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Abstract
Multidrug resistance protein 1 (MRP1) is a 190 kDa ATP-binding cassette transporter which
effluxes xeno- and endobiotic organic anions including estradiol glucuronide (E 2 17βG) and the proinflammatory leukotriene C 4 (LTC 4 ). MRP1 also confers multidrug resistance by reducing intracellular
drug accumulation through active efflux. MRP1 has three membrane spanning domains (MSD), two of
which form the solute translocation pathway, and two functionally asymmetric nucleotide binding
domains (NBD) which bind and hydrolyze ATP. MSD1/2 are linked to NBD1/2 by connecting regions
(CR) 1 (aa 600-642) and CR2 (aa 1249-1291), respectively. To test the hypothesis that the CRs are
functionally distinct, eight CR residues (four in CR1: S612A, R615A, H622A, E624A and four in CR2:
T1270A, P1275A, W1287A, G1291A), were targeted for Ala substitution based on sequence
conservation and structural location of the residue, and their phenotypes investigated. Cellular levels of
three of four CR1 mutants (S612A, R615A, E624A) were substantially lower than wild-type MRP1 (by
60%, 95%, 95%, respectively; p<0.05). Of the four CR2 mutants, only W1287A levels were markedly
reduced (by 80%; p<0.05) and more conservatively substituted mutants (W1287F, W1287Y) remained
<65% of wild-type MRP1levels (p<0.05). Analyses of apo bMrp1/MRP1 cryo-EM structures and models
suggested that some of these mutation-sensitive residues might participate in stabilizing interactions.
However, this idea was not supported by double exchange mutations which all failed to improve MRP1
levels. Immunofluorescence showed that while CR1-H622A localized to the plasma membrane like wildtype MRP1, the poorly expressing CR1 mutants (S612A, R615A, E624A) were retained intracellularly. In
contrast, all four CR2 mutants, including the poorly expressing W1287A, localized exclusively to the
plasma membrane. For CR mutants expressed at levels comparable to wild-type MRP1 (H622A, T1270A,
P1275A, G1291A), only CR2-G1291A exhibited a substrate selective change in [3H]LTC 4 transport
(reduced by 40%; p<0.05) whereas [3H]E 2 17βG and estrone sulphate transport were largely unaffected.
Together these results support the hypothesis that CR1 and CR2 play important, but distinct, roles. CR1
may be more important for the plasma membrane expression of MRP1 whereas CR2 may play a larger
ii

role in transport activity. The mechanisms underlying these functional differences should be investigated
further.
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Chapter 1
Literature Review
1.1. Introduction
The human ATP-binding cassette (ABC) protein superfamily is comprised of 49 members that
have diverse functions including acting as modulators of translation, ion channels and their regulators, as
well as mediating the transmembrane transport of many different solutes 1. Almost all members of this
superfamily are membrane proteins and have been categorized into 7 subfamilies designated as ‘A’ to ‘G’
based on their relative sequence homology as well as structural organization1,2. Typical ABC proteins are
modular in nature and have a core structure composed of two hydrophobic membrane spanning domains
(MSDs) (that are sometimes referred to as transmembrane spanning domains) each of which has six
transmembrane (TM) α-helices, and two nucleotide binding domains (NBDs). The MSDs are linked to the
NBDs by stretches of approximately 40 amino acids and are referred to throughout this thesis as
connecting regions (CRs). These modules are usually arranged in an alternating order as follows; MSD1CR1-NBD1-MSD2-CR2-NBD2 (Figure 1.1). The core domain structure of mammalian ABC family
members are encoded either as a single polypeptide chain, or as homodimers or heterodimers of two
MSD-CR-NBD subunits 3. In some cases (for example, certain members of the ABCG subfamily), the
NBD precedes the MSD (NBD-CR-MSD). In other cases (for example, several members of the ABCC
subfamily), an additional MSD (termed MSD0) which is composed of only 5 TM α-helices (Figure 1.1),
is located NH 2 -proximal to the core structure.

1

Core ABC structure
NH2

MSD0
1 2

3 4

5

MSD1
6 7

8

MSD2

Extracellular space

12 13 14 15 16 17

9 10 11

CR1

Plasma membrane

CR2

Cytoplasm
COOH

NBD1

NBD2

Figure 1.1. A two-dimensional illustration of the domain structure of the ‘long’ ABCC transporter
MRP1.
The core ABC domain structure is labeled and composed of MSD1/NBD1 in green, CR1 in orange,
MSD2/NBD2 in blue and CR2 in red. MSD0, which is only present in ‘long’ ABCC members, is
coloured beige. The TMs are numbered from 1-17. The three N-glycosylation sites are shown as small
branches at the NH 2 -terminus and the extracellular loop between TM12 and TM13.

1.1.1. ABC ‘C’ subfamily
The human ABC ‘C’ subfamily is one of the largest of the seven ABC subfamilies and contains
13 members (Figure 1.2), all of which are encoded as a single polypeptide chain. As alluded to in Section
1.1., seven ABCC members possess a third MSD (MSD0) and are termed ‘long’ ABCC proteins whereas
the rest which only have the core four domains are termed ‘short’ 4. The basic nomenclature and properties
of the ABCC proteins are summarized in Table 1.1 and a more detailed review of the ABCC subfamily
follows.
Despite their relatively high degree of sequence similarity, ABCC subfamily members have an
extraordinarily wide range of physiological and pharmacological functions. Unlike the majority of ABCC
proteins, three of them (the cystic fibrosis transmembrane conductance regulator CFTR/ABCC7, and the
sulphonylurea receptors SUR1/ABCC8 and SUR2/ABCC9) are not transporters, but rather function as a
cAMP-regulated chloride channel (CFTR) or regulate nucleotide sensitive K+ channels (SUR1 and
SUR2). CFTR, SUR1 and SUR2 have been studied extensively because mutations in these ABCC
proteins can cause lethal genetic disorders which are described later in greater detail in Section 1.2.1.

2

5 domains
‘long’
4 domains
‘short’

Figure 1.2. Unrooted phylogenetic tree illustrating the relatedness of the human ABCC proteins.
Shown is an unrooted phylogenetic tree of the ABCC protein subfamily (excluding the pseudogene
ABCC13) courtesy of S. P. C. Cole (2018) with modifications by Emma Smith. MRP1/ABCC1 and other
5-domain ABCC proteins are highlighted in orange whereas the 4-domain proteins which lack MSD0 are
highlighted in blue.
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Table 1.1. ABCC subfamily members and their functions.
Gene
symbol

Common name

Main Function

Main physiologic solutes
(In vivo)

Long (MSD0 is present)
ABCC1

Multidrug Resistance
Protein 1 (MRP1)

transporter

LTC 4

ABCC2

MRP2

transporter

bilirubin and steroid
glucuronides,
bile salts

ABCC3

MRP3

transporter

glucuronide drug
conjugates17,18

ABCC6

ABCC6

likely transporter

likely ATP

ABCC8

SUR1

regulator of Kir6.2 in
K ATP channels

N/A

ABCC9

SUR2A/B

regulator of Kir6.2/1 in
K ATP channels

N/A

ABCC10

MRP7

transporter

unknown

ABCC4

MRP4

transporter

PGE 1 , PGE 2 and cAMP

ABCC5

ABCC5

transporter

neuroactive glutamate
conjugates

ABCC7

CFTR

chloride channel

chloride

ABCC11

ABCC11

transporter

unknown

ABCC12

ABCC12

unknown; possible
transporter

unknown

ABCC13

N/A

N/A

Short

Pseudogene
ABCC13

4

There are two other ABCC members that do not have a known transport function; however, in
contrast to CFTR, SUR1 and SUR2, they are largely uncharacterized. For example, few studies have
investigated ABCC12 and as such its function remains elusive. ABCC12 has been reported to produce a
full-length transcript as well as four splice variants 5 present in many healthy human tissues with the four
splice variants at much greater abundance than the full-length transcript. Although the ABCC12 protein
has not yet been detected in any human tissues, it has been suggested that at least one ABCC12 transcript
has the potential to be translated. A 150 kDa protein was detected, using a panel of custom-generated
anti-peptide antibodies, by immunoblot after transfection of human embryonic kidney (HEK) cells with a
human ABCC12 mRNA expression construct 6. In the same study, human ABCC12 was located
intracellularly in transfected HEK cells, although most other ABCC proteins are located at the plasma
membrane. In mice, the Abcc12 protein was only detected in the testes and sperm cells. Thus far, there is
no in vivo or in vitro evidence that ABCC12 transports any organic anions or drugs that are common
substrates (at least in vitro) of other ABCC subfamily members.
The second largely uncharacterized member of this subfamily is the pseudogene ABCC13.
ABCC13 is found at chromosome 21q11.2 and encodes a 3389 bp transcript 7. However, there is no
evidence that the ABCC13 transcript is translated, although it contains an open reading frame encoding a
putative polypeptide of 325 amino acids which is predicted to resemble a single MSD with 4 TM αhelices. In one study, quantitative PCR was used and an ABCC13 transcript was found to be abundant in
fetal human liver and to a lesser extent in adult colon and bone marrow7. However, its function, if any, is
not yet known.

1.1.2. ABCC transporters
There is compelling evidence that eight of the twelve ABCC proteins possess transport function
in vivo: MRP1, MRP2, MRP3, MRP4, ABCC5, ABCC6, MRP7 and ABCC11 (Table 1.1). These eight
ABCC proteins transport a variety of solutes across the plasma membrane, and at least in vitro, many
5

ABCC transporters share a degree of substrate overlap. However, their physiological and pharmacological
transport activities in vivo vary considerably. Some ABCC transporters efflux multiple drugs in vitro, the
most widely tested being anti-cancer agents, and accordingly, these proteins are often referred to as
multidrug resistance proteins (MRPs). In vitro, many MRPs transport a variety of organic anions,
commonly including glutathione (GSH), glucuronide and sulfate conjugated molecules, with widely
differing efficiencies. These organic anions include products of Phase II metabolism (conjugation) of
drugs and other xenobiotics as well as physiological organic anions such as the pro-inflammatory
cysteinyl leukotriene C 4 (LTC 4 ) and the cholestatic estradiol glucuronide (E 2 17βG). However, it is
important to bear in mind that many substrates that have been observed to be transported by ABCC
transporters experimentally in vitro have not yet been validated by in vivo studies. A brief description of
these eight transporting ABCC/MRP proteins follows.
MRP1 (encoded by ABCC1) was first cloned in 1992 and is expressed ubiquitously, but at greatly
varying levels, in tissues throughout the body 8. MRP1 transports the above mentioned physiologic
organic anions and also transports anti-cancer drugs, including anthracyclines and vinca alkaloids, in vivo.
Of the 12 ABCC subfamily members, MRP1 is believed to play the largest role in the development of
clinical drug resistance in cancer 9. A more detailed description of MRP1 substrates and its functions is
found below in Section 1.3.
MRP2 (encoded by ABCC2) was the first homolog of MRP1 to be found and was cloned in 1996
although its functional existence in biliary excretion was known for years prior 10. Unlike MRP1, MRP2
has been reported by some groups to transport the anti-cancer drug cisplatin 11. More convincingly, MRP2
is reported to transport a variety of natural product anti-cancer drugs, including vincristine and
daunorubicin, at least in polarized cells. However, these anti-cancer drug transport studies have mainly
been performed in vitro, and a role for MRP2 in clinical drug resistance in cancer is not convincing. In
contrast to the broad tissue distribution of MRP1, MRP2 is largely expressed at the apical membranes of
excretory tissues and especially in hepatic epithelial cells lining the bile ducts. MRP2 is particularly noted
6

for its role in the biliary export of bilirubin-glucuronide. This is important because lack of this activity is
the underlying cause of Dubin-Johnson Syndrome (DJS) (see below in Section 1.2.2) 12. MRP2 is also
implicated in the biliary elimination of several clinically relevant drugs and xenobiotics and their
metabolites. For example, the biliary excretion of morphine-3-glucuronide, an active metabolite of
morphine, is almost completely abolished in Abcc2-/- mice indicating that Mrp2 is the dominant
canalicular efflux transporter responsible for the elimination of this solute 13.
In contrast to MRP2 but similar to MRP1, MRP3 (encoded by ABCC3) is expressed on the
basolateral membranes of polarized cells in the small intestine, the distal tubules in the kidney and hepatic
sinusoidal membranes where it mainly transports glucuronide conjugates into the blood and urine 14.
MRP3 has the highest degree of sequence similarity to MRP1 (56% identity) but despite this, the two
transporters are functionally quite distinct. Although MRP3 has been shown to transport some organic
anions and anti-cancer agents in vitro, in vivo studies of Abcc3-/- mice have revealed that the main role of
MRP3 is pharmacokinetic, specifically the distribution of Phase II metabolites 15. For example, disrupted
tissue distribution of acetaminophen-glucuronide is seen in Abcc3-/- mice 16. Mrp3 is also a major
transporter of glucuronide conjugates of dietary phytoestrogens in mice, and MRP3 transports the
glucuronide conjugate of the common dietary supplement resveratrol in vitro 17,18. Also, murine Mrp3 has
been reported to be upregulated in the absence of Mrp2, which results in a compensatory increase in
efflux of morphine-3-glucuronide and bilirubin-glucuronide across the sinusoidal membranes of the liver
into blood instead of efflux of these metabolites across the canalicular membranes into bile. Recent
studies have implicated several ABCC3 polymorphisms in modulating morphine pharmacokinetics and
postoperative morphine-induced respiratory depression in children. However, the clinical relevance of
these findings have yet to be independently validated 19.
MRP4 (encoded by ABCC4) is distinct from the previously described MRP1-3 because it is a
short ABCC protein and thus lacks MSD0 (Section 1.1.1). However, like MRP1, MRP4 is also expressed
in many tissues throughout the body, with higher levels of MRP4 seen in the kidney, liver and brain.
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MRP4 is unusual in that its localization at the basolateral or apical membrane of polarized endothelial and
epithelial cells is cell and tissue specific. Studies using Abcc4-/- mice have provided important information
about the roles MRP4 plays in vivo. For example, Abcc4-/- mice have been reported to exhibit decreased
renal elimination of antiretroviral agents such as adefovir and tenofovir, as well as accumulation of the
chemotherapeutic topotecan in the brain and cerebrospinal fluid 20,21. Furthermore, MRP4 has been shown
to transport arsenic metabolites in vitro and has been strongly implicated in mediating their sinusoidal
export from the liver into the blood as well as subsequent renal elimination 22. MRP4 has also been shown
to transport several arachidonic acid derivatives including prostaglandins (PGE 1 and PGE 2 ) 23. Thus,
Abcc4-/- mice show a 50% decrease in plasma PGE metabolites associated with an increased pain
threshold compared to wild-type mice 24. Abcc4-/- mice are also slower to form blood clots than control
mice when cut 25. This latter phenotype has been attributed to increased cytosolic cAMP levels in platelets
which is thought to inhibit platelet activation. A recent study reported that long term anticoagulant
treatment with aspirin is associated with increased MRP4 levels in platelets26. The potential regulatory
role of MRP4 in hemostasis is intriguing and warrants further investigation.
Also a short MRP, ABCC5 was first cloned in 1997 27. A knock-out mouse model was generated
in 1999 28, but its function remained largely uncharacterized until recently. ABCC5 is ubiquitously
expressed at low levels in most tissues throughout the body with higher levels in the brain 29. In vitro,
ABCC5 was first reported to transport cyclic nucleotides, such as cGMP, methotrexate (MTX) and their
analogues as well as 5-fluorouracil 30,31. However, these initial findings were not fully reproducible. More
recently, studies using an untargeted metabolomics approach revealed that Abcc5-/- mice accumulate
higher levels of endogenous glutamate conjugates, some of which are neuroactive, in their tissues
compared to wild-type mice. In vitro, ABCC5 transports many solutes containing a glutamate or aspartate
moiety including neurotoxic glutamate analogues such as kainic and demoic acid32. The in vivo
importance of ABCC5 and its protective role against excitotoxic molecules needs to be further
investigated.
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The ABCC6 gene is located on chromosome 16 adjacent to ABCC1 suggesting that it may have
arisen from a gene-duplication event. However, unlike MRP1, ABCC6 has a much more limited tissue
distribution and is found mostly on the basolateral membrane of hepatocytes. In humans, lack of
functional ABCC6 is associated with Pseudoxanthoma elasticum (PXE), a rare genetic
hypermineralization disease which will be further discussed in Section 1.2.2 33. In vitro ABCC6 can
transport some of the same organic anions as MRP1, 2 and 3 (e.g. LTC 4 ), as well as several anti-cancer
drugs (e.g. etoposide) but these activities are unlikely to be relevant in vivo 34. Indeed, its in vivo
substrate(s) (and thus by inference the underlying mechanism of PXE) remained elusive for almost fifteen
years. Using an untargeted metabolomics approach similar to that used with ABCC5, Van de Wetering et
al. recently determined that the conditioned media of stably transfected cells expressing ABCC6
contained high levels of nucleotides 35. As well, the plasma levels of inorganic pyrophosphate (PPi) in
Abcc6-/- mice (which recapitulate a PXE phenotype) was decreased by >60% compared to wild-type mice.
It is currently thought that ABCC6 effluxes ATP across the plasma membrane which is then hydrolyzed
by ectonucleotidases to generate PPi. However, the direct transport of ATP by ABCC6 has not yet been
demonstrated and presents a conundrum, as it is difficult to conceive a mechanism by which an ATP
hydrolyzing protein can also transport ATP.
MRP7 (encoded by ABCC10) is a long ABCC transporter like MRP1 and has the least sequence
conservation among long ABCC members. Furthermore, it has been much less studied than MRP1 and
most other ABCC subfamily members. In vitro, MRP7 has been shown to transport several anticancer
agents including natural products such as docetaxel, vincristine (but, like MRP3, not anthracyclines) and
nucleoside analogues 36,37. It can also transport physiologic solutes common to many ABCC transporters
including E 2 17βG and LTC 4, but very inefficiently compared to MRP1 38 . The function of MRP7 in vivo
has not been well characterized but it may be important in taxane sensitivity, as Abcc10-/- mice have been
reported to experience greater toxicity, particularly of the bone marrow, spleen and thymus, when treated
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with paclitaxel 39 . Thus, it is possible that MRP7 plays a protective role in hematopoietic and lymphoid
tissues.
The short ABCC11 (sometimes referred to as MRP8) is primarily expressed in apocrine glands
and is most well known for its role as a determinant of earwax type and body odor (to be described further
in Section 1.2.2) 40. Like MRP1 and several other ABCCs/MRPs, ABCC11 transports organic anions such
as bile acids, sulfated steroids, E 2 17βG and LTC 4 in vitro 41. It has also been shown to confer in vitro
resistance against the anti-cancer drugs MTX, 5-fluorouracil and the synthetic macrocyclic ketone
analogue erebulin 42,43. However, there is no evidence that these in vitro transport properties of ABCC11
are clinically relevant and the mechanism underlying the earwax and body odor phenotype conferred by
ABCC11 mutations remains obscure. Because metabolomics have successfully uncovered in vivo
substrates of ABCC5 and ABCC6 it seems likely that application of this experimental approach would be
well suited to determine the elusive physiologic substrate(s) of ABCC11.

1.2. Human genetic disorders caused by ABCC mutations
1.2.1. Genetic disorders associated with non-transporting ABCC proteins
Naturally occurring mutations of three non-transporter ABCC genes, ABCC7/CFTR,
ABCC8/SUR1, and ABCC9/SUR2, underlie human genetic disorders due to their effects on protein level
or function. These disorders range in severity and some can be life-threatening.
ABCC7 encodes CFTR, a cAMP-regulated chloride channel. Although CFTR is classified as a
short ABCC protein, it contains an additional unique regulatory (R) domain, located between NBD1 and
MSD2. Phosphorylation of this R domain plays a critical role in channel opening 44. By controlling the
transmembrane movement of chloride ions, CFTR establishes an electrochemical gradient that drives
sodium secretion, and the resulting osmotic gradient drives water secretion. CFTR is largely expressed in
the epithelia of the lungs and digestive tract, where luminal water secretion is essential for mucociliary
clearance and excretion of digestive enzymes 45. Mutations in CFTR cause the severe autosomal recessive
10

disease cystic fibrosis (CF). Deletion of Phe508 (Δ508), located at the predicted interface between NBD1
and MSD2, is by far the most common CF causing mutation (~70%) 46,47,48. The ΔF508 mutation disrupts
this domain-domain interface resulting in global misfolding and thus enhanced degradation of CFTR in
the endoplasmic reticulum (ER) culminating in a reduction of CFTR at the plasma membrane 49.
Decreased levels of functional CFTR reduces water secretion and causes thick, sticky mucus to
accumulate in the lungs and pancreas leading to infections that eventually compromise lung function and
difficulty digesting food, respectively. As well, male patients with CF often have congenital bilateral
absence of the vas deferens 50. The average lifespan of CF patients is a dismal 40 years in developed
countries 51, largely because current treatment options for CF remain almost entirely limited to addressing
symptoms rather than the underlying cause. A substantial clinical breakthrough was made in 2012 with
the FDA approval of ivacaftor, a CFTR potentiator, for patients with relatively rare gating mutations (i.e.
G551D in NBD1), which cause non-functional CFTR to be expressed at the plasma membrane 52,53.
However, there remain no targeted drugs to treat CF caused by the vastly more common ΔF508 mutation.
Two other notable non-transporting ABCC proteins associated with genetic diseases are the
suphonylurea receptors SUR1 and SUR2 encoded by ABCC8 and ABCC9, respectively. Unlike other
ABCC proteins, the SURs act as regulatory proteins in K ATP channels. Thus, four SUR1 or SUR2
subunits form a hetero-octameric complex with four pore-forming units of the inwardly rectifying
potassium channels Kir6.1 or Kir6.2 54. These K ATP channels act as a metabolic sensor for stress in many
tissues as they open in response to decreased cellular ATP/ADP ratio 55.
SUR1 is mainly found in pancreatic β-cells, where it regulates the inwardly rectifying Kir6.2
(encoded by KCNJ11 ) K ATP channel and couples insulin secretion with blood glucose levels in order to
maintain blood glucose within the physiological range. Gain-of-function mutations in ABCC8 increase
whole cell K ATP currents and cause neonatal diabetes 56. In contrast, loss-of-function mutations decrease
whole cell K ATP currents and cause congenital hyperinsulinism (CHI) where insulin is continuously
secreted and lethal hypoglycemia results. Interestingly, mutations of the highly conserved
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SUR1 NBD2-E1506 can cause either neonatal diabetes or CHI depending on the mutation. Thus, SUR1E1506D/G causes increased Mg2+-nucleotide-dependent activation and neonatal diabetes whereas SUR1E1506K results in decreased Mg2+-nucleotide-dependent activation and CHI.
Two isoforms of SUR2 (SUR2A and SUR2B) are produced in a tissue-specific manner as a result
of alternative usage of C-terminal exons 39 and 40 of ABCC9, respectively. Consequently, the SUR2
splice variants have the same molecular weight (174 kDa). SUR2A largely regulates cardiac and skeletal
muscle (Kir6.2) K ATP channels. These K ATP channels have a protective role during exposure to severe
metabolic stress or ischaemia because the increase in K+ efflux reduces muscle contractility to conserve
intracellular energy stores and prevent calcium overload 57. SUR2B mainly regulates K ATP channels in
smooth muscle (Kir6.1 encoded by KCNJ8), where it induces vasodilation of vascular smooth muscle in
response to metabolic stress as well as in the brain where it may be important for neuronal excitability.
Certain mutations in NBD2 of ABCC9 are associated with idiopathic dilated cardiopathy, likely
because of reduced overall levels and ATP hydrolysis function of the mutant SUR2A 58. Gain-of-function
mutations resulting in increased stability of the channel in its open conformation and/or augmented
Mg2+-nucleotide activation of ABCC9, particularly at Arg1154 in MSD2 (most commonly R1154Q or
R1154W) cause Cantu syndrome 59,60. Clinically, the very rare Cantu syndrome is characterized by
congenital hypertrichosis, osteochondrodysplasia and various cardiopathologies such as pulmonary
hypertension and patent ductus arteriosus. This wide range of symptoms is likely a result of changes in
function of both SUR2A and SUR2B.
Of the eight transporters in the ABCC subfamily, only ABCC6, ABCC2/MRP2 and ABCC11 are
associated with human genetic disorders. These disorders tend to be less severe than the diseases
associated with non-transporting ABCC proteins and are described below.

