also presents an AP-1 site (-498 to -492) which interacts with a
complex containing oncogenes c-jun and junD [107]. Moreover, in HL-60/ADR cells
transfected with mutant c-jun, MRP1 expression was reduced as revealed by
immunofluorescence detection [112].
The induction of MRP1 expression by various chemicals is not easily achieved, at
least after short-term exposure. However, in some cell types, MRP1 expression is
induced after exposure to some prooxidants that generate reactive oxygen species (ROS),
such as tert-butylhydroquinone, 2,3-dimethoxy-1,4-naphthoquinone, menadione and
sulindac [113, 114]. The mechanisms of upregulation are not so clear. However, one
group has reported the co-induction of other redox sensitive genes such as glutamatecysteine lyase (GCL), which is the rate-limiting enzyme in GSH biosynthesis [113, 114].
Presumably, the upregulation of both GSH biosynthesis and MRP1 expression ensures
that the GSH-dependent detoxification mechanism by MRP1 is functional. Currently,
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there is no report of MRP1 regulation by other proteins within the cell. Although MRP1
has shown serine/threonine phosphorylation in vivo [115], the phosphorylation sites have
not been revealed.

1.10 Protein-protein interaction studies in ABCC proteins
Proteins seldom carry out their function in isolation. Rather, they operate through
a number of interactions with other cellular macromolecules, such as the multi-protein
complexes found during DNA replication and RNA transcription, and the transient
interactions found in signal transduction networks. Therefore, mapping of proteomewide protein interactions is essential for understanding the processes of biological
systems. The study of protein-protein interactions of large amphipathic membrane
proteins could be quite a challenge. Most proteomic methods commonly used for
probing protein-protein interactions in soluble proteins cannot be used directly for
membrane proteins since they require the presence of detergent at all times which may
interfere with certain physical associations. Nevertheless, some regulatory protein
interactions have been characterized in several ABCC proteins including CFTR (ABCC7)
and SURs (ABCC8 and 9). Protein-protein interactions of CFTR and some other ABCC
proteins are discussed briefly below.

1.10.1 CFTR and its interacting partners
CFTR is best known for its role in human disease. Thus the trafficking mutant
(ΔF508) form of CFTR is the major cause of cystic fibrosis (CF) [116]. CFTR channel
activity can be enhanced by phosphorylation at its regulatory (R) domain which is unique
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among ABC proteins [117]. At the plasma membrane, most direct protein-protein
interactions occur at the two terminal tails of CFTR (Fig. 1.8) [118]. The NH2-terminus
of CFTR (amino acids 1-79) is reported to bind to two t-SNARE (soluble Nethylmaleimide-sensitive factor attachment protein receptor on the target membrane)
proteins, namely SNAP23 (soluble NSF attachment protein of 23 kDa) and SYN1A
(syntaxin 1A), which down-regulate its function by cooperatively reducing the capacity
of PKA (protein kinase A) to activate the R domain [119, 120]. On the other hand,
binding of Munc-18a, a syntaxin-binding protein, abolishes the SYN1A effect on CFTR
[121].
There are four protein-protein interaction domains reported at the COOHterminus of CFTR so far – a PDZ (PSD-95/Disc-large/ZO-1) binding motif (amino acids
1478-1480), a protein phosphatase-2A (PP2A)-binding domain (amid acids 1451-1476),
an AMP kinase (AMPK)-binding domain and two endocytic motifs (the tyrosine-based
motif YDSI, and the dileucine motif LL) [118]. The recruitment of PKA and PKC via
PDZ-domain proteins enhances CFTR activity, whereas dephosphorylation through
binding of PP2A or AMPK reduces CFTR-mediated Cl- secretion across the apical
plasma membrane in epithelial cells (Fig. 1.8) [118, 122].
Sophisticated network interactions also have been found in other cellular
processes, such as endoplasmic reticulum (ER) quality control, molecular chaperones,
intracellular trafficking, as well as the endocytic retrieval/exocytic insertion of CFTR
[118]. The identification of the CFTR-binding partners has shown how CFTR functions
as an ion channel and as a regulator of other transporters. Although the ultimate goal of
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Figure 1.8: Molecular switches that regulate CFTR activity at the plasma membrane. Proteins that inhibit channel activity and
reduce CFTR-mediated Cl- secretion across the apical plasma membrane in epithelial cells include phosphatase-2A (PP2A), AMP
kinase (AMPK), syntaxin-1A (SYN1A) and synaptosome-associated protein, 23 kDa (SNAP23). CFTR-interacting proteins that
enhance CFTR activity via either direct or indirect interaction include Na+/K+ exchanger regulatory factor isoform-1 (NHERF1),
receptor for activated C-kinase-1 (RACK1), protein kinase C (PKC), protein kinase A (PKA), Munc-18a and ezrin. ERM, ezrin,
radixin, moesin binding domain; NBD, nucleotide binding domain; PIP2, phosphatidylinositol bisphosphate; R, regulatory domain.
Adapted from Guggino et al., 2006 [118].
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CFTR investigation is to provide a cure or more effective treatment for CF patients by
targeting these modulators, these types of studies can also provide some insights into
dynamic macromolecular regulation of other ABC transporters.

1.10.2 Other ABCC proteins
Compared with CFTR, the protein-protein interaction studies in other ABC
proteins are relatively few in number or in some cases, have not yet been explored.
Sequence analyses have revealed that among the currently known 48 human ABC
proteins, CFTR, MRP2, MRP4, ABCA1, and ABCA7 possess classical PDZ binding
motifs at their COOH-termini [123]. Several typical PDZ domain-containing proteins
have been demonstrated to interact at the COOH-terminal region of MRP2 by in vitro
peptide binding assays (e.g., EBP50, IKEPP) [123] and yeast two-hybrid analysis (e.g.,
PDZK1) [124]. ABCA1, a putative cholesterol transporter, binds to the modular adapter
protein β2-syntrophin, which may anchor ABCA1 in specific micro-membrane domains
[125]. Moreover, the internalization of MRP4 and thus its efflux function is found to be
regulated by NHERF1 via direct interaction at its PDZ motif [126]. Another ABC C
subfamily protein worth mentioning here is SUR, which acts as a regulatory subunit of
KATP channel [20]. A site within the COOH-terminal domain of rat SUR2A (amino acids
1294-1358) is crucial for the assembly of functional KATP channels with full-length
Kir6.2 [127]. Moreover, the SNARE protein SYN1A acts as an endogenous inhibitor of
KATP channels by binding to both NBDs of rat SUR1 [128]. Nevertheless, G-protein βγ2subunits (G βγ2), which also directly interact with the NBDs of SUR1 and SUR2A,
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activates the Kir6.2/SUR channel by reducing the ATP-induced inhibition of the channel
[129].
1.11 Research objectives
Crystal structural analysis and photolabeling studies have shown that ATP
binding rather than hydrolysis mediates a major conformational change both in NBDs
and the MSDs of MRP1, which not only promotes the formation of closed NBD dimer,
but also shifts the protein from a high-affinity drug-binding state to a low-affinity
configuration. However, these structure and function studies have proven to be
expensive and technically difficult to manipulate. Here, two commonly used biochemical
approaches for studying structural changes of protein, chemical cross-linking by
sulfhydryl reagents followed by limited trypsin digestion, were used to deduce the
conformational states of MRP1 induced by binding of various nucleotides and by ATP
hydrolysis. The results of this study are described in Chapter 2.
Previous studies have revealed that some ABC C subfamily members, specifically
CFTR, MRP2, MRP4 and SUR, functionally interact with other proteins either directly or
through adaptor proteins within the cell. No comparable studies have yet been reported
for MRP1. However, the extensive functional characterization studies done earlier along
with the availability of several reliable and well-characterized MRP1-specific antibodies
make this approach possible at this stage. To address the hypothesis that MRP1
synthesis, folding, trafficking, plasma membrane expression and/or transport activity can
be modulated by interactions with other cellular proteins, an in vivo cross-linking
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proteomics approach was applied on intact MRP1 overexpressing cells. Putative MRP1
binding partners captured by this method were identified by protein mass spectrometry
(MS), and the preliminary functional studies of MRP1-protein interactions were carried
out. The results of these studies are described in Chapter 3.
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Chapter 2 Nucleotide-induced Conformational Changes in MRP1
2.1 Introduction
The lack of high resolution crystal structures makes it quite difficult to fully
understand certain structural and functional aspects of ABC proteins, such as the packing
of the TM helices and the arrangements of the different domains, as well as domain
movements and interactions during the substrate transport process. Several biophysical
methods, including attenuated total reflection-Fourier transform infrared (ATR-FTIR)
spectroscopy, hydrogen/deuterium (H/D) exchange and tryptophan (Trp) fluorescence
quenching have been used as alternative tools to investigate the structure and
conformational changes in the MSDs of ABC proteins upon nucleotide and substrate
binding, including Pgp [130-132] and MRP1 [133-135]. Specifically, in reconstituted
MRP1-containing lipid vesicles, the binding of ATP, ATPγS and ADP and Pi induce
conformational changes in the MSDs that increase the protein’s accessibility to the
aqueous environment. ATP hydrolysis, revealed by addition of ADP, apparently does not
cause significant changes to the conformational state of the transporter [133]. However,
these biophysical approaches require highly purified protein samples, and only the global
restructuring of the protein upon ligand binding is reported and the location of the helices
or domains, and/or the contribution of specific amino acids can not be identified.
Several biochemical techniques such as protease sensitivity [22, 23, 136-142],
photoaffinity labeling [88-96], and sulfhydryl modification [39, 143-148] have been
widely used to probe local conformational changes in ABC proteins caused by
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interactions with nucleotides and substrates. These biochemical approaches are relatively
simple and can be carried out in membrane preparations. However, the sulfhydryl
modification studies require Cys-less forms of the protein as templates. Two Cys-less
mutants of human Pgp (ABCB1) have been constructed by two independent research
groups where all seven endogenous Cys were replaced with alanine (Ala) [143] or serine
(Ser) [144] (Fig. 2.1). The mutant forms of Cys-less Pgp still retained their correct
folding and transport of certain substrates [143, 144]. Then pairs of Cys residues were
re-introduced into the Cys-less templates followed by treatment with thiol-reactive
reagents and substrates. A rapid and simple assay was used to detect for the presence of
cross-linking, based on an upward shift in the electrophoretic mobility of Pgp due to the
slower migration of its cross-linked moieties on SDS gels [39, 145, 148]. This method,
namely Cys-scanning mutagenesis, has been used quite extensively to examine the
topology, TM helix packing and conformational changes that occur during the transport
process of Pgp [39, 143-148].
MRP1 contains substantially more Cys residues than Pgp (25 versus 7).
Furthermore, certain Cys residues in MRP1 (e.g., Cys43 (TM1) and Cys265 (CL3) (Fig.
2.1)) seem to be critical for maintaining its proper folding and transport function [139].
Also the Cys682 to Ala mutation in Walker A motif of NBD1 decreases the Kd value for
ATP by ~2.4 fold [149]. However, there is one report for a NH2-truncated (lacking
MSD0) Cys-less MRP1 (i.e., MRP1204-1531) expressed in Saccharomyces cerevisiae
membranes, in which all 18 Cys residues were substituted with Ala [150]. The resultant
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protein displayed a 3-fold increase in Km and unchanged Vmax for LTC4 transport [150].
Therefore, using the Cys-scanning mutagenesis strategy to study the structural aspect and
transport mechanism, which has been done in Pgp, may not be feasible in MRP1.
In this study, the reagent copper phenanthroline (Cu2+(Ph)3), which promotes
cross-linking of two nearby Cys residues [151], was used together with immunoblotting
of limited trypsin digests to study both the native structure of MRP1 and the
conformational changes in the transporter induced by binding of various nucleotides and
by ATP hydrolysis. MRP1-enriched membranes were used in this study and
immunoblotting of limited trypsin digests of MRP1 with well-characterized antibody was
used to deduce the conformational states of MRP1 induced by the binding of different
nucleotides.

