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Abstract: MRP4 transports multiple endogenous and exogenous substances and is critical not
only for detoxification but also in the homeostasis of several signaling molecules. Its dysregu-
lation has been reported in numerous pathological disorders, thus MRP4 appears as an attrac-
tive therapeutic target. However, the efficacy of MRP4 inhibitors is still controversial. The
design of specific pharmacological agents with the ability to selectively modulate the activity
of this transporter or modify its affinity to certain substrates represents a challenge in current
medicine and chemical biology. The first step in the long process of drug rational design is to
identify the therapeutic target and characterize the mechanism by which it affects the given
pathology. In order to develop a pharmacological agent with high specific activity, the second
step is to systematically study the structure of the target and identify all the possible binding
sites. Using available homology models and mutagenesis assays, in this review we recapitu-
late the up-to-date knowledge about MRP structure and aligned amino acid sequences to iden-
tify the candidate MRP4 residues where cyclic nucleotides bind. We have also listed the most
relevant MRP inhibitors studied to date, considering drug safety and specificity for MRP4 in
particular. This meta-analysis platform may serve as a basis for the future development of in-

hibitors of MRP4 cAMP specific transport.
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1. INTRODUCTION

The multidrug-resistance protein 4 (MRP4 or
ABCCH4) belongs to the large family of ATP binding
cassette (ABC) transporters, which has been grouped
into seven subfamilies named A to G based on se-
quence homology and phylogeny in humans [1]. MRP4
belongs to the human type C subfamily (ABCC) that
clusters twelve members: nine MRP, cystic fibrosis
transmembrane conductance regulator (CFTR), and
two sulfonylurea receptors, SUR1 and SUR2.
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MRP4 is expressed in several human tissues; high
levels have been reported in prostate glandular and re-
nal tubular epithelium [2, 3]. Low levels have been
documented in liver, testes, ovaries, lung, adrenal
gland, neurons, smooth muscle, platelet, and various
blood cells. MRP4 is unique among ABC transporters
due to its dual localization in polarized cells; having a
basolateral membranous localization the prostate gland
and liver [4, 5], while it is restricted to the apical mem-
brane of brain capillary endothelium [6] and renal
proximal tubule [7, 8].

MRP4 expression is finely regulated by a wide vari-
ety of factors. For example, several sex steroids and
sex-specific growth hormones, including oestradiol-17-
beta-D-glucuronide (E,17BG), androgens and anti-
androgens have been reported to regulate the transport-
ers expression in prostatic and ovarian tissue [9-11].
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Although MRP4 expression is low in hepatocytes, bile
acid in cholestatic situations enhances its expression [4,
12]. Also, oxidative stress induces higher MRP4 levels
due to a NRF2 binding site in the promoter region [13].

Given that MRP4 promoter has several response
elements for cAMP, this cyclic nucleotide also modu-
lates MRP4 mRNA and protein levels. Enhanced
cAMP levels up-regulate MRP4 expression through the
Exchange Proteins Activated by cAMP (EPAC) path-
way, causing an increase in cAMP efflux in a variety of
cell types [14]. Cyclic AMP appears to have a dual role
in the regulation of MRP4 expression in pancreatic
adenocarcinoma cell lines. While intracellular cAMP
up-regulates MRP4 through an EPAC2- and Rapl-
mediated mechanism, extracellular cAMP reduces
MRP4 promoter activity by a MEK/ERK-mediated
pathway [15]. Lastly, in lung cancer models, COX-2
can also induce overexpression of MRP4, but not of
other MRP transporters, through a PGE,-dependent
pathway [16]. A detailed description of the regulation
of MRP4 expression in hepatocytes is revised in Gu
and Manautou 2010 [17].

MRP4 has been linked to several disease states and
has been proposed as a promising new therapeutic tar-
get for pathophysiological processes in which the
transporter is involved [18-22]. Given that most of the
available MRP4 inhibitors are not very effective, the
design of more potent and specific inhibitors and the
improvement of the existing ones is indispensable. In
order to reduce the adverse effects of the candidate
drugs it is necessary to revise the structure of similar
proteins and to consider all the physiological functions
of the target. In this review, both aspects are thor-
oughly studied and using available MRP homology
models together with mutagenesis assays, we carefully
scanned MRP4 structural characteristics and compared
them with other MRP family members. This analysis
allowed us to postulate several candidate residues as
highly probable cAMP binding sites.

2. MRP4 PHYSIOLOGICAL FUNCTIONS

MRP4 has multiple physiological and pharmacol-
ogical roles given that it transports a wide variety of
substrates out of the cell [2, 23]. These include en-
dogenous molecules (Table 1) and exogenous drugs,
from antiviral to chemotherapeutic agents.

Some of the endogenous molecules transported by
MRP4 include cyclic nucleotides (cAMP and cGMP),
ADP, eicosanoids, prostaglandins, leukotrienes, urate,
and conjugate steroid hormones [3, 18]. All of these
physiological substrates participate in intra- and ex-
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tracellular communication pathways, thus MRP4 is
powerfully linked to signaling and cellular communica-
tion in healthy and pathological conditions (Fig. 1). Of
all the MRP, MRP4 particularly ensures cyclic nucleo-
tides homeostasis, given that it regulates the intra- and
extracellular levels of cAMP and ¢cGMP [7, 24-27].