1.2.2. Genetic disorders associated with transporting ABCC proteins
As briefly mentioned in Section 1.1.2, mutations of ABCC6 cause the hypermineralization
disorder PXE 61,62. The etiological basis of PXE was a puzzle for many years, as it was unclear how the
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absence of a liver transporter could result in a metabolic disease with no liver-based symptoms. However,
as previously described, van de Wetering et al. discovered that the absence of ABCC6 is associated with
low levels of the circulating antimineralization factor PPi, which inhibits ectopic hydroxyapatite crystal
growth. PXE is characterized by deterioration and subsequent mineralization of elastic fibres throughout
the body; most notably in the eyes, skin and arteries 63. Mineralization of Bruch’s membrane in the retina
can result in vision loss 64. Increased arterial calcifications in the intercranial internal carotid artery and
arteries of the lower leg can cause occlusions resulting in increased morbidity and mortality65. The
R1314W mutation in NBD2 of ABCC6 causes the particularly severe phenotype of generalized arterial
calcification of infancy type 2, symptoms of which include early myocardial infarction, heart failure,
stroke and premature death 66. Currently, the use of bisphosphonates and oral pyrophosphate
supplementation shows some promise as treatment for this disease; however, further studies and clinical
trials are necessary 67.
Naturally occurring mutations in the ABCC transporters MRP2 and ABCC11 have more benign
clinical consequences than ABCC6 mutations. Thus, mutations of MRP2, the main function of which is to
secrete bilirubin glucuronides and bile salts from hepatocytes into bile, result in the relatively benign DJS.
Individuals with DJS are usually asymptomatic and have normal life expectancies. Clinically, DJS is
usually characterized by chronic conjugated hyperbilirubinemia and a darkly pigmented liver although
some individuals experience recurrent jaundice 68. Mutations of ABCC2 that cause premature truncations
and complete loss of MRP2 protein (i.e. MSD0-R100X) result in more severe forms of DJS 69.
Finally, as briefly mentioned (Section 1.1.2), ABCC11 is expressed in apocrine glands and
variations in ABCC11 levels determine apocrine gland size, earwax type and armpit odour. The nonsynonymous polymorphism rs17822931 (538G>A) changes the glycine at positon 180 in MSD1 to an
arginine which results in enhanced proteosomal degradation of the protein and thus disruption of its
presumed transport function 70. The disabling G180R homozygous phenotype is common in Asian
populations and is associated with small apocrine glands, dry earwax and greatly diminished armpit
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sweating and odor. As described in Section 1.1.2, ABCC11 can transport a variety of substrates in vitro;
however, the exact function of this protein in vivo has not been elucidated and will certainly remain so
until the physiological solute(s) responsible for the phenotypic differences are identified.
No genetic disorders are associated with mutations in the remaining ABCC transporters: MRP1,
MRP3, MRP4, ABCC5, and MRP7. However, several polymorphisms in these genes have been reported
to be associated with differences in individual responses to a variety of drugs and xenobiotics, which in
turn may help to explain variance in toxic side effects and efficacy although robust evidence for this is
still lacking19,71,72,73.

1.3. Physiological, toxicological and pharmacological roles of MRP1
1.3.1. Physiological roles of MRP1
As previously mentioned, MRP1 is expressed in most tissues, particularly in the lung, kidney,
peripheral blood mononuclear cells and skeletal muscle 74. As described Section 1.1.2, in vitro studies
assessing ATP-dependent uptake into inside-out membrane vesicles and accumulation in intact cells have
identified many structurally diverse physiological molecules as substrates of MRP1. However, it is
important to note that only a small portion of in vitro substrates have been validated in vivo. Additionally,
the use of Abcc1-/- mice to assess MRP1 function in vivo has some limitations because there are notable
differences in the substrate specificity of primate MRP1 proteins and their non-primate orthologs. For
example, mouse and other non-primate Mrp1 are very poor transporters of E 2 17βG and confer little to no
resistance against anthracycline drugs 75,76.
Physiologically occurring solutes transported by MRP1 include folic acid, an essential vitamin
needed for DNA and RNA biosynthesis, as well as certain conjugated prostaglandins 77,78. Other in vitro
studies suggest that MRP1 also transports bilirubin and may protect the brain from the neurotoxic effects
of unconjugated bilirubin during episodes of jaundice 79,80. Recently, sphingosine-1-phosphate, which is
needed extracellularly to signal through G protein coupled receptors to regulate cell growth, migration
14

and survival , has been reported to be transported by MRP1 in vitro 81,82. However, these results need
independent corroboration and in vivo validation because this would be extremely unusual as there are no
other known MRP1 substrates containing phosphate moieties.
On the other hand, E 2 17βG, estrone sulphate (E 1 3SO 4 ), and LTC 4 are three well established and
characterized substrates of MRP1 which are frequently used as substrates of choice for functional studies
in vitro because they are available in radioactive form 83,84. E 2 17βG is a glucuronide conjugate of the
major female sex hormone estradiol formed mostly in the liver and is readily excreted in urine. The
inactive E 1 3SO 4 is a sulphated estrone derivative that acts as a reservoir and can be drawn upon and
converted when needed to the active estradiol or estrone. As of yet, neither E 2 17βG nor E 1 3SO 4 have
been shown to be transported by MRP1 in vivo. In contrast, LTC 4 is one of the highest affinity substrates
of MRP1 and is generated by the conjugation of LTA 4 with GSH. LTC 4 is usually excreted by MRP1
from myeloid-derived cells where it is metabolized to LTD 4 which in turn interacts with CysLT receptors
to activate leukocytes and chemokine production as well as induce circulatory and respiratory
constriction 85. Mice lacking Mrp1/Abcc1 have impaired immune responses associated with decreased
LTC 4 efflux 86,87. LTC 4 has also been reported to act in an intracrine manner to induce NADH/NADPH
oxidase 4 (NOX4)-mediated DNA damage in times of oxidative stress 88.
A recent report suggests that MRP1 has a role in corticosterone transport in vivo, as
corticosterone accumulates in the adipose tissues of Abcc1-/- mice relative to wild-type 89. Also, multiple
studies have also shown that MRP1 transports the ubiquitous physiologic peptides implicated in redox
homeostasis, namely GSH and glutathione disulphide (GSSG) 90. GSH is a tripeptide (γ- Glu-Cys-Gly)
that is involved in enzyme function, signal transduction, apoptosis and protein biosynthesis and assembly
as well as neutralizing reactive oxygen species in the cell 91. Despite the low (mM) affinity of MRP1 for
GSH, physiologic concentrations are sufficient to support its transport but various bioflavonoids
(e.g. apigenin) as well as several calcium channel blockers (notably verapamil) can markedly stimulate
MRP1-mediated GSH efflux, at least in vitro 92,93. GSH can also increase the efficiency of transport for
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several MRP1 substrates by decreasing K m through a mechanism which is poorly understood. For
example, although E 1 3SO 4 can be transported alone, the presence of GSH increases MRP1 affinity for
E 1 3SO 4 by more than 5-fold 94,95. By the action of GSH peroxidase, two GSH molecules react to form
GSSG and then GSSG can either be reduced back to GSH by GSH reductase or effluxed from the cell by
MRP1 96,97. Furthermore, Abcc1-/- mice have been reported to have significantly impaired release of GSSG
from aortic endothelium98.

1.3.2. Association of MRP1 with human diseases
Given its role in various physiological processes, it is not surprising that MRP1 is associated with
a variety of human pathologies ranging from viral infections to neurodegenerative disorders. There is
evidence that MRP1 could both contribute to and protect against diseases. One example concerns the
reactivation of the latent form of human cytomegalovirus (HCMV), which often occurs in
immunocompromised patients, such as those with AIDs or organ transplant recipients, resulting in high
mortality 99. Unfortunately, HCMV infection is extremely difficult to detect, making it difficult to identify
at risk individuals. Using a proteomics approach, one group reported that MRP1 levels were decreased
more than 6-fold in undifferentiated myeloid cells containing latent HCMV 100. It was suggested that this
might provide an opportunity for treatment because cytotoxic substrates of MRP1, such as vincristine,
should accumulate more in MRP1 deficient cells harbouring HCMV than in healthy cells. However, this
study has yet to be followed up and the mechanism underlying the HCMV-associated decrease in MRP1
levels remains unknown.
Several recent studies have suggested that MRP1 may also play a protective role in Alzheimer’s
disease, a neurodegenerative disorder characterized by memory loss as well as difficulties with
communication. It is widely accepted that abnormal accumulation of amyloid beta (Aβ) plaques in the
brain is associated with the onset of Alzheimer’s disease 101. Using a mouse model that expresses human
Aβ precursor protein (APP) and presenilin-1 (PS1), Krohn et al. reported that APP/PS1/Abcc1-/- mice
showed a significant increase in number and size of Aβ plaques compared to APP/PS1 controls 102. They
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also observed that treatment with thiethylperazine, a phenothiazine antiemetic shown by them to stimulate
Mrp1-mediated Aβ efflux, reduced the Aβ burden in APP/PS1 mice by 25%. However, the mechanism
underlying this decrease in Aβ is unclear and because of its large size (~45 aa) it is exceedingly unlikely
that it is directly transported by MRP1. Thus, the mechanism underlying the possible protective role of
MRP1 in Alzheimer’s disease needs to be further investigated.
At one time it was also proposed that MRP1 could play a role in chronic obstructive pulmonary
disorder (COPD), a lethal inflammatory lung disease usually seen in long-term smokers. This was likely
based on the ability of MRP1 to efflux the pro-inflammatory LTC 4 . One study reported that MRP1
protein levels were lower in the bronchial epithelium of COPD patients than in healthy controls and
further, that MRP1 levels were negatively correlated with disease severity103. However, this was a small
study (i.e. n ≤11 for each patient group) and these findings have not yet been independently corroborated.
As well, studies where the predictive values of ABCC1 polymorphisms in patients with COPD were
investigated have yielded inconsistent results. Thus, one study by Siedlinski et al. reported that patients
homozygous for the ABCC1 SNP rs4148382 had less inflammation and better lung function than
heterozygotes and patients lacking the SNP, whereas the ABCC1 SNP rs212093 was associated with
worse lung function (both SNPs are located in the 3’-untranslated region of ABCC1) 104. However, a later
study done by Budulac et al. reported the opposite associations for both of these non-coding ABCC1
SNPs 105. As of now, the role of MRP1 in COPD remains uncertain and large well-designed studies are
needed to validate or refute its possible involvement in this disease.
Finally, MRP1 has recently been implicated in the etiology of diabetes and atherosclerosis by two
different groups. As mentioned above (Section 1.3.1), MRP1 is thought to be the main exporter of the
pro-oxidant GSSG in endothelial cells, and it has been suggested that MRP1 may contribute to
endothelial cell dysfunction caused by ROS due a diminished cellular thiol pool 106. Neuser et al. have
reported that Abcc1-/- mice are largely protected against endothelial dysfunction after the induction of
diabetes by streptozoticin. In their study, Abcc1-/- mice had significantly less aortic ROS production than
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their wild-type counterparts. Mice lacking Mrp1 also had significantly higher aortic levels of GSH and
significantly more endothelial-dependent vasodilation 107. Similarly, Tiyerili et al. reported that LDLr-//Abcc1-/- mice had significantly decreased overall atherosclerotic plaque burden and blood pressure
compared to LDLr-/- single knock-out mice 108. If these intriguing findings can be independently
corroborated, MRP1 inhibition may be a potential therapeutic approach to protect against endothelial cell
dysfunction caused by diabetes or atherosclerosis.

1.3.3. Toxicological roles of MRP1
In addition to transporting many physiological and pharmacological solutes, MRP1 serves to
prevent the accumulation of certain toxins in tissues by effluxing these molecules out of cells. MRP1 is
found at high levels at several tissue interfaces and protects ‘sanctuary site tissues’ such as the bloodcerebral spinal fluid (CSF) barrier, the blood-testes barrier and possibly the maternal-fetal interface at the
placenta 109,110. Tribull et al. have reported that overexpression of human MRP1 in murine NIH3T3 cells
makes them 2- to 3-fold more resistant to the highly hydrophobic pesticides fenirothion, chlorpropham
and methoxychlor, although the underlying mechanism is unknown 111. MRP1 may also protect against the
toxic effects of methoxychlor on testicular morphology, as Abcc1-/- mice showed greater damage to their
seminiferous tubules after chronic exposure to methoxychlor than wild-type mice. In vitro, MRP1 is also
a high affinity transporter of GSH conjugated aflatoxin B 1, as well as a low level transporter of the parent
compound, a potent carcinogen produced by the mould Aspergillus flavus 112. However, one study has
reported that Mrp1 does not protect against aflatoxin B 1 carcinogenicity in vivo 113.
MRP1 has been reported to efflux GSH conjugated arsenic and mercury metabolites, at least in
vitro, and therefore may protect tissues from the toxicity of these heavy metals. In vitro, MRP1 transports
the triglutathione conjugate of arsenite and the diglutathione conjugate of monomethylarsonous acid, and
decreases cellular sensitivity to these cytotoxic compounds 114. As well, Abcc1-/- mice have been reported
to be more sensitive to sodium arsenite, sodium arsenate and antimony potassium tartrate 115. A study of
95 Turkish smelter workers found that the presence of the ABCC1 non-synonymous SNP rs4148330
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(MSD1-T556A) was associated with a decrease in urinary arsenic clearance suggesting a possible role in
susceptibility to arsenic toxicity116. MRP1 has also been reported to transport GSH conjugated
methylmercury (MeHg) in placental syncytiotrophoblasts.
MRP1 may also play an important defensive role in protecting normal tissues in which it is
expressed from cytotoxic drugs, reducing negative side effects. Evidence that this might be the case
comes from several genetic studies of ABCC1 polymorphisms. A few studies have reported that noncoding polymorphisms in ABCC1 are associated with the prevalence and severity of toxic side effects
during chemotherapy. For example, in a study of 882 women receiving cyclophosphamide and
doxorubicin for treatment of breast cancer, four non-coding ABCC1 polymorphisms (rs35596, rs4148354,
rs2889517, rs11861115) were associated with both increased and decreased risk gastrointestinal
toxicity 117. In this study, women carrying the A allele of rs11861115 had a decreased risk of
gastrointestinal toxicity. The ABCC1 polymorphism rs3743527TT, located in the 3’UTR, may also be
weakly associated with protection against anthracycline-induced cardiotoxicity, as reported by one group
in a study of 235 children treated for acute lymphoblastic leukemia 118.
Relevant to the above genetic studies, it has been reported that Abcc1-/- mice chronically treated
with doxorubicin experience significantly more cardiotoxicity than wild-type mice 119. However, the
mechanisms underlying this observation need to be further investigated because, as previously mentioned,
murine Mrp1 does not transport doxorubicin. Nevertheless, overall, the in vitro data support the idea that
MRP1 plays a protective role in at least some tissues by preventing the build-up of harmful exogenous
compounds through active efflux. However, the clinical importance of this role, especially in determining
potential side effects from chemotherapy, needs to be further investigated in larger studies.

1.3.4. MRP1 and drug transport and disposition
As mentioned in Section 1.1.2, MRP1 was first cloned in 1992 by Cole et al. 120 and was
associated with the multidrug resistance observed in the doxorubicin-selected H69AR small cell lung
cancer cell line. Cole et al. determined that a 6.5 kb mRNA transcript was elevated 100 to 200 fold in
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H69AR cells relative to its sensitive parental H69 cell line. This increase in mRNA resulted from the
amplification of the ABCC1gene which was mapped to chromosome 16p13.11-p13.12 and later shown to
encode the 190 kDa phosphoglycoprotein MRP1. MRP1 is now known to transport a wide variety of
therapeutic agents, at least in vitro. In healthy tissues, MRP1-mediated transport of therapeutics can
influence the tissue distribution of a variety of drugs including antivirals and antibiotics as summarized in
Table 1.2. MRP1 expression can be elevated in tumour cells, both in vitro and in vivo, where it can confer
multidrug resistance by reducing intracellular anticancer drug accumulation through active efflux (Table
1.3). The transport of drugs by MRP1 is an important clinical concern because MRP1 may prevent them
from attaining the intracellular concentrations needed to exert their therapeutic effects. Many of the
studies published to date on MRP1-associated resistance in patient populations need to be independently
validated before their clinical relevance in cancer and other diseases can be assured.

Table 1.2. Non-antineoplastic drugs to which MRP1 is reported to confer resistance.
Class of drug
Neuro Acting

Antibiotics/
Antivirals

Reagent/ substrate
Sodium phenytoin 121,122
valproic acid121,122

Comment
Anti-epileptic (causes voltage-dependent block of
voltage gated sodium channels)*
Anti-epileptic (GABA inhibitor)*

Ritonavir, Saquinavir 123

Anti-HIV protease inhibitors

Grepafloxacin 124,125
(withdrawn from market)

Fluoroquinalone (targets DNA gyrase)

Cryptotanshinone 126

STAT3a inhibitor; not FDA approved
Eastern medicine used to treat coronary
heart disease, stroke and less
commonly Alzheimer's disease

Cardiovascular

Anti-Leishmanial

Sodium arsenite131
Sodium arsenate131
Mechanism of action unknown
Potasium antimony tartrate131

Meglumine antimoniate 127
* Controversial; no independent corroboration.
a
Signal transducer and activator of transcription factor 3
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Table 1.3. Anti-cancer agents which MRP1 is reported to confer resistance to.

Anticancer drug
class
i) Conventional
Cytotoxic
Alkylating agents

Topo II targeting

Topo I inhibitors

Microtubule targeting

Reagent/ Substrate

Comment

Temozolomide 128
Chlorambucil 129
(GS-conjugates)
Melphalan
(GS-conjugates)
Busulfan 130
Epirubicin 131
Doxorubicin
Daunorubicin
Etoposide
Mitoxanthrone
Irinotecan 132
SN-38 133
Camptothecin 134

Triazene
Nitrogen mustard
Nitrogen mustard

Paclitaxel (taxol)
Vinblastine
Vincristine

ii) Targeted Agents

Trastuzumab-maytansinoid 135
Imatinib 136

iii) other

Methotrexate 137
Arsenic trioxide 138,139
Flutamide 140
Pyropheophorbide-α methyl
ester (MPPa)-mediated
photodynamic therapy 141

Alkyl sulfonate*
Anthracycline
Anthracycline
Anthracycline
Alkaloid
Anthracenedione
Camptothecin analog
More potent metabolite of irinotecan
Alkaloid
Prevents disassembly of microtubules
(weak resistance)
Inhibits microtubule formation (weak
resistance)
Inhibits microtubule formation (strong
resistance)
Anti-HER2 antibody conjugated to a
microtubule-targeting drug
(Gleevec) inhibits BCR-ABL tyrosine
kinase
Folic acid analog
Metalloid
Anti-androgen
MPPa: photosensitizer derived from
chlorophyll (osteosarcoma only)
Non-ribosomal metal-chelating peptide
that mediates DNA single strand breaks

Bleomycin 142
* Controversial; not independently corroborated
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1.3.5. MRP1 in cancer and its modulation by small molecule inhibitors
There is consensus that the ABC proteins P-glycoprotein (P-gp/ABCB1) and ABCG2 (also known
as breast cancer resistance protein (BCRP) encoded by ABCG2), are the most widely involved in clinical
drug resistance 143. Of the ABCC subfamily members however, MRP1 is most implicated in the
development of clinical drug resistance as previously reviewed. MRP1 is able to transport hydrophobic
and cationic chemotherapeutics including the natural product drugs (vincristine, doxorubicin, etoposide)
but, unlike P-gp and ABCG2, requires the presence of GSH to do so 144. When it was discovered that ABC
proteins could contribute to clinical anti-cancer drug resistance, there was much industrial interest in
creating products to inhibit these proteins. However, as explored below, no clinical trials have been
published investigating MRP1 selective inhibitors, largely because of the failure of trials conducted with
P-gp inhibitors as well as disappointingly inconsistent results on establishing the validity of MRP1 as a
useful biomarker in cancer treatment and response.
Original clinical trials aimed at circumventing drug-transporting ABC proteins focused on small
molecule inhibitors of P-gp. Many of these P-gp inhibitors investigated, such as BiricodarTM (VX-710),
DofequidarTM (MS209) and TariquidarTM (XR9576), have also been reported to have some inhibitory
effect on MRP1, at least in vitro 145. However, their potency is usually much lower for MRP1, and it is
unlikely that achievable plasma levels of these modulators would be sufficient to induce a response.
Generally, clinical trials have not convincingly show that combining P-gp inhibitors with chemotherapy
has significant clinical benefit 146,147,148. The majority of P-gp inhibitors tested thus far exhibited
unacceptable toxicities, at least in part, because of pharmacokinetic interactions with the co-administered
anticancer drugs. Many researchers agree that poor trial design is at least partially to blame for the
disappointing results. For example, some clinical trials included drugs that were not substrates of ABC
transporters and patients were rarely stratified based on their levels of relevant ABC transporters. Because
of these issues, and despite the initial excitement, there have been no clinical trials of MRP1 small
molecule inhibitors reported in the literature in the past 25 years. For example, the highly potent and
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MRP1-selective, GSH-dependent inhibitor LY475776, and related tricyclic isoxazoles, were never tested
in a clinical trial despite promise in pre-clinical studies 149.
Nevertheless, academic interest persists and studies continue to be published describing potential
novel MRP1 inhibitors. For example, some groups have been interested in taking advantage of ‘collateral
sensitivity’, a strategy based on the possibility that adaptive elevation of MRP1 expression may make
chemotherapy resistant tumour cells more sensitive to other drugs 150. As mentioned earlier, certain
bioflavonoids can be used to stimulate GSH efflux by MRP1 and the resulting GSH depletion has been
reported to cause cell death 151. Recently, one group reported that in vitro, bioflavonoid dimers are 50-100
times more potent triggers of cell death than their corresponding monomers 152. One flavonoid dimer
tested was extremely selective and killed MRP1 overexpressing cells (both stably transfected and drug
selected) at a selective ratio of 1000:1 compared to cells with low MRP1 levels. This toxicity is likely due
to the ability of these dimers to deplete GSH via efflux by MRP1. However, it is important that the
specificity of these flavonoid dimers are confirmed in vivo as GSH depletion in normal cells is toxic. For
example, in the 1990’s, clinical trials for buthionine sulphoximine, an inhibitor of GSH biosynthesis,
were cut short because of unacceptable toxicity 153.
Despite the continuing academic interest, the initial excitement about the potential therapeutic
benefit of inhibiting drug-transporting ABC proteins, such as MRP1, in human cancers has waned,
particularly in the pharmaceutical community. Nevertheless, many studies have suggested that increased
MRP1/ABCC1 mRNA and/or protein levels might be correlated with poor prognosis and decreased
overall survival in several types of cancer. However, these studies generally lack independent validation.
Pajic et al. have reported that the rare non-synonymous ABCC1 SNP (NBD2-G2012T), which causes
reduced MRP1 levels, is associated with significant increases overall survival in children with
neuroblastoma 154. Additionally, MRP1 levels have been suggested to hold prognostic value in
hematologic cancers. Recently, Paprocka et al. reported that only 14% of acute myeloid leukemia patients
expressing high levels of MRP1 protein in leukemic stem cells achieved complete remission compared to
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42 % of patients with low MRP1 levels in stem cells 155. Additionally, an association between MRP1
levels and treatment response has been shown in one study of chronic myeloid leukemia (CML). Thus, in
a study of 224 CML patients treated with tyrosine kinase inhibitors (TKIs), such as imatinib and
dasatinib, patients that experienced treatment failure had significantly higher MRP1 levels in blood
samples analysed using flow cytometry than those that responded well to the TKIs 156. These more recent
studies are intriguing and independent validation will determine if they are clinically relevant. Recently,
MRP1 levels have also been associated with disease progression and treatment response in soft tissue
sarcomas (STS). Thus, one group reported that in 102 STS patients treated with anthracycline-based
therapy, only 33% of patients with elevated levels of MRP1 mRNA in their tumours experienced 5 years
of recurrence-free survival compared to over 60% of patients with lower MRP1 transcript levels 157.
However, again, these findings have not been independently corroborated and furthermore, since mRNA
levels do not always correlate well with protein levels, further studies in which MRP1 protein is measured
are needed.
In summary, patient-based studies to date have reported disappointingly inconsistent results with
regard to the use of MRP1 mRNA and protein levels as determinants of treatment response in cancer. As
well, large proteomic-based studies done in recent years have not identified MRP1 as a prognostic marker
in cancer 158. After a promising beginning, it is beginning to appear unlikely that MRP1 levels by
themselves are broadly relevant prognostic marker for response to chemotherapeutics.