2.2 Materials and Methods
2.2.1 Materials
ATP, 5’-adenylyl-β-γ-imidodiphosphate (AMP-PNP), adenosine-5’-O-(3thiotriphosphate) (ATPγS), copper sulfate, diphenylcarbamyl chloride (DCC)-treated
trypsin, sodium orthovanadate, phenylmethylsulfonyl fluoride (PMSF), Nethylmaleimide (NEM) and 1,10-phenanthroline were purchased from Sigma Chemical
Co. (St. Louis, MO). Complete EDTA-free protease inhibitor cocktail was purchased
from Roche Diagnostics (Indianapolis, IN). Leupeptin was purchased from MP
Biomedicals (Irvine, CA). LipofectamineTM 2000 was from Invitrogen (Carlsbad, CA).
BioTraceTMPVDF (polyvinylidene fluoride) membranes (0.45 μm pore size) were from
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Pall Corporation (Pensacola, FL). Horseradish peroxidase-conjugated goat anti-mouse
IgG was from Pierce (Edmonton, AB). Western LightningTM chemiluminescence reagent
Plus was from Perkin Elimer Life Science, Inc. (Boston, MA). Progene® Scientific
autoradiographic film was from Ultident Scientific (St. Laurent, QC).

2.2.2 Transfection of HEK293T Cells
Human embryonic kidney (HEK293T) cells were transfected with the wild-type
pcDNA3.1(-)MRP1k expression vector [152] and cultured in DMEM medium
supplemented with 4 mM L-glutamine and 7.5% fetal bovine serum (FBS) at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air. For large scale transient transfections,
approximately 18 x 106 cells were seeded in each 150 mm plate and incubated under the
above conditions until 90% confluent. HEK293T cells were transfected with 20 μg of
DNA (A260/A280 ratio between 1.7 and 1.8) using 75 μl LipofectamineTM 2000 according
to the manufacturer’s instructions. For each 150 mm plate, 75 μl LipofectamineTM 2000
and 20 μg of DNA were first diluted in 2 ml of serum-free DMEM medium separately
and left at room temperature for 5 min. Then the diluted DNA was added to the diluted
LipofectamineTM 2000, mixed gently and incubated at room temperature for 30 min. The
mixture was then added to the 150 mm plate dropwise and dispersed evenly by gently
rocking the plate back and forth. Four h after transfection, the medium was replaced with
20 ml fresh DMEM/FBS medium. Cells were collected 48 h after transfection and snap
frozen in liquid nitrogen until needed for membrane vesicle preparation.
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2.2.3 Membrane Vesicle Preparations
MRP1-containing membrane vesicles were prepared according to procedures
described previously [53] and are summarized briefly here. All steps were performed at
4 °C. HEK293T cells transfected with wild-type pcDNA3.1(-)MRP1k expression vector
were washed and resuspended in homogenization buffer (50 mM Tris-HCl, pH 7.4/250
mM sucrose/0.25 mM CaCl2) with 1 x protease inhibitors added. Cells were then
disrupted by argon cavitation (300 psi, 5 min) and the solution of exploded cells was
centrifuged at 800 x g for 10 min. Enriched membrane fractions were prepared by
layering the supernatant on top of a solution containing 35% sucrose and 50 mM TrisHCl (pH 7.4), followed by centrifugation at 100,000 x g for 1 h. The membranes at the
interface between the supernatant and the sucrose cushion were collected, and then mixed
with 50 mM Tris-HCl, pH 7.4/25 mM sucrose buffer solution. After centrifugation at
100,000 x g for 30 min, the membranes were washed and resuspended in 100 μl Trissucrose buffer (TSB) (50 mM Tris-HCl, pH 7.4/250 mM sucrose). The membrane
vesicles were formed by passing the suspension through a 27-gauge needle 10 times, and
then stored in 15 μl aliquots at –80 °C. The protein concentration of each membrane
vesicle preparation was determined using a Bradford assay kit (Bio-Rad).

2.2.4 Disulfide Cross-linking and Nucleotide Binding Assays
Cross-linking reactions using Cu2+(Ph)3 as an oxidation reagent were carried out
as described previously [145]. Briefly, freshly prepared Cu2+(Ph)3 complex (6.7 μl)
containing 10 mM CuSO4 and 30 mM phenanthroline was added to membranes enriched
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for wild-type MRP1 (70 μg protein) diluted in ~150 μl Tris-HCl buffer (50 mM, pH 7.4)
and then incubated at room temperature for 10 min. The reaction was stopped by adding
20 μl of 0.5 M EDTA and 20 μl of 100 mM NEM.
For some cross-linking reactions, MRP1-containing membrane vesicles were first
incubated with nucleotides before cross-linking with Cu2+(Ph)3. For ATP, AMP-PNP,
and ATPγS, the membranes (70 μg protein) were incubated in a solution containing 10
mM MgCl2 and 4 mM nucleotide at room temperature for 15 min. For ADP-trapping
assays, the membranes were mixed with 10 mM MgCl2, 4 mM ATP and 1 mM freshly
prepared sodium orthovanadate (100 mM stock solution, boiled to get rid of the yellow
color, and adjusted the pH to 10) at 37 °C for 15 min [153]. Then the cross-linking
reactions were carried out as described above.

2.2.5 Limited Trypsin Digestion and Immunoblotting of MRP1
Limited trypsin digestion of MRP1 was performed as previously described [23]
with some modifications. Specifically, membrane vesicles containing solutions (70 μg of
protein in 240 μl) (with or without chemical and nucleotide treatments) were divided into
14 microcentrifuge tubes (7 tubes as one group) with 16 μl per tube. For each group, 4 μl
trypsin were added to each tube such that the trypsin to protein ratio ranged from 1:500 to
1:2.5; as a control one tube had no trypsin added. The tubes were incubated at 37 °C for
15 min, and the digestions were stopped by adding Laemmli sample buffer containing 15
μg/ml leupeptin and 10 mM PMSF. Dithiothreitol (DTT) was then added to the samples
in one of the group to a final concentration of 62.5 mM. All the samples were
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electrophoresed on 7% SDS-polyacrylamide gels and electrotransferred (200 mA,
overnight) to PVDF membranes. Blots were blocked by incubating with 4% (w/v) skim
milk at room temperature for 1 h followed by incubation with human MRP1-specific
murine mAb QCRL-1 (1:10,000) which recognizes a linear epitope between NBD1 and
TM12 (amino acids 918-924) [23] in blocking solution at room temperature for 1 h.
After several washes with TBS-Tween solution (150 mM NaCl and 0.5% (v/v) Tween 20
in 10 mM Tris, pH 7.5), the blot was incubated for 1 h with horseradish peroxidaseconjugated goat anti-mouse IgG. Binding of the conjugates was detected using Western
LightningTM chemiluminescence reagent and exposure of the blot to Progene® Scientific
autoradiographic film.

2.3 Results
2.3.1 Limited Proteolysis Pattern of MRP1
Trypsin cleavage site accessibility has been successfully applied to assess ligandinduced conformational changes of various proteins, including ABC transporters (e.g.,
Pgp and MRP1) [22, 23, 136-142]. Limited trypsin digestion patterns of human MRP1
have been well characterized previously by using antibodies against defined regions of
MRP1 [22, 23, 138, 139]. As expected and as shown in Fig. 2.2A, incubation of MRP1enriched membranes with increasing concentrations of trypsin resulted in a gradual
disappearance of full-length MRP1 (190 kDa) and a concomitant appearance of peptide
fragments with approximate molecular masses of 120 and 70 kDa as detected by mAb
QCRL-1 [23]. The 120 and 70 kDa fragments correspond to the NH2-proximal (N1,
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Figure 2.2: Immunoblots of limited trypsin digests of wild-type MRP1 chemically
cross-linked in the absence and presence of nucleotides. Trypsin digests were carried
out on membranes prepared from HEK293T cells transfected with wild-type MRP1 at 37
°C for 15 min with the following trypsin:protein ratios (w:w) (1) control (no trypsin), (2)
1:500, (3) 1:100, (4) 1:50, (5) 1:10, (6) 1:5, (7) 1:2.5. The reactions were stopped by
adding Laemmli sample buffer and half of the samples were reduced by adding DTT.
The samples were then resolved by SDS-PAGE and immunoblotted with mAb QCRL-1.
The N1 and C1 fragments are labeled on the sides of each blot whereas the molecular
markers are indicated in the centre. (A) Untreated MRP1-enriched membranes in the
absence of nucleotide; (B) MRP1-enriched membranes treated with Cu2+(Ph)3; (C)
MRP1-enriched membranes pre-incubated with ATP (4 mM) and then treated with
Cu2+(Ph)3; (D) MRP1-enriched membranes pre-incubated with AMP-PNP (4 mM) and
then treated with Cu2+(Ph)3; (E) MRP1-enriched membranes pre-incubated with ATPγS
(4 mM) and then treated with Cu2+(Ph)3; (F) MRP1-enriched membranes pre-incubated
with ATP (4 mM) and sodium orthovanadate (1 mM) at 37 °C (ADP-trapped) and then
treated with Cu2+(Ph)3.

37

- DTT
- DTT

+ DTT

+ DTT
1 2 3 4 5 6 7M1 2 3 4 5 6 7

1 2 3 4 5 6 7M 1 2 3 4 5 6 7

MRP1 –
N1 –
C1 –

250
150

– MRP1

100
75

– N1
– C1

50

A

37

1 2 3 4 5 6 7 M1 2 3 4 5 6 7

MRP1 –

B
1 2 3 4 5 6 7M 1 2 3 4 5 6 7

– MRP1

250
150

N1 –

– N1

100
75

C1 –

– C1

50

C

37

D

1 2 3 4 5 6 7M 1 2 3 4 5 6 7
1 2 3 4 5 6 7M 1 2 3 4 5 6 7

– MRP1

250
150

MRP1 –
N1 –

– N1

100
75

– C1

C1 –
50

E

37

F

MSD0-MSD1-NBD1) and COOH-proximal (C1, MSD2-NBD2) regions of MRP1,
respectively (Fig. 1.3A) [23]. The fragments generated by trypsin cleavage at less
sensitive sites can be detected using these and other MRP1-specific mAbs but were not
included in this study [22, 138, 139].