An example of MRP4 physiological role includes
sperm capacitation. Early events in sperm capacitation
include, among several processes, an increase in intra-
cellular cAMP followed by efflux of this cyclic nucleo-
tide [28]. Extracellular cAMP induces sperm hyperac-
tivation and capacitation through a broad range of sig-
naling cascades, including the activation of PLC, PKC
and ERK1-2, which finally increases Ca*" levels [29].
MRP4 pharmacological inhibition impairs sperm ca-
pacitation, and supplementation of cAMP in the culture
media reverses the effect, increasing in vitro fertiliza-
tion rate in a bovine model [29, 30]. Although studies
in other species are needed to extrapolate these find-
ings, the evidence suggests that the exclusion of the
nucleotide might be critical to guarantee the cAMP
tone required for the capacitation-associated events to
take place. Modulating MRP4 activity might be benefi-
cial in the generation of clinical advances in the treat-
ment of infertility and the development of novel con-
traceptive strategies.

MRP4 physiological participation through cyclic
nucleotides homeostasis has also been suggested for
cell migration in fibroblasts associated with wound
healing [21], and endothelial cells associated with an-
giogenesis [31]. Silencing MRP4 in human pulmonary
artery smooth muscle cells, as well as in dendritic cells,
resulted in a significant decrease in cell motility [32].
These findings indicate that cAMP tone determines
migration capacity in various cell types and that target-
ing MRP4 could represent a novel therapeutic strategy
to modulate cell migration.

Given that MRP4 avoids the accumulation of bio-
logical metabolites and participates in the removal of a
variety of xenobiotics in several tissues, it is considered
a vital organ protector. MRP4 is crucial for renal excre-
tion of organic anions and drugs [2], and transports bile
acids in the presence of glutathione in hepatocytes [4,
33]. In fact, the up-regulation of MRP4 in the liver of
humans and rats with obstructive cholestasis provides
an adaptative mechanism to eliminate excess bile salts
[12, 17, 34]. MRP4 also prevents harmful substances
from entering the brain through active drug efflux [6,
35]. Interestingly, MRP4 deficiency allows topotecan
to cross the blood brain barrier and to penetrate the
central nervous system and brain [6].
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Table 1. Overview of MRP endogenous substrates transport.

MRP1 MRP2 MRP3 MRP6 MRP7 MRP4 MRP5 MRPS8
Eiconsanoids
LTC, [84] [84] [85] [86, 87] [88]
LTB,
LTD, (93]
LTE, [93]
PGE, [ [79] [79]
PGE, [79, 94] [79] [79]
PGF,, [79, 94]
TXB, [79, 94]
PGA, [95] [95]
15d-PGJ, [96] [96]
Bile salts
Bilirubin Glucuronide [97] [98]
Taurocholate
Cholate
Glycocholate [85, 102]
Taurolithocholate-3-sulfate [93] [103] [100]
Folates
Folate ‘ [104] ‘ [105] ‘ [104] ‘ [106] ‘ [107] ‘ [91]
Cyeclic Nucleotides
cAMP [95] [108] [36, 109] [90] [91, 110]
cGMP [111] - [36, 109] [90] [91, 110]
cCMP [112] [112] [112] [112] [112]
cUMP [112] [112] [112] [112] [112]
Steroids and conjugates
E,17BG [88] [36] [91]
E,3S0, [91,115]
DHEAS [33] [91, 115]
Purine analogs
\ \ TR
Other
GSSG [116] [117] [118]
GSH [119] [117] [86] [4]

Table 1. Records of positive (light or dark grey), co-transported with glutathione (dark grey) or negative (black) substrate transport were obtained through a
rapid vesicle filtering technique, using cells that overexpress the corresponding MRP transporter. Most studies use HEK-293 [33, 79, 84, 85, 87-89, 91, 98, 101,
104, 107, 109, 112, 118, 121] or S9 insect cells [86, 102, 106, 108, 120]. In some cases, V79 [4, 89, 90, 94, 101], HeLa [89, 93, 97, 101, 113, 116, 119],
MDCKII [95, 99, 103, 114, 115, 117], U937 [101], H69AR [113, 119], MCF7 [96], LLC-PK1 [110], NIH3T3 [36], CHO [87], ovarian carcinoma cell line
2008 [105], human erythrocytes [111] or DTY 168 yeast cells [95] were used to produce the corresponding vesicles. Data about MRP transport capacity was
also obtained from a review [92]. In some particular cases (blank spaces), transport was not determined or has not been reported in bibliography yet.
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Fig. (1). MRP4 has pleiotropic functions and is associated with multiple physiological and pathological conditions. In-
serted in the plasma membrane, MRP4 avoids the accumulation of metabolic by-products and participates in the removal of a
variety of xenobiotics, including antibiotics, antiviral, and chemotherapeutic drugs, which explains the role of MRP4 in thera-
peutic failure. MRP4 also extrudes cyclic nucleotides (cCAMP and ¢cGMP) and prostaglandins (such as PGE,), and regulates
their intracellular levels. In turn, these signaling molecules may module fundamental processes in platelet function, cardiomyo-
cyte proliferation and contractility, sperm capacitation, cell differentiation, proliferation, and migration, among other processes.
Due to this, dysregulation in MRP4 expression or activity is associated with several pathological conditions, including liver

disease and multiple types of cancers.