1.4. MRP1 structure-function relationships
Since the 5-domain structure of MRP1 was first recognized in 1992, and its broad substrate
specificity elucidated in subsequent years, there have been an abundance of structure-function studies
using site-directed mutagenesis aimed at understanding the structural basis for its distinctive properties.
As previously described in Section 1.1, and shown in Figure 1.1, MRP1 has a core structure
composed of two MSDs and two NBDs which are linked by CRs. As a long ABCC protein, MRP1 also
has a third NH 2 -proximal MSD0. The MSDs are made up by TM α-helices linked by cytoplasmic loops
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(CLs) which also join MSD0 to MSD1. What follows is a review of selected mutagenesis studies and
what they revealed about the functions of the 17 TMs comprising the three MSDs, the CLs joining them,
and the NBDs of MRP1.
1.4.1. Investigations into the function of the MSDs of MRP1
In MRP1, like other ABC transporters, MSD1 and MSD2 are assumed to contain the majority if
not all of the binding sites for its substrates as well as form the translocation pathway through which these
solutes are effluxed. Based on both crystal and cryo-EM structures of multiple prokaryotic and eukaryotic
ABC proteins, it is now known that this ‘pore’ is formed by two TM bundles, each of which contains
TMs from both MSD1 and MSD2. TM bundle 1 contains TM α-helices 6-8 and 11 from MSD1 as well as
TM α-helices 15 and 16 from MSD2. TM bundle 2 contains TM α-helices 9 and 10 from MSD1 and
12-14 and 17 from MSD2. These bundles move relative to one another during the various conformational
changes of the transporter which occur when MRP1 binds its substrates and ATP on the cytosolic side of
the plasma membrane, and subsequently releases ADP (and Pi) into the cytosol after hydrolysis and its
substrates into the extracellular environment. Most, if not all, substrates access their binding sites in
MRP1 from the cytoplasm because of their hydrophilicity and because both physiologic substrates
(i.e. LTC 4 ) and conjugated xenobiotics/organic anions are formed there. This contrasts with P-gp whose
mostly hydrophobic substrates access their binding sites by partitioning through the plasma membrane
and then passing through so-called portals in the side of the transporter 159. There is also strong
biochemical evidence that MRP1 contains at least four pharmacologically distinct substrate (and
inhibitor) binding sites with varying degree of structural overlap, based on studies of mutations that cause
global or substrate-selective effects on MRP1 function as well as results of substrate competition transport
assays22,160. For example, same charge mutations of TM6-Asp336 results in a global decrease in MRP1
vesicular transport of five organic anions (LTC 4 , GSH, E 2 17βG, E 1 3SO 4 , and MTX) whereas mutations
of the nearby Lys332 and His335 affect only the transport of substrates containing GSH, notably LTC 4 161,160.
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In contrast, mutations of Trp1246 in TM17 selectively eliminate transport of E 2 17βG and MTX while
having a much lesser effect on LTC 4 transport.
The NH 2 -proximal MSD0 of MRP1 does not appear to contribute structurally to its substrate
translocation pathway in any major way and although certain mutations in the TMs of MSD0 have been
shown to affect the substrate selectivity of MRP1, the complete removal of MSD0 (aa 1-203) has little
effect on MRP1 transport activity and does not disrupt its plasma membrane localization, at least in
certain cell types 162,163. This contrasts with SUR1 (ABCC8) where MSD0 is the anchor which connects it
to Kir6.2 and the absence of MSD0 prevents SUR1 from localizing to the plasma membrane 164.
Many amino acids in the TMs of the MSDs have been reported to disrupt the levels or function of
MRP1 when mutated. For example, Ala-substitutions of Pro and Trp residues in both MSD1 (TM6-Pro343,
TM8-Trp445 and Pro448, TM10-Trp553 and Pro557, TM11-Pro595) and MSD2 (TM14-Pro1088 and
TM16-Trp1198) significantly reduced the MRP1-dependent transport of a variety of organic anion
substrates 165,166. Additionally, Ala substitutions of Trp142 (MSD0) and Pro1113 (MSD2) significantly
reduced total MRP1 levels165,166. Other mutations of charged amino acids in the TMs of MSD1 and MSD2
have also been shown to be important for activity161,167, consistent with the conclusion that these domains
contain substrate binding sites.

1.4.2. Investigations into the function of the CLs of MRP1
In addition to the TM α-helices, the CLs connecting them have also been shown to contain amino
acids critical for both stable expression and function of MRP1. CL3 (aa 204-315) (sometimes referred to
as L 0 ) connects TM5 of MSD0 to TM6 of MSD1 and the NH 2 -proximal portion of CL3 (at least aa
204-214) has been shown to be necessary for both normal expression and function of MRP1162,163. Of the
other CLs, CL5 and CL7 have been particularly well studied in MRP1 (Figure 1.3).
CL5 links TM9 and TM10 of MSD1 and several charged amino acids in this region have been
reported to be critical for both MRP1 transport function and stable expression. Thus, while Alasubstitutions of Arg501, Glu507, Arg532, and Gly511had no effect on MRP1 levels, they greatly reduced
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LTC 4 and E 2 17βG transport (by 50-70%) 168. In contrast, other Ala-substitutions of Lys513, Lys516, Glu521
and Glu535 in CL5 caused significant decreases in MRP1 levels. Based on crystal structures and human
MRP1 atomic homology models of bacterial ABC transporters, these latter residues were postulated to
participate in critical interactions with NBD2. This idea was corroborated by showing that mutating
NBD2 amino acids at its predicted interface with CL5 also decreased MRP1 levels. In addition, levels of
the poorly expressing CL5 mutants could be rescued by exposure to the chemical chaperone 4phenylbutyric acid (4-PBA) and subsequent functional studies determined that the rescued K513A protein
transported E 2 17βG and LTC 4 at levels comparable to wild-type, whereas the 4PBA-rescued E521A and
E535A mutants were 50% deficient in their transport activity. Subsequent kinetic analyses revealed that
the E535A mutant had reduced affinity for its substrates (E 2 17βG, LTC 4 ) whereas the E521A mutant had
altered kinetic interactions with ATP169. As well, limited trypsin digests showed that, despite their
stability, the 4PBA-rescued mutants were not folded the same as wild-type MRP1. K516A was an
especially disrupting mutation because it was the only non-expressing CL5 mutant that could not be
rescued by treatment with 4-PBA. When K516A was expressed at levels comparable to wild-type MRP1
in a permissive insect cell host, it was shown that the mutation decreased MRP1- mediated transport of
E 2 17βG and LTC 4 due to a decrease in affinity (K m ) for those substrates 170. Therefore, it appears that
charged residues within CL5 have roles in the inter-domain interactions required for proper MRP1 folding
as well as in its substrate recognition and transport function.
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Figure 1.3. A two-dimensional illustration highlighting several cytoplasmic loops on MRP1.
Shown is a cartoon representations of the domain structure of human MRP1 with CL3, CL5 and CL7
enlarged. The colours of the domains are consistent with the illustration of MRP1 in Figure 1.1:
MSD1/NBD1 are green, CR1 is orange, MSD2/NBD2 are blue and CR2 is red.

CL7 links TM15 to TM16 of MSD2 and, like CL5 in MSD1, its integrity is also important for the
stable expression and function of MRP1. When the positively charged Arg1138, Lys1141, and Arg1142 in CL7
were mutated to like and opposite charged amino acids, little or no effect on MRP1 levels was
observed 171. However, all of these mutations decreased apigenin-stimulated GSH transport by more than
40% and most of the mutations decreased E 2 17βG and LTC 4 transport by more than 50%. When seven
more charged residues in CL7 were replaced with Ala, a variety of phenotypes were observed. For
example, levels of the R1166A and D1183A mutants were significantly reduced to just 10-20% of wildtype MRP1. However, the phenotype of the same charge mutant R1166K was comparable to wild-type
MRP1, whereas levels of D1183E remained low172. This exceptional sensitivity to alteration indicates that
not only the negative charge but also the size of the amino acid side chain at position 1183 is critical for
normal biosynthesis of MRP1. In addition to charged residues, mutations of Pro1150, located near the
junction of TM15 and CL7, more than double E 2 17βG (due to a 4-fold increase in affinity) and MTX
transport by MRP1while having little effect on LTC 4 transport. This dramatically increased transport was
associated with the enhanced release of ADP after ATP hydrolysis in these mutants but the molecular
mechanism by which this substrate-selective effect occurs is still not known 173. Taken together, these
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studies provide convincing evidence establishing the critical importance of CL7 to the levels and function
of MRP1.
Crystal structures of bacterial ABC transporters showed that their CL equivalents to human CL5
and CL7 are in close proximity to NBD2 and NBD1, respectively, supporting the conclusion that portions
of human CL5 and CL7 mediate important domain-domain contacts between the MSDs and NBDs
needed for normal MRP1 folding and transport processes.

1.4.3. Investigations into the function of the nucleotide binding domains of MRP1
The cytoplasmic NBDs of MRP1 are responsible for the binding and hydrolysis of ATP which in
turn powers substrate translocation across the lipid bilayer. The NBDs of all ABC proteins are
characterized by the presence of three conserved motifs. The Walker A (W A ) and Walker B (W B ) motifs
are found in many ATPases 174. The W A motif has the sequence G/AXXXXGKT/S (where ‘X’ is any
amino acid), and the W B motif has the sequence hhhhD/E (where ‘h’ is any hydrophobic amino acid).
The third motif (LSG/VGQ) is found only in ABC proteins located just upstream of the W B motif and is
called the ‘active transport’ or ABC signature motif 175.
There is now unequivocal evidence that the two NBDs of ABC transporters, including MRP1,
come together as a so-called dimer and form two ATP binding sites at the interface between them. In
many ABC transporters these sites are more or less equivalent in their ability to bind and hydrolyse ATP.
However, in MRP1 and most other ABCC proteins as well as several ABCB proteins, these sites are
functionally distinct and only one site (the so-called consensus site) has substantial ATP-hydrolyzing
activity while the other (the so-called degenerate site) has high affinity for ATP but very poor hydrolyzing
activity 176,177,178. The degenerate site is composed of the W A and W B motifs of NBD1 and the signature
motif of NBD2 whereas the consensus site is composed of the W A and W B motif of NBD2 and the
signature motif of NBD1 179,180.
When most ABC proteins are in the ATP-bound state, the W A and signature motifs directly
contact an ATP molecule 181. The W B motif provides a conserved Asp residue that coordinates with Mg2+
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as well as an adjacent Glu which activates the nucleophilic attack of ATP via a water molecule 182.
Differences in the ATP affinity and ATPase activity between the consensus and degenerate nucleotide
binding sites in MRP1 (and its homologues) are likely explained by differences in the sequences of the
ATP binding motifs. In the degenerate site there is an Asp residue directly following the W B motif
(hhhhDD) instead of the more common Glu as found in the consensus site (hhhhDE). It has been reported
that a Glu following W B motif allows for greater ATP hydrolysis at the consensus site, whereas an Asp
allows for greater ATP binding at the degenerate site. The distinct functions of the two ATP binding sites
is important for normal MRP1 function as MRP1 transport activity is greatly diminished when the Glu in
the consensus site is mutated to an Asp or vice versa 183. However, the detailed mechanism underlying
how these two functionally distinct nucleotide binding sites work together to power solute transport by
MRP1 is very complex and is still not completely understood.

1.5. Revealing the structure of MRP1
1.5.1. Atomic homology models of human MRP1
Thus far, studies done by mutating amino acids of interest and characterizing phenotypic changes
have yielded much of the knowledge we have about how the structure of MRP1 relates to its substrate
selectivity and transport function. However, these types of studies are necessarily indirect and the detailed
knowledge gained from protein structures and atomic homology models (together with molecular
dynamics simulations) are needed to fully understand the mechanisms underlying these phenotypic
changes.
Since its rise to fame in the early 1900s, X-ray crystallography has been the only method
available for solving protein structures at high resolution. However, it is notoriously difficult to solubilize
and crystalize hydrophobic membrane proteins, with the first crystal structure of a membrane protein
solved only in 1985 184. Since then, membrane protein crystal structures have been solved using different
modifications such as deleting unstructured regions of the protein and using nanodiscs to aid in
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solubilisation 185. Because of the difficulties of crystalizing membrane proteins in a functional
conformation compounded by its relatively large size, only a very low resolution (22Å) crystal structure
of MRP1 has been solved 186 . This low resolution structure was not able to provide much information
about the transporter other than evidence for a central pore. Thus, most of the structural analysis of MRP1
has been done by generating atomic homology models based on the crystal structures of bacterial ABC
proteins. The most used atomic homology model of MRP1 reported by Degorter et al. is based on the 3Å
crystal structure of the homodimeric Sav1866, a multidrug transporter from Staphylococcus aureus 187. In
this model, the translocation pathway opens outwards because it is based on the ADP-bound form of
Sav1866 (Figure 1.4A) 188. A second homology model of MRP1 reported by Weigl et al. is based on the
crystal structure of the heterodimeric bacterial drug transporter TM287/288 from
Thermotoga maritima 189. TM287/288 has been crystalized in both its nucleotide-free (‘apo’) and
adenosine 5′-(β,γ-imido) triphosphate (AMP-PNP) bound states, and the 2.53Å apo structure with the
translocation pathway facing in towards the cytoplasm was used by Weigl et al. as the template to
generate the model of MRP1 (Figure 1.4B) 190,191. One potential advantage of the TM287/288-based
model is that like MRP1, it possesses functionally asymmetric NBDs, raising the possibility that it might
bring more relevant mechanistic insights to studies of MRP1. Both the Sav1866- and the TM287/288based atomic homology models of human MRP1 have provided some useful information with regard to
how the different domains of MRP1 (and other human ABCC proteins) come together to form the core of
the transporter. However, Sav1866 and TM287/288 are only very distantly related to human MRP1with
just ~20% sequence identity, indicating that their structures and function may differ substantially from
that of MRP1. Another limitation is that no bacterial ABC transporters have a third NH 2 - terminal MSD
to provide a scaffold to model the MSD0 of long ABCC proteins like MRP1.
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Figure 1.4. Atomic homology models of human MRP1 based on the crystal structures of bacterial
ABC transporters.
Shown are cartoon representations of the atomic homology models of human MRP1 based on (A) the
homodimeric ADP-bound Sav1866 from Staphylococcus aureus; and (B) the heterodimeric apo
TM287/288 from Thermotoga maritima. For both homology models, the colours of the domains are
consistent with the illustration of MRP1 in Figure 1.1: MSD1/NBD1 are green, CR1 is orange,
MSD2/NBD2 are blue and CR2 is red.

1.5.2. Cryo-electron microscopy structures of bovine Mrp1
Another method of visualizing protein structures that has attracted a great deal of attention in
recent years is cryo-electron microscopy (cryo-EM). In this technique, the protein sample is frozen in thin
layer of vitreous ice and then imaged using an electron microscope to create a ‘reconstructed model’ (or
structure) 192. Jaques Dubochet originally discovered that freezing protein samples before analysis by EM
reduced both the damage to the samples as well as the background signals from water. However, for
many years cryo-EM yielded only low resolution images of mammalian proteins, largely because of
inadequate detection systems. A low resolution cryo-EM structure of nucleotide- and substrate-free apo
human MRP1 in its inward-facing conformation was published in 2010 193. In this structure all 17 TM αhelices could be manually mapped onto vertical, cylindrical regions of density, and space between the two
NBDs was evident. However, resolution of this structure was too low to provide any novel or useful
information. In the following years, propelled by the development of single electron detectors as well as
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improvements in computational power, the ‘resolution revolution’ occurred, culminating in the selection
of cryo-EM as the 2015 ‘method of the year’ by Nature Methods magazine 194,195. Furthermore, in 2017
Jacques Dubochet, Joachim Frank and Richard Henderson won the Nobel Prize in Chemistry for their
contributions to the development of cryo-EM 196. Now it is often possible to solve structures at atomic
resolution of 2-3Å for proteins larger than 100 kDa, and the structure of the 334 kDa glutamate
dehydrogenase has even been solved at a resolution of 1.8Å 197,198.
Since 2016 the cryo-EM structures of many mammalian ABC transporters have been solved
including ABCC subfamily members CFTR and SUR1 199,200. Excitingly, three cryo-EM structures of
bovine Mrp1 (bMrp1) have been published by Johnson and Chen in the past 2 years 201,202. Thus far,
structures of the apo bMrp1, the LTC 4 bound bMrp1 and the ATP-bound hydrolysis-deficient mutant
bMrp1-E1454Q have been reported at resolutions between 3.49 and 3.14Å (shown in Figure 1.5). bMrp1
has 91% sequence identity to human MRP1 allowing for very precise atomic homology models of human
MRP1 to be generated. Models are necessary because despite the very high sequence identity, bMrp1
differs from human MRP1in its substrate specificity. Thus bMrp1 does not confer resistance to
anthracyclines and, like its rodent orthologues, likely cannot transport E 2 17βG75,76.
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Figure 1.5. Cryo-EM structures of apo and LTC 4 -bound bMrp1 as well as ATP-bound E1454QbMrp1.
Shown are the cryo-EM structures of (A) apo bMrp1; (B) LTC 4 -bound bMrp1; and (C) ATP-bound
E1454Q-bMrp1 (LTC 4 and ATP omitted for clarity). All three cryo-EM structures are shown at 0° and
180° rotation on a vertical axis so that CR1 and CR2 are clearly visible. For all three cryo-EM structures,
the colours of the domains are consistent with the cartoon illustration of MRP1 in Figure 1.1: MSD0 is
coloured beige, CL3 containing the so-called ‘Lasso’ is pink, MSD1/NBD1 are green, CR1 is orange,
MSD2/NBD2 are blue and CR2 is red.
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It was anticipated that the bMrp1 cryo-EM structures would deliver important structural insights
into MSD0 and CL3 (located between MSD0 and MSD1 as seen in Figure 1.3), which could not be
modeled from the bacterial ABC protein structures. Unfortunately, MSD0 had the lowest resolution of all
of bMrp1’s domains, at only 5Å, and none of the individual TMs or their amino acid side chains could be
assigned. On the other hand, the cryo-EM structures did show that the NH 2 -proximal portion of CL3 (aa
205-268) forms a so-called lasso motif which is partially α-helical and appears to make close contacts
with TMs 7, 15 and 16 of TM bundle 1. However, the COOH-proximal portion of CL3 (aa 269-313) was
not resolved in any of the cryo-EM structures.
Nevertheless, the bMrp1cryo-EM structures have given some corroborating insights into the
mechanism of LTC 4 binding and transport by MRP1. For example, they confirm that when MRP1 is not
bound by ATP, the translocation pathway is open to the cytoplasm and a bipartite LTC 4 binding site
(evidence for which was published 20 years earlier) is exposed 203. By comparing the apo and LTC 4 bound bMrp1 structures, Johnson and Chen have proposed that a conformational change occurs upon
LTC 4 binding, which brings the NBDs closer together and prepares them for ATP binding. However, like
all ABC proteins, apo MRP1 possesses basal ATPase activity (5-10 nmol min-1 mg-1), so that while LTC 4
binding appears to stimulate ATP binding and hydrolysis, it is not essential 204. Johnson and Chen have
further proposed that two molecules of ATP bind to the degenerate and consensus sites formed at the
junction of the NBD sandwich dimer which in turn causes the translocation pathway to open
extracellularly, and release the LTC 4 . However, the mechanism that permits MRP1 to break its bonds
with LTC 4 , and allow it to disassociate from its binding site is unclear. When ATP is hydrolysed to ADP
at the consensus site, the NBDs come apart and the translocation pathway is open to the cytoplasm once
more. Unfortunately, the available bMrp1 cryo-EM structures do not yet provide insights regarding the
fate of the ATP which is presumably bound at the degenerate site and not hydrolysed, or how the NBDs
separate if that ATP is still bound. Disappointingly, in their discussion of the three cryo-EM structures,
Johnson and Chen seem to ignore the copious biochemical evidence demonstrating the functional
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asymmetry of the consensus and degenerate sites of MRP1, and seem to assume that both molecules of
ATP are hydrolysed. They also fail to take into account the differences in the substrate-selective effects
caused by mutations of the proposed contact amino acids for LTC 4 as well as how MRP1 is able to
accommodate such a range of structurally diverse substrates.
The cryo-EM structure of the ATP-bound hydrolysis-deficient bMrp1-E1454Q (W B mutant) is in
agreement with previous biochemical studies which indicated that the side chain of Asp793, located in the
W B motif of NBD1, may be too short to effectively position a water molecule for nucleophilic attack of
ATP. It is possible that the shorter side chain of Asp also increases ATP binding affinity by allowing
more distance between the negatively charged γ-carboxyl group of the amino acid and the negative
phosphate groups of the ATP.
It is important to remember that the three cryo-EM structures published thus far are just
‘snapshots’ of moments during transport cycle and there is still limited understanding of how MRP1
transitions between these three static structures. Additionally, cryo-EM, images of thousands of individual
macromolecules at random orientations are captured and then complex algorithms are used to classify,
analyse, align and average these 2D images to reconstruct them into a virtual 3D structure 205. Thus,
another limitation of this method is that the data produced by the algorithms need to be manually (and
subjectively) reviewed to determine whether the structural interpretation can be reconciled with previous
biochemical, biophysical and pharmacological evidence.
There are some aspects of the cryo-EM structures of bMrp1 which cannot be reconciled with this
evidence. For example, in the apo bMrp1 structure, the NBDs of MRP1 are very far apart (~35Å), are
closer together in the LTC 4 bound state (~22Å), and contact each other in the ATP bound state (~7Å)
(Figure 1.6). Concern has been raised about the validity of the apo bMrp1 structure, as it was justifiably
with early crystal structures of the bacterial ABC protein MsbA which was later found to be incorrect,
that the energy required to bring the two NBDs together over such a large distance is too great to be
physically possible 206. Thus, at this time it is thought that the bMrp1-E1454Q cryo-EM structure may be
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the most accurate of the three published bMrp1 structures (ABC meeting 2018, personal communication
to SPCC). Further studies are needed to understand the reasons for these apparent discrepancies.
Despite its limitations, modern cryo-EM methods have made it finally possible to image
relatively large membrane proteins, such as bMrp1, that have resisted solving at high resolution by x-ray
crystallography. In general, cryo-EM is considered to provide the most accurate structures for larger
proteins (>100 kDa) or protein complexes, which makes it complementary to X-ray crystallography that
often gives higher resolution (and accuracy) for smaller proteins 207.