2.3.2 Limited Proteolysis of MRP1 with or without Nucleotides
The oxidation reagent Cu2+(Ph)3 promotes the formation of a covalent disulfide
bond between two Cys residues that are in close proximity. The cross-linked proteins or
peptides will consequently have altered mobilities through SDS polyacrylamide gels. To
examine the structural changes of MRP1 associated with nucleotide binding, wild-type
MRP1 membrane vesicle preparations were treated with Cu2+(Ph)3 followed by limited
trypsin digestion under various conditions. In the nucleotide-free state, the addition of
Cu2+(Ph)3 caused the aggregation of MRP1 in the stacking gel and the upper part of the
separating gel. Under these conditions, the 120 kDa N1 fragment was no longer
detectable and the 70 kDa C1 fragment was only weakly detected (Fig. 2.2B, -DTT
panel). The distinctive bands corresponding to full-length MRP1 and the N1 and C1
fragments were only resolvable by adding the thiol-reducing reagent DTT (Fig. 2.2B,
+DTT panel). This observation suggested that reversible cross-linking had occurred.
Moreover, the whole protein appeared more susceptible to trypsinolysis as revealed by
the rapid and total disappearance of the 190 kDa (MRP1) and 120 kDa (N1) bands on the
blot (Fig. 2.2B, lanes 4-7 of +DTT panel).
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After incubation of MRP1-enriched membranes with ATP and AMP-PNP, as well
as ATP and orthovanadate under conditions permitting hydrolysis, the limited trypsin
digestion profiles of MRP1 appeared similar to that of MRP1 in the absence of nucleotide
(Fig. 2.2A). Thus the full-length MRP1, and the N1 and C1 fragments were clearly
resolved, both with and without DTT treatment (Fig. 2.2C, D, F). This suggests that none
of the Cys residues in MRP1 were able to cross-link in the presence of these nucleotides.
Furthermore, the digestion efficiency of trypsin was unchanged, which suggests that the
ATP bound, AMP-PNP bound and ADP-trapped conformations of MRP1 exhibited no
differences in the accessibility of their trypsin cleavage sites. In contrast, the digestion
pattern after incubation with ATPγS was substantially different. Thus, similar to the
cross-linking pattern of MRP1 in the nucleotide-free state, massive aggregation of
proteins without DTT treatment was observed and the limited trypsin digest pattern
showed enhanced sensitivity to trypsin (Fig. 2.2E). This observation suggests that
ATPγS binding induces a conformational change in MRP1 that not only permits some
Cys residues positioned in close proximity to be cross-linked, but also makes the
cytoplasmic loop linking NBD1 to MSD2 more accessible to trypsin. Together, these
data indicate that the conformational changes induced by ATP and AMP-PNP are not the
same as those induced by ATPγS.

2.4 Discussion
The transport function of MRP1 relies on ATP binding and hydrolysis at its
NBDs but the mechanism by which the energy generated is coupled to substrate
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translocation across the membrane is so far not fully understood. Information about the
structural consequences of nucleotide binding to MRP1 at different stages of its catalytic
cycle (Fig. 1.5) is likely to be helpful in understanding this complex process. In this
study, different biochemical approaches were combined to gain structural information
about nucleotide-induced conformational changes of MRP1. Chemical cross-linking was
used to gain information about local movement of certain Cys residues while limited
trypsin digestion permitted investigation of structural changes in the cytosolic regions of
MRP1. These experiments were performed using MRP1-enriched membranes in the
absence of substrates.
There are certain geometric requirements for disulfide bridge formation between
two Cys residues. Conformational analysis of disulfide bridges in high resolution crystal
structures indicates that the distance between the α-carbons of each Cys (N-Cα-Cβ-Sγ) can
be no more than 7.0 Å whereas β-carbons need to be within 4.7 Å of each other [154].
Furthermore, for a standard disulfide bond, the Sγ-Sγ distance is less than 3 Å and the
average Cβ-Sγ-Sγ-Cβ dihedral angle is approximately 90° [154]. Therefore, the crosslinking event is relatively specific and does not occur randomly. This has been
demonstrated in Cys-scanning mutagenesis studies of Cys-less Pgp [39, 143-148].
Cys cross-linking of MRP1 in the nucleotide-free state showed multimeric
aggregates of the transporter in the stacking gel as well as the upper part of the separating
gel (Fig. 2.2B, -DTT panel). This is not surprising given that MRP1 contains 25
endogenous Cys residues (Fig. 2.1). The aggregates are likely the result of various interand intra-chain disulfide bonds formed at different regions of MRP1 which alter the
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mobility of the polypeptide fragments in the gel. Reduction of disulfide bonds with DTT
resolved the trypsin digest pattern (Fig. 2.2B, +DTT panel), which suggests that the
cross-linking does not alter the trypsin sensitive site between NBD1 and TM12. Instead,
the cross-linking of certain Cys residues seems to constrain the protein in a conformation
that is more accessible to trypsin since its tryptic digest profile showed a rapid
disappearance of both the full-length MRP1 and N1 fragments compared with the
untreated control (Fig. 2.2A). The current methodology does not allow the exact sites of
Cys cross-linking to be identified. A reliable homology model of MRP1 may help to
probe the Cys residues that are involved in the cross-linking in the future.
The crystal structures of the isolated NBDs as well as full-length ABC
transporters have shown that the binding of ATP or its analog AMP-PNP induces major
conformational changes in the NBDs and causes the monomeric NBDs to dimerize [38,
80, 82]. Biophysical studies using reconstituted MRP1-containing liposomes have shown
that binding of ATP rather than its hydrolysis drives a major structural reorganization in
the MSDs of MRP1 [133]. The results of the present study indicate that the binding of
ATP (Fig. 2.2C) or AMP-PNP (Fig. 2.2D) under non-hydrolytic conditions, as well as the
trapping of ADP in the presence of orthovanadate (post-hydrolysis state) (Fig. 2.2F),
force conformational changes in MRP1 that prevent Cys cross-linking as indicated by the
fact that the tryptic digestion patterns were similar to those of untreated control (Fig.
2.2A). Whether or not MRP1 possesses exactly the same conformation in these three
nucleotide bound conditions is not known. Nevertheless, it is clear that the trypsin digest
pattern is different after ATPγS binding to MRP1 (Fig. 2.2E), where the tryptic digestion
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profiles are comparable to those of MRP1 in the nucleotide-free state (Fig. 2.2B).
Whether or not the ATPγS-bound and the nucleotide-free conformations of MRP1 have
the same numbers and sites of Cys cross-linking is also not known.
The structures of both ATPγS and AMP-PNP closely resemble that of ATP (Fig.
1.6) and are commonly used instead of the more labile ATP to study the nucleotide
binding properties of various ATPases during the pre-hydrolysis steps of their catalytic
cycle. AMP-PNP contains a nitrogen atom between the β- and γ-phosphate moieties
while the βγ-phosphodiester bond is unchanged in ATPγS (Fig. 1.6). Therefore, AMPPNP is considered a nonhydrolyzable ATP analog whereas ATPγS is still hydrolysable
but at a much slower rate [155]. Hopfner et al. [80] have shown that the crystal structure
of the DNA repair ABC ATPase Rad50 dimer in complex with AMP-PNP has the same
conformation as its ATP-bound crystal form. On the other hand, there is no ATPγSbound crystal structure of any ABC protein reported thus far. However, in the periodic
table, the sulfur atom (S) is in the same group as oxygen (O), and their electronegativity
properties are similar (O is 3.44 and S is 2.58). Thus, at the active site of NBS, the
binding of ATPγS should be closely mimicking the binding of ATP. Whether or not
these two ATP analogs are interchangeable is still a matter of debate. Previous
photolabeling studies using membranes from an insect cell expression system have
shown that ATPγS but not AMP-PNP is able to substitute for ATP in driving the
transition from high- to low-affinity LTC4-binding state of MRP1 [91, 96]. In another
study, the affinity of MRP1 for estrone sulfate was decreased in the presence of either
AMP-PNP or ATPγS when MRP1-enriched human lung cancer cell membranes were
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used [141]. On the other hand, in the present study, AMP-PNP and ATPγS binding seem
to exert different effects on MRP1 as revealed by Cys cross-linking and limited trypsin
digestion using membrane preparations from HEK293T cells transfected with MRP1.
Thus, there are some apparent differences between the current results and previous
findings. These potential discrepancies may be due to differences in experimental setup
and detection methods. Nevertheless, the current data provide additional evidence that
significant structural changes occur during the catalytic cycle of MRP1. They also
demonstrate that the two ATP analogs, AMP-PNP and ATPγS, do not interact with
MRP1 in an equivalent fashion, although the reasons for this are not yet clear.
It is known that substrate binding to the MSDs induces a conformational change
in ABC transporters, such as Pgp (ABCB1) [131, 132] and TAP (ABCB2/3) [156]. GSH
is known to induce substantial conformational changes in MRP1 [88, 134, 135, 140-142].
H/D exchange [134] and Trp fluorescence quenching [135] studies suggest that GSH
binding reorganizes the MSDs of MRP1 in a way that the protein accessibility to the
aqueous environment is decreased and the percentage of Trp residues exposed to the
hydrophobic quencher is increased, which can not be achieved by binding of drug
substrate DOX alone. Furthermore, binding of ATP or AMP-PNP in the presence of
GSH increases the accessibility of the transporter towards the aqueous environment and
decreases Trp exposure [134, 135]. Some biochemical studies also have shown that
binding of GSH can protect against digestion of MRP1 by trypsin [134, 140, 141], but not
other MRP1 substrates, such as DOX [134], estrone sulfate and vincristine [142]. Also,
the labeling of MRP1 by 8-azido-[γ32P]ATP is increased significantly in the presence of
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S-methyl GSH (non-reducing analog of GSH), whereas substrates (i.e., estrone sulfate,
vincristine) or modulators (i.e., verapamil, apigenin) have no effect on the level of 8azido-[γ32P]ATP labeling [88]. Therefore, the effect of GSH binding on MRP1 can be
investigated in the future by looking at its Cys cross-linking pattern in the presence of
GSH.
Several conclusions can be drawn from this study. First, some Cys residues
within MRP1 can be cross-linked when the transporter is in the nucleotide-free state and
the chemically cross-linked MRP1 becomes more susceptible to trypsin digestion than
untreated control indicating conformation change caused by the cross-linking. Second,
binding of ATP and AMP-PNP, and trapping of ADP prevented chemical cross-linking,
indicating that conformational changes in MRP1 involving the accessibility of Cys
residues are induced by these nucleotides. In contrast, MRP1 appears to adopt a different
conformation after binding of ATPγS as is evident from its unchanged Cys cross-linking
pattern and its enhanced sensitivity towards trypsinolysis. More detailed work is clearly
needed to fully understand the structural changes that occur during binding, hydrolysis
and release of nucleotide, and how the energy released at each stage is coupled to the
substrate transport process of MRP1.
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Chapter 3 Identification and Characterization of Protein Interacting
Partners of Human MRP1
3.1 Introduction
As discussed in Chapter 1, the plasma membrane expression and/or activity of
some ABC C subfamily members, specifically CFTR, MRP2 and MRP4, can be
regulated through their interaction with other cellular proteins [116-122, 123, 124, 126,
157, 158]. The protein-protein interactions reported for these ABCC proteins, either
directly or through adaptor proteins, have thus far been mediated by certain well-defined
protein binding motifs (e.g., PDZ motif). MRP1 has no canonical protein interacting
motifs present in its amino acid sequence based on a PROSITE analysis
(http://www.ebi.ac.uk/Tools/ppsearch/index.html). There are also presently no reports of
protein-protein interactions for MRP1. Therefore, an unbiased screening seems a
reasonable approach to identifying proteins that might interact with MRP1 in a structural
and/or functional manner. Initially, surface plasmon resonance (trade name Biacore)
spectroscopy was used in attempts to detect the binding between MRP1 and potential
binding partners (C. Moreau, Q. Mao and S.P.C. Cole, unpublished data). However, the
amount of bound proteins recovered from a MRP1-coated sensor chip was not sufficient
for MS-based identification. Therefore, a more conventional approach, combining in
vivo chemical cross-linking, immunoaffinity purification and protein MS techniques, was
used in the present study to investigate the association of MRP1 with other proteins in the
cell.
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Chemical cross-linking in combination with MS techniques is a commonly used
approach for studying protein-protein interactions and topological structures of protein
complexes [159]. The cross-linking allows noncovalent protein-protein interactions,
which may be transient or dependent on specific physiological conditions, to be stabilized
in long-lived covalent complexes that retain structural information during subsequent
purification, enrichment, and analysis. Modern MS techniques with enhanced sensitivity,
mass accuracy and tolerance towards sample heterogeneity is widely recognized as a
powerful tool for identification of interacting proteins [160].
Membrane proteins are intrinsically difficult to study because of their relatively
large size and highly hydrophobic nature. Most proteomic methods commonly used for
the analysis of soluble proteins cannot be used directly for the study of membrane
proteins, since most of the time, detergents are required for solubilization which may
potentially adversely affect the proper folding and function of the protein. Nevertheless,
we have had some success in immunoaffinity purification and MS analysis of MRP1
previously [161-163]. In particular, native MRP1 has been immunoaffinity purified to
homogeneity from H69AR lung cancer cells using a well-defined MRP1-specific mAb
[161, 162]. The proteoliposome reconstituted MRP1 exhibited modest substratestimulated ATPase activity and ATP-dependent transport of several substrates [161, 162].
In addition, matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) MS
technique was used for peptide mapping of purified recombinant human MRP1 expressed
in Pichia pastoris, and sequence coverage of > 98% was achieved [163].
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In this study, a proteomic approach initially involving in vivo chemical crosslinking followed by affinity purification and MS analysis was taken to identify proteins
that have direct interactions with MRP1 in H69AR cells (Fig. 3.1). When the direct
cross-linking approach proved unsuccessful, a second approach involving
immunoaffinity purification of MRP1-containing complexes followed by MS analysis
was adopted. In this way, several candidate protein partners of MRP1 were identified.
The interactions of two of these proteins, FUS and drebrin, with MRP1 were then further
investigated.
3.2 Materials and Methods
3.2.1 Materials
Triton X-100, PMSF, 4',6-diamidino-2-phenylindole dihydrochloride (DAPI),
murine anti-actin mAb (clone AC-40) and murine anti-α-tubulin mAb (clone T6074)
were purchased from Sigma Chemical Co. (St. Louis, MO). CHAPS was purchased from
MP Biomedicals, LLC (Solon, OH). GammaBindTM Plus SepharoseTM was purchased
from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). Dithiobis (succinimidyl
propionate) (DSP) was from Pierce (Rockford, IL). Protease inhibitor cocktail and
phosphatase inhibitor cocktail were purchased from Roche Diagnostics (Indianapolis,
IN). Rat anti-MRP1 mAb MRPr1 was a kind gift from Drs. R. J. Scheper and G. L.
Scheffer (Amsterdam, Netherlands). Murine anti-MRP1 mAbs QCRL1-4 ascites were as
described previously [23, 25, 164]. Murine anti-FUS/TLS (clone 4H11) mAb and normal
mouse/rat IgGs were from Santa Cruz Biotechnology (Paso Robles, CA). Murine anti47
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Figure 3.1: Schematic outlining experimental approach of identifying interacting
protein partners of MRP1. IP, immunoprecipitation; IPPT, immunoprecipitate.
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drebrin mAb (clone M2F6) was from MBL (Naka-ku, Nagoya, Japan). siGENOME
SMART pool siRNA, containing a mixture of four siRNAs specific for human drebrin
mRNA (NCBI no. NM_004395) [165], and siGENOME non-targeting siRNA #3 were
from Dharmacon (Lafayette, CO). Alexa Fluor® 488-conjugated F(ab’)2 fragment of goat
anti-mouse IgG (H+L) was from Invitrogen (Eugene, OR). BioTraceTMPVDF
(polyvinylidene fluoride) membranes (0.45 μm pore size) were from Pall Corporation
(Pensacola, FL). Horseradish peroxidase-conjugated goat anti-mouse IgG and
horseradish peroxidase-conjugated goat anti-rat IgG were from Pierce (Edmonton, AB).
Western LightningTM chemiluminescence reagent Plus was from Perkin Elimer Life
Science, Inc. (Boston, MA). Progene® scientific autoradiography film was from Ultident
Scientific (St. Laurent, QC). LipofectamineTM 2000 and Opti-MEM®I reduced serum
medium were from Invitrogen (Carlsbad, CA).