As a member of the ABC transporter family, the
study of MRP4 was naturally focused on its role in cy-
totoxic drug resistance and consequential failure of
multiple chemotherapeutic agents [23]. This is essen-
tially due to its ability to increase the efflux of cyto-
toxic agents [18, 36], which results in the decline of
intracellular drug levels and consequent drug insensi-
tivity [37]. Since MRP4 also transports antibiotics, car-
diovascular and antiviral drugs [38, 39], the protein has
an effect not only in anticancer therapies, but in multi-
ple therapies as well [37].

3. MRP4 IN PATHOLOGICAL CONDITIONS

Taking into account the diverse localization of
MRP4 and the wide variety of substrates it transports, it
is only natural that changes in its expression or activity
may disturb cellular homeostasis by altering normal

transport and disposition of endogenous and xenobiotic
molecules with critical cell functions. Dysregulation of
MRP4 expression has been linked to several pathologi-
cal conditions.

3.1. MRP4 Associated with Cardiovascular Disease

MRP4 is expressed in smooth muscle cells, includ-
ing cardiac myocytes [40, 41]. As mentioned before,
this transporter is vital in cAMP and cGMP homeosta-
sis which in part controls cardiac hypertrophy and
myocardial fibrosis [40-42]. The reduction in the intra-
cellular levels of these cyclic nucleotides activates sig-
nals related with proliferation and migration in mice
cardiomyocytes [43] and reduces cell contractility [40,
41, 44]. Moreover, MRP4 is highly expressed in human
platelets where intracellular ADP and cAMP accumula-
tion is key for controlling the activation of platelets



MRP4/ABCC4 As a New Therapeutic Target

[45]. Recent studies using MRP4-null mice platelets
[46, 47] or pharmacological inhibition with MK571 on
normal platelets [48] indicate that the transporter plays
a key role in platelet activation, aggregation and
thrombus formation. Altogether, these findings show
that MRP4 plays an important role in the vascular biol-
ogy and that inhibiting its activity might have therapeu-
tic implications in many vasculo-proliferative disor-
ders.

3.2. MRP4 Associated with Hepatic Disease

MRP4 is expressed at very low levels in the human,
mouse, and rat liver. However, as previously cited,
these levels significantly increase in patients with cho-
lestasis [12, 49] or primary biliary cirrhosis [50], pre-
sumably serving to protect the liver from accumulation
of hydrophobic bile acids, bilirubin, and other poten-
tially toxic endogenous and exogenous chemicals. In
fact, MRP4-null mice are more susceptible to obstruc-
tive cholestasis, which supports a role for this trans-
porter in mitigating bile acid toxicity and oxidative-
type cell necrosis [51]. Moreover, numerous publica-
tions inform that xenobiotics may increase the expres-
sion of hepatic MRP4 as well [17]. Toxic ingestion of
acetaminophen [49] and patients with gallstones sched-
uled for cholecystectomy treated with ursodeoxycholic
acid [52] showed an increase in hepatic MRP4 mRNA
and protein levels. The same pattern was observed in
mice fed with acetaminophen, ursodeoxycholic acid or
carbon tetrachloride [53, 54]. Treatment with PPARa
agonists, perfluorodecanoic and perfluorooctanoic ac-
ids also induce hepatic MRP4 mRNA and protein ex-
pression in mice [55]. Altogether, these findings high-
light MPR4 role in detoxification and liver damage,
and suggest its modulation could influence hepatocyte
repair and recovery during hepatocellular injury.

3.3. MRP4 in Cancer

MRP4 is largely known to play a role in non-
neoplasic conditions, however, there is an increasing
body of evidence that indicates that the endogenous
signaling molecules transported by MRP4 might have
important roles in tumorigenesis as well [20, 56-58].
ABC transporter expression is linked to tumor aggres-
siveness in different tumor types, as shown by several
observations from clinical studies [59]. MRP4 is dys-
regulated in several cancer types, such as acute mye-
loid leukemia (AML) [20, 60], multiple types of gastro-
intestinal cancers [56, 57], lung cancer [61], hepatocel-
lular carcinomas [62], colorectal cancer [63], ovarian
carcinoma [64, 65], prostate cancer [9, 66] and neuro-
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blastoma [19], among others. In fact, given that high
levels of MRP4 have been significantly associated with
poor clinical outcomes of neuroblastoma, it has been
proposed as a prognostic marker for this type of cancer
[19, 67].