A

B

apo bMrp1

C

LTC4-bound bMrp1

ATP- bound E1454Q-bMrp1

Figure 1.6. The distance between NBD1 and NBD2 on the three bMrp1 cryo-EM structures.
The two NBDs are shown as if viewing MRP1 from in the cytoplasm looking upwards out of the cell for
the cryo-EM structures of (A) apo bMrp1; (B) LTC 4 -bound bMrp1; and (C) ATP-bound E1454Q-bMrp1.
NBD1 is shown in green and NBD2 is shown in blue. This figure was taken from Weigl et al.
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1.6. Rationale, hypothesis and objectives
As described in Section 1.4 above, there have been many studies aimed at investigating the
structure and function of the TMs and CLs of the MSDs, as well as the NBDs, but CR1 and CR2 of
MRP1, have been largely neglected. Informed by the various structures and models of MRP1, and for the
purposes of this thesis, CR1 has been defined as Pro600-Asn642 and CR2 has been defined as
Arg1249-Gly1291. Analyses of homology models based on bacterial ABC proteins and the bMrp1 cryo-EM
structures indicate that the NH 2 -proximal halves of CR1 and CR2 are α-helical extensions of TM11 and
TM17, respectively, while the COOH-proximal halves of these ~40 amino acid segments are intrinsically
unstructured. Likely due to its unstructured nature, amino acids 634-642 of CR1 were not resolved in the
apo or LTC 4 -bound bMrp1 structures, and in the ATP-bound bMrp1-E1454Q cryo-EM structure, amino
acids 637-640 were not resolved201,202.
A previous MSc student in the Cole lab investigated the effect of Ala substitutions of seven
conserved residues in the α-helical NH 2 -proximal half of CR2 (described in greater detail in Chapter
5) 208. None of these mutations had any effect on total cellular levels of MRP1 in transfected HEK cells.
However, five of seven mutants showed a significant decrease in their ability to transport organic anions,
with Glu1253 and Glu1262 being the most affected by Ala substitution. Together, these observations indicate
that at least some charged residues in the α-helical half of CR2 are important for MRP1 transport
function. However, the unstructured COOH-proximal half of CR2 has yet to be examined, and no studies
thus far have investigated how CR1 might contribute to the structure and function of MRP1.
Because the CRs physically link the MSDs to the NBDs, it is reasonable to suggest that they may
play a role in imparting information about nucleotide occupancy of the NBDs and the substrate binding
elements of the MSDs. Furthermore, having an unstructured portion may allow CR1 and CR2 to act as
flexible ‘hinge’ regions and facilitate conformational changes that need to occur in MRP1 during its
transport cycle. Additionally, because the NBDs to which the CRs are attached to are known to be
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functionally asymmetric, it is reasonable to propose that the CRs themselves might also be functionally
asymmetric.
Accordingly, the central hypothesis of this thesis is that CR1 and CR2 are differentially important
for MRP1 structure and function. To test the hypothesis that CR1 and CR2 play distinct roles in MRP1
structure and function, the following four objectives were pursued:
1. To use primary sequence alignments and available MRP1 structural models to choose amino
acids in CR1 and CR2 to target for Ala-substitution using site-directed mutagenesis.
2. To determine the effects of the targeted CR1 and CR2 Ala-substitutions on total cellular
levels, cellular localization and transport function of MRP1 after expression in HEK cells.
3. And finally, for those Ala-substituted CR mutants exhibiting phenotypes which differ
substantially from wild-type MRP1, to explore possible mechanisms underlying the observed
changes using a variety of biochemical and cell biology techniques.
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Chapter 2
Materials and Methods
2.1. Site-directed mutagenesis
DNA primers used for mutagenesis are summarized in Table 2.1. A ‘one step’ PCR mutagenesis
technique was used to generate single MRP1 mutants S612A, R615A, H622A, T1270A, W1287F and
K1369W using the Quikchange II XL kit (Agilent Technologies, #200521-5) to introduce the desired
mutation directly into the full-length pcDNA3.1(-)-MRP1 expression vector. In addition, the ‘one step’
mutagenesis protocol was used to generate the revertant mutants S612A/S and R615A/R using full-length
pcDNA3.1(-)-MRP1-S612A and -R615A as templates, respectively. All other single and double
mutations were generated using a ‘two step’ PCR mutagenesis process in which pGEM3Z plasmids
containing appropriate restriction fragments of wild-type MRP1 cDNA were used as the mutagenesis
template. K406E was generated using pBS-SK+-MRP1 BamHI/SphI (nucleotides 841-2700) as a
template; R615F was generated using pGEM3Z-MRP1 BamHI/SphI (nucleotides 841-2700) as a
template, and the R615F/F619R double mutant was generated with the R615F/F619R primer using
pGEM3Z-R615F-MRP1 BamHI/SphI as the template. P1275A, W1287A RC (rare codon), W1287A CC
(common codon), W1287Y, W1287L, W1287K, and G1291A mutants were generated using
pGEM3Z-MRP1 XmaI (nucleotides 2337-4322) as the template. The W1287A/W revertant mutant was
generated using pGEM3Z-MRP1-W1287A XmaI (nucleotides 2337-4322) as the template. The remaining
MRP1 mutations F619R, E624A, and E624K were generated using pGEM3Z-MRP1 HindIII (nucleotides
1547-2875) as the template 209. The E624A/E revertant mutant was generated using pGEM3Z-MRP1E624A HindIII (nucleotides 1547-2875) as a template. The D430R, R615D and R615D/D430R MRP1
mutants were previously generated by Kathy Sparks and Dr. Surtaj Iram (unpublished) in the Cole Lab
also using the two-step mutagenesis process.
PCR mixtures were prepared that contained the following: 100 ng of template DNA, 125 ng of
both sense and anti-sense mutant DNA primers (Table 2.1.), 0.2 mM dNTPs (Sigma Aldrich, #DNTP10),
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5 μl of 10X Pfu Turbo reaction buffer (Agilent Technologies, #600252-52), 1 μl Pfu Turbo DNA
polymerase (2.5 U) (Agilent Technologies, #600153-82), 1% DMSO (Fisher Scientific, #67-68-5) and
H 2 O to a final volume of 50 μl. PCR was performed in either a PTC-100 Programmable Thermo
controller (MJ Research Inc.) or an Eppendorf Mastercycler (Brinkmann Instruments Inc.) according to
the following cycling conditions: step 1, 94 °C for 45 sec; step 2, 94 °C for 45 sec; step 3, Tm-5 °C for
1 min (primer melting temperatures (Tm) summarized in Table 2.1.); and step 4, 72 °C for 120 sec per kb
DNA. Steps 2-4 were then repeated 16 times followed by step 5, 72 °C for 10 min. The PCR reaction was
terminated by cooling to 4 °C. The total PCR reaction mix (50 μl) was then incubated with 1 μl of DpnI
(20,000 U ml-1) (New England Biolabs, #R0176S) at 37 °C for 1 hr to digest the methylated template
DNA. Digestion was stopped by cooling to 4 °C and the PCR products were stored at -20 °C until needed.
Next, chemically competent XL1-Blue E.coli cells (25-50 μl) (Stratagene, #200249) were
transformed with MRP1 mutant constructs (5-10 μl of PCR product) by 30 min incubation at 4 °C,
followed by a 90 sec ‘heat shock’ at 42 °C in a water bath. Transformed cells were then incubated at 4 °C
for a further 3 min, diluted with 750 μl of LB medium made with LB Broth, QuikmixTM Powder (Infinity
Biochemical, #IB00420) and shaken at 37 °C for 30 min. Cells (10-100 μl) were plated on LB agar plates
containing ampicillin (100 μg ml-1) (Sigma Aldrich, #A0166) and then incubated overnight at 37 °C.
Colonies were picked and grown for 16-18 hr at 37 °C in LB + 0.01% ampicillin medium (5 ml), and
plasmid DNA was isolated using a GenEluteTM miniprep kit (Sigma Aldrich, #PLN350). The presence of
the desired mutation(s) was confirmed by sequencing (TCAG Inc., Toronto, ON). Mutant pGEM3ZMRP1 and pcDNA3.1(-)-MRP1 DNA (1-4 μg) were then digested with the appropriate restriction
enzymes (New England Biolabs) (10 U per reaction mix) to isolate the mutant MRP1 insert as well as
vector DNA containing the remaining wild-type MRP1 sequence.
pBS SK+- MRP1-BamHI/SphI and pGEM3Z-MRP1- BamHI/SphI containing mutant MRP1
sequences were digested with PshAI and BsmBI to obtain the expected 1.37 kb insert;
pGEM3Z MRP1-HindIII was digested with BsmBI, Bsu36I and BamHI to obtain the expected 721 bp
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insert; and pGEM3Z MRP1- XmaI was digested with BsmBI and ClaI to obtain the expected 1.49 kb
insert. Digested DNA fragments were resolved on a 1% agarose gel in Tris-acetate-EDTA buffer (40 mM
Tris-HCl, 20 mM acetic acid, 1 mM EDTA, adjusted to pH 8.5) for 1 hr at 95 V. Gel Red TM nucleic acid
gel stain (VWR, #89139-138) was used to visualize the DNA and the size of the fragments was
determined by comparison with a 1 kb DNA ladder (FroggaBio, #DM010-R600) run in an adjacent lane.
Gel fragments containing the desired vector and insert DNA fragments were excised using a razor blade,
and DNA extracted using a Gel Extraction Kit (Bio Basic Inc., #CA99502-166). The DNA inserts were
then ligated into pre-digested pcDNA3.1(-)-MRP1 using the Rapid DNA Ligation Kit (Thermo Scientific,
#K1422).
The K406E/E624K double mutant MRP1 expression vector was constructed by first generating
pGEM3Z -MRP1 HindIII-E624K and pcDNA3.1(-)-MRP1-K406E as described above and then ligating
the E624K containing fragment (721 bp) into pcDNA3.1(-)-MRP1-K406E. The W1287K/K1369W
double mutant MRP1 expression vector was constructed by first generating pGEM3Z -MRP1 XmaIW1287K and pcDNA3.1(-)-MRP1-K1369W as described above and then ligating the 1.49 kb fragment
containing W1287K into pcDNA3.1(-)-K1369W-MRP1. All mutant pcDNA3.1(-)-MRP1 expression
constructs were fully sequenced (by The Centre for Applied Genomics (TCAG), Hospital for Sick
Children, Toronto) to confirm the presence of the desired mutations and absence of unintentionally
introduced mutations.
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Table 2.1. Sequences and melting points of MRP1 mutagenesis primers used to create the mutants
in this thesis.
Shown are the sequences of the MRP1 mutagenesis primers for site-directed mutagenesis (Section 2.1);
substituted nucleotides are underlined. The melting temperature of each primer was calculated using the
Integrated DNA Analysis (IDT) Oligo analyser. All primers were designed for the purposes of this thesis
in whole or in part by Emma Smith unless otherwise stated.
a
Designed by Surtaj Iram (Cole Lab 2007-2012)
MRP1 Mutant
K406E
D430Ra
S612A
S612A/S
R615A
R615A/R
R615Da
R615F
F619R
R615F/F619R
H622A
E624A
E624A/E
E624K
T1270A
P1275A
W1287A RC
W1287A CC
W1287A/W
W1287F
W1287K
W1287L
W1287Y
G1291A
K1369W

Sense primer sequence
5’ GCT GTC TAT CGG GAG GCC CTG GTG ATC 3’
5’ C ATG TCT GTG CGA GCT CAG AGG TTC 3’
5’ GCG AGT GTC GCC CTC AAA CGC CTG AG 3’
5’ GCG AGT GTC TCC CTC AAA CGC CTG AG 3’
5’ CG AGT GTC TCC CTC AAA GCC CTG AGG ATC TTT CTC TCC 3’
5’ CG AGT GTC TCC CTC AAA CGC CTG AGG ATC TTT CTC TCC 3’
5’ GT GTC TCC CTC AAA GAC CTG AGG ATC 3’
5’ GT GTC TCC CTC AAA TTC CTG AGG ATC TTT CTC TCC 3’
5’ GTC TCC CTC AAA CGC CTG AGG ATC CGG CTC TCC CAT G 3’
5’ GTC TCC CTC AAA TTC CTG AGG ATC CGG CTC TCC CAT G 3’
5’ GC CTG AGG ATC TTT CTC TCC GCT GAG GAG CTG GAA CC 3’
5’ T CTC TCC CAT GAG GCC CTG GAA CCT GAC AGC 3’
5’ C TCC CAT GAG GAG CTG GAA CCT GAC 3’
5’ C TCC CAT GAG AAG CTG GAA CCT GAC AGC 3’
5’ GAG TAT TCA GAG GCT GAG AAG GAG GCG 3’
5’ CT GAG AAG GAG GCG GCC TGG CAA ATC CAG 3’
5’ CA GCT CCG CCC AGC AGC GCG CCC CAG GTG 3’
5’ CT CCG CCC AGC AGC GCC CCC CAG GTG 3’
5’ CA GCT CCG CCC AGC AGC TGG CCC CAG GTG 3’
5’ CA GCT CCG CCC AGC AGC TTT CCC CAG GTG 3’
5’ CA GCT CCG CCC AGC AGC AAG CCC CAG GTG 3’
5’ CT CCG CCC AGC AGC CTG CCC CAG GTG 3’
5’ CT CCG CCC AGC AGC TAC CCC CAG GTG 3’
5’ G CCC CAG GTG GCC CGA GTG GAA TTC CG 3’
5’ CAC GAC CTC CGC TTC TGG ATC ACC ATC ATC 3’

43

Tm (°C)
65.5
61.3
67.0
64.7
61.7
67.1
60.1
62.9
70.2
67.7
68.9
68.4
62.7
64.0
61.8
67.4
76.0
74.7
74.3
70.9
72.8
72.8
70.3
70.2
64.8

2.2. Cell culture and transfection
SV40-transformed human embryonic kidney cells (HEK-SV293T or HEK) (ATCC CRL-11268)
were grown in T75 (Sarstedt, #83.3911.002) or T175 flasks (Sarstedt, #83.3912.002) with high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich, #D6429) supplemented with 7.5% fetal
bovine serum (FBS) (VWR, #97068-085) at 37 °C in 5% CO 2 /95% air in a Series II water-jacketed CO 2
incubator with HEPA filtration (Thermo Scientific, Waltham, MA). Cells were subcultured twice a week
using a 0.5% trypsin-EDTA solution (Sigma Aldrich, #T4174) to detach the cells from the flasks.
Fully sequenced wild-type and mutant pcDNA3.1(-)-MRP1 expression vectors were transfected
into HEK cells as described previously with some modification. Briefly, HEK cells were seeded onto
plates in DMEM/7.5% FBS medium so they would be at 70-90% confluence after approximately 24 hr.
pcDNA3.1(-)-MRP1 and Lipofectamine® 2000 (Invitrogen, #11668-019) were diluted individually in
Opti-MEMTM (Life Technologies, #11058-021) and then combined at a 1:3 (w:v) ratio. After 5 min at
room temperature, the DNA Lipofectamine complexes were added dropwise onto the plated cells, the
plate was gently rocked to ensure even dispersion and the plates were incubated at 37 °C. Pre-warmed
DMEM/7.5% FBS was added to each well 6 hr after transfection. Untransfected cells and cells
transfected with wild-type pcDNA3.1(-)-MRP1 were included as negative and positive controls,
respectively, in all experiments.

2.3. Preparation of whole cell extracts
HEK cells were transfected with wild-type and mutant pcDNA3.1(-)-MRP1 as described in
Section 2.2, according to the following specifications. Cells were seeded at 1.8 × 106 cells per well in 6well plates (Thermo Scientific, #140685) in 2 ml of DMEM/7.5% FBS medium. DNA (4 μg) was mixed
with Lipofectamine in 200 μl Opti-MEMTM. Warm medium (2 ml) was added to each well 6 hr after
transfection. Forty-eight hr after transfection, cells were collected by adding Buffer A (50 mM Tris-HCl
pH 7.4, 250 mM sucrose, 0.25 mM CaCl 2 ) to the wells and then removing the detached cells by pipetting.
The cell suspensions were then centrifuged for 10 min at 900 x g at 4 °C and washed again with Buffer A.
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The cell pellets were snap frozen in liquid nitrogen and stored at -80 °C for at least 1 hr and up to 2
weeks.
To prepare cell extracts, cell pellets were thawed on ice and resuspended in 100-200 µl of
solubilization buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate,
0.1% SDS, 1% Triton X-100), 1X protease inhibitor cocktail (Roche, #1836170) and 2 µl DNase I
(5 mg ml-1) (Amersham-Pharmacia, #27-0516-01). The cell suspension was then incubated on ice for
10-15 min followed by centrifugation at 21,000 x g at 4 °C for 10 min. Protein in the supernatant
(designated whole cell extracts; WCE) was quantified using the Bio-Rad DC Protein Assay (#500-0113)
using bovine serum albumin (BSA) (Roche, #10735094001) as a standard. WCEs were aliquoted and
stored at -80 °C until use.

2.4. Preparation of membrane vesicles
Inside-out membrane vesicles (MVs) were prepared as previously described 210, 211. HEK cells
were transfected with wild-type and mutant pcDNA3.1(-)-MRP1 as described in Section 2.2, with the
following specifications. Cells were seeded at 20 × 106 cells per 150 mm plate (Sarstedt, #83.3903) in
20 ml medium. DNA (20 μg) was mixed with Lipofectamine diluted in 2 ml of Opti-MEMTM. Warm
medium (12 ml) was added to each plate 6 hr after transfection. Forty-eight hr after transfection, cells
were collected by adding Buffer A to the 150 mm plates and then removing the detached cells by
pipetting. The cell suspensions were then centrifuged for 10 min at 900 x g at 4 °C and washed again with
Buffer A. The cell pellet was overlaid with 9 ml of Buffer A, supplemented with 10 μl benzamidine (200
mg ml-1) (Sigma Aldrich, #B-6506) and 1 ml 10X protease inhibitor cocktail before being frozen at -80
°C for at least 1 hr and up to 2 weeks.
To prepare vesicles, cell pellets were thawed slowly on ice and resuspended before being
exploded by cavitation under argon (250 psi, 4 °C, 5 min). EDTA was added to the exploded cells to a
final concentration of 1 mM, and the cell mixture was centrifuged at 840 x g for 10 min at 4 °C. The
supernatant was transferred to high speed centrifuge tubes and the pellet was resuspended in Buffer A
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(5 ml) supplemented with 1 mM EDTA and centrifuged again. The supernatants from both 840 x g
centrifugations were pooled and a cushion of 35% sucrose Tris buffer (50 mM Tris-HCl pH 7.4, 1.02 M
sucrose (BioShop, #57-50-1)) was carefully layered below. After centrifugation at 100,000 x g for
70 min at 4 °C, the opaque interface layer containing cell membranes was collected and diluted with low
sucrose Tris buffer (14 ml) (50 mM Tris-HCl pH 7.4, 25 mM sucrose). After centrifuging again at
100,000 x g for 40 min at 4 °C, the membrane pellet was resuspended in 1 ml Tris-sucrose buffer (TSB)
(50 mM Tris-HCl pH 7.5, 250 mM sucrose) and centrifuged at 128,000 x g for 20 min at 4 °C. The
resulting pellet was resuspended in ~100-200 μl of TSB and MVs were formed by slowly passaging the
suspension through a 1 ml syringe with a 27.5 gauge PrecisionGlide® needle (Becton Dickinson,
#305109) 10-20 times. Vesicles were aliquoted and stored at -80 °C until needed. Vesicular protein
concentrations were determined using the Bradford method (Bio Rad, #500-0006) with BSA as a
standard.

2.5. Immunoblotting
The levels of wild-type and mutant MRP1 in WCE and MVs made from transfected HEK cells
were determined by immunoblot analysis as previously described 212. WCE (10 μg) or MVs (1 μg) were
diluted with TSB and 3x Laemmli buffer (187.5 mM Tris-HCl pH 6.8, 6% (w/v) SDS, 30% glycerol,
0.03% bromophenol blue with 15% 2-mercaptoethanol (Sigma Aldrich, #M3148) added immediately
before use). Protein samples were resolved on a 6% acrylamide gel in tank buffer (22.5 mM Tris,
192 mM glycine, 1% SDS) at 85 V for 30 min followed by 150 V for 1 hr. Proteins were then transferred
to a polyvinylidene fluoride (PVDF) membrane (BioRad, #821581) in transfer buffer (25 mM Tris,
192 mM glycine, 20% methanol) at either 400 mA for 2 hr on ice or 200 mA overnight at 4 °C. The
PVDF membrane was rinsed three times for 5 min in Tris-buffered saline with Tween-20 (TBS-T) (10
mM Tri-HCl pH 7.5, 0.15 M NaCl, 0.05% Tween-20 (Fisher Scientific, #BP337-500)) and then blocked
for 45 min in 4% Carnation® skim milk powder in TBS-T. After blocking, the membrane was cut
horizontally at the level of the 135 kb rung of the BLUelf prestained protein ladder (FroggaBio, #PM00846

0500) and then each portion of the membrane was incubated with the appropriate primary antibodies
diluted in blocking solution for either 75 min at room temperature or overnight at 4 °C. The upper portion
of the membrane was incubated in mouse mAb QCRL-1 (anti-MRP1) (diluted 1:10,000) 213, 214, and the
lower portion of the membrane was incubated in rabbit anti-Na+/K+-ATPase (Santa Cruz Biotechnology,
#28800) (diluted 1: 2,500). The membranes were then washed three times for 5 min in TBS-T followed
by incubation in the appropriate horseradish peroxidase conjugated secondary antibodies: goat anti-mouse
(Thermo Scientific, #31430) and goat anti-rabbit (Cedar Lane, #CLAS10-667) (both diluted 1:10,000 in
blocking solution) at room temperature for 75 min. After washing five times for 5 min in TBS-T,
membranes were rinsed in a solution of equal parts Enhanced Luminol Reagent (Perkin Elmer,
#0RT2755) and Oxidizing Reagent (Perkin Elmer, #0RT2655) for 1 min. The membranes were then
exposed for various lengths of time to HyBlot CL autoradiography film (Denville Scientific Inc., #E3018)
to obtain signals within the linear dynamic range. The PVDF membranes were stained for 5 min in amido
black solution (0.1% amido black, 25% isopropanol, 10% acetic acid) and then destained in 25%
isopropanol/10% acetic acid for 15 min. Unsaturated signals on the film were quantified by densitometry
using ImageJ software (https://imagej.nih.gov/ij/). Levels of wild-type and mutant MRP1 proteins were
then adjusted (if needed) using the signal for Na+/K+-ATPase as a membrane protein loading control.
Mutant MRP1 levels were then expressed relative to wild-type MRP1 levels. To determine whether the
levels of mutant MRP1 were statistically significantly different from wild-type MRP1, the data were
analysed using GraphPad PrismTM (GraphPad Software, La Jolla, CA) using an unpaired t-test with a
significance cut off value of p<0.05.
2.6. Vesicular transport of 3H-labeled organic anions
ATP-dependent transport of 3H-labeled organic anions by wild-type and mutant MRP1 was
measured using an inside-out vesicle transport assay, performed in duplicate, as previously described
adapted to a 96-well plate format94,168,212. The transport assay mix contained 10 mM MgCl 2 , either 4 mM
ATP (Sigma Aldrich, #A3377) or AMP (Sigma Aldrich, #A1752), and unlabeled and tritiated forms of an
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organic anion substrate. Uptake of LTC 4 into MVs was measured using 50 nM LTC 4 (Cedarlane,
#20210-25) and 10 nCi of [3H]LTC 4 (170.2 Ci mmol-1) (Perkin Elmer, #NET1018) per assay. Uptake of
E 2 17βG was measured using 400 nM E 2 17βG (Sigma Aldrich, #E1127) and 20 nCi of [3H]E 2 17βG
(52.9 Ci mmol-1) (Perkin Elmer, #NET1106) per assay. Uptake of E 1 3SO 4 was measured using 100 nM
E 1 3SO 4 (Sigma Aldrich, #E9145), 25 nCi of [3H]E 1 3SO 4 (51.8 Ci mmol-1) (Perkin Elmer, #NET203) and
3 mM S-Methyl GSH (Sigma Aldrich, #M4139). Membrane vesicle protein (2 μg) was diluted with TSB
to a final volume of 6 μl per assay. The reaction mix and membrane vesicle protein were aliquoted into
separate wells in a round bottom 96-well plate (Sarstedt Inc., #82.152.501) and equilibrated in a
temperature-controlled water bath for 3 min prior to measuring uptake. LTC 4 uptake experiments were
performed at 23 °C whereas E 2 17βG and E 1 3SO 4 uptake experiments were performed at 37 °C. To start
the reaction, 24 μl of transport assay mix was dispensed into each well containing MVs (6 μl). Uptake
was stopped after 4 min for LTC 4 , after 5 min for E 2 17βG, and after 45 sec for E 1 3SO 4 , by pipetting the
contents of each well into a Dynablock 2000™ 96-deep-well plate (VWR, #40002012) containing 800 μl
of ice-cold TSB per well. The vesicles were then captured from the diluted assay mixture by filtering
through a Unifilter GF/B plate (Perkin Elmer, #6005177) using a Packard Filtermate Harvester. The plate
was dried overnight and then 40 μl of MicroscintTM-0 (Perkin Elmer, #6013611) was added to each well.
A TopCountNXT™ Microplate Scintillation and Luminescence Counter (Perkin-Elmer) was used to
determine the amount of radioactivity per well and uptake of 3H-labeled substrate by MRP1 in the
presence of AMP was subtracted from uptake in the presence of ATP to determine ATPdependent 3H-labeled substrate uptake. Uptake levels were then adjusted if necessary to account for the
differences in levels of wild-type and mutant MRP1 in the MVs as determined by immunoblotting.
Mutant MRP1 uptake levels were then expressed relative to wild-type MRP1 uptake. To determine
whether uptake by a mutant MRP1 was statistically significantly different from wild-type MRP1 when
three or more experiments were completed, an unpaired t-test was performed using GraphPad Prism as
described in Section 2.5.
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2.7. Kinetic analyses of [3H]LTC4
Kinetic analyses of LTC 4 transport by wild-type and the G1291A mutant were performed as
previously described168,211,212. Briefly, K m