3.2.2 Chemical Cross-linking of Cultured Cells
The chemical cross-linking of cells was preformed as previously described [166]
with some modifications. The MRP1 overexpressing cell line H69AR cells were grown
as suspension cultures in 500 ml glass bottles in RPMI 1640 medium containing 5% FBS
as described previously [8, 11]. H69AR cells were washed twice with pre-warmed
phosphate buffered saline (PBS) and then resuspended in PBS at a density of 6 x 106 cells
per ml. Freshly made DSP stock in DMSO (10 mM) was added to the cell suspension at
a final concentration of 0.5 mM (5% DMSO) and incubated for 10 min at room
temperature unless otherwise indicated. Cross-linking reactions were stopped by adding
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~15-20 ml buffer containing 50 mM Tris-HCl (pH 7.4), 250 mM sucrose and 0.25 mM
CaCl2. The cells were then collected by centrifugation and cell pellets were stored at –80
°C.

3.2.3 Immunoprecipitations
All immunoprecipitation steps were performed at 4 °C. Typically, lysates for
immunoprecipitation were prepared by incubating H69AR cell pellets (with or without
DSP treatment) and its drug sensitive parental cell line H69 (cultured under the same
conditions as H69AR cells [8]) on ice in a buffer containing 1% CHAPS (w/v), 120 mM
NaCl, 10 mM MgCl2, 0.5 mM PMSF, protease and phosphatase inhibitors in PBS (pH
7.4). In some experiments, the lysis buffer consisted of 1% Trition X-100 (v/v), 100 mM
NaCl, 20 mM Tris (pH 7.4), 5 mM EDTA and protease inhibitors. The pellet was
resuspended every 15 min by gentle agitation. After 1 h of solubilization, the sample was
centrifuged (15,000 rpm for 15 min, ThermoIEC 21000R centrifuge) and the supernatant
(cell lysate) was then incubated with 15 μl protein G-Sepharose beads for 1 h on a
rotating shaker (Labquake®) as a pre-clearing step. Meanwhile, antibodies (10 μg) were
incubated with 60 μl protein G-Sepharose beads on a shaker for 2 h, and the beads were
then washed twice with 400 μl lysis buffer to remove any unbound antibodies. The precleared cell lysates were then combined with antibody-bound beads and the mixture was
rotated on a shaker for 3 h. Unbound proteins were removed by extensive washings (4-5
times) with 500 μl lysis buffer (micro-centrifugation for 1 min at 15,000 rpm). Bound
proteins were then eluted by incubating with 60 μl Laemmli sample buffer containing
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DTT (100 mM final concentration) and left at room temperature for 1 h before subjecting
the sample to electrophoretic separation.

3.2.4 Immunoblotting and Coomassie Blue Staining
Samples derived from the immunoprecipitations above were separated on a 7%
SDS-polyacrylamide minigel (10 x 7 cm, Bio-Rad). Protein gels for MS analysis were
stained with Coomassie Brilliant blue (45% menthol (v/v), 10% acetic acid (v/v)) for 45
min at room temperature and then destained in a solution containing 40% (v/v) methanol
and 7% (v/v) acetic acid until the protein bands were distinct and the background was
clear. For immunoblotting, the protein gels were subjected to electrophoretic transfer
(100 V for 1 h) to PVDF membranes. After blocking in 4% (w/v) skim milk at room
temperature for 1 h, the membranes were incubated with appropriate antibodies diluted in
blocking solution at room temperature for 1 h. After several washings with TBS-Tween
solution (150 mM NaCl and 0.5% (v/v) Tween 20 in 10 mM Tris, pH 7.5), the blot was
incubated with horseradish peroxidase-conjugated goat anti-mouse IgG or horseradish
peroxidase-conjugated goat anti-rat IgG diluted in blocking solution for 1 h at room
temperature. Binding of the conjugates was detected using Western LightningTM
chemiluminescence reagent and the blot then exposed to Progene® scientific
autoradiography film. The relative levels of protein expression were determined by
densitometry of exposed films using Image J software (http://rsb.info.nih.gov/ij/).
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3.2.5 In-gel Digestion and Peptide Extraction
In-gel digestion of the Coomassie-stained protein bands was performed by Dr. Yimin She (Department of Chemistry, Queen’s University, Kingston, ON, Canada). The
excised protein bands were crushed into small pieces and destained with 100 mM
NH4HCO3/acetonitrile (ACN) (1:1, v/v) until completely colorless. The gel particles
were then dried by SpeedVac centrifugation. The proteins in the gel pieces were reduced
with 10 mM DTT (in 100 mM NH4HCO3) and incubated at 56 °C for 1 h. The DTT
solution was then removed by centrifugation. Free sulfhydryl groups were blocked by
incubating with 55 mM iodoacetamide at room temperature for 45 min. The solution was
then removed and the gel particles completely dried by SpeedVac centrifugation. The
proteins were then digested with 10 ng sequencing grade trypsin (Calbiochem) in 25 mM
NH4HCO3 (pH 7.6) (5 ng/μl) at 37 °C overnight. The proteolytic peptides were
sequentially extracted with the aid of sonication using 0.1% trifluoroacetic acid (TFA),
0.1% TFA in 60% ACN, and finally 100% ACN. Finally, the fractions from each
extraction step were combined and dried by SpeedVac centrifugation. They were further
purified for MALDI/TOF MS and MS/MS analyses by passage through C18 ZipTips
(Millipore) filters.