As mentioned above, the MRP family is well known
for its contribution to the resistance to cytotoxic drugs
and consequent failure of anticancer therapies. This is
mainly due to their capacity to increase the efflux of
chemotherapeutic drugs against the gradient, hydrolyz-
ing ATP [68]. In particular, MRP4 is capable of export-
ing nucleotide base, nucleoside and nucleotide ana-
logues [36], as well as structurally dissimilar che-
motherapeutic compounds [69]. Therefore, the levels of
MRP4 and its activity have been explored in the con-
text of drug resistance in a number of cancer cell types,
such as osteosarcoma [70] and ovarian cancer [64].
Indeed, the high expression of ABC transporters in
cancer stem cells has been found to protect these cells
from chemotherapeutic agents [71]. Moreover, several
publications inform the overexpression and polymor-
phisms of members of the MRP family, including
MRP4, in refractory/resistant tumors [64, 65, 67, 72,
73]. Despite these findings, and the relationship be-
tween MRP4 expression and drug resistance in several
types of cancer cell lines, few studies have satisfacto-
rily explored the association between MRP4 expression
and cancer clinical outcome, and with the exception of
neuroblastoma, no association has been reported.

The study of MRP4 in cancer has been classically
focused on its role in chemotherapy resistance. How-
ever, the available evidence also indicates that MRP4
influences cancer cell biology independently of anti-
cancer agent exposure [20, 63, 74, 75]. For example,
human gastric cancer cell lines resistant to cisplatin
overexpress MRP4, and silencing the transporter with
siRNA restores sensitivity to this chemotherapeutic
agent [72]. Interestingly, the reversion of this pheno-
type is produced even if cisplatin is not a substrate of
MRP4. Moreover, in neuroblastoma cell lines, the si-
lencing and pharmacological inhibition of MRP4 inhib-
its cell proliferation and clonogenicity, and induces
morphological changes related to cell differentiation
[19]. In this kind of neoplasia, MRP4 expression corre-
lates with a worse prognosis, even if none of the rou-
tinely used chemotherapeutics is a substrate of the
transporter [67, 74]. Studies using pancreatic Capan-1
clones, which are resistant to 5-FU, reveal that they
overexpress MRP4 although the transporter is not able
to transport the nucleoside out of the cell [76]. Alto-
gether, these findings suggest that MRP4 levels are
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important for tumor biology independently of its role as
a xenobiotic transporter and suggest that an endoge-
nous signaling molecule transported by MRP4 could be
responsible for tumor progression. In this regard,
MRP4 could promote cell survival through an increase
in the efflux of autocrine signaling molecules, such as
leukotrienes, prostaglandins, and cyclic nucleotides.

Signaling via leukotrienes promotes cell survival
and proliferation through the activation of both
autocrine and paracrine pathways in several cell types
[32, 77]. It has also been reported that these bioactive
lipid mediators can influence angiogenesis, inflamma-
tion, as well as migration and invasion of neuroblas-
toma cells [78]. As pro-inflammatory mediators, leu-
kotrienes and thus, MRP4, appear to have a vital role in
T-cell migration; where inhibition of the transporter
reduces the ability of interstitial human dendritic cells
to migrate towards lymph node chemotaxis [32]. Alto-
gether, these findings raise the possibility that MRP4
could influence the migratory properties of cancer cells
as well as their neighbors.

Regarding prostaglandins, MRP4 regulates PGE,
and PGE, levels in the extracellular microenvironment
by transporting them out of the cell [79]. The plei-
otropic effects of higher levels of PGE, contribute to
key steps on cancer development, including stimulation
of cell proliferation, motility, and invasiveness, pro-
motes tumor-associated neovascularization, inhibition
of programmed cell death and immunosurveillance [80-
82].

Lastly, intracellular cAMP levels play a key role in
leukemic cell maturation and the extrusion of this cy-
clic nucleotide is ATP-dependent and probenecid-
sensitive, supporting that the transport is MRP-
mediated [20]. Knockdown strategy by shRNA re-
vealed that this process is mediated by MRP4. What is
more, genetic silencing and pharmacological inhibition
of the transporter reduced tumor growth in a xenograft
model, inducing cell arrest and an increase in the apop-
totic index [60]. Interestingly, when leukemic stem
cells population was isolated, increased cAMP levels
were observed and MRP4 blockade resulted in differ-
entiation of these cells. In a recent discovery, targeting
protein interaction between MRP4 and another protein
with a PDZ domain prevents MRP4 to arrive to plasma
membrane and impacts in differentiation and drug sen-
sitivity in AML cell lines and primary patient AML
cells [83]. Also, Carozzo et al. describe that the balance
between cAMP intra- and extracellular levels is critical
in the regulation of MRP4 expression in pancreatic
adenocarcinoma cell lines [15]. Moreover, the activity
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of the transporter is critical for PANC-1 cell prolifera-
tion, in culture and in vivo, and its inhibition causes a
clear decrease in malignancy and invasive capacity of
this cell line (unpublished data). Collectively, these
findings postulate that MRP4 could represent a new
potential therapeutic target to modulate cAMP levels in
several kinds of neoplasias.