(apparent)

and V max values for LTC 4 uptake by membrane vesicles

were determined by measuring ATP-dependent uptake at eight different LTC 4 concentrations
(10-1000 nM) at 23 °C for 4 min. The transport assay mix contained the same components as described in
Section 2.6, except the four highest LTC 4 concentrations contained 20 nCi [3H]LTC 4 instead of 10 nCi in
order to ensure a consistent ratio of [3H]LTC 4 to LTC 4 .
Km

(apparent)

and V max values for ATP during LTC 4 uptake by wild-type and the G1291A mutant

were also determined by measuring [3H]LTC 4 uptake at a fixed LTC 4 concentration (50 nM) but at eight
different concentrations of ATP or AMP (25-4000 μM) at 23 °C for 4 min. Data were analysed using
GraphPad PrismTM and kinetic parameters were calculated from Michaelis-Menten analyses.
2.8. [3H]LTC4 photolabeling
[3H]LTC 4 labeling of wild-type and G1291A mutant MRP1 was carried out as previously
described168,171,210. Briefly, MVs (50 μg) were incubated with 250 nCi [3H]LTC 4 and 10 mM MgCl 2 at
room temperature for 30 min and then 5% of the total volume of the mix (1 μg) was removed and used to
run a companion immunoblot for confirmation of consistent MRP1 protein loading (Section 2.5). The
remaining photolabeling mix was frozen with liquid nitrogen and samples then alternately irradiated at
302 nm for 1 min and snap-frozen by liquid nitrogen 10 times. Radiolabeled proteins were resolved by
SDS-PAGE, and the gel was processed for fluorography by incubation in 25% isopropanol/10% acetic
acid and then Amplify (Amersham Biosciences, #LNAMP100V/AB) for 30 min each. The gel was dried
and then exposed to Kodak® X-Omat RA duplicating film (Sigma Aldrich, #Z358827) for 3 days
at -80 °C.

49

2.9. Indirect immunofluorescence microscopy
Indirect immunofluorescence microscopy was used to visualize MRP1 in intact cells as
previously described168,171. Briefly, HEK cells were transfected (Section 2.2) with the following
modifications. Sterilized coverslips (1 cm2) were placed into each well and rinsed with 0.01% poly-L
lysine (Sigma Aldrich, #P4832) for 30 sec and then allowed to dry. HEK cells were seeded at 1 x 106 cells
per well and transfected with wild-type and mutant pcDNA3.1(-)-MRP1 at approximately 50%
confluence. The medium was aspirated 24 hr after transfection once the cells reached 100% confluence,
and the coverslips washed once with 2 ml phosphate buffered saline (PBS) (BioShop, #PBS404.200). The
cells were then fixed by incubation in cold 95% ethanol for 20 min. After removing the ethanol by
aspiration, the coverslips were washed twice with PBS (2 ml), and the cells permeabilized by incubation
in 2 ml PBS/0.2% Triton X-100 for 5 min. The coverslips were incubated in blocking solution (0.1%
TritonX-100, 1% BSA in PBS) for 1 hr and then incubated in rat mAb MRPr1 (anti-MRP1) (diluted
1:1,000 in blocking solution) (kind gift of R. Scheper; Vrije Universiteit Medical Centre, Amsterdam)
overnight at 4 °C 215,216. The coverslips were washed four times with blocking solution over 1 hr and then
incubated in Alexa FluorTM 488 conjugated goat anti-rat antibody (diluted 1:300 in blocking solution)
(Invitrogen, #A11006) for 1 hr. The coverslips were washed three times in PBS over 1 hr before staining
with 4′,6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich, D9542) (diluted 1:10,000 in PBS) for
10 min. The DAPI solution was aspirated and the coverslips rinsed for 10 sec with H 2 0 before being
placed cells facing downwards on a glass slide on a 10 𝜇𝜇l drop of Slow Fade® Gold antifade reagent (Life

Technologies, #S36936). Nail polish was used to seal the edges of the coverslip to the slide. Cells were

then visualized at Queen’s University Biomedical Imaging Center using a spinning Quorum Wave Effects
Spinning disk confocal microscope. MetaMorph® microscopy automation and imaging analysis software
(Molecular Devices, LLC.) was used to analyse the captured images.
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Chapter 3
Investigations into the structure and function of CR1
3.1. Selection of CR1 amino acids for targeted mutagenesis.
CR1 refers to the stretch of amino acids between TM11 and NBD1 and, for the purposes of this
thesis, is defined as amino acids 600-642. According to human MRP1 atomic homology models based on
the three bMrp1 cryo-EM structures201,202 as well as the crystal structures of ADP-bound Sav1866 and apo
TM287/288, the NH 2 -proximal half of this region is an α-helical extension of TM11, whereas the COOHproximal half is intrinsically unstructured (Figure 3.1A).
To determine which CR1 residues to target for Ala substitution, several multiple sequence
alignments of human MRP1 CR1 sequences with bMrp1, the eight other transporting ABCC subfamily
members, as well as the three non-transporting ABCC subfamily members and the two bacterial ABC
proteins whose high resolution crystal structures served as templates for atomic homology modeling of
MRP1, were carried out using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) (Figure
3.1B-E).
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Figure 3.1. Predicted location and sequence alignments of targeted CR1-MRP1 residues.
(A) Shown are cartoons of the secondary structure of MRP1-CR1 (amino acids 600-642) obtained from
the atomic homology models of human MRP1 based on the crystal structures of the bacterial Thermotoga
maritima ABC transporter TM287 monomer (upper) and Staphylococcus aureus Sav1866 monomer
(ADP-bound) (lower). The side chains of the four targeted residues are shown in stick form and coloured
by element where oxygen is red and nitrogen is blue. Sequence alignments of MRP1-CR1 with (B)
bovine Mrp1; (C) human ABCC transporters; (D) human ABCC non-transporters; and (E) the Sav1866
momomer and TM287 monomer were generated using Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). The amino acids targeted for Ala substitution, Ser612, Arg615,
His622 and Glu624, are highlighted in orange. In Panel B, the diamond symbol (♦) above the sequence
indicates amino acids previously investigated in the Cole Lab. Symbols below the sequence alignments
indicate amino acid conservation at each position where * indicates that a single amino acid is invariant at
that position; : indicates conservation between groups of strongly similar biophysical properties; and
. indicates conservation between groups of weakly similar biophysical properties.
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The alignment of human CR1 with its bovine ortholog indicates that, as expected, there is an
exceptional degree of sequence conservation between human and bovine MRP1/Mrp1 (Figure 3.1B), with
36 of 43 amino acids being identical. Alignment of human MRP1-CR1 with the other transporting
members of the human ABCC subfamily indicates that there is some degree of conservation among these
ABCC homologs (Figure 3.1C). This is most apparent between MRP1 and the 5-domain transporters
MRP3/ABCC3, MRP2/ABCC2 and ABCC6. Finally, additional alignments of MRP1-CR1 show that
there is less conservation with the corresponding regions of the three non-transporting human ABCC
homologs CFTR, SUR1 and SUR2 (Figure 3.1D), and even less so with the corresponding regions of the
bacterial ABC transporters Sav1866 and TM287 (Figure 3.1E). In general, the CR1 alignments show a
higher degree of conservation among the NH 2 -proximal α-helical half of CR1 than the unstructured
COOH-proximal half.
Based on these alignments, CR1 residues Ser612, Arg615 (located in the α-helical half), and Glu624
(located in the unstructured half) were targeted for mutagenesis because of their polar side chains (with
potential to be involved in strong bonding interactions) as well as their high degree of conservation. Thus,
Ser612 is present in eight of nine ABCC transporters and two of three non-transporting ABCC proteins;
Arg615 is present in all nine ABCC transporters and conserved in all three non-transporting ABCC
proteins; and Glu624 is present or conserved in seven of nine ABCC transporters and present in all three
non-transporting ABCC proteins. Somewhat unexpectedly, Ser612, Arg615 and Glu624 were also present in
both Sav1866 and TM287. This high degree of conservation supported the idea that these amino acids
might be important for the structure or function of MRP1.
The fourth CR1 amino acid, His622, was targeted for Ala substitution because according to several
atomic homology models based on the crystal structures of Sav1866187 and TM287/288189 (available at
the start of this project), as well as the three cryo-EM bMrp1 structures (apo, LTC 4 -bound and ATPbound E1454Q mutant) 201,202 (Conseil, Arama, Tsfadia, Cole; manuscript in preparation), His622 is located
at the junction of the α-helical region and intrinsically unstructured region of CR1. It was thought that this
53

junctional location might impart a possible structural importance. Unlike the other three targeted CR1
residues, however, this positively charged aromatic residue is poorly conserved and is present only in the
bovine ortholog (Figure 3.1).
3.2. Effect of Ala substitution of CR1 residues Ser612, Arg615, His622 and Glu624 on levels and
activity of MRP1.
3.2.1. Levels of S612A, R615A, E624A and H622A in transfected HEK cells.
To determine the possible role of the four targeted CR1 amino acids, Ala substitutions were
generated by site-directed mutagenesis (Section 2.1), and the mutant MRP1 constructs were then
transfected into HEK cells using well established methods which have been shown to have robust and
reproducible transfection efficiency (Section 2.2). HEK cells were chosen because they are human cells
which do not endogenously express MRP1. After 48 h, WCE were prepared (Section 2.3) and the effect
of the mutations on total cellular MRP1 levels was analysed by immunoblotting (Section 2.5). As shown
in Figure 3.2A, three of the four CR1 mutants caused a substantial decrease in MRP1 levels.
Quantification by densitometric analysis of repeat immunoblots (Figure 3.2B) showed that the levels of
S612A mutant were decreased by 63 ± 14% (p<0.05), whereas levels of the R615A and E624A mutants
were decreased even further by ≥ 94% and were not substantially different from the untransfected HEK
control. In contrast to S612A, R615A and E624A, levels of H622A were comparable to wild-type MRP1
levels in WCE (102 ± 11%; p>0.05) (Figure 3.2B).
Digestion of WCE with PNGase F, an amidase which efficiently removes the N-linked
oligosaccharides from proteins 217, confirmed that the multiple bands (150-200 kDa) often detected by the
MRP1-specific QCRL-1 Mab (e.g. Figure 3.2A) were differentially glycosylated forms of MRP1 and not
unspecific binding by the antibody (results not shown).
To ensure that Ala substitution of the targeted CR1 residues was the sole reason for the reduced
levels of the S612A, R615A and E624A mutants, the mutant expression constructs were mutated back to
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wild-type MRP1 and once again expressed in HEK cells. In all three cases, the revertants were expressed
at levels comparable to wild-type MRP1 as expected (Appendix A, Figure A.1A-C). These observations
indicate that Ser612, and to an even greater degree Arg615 and Glu624, but not His622, contribute to the stable
expression of MRP1 in HEK cells.
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Figure 3.2. Effect of CR1 mutations S612A, R615A, H622A and E624A on cellular levels of MRP1
in transfected HEK cells.
(A) Shown are representative immunoblots of whole cell extracts (WCE) (10 μg protein loaded per lane)
prepared from HEK293 cells transfected with wild-type (WT-MRP1) and mutant (S612A, R615A,
H622A, and E624A) pcDNA expression vectors as well as untransfected cells (HEK0) (negative control).
MRP1 was detected with mAb QCRL-1, and anti-Na+ /K+-ATPase was used as a membrane protein
loading control. A vertical black line indicates where irrelevant lanes from the immunoblot were removed
by cropping images; the vertical space between lanes indicates independent immunoblots. (B) WT- and
S612A, R615A, H622A and E624A mutant MRP1 levels, normalized for protein loading based on the
Na+/K+-ATPase signal, were estimated using densitometry and plotted as a percent of wild-type MRP1
levels. Bars represent the mean values (± S.D.) of results obtained from three independent transfections.
* p<0.05, unpaired t-test.
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3.2.2. Vesicular transport of E217βG and LTC4 by CR1 H622A in transfected HEK cells.
Because the levels of CR1 mutant H622A were comparable to wild-type MRP1, it was of interest
to determine whether the transport activity of this mutant was similarly unaffected. Accordingly,
membrane vesicles were prepared from HEK cells expressing the H622A-MRP1 mutant (Section 2.4) and
immunoblotting showed that H622A levels in the vesicles were comparable to those of wild-type MRP1
(108%; n=2) (Figure 3.3). Subsequent vesicular transport assays (Section 2.6) showed that levels of ATPdependent [3H]E 2 17βG and [3H]LTC 4 uptake were also unchanged (106 ± 26% and 100 ± 13% of
wild-type MRP1 levels, respectively (n=3; p>0.05) (Figure 3.4). Taken together, these data indicate that
replacing CR1-His622 with Ala has no major effect on either the levels or function of MRP1.
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Figure 3.3. Level of CR1 mutant H622A in membrane vesicles prepared from transfected HEK
cells.
Shown is a representative immunoblot of membrane vesicles (1 μg protein loaded per lane) prepared from
HEK293 cells transfected with wild-type (WT-MRP1) and H622A pcDNA expression vectors as well as
untransfected cells (HEK0) (negative control). A vertical black line indicates where irrelevant lanes from
the immunoblot were removed by cropping. MRP1 was detected with mAb QCRL-1, and blots were
probed with anti-Na+/K+-ATPase as a membrane protein loading control. Similar results were obtained
from an immunoblot of membrane vesicles derived from a second independent transfection.
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Figure 3.4. Effect of CR1-H622A on ATP-dependent uptake of [3H]E 2 17βG and [3H]LTC 4 into
MRP1-enriched membrane vesicles prepared from transfected HEK cells.
Membrane vesicles were prepared from HEK293 cells transfected with wild-type (WT MRP1) and
H622A pcDNA expression vectors as well as untransfected cells (HEK0) (negative control). Transport
activity was measured as ATP-dependent vesicular uptake of (A) [3H]E 2 17βG and (B) [3H]LTC 4 . The
values shown have been adjusted to account for any differences in MRP1 levels in the vesicles. Bars
represent the mean values (± S.D.) of results obtained from three independent experiments performed
using vesicles derived from at least two independent transfections.

3.3. In silico analyses of apo bMrp1 cryo-EM structures and homology models of human MRP1
suggest mutation-sensitive CR1 Arg615 and Glu624 may participate in stabilizing bonding
interactions with nearby amino acids.
The cryo-EM structure of apo bMrp1, and atomic homology models of human MRP1 based on
this structure as well as the crystal structure of apo TM287/288 from T. maritima, were analysed to
determine if they might indicate the possible existence of stabilizing bonds that could help explain the
reduced MRP1 levels of the R615A and E624A CR1 mutants. Because the low levels of these mutants
were likely due to defects in MRP1 biosynthesis or stability, only the apo structures and models were
investigated. Possible salt-bridges (ionic bonds), hydrogen bonds and π-cation interactions that could
occur between Arg615 and Glu624 and nearby amino acids were identified according to the following
criteria. Salt-bridges were deemed possible if the charged atoms of the two residues were within 4Å of
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one another 218; hydrogen bonds were considered possible if the hydrogen atom and the electronegative
moiety of the two residues were within 3-5Å 219; and finally, π-cation interactions were considered
possible if the aromatic centre and the positively charged atom of the two residues were < 6Å apart 220.
3.3.1. In silico potential salt-bridges involving CR1-Glu624.
Possible stabilizing salt-bridges between CR1-Glu624 (Asp624 in bovine Mrp1) and Lys406 were
identified by estimating the distances between the positive and negatively charged atoms of these residues
on apo Mrp1/MRP1 structures and models using the ‘measurement’ function on PyMol; these interatomic
distances are summarized in Table 3.1.

Table 3.1. Predicted interatomic distances of possible salt-bridges between CL4-Lys406 and CR1
bMrp1 Asp624/human MRP1-Glu624.
Interatomic distances are underlined if the interaction is considered probable (i.e. within known limits for
a salt-bridge and/or closer than other possible interactions) (see Section 3.3). * indicates the bonding
interaction illustrated in Figure 3.5A.
Interatomic distances (Å)a
Model

K406-D624 (bMrp1)

K406-E624 (hMRP1)b

NZ-OD1c

NZ-OD2c

NZ-OE1c

NZ-OE2c

3.6

4.3

5.7

4.3

bMrp1 apod 221

_

_

4.7

2.8*

T. maritima TM287/288 apoe

_

_

4.1

2.7

bMrp1 apod
hMRP1 homology models based on:

a

The distances between all combinations of charged atoms of Lys406 and Asp624/Glu624 were estimated
using PyMol.
b
The mutate function on PyMol was used to substitute human Glu624 for bovine Asp624 on the apo bMrp1
cryo-EM structure.
c
Distances were measured between the positively charged ε-amino group of Lys406 (NZ) and the two
oxygens of the α-carboxylic acid group of Asp624 (OD1 and OD2) or Glu624 (OE1 and OE2).
d
Cryo-EM, PDB: 5UJ9 (3.49Å)
e
Crystal structure, PDB: 4Q4H (2.53Å)189,191
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The shortest distance between charged atoms of Asp624 and Lys406 in the apo bMrp1 cryo-EM
structure was 3.6Å. When the ‘mutate’ function of PyMol was used to substitute human Glu624 for bovine
Asp624, intriguingly, the charged oxygen atom most likely involved in the putative Glu624-Lys406
salt-bridge was changed and the shortest distance was 4.3Å. Therefore, it was considered unlikely a
salt-bridge would exist. However, a possible salt-bridge between Lys406 and Glu624 was also identified in
the hMRP1 atomic homology models based on the apo bMrp1 cryo-EM structure (2.8Å) (Figure 3.5A) as
well as the crystal structure of the apo TM287/288 heterodimer (2.7Å).

A

B
D430

K406
2.8Å

2.7Å
E624
R615

Figure 3.5. Illustrations of possible in silico salt-bridges between MRP1 CR1-Arg615 and
TM8-Asp430, and CL4-Lys406 and CR1-Glu624.
Using an atomic homology model of human MRP1 based on the bMrp1-E1454Q cryo-EM structure
(Conseil, Arama, Tsfadia, Cole; manuscript in preparation) potential electrostatic interactions between
(A) Lys406 and Glu624; and (B) Arg615 and Asp430, are shown. Side chains are shown as sticks and coloured
by element where oxygen is red and nitrogen is blue. The side chains are coloured to match the domain
they are located in and colours are consistent with the cartoon illustration of MRP1 in Figure 1.1. The
dotted lines represent the shortest distance between positive and negatively charged atoms of these amino
acids (see Table 3.1 and Table 3.2).

3.3.2. In silico potential salt-bridges involving CR1-Arg615.
Possible stabilizing salt-bridge between CR1-Arg615 and TM8-Asp430 were identified in silico as
described above in Section 3.3.1 and the interatomic distances summarized in Table 3.2. These analyses
revealed a possible salt-bridge between Arg615 and Asp430 in the apo bMrp1 cryo-EM structure.
Examination of the atomic homology models of human MRP1 based on apo bMrp1 (Figure 3.5B) and
TM287/288 also suggested that charged atoms of Asp430 and Arg615 were within range of one another to
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form a salt-bridge (3.8-2.7Å). However, there were differences in which charged atoms of Asp430 and
Arg615 would be most likely to participate in the interaction.

Table 3.2. Predicted interatomic distances of possible salt-bridges between CR1-Arg615 and TM8Asp430.
Interatomic distances are underlined if the interaction is considered probable (i.e. within known limits for
a salt-bridge and/or closer than other possible interactions) (see Section 3.3). * indicates the bonding
interaction illustrated in Figure 3.5B.

Model

Interatomic distances (Å) a
D430-R615
OD1-NH1b
OD1-NH2b

OD2-NH1b
OD2-NH2b

NE-OD1b
NE-OD2b

3.9
5.8

4.7
6.4

4.8
4.9

bMrp1 apoc
hMRP1 homology models based on:

3.8
2.7*
3.8
7.1
4.8
5.5
6.6
4.5
2.8
T. maritima TM287/288 apod
4.6
2.7
4.8
a
615
430
The distances between all combinations of charged atoms of Arg and Asp were estimated using
PyMol.
b
Distances were measured between the three positively charged atoms of the guanidinium group of
Arg615 (NH1, NH2 and NE) and the two oxygen atoms of the α-carboxylic acid group of Asp624 (OD1 and
OD2).
c
Cryo-EM, PDB: 5UJ9 (3.49Å)202
d
Crystal structure, PDB: 4Q4H (2.53Å)189,191
bMrp1 apoc 221

3.4. Levels of structure-guided CR1 exchange mutants of Arg615 and Glu624 in HEK cells.
It was reasoned that if the loss of a stabilizing salt-bridge contributes to the low levels of R615A
and E624A, then a reciprocal exchange mutant which preserves the salt-bridge might be expected to
increase or restore MRP1 levels. Thus, to determine whether the disruption of the possible salt-bridges
involving CR1-Arg615 and Glu624, identified by in silico analysis of apo MRP1/Mrp1 structures and
models (Section 3.3 above), might contribute to the low levels of R615A and E624A, exchange mutants
were made and their levels in WCE prepared from transfected cells were determined by immunoblotting.
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3.4.1. Levels of the Glu624 and Lys406 exchange mutants.
First, the possible salt-bridge between Glu624 and Lys406 was investigated by generating single
E624K and K406E mutants as well as the double exchange mutant K406E/E624K. After expressing in
HEK cells, immunoblots of WCEs (Figure 3.6A) showed that the single E624K and K406E mutants, as
well as the double exchange mutant K406E/E624K were very poorly expressed (levels <5% wild-type
MRP1) and not detectable after a typical exposure time (10 sec). After a longer exposure (1 min), a small
amount (but less than E624A) of underglycosylated E624K was visible but the single K406E and
K406E/E624K exchange mutants were not. Therefore, these data suggest that, rather than improving
MRP1 levels as expected, the double exchange mutation K406E/E624K diminished them. On the other
hand, Lys406 in CL4 linking TM7 to TM8 was identified, for the first time, as a mutation-sensitive amino
acid involved in the stable expression of MRP1.
3.4.2. Levels of the Arg615 and Asp430 exchange mutants.
Next, the possible salt-bridge between Arg615 and Asp430 was investigated using previously
created R615D and D430R single and D430R/R615D double exchange mutant expression constructs (S.
Iram and S. P. C. Cole, unpublished data). These constructs were re-sequenced to ensure fidelity,
transfected into HEK cells and WCE were prepared as before. As shown in Figure 3.6B, immunoblots of
the WCE show that single mutants R615D and D430R and the double exchange mutant D430R/R615D
are all expressed at levels that are <5% of wild-type MRP1. At a typical (10 sec) exposure, a faint signal
corresponding to mature, glycosylated R615D was visible, but not for D430R or D430R/R615D. After a
longer exposure (1 min), faint signals corresponding to underglycosylated D430R and the glycosylated
D430R/R615D double exchange mutant were detected. Levels of the D430R/R615D double exchange
mutant appeared higher than the single D430R mutant, although still substantially lower than wild-type
MRP1 and the R615A and R615D mutants. These data indicate that exchange mutagenesis of CR1 Arg615
with Asp430 does not restore MRP1 levels and therefore does not provide any supporting evidence for the
presence of a stabilizing salt-bridge between these two residues.
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Figure 3.6. Effect of structure-guided exchange mutations of Arg615 and Glu624 on MRP1 levels in
transfected HEK cells.
Shown are representative immunoblots of WCE (10 μg protein per lane) prepared from HEK293 cells
transfected with (A) wild-type (WT-MRP1) and mutant (E624A, E624K, K406E, K406E/E624K) MRP1
and (B) WT-MRP1 and mutant (R615A, R615D, D430R, D430R/R615D) MRP1 pcDNA expression
vectors. WCE from untransfected cells (HEK0) were used as a negative control. MRP1 was detected with
mAb QCRL-1, and anti-Na+/K+-ATPase was used as a membrane protein loading control. MRP1 signals
from both short (top, 10 sec) and long (middle, 1 min) exposures are shown. A vertical black line
indicates where irrelevant lanes from the immunoblot were removed by cropping images. Similar results
were obtained with WCE from two independent transfections.