3.2.6 Mass Spectrometry Analysis and Protein Identification
MALDI data were acquired at the Department of Chemistry, Queen’s University
(Kingston, ON, Canada) using an Applied Biosystems / MDS Sciex QStar XL
quadrupole time-of-flight (QqTOF) MS equipped with an oMALDI II source and a
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nitrogen laser operating at 337 nm. Samples to be analyzed were prepared at a ratio of
1:1 (v/v) peptide digest to matrix (i.e. 2,5-dihydroxybenzoic acid), and subsequently
dried on a stainless steel MALDI plate. After MALDI MS mapping, the peptide
sequencing of selected ions was determined by MALDI QqTOF MS/MS measurements
using argon as the collision gas.
The peptide fingerprinting masses were analyzed by MS-Fit program against the
NCBI database using ProteinProspector at the University of California San Francisco
(UCSF) web site (http://prospector.ucsf.edu), whereas the MS/MS ions search on each
tandem mass spectrum were performed using the Mascot search engine (Matrix Science,
London, UK, http://www.matrixscience.com) against the NCBI database of Homo
sapiens taxonomy. These searches were set up to take into account up to two missed
trypsin cleavage sites. Several common side chain modifications were also considered,
such as methionine oxidation, carbamidomethylation, asparagine and glutamine
deamidation to asparate acid and glutamic acid, as well as NH2-terminal pyroglutamation.
The mass tolerance between calculated and observed masses used for the database search
was set at a range of ± 100 ppm for the MS peaks and ± 0.2 Da for the MS/MS fragment
ions.

3.2.7 NanoLC-ESI MS/MS Analysis and Data Processing
The nanoLC/MS/MS analyses of the tryptic digests were performed by Dr. Yimin She (Department of Chemistry, Queen’s University, Kingston, ON, Canada). The
experiments were carried out on the same type of QStar XL instrument with a nanospray®
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II source designed by MDS Sciex (Concord, ON, Canada). An Agilent 1100 capillary
HPLC system was coupled on-line to LC MS/MS analysis, and 2.5 μl of the sample was
injected each time. Peptides were separated on a C18 PepMap100 analytical column (75
µm i.d. x 15 cm, particle size 3 µm, pore size 100Å). Gradient LC elution of the peptides
was achieved through a gradient ranging from 5% to 90% of solvent B (98% ACN
containing 0.1% formic acid (v/v)) mixed with solvent A (0.1% formic acid) for 60 min
at a flow rate of 500 nl/min. The LC MS/MS analysis was performed in Information
Dependent Acquisition (IDA) mode, where MS scan and MS/MS data were obtained
using a 1 sec survey scan followed by three consecutive 2 sec product ion scans.
LC MS/MS spectra were processed by Applied Biosystems BioAnalystTM 1.1
software, and the resulting MS/MS data sets were then searched against the NCBI
database of Homo sapiens taxonomy using the Mascot search engine
(http://www.matrixscience.com/). The peptide sequences and protein identifications
were further manually validated by visual inspection of individual MS/MS spectra.

3.2.8 Preparation of Subcellular Fractions and Whole Cell Lysates
The cytosolic and nuclear fractions of H69 and H69AR cells were prepared as
described previously [167]. First, cells (1 x 107) were washed once with PBS and
collected by centrifugation (900 x g for 5 min). The cell pellet was then resuspended in
150 μl buffer A (30 mM Tris-HCl (pH 7.5), 1.5 mM MgCl2, 10 mM KCl, 1% Triton X100 (v/v), 10 μg benzamidine and protease inhibitors). The sample was vortexed and
placed on ice for 5 min. The supernatant (crude cytosolic/membrane fraction) (135 μl)
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was then removed after centrifugation (13,000 x g for 1.5 min). Fifteen μl 10 x
DNase/RNase (5 mg/ml DNase I, 2.5 mg/ml RNase A) and 17 μl 2% SDS/100 mM DTT
were added to the supernatant and the mixture was incubated for 1 h at 4 °C. The pellet
(crude nuclear fraction) was resuspended in 135 μl buffer B (50 mM Tris-HCl (pH 7.5), 5
mM MgCl2, 0.1 mg/ml DNase I, 0.25 mg/ml RNase A, 10 μg benzamidine and protease
inhibitors) and incubated for 1 h at 4 °C. Both the cytosolic/membrane and nuclear
fractions were vortexed briefly every 15 min during the 1 h incubation.
To prepare whole cell lysates, 106 cells were washed two times with PBS,
pelleted by centrifugation (900 x g for 5 min), and then resuspended in 150 μl
solubilization buffer (1% CHAPS (w/v), 0.5 mM PMSF, 10 mM MgCl2 and protease
inhibitors in PBS) and fully mixed by pipetting up and down several times. One μl
DNase I (5 mg/ml) was added if the solution appeared viscous. Protein concentrations in
all the cellular preparations were determined using a Bio-Rad Dc protein assay according
to the manufacturer’s instructions.

3.2.9 siRNA Knockdown of Drebrin
Drebrin knockdown by siRNA was performed as previously described [168].
Briefly, H69AR cells were seeded in 6-well tissue culture plates at a density of 0.75 x 106
cells per well on day 0. On day 1, the first siRNA transfection was performed. Prior to
transfection, 5 μl LipofectamineTM 2000 was added to 50 μl Opti-MEM®I, and the
mixture was incubated at room temperature for 5-10 min. A second solution containing
7.5 μl of 20 μM siRNA and 100 μl Opti-MEM®I was then added to the first mixture, and
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incubated together at room temperature for 15-20 min. Then 1.34 ml Opti-MEM®I was
added to the siRNA/LipofectamineTM 2000 mixture to make a final volume of 1.5 ml
with final siRNA concentration of 100 nM. The cells were washed with Opti-MEM®I
once and the siRNA/LipofectamineTM 2000 mixture was added to the well. Four h after
transfection, an additional 1.5 ml of pre-warmed fresh RPMI/5% FBS were added to each
well and the cells were incubated at 37 °C overnight. On day 2, the cell medium was
replaced with 3 ml of pre-warmed fresh RPMI/5% FBS. For immunofluorescence
experiments, the cells were removed from the well by trypsinization and seeded in two
wells of the 6-well tissue culture plate on glass coverslips (22 x 22 mm) at the end of day
2. The second transfection was performed on day 3 followed the same procedure as the
first one. The media were again changed on day 4 and cells were trypsinized and
collected on day 5. Whole cell lysates were prepared and protein quantified as described
in Section 3.2.8.

3.2.10 Confocal Fluorescence Microscopy
Cells were seeded on a glass coverslip in a 6-well tissue culture plate at a density
of approximately 106 cells per well. The cells were washed twice with PBS and fixed
with 4% paraformaldehyde at room temperature for 10 min, followed by permeabilization
with 0.1% Triton X-100 in PBS for 5 min at room temperature. Fixed and permeabilized
cells were then incubated in a blocking solution containing 0.1% bovine serum albumin
(BSA) and 0.1% skim milk at room temperature for 1 h. The cells were then incubated
with primary antibodies for 1 h at room temperature. After several washes with PBS,
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cells were incubated with Alexa 488-conjugated secondary antibodies for 30 min at room
temperature in the dark. Cell nuclei were counterstained by adding DAPI (100 μl
mounting solution with 0.1 μl of DAPI). The coverslips were then mounted on glass
slides before viewing. Confocal fluorescence microscopy was performed by Matt
Gordon and Jeff Mewburn in the cytometry and imaging facility of Queen’s University,
Division of Cancer Biology and Genetics. Fluorescence images were collected using a
Leica TCS SP2 multi-photon confocal microscope (Heidelberg, Germany) equipped with
a PL APO 100X/1.40 oil immersion lens (Leica). Images were collected at an 8-bit depth
and 1024 x 1024 pixel resolution using LCS software (Leica).

3.3 Results
3.3.1 In vivo chemical cross-linking of H69AR cells
As illustrated in Figure 3.1, an experimental approach involving in vivo chemical
cross-linking and MS measurements was used for identifying proteins associated with
MRP1. To cross-link adjacent proteins, a protocol employing DSP that has previously
been used to determine the oligomerization state of CFTR [166] was adopted. DSP is a
homobifunctional, thiol cleavable, and membrane permeable amine-reactive cross-linking
agent. It contains an amine-reactive NHS ester at each end of an 8-carbon spacer arm
(12.0 Å) (Fig. 3.2B) which reacts with primary amines at pH 7-9 to form stable amide
bonds (Fig. 3.2A). To examine the cross-linking effect and determine the optimal
reaction conditions in H69AR cells, several experimental parameters, such as the
incubation time, DSP concentration and reaction temperature, were investigated. Figure
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DSP
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Spacer Arm 12.0 Å

Spacer Arm 11.4 Å

Figure 3.2: Reaction scheme of NHS-ester and chemical structure of NHS-ester
cross-linkers. (A) Reaction scheme of NHS-ester functional group reacts with a primary
amine which forms a covalent amide bound and free NHS. (B) Chemical structures of
NHS-ester crosslinking agent DSS and its thiol-cleavable derivative DSP (adapted from
Pierce crosslinking reagents technical handbook).
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3.3 shows an immunoblot of lysates prepared from H69AR cells cross-linked under
various conditions. When probed with MRP1-specific mAb MRPr1, all DSP-treated
samples appeared as smears, and no clear band was detected unless the sample was
subsequently incubated with DTT (Fig. 3.3). After reduction by DTT, two
immunoreactive bands were apparent. The lower band was full-length MRP1 according
to the molecular weight standard and comparison with the control (no cross-linker). The
upper band, which was present in all cross-linked samples but not in the control, had a
molecular weight > 250 kDa. The intensity of this upper band seemed to increase as the
concentration of DSP increased (Fig. 3.3, middle blot). The aggregation observed in the
cross-linked samples not incubated with DTT suggested that either intra- or intermolecular cross-linking had occurred. The higher molecular weight immunoreactive
band revealed by incubating with DTT may be the cross-linked product. Since the
efficiency of cross-linking did not change after 10 min of incubation with 0.5 mM DSP at
room temperature (Fig. 3.3), subsequent experiments were carried out using these
conditions.
The cross-linked complexes were affinity purified using a mixture of four wellcharacterized MRP1-specific mAbs (QCRL-1 to -4) [23, 25, 164]. The complexes were
then dissociated with DTT and separated by SDS-PAGE. Coomassie Brilliant blue
staining of proteins copurified with MRP1 showed that the recovery of proteins in DSPtreated H69AR cells was greatly reduced compared with untreated cells (Fig. 3.4). In the
cross-linked sample, even the predominant MRP1 band was of low intensity. Several
DSP cross-linking reaction conditions tested in this study did not improve the yield (data
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Figure 3.3: In vivo cross-linking of H69AR cells with DSP. H69AR cells were
incubated with DSP (1 mM) at room temperature for various times (top blot); or with
various concentrations of DSP at room temperature for 30 min (middle blot); or with DSP
(1 mM) or formaldehyde (1%) at different temperatures for 30 min (bottom blot). The
control (denoted as Ctrl) was H69AR cells with no cross-linker added. Cell lysates were
prepared and DTT (100 mM final concentration, 30 min, room temperature) was added to
half of the samples before resolving protein by 7% SDS-PAGE. Protein were then
electrotransferred from the gel to PVDF membrane, and immunoblotted with rat MRP1specific mAb MRPr1 (1:5,000). Arrows indicate the 190 kDa full-length MRP1.
Asterisks indicate a higher molecular weight immunoreactive band found in all DTTtreated samples.
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Figure 3.4: Immunoaffinity purification of MRP1 and potential interacting proteins
from H69, H69AR, and H69AR cells treated with DSP. (A) Lysates prepared from
H69, H69AR, or DSP-treated (0.5 mM, 10 min, room temperature) H69AR cells were
affinity purified using a mixture of MRP1-specific mAbs (QCRL-1, QCRL-2, QCRL-3,
and QCRL-4). The immunoprecipitates were separated by 7% SDS-PAGE and stained
with Coomassie Brilliant Blue. The intense diffuse bands at ~90 kDa are mouse IgG
heavy chain dimers as noted. (B) The H69AR samples from (A) were immunoblotted
with mAb MRPr1 (1:5,000). The arrow indicates the 190 kDa full-length MRP1.
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not shown). Unfortunately, the amount of MRP1-containing complex recovered from
DSP-cross-linked cells was too low to generate accurate protein identification by MS.
The reason for the low protein yield is unclear, but it may be caused by the modification
of the mAb epitopes due to excessive cross-linking. Whatever the reason, the DSP crosslinking approach was not successful under the conditions tested. However, the
Coomassie stain revealed several protein bands that co-immunoprecipitated with MRP1
and were present in H69AR (MRP1 overexpressing) cells but not in H69 (very low
MRP1 expression) cells (Fig. 3.4). Whether any of these proteins have specific
associations with MRP1 is unknown.