4. GROUP-ANALYSIS REGARDING MRP SUB-
STRATE SPECIFICITY

As summarized above, several pathological proc-
esses show MRP4 overexpression, which leads to an
enhanced activity of the transporter and an elevated
efflux of certain substrates. Understanding the link be-
tween each substrate and pathology is critical for the
design of specific pharmacological therapy. Efficient
inhibitors are those that modulate the transport of cer-
tain molecules without affecting others that could be
important for physiological processes. Given that MRP
family members share many of the transported sub-
strates, an overview of each of the substrate profiles is
key in the delineation of the structural characteristics
that give each transporter its particular activity and
specificity.

We first performed a group-analysis of the substrate
specificity for some of the reported MRP endogenous
substrates (Table 1). MRP9 was not included in this
analysis because there is no information about its sub-
strate specificity. MRP6 and MRP7 were included
though, up to this date, only a few endogenous sub-
strates have been tested.

ABCC proteins have two Nucleotide Binding Do-
mains (NBD) and two or three Membrane Spanning
Domains (MSD), depending on the isoform. Thus
MRP1, MRP2, MRP3, MRP6, and MRP7 present three
MSD (MSDO, MSD 1 and MSD2), whereas MRP4,
MRP5, MRPS, and MRP9 present only two (MSD1
and MSD?2). Although it has been proposed that MSDO
does not determine the selectivity of the transporter
[122], the MRP substrate profile seems to agree with a
sub-classification between those that have the MSDO
and those that do not. MRP containing MSDO mainly
transport endogenous phase Il metabolites, such as glu-
tathione (GSH), sulfates, and glucuronide conjugates.
Remarkably, unlike members lacking the MSDO, none
of these transporters can extrude cyclic nucleotides.
The substrate profile of the transporters is clearly asso-
ciated with the homology between MRP. Phylogenetic
dendogram analysis groups MRP1-3 and MRP6 in the
same cluster [123]. These channels share a similar sub-
strate profile, except for the capacity of exporting GSH
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and conjugated products, which is impaired in MRP3
[124]. MRP6 is located only 9Kb apart from the
ABCCI gene (coding for MRP1 protein) in human
chromosome 16, which suggests that it is probably the
product of a genetic duplication [125]. Experimental
evidences show that MRP6 has a limited variety of en-
dogenous substrates compared to MRP1 [86, 87].
However, the affinity constants for leukotriene C4
(LTC4) and dehydroepiandrosterone sulfate (DHEAS)
are similar to those of MRPI, suggesting that both
transporters have similar binding pockets. Although
MRP7 belongs to the sub-group of transporters con-
taining the MSDO0, this domain is evolutionarily remote
from the one in MRP1-3 and MRP6 [126]. This evolu-
tionary divergence is evidenced by its sequence ho-
mology and by the fact that its N-terminal domain is
encoded by only three exons, in contrast to the eleven
to twelve present in other MRP. To date, only LTC,
and estradiol 17-B-D-glucuronide (E,17BG) transport
has been confirmed for this transporter [88, 127].

In this review we will refer to the “MRP1 group”
when mentioning MRP1, MRP2, and MRP3. Despite
sharing a similar sequence homology, MRP6 and
MRP7 have not been included in this group-analysis
because there is little experimental data about their
substrate specificity. MRP4, MRPS, and MRP8 belong
to the sub-group of MRP transporters lacking the
MSDO0. These MRP have similar DNA identities and
also share many of their endogenous substrates. In this
review we will refer to the “MRP4 group” when men-
tioning MRP4, MRPS5, and MRP8 because they share
cyclic nucleotides transport as a main characteristic
[90, 110, 128].

A plethora of evidence highlights the participation
of MRP4 in several pathological processes, mainly in-
volving cAMP and PGE, deregulated transport. Cyclic
AMP extrusion was first reported in 1963 as an active
process sensitive to probenecid [129]. Over the next
few years, several studies have described that the syn-
thesis of cAMP and cGMP is followed by their exclu-
sion, in an energy dependent process [130-132]. In this
sense, clinical studies have shown that patients with
hyper-proliferative disorders, such as leukemias and
certain solid tumors, display higher levels of cAMP in
plasma and urine compared to healthy individuals, pos-
tulating this second messenger as a prognosis bio-
marker in these pathologies [133]. Interestingly, these
studies were forgotten for many years probably due to
the lack of knowledge about the molecular mechanisms
underlying the exclusion process. It was not until the
end of the 20" century that the proteins responsible for
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the transport of this cyclic nucleotide could be identi-
fied. As mentioned before, to date only three members
of the MRP family (MRP4, MRP5 and MRP8) with the
capacity of transporting cyclic nucleotides out of the
cell have been described (Table 1). Using both intact
HEK293 cells or membrane vesicles generated from
hamster V79 cells transfected with MRP5 or from in-
sect SfY cells transfected with MRP4, it was proven
that these channels are responsible for the extrusion of
cAMP and cGMP [7, 36, 90, 128]. MRP4 and MRP5
have been extensively studied and present significant
differences in their kinetic parameters. For instance,
MRP4 has a lower affinity for cGMP (Km = 180uM or
Km = 9.7uM) than MRPS5 (Km = 2.1uM) [36, 90, 109].
In contrast, the affinity of MRP4 for cAMP (Km =
44.5uM) [36] is nine times greater than that of MRP5
(Km = 379uM) [90]. This evidence, together with the
characterization of the cyclic nucleotide transport in
erythrocytes by elucidation of the affinity constants and
the characterization of inhibitors that interfere in each
process outlines MRP4 as the main transporter of
cAMP and MRPS5 as the main transporter of cGMP
[134].