62

3.4.3. In silico analyses of apo bMrp1 cryo-EM structures and homology models of human MRP1
suggest Arg615 may be involved in a stabilizing bonding interaction with Phe619.
3.4.3.1. In silico potential intrahelical π-cation bond between CR1-Arg615 and Phe619.
Additional in silico analyses of the apo bMrp1 cryo-EM structure as well as the hMRP1 atomic homology
models based on it (Figure 3.7A) and on apo TM287/288, suggested that CR1-Arg615 might be involved
in an intrahelical stabilizing π-cation interaction with CR1-Phe619 (Table 3.3). The distances between all
possible positively charged atoms of Arg615 and the aromatic centre of Phe619 were estimated to be ≥ 9Å
on all structures and models examined. This distance is substantially greater than the 6Å distance
considered maximal for a π- cation interaction to occur. However, the apo bMrp1 cryo-EM structure was
solved at a resolution of 3.49Å, and thus it is possible that the actual distance could be ≤ 6Å. For this
reason, the existence of this potential bond was investigated by exchange mutagenesis.
3.4.3.2. Levels of the Arg615 and Phe619 exchange mutants in HEK cells.
Single mutants R615F and F619R, and double exchange mutant R615F/F619R were generated, expressed
in HEK cells and levels analysed by immunoblotting of WCEs as before. As shown in Figure 3.7B, both
the single R615F and F619R mutants as well as the double exchange mutant R615F/F619R were
expressed at substantially lower levels than either wild-type or R615A MRP1. A typical (10 sec) exposure
showed that levels of R615F were <5% wild-type MRP1 levels in WCE, and neither F619R nor the
R615F/F619R were detectable. At longer exposures (1 min), an underglycosylated form of F619R was
present at very low levels compared to wild-type MRP1 but R615F/F619R remained undetectable. These
observations do not provide any evidence supporting the presence of a stabilizing π-cation interaction
between Arg615 and Phe619. On the other hand, they are the first to identify the highly conserved
Phe619 (Figure 3.1) as a mutation-sensitive residue in CR1 involved in the stable expression of MRP1.
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Figure 3.7. An illustration of the potential in silico intrahelical π-cation bond between CR1Arg615 and CR1-Phe619 and levels of the corresponding exchange mutants in transfected HEK cells.
(A) Using an atomic homology model of MRP1 based on the bMrp1-E1454Q cryo-EM structure
(Conseil, Arama, Tsfadia, Cole; manuscript in preparation), the potential π-cation bond between Arg615
and Phe619 is shown. The side chains are shown as sticks and coloured by element where oxygen is red
and nitrogen is blue. The side chains are coloured to match the domain they are located in and colours are
consistent with the cartoon illustration of MRP1 in Figure 1.1. The dotted line represents the shortest
distance between the positively charged Arg615 and a pseudoatom located in the center of the Phe619
benzene ring (see Table 3.3). (B) Shown is a representative immunoblot of WCE (10 μg protein loaded
per lane) prepared from HEK293 cells transfected with wild-type (WT-MRP1) and single and exchange
mutant (R615A, R615F, F619R, R615F/F619R) pcDNA expression vectors. WCE prepared from
untransfected cells (HEK0) was used as a negative control. MRP1 was detected with mAb QCRL-1, and
anti-Na+/K+-ATPase was used as a membrane protein loading control. MRP1 signals from both short (top,
10 sec) and long (middle, 1 min) exposures are shown. Results similar to those shown were obtained with
samples from two independent transfections.
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Table 3.3. Predicted interatomic distances of possible π-cation interaction between CR1-Arg615 and
CR1-Phe619.
Interatomic distances are underlined if the interaction is closer than other possible interactions. * indicates
the bonding interaction illustrated in Figure 3.7A.

Models

Interatomic distances (Å)a
R615-F619
NH1- center of
NH2- center of NE- center of
benzene ringb
benzene ringb
benzene ringb

bMrp1 apoc

11.5

13.1

11.1

bMrp1 apoc 221

10.9

11.6

9.9*

T. maritima TM287/288 apod

11.8

hMRP1 homology models based on:

a

12.0
615

10.4
619

The distances between all combinations of charged atoms of Arg and Phe were estimated using
PyMol.
b
Distances were measured between the three positively charged atoms of the guanidinium group of
Arg615 (NH1, NH2 and NE) and a pseudoatom located at the center of the benzene ring of Phe619.
c
Cryo-EM, PDB: 5UJ9 (3.49Å)202
d
Crystal structure, PDB: 4Q4H (2.53Å)189,191

3.5. Plasma membrane localization of MRP1 is disrupted in HEK cells expressing CR1 mutants
S612A, R615A and E624A but not H622A.
To investigate whether the Ala substitutions of CR1 residues Ser612, Arg615, His622 or Glu624
affected the normal plasma membrane localization of MRP1, the location of the mutant proteins in HEK
cells 24 hr after transfection was visualized using indirect immunofluorescence and confocal microscopy
(Section 2.10). As shown in Figure 3.8, the green signal corresponding to MRP1 was localized
exclusively to the plasma membrane in cells transfected with wild-type and H622A mutant MRP1. This
observation is consistent with the unchanged levels and organic anion transport activity of H622A
(Section 3.2). In contrast, the localization of the S612A, R615A and E624A mutants all differed from
wild-type MRP1 to varying degrees. Thus, while some S612A mutant protein was found at the plasma
membrane, substantial amounts of it were retained intracellularly. The localization of the R615A mutant
was even more disrupted with the majority retained intracellularly and little found at the plasma
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membrane. Finally, the E624A mutant was observed to be almost exclusively intracellular. The poorly
expressing S612A, R615A and E624A CR1 mutants were all excluded from the nucleus and their
distribution throughout the intracellular space appeared quite even. Although further co-localization
experiments with organellar markers are required determine the specific intracellular location of the
affected mutants, the results of these initial experiments are consistent with immunoblots where the
mutants with the most severely disrupted cellular localization (R615A, E624A) are detected at lower
levels than the moderately disrupted S612A (Figure 3.2).

HEK0

WT

S612A

R615A

H622A

E624A

Figure 3.8. Cellular localization of CR1-MRP1 mutants S612A, R615A, H622A and E624A in
transfected HEK cells.
Shown are images obtained by confocal microscopy of HEK293 cells 24 hr after transfection with wildtype (WT) and CR1 mutant (S612A, R615A, H622A, and E624A) pcDNA expression vectors. MRP1
(green) was detected by indirect immunofluorescence using MRP1-specific rat mAb MRPr1 as the
primary antibody and Alexa Fluor 488-conjugated goat anti-rat as the secondary antibody. Untransfected
cells (HEK0) were used as a negative control. Nuclei were stained with DAPI (blue). Signals from the
two channels were acquired independently and the merged images are presented. White calibration bars
(bottom right) represent 10 μm. Similar images were obtained with cells from three independent
transfections.
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Chapter 4
Investigations into the structure and function of CR2
4.1. Selection of CR2 amino acids for targeted mutagenesis.
CR2 refers to the stretch of amino acids between TM17 and NBD2 and, for the purposes of this
thesis, is defined as amino acids 1249-1291. According to hMRP1 homology models based on the three
bMrp1 cryo-EM structures201,202 as well as the crystal structures of ADP-bound Sav1866 and apo
TM287/288, the NH 2 -proximal half of CR2 is an α-helical extension of TM17, whereas the COOHproximal half is intrinsically unstructured (Figure 4.1A), similar to CR1 (Figure 3.1A).
To determine which CR2 residues to target for Ala substitution, multiple sequence alignments
were generated as described in Section 3.1.1. The alignment of human CR2 with its bovine ortholog
indicates that, as expected, there is an exceptional degree of sequence conservation (Figure 4.1B) with 40
of 43 amino acids being identical. The alignment of human MRP1-CR2 with the other transporting
members of the human ABCC subfamily (Figure 4.1C) indicates that there is also a high degree of
conservation that is most apparent between MRP1 and the 5-domain transporters MRP3/ABCC3,
MRP2/ABCC2 and ABCC6. Additional alignments of CR2 show that there is somewhat less
conservation with the corresponding regions of the three non-transporting human ABCC subfamily
members (Figure 4.1D), particularly CFTR/ABCC7 which has an additional 18 amino acids in its CR2. In
contrast to CR1 (Figure 3.1E), CR2 shows almost no conservation with the corresponding CRs of the
bacterial Sav1866 and TM288 (Figure 4.1E). In further contrast to CR1 (Figure 3.1), sequence
conservation among ABCC subfamily members is generally present throughout the entire length of CR2,
whereas in CR1 the α-helical NH 2 -proximal half appears to be more highly conserved than the
unstructured COOH-proximal half (Figure 3.1).
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Figure 4.1. Predicted location and sequence alignments of targeted CR2-MRP1residues.
(A) Shown are cartoons of the secondary structure of MRP1-CR2 (amino acids 1249-1291) obtained from
the atomic homology models of human MRP1 based on the crystal structures of the bacterial T. maritima
ABC transporter TM287 monomer (upper) and S. aureus Sav1866 monomer (ADP-bound) (lower). The
side chains of the four targeted residues are shown in stick form and coloured by element where oxygen is
red and nitrogen is blue. Sequence alignments of MRP1-CR2 with (B) bovine Mrp1; (C) human ABCC
transporters; (D) human ABCC non-transporters; and (E) the Sav1866 momomer and TM287 monomer
were generated using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/). The amino acids
targeted for Ala substitution, Thr1270, Pro1275, Trp1287 and Gly1291, are highlighted in red. The diamond
symbol (♦) above the sequence indicates amino acids previously investigated in the Cole Lab. Symbols
below the sequence alignments inform on amino acid conservation at each position where * indicates that
a single amino acid is invariant at that position; : indicates conservation between groups of strongly
similar biophysical properties; and . indicates conservation between groups of weakly similar biophysical
properties.
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Previously in the Cole Lab, several of the most highly conserved, predominantly charged,
residues in the NH 2 -proximal α-helical half of CR2 (i.e. Glu1253, Glu1255, Val1261, Glu1262, Arg1263, Glu1266,
and Tyr1267) were replaced with Ala, and the resulting mutants characterized. Thus, in the present study,
we chose to target four residues in the intrinsically unstructured COOH-proximal half of CR2.
The CR2 residues Pro1275, Trp1287 and Gly1291 were chosen because of their biophysical properties
and their invariance among the nine human ABCC transporters examined. Trp1287 and Gly1291 were also
invariant in the three non-transporting ABCC proteins but not present in either of the more distantly
related bacterial transporters. Pro1275 was present in the CR2 sequences of the non-transporting human
CFTR/ABCC7 as well as the bacterial ABC transporter TM287/288. Pro1275, Trp1287 and Gly1291 are not
only highly conserved, but they also possess side chains with biophysical properties which may impart
functional importance. Pro1275 was chosen because of the rigidity and helix-breaking properties of its side
chain; Trp1287 because of the interatomic bonding potential of its large, aromatic and polar side chain; and
Gly1291 because its lack of side chain provides flexibility which could be important for allowing
conformational changes to occur through this ‘hinge region’ during transport by MRP1.
The fourth amino acid, Thr1270, was targeted for Ala substitution because, like His622 of CR1,
according to atomic homology models of human MRP1 based on the crystal structures of Sav1866 and
TM287/288189 (available at the start of this project), it is located at the junction between the α-helical half
and intrinsically unstructured half of CR2 which might impart a possible structural importance (Figure
4.1A). In contrast to the junctional ‘end-of-helix’ His622 of CR1 (Figure 3.1A), Thr1270 is highly conserved
and present in 11 of 12 ABCC subfamily members although not conserved in Sav1866 or TM287/288
(Figure 4.1B-E).
4.2. Effect of Ala substitution of CR2 Thr1270, Pro1275, Trp1287 and Gly1291 on MRP1 levels in
transfected HEK cells.
The four MRP1-CR2 mutant expression constructs were created by site-directed mutagenesis
(Section 2.1), transfected into HEK cells (Section 2.2), and their effects on total cellular levels of MRP1
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determined by immunoblotting of WCE (Section 2.5). As shown in Figure 4.2A, only one of the four CR2
mutations (W1287A) caused a substantial decrease in MRP1 levels. Quantification by densitometric
analysis of immunoblots showed that the T1270A and P1275A mutations had no statistically significant
effects on MRP1 levels at 95 ± 35% and 106 ± 37% of wild-type MRP1, respectively (p>0.05) (Figure
4.2B). This indicates that these two amino acids are not important for the stable expression of MRP1. The
G1291A mutation caused a small but statistically significant reduction in MRP1 levels (by 25 ± 15%,
p<0.05). In contrast, W1287A levels were statistically significantly and substantially reduced (by 79 ±
9%, p<0.05). These observations suggest that the polar, aromatic Trp1287 plays a marked role in
maintaining normal levels of MRP1. As described for the poorly expressing CR1 mutants (Section 3.1.2.),
the mutant CR2 W1287A expression vector was mutated back to wild-type MRP1 to create the revertant
W1287A/W mutant, which was then expressed in HEK cells. Levels of the W1287A/W mutant were
comparable to wild-type MRP1 as expected (Appendix A, Figure A.1D). This observation confirms that
the Ala substitution at position 1287 in CR2 was the sole cause of the reduced levels of the MRP1W1287A mutant.
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Figure 4.2. Effect of CR2 mutations T1270A, P1275A, W1287A and G1291A on cellular levels of
MRP1 in transfected HEK cells.
(A) Shown are representative immunoblots of WCE (10 μg protein loaded per lane) prepared from
HEK293 cells transfected with wild-type (WT-MRP1) and CR2 mutant (T1270A, P1275A, W1287A, and
G1291A) pcDNA expression vectors. WCE prepared from untransfected cells (HEK0) was used as a
negative control. MRP1 was detected with mAb QCRL-1, and anti-Na+/K+-ATPase was used as a
membrane protein loading control. A vertical black line indicates where irrelevant lanes from the
immunoblot were removed by cropping images; the vertical space between lanes indicates results from
independent immunoblots. (B) wild-type and CR2 mutant MRP1 levels, normalized for protein loading
based on the Na+/K+-ATPase signal, were estimated using densitometry and plotted as a percent of wildtype MRP1 levels. Bars represent the mean values (± S.D.) obtained using WCE from 3-5 independent
transfections. * p<0.05, unpaired t-test.

4.3. Effect of Ala substitutions of CR2 Thr1270, Pro1275 and Gly1291 on organic anion transport by
MRP1.
Because the levels of CR2 mutants T1270A, P1275A and G1291A were comparable to wild-type
MRP1, it was of interest to determine whether the transport activities of these mutants were similarly
unaffected. Accordingly, membrane vesicles were prepared from HEK cells expressing the T1270A,
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P1275A and G1291A mutants (Section 2.4). The levels of the T1270A and P1275A mutants in membrane
vesicles were comparable to wild-type MRP1 (109%; n=2 and 89 ± 28%; n=3, of wild-type MRP1
respectively); however, levels of the G1291A mutant were moderately lower (only 29 ± 9%; n=3 of wildtype MRP1, p<0.05) (Figure 4.3A). Thus, for subsequent functional experiments, transfection conditions
for the G1291A mutant were adjusted (i.e. the amount of DNA/ lipofectamine complexes added was
increased by 20%) to ensure membrane vesicle levels of G1291A were comparable to wild-type MRP1
(82 ± 13%; n=3) (Figure 4.3B).
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Figure 4.3. Level of CR2 mutants T1270A, P1275A and G1291A in membrane vesicles prepared
from transfected HEK cells.
Shown is a representative immunoblot of membrane vesicles (1 μg protein loaded per lane) prepared from
HEK293 cells transfected with (A) equivalent amounts of wild-type (WT-MRP1) and mutant (T1270A,
P1275A and G1291A) pcDNA expression vectors and (B) 120% of G1291A pcDNA and Lipofectamine
so that MRP1-G1291A levels were comparable to wild-type MRP1. Membrane vesicles from
untransfected cells (HEK0) were used as a negative control. A vertical black line indicates where
irrelevant lanes from the immunoblot were removed by cropping and a space between lanes indicates
results from independent immunoblots. MRP1 was detected with mAb QCRL-1, and blots were probed
with anti-Na+/K+-ATPase as a membrane protein loading control. Similar results were obtained from
immunoblots of P1275A, G1291A and G1291A (120%) membrane vesicles derived from three
independent transfections. Similar results were obtained from an immunoblot of T1270A membrane
vesicles derived from a second independent transfection.
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Vesicular transport assays (Section 2.6) were carried out with [3H]E 2 17βG and [3H]LTC 4 and the
results obtained indicated that the levels of ATP-dependent uptake of these organic anions by the T1270A
mutant were unchanged (96 ± 16% and 96 ± 4% of wild-type MRP1 levels, respectively (p>0.05))
(Figure 4.4A, B). Uptake by the P1275A mutant was only slightly but statistically significantly greater
than wild-type (114 ± 8% and 119 ± 6% of wild-type MRP1 [3H]E 2 17βG and [3H]LTC 4 uptake levels,
respectively (p<0.05)) (Figure 4.4A, B). In contrast, the G1291A mutation appeared to have a substrateselective effect on MRP1 activity where [3H]E 2 17βG uptake was unaffected (85 ± 18% of wild-type
MRP1, p>0.05) but [3H]LTC 4 transport was statistically significantly and substantially decreased (56 ±
9% of wild-type MRP1, p<0.05) (Figure 4.4A, B). To further explore the possibility that the G1291A
mutation had a substrate selective effect, S-methylGSH-stimulated [3H]E 1 3SO 4 uptake was also
measured. As shown in Figure 4.4C, transport of this organic anion was statistically significantly but very
modestly decreased (82 ± 9% of wild-type MRP1, p<0.05).
The substantially reduced LTC 4 transport activity of the G1291A mutant was analysed further by
determining the kinetic parameters of uptake. As shown in Figure 4.5A and Table 4.1, G1291A does not
affect the apparent K m for LTC 4 transport suggesting that this mutation has no effect on the apparent
affinity of MRP1 for this organic anion (apparent K m for G1291A and wild-type MRP1 were both 83
μM). Photolabeling experiments were also carried out with [3H]LTC 4 (Section 2.8) and as shown in
Figure 4.5B, [3H]LTC 4 labeling of G1291A was comparable to that of wild-type MRP1 (after correcting
for differences in MRP1 protein levels). This was consistent with the unaltered apparent K m for this
substrate. In contrast, the V max for LTC 4 transport by the G1291A mutant was 8.5 pmol mg-1 min-1 versus
11 pmol mg-1 min-1 for wild-type MRP1 (Figure 4.5A; Table 4.1).
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Figure 4.4. Effect of CR2 mutations T1270A, P1275A, and G1291A on ATP-dependent uptake
of 3H-labeled organic anions into MRP1-enriched membrane vesicles.
Membrane vesicles were prepared from HEK293 cells transfected with wild-type (WT-MRP1) and
mutant (T1270A, P1275A, and G1291A) pcDNA expression vectors. HEK cells were transfected with
120% of G1291A pcDNA and Lipofectamine so that MRP1-G1291A levels were comparable to wildtype MRP1. Vesicles prepared from untransfected cells (HEK0) were used as a negative control.
Transport activity was measured as ATP-dependent vesicular uptake of (A) [3H]E 2 17βG; (B) [3H]LTC 4 ;
and (C) S-methylGSH-stimulated [3H]E 1 3SO 4 and plotted as a percent of wild-type MRP1.The values
shown have been adjusted to account for any differences in mutant versus wild-type MRP1 protein levels
in the membrane vesicles. Bars represent the mean values (± S.D.) of results obtained from 3-5
independent experiments done using vesicles derived from at least two independent transfections.
* p<0.05, unpaired t-test.
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Figure 4.5. Effect of CR2-G1291A mutation on kinetic parameters of vesicular [3H]LTC 4 uptake
and [3H]LTC 4 photolabeling by MRP1.
Membrane vesicles were prepared from HEK293 cells transfected with wild-type (WT MRP1) and
G1291A mutant pcDNA expression vectors or untransfected cells (HEK0) (negative control). (A) Kinetic
parameters of [3H]LTC 4 transport were estimated by measuring ATP-dependent vesicular uptake of
[3H]LTC 4 over a 100-fold range of LTC 4 concentrations (10-1000 nM) and are shown on a
Michaelis-Menten plot generated using GraphPad Prism. (B) upper panel, [3H]LTC 4 photolabeled
membrane vesicles (50 μg membrane vesicles loaded per lane) were resolved by SDS-PAGE and detected
using fluorography. Lower panel, a companion immunoblot was performed (1 μg membrane vesicle
protein loaded per lane) and MRP1 detected with mAb QCRL-1; anti-Na+/K+-ATPase was used as a
membrane protein loading control. (C) ATP ‘kinetics’ were estimated by measuring [3H]LTC 4 vesicular
uptake at a fixed LTC 4 concentration (50 nM) and a range of ATP concentrations (25-4000 μM) and are
shown on a Michaelis-Menten plot generated using GraphPad Prism. For both kinetic experiments, the
values shown have been adjusted to account for any differences in G1291A versus wild-type MRP1
protein levels in the membrane vesicles. Results similar to those shown were obtained in a second
independent experiment with membrane vesicles from an independent transfection.
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The unchanged apparent K m but reduced V max for LTC 4 transport by the G1291A mutant
suggested that its reduced transport activity might involve alterations in its interactions with nucleotides.
Consequently, the relative apparent K m and V max for ATP during LTC 4 transport were determined by
measuring uptake at different concentrations of ATP (Figure 4.5C; Table 4.1). Under these conditions, the
apparent K m (ATP) of the G1291A mutant was comparable to that of wild-type MRP1 (29 μM versus 32
μM). In contrast, the V max for ATP during LTC 4 transport by G1291A was approximately 40% lower than
wild-type MRP1 (5 versus 9 pmol mg-1 min-1) (Figure 4.5C; Table 4.1). This decrease in V max

(ATP)

during

LTC 4 transport may be sufficient to account for the 40% decrease in LTC 4 transport by the G1291A
mutant (Figure 4.4B), and may reflect a change in the ability of MRP1 to couple ATP hydrolysis with
LTC 4 transport.