3.3.2 Identification of proteins co-immunoprecipitated with MRP1 by MS
To identify the proteins that were associated with MRP1 by coimmunoprecipitation, sufficient amounts of the MRP1-containing complexes needed to
be purified to allow MS analysis. The MRP1-containing protein complexes were affinity
purified from batches of 2 x 108 H69AR cells and separated by SDS-PAGE. Coomassie
Brilliant blue staining of gel revealed numerous protein bands. Six major bands (Fig.
3.5) were excised and digested with trypsin. Tryptic peptides were extracted, separated
by nanoflow LC, and introduced into the qTOF mass spectrometer. MS/MS analysis and
database searching of the sequenced peptides resulted in the identification of six proteins
in addition to MRP1, each of which matched to at least two unique peptide sequences
(Table 3.1). All proteins that were identified had a Mowse score higher than the

62

Mr
kDa

220

1

160
120

2

100
90

3

80

4

70
60

5
50

6
40

Figure 3.5: SDS-PAGE and Coomassie staining of proteins obtained by coimmunoprecipitation with MRP1. MRP1 and its putative associated protein partners
were copurified using a mixture of MRP1-specific mAbs (QCRL-1 to 4). The
immunoprecipitate was separated by SDS-PAGE (7%, 1 mm gel) and stained with
Coomassie Brilliant Blue. The number 1-6 to the right of the gel denote major protein
bands excised and analyzed by MS. Band 1: myosin, MRP1; Band 2: drebrin; Band 3:
mouse IgG; Band 4: fusion, ribophorin I; Band 5: β-tubulin; Band 6: α-actin.
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statistically significant threshold [169]. Some gel bands (Fig. 3.5, band 1 and 4)
contained more than one protein.
To test for reproducibility, a total of three independent experiments were carried
out in which two were ESI-based MS analysis and one was MALDI-TOF MS analysis.
The LC coupled MS analysis is a fully automatic data collection process and best for
identifying a mixture of proteins whereas MALDI MS analysis is operated manually and
thus has a higher accuracy with respect to identifying the protein of interest. Figure 3.6
shows a representative MALDI MS spectrum of a tryptic peptide derived from the
protein band with an estimated mass of 120 kDa (Fig. 3.5, band 2). Subsequent MS/MS
analysis identified the major protein as human drebrin isoform E with a Mowse score of
608 (Fig. 3.6). The reason for the remarkably slow migration of drebrin in the SDS
polyacrylamide gel is not known. However, biochemical studies have shown that drebrin
is highly serine/threonine phosphorylated in vivo [170, 171]. Peptides from most protein
bands other than ribophorin I (band 4) were identified in all three experiments with
significant Mowse scores (Table 3.1), whereas the peptide derived from ribophorin I was
observed in only one experiment using LC-MS/MS analysis.

3.3.3 Protein-protein association by reciprocal co-immunoprecipitation
The protein MS analysis revealed six proteins from H69AR cell lysates that coimmunoprecipitated with MRP1 using anti-MRP1 antibodies (Fig. 3.5). The reported
cellular function and subcellular localization of these six proteins are listed in Table 3.1.
Myosin is an actin-based motor protein that utilizes the energy from ATP hydrolysis at
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Figure 3.6: MALDI-MS spectrum of drebrin E tryptic fragments. A representative
MALDI-MS spectrum of tryptic peptides extracted from gel band 2 (Fig. 3.5) with an
estimated molecular weight of 120 kDa. The extracted tryptic peptides were analyzed
using MS-Fit program against the NCBI database. The m/z ions representing drebrin are
in boldface type. The m/z ions representing MRP1 are indicated in italics. The tandem
mass spectrum of each drebrin-derived m/z ions was analyzed using the Mascot search
engine. The Mowse score and sequence coverage are indicated with the matched
sequences in boldface type.
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Table 3.1: Summary of LC- MS/MS analysis of proteins co-immunoprecipitated with MRP1 a
Band b

Protein

Accession
no. c

Calculated
mass
(kDa) d

Actual
mass
(kDa) e

Mowse

Peptide

Score f

sequenced g

Function

Subcellular

Ref.

localization

1

Myosin

NP_002464

227.6

NA

726

104

Motor protein

Cytosol

172

1

MRP1

AAB83983

163.7

190

511

57

ABC transporter

Plasma
membrane

11

2

Drebrin

Q16643

71.8

120

68

4

F-actin binding
protein

Cytosol

176

3

Anti-human
mAb IgG
heavy chain

CAD88275

52.0

~90

440

7

4

Fusion

AAH26062

53.3

68

77

8

RNA-binding
protein

Nucleus

174

4

Ribophorin I

NP_002941

68.6

68

46

2

OST complex
member

Rough ER

177

5

β-Tubulin

NP_001060

50.3

55

252

18

Cytoskeleton
component

Cytosol

173

6

α-Actin

BAD96645

42.0

42

608

12

Cytoskeleton
component

Cytosol

173

NA: not available

a.

Results listed are the better of two independent LC-MS/MS experiments.

b.

Band numbers – see Figure 3.5

c.

The accession number refers to the protein with the highest number of hits when the

MS/MS spectra were searched against the NCBI database.
d.

The calculated molecular mass is based on amino acid sequence (obtained from the

Mascot search engine) and does not take into account any post-translational
modifications.
e.

Molecular mass according to SDS-PAGE.

f.

The probability based molecular weight search (Mowse) scores were assigned by

Mascot search engine. A Mowse score of 45 or higher was considered statistically
significant when searched against the NCBI database of Homo sapiens taxonomy. With
the exception of Band 3, the MS/MS spectra were searched against the NCBI database
for all species and the statistically significant threshold value was 57. The protein
identified was Mus musculus origin.
g.

The number of peptides identified by MS/MS that have the sequences matching the

particular protein.
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the motor domain to move along the actin filaments [172]. Tubulin and actin are major
cytoskeleton components [173]. Fusion (FUS) is an RNA-binding protein and
contributes to the reciprocal chromosomal translocation t(12;16)(q13;p11) in myxoidround cell liposarcoma [174, 175]. Drebrin (neuron-specific developmentally regulated
brain protein) is an F actin-binding protein and is found mainly in neurons [176].
Ribophorin I is a part of the oligosaccharyltransferase (OST) complex which catalyzes
the N-glycosylation of newly synthesized polypeptides in the rough ER [177].
Three of the six proteins, FUS, drebrin and actin, were selected for further study
to determine if they interacted directly with MRP1. FUS was selected because of its
reported oncogenic properties [174, 175]. Drebrin and actin were selected because
drebrin binds to actin so that they may function as scaffolding proteins close to the
plasma membrane, as reported for the gap junction protein connexin-43 (Cx43) [178].
Protein-protein interactions between MRP1 and FUS, drebrin and actin were
studied by reciprocal co-immunoprecipitation, where a physical interaction between two
proteins can be verified by immunoprecipitation of either protein in the complex.
However, this verification is based on the assumption that the antibodies used do not
disrupt particular protein-protein interactions and the epitopes recognized by the
antibodies are not blocked by the physical association [179]. The anti-FUS, anti-drebrin
and anti-actin mAbs used in the present study were obtained from commercial suppliers.
The mouse anti-FUS mAb (clone 4H11) was raised against a fusion protein
corresponding to the COOH-terminus of human FUS. The mouse anti-drebrin mAb
(clone M2F6) was raised against purified chicken drebrin E, which reacts with both
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drebrin E and A isoforms on immunoblotting. The mouse anti-actin mAb (clone AC-40)
recognizes an epitope located on the COOH-terminal end of actin, which is conserved in
all actin isoforms.
When using a solubilization buffer containing 1% CHAPS as detergent, MRP1,
drebrin and actin were able to pull down each other by using antibodies specific to either
protein (Fig. 3.7B, lane 4, 6 and 8). Furthermore, this phenomenon was only observed in
lysates from MRP1 overexpressing H69AR cells but not in lysates from H69 cells (Fig.
3.7B, lane 3-8). No detectable MRP1 was pulled down by anti-FUS mAb under the
conditions used (Fig. 3.7B, lane 10). When another commonly used solubilization
condition containing 1% Triton X-100 was applied (Fig. 3.8A), in general, more proteins
were recovered than with 1% CHAPS (Fig. 3.7A). However, the immunoprecipitation
profile did not change much for MRP1, where all three selected candidate proteins were
co-immunoprecipitated with MRP1 under either set of conditions (Fig. 3.7B, lane 8; Fig.
3.8B, lane 6). Also, drebrin and actin seemed to copurify when either one was present
(Fig. 3.7B, lane 4, 6 and 8; Fig. 3.8B, lane 3-10). However, the immunoprecipitation
profiles for some mAbs were altered by using a different lysis buffer. Thus use of the 1%
Triton X-100 buffer allowed the FUS mAb to pull down MRP1 from the H69AR cell
lysate (Fig. 3.8B, lane 4, empty arrow) but this was not the case for the mAbs specific for
drebrin and actin (Fig. 3.8B, lane 8 and 10).
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Figure 3.7: Co-immunoprecipitations of MRP1 and potential interacting proteins in
H69 and H69AR cells. H69 and H69AR (denoted as AR) cells were lysed in CHAPScontaining lysis buffer and immunoprecipitations were carried out as described in Section
3.2.3. (A) SDS-PAGE and Coomassie blue staining of proteins obtained after each
immunoprecipitation. Arrows (from top to bottom) indicate the approximate molecular
weights for MRP1 (190 kDa), drebrin (120 kDa), FUS (68 kDa), tubulin (55 kDa) and
actin (42 kDa). The presence of any of these proteins needs to be confirmed by
immunoblotting. (B) Immunoblotting of proteins obtained after each
immunoprecipitation. Equal volumes of samples (5 μl of inputs and 3 μl of
immunoprecipitates) were loaded in each lane. The membrane was stripped and reprobed
several times with the different mAbs against the proteins indicated on the left.
Horseradish peroxidase conjugated goat anti-mouse IgG (H+L) (1:10,000) was used to
detect mouse IgGs that were used in each immunoprecipitation (denoted as mIgGs). Rat
mAb MRPr1 (1:5,000) was used to detect MRP1. Mouse mAb clone M2F6 (1:5,000)
was used to detect drebrin. Mouse mAb clone 4H11 (1:5,000) was used to detect FUS.
Mouse mAb clone AC-40 (1:5,000) was used to detect actin. Empty arrows indicate the
presence of MRP1.
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Figure 3.8: Co-immunoprecipitations of MRP1 and its potential interacting proteins
in H69 and H69AR cell lysates containing 1% Triton X-100. H69 and H69AR
(denoted as AR) cells were lysed in lysis buffer containing 1% Triton X-100 (v/v) and
immunoprecipitations were carried out as described in Section 3.2.3. (A) SDS-PAGE
and Coomassie blue staining of proteins obtained after each immunoprecipitation.
Arrows (from top to bottom) indicate the approximate molecular weights for MRP1 (190
kDa), drebrin (120 kDa), FUS (68 kDa), tubulin (55 kDa) and actin (42 kDa). The
presence of any of these proteins needs to be confirmed by immunoblotting. (B)
Immunoblotting of proteins obtained after each immunoprecipitation. Equal volumes of
samples (5 μl of inputs and 3 μl of immunoprecipitates) were loaded in each lane. The
membrane was stripped and reprobed several times with the different mAbs against the
proteins indicated on the left. Horseradish peroxidase conjugated goat anti-mouse IgG
(H+L) (1:10,000) was used to detect mouse IgGs that were used in each
immunoprecipitation (denoted as mIgGs). Rat mAb MRPr1 (1:5,000) was used to detect
MRP1. Mouse mAb clone M2F6 (1:5,000) was used to detect drebrin. Mouse mAb
clone 4H11 (1:5,000) was used to detect FUS. Mouse mAb clone AC-40 (1:5,000) was
used to detect actin. Empty arrow indicates the presence of MRP1.
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3.3.4 Cellular localization of FUS
FUS is a 526-amino acid protein that contains an RNA-recognition motif (Fig.
3.9A) and is a component of nuclear riboprotein complexes which function like a
chaperone for RNA in the nucleus [174, 175, 180]. In this study, FUS was one of the
proteins identified in the co-immunoprecipitate with MRP1 when a mixture of MRP1specific antibodies was used. Moreover, the anti-FUS mAb was able to pull down MRP1
in a reciprocal co-immunoprecipitation experiment.
To further investigate the potential interaction between FUS and MRP1, the
cellular localization of FUS in MRP1 expressing cell lines was determined by subcellular
fractionation and immunofluorescence microscopy. In agreement with previous reports
[174, 175, 180], FUS was found mainly in nuclear extracts whereas MRP1 was found in
cytosolic/membrane extracts of H69AR cells (Fig. 3.10A). Moreover, FUS was equally
abundant in H69 and H69AR cells (Fig. 3.10A, whole cell lysate samples). When
examined by confocal microscopy, FUS had a very distinctive nuclear localization in
both H69AR cells and HEK cells transiently transfected with wild-type MRP1 cDNA
whereas MRP1 was located in the plasma membrane as expected (Fig. 3.10B). Based on
its apparently exclusive nuclear localization, FUS seems unlikely to have a direct
interaction with MRP1.