In line with this, MRP4-dependant cAMP extrusion
has been proposed to play a significant role in the regu-
lation of intracellular cAMP levels [135]. Nonetheless,
the relevance of this process in cAMP homeostasis has
been questioned, mainly due to the high energetic cost
of cAMP extrusion, the possible associated depletion of
purine reserves [136, 137] and the powerful and rapid
control already given by Phosphodiesterase E (PDE)
mediated degradation [127]. In fact, this controversy is
further supported by the fact that in some systems no
substantial changes were observed in the intracellular
concentration of cAMP after inhibiting or over-
expressing MRP4 [128]. Therefore, several reports in-
dicate that the transport of cCAMP mediated by MRP4
acts as an accessory regulatory mechanism only in
cases where cyclic nucleotide levels are significantly
high [128, 138]. Although inhibition of MRP4 does not
affect global cytosolic cAMP levels, mathematical
simulations propose it may control cAMP levels in re-
stricted sub-membrane compartments with high MRP
activity [139]. This assumption is supported by the fact
that MRP4 protein is mainly confined to caveolae,
which are specialized membrane micro-domains where
multi-molecular complexes of signaling molecules are
compartmentalized [35]. In addition, the MRP4 C-
terminal portion presents a PDZ domain that mediates
physical association between MRP4 and other mole-
cules, such as CFTR chloride-channel through PDZ
scaffolding proteins [24, 83, 140].
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Finally, multiple hypotheses have been proposed
regarding the role of cAMP in the extracellular com-
partment. Some researchers suggest that cAMP could
act as a “third messenger” by providing an intercellular
signal through an unknown receptor, or through its me-
tabolism which leads to the production of adenosine in
the extracellular space [137, 141].

As previously mentioned, PGE, belongs to another
particular group of MRP4 endogenous substrates,
which includes the prostanoids PGE,, PGE,, PGF,, and
TXB,. Arachidonic acid derivatives are lipid hormones
that contribute to various physiological processes such
as renal function, inflammation, platelet aggregation,
vasoconstriction, vasodilation, modulation of the im-
mune system, and neurotransmission [142]. These
molecules exert their effects through extracellular pro-
tein G-coupled receptors [143, 144] or nuclear recep-
tors [145]. In order to act on extracellular receptors in
the parental or neighbor cells, prostanoids exit the cell
mainly through passive diffusion that happens at a very
slow rate. Consequently, some physiological conditions
may require active transport [79]. A few studies have
tested PGE,, PGE,, PGF,, and TXB, transport in
MRP4 using isolated vesicles [79, 94] and others have
used whole cell systems [146]. Alternative prostagland-
ins, such as PGF; and PGA;, inhibit PGE; and PGE,
transport; therefore it is possible that they might also be
MRP4 substrates [79]. Prostanoids derived from eicos-
apentaenoic acid (an omega-3 polyunsaturated fatty
acid) are also transported by MRP4 [147].

5. STRUCTURAL CHARACTERISTICS AND
TRANSPORT MECHANISM

MRP4, as many ABC proteins, has more than one
substrate binding site [4, 94, 101, 109, 148-150]. The
presence of multiple binding sites determines a vari-
ability of responses when substrate and inhibitors (that
could be substrates or not) are combined. To compre-
hend how these binding sites interact it is important to
understand current models of the transport mechanism.

As mentioned above, MRP4 is an ABC transporter,
and as such, it couples ATP hydrolysis in the NBD
with the movement of two MSD. Structure-function
relationship has been thoroughly studied in some ABC
proteins, such as MDR1 or MRPI1. These biophysical
studies have focused in two main aspects: the function-
ing of the NBD domains and their role as molecular
motors [151, 152], and the binding sites for each of the
transported substrates [153, 154].

Currently, there are three models that try to explain
the temporal and spatial coupling of ATP hydrolysis
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with conformational changes that drive the MSD from
an inward to an outward facing conformation. The
“Switch model” was the first one proposed [155] and
postulates that both NBD alter between monomer and
dimer states. Briefly, MSD1 and MSD2 are in an in-
wardly oriented conformation only accessible from the
cytoplasm in the dissociated state of the NBD. Sub-
strate binding and subsequent binding of two ATP
molecules to the NBD monomers induce dimer forma-
tion, directing the MSD to the outward conformation,
only accessible from the extracellular space. The se-
quential hydrolysis of the two ATP molecules induces
the separation of the dimer which favors the return to
the inward conformation. The main objection to this
model is that, after dissociation, the NBD have few
probabilities of coming together to form a dimer as a
consequence of ATP binding [156].