Table 4.1. Kinetic parameters of [3H]LTC 4 uptake and ATP dependence during [3H]LTC 4
transport by inside-out membrane vesicles enriched for the MRP1 CR2 mutant G1291A.
Kinetic parameters of [3H]LTC 4 transport were estimated by measuring [3H]LTC 4 uptake over a 100-fold
range of LTC 4 concentrations (10-1000 nM) and a fixed concentration of ATP (or AMP) (Section 2.7).
ATP ‘kinetics’ were estimated by measuring [3H]LTC 4 uptake at a fixed concentration of LTC 4 (50 nM)
and a range of ATP or AMP concentrations (25-4000 μM). Apparent K m and V max values were calculated
using GraphPad Prism to perform a Michaelis-Menten analysis. Shown are the values obtained from two
independent experiments with the mean values in parentheses.
ATP
([3H]LTC 4 transport)

[3H]LTC 4
K m app
(μM)

V max a
(pmol mg-1 min-1)
7.5; 14.3
(11)

K m app
(μM)
33; 25
(29)

V max a
(pmol mg-1 min-1)
8.5; 9
(9)

WT MRP1

63; 103
(83)

G1291A

85; 81
(83)

6.5; 10.5
(8.5)

25; 40
(32)

4.3; 5.8
(5)

a

Corrected to take into account any differences in G1291A versus wild-type protein levels in the
membrane vesicles
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4.4. In silico analyses of MRP1/Mrp1 structures and homology models suggests that CR2 Trp1287
may be involved in a stabilizing π-cation interaction.
As described in Section 3.3, in silico analyses of the three apo cryo-EM structures and atomic homology
models of Mrp1/MRP1 were carried out to identify possible stabilizing interactions between Trp1287 and
neighbouring residues that might help explain the reduced levels of the W1287A mutant. According to
these analyses (which are summarized in Table 4.2), Trp1287 may be involved in a π-cation interaction
with Lys1369 in NBD2, because the predicted distance between the positive atom of Lys1369 and the centre
of the 6-carbon ring of Trp1287 in the apo bMrp1 cryo-EM structure (and the atomic homology model of
human MRP1 based on it) is <6Å (Figure 4.6A; Table 4.2)220 .

Table 4.2. Predicted interatomic distances of possible π-cation interaction between CR2-Trp1287 and
NBD2-Lys1369.
Interatomic distances are underlined if the interaction is considered probable (i.e. within known limits for
a π-cation bond and/or shorter than other possible interactions) (see Section 3.3). * indicates the bonding
interaction illustrated in Figure 4.6A.
Interatomic distance (Å)a
W1287-K1369 (hMRP1)b
W1286-K1368 (bMrp1)b

Models
bMrp1 apoc

4.4

hMRP1 homology models based on:
bMrp1 apoc 221

4.9*

T. maritima TM287/288 apod

10.0

a

1287

1369

The distances between all pairs of charged atoms of Trp and Lys were estimated using PyMol.
Distances were measured between the positively charged ε-amino group of Lys1369 (NZ) and a
pseudoatom located at the center of the 6-carbon ring of Trp1287.
c
Cryo-EM, PDB: 5UJ9 (3.49Å)202
d
Crystal structure, PDB: 4Q4H (2.53Å)189,191
b
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4.5. MRP1 levels are not restored by exchange mutations of Trp1287 and Lys1369.
To determine whether the disruption of the putative π-cation bond between Trp1287 and Lys1369
contributes to the low levels of W1287A, the single W1287K and K1369W mutants, and the
W1287K/K1369W double exchange mutant were created, expressed in HEK cells, and their effects on
MRP1 levels in WCE were determined by immunoblotting. As shown in Figure 4.6B, at a typical
exposure time (10 sec), the single W1287K and K1369W mutants as well as the double exchange mutant
W1287K/K1369W were very poorly expressed at levels approximately the same or slightly higher than
the W1287A mutant. At a longer exposure time (1 min), the greater abundance of K1369W relative to the
other mutants was more evident; however, it was still present at levels much lower than wild-type MRP1.
Thus, this exchange mutagenesis did not provide evidence of a stabilizing π-cation interaction between
CR2-Trp1287 and Lys1369. However, it did reveal, for the first time, that NBD2-Lys1369 is a
mutation-sensitive amino acid involved in the stable expression of MRP1.
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Figure 4.6. An illustration of a potential in silico π-cation bond between CR2-Trp1287 and NBD2Lys1369 and effect of Trp1287/Lys1369 exchange on MRP1 levels in transfected HEK cells.
(A) Using an atomic homology model of human MRP1 based on the bMrp1-E1454Q cryo-EM structure
(Conseil, Arama, Tsfadia, Cole; manuscript in preparation), a potential π-cation bond between CR2Trp1287 and Lys1369 is identified. Side chains are shown as sticks and coloured by element where oxygen is
red and nitrogen is blue. The side chains are coloured to match the domain they are located in and colours
are consistent with the cartoon illustration of MRP1 in Figure 1.1. The dotted line represents the distance
between the positively charged Lys1369 and a pseudoatom located in the center of the 6 carbon ring of the
indole group of Trp1287 (Table 3.4). (B) Shown is a representative immunoblot of WCE (10 μg protein
loaded per lane) prepared from HEK293 cells transfected with wild-type (WT-MRP1) and mutant
(W1287A, W1287K, K1369W, and W1287K/K1369W) pcDNA expression vectors. WCE prepared from
untransfected cells (HEK0) was used as a negative control. MRP1 was detected with mAb QCRL-1, and
anti-Na+/K+-ATPase was used as a membrane protein loading control. MRP1 signals from both short (top,
10 sec) and long (middle, 1 min) exposures are shown. Similar results were obtained with WCE from two
independent transfections.
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4.6. Investigation of the biophysical properties of Trp1287 essential for stable levels of MRP1.
The side chain of tryptophan is polar, aromatic, and bulky, and consequently, its substitution with
Ala eliminates all of the distinctive biophysical properties associated with its unique chemical structure.
To gain insight into which of these properties of the CR2-Trp1287 are most important for stable MRP1
levels, a series of more conservative mutations were generated by Andrew Lauzon (undergraduate
student) under the supervision of Emma Smith as described in Section 2.1. Thus, Trp1287 was replaced
with the aromatic, non-polar Phe and the aromatic, polar Tyr to determine which of these properties were
necessary for the stable expression of MRP1. Trp1287 was also replaced with Leu because, like Ala, Leu
lacks both aromaticity and polarity but its side chain is bulkier and thus somewhat closer in size to that of
Trp.
The Trp1287 mutant expression constructs were transfected into HEK cells and levels of MRP1 in
WCE were assessed by immunoblotting as before. As shown in Figure 4.7A, all three substitutions (Phe,
Tyr, Leu) of Trp1287 resulted in MRP1 levels that were substantially lower than wild-type MRP1.
Quantification of repeat immunoblots indicate that the Leu substitution causes the greatest decrease in
MRP1 levels (just 30 ± 8% of wild-type MRP1, p<0.05) while the effects of the Phe and Tyr substitutions
were more modest but still statistically significant (61 ± 20% and 59 ± 11% of wild-type MRP1,
respectively, p<0.05) (Figure 4.7B). All three of the more conservatively mutated Trp1287 mutants
(W1287F, W1287Y and W1287L) were expressed at levels statistically significantly higher than those of
the cavity-creating mutant W1287A. However, the fact that none of the more conservatively mutated
Trp1287 mutants were expressed at levels comparable to wild-type MRP1 indicates that the requirements
for a Trp residue at position 1287 of MRP1 is quite stringent and that the polarity, aromaticity and
bulkiness of the Trp side chain are all important for the stable expression of MRP1.
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Figure 4.7. Effect of conservative substitutions of CR2-Trp1287 on MRP1 levels in transfected HEK
cells.
(A) Shown is a representative immunoblot of WCE (10 μg protein loaded per lane) prepared from HEK
cells transfected with wild-type (WT-MRP1) and mutant (W1287F, W1287Y, and W1287L) pcDNA
expression vectors. WCE prepared from untransfected cells (HEK0) was used as a negative control.
MRP1 was detected with mAb QCRL-1, and anti-Na+/K+-ATPase was used as a membrane protein
loading control. A vertical black line indicates where irrelevant lanes from the immunoblot were removed
by cropping. (B) Wild-type and CR2 mutant MRP1 levels were estimated by densitometry and then
normalized for protein loading based on the Na+/K+-ATPase signal and plotted as a percent of wild-type
MRP1 levels. Bars represent the mean values (± S.D.) obtained from immunoblots of WCEs from 3-6
independent transfections. * p<0.05, unpaired t-test. This data was obtained by Andrew Lauzon, an
undergraduate student supervised by the author Emma Smith.
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4.7. Effect of alternative Ala codon usage on the levels of CR2 mutant W1287A.
When designing the original mutagenesis primer to create the W1287A mutant, the rarest of the
four Ala codons was used for convenience (i.e. it reduced the number of nucleotides that needed to be
changed). According to the “Codon Usage Database” (http://www.kazusa.or.jp /codon/), however, this
rare Ala codon (GCG) is present at a frequency of just 7.4 of every 1000 codons on average in human
DNA versus the most common Ala codon (GCC) which is present at a frequency of 27.7 of every 1000
codons. This difference raises the possibility that the use of the rare Ala codon in W1287A (hereafter
designated W1287A RC ) may have contributed to the low levels of this mutant by slowing its translation
(and hence folding) due to the lower frequency of GCG codon complementary Ala-tRNA 222. To
investigate this possibility, a second Ala substitution at position 1287 was generated by Andrew Lauzon
under the supervision of Emma Smith using the most common Ala codon (hereafter designated
W1287A CC ). HEK cells were transfected with the two W1287A pcDNA expression constructs and WCE
prepared 48 hr later, and then MRP1 levels determined by immunoblotting as before. Quantitative
analyses of repeat immunoblots showed that W1287A CC levels were 3-fold higher than those of
W1287A RC (47 ± 17% versus 15 ± 6% of wild-type MRP1 levels, respectively, p<0.05) (Figure 4.8B).
However, as seen in Figure 4.8A, levels of both mutants remained substantially and statistically
significantly lower than wild-type MRP1. These results suggest that the use of the rare Ala codon in the
original W1287A RC mutant might contribute in part to its lower levels in HEK cells.
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Figure 4.8. Effect of alternative Ala codon usage on levels of CR2 mutant MRP1-W1287A in
transfected HEK cells.
(A) Shown is a representative immunoblot of WCE (10 μg protein loaded per lane) prepared from HEK
cells transfected with wild-type (WT-MRP1) and W1287A using the rarest Ala codon (W1287A RC ) and
the most common Ala codon (W1287A CC ) pcDNA expression vectors. WCE prepared from untransfected
cells (HEK0) was used as a negative control. MRP1 was detected with mAb QCRL-1, and anti-Na+/K+ATPase was used as a membrane protein loading control. A vertical black line indicates where irrelevant
lanes from the immunoblot were removed by cropping. (B) Wild-type and CR2 mutant MRP1 levels were
estimated by densitometry before being normalized for protein loading based on the Na+/K+-ATPase
signal and plotted as a percent of wild-type MRP1 levels. Bars represent the mean values (± S.D.)
obtained from immunoblots of WCEs from 6 independent transfections. * p<0.05, unpaired t-test. This
data was obtained by Andrew Lauzon, supervised by the author Emma Smith.
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4.8. Ala substitutions of CR2 residues Thr1270, Pro1275, Trp1287, and Gly1291 do not disrupt plasma
membrane localization of MRP1.
To determine whether any of the four CR2 mutations affected the cellular localization of MRP1, the
location of mutant and wild-type MRP1 in HEK cells 24 hr after transfection was visualized using
indirect immunofluorescence. As shown in Figure 4.9, all four mutants were exclusively localized at the
plasma membrane, consistent with the lack of effect of the T1270A and P1275A mutations on total MRP1
cellular levels (Figure 4.2). On the other hand, the W1287A RC and G1291A mutations, which caused a
substantial decrease in cellular (Figure 4.2) and vesicular (Figure 4.3) MRP1 levels, respectively, were
also exclusively visualized at the plasma membrane when some intracellular retention of these mutants
might have been anticipated as was observed for the poorly expressing CR1 mutants. Unexpectedly,
however, there was no noticeable difference in fluorescence intensity of the wild-type and W1287A RC
MRP1 proteins which is inconsistent with marked differences in total cellular levels observed in
immunoblots (Section 4.2).
To obtain independent evidence of plasma membrane localization and levels of the CR2 mutants,
a cell surface protein biotinylation pull-down assay was performed (Appendix B, Figure B.1). The results
from this preliminary experiment are discussed in Chapter 5.
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HEK0

WT

T1270A

P1275A

W1287A

G1291A

Figure 4.9. Cellular localization of CR2-MRP1 mutants T1270A, P1275A, W1287A RC and G1291A
in transfected HEK cells.
Shown are images obtained by confocal microscopy of HEK cells transfected with wild-type (WT) and
CR1 mutant (T1270A, P1275A, W1287A RC , and G1291A) pcDNA expression vectors as well as
untransfected cells (HEK0) (negative control). MRP1 (green) was detected using indirect
immunofluorescence with MRP1-specific rat mAb MRPr1 followed by Alexa Fluor 488-conjugated goat
anti-rat secondary antibody. Nuclei were stained with DAPI (blue). Signals from the two channels were
acquired independently and the merged images are presented. White calibration bars (bottom right)
represent 10 μm. Similar images were obtained with cells from three independent transfections.
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Chapter 5
Discussion
Previous studies have shown that the α-helical NH 2 -proximal half of CR2 may play a role in
organic anion transport by MRP1. In the present study, the role of CR1, as well as the role of the
unstructured COOH-proximal half of CR2 were investigated to gain further insights into how the CRs
might contribute to the activity of MRP1. It was thought the CRs might facilitate communication between
the MSDs and the NBDs to enable conformational changes upon ATP and substrate binding and
transport. Furthermore, it was hypothesized that CR1 and CR2 are differentially important for MRP1
structure and function. Consequently, sequence alignments of the ABCC subfamily members along with
the available atomic homology models of human MRP1 were analysed to select four residues from each
of CR1 and CR2 to target for substitution with the cavity-creating Ala. The effects of these Ala
substitutions on MRP1 levels, cellular localization and organic anion transport were then determined. Of
the eight Ala-substituted CR mutants, three (CR1-H622A and CR2-T1270A, P1275A) (Figures 3.2-3.4,
3.8, 4.2-4.4 and 4.9) did not exhibit a phenotype markedly different from wild-type MRP1. The remaining
five mutants either displayed levels substantially lower than wild-type MRP1 (CR1-S612A, R615A,
E624A and CR2-W1287A) (Figures 3.2 and 4.2) or moderately reduced LTC 4 transport by MRP1
(CR2-G1291A) (Figure 4.4).
Two of the three residues insensitive to Ala substitution (His622 and Thr1270) were originally
targeted because it was thought that their putative location at the junction of the α-helical half and the
unstructured half of CR1 and CR2, respectively, might impart functional importance. Their presumed
secondary locations were assigned using atomic homology models of human MRP1 generated using the
crystal structures of the bacterial ABC transporters ADP-bound Sav1866 and apo TM287/288 as
templates (Chapters 1 and 3). Analysis of the recently published atomic homology models of human
MRP1 based on the three cryo-EM (apo, LTC 4 -bound and ATP-bound E1454Q mutant) bMrp1 structures
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(Conseil, Arama, Tsfadia, Cole, manuscript in preparation) show that CR1-His622 is located at the end of
the helix in all available structures and homology models; however, the end of the CR2 helix varies by 3
residues in the three bMrp1 cryo-EM structures, suggesting that conformational changes were induced by
substrate binding (i.e. LTC 4 , ATP). The cryo-EM structures and homology models all place Thr1270 in the
unstructured portion of CR2 and indicate that any or all of Glu1266, Tyr1267 or Glu1269 could be the end-ofhelix amino acid (Figure 5.1). Two of these putative CR2 end-of-helix residues (Glu1266 and Tyr1267) were
previously targeted for Ala substitution by S. Molinski but the mutations had no effect on MRP1 levels
and caused only small to moderate (≤ 40%) decreases in organic anion transport (Table 5.1). In general,
these data indicate that residues located at the junction of the α-helical and the unstructured halves of the
CRs do not play a role in the stable expression of MRP1. It remains possible that junctional CR2 residues
play a small role in MRP1 organic anion transport and the role of Glu1269 should be investigated.

bMrp1 cryo-EM structure

hMRP1 homology model

Apo

Thr1270

Glu1265

Thr1269

Tyr1266
LTC4-bound

Glu1269

Thr1269

Thr1270
Glu1269

Thr1269
ATP-bound

Glu1268

Glu1266

Thr1270

Figure 5.1. The location of possible end-of-helix amino acids on the bMrp1 cryo-EM structures
corresponding hMRP1 atomic homology models.
Shown are cartoons of the secondary structure of MRP1-CR2 (amino acids 1249-1291) on the three
bMrp1 cryo-EM structures as well as the hMRP1 atomic homology models based on them.
The side chains of hMRP1-Thr1270/bMrp1-Thr1269 as well as the end-of-helix amino acids are shown in
stick form and coloured by element where oxygen is red and nitrogen is blue. Numbered bMrp1 amino
acids are one less than the corresponding hMRP1 amino acid.
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Table 5.1. Summary of organic anion transport activity by MRP1 α-helical CR2 mutants.
Transport activity (% wild-type)a
MRP1 mutants

E 2 17βG

LTC 4

E1253A

25*

70*

E1255A

120

100

V1261A

70*

75*

E1262A

50*

25*

R1263A

70*

45*

E1266A

100

80*

Y1267A

80*

60*

*, p<0.05; boldface numbers indicate values are more ≥50% different from wild-type MRP1
a
All uptake values are the means of at least three independent experiments rounded to the nearest 5% and
similar results were obtained from at least one additional experiment using membrane vesicles prepared
from an independent transfection (S. V. Molinksi).

Of the four Ala-substituted CR mutants expressed at levels comparable to wild-type MRP1, the
organic anion transport activity of only two (P1275A and G1291A) were affected. However, the increase
in both E 2 17βG and LTC 4 transport by the P1275A mutant, although statistically significant, was very
modest (≤ 20%). On the other hand, the G1291A mutation had a substrate selective effect on MRP1
transport activity. Thus, neither S-methylGSH-stimulated E 1 3SO 4 nor E 2 17βG uptake by G1291A was
substantially decreased suggesting that this mutation does not affect MRP1 transport of steroidconjugates; however, LTC 4 uptake was decreased by 40% compared to wild-type MRP1. Further
investigation determined that there was no change to the [3H]LTC 4 photolabeling or [3H]LTC 4 K m (app)
indicating that LTC 4 binding by the G1291A mutant is unaffected. Thus, the decrease in LTC 4 transport
by G1291A is unlikely to be caused by reduced LTC 4 binding by MRP1. On the other hand, the 40%
decrease in V max (ATP) during LTC 4 transport by the G1291A mutant suggests that the small and flexible
Gly1291 may aid in the normal coupling of ATP binding and hydrolysis with LTC 4 transport by MRP1.

88

Thus, it would be of interest to determine if substitution with a bulkier, non-polar amino acid, such as
Leu, at position 1291 causes a greater disruption of MRP1 organic anion transport.
My observation that Gly1291 in CR2 plays a role in MRP1-mediated transport of organic anions is
congruent with previous studies of the α-helical region of CR2 by the Cole lab. For example, Situ et al.
determined that the highly conserved Arg1249, located at the junction of TM17 and CR2 (Figure 4.1), is
critical for MRP1 function. However, whereas Gly1291 appears to play a selective role in MRP1 transport,
both opposite and like charged mutations of Arg1249 virtually eliminated MRP1 transport of all organic
anions tested (E 2 17βG, LTC 4 , E 1 3SO 4 , and MTX) 223.
S. Molinski also investigated the effect of Ala-substitutions of seven highly conserved residues in
the α-helical NH 2 -proximal half of CR2 (Glu1253, Glu1255, Val1261, Glu1262, Arg1263, Glu1266, and Tyr1267)
(Figure 4.1). None of these CR2 mutations affected total cellular levels of MRP1. On the other hand, six
of the seven CR2 mutants exhibited some changes in the ability of MRP1 to transport E 2 17βG and LTC 4
(Table 5.1). Thus, Ala substitution of Glu1253 and Glu1262 were the most disruptive to MRP1 function
resulting in both statistically significant and substantial decreases in both E 2 17βG and LTC 4 transport.
Additionally, the R1263A and Y1267A mutants both exhibited a ~50% decrease in LTC 4 transport. Like
the G1291A mutant, [3H]LTC 4 photolabeling of E1253A and E1262A were comparable to wild-type
MRP1 and thus, despite being important for LTC 4 transport, CR2 is unlikely to be directly involved in
binding of LTC 4 . This conclusion is consistent with previous mutagenesis studies as well as the cryo-EM
structure of LTC 4 -bound bMrp1 in which CR2 is not a part of the proposed LTC 4 binding pocket made
by the TM bundles (Figure 5.2). Furthermore, S.Molinski observed that Ala substitution of charged or
polar residues resulted in decreased MRP1 transport activity, and Ala substitution of the non-polar Val1261
had a very modest effect on MRP1 transport activity (≤ 25% lower than wild-type MRP1). Thus, this
thesis is the first to identify a non-polar CR2 residue (Gly1291) as contributing in a selective way to LTC 4
transport by MRP1. In general, my results together with those of S. Molinski suggest that CR2 may play a
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larger role in LTC 4 transport than E 2 17βG or E 1 3SO 4 transport by MRP1 despite not being involved
directly in LTC 4 binding.

90°

Figure 5.2. The location of a proposed LTC 4 binding site in bMrp1 and the amino acids which
contribute to the LTC 4 binding pocket.
Shown is the cryo-EM structure of LTC 4 -bound bMrp1with the LTC 4 molecule coloured yellow. A
zoomed in view of the proposed LTC 4 binding pocket shows which amino acids are predicted to interact
with LTC 4 .This figure was taken from Johnson and Chen (2017) and modified so that the colours of the
domains are consistent with the cartoon illustration of MRP1 in Figure 1.1; MSD0 is coloured beige, CL3
containing the so-called ‘Lasso’ motif is pink, MSD1/NBD1 are green, CR1 is orange, MSD2/NBD2 are
blue and CR2 is red.