3.3.5 Consequences of Drebrin siRNA knock-down
Drebrin and actin both showed a physical association with MRP1 by reciprocal
co-immunoprecipitation of H69AR cell lysates prepared using 1% CHAPS solubilization
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Figure 3.9: Domain structures of FUS, and drebrin E and A proteins. (A) Shown is
the domain structure of the 526-amino acid FUS protein. The myxoid-round cell
liposarcoma exhibits the characteristic chromosomal translocation t(12;16)(q13;p11) that
the 5’ part of the FUS gene (right before the RNA-binding motif, indicated by an arrow)
fuses with the complete coding region of transcription factor DDIT3 [174, 175]. (B) The
drebrin E (embryonic) and A (adult) refer to the different isoforms of drebrin that arise
from alternative splicing. Drebrin A protein differs from drebrin E by an internal 46
amino acid insertion indicated by the hatched box [191]. ADF II, actin-depolymerizing
factor homology domain.
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Figure 3.10: Subcellular localization of FUS in various MRP1 expressing cell lines.
(A) Immunoblot analysis of cytosolic and nuclear fractions as well as whole cell lysates
(denoted as WCL) from H69 and H69AR (denoted as AR) cells. Cellular fractions (15
μg) prepared from H69 and H69AR cells were subjected to 7% SDS-PAGE, and then
electrotransferred to a PVDF membrane. The membrane was probed with mouse antiFUS mAb (1:5,000). The same membrane was stripped and reprobed with mouse MRP1specific mAb QCRL-1 (1:10,000). (B) Immunofluorescence staining for MRP1 and FUS
in HEK293T cells transfected with MRP1 cDNA expression vector (denoted as HEKMRP1) and H69AR cells. Cells were plated and fixed as described in Section 3.2.10.
Each confocal microscopy image was single stained by either mouse anti-FUS mAb
(1:200) or mouse MRP1-specific mAb QCRL-3 (1:2,500), and Alexa 488-conjugated
goat anti-mouse IgG was used as the secondary antibody in all samples.
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buffer (Fig. 3.7B, lane 4 and 6). Drebrin has been previously reported to be a cytosolic
protein that associates with the gap junction protein Cx43 at the plasma membrane of the
cell-cell interface [178]. Thus, the cellular localization of drebrin makes it conceivable
that it could interact with MRP1 directly at the sub-plasma membrane region. If so, it is
also possible that it might stabilize the expression of MRP1 at the plasma membrane.
To determine if drebrin levels affect plasma membrane expression of MRP1 in
H69AR cells, drebrin was knocked down with a SMART pool siRNA reagent containing
a mixture of four siRNAs specific for human drebrin mRNA [165]. For more efficient
knock-down, the cells were transfected with drebrin siRNA twice over five days of
continuous culture. Cells were then analyzed by immunoblotting and immunofluorescent
staining. Using this protocol, drebrin could be reduced to an almost undetectable level by
immunoblotting (Fig. 3.11). As a consequence of drebrin knock-down, the overall level
of MRP1 appeared to be downregulated by approximately 30% compared with control
siRNA knock-down as indicated by immunoblotting (average of three independent
experiments) (Fig. 3.11). Cells transfected with drebrin siRNA were also plated on glass
slides and immunostained separately with anti-drebrin and anti-MRP1 antibodies. At
least three images were taken at different areas of the coverslip for each immunostaining
and a representative image of each condition is shown in Figure. 3.12A. The staining
pattern of MRP1 did not seem to change after the drebrin knock-down and MRP1
remained mainly at the plasma membrane as in the control siRNA treated cells (Fig.
3.12A). On the other hand, there was barely any fluorescence detected in the drebrin
knock-down cells stained with the anti-drebrin mAb (Fig. 3.12B). Immunoblotting
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Figure 3.11: Expression of MRP1 in H69AR cells treated with drebrin siRNA.
Immunoblots of total proteins (15 μg) after treatment of H69AR cells with control and
drebrin siRNA. H69AR cells treated with transfection reagent only (denoted as none)
were used as a control. The relative levels of MRP1 and drebrin are indicated in italics
under the blot (normalized to α-tubulin level which was used as a loading control).
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Figure 3.12: MRP1 expression and localization in H69AR cells treated with drebrin
siRNA. (A) Immunofluorescence staining for MRP1 (green) in H69AR cells treated with
transfection reagent only (denoted as none), with control siRNA, and with drebrinspecific siRNAs. H69AR cells were sequentially transfected with siRNAs against
drebrin (or control siRNA) twice over five days of continuous culture. All the samples
were fixed, stained and examined by confocal microscopy on day 5. Cells were plated
and fixed as described in Section 3.2.10. Each confocal microscopy image shows
staining with MRP1-specific mouse mAb QCRL-3 (1:2,500), and Alexa 488-conjugated
goat anti-mouse IgG was used as the secondary antibody. Cellular DNA was stained
with DAPI (blue). Scale bar, 30 μm. (B) Immunofluorescence staining for drebrin
(mouse anti-drebrin mAb, 1:200) in H69AR cells treated with transfection reagent only
(denoted as none), and H69AR cells treated with drebrin-specific siRNAs. The siRNA
transfection and confocal microscopy preparation conditions were the same as in Panel
A. Scale bar, 30 μm. (C) Immunoblot of total proteins (8 μg) after treatment of cells
with control (lane 2) and drebrin siRNA (lane 3). Lane 1, H69AR cells treated with
transfection reagent only. The relative drebrin and MRP1 levels are indicated in italics
under each blot (normalized to α-tubulin level which was used as a loading control).
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showed that in this experiment, the drebrin knock down in H69AR cells was
approximately 88% and MRP1 levels were reduced by approximately 14% compared
with control siRNA knock-down (Fig. 3.12C, lane 2 and 3).

3.4 Discussion
Chemical cross-linking is a tool that can maintain protein associations, especially
noncovalent and transient interactions, by covalently connecting them as stable
complexes. For amine-reactive chemical cross-linkers like DSP, the cross-linking
reaction depends on the number and location of lysine residues within the interacting
surfaces of the proteins [181]. These primary amine pairs must also be accessible to the
agent and within the distance spanned by the cross-linker spacer arms [181]. Ideally, the
cross-linker should covalently link associated proteins that are in close proximity to the
protein of interest. However, the cross-linking reaction often results in some unwanted
and nonspecific cross-linking events, such as self-conjugation, intramolecular crosslinking and polymerization. Therefore, the cross-linker concentration, reaction times, and
buffer conditions need to be optimized to achieve optimal yields of cross-linked product,
while at the same time, not disrupting the protein structures by introducing too many
inter- and intra-molecular cross-links.
In the present study, several pieces of evidence indicate the presence of crosslinking, such as the smear observed in all cross-linker treated samples in the absence of
DTT, as well as the higher molecular weight band resolved after DTT treatment (Fig.
3.3). There are several cross-linking possibilities that could account for this distinctive
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band. First, this could represent intermolecular cross-linking between MRP1 and
associated protein(s). Secondly, this could be the result of self-conjugation by
intramolecular cross-linking of MRP1. Thirdly, this could be the dimerization of two
MRP1 monomers. However, the size of the upper band (just over 250 kDa) suggests it is
not likely to be a MRP1 dimer which would be expected to be around 380 kDa. Also, the
region above 250 kDa was excised and analyzed by MS, and only MRP1 fragments were
identified so far. Thus, this MRP1 immunoreactive band is most likely to be a selfconjugated MRP1. The intramolecular cross-linking could put MRP1 in a constrained
conformation causing it to migrate more slowly in the gel. Since large membrane
proteins like MRP1 cannot tolerate extensive heating (unpublished observations), the
treatment conditions with DTT have to be relatively mild which in turn, may result in the
thiol groups in the cross-linked MRP1 not being fully reduced.
Several chemical cross-linking reaction conditions were tested and the intensity of
the higher molecular band increased only as the concentration of DSP increased from 0.1
to 0.5 mM (Fig. 3.3, middle blot). This may be due to the rapid hydrolysis of the highly
reactive NHS-ester which competes with the primary amine reaction of DSP. However,
despite the short-lived DSP solution, the most challenging problem encountered was the
poor yield of proteins after DSP cross-linking (Fig. 3.4). This may be due to rapid nonspecific cross-linking, which could modify the epitopes so that none of the MRP1specific mAb could bind efficiently during the affinity purification step. Also, since
cross-linking is a relatively empirical process, multiple cross-linkers with different spacer
arms and/or with different reactivity may need to be employed. However, the use of 1%
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formaldehyde as cross-linker did not change the cross-linking pattern in the present study
(Fig. 3.3, bottom blot). Finally, the possibility that the cell system used in the present
study is just not suitable for in vivo chemical cross-linking reactions cannot be ruled out.
One of the oldest, but still powerful, techniques to study protein-protein
interaction is the use of classic protein purification methods, such as
immunoprecipitation, to isolate protein complexes containing the protein of interest,
followed by identification of the proteins in the complex. A major pitfall associated with
this approach is that the number of false positives tends to be high, which results from the
formation of non-physiological protein-protein interactions after cell lysis, or because of
the cross-reactivity and nonspecific binding of the antibody to other cellular proteins
[179]. To eliminate or minimize the number of false positives, several precautions were
taken in this study. First, four well-characterized mAbs (QCRL-1 to -4) which recognize
different regions of MRP1 were used [23, 25, 164] (Fig. 1.2). Secondly, normal mouse
IgGs and normal rat IgGs were used for negative control immunoprecipitations.
Reassuringly, none of the candidate MRP1-associated proteins were pressent in the
negative controls (data not shown). Thirdly, drug-sensitive H69 cells which express little
or no MRP1 were used to confirm that the observed interactions were MRP1-specific.
Lastly, the whole cell lysates were pre-cleared by incubation with protein G-Sepharose
before immunoprecipitation, together with extensive washings of the immunoprecipitates.
By applying these precautions, six proteins were identified within the MRP1-containing
immunoprecipitates, none of which are considered to be common background proteins,
such as metabolic enzymes (e.g., pyruvate kinase) or heat shock proteins [182].
79