Unlike the previous model, the “Constant Contact
model” proposes that the NBD open sequentially when
ATP hydrolysis occurs. Pi and ADP are released im-
mediately without needing the monomers to separate
completely. A new ATP molecule binds and the NBD
closes again when the opposite NBD is prepared for
ATP hydrolysis and release. This cycle is repeated and
as a consequence of each ATP molecule hydrolysis,
produces the shift between inward and outward con-
formations necessary for the substrate to be transported
[155].

Conversely, the “Reciprocating model” is more in-
tricate but agrees with experimental data [157], espe-
cially regarding ABC proteins that present more than
one substrate binding site and shows allosteric trans-
cooperativity [109]. This model postulates that the hy-
drolysis of ATP in the NBD occurs alternately, and that
each molecule couples with a functional translocation
pathway in the MSD. In this way, ABC transporters
would have two translocation pathways functioning
alternately, extending the idea of reciprocal hydrolysis
of ATP from the “Constant Contact model” to the en-
tire transport cycle [157].

It is worth noting that all three models differ in the
mechanical interpretation of two fundamental charac-
teristics of MRP transporters: the functional asymmetry
of NBD and the presence of allosteric binding pockets
[155, 157, 158].

Regarding allosterism, the “Switch” and “Constant
Contact” models imply that the binding of a substrate
in an inward site is capable of altering a second binding
site, allowing or impairing the binding of another sub-
strate. Also, the binding of a substrate could modify the
maximum velocity of transport (Vmax) of another sub-
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strate without changing its affinity constant (Km). This
happens when the binding of a given substrate favors
or delays the catalytic process of ATP hydrolysis,
which in turn accelerates or slows down the restitution
of the transporter to its basal state [158]. When the
“Reciprocating model” is applied, the explanation for
substrate cooperativity is much more interesting, as it
suggests that substrates bound to one translocation
pathway can affect the binding and transport of sub-
strates in the other translocation pathway. Thus, a sub-
strate that binds to an inward or outward site of one
translocation pathway could prevent or facilitate sub-
strate binding to the inward site of the other transloca-
tion pathway, leading to positive or negative alloster-
ism. Therefore, this model helps to understand in-
stances in which a substrate that is not transported
stimulates or inhibits substrate traffic or ATP hydroly-
sis [102, 159, 160].

Most crystallographic structures support either the
“Constant Contact” or the “Switch” models [156, 161].
Both models present a transporter with both MSD1 and
MSD2 oriented either towards the intracellular side
(inward conformation) or facing the extracellular side
(outward conformation). On the contrary, while the
“Reciprocating model” fails to reconcile with available
crystal structures, it is better supported by the bio-
chemical and biophysical data reported [157]. Beyond
these differences, all three models not only settle with
the idea of the existence of more than one substrate
binding site, but also agree that in order to ensure an
efficient transport, the sites exposed in the inward con-
formation should have a high affinity for the substrate,
while the sites exposed in the outward conformation
should have low affinity and thus facilitate the sub-
strate release.

The presence of more than one substrate binding
site has been evidenced for MRP based on vesicular
transport studies, kinetic parameters calculations [109]
or transport inhibition experiments, together with ra-
dioactive photo-labeling [150] and homology modeling
[148, 149, 162]. Accumulated evidence proves both the
existence of more than one binding site [4, 94, 101,
109, 127, 163] and the presence of non-transporting
allosteric sites [102, 150, 164].

Regarding MRP4, substrate interaction was assessed
with many combinations of endogenous and exogenous
substrates. Within endogenous substrates, prostagland-
ins, DHEAS  (dehydroepiandrosterone-3-sulfate),
cGMP, bile acids sulfates, and cAMP inhibit E,17pG
transport [33, 36, 109, 165]. Prostaglandins inhibit
cAMP and ¢cGMP transport [128] and cAMP also in-
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hibits cGMP transport [109]. Most authors affirm that
substrates compete for the same binding sites, thus in-
dicating competitive inhibition between these sub-
strates. However, some cases suggest the existence of a
more complex mechanism than a simple competitive
inhibition between substrates. One of these examples
arises from the half-maximal inhibitory concentration
(IC50) of several steroids on the transport of DHEAS
and E,;17PG. Since MRP4 has more affinity for
DHEAS than for E;17BG, it is expected that any inhibi-
tor with these characteristics would affect E,17BG
transport more than DHEAS. The fact that the IC50 of
oestradiol 3,17-disulfate for inhibiting DHEAS trans-
port is lower than that of E,17BG, gives rise to the idea
that inhibition is not exclusively competitive [33]. An-
other interesting case occurs in MRPS, where E,17BG,
DHEAS, and taurocholate apparently share a common
binding site since they have inhibitory effects on each
other’s transport, with the exception of DHEAS which
somehow stimulates E;17BG transport [92].