The underlying hypothesis of this thesis was that the CRs might act as ‘hinges’ that convey
information about nucleotide occupancy and substrate binding between the NBDs and MSDs, and
facilitate transport-related conformational changes in MRP1. Surprisingly, rather than effecting MRP1
activity as expected, most mutants investigated in this thesis, particularly in CR1, effected MRP1 levels.
The poor expression levels of CR mutants S612A, R615A and E624A and W1287A suggest that CR1Ser612, Arg615 and Glu624 as well as CR2-Trp1287 all contribute to MRP1 stability, probably by promoting
proper folding and assembly of MRP1 during its biosynthesis. None of the previous mutations of amino
acids located in the NH 2 -proximal terminus of CR1 (P600A, M601A/C, V602A/C/M, I603M, S604A/T
90

and S605A)165,224 (Cole Lab, unpublished) or the eight previously mutated α-helical CR2 residues
discussed above208 resulted in changes in MRP1 levels although some affected activity. Therefore, this
thesis is the first to identify the CRs as important for stable expression of MRP1, a finding which was not
anticipated at the start of this project.
We have also observed that the specific biophysical properties of the Trp side chain at position
1287 are critical for stable MRP1 expression because even the conservatively substituted (Tyr, Phe)
mutants were expressed at levels statistically significantly less than wild-type (Figure 4.7). This contrasts
with the poorly expressed MSD0-W142A mutant in which substitution with the aromatic Phe restored
levels to those of wild-type MRP1. Additionally, levels of W1287A were moderately increased (although
not restored to levels comparable to wild-type or even those of W1287F or W1287Y) by using the most
common Ala codon in the pcDNA expression vector rather than the rarest Ala codon (Figure 4.8). It is
possible that this modest increase in MRP1 level is an example of so-called ‘codon bias’. Codon bias has
been previously demonstrated in P-gp, where the synonymous SNP (C3435T) encoding a rarer Ile codon
at position 1145 alters the conformation of P-gp in a way that decreases transport of selected drugs 225.
However, to our knowledge, this is the first time decreased levels in an MRP1 mutant might be, at least
partially, attributed to the Ala codon used in the mutagenesis primer. Future studies should be aware of
the codon used for the desired mutated amino acid to avoid this potential subtle confounding effect.
Plasma membrane localization of MRP1 was found to be inconsistent among the poorly
expressing CR mutants. The three low-level CR1 mutants (S612A, R615A and E624A) all exhibited
disrupted MRP1 localization and were retained intracellularly (Figure 3.8). However, the low-level
CR2-W1287A RC mutant appeared to have no effect on MRP1 localization to the plasma membrane
(Figure 4.9). This observation is reminiscent of an earlier study of CL7 where mutants R1166A and
D1183A were also predominantly localized to the plasma membrane despite their very low protein levels
when expressed in HEK cells. Together these observations support the idea that there are fundamental
differences between the poorly expressing CR1 and CR2 mutants with respect to the underlying
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mechanism(s) responsible. Perhaps the misfolding of the W1287A RC mutant is less severe than that of the
poorly expressed CR1 mutants and so it is able to escape the quality control mechanisms in the ER.
Somewhat surprisingly, no noticeable differences in fluorescence intensity of the wild-type and
poorly-expressed mutant MRP1proteins were observed (although confocal images were not quantified)
(Figures 3.8 and 4.9). This observation appears to be inconsistent with the marked decreases in total
cellular levels observed in immunoblots of WCE (Figures 3.2 and 4.2) as well as preliminary cell-surface
biotinylation experiments (Appendix B, Figure B.1) that show that cell surface levels of W1287A RC are
substantially lower than wild-type MRP1. Given that immunoblot and cell surface biotinylation
pull-down assays are normally more robustly quantitative methods than the indirect immunofluorescence
performed in this thesis, we tentatively conclude that the levels of W1287A are substantially decreased
compared to wild-type MRP1 and what little protein that is made is correctly localized to the plasma
membrane.
It was thought that the mechanism underlying the discrepancy between levels of poorly
expressing mutants as observed by immunoblotting versus confocal microscopy might be explained by
differences in the time period between transfection and cell analysis. HEK cells were collected at 48 hr
after transfection for analysis of total protein levels by immunoblot whereas cells were fixed at only 24 hr
after transfection for microscopy due to constraints imposed by cell confluency. It was postulated that the
low level mutant proteins might be turned over between 24 and 48 hr post-transfection resulting in higher
protein levels at 24 hr versus 48 hr. However, preliminary experiments in which HEK cells expressing
wild-type and W1287A RC MRP1 were collected every 6 hr between 12 and 48 hr post-transfection
indicate that W1287A RC levels are consistently 20-30% those of wild-type MRP1 from 24 to 48 hr posttransfection (Appendix C, Figure C.1). These findings suggest that, at least for W1287A RC , it is unlikely
that the difference in its signal intensities relative to wild-type MRP1 observed using confocal microscopy
and immunoblot can be explained by net degradation between 24 and 48 hr post-transfection. Therefore
the reason for this apparent discrepancy remains unknown.
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A possible mechanism underlying the low levels of poorly-expressing CR mutants (R615A,
E624A and W1287A) was investigated using exchange mutagenesis (Sections 3.4 and 4.5). If the loss of
a stabilizing interaction caused or contributed to the low levels of these mutants, it was anticipated that a
reciprocal exchange mutant which preserved the putative stabilizing bond would increase or restore the
mutant MRP1 to wild-type levels. However, exchange mutagenesis did not provide evidence of the
existence of any of the four putative stabilizing interactions proposed based on in silico analyses of the
apo bMrp1 cryo-EM structure and the human MRP1 atomic homology model based on it, as well as the
apo bacterial ABC heterodimeric transporter TM287/288. Thus, the levels of all four exchange mutants
generated, E624K/K406E, R615D/D430R, R615F/ F619R and W1287K/K1369W, remained substantially
lower than wild-type MRP1 levels (≤ 20%) (Figures 3.6, 3.7 and 4.6). These results indicate that either
these bonds don’t exist, despite what the structures and homology models of MRP1 suggest, or the bonds
do exist but are not essential for stable expression of MRP1. It is also possible that the exchange
mutations created a net destabilizing effect on the protein because the targeted residues are involved in
other critical bonding interactions which were disrupted in the double exchange mutant.
Despite these limitations of exchange mutagenesis, the results of these experiments did allow
three additional amino acids (CL4-Lys406, CR1-Phe619 and NBD2- Lys1369) to be identified for the first
time as residues important for the stable expression of MRP1. Thus, the low levels of F619R provide
further evidence for the importance of CR1 for MRP1 stable expression. Lys406 is located in the short
so-called ‘coupling helix’ of CL4 which likely interacts with NBD1 and plays a role in coupling NBD
occupancy with TM bundle orientation or mediates stabilizing MSD1-NBD1 interactions during
biosynthesis182,202. Finally, Lys1369 is located in NBD2 just downstream of the CL5 interfacing Arg1367,
which is also necessary for stable MRP1 expression 226. As well, these data corroborate previous results
identifying the highly conserved TM8-Asp430 as a mutation-sensitive amino acid, mutation of which
abrogates MRP1 expression. This thesis was the first to identify the CRs as important for MRP1 stable
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expression. Thus, the CRs join previously identified cytoplasmic domains such as the CLs and NBDs, as
domains which are known to be important for MRP1 levels (Figure 5.3).
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Figure 5.3. The location of amino acids critical for MRP1 stable expression.
Previously investigated amino acids that have been shown to be critical for MRP1 stable expression are
labeled on a two-dimensional illustration of MRP1. Amino acids were considered critical for MRP1
levels if mutation resulted in <40% levels in WCE compared to wild-type MRP1. Amino acids identified
for the first time in this thesis are coloured to match their domain.

The low levels of MRP1-CR mutants could be caused by decreased transcription, decreased
translation, increased protein degradation or a combination of these factors. In preliminary experiments,
exposure of transfected cells to the highly specific 20S proteasome inhibitor 227 bortezomib substantially
increased the amount of immunoreactive MRP1 for all poorly expressing CR mutants (S612A, R615A,
E624A, W1287A RC and W1287A CC ) (Appendix D, Figure D.1). However, this increase was almost
exclusively seen as high molecular weight signal, like those that had been previously reported after the
poorly expressing CL5 mutants K513A, K516A, E521A and E535A were similarly exposed to
bortezomib 169. This signal could be aggregates of misfolded MRP1 or poly-ubiquitinated MRP1.
Interestingly, as reported for K516A, none of the aggregates of the CR mutants were resolved by the
addition of 8 M urea. This preliminary experiment suggests that bortezomib confers some protection of
grossly misfolded CR mutant MRP1 and that at least some of the low-level CR mutant protein is being
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degraded via the 20S proteosomal degradation pathway. It also suggests that the four poorly expressed
CR mutants, like CL5-K516A, are more severely misfolded than the other CL5 mutants (K513A, E521A
and E535A) suggesting that the CRs may play a larger, if yet undetermined, role in ensuring the
biosynthesis and folding of MRP1 into its native functional conformation.
As previously described in Sections 1.3.2 and 1.3.3, mutations in MRP1 itself are not known to
result directly in any human disease although several ABCC1 SNPs have been reported to be associated
with differences in disease severity and drug toxicity. In addition, there are many genetic disorders that
are caused by mutations that affect the levels or function of other ABCC proteins. There are several rare
mutations in CFTR and ABCC6 (but not SUR1, SUR2 or ABCC2) of residues analogous to those
targeted in this thesis that are associated with CF and PXE, respectively (Tables 5.2-5.4). Interestingly, all
known disease-causing mutations are analogous to MRP1-Arg615, Glu624, Trp1287 and Gly1291 and as
demonstrated in this thesis, Ala substitution of all of these amino acids resulted in a statistically
significant decrease in either MRP1 levels or function. These findings suggest that domains analogous to
MRP1 CR1 and CR2 may also play important structural and/or functional roles in CFTR and ABCC6.
Thus, despite the vast differences in function of these ABCC family members, quite often it appears that
conserved amino acids retain functional and/or structural importance165,172.
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Table 5.2. Amino acids in genetic disorder-associated ABCC proteins analogous to the MRP1 CR
residues targeted in this thesis.
ABCC subfamily member
MRP1

CFTR

SUR1

SUR2

ABCC6

MRP2

S612

A367

S606

S601

S597

S609

R615

K370

K609

K604

R600*

R612

H622

-

-

-

-

-

E624

E379*

E618

E613

E609

D621

T1270

T1171

T1320

T1287

T1242

T1276

P1275

P1175

-

-

P1247

P1283

W1287

W1204*

W1338

W1306

W1259*

W1294

G1291

G1208*

G1342

G1310

G1263*

G1298

CR1

CR2

*Amino acid implicated in disease (see Tables 5.3 and 5.4)

Table 5.3. CFTR mutations associated with cystic fibrosis that are analogous to targeted MRP1 CR
residues.
MRP1
amino acid

Analogous
CFTR mutation
(zygosity)

Symptoms

E379X
(heterozygous
with G542X)

CF with lung
disease, PI

W1204X
(heterozygous
with ΔF508

CF with lung
disease, PI

# of
individuals

SCV accession number
and versiona

1

SCV000789175.1

1

SCV000087511.4 228

CR1
E624
CR2
W1287

CF with
1
SCV000679444.1
severe lung
disease, PI
a
All data obtained from the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/), SCV: Submitted
to ClinVar 229
PI = pancreatic insufficiency
CBAVD = congenital bilateral absence of the vas deferens
X = stop codon
G1291

ΔG1208
(homozygous)
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Table 5.4. ABCC6 mutations associated with Pseudoxanthoma elasticum that are analogous to
MRP1 CR residues targeted in this thesis.

MRP1
amino acid

Analogous
ABCC6
mutation
(zygosity)

# of
individuals

Symptoms

SCV accession
number and
versiona

CR1

R600L
R615
R600C
(heterozygous
with Q378X)

PXE with ARS, skin
plaques, abnormal EKG,
papules, angina pectoris
and gastrointestinal
hemorage
PXE with hypertensible
skin, retinal hemorage,
angina pectoris,
abnormal EKG

1

SCV000589254.1

1

SCV000588974.1 230

CR2
PXE with skin plaques
1
SCV000589258.1
and papules
PXE with skin plaques,
1
SCV000589253.1
retinal hemorage,
W1259S
papules and vascular
surgery
PXE with ARS, papules,
5
SCV000589076.1
W1259L
skin plaques and
W1287
nephrolithiasis
All had PXE but skin
15
SCV000027137.2 231
abnormalities,
W1259G
ophthalmologic signs,
(homozygous)
and cardiovascular
problems varied greatly;
32% had cardiovascular
disease.
PXE with skin plaques,
1
SCV000589199.1
G1291
G1263R
papules, retinal changes
a
All data obtained from the ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/), SCV: Submitted
to ClinVar 229
ARS = angoid retinal streaks
X = stop codon
W1259X

In summary, this research has provided compelling evidence that supports the hypothesis that
both CR1 and CR2 are important for MRP1 structure and function. As well, it provides evidence for the
functional asymmetry of the CRs as hypothesized in Section 1.6: first, because poorly expressed CR
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mutants are differentially affected in terms of their plasma membrane localization and second, because
CR1 may play a larger role in MRP1 stable expression, whereas CR2 may play a larger role in MRP1
transport function. However, the mechanism(s) underlying the decreased levels of CR1 mutants S612A,
R615A and E624A as well as CR2-W1287A remain unknown.
The misfolding of ABC proteins underly many disease processes (i.e. CF, familial intrahepatic
cholestasis (FIC) 232, etc.) and consequently much research has focused on understanding protein folding
and generating compounds which can restore the correct conformation or compensate for misfolding of a
protein. For example, missense mutations causing the misfolding of ABCB11 (predominantly MSD1E297G and NBD1-D482G in Europeans) prevent ABCB11 from passing ER quality control and thus
reduce bile secretion by the liver resulting in FIC characterized by severe itching, jaundice and portal
hypertension. There has been some initial success in treating individuals with FIC with 4-PBA, whose
mechanisms of action include masking exposed hydrophobic regions during protein folding, inhibiting of
Hsp70, a heat shock protein which promotes ER-associated degradation (ERAD), and regulating the
expression of molecular chaperones by promoting transcription ,233.
Currently, there are still very few drugs available to treat the predominant CFTR processing
mutant NBD1-ΔF508 (Section 1.2.1). CFTR-ΔF508 causes a global conformational change in the
chloride channel which is recognized by ERAD and thus degraded. One study reported that a triple
combination therapy including Lumacaftor, a so-called ‘corrector’, which promotes interactions between
CL1 (analogous to MRP1-CL4) and NBD1 during CFTR assembly 234, and two other compounds with
unknown mechanisms of action (RDR-1 and MCG1516A) increased cell surface CFTR-ΔF508 to 60% of
wild-type CFTR levels, compared to just ~45% for any combination of just two of the compounds.
It may be possible to use these pharmacological approaches described above to improve the
folding, stability and plasma membrane localization of the poorly expressed MRP1-CR mutants described
in this thesis. Furthermore, chaperones/ correctors can be used to determine the mechanisms underlying
the decreased levels of these mutants. Like 4-PBA, sodium butyrate also modulates heat shock proteins
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and promotes transcription as a histone deacetylase inhibitor; however, sodium butyrate does not mask
hydrophobic regions of targeted proteins. Thus, observing how the levels of poorly expressed MRP1-CR
mutants respond to various ‘rescue’ approaches could inform on the specifics of protein misfolding in
these mutants.
As mentioned in Section 1.2.1., Ivacaftor is a CFTR potentiator which enhances function by
modifying the transition between open and closed MSD conformations of CFTR235. Another potentiator
of CFTR is 5-nitro-2-(3-phenylpropylamino) benzoate (NPPB) which is believed to promote NBD
dimerization. One study reported synergistic potentiating effects when a combination of both Ivacaftor
and NPPB was used to treat the CFTR-G551D gating mutant (which is properly localized to the plasma
membrane but has decreased function) in vitro. It is possible this combination treatment could improve
the function of the MRP1-G1291A mutant, which appears to have defects in the coupling of ATP binding
and hydrolysis with LTC 4 transport.
It is worth noting that, in this thesis, most amino acids that were targeted based on their
conservation were found to be important for MRP1 expression and/or function whereas those residues
targeted based on a rationale provided by in silico analyses of cryo-EM structures and atomic homology
models were not. Thus, five of the six amino acids chosen based on primary sequence conservation were
found to be sensitive to mutation. In contrast, none of the structure-guided exchange mutations provided
evidence that the putative stabilizing interactions, visualized on various structures and models, exist.
Additionally, His622 and Thr1270, amino acids which were targeted based largely on their putative location
at the junction between the α-helical and unstructured halves of the CRs, were determined to not be
important for stable MRP1 expression or function. Thus, at least in my project, amino acid conservation
appears to be a better indicator of importance than involvement in putative bonds inferred from MRP1
models and structures. However, this may not be the case for other regions of the protein. MRP1
structures and models may provide better rationale for identifying amino acids which confer the
properties of MRP1 that set it apart from other ABCC subfamily members or orthologs.
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As previous studies have exclusively investigated the NH 2 -proximal α-helical halves of the CRs
of MRP1165,208,223, the work described in this thesis is the first to provide evidence for the importance of
the unstructured portions of these regions. As well, this work is the first to identify the CRs as containing
amino acids critical for the stable expression of MRP1. Understanding that the CRs, particularly CR1, are
likely to be involved in the proper folding of MRP1 into its native conformation that can traffic to the
plasma membrane brings us closer to comprehending the complex assembly processes of this large and
polytopic membrane protein. This knowledge may provide valuable insight into the mechanisms
underlying lethal genetic disorders caused by mutations in other ABCC proteins.
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Figure A.1. Effect of reverting the Ala substitution on levels of poorly expressing CR1
mutants S612A, R615A and E624A, and CR2 mutant W1287A RC in transfected HEK cells
(see Sections 3.2.1 and 4.2).
Shown are representative immunoblots of WCE (10 μg protein loaded per lane) prepared from
HEK cells transfected with wild-type (WT-MRP1) and (A) S612A and revertant S612A/S;
(B) R615A and revertant R615A/R; (C) E624A and revertant E624A/E; and (D) W1287A RC and
revertant W1287A/W pcDNA expression vectors. Untransfected cells (HEK0) were used as a
negative control. A vertical black line indicates where irrelevant lanes from the immunoblots
were removed by cropping. MRP1 was detected with mAb QCRL-1, and anti-Na+/K+-ATPase
was used as a membrane protein loading control. Similar results were obtained from immunoblots
of membrane vesicles derived from two independent transfections.
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Appendix B

B.1. Introduction
Visualization of mutants P1275A, W1287A and G1291A by confocal microscopy
indicated that all three of these CR2 mutants were exclusively localized to the plasma membrane
(Section 4.8) (Figure 4.9). Additionally, all three mutants appeared to be present at levels
comparable to wild-type MRP1 (Figure 4.9). However, this latter observation contrasts with the
substantially decreased levels of W1287A seen in immunoblots of WCE (Figure 4.2). Thus, it
was of interest to use a second method to determine plasma membrane localization of these CR2
mutants.

B.2. Materials and Methods
To determine if MRP1 mutants were present on the cell surface of transfected HEK cells,
a non-permeable biotin pull-down assay was used as previously described 1. In brief, HEK cells
were transfected with wild-type and mutant pcDNA3.1(-) expression vectors in triplicate in a 6well plate (Section 2.3). The medium was removed from the wells 48 hr after transfection and the
cells washed gently three times with 2 ml cold PBS-C/M (138 mM NaCl, 2.7 mM KCl, 1.5 mM
NaH 2 PO 4 , 9.6 mM Na 2 HPO 4 , 1 mM MgCl 2 , 0.1 mM CaCl 2, adjusted to pH 7.3). Cells were then
incubated with EZ link Sulpho-NHS-SS-Biotin (Thermo Fisher Scientific, #21331) dissolved in
cold PBS-C/M (1.5 mg ml-1) for 1 hr at 4 °C to allow the non-permeable biotinylation reagent to
bind with the extracellular primary amino groups of plasma membrane proteins. The cells were
then washed three times with 2 ml PBS-C/M-G (PBS-C/M with 100 mM glycine (Multicell,
#800-045-IK)) at 800 x g for 5 min at 4 °C. The cells were again incubated with PBS-C/M-G for
20 min at 4 °C with constant agitation and finally, washed once with PBS-C/M. Each cell pellet
was resuspended in 700 μl of biotinylation lysis buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl,
1 mM EDTA, 0.1% SDS, 1% Triton X-100) containing a protease inhibitor cocktail and
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incubated with agitation at 4 °C for 1 hr. Lysed cells were then centrifuged at 21,150 x g for 10
min and total cellular protein (TCP) concentration of the supernatent was determined using the
Bio-Rad D C Protein Assay. Each sample was adjusted to a final concentration of 1 μg μl-1 in a
volume of 600 μl and the remaining TCP was saved for subsequent immunoblotting.
NeutrAvidin-agarose beads (140 μl) (Thermo Scientific, #29200) were added to each 600 μl
sample and shaken at room temperature for 1 hr. The beads were collected by centrifugation at
5,000 x g for 1 min, and then washed four times with 600 μl of cold biotinylation lysis buffer.
The beads were incubated with 60 μl of 3X Laemmli buffer with freshly added
2-mercaptoethanol (32% final concentration) for 30 min at room temperature to cleave the biotin
conjugates and release the captured proteins from the beads. After centrifugation at 5,000 x g for
1 min, the supernatant containing the NeutrAvidin pull-down products (NA-PD) (20 μl) and TCP
(10 μg) were immunoblotted (Section 2.5). Blots were additionally probed with murine Mab antiGAPDH (1:1,000) (Santa Cruz Biotechnology, #166574) to detect any contamination of the
membrane fraction by cytosolic proteins.

B.3. Results and Discussion
The cell surface protein biotinylation pull-down assay indicate that all three CR2 mutants
investigated (P1275A W1287A and G1291A) were localized to the plasma membrane (Figure
B.1). The levels of mutant MRP1 present in the NA-PD (corresponding to cell surface localized
MRP1) were comparable to the levels of mutant MRP1 in the TCP samples which indicates that
most of the mutant MRP1 present in the cell is localized to the plasma membrane. Additionally,
the relative cell surface levels of the three CR2 mutants investigated corresponded with the
relative levels observed in WCE (wild-type = P1275A > G1291A >> W1287A) (Figure 4.2). In
general, this preliminary data supports the idea that CR2 mutants P1275A, W1287A and G1291A
are all present at the plasma membrane as was observed using confocal microscopy. The low
levels of W1287A at the plasma membrane shown by the pull-down assay agree with the low
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levels observed in WCE; however, they both contrast with the higher levels of W1287A observed
by confocal microscopy.
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Figure B.1. Cell surface protein biotinylation pull-down assays of CR2-MRP1 mutants
P1275A, W1287A and G1291A.
HEK cells were transfected with wild-type (WT-MRP1) and P1275A, W1287A and G1291A
mutant pcDNA expression vectors, and untransfected cells (HEK0) were used as a negative
control. Shown is a representative immunoblot of total cellular protein (TCP) (10 μg protein
loaded per lane) prepared by lysing whole cells, and the NeutrAvidin pull-down products (NAPD) (20 μl loaded per lane) containing all surface proteins that were labeled with the
impermeable biotinylation reagent. MRP1 was detected with mAb QCRL-1, and anti-Na+/K+ATPase was used as a plasma membrane protein loading control. Anti-GAPDH was used as a
cytosolic protein control. Similar results were obtained from three independent cell surface
biotinylation pull-down experiments.
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Figure C.1. Time course of wild-type and W1287A RC levels in HEK cells after transfection
(see Chapter 5).
HEK cells were transfected with wild-type (WT-MRP1) and W1287A RC pcDNA expression
vectors and then harvested every 6 hr from 12 to 48 hr after transfection. WCE were prepared and
immunoblotted (10 μg protein loaded per lane). Levels of wild-type and W1287A RC mutant
MRP1 levels were estimated using densitometry and then normalized for protein loading based
on the Na+/K+-ATPase signals as needed. Shown are the results from a single experiment, where
MRP1 levels at leach time point are plotted as a percent of wild-type MRP1 levels 48 hr after
transfection.
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Figure D.1. Effect of bortezomib on levels of poorly expressing MRP1 CR1 mutants S612A,
R615A, and E624A and CR2 mutants W1287A RC and W1287A CC in transfected HEK cells
(see Chapter 5).
Shown is an immunoblot of WCE (10 μg protein loaded per lane) prepared from HEK cells
transfected with (A) wild-type (WT-MRP1) and mutant (S612A, R615A, and E624A) pcDNA
expression vectors and then exposed (+) (or not (-)) to bortezomib (100 nM) for 24 hr before
harvesting the cells. (B) HEK cells transfected with wild-type (WT-MRP1) and mutant
(W1287A RC , and W1287A CC ) pcDNA expression vectors and exposed (+) (or not (-)) to
bortezomib (100 nM) for 24 hr before harvesting, and samples were heated to 37°C (+) (or not ()) for 15 min before loading. WCE from untransfected cells (HEK0) was used as a negative
control. Urea (8 M) was included in the protein loading buffer as well as the stacking and
resolving gels. The boundary between the stacking and resolving gels is marked with a dashed
line. MRP1 was detected with mAb QCRL-1, and anti-Na+/K+-ATPase was used as a membrane
protein loading control. The signals near the top of the blot are likely aggregates of MRP1. The
blot shown is the result of a single transfection; similar results were observed when the same
WCE were resolved on a 6 M urea gel.
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