The physical interaction between FUS, drebrin and actin with MRP1 was
confirmed by reciprocal co-immunoprecipitation. Since the solubilization buffer can
interfere with certain protein-protein interactions, not all antibodies are expected to have
the same co-immunoprecipitation profile under different experimental conditions [183].
This may be the reason that drebrin and actin appeared to associate with MRP1 in coimmunoprecipitations using CHAPS (Fig. 3.7B, lane 4 and 6, empty arrows) but not
Triton X-100 (Fig. 3.8B, lane 8 and 10). Further biochemical measurements, such as
fluorescence resonance energy transfer (FRET), are needed to corroborate the physical
association observed in reciprocal co-immunoprecipitations. Furthermore, the massive
disruption of cellular compartmentalization during cell lysis provides an opportunity for
proteins that might not normally ever be in the same subcellular location to form
nonphysiological complexes. This might be the case for FUS which was only detectable
in the nucleus but nevertheless associated with MRP1 in co-immunoprecipitations (Fig.
3.8B, lane 4, empty arrow). However, an interaction between nuclear DNA
topoisomerase II and the predominantly plasma membrane protein phospholipid
scramblase 1 (PLSCR1) has been reported that is explained by the fact that a small
amount of the latter protein can shuttle into the nucleus where it can act as a transcription
factor [184]. Similarly, it may be that a small amount of FUS might reside in the cytosol
in certain circumstances, and in this way make an interaction between FUS and MRP1
conceivable.
The FUS gene was first identified in myxoid-round cell liposarcoma as part of the
t(12;16)(q13;p11) chromosomal translocation gene fusion product [174, 175]. FUS also
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participates in gene fusions linked to other types of cancer, such as angiomatoid fibrous
histiocytoma [185], low grade fibromyxoid sarcoma [186] and acute myeloid leukemia
[187]. FUS contributes its NH2-terminal domain, just before its RNA-binding domain, to
the gene fusion product (Fig. 3.9A) which then functions as a transcriptional activation
domain [174, 175, 185-188]. The anti-FUS mAb used in this study is raised against a
fusion protein corresponding to the COOH-terminus of human FUS. Therefore, only
full-length FUS is detected but not the possible gene fusion products. In future studies,
not only the possible association of FUS with MRP1 under some rare circumstances, but
also its oncogenic properties could be examined further in the SCLC cell lines.
An important aspect of the present study was to determine whether MRP1
expression or function is modulated by its potential interactions with drebrin and actin.
Drebrin is an actin-binding protein which influences actin filament assembly and
arrangement by competitively inhibiting the actin-binding of several actin-bundling
proteins, including tropomyosin, fascin and α–actinin [189, 190]. In mammals, drebrins
exist as two isoforms which are generated by alternative splicing of a single gene (Fig.
3.9B) [191]. The drebrin identified in this study is the E (embryonic) type (Fig. 3.6)
which is more ubiquitously expressed than drebrin A (adult) type, including in some nonneuronal cells [191, 192]. In addition to its role in morphogenesis, patterning and
maintenance of dendritic spines in neurons, a novel role for drebrin in the stabilization of
gap junctions has been reported [178]. Drebrin E interacts with Cx43 at its COOHterminal domain, and the depletion of drebrin by siRNA results in impaired cell-cell
coupling and internalization of Cx43 [178]. In the present study, both drebrin and actin
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were found to be co-immunoprecipitated with MRP1. However, it is not known which of
the two proteins is directly associated with MRP1 since drebrin always copurifies with
actin (Fig. 3.7B, lane 4, 6 and 8; Fig. 3.8B, lane 3-10).
By immunofluorescence microscopy, drebrin showed a punctate cytosolic
expression pattern in H69AR cells and membrane-like staining in some regions
(presumably cell-cell interface) (Fig. 3.12B). Thus, drebrin would be expected to
colocalize with MRP1 in H69AR cells if double staining conditions can be implemented.
Even though the overall MRP1 level revealed by immunoblotting, showed a moderate
decrease after almost complete drebrin knock-down (Fig. 3.11), the membrane
localization of MRP1 did not appear to change significantly (Fig. 3.12A). The drebrin
knock-down reagent used in this experiment proved to be very specific and highly
efficient. The same set of siRNA reagent was used previously by Peitsch et al. [165] for
studying the role of drebrin in cell migration. They showed that the drebrin knock-down
(up to 95%) did not affect the mobility nor change the pattern and expression levels of
actin and some actin binding proteins in human fibroblasts [165]. Based on the present
observations, drebrin does not seem critical for maintaining the membrane stability of
MRP1. Future studies could examine the possible reasons for the 30% reduction in
MRP1 overall expression level upon the depletion of drebrin and whether the reduction
of MRP1 has any effect on substrate transport in H69AR cells.
Ribophorin I and myosin (non-muscle class II, MyH9) were also identified as
potential interacting partners in this study. Ribophorin I is part of the OST complex and
abundant in ER membrane [193]. OST catalyzes the covalent attachment of high82

mannose oligosaccharide group from the dolicholpyrophosphate (donor) to nascent
polypeptides (acceptor) at asparagine (Asn) residues with consensus sequence Asn-XSer/Thr in rough ER [177]. Mammalian OST has a very elaborate composition with at
least seven subunits, among which only STT3 carries the transferase activity [194].
Ribophorin I has ER retention information present in its luminal domain and has been
shown to enhance the efficiency of N-glycosylation by presenting the acceptor substrate
to the catalytic core [195, 196]. MRP1 is known to be N-glycosylated at Asn19, Asn23
and Asn1006 [22]. It would be of interest to know if ribophorin I is involved in MRP1
glycosylation.
The myosin family of actin filament-based motor proteins consists of over 20
classes and they are involved in a variety of cellular functions, including cell migration
and adhesion, signal transduction, membrane trafficking, as well as protein, RNA and
organelle localization [197]. CFTR (ABCC7) is known to interact with a complex of
proteins containing myosin VI and clathrin at the apical membrane [198]. Thus myosin
VI facilitates the endocytosis of CFTR where displacement of endogenous myosin VI
with a dominant-negative recombinant tail domain (i.e., without the motor domain)
reduces CFTR endocytosis and increases CFTR expression in the plasma membrane
[198]. The role of myosin Vb in assisting the recycling of CFTR was discovered by the
same group using a similar approach [199]. Myosin II was first studied for its role in
muscle contraction, but it also functions in non-muscle cells, with possible roles in
tension generation, adhesion, endo- and exocytosis [200]. It will be of interest to
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determine if the non-muscle class II myosin identified in this study has roles in
endocytosis or recycling of MRP1 as is reported for CFTR.
The major drawback for using immunoprecipitation to study protein-protein
interaction is the likelihood of the interference of weak protein associations by nondenaturing detergents as well as by the use of stringent washing conditions [179, 183].
This may be the reason that only six MRP1-associated proteins were identified in this
study. On the other hand, this method can provide information on the strength of the
protein-protein interaction in vitro under a particular solubilization condition.
Furthermore, some low abundance proteins are likely to be missed because of poor
separation by 1D gel analysis and because of low recovery of peptides from in-gel
digestions. Modern MS technology, with enhanced sensitivity, mass accuracy and
tolerance towards sample heterogeneity, has become a powerful tool for identification of
interaction partners and structural characterization of protein-protein interactions [201].
Most notable is the successful development of multidimensional protein identification
technology (MudPIT) that multidimensional peptide separation techniques, such as strong
cation exchange (SCX) LC together with reverse phase (RP) μLC, are implemented
[202]. This method allows better separation of highly complex mixtures, thus increasing
the ability to detect low-abundance protein components. Wang et al. [203] used this
high-throughput approach and generated a CFTR interactome with more than 200
potential interactors identified. MudPIT could be the ultimate experimental approach for
identification of the MRP1 interactome. However, there are some alternative proteomic
approaches in a smaller scale that could be applied in the more immediate future, such as
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pull down assays using recombinant polypeptides corresponding to only part of MRP1
(e.g., the cytoplasmic loops or the COOH-terminus) where intercellular protein-protein
interactions are likely to reside. Also, the protein preparations from subcellular fractions
(i.e., membrane fractions) could be used instead of whole cell lysates in the pull-down
assays and/or immunoprecipitations, which would help avoid possible artifacts due to
compartmentalization.
In summary, protein-protein interactions of MRP1 have been investigated in this
study using immunoaffinity chromatography and MS-based protein identification. This
method was found to be effective in purifying MRP1 and its associated protein
complexes from cultured tumor cells. Six potential interacting proteins were identified
and the associations of MRP1 with FUS and drebrin were examined in the subsequent
biochemical analyses. However, FUS seems unlikely to be an important binding partner
of MRP1 in vivo, because of its essentially exclusive nuclear localization. Drebrin does
not seem critical for maintaining the membrane stability of MRP1 as revealed by
unchanged MRP1 expression pattern upon drebrin siRNA knock-down. In the present
study, only two of the six candidate interacting proteins were studied. More extensive
work is definitely needed in the future for understanding MRP1 regulation by interactions
with other cellular modulators.
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