Another proof of the existence of more than one
binding site in a variety of members of the MRP family
is the co-transport of several substrates together with
GSH. The most studied case is the effect of GSH on the
MRP1-mediated transport of a wide range of substrates
[151]. Experiments show that GSH stimulates transport
of many conjugated and unconjugated substrates, inde-
pendently of their ability of being co-transported or
not. In addition, stimulation of GSH transport mediated
by other substrates has also been described. Co-
transport of bile salts, LTB,s, and LTD, with GSH is
another proof supporting that MRP4 has more than one
binding site [4, 89, 101]. GSH is not the only substrate
that acts as a cooperative partner with other substrate
producing mutual stimulation of transport. This het-
erotropic allosteric effect has also been observed for
E;17BG and bile salts transported by MRP2 [163].
Moreover, some MRP2 ligands like taurocholate, peni-
cillin G, and pantoprazole are also able to stimulate
E,;17BG transport without being transported themselves
[166]. Apparently, this transport enhancing effect is
dependent not only on the stimuli but also on the sub-
strate that is being transported, as probenecid stimu-
lates the MRP2-mediated transport of E,17BG but in-
hibits the transport of methotrexate (MTX) and S-(2,4-
dinitrophenyl)-glutathione (GS-DNP) instead [166].
Similarly, LTC, and MTX were found to display posi-
tive cooperative allosteric effects in MRP3-mediated
transport [167]. Interestingly, MRP4 also presents ho-
motropic allostery, given that urate stimulates cGMP
transport, inhibits MTX transport, and has no effect
regarding cAMP transport [109]. The urate-mediated
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stimulation of cGMP transport is due to an increment
in the Vmax and rarely, to a decrease in the Km. Con-
versely, cGMP does not stimulate urate efflux. By ana-
lyzing Hill coefficients, the authors conclude that the
binding of urate changes cGMP transport from an al-
losteric binding stimulated transport to a single binding
transport, implicating urate displaces cGMP from one
of its binding sites. Finally, stimulation of cGMP trans-
port by MRP4 was achieved when urate was placed on
either sides of the membrane (cis and trans). Cis incu-
bation with substrates is the most common approach
for substrate interaction studies. In these experiments,
both substrates are placed outside the inside-out vesi-
cles. So, if both substances are transported, they can
accede to inward and outward transporter conforma-
tions. But when frans incubation is used, one substrate
is placed outside and the other inside the inside-out
vesicles. In this way, the substrate inside the vesicles
only contacts the outward conformation of the trans-
porter. The fact that urate trans- stimulates the trans-
port of cGMP supports the idea of the presence of an
allosteric site in the outward conformation that could
affect cGMP Vmax [109]. In agreement with the exis-
tence of allosteric regulatory sites, stimulatory or in-
hibitory effects on the transport of certain substrates
have been found to be concentration-dependent. For
example, at low concentrations, phenylbutazone and
celecoxib stimulate MTX transport by MRP2 and
MRP4, respectively, probably through binding to a
high affinity allosteric site. However, at higher concen-
trations, both molecules act as inhibitors competing for
MTX transport sites [164].

6. PUTATIVE CYCLIC NUCLEOTIDE BINDING
SITE ANALYSIS

Identifying the location of binding sites on proteins
is of fundamental importance for a wide range of appli-
cations including molecular docking, de-novo drug de-
sign, structure identification and comparison of func-
tional sites. Given that cAMP transport by MRP4 has
been linked to several pathological processes, espe-
cially in cancer and cardiovascular diseases, we per-
formed an analytical approach to try to identify cAMP
binding sites in the transporter.

Our group-analysis regarding MRP substrate speci-
ficity led us to divide MRP transporters in two groups
according to their capability to transport cyclic nucleo-
tides. Thus, we performed a meta-analysis using se-
quence alignment, homology models, docking experi-
ments and mutagenesis studies of MRP4 and other
members of the MRP family. A systematical compari-
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son of the primary amino acid sequence between mem-
bers of the two groups allowed us to identify several
candidate residues that could confer MRP4 the capacity
of recognizing and transporting cyclic nucleotides. Fi-
nally, we built two homology models in order to cor-
roborate the spatial localization of the suggested resi-
dues.

Firstly, we performed a sequence alignment using
the amino acid sequence from some of the human
MRP. MRP6, MRP7 and MRP9 were not included in
this alignment analysis since the data available regard-
ing their substrate specificity and potential binding
sites was considered insufficient. In order to identify
relevant sites within the entire MRP4 sequence we used
available information from MRP4, MRP5 and MRPS
homology models [148, 149, 162]. We considered a
MRPI1 model generated using two cryo-electron mi-
croscopy (CEM) structures of apo and substrate-bound
MRP1 [168]. Finally, mutagenesis studies of MRP1,
MRP3 and MRP4 were key to identifying the possible
cyclic nucleotide binding sites [121, 150, 169-193].

The amino acid sequence alignment of MRP4,
MRP5, MRP8, MRP1, MRP2 and MRP3 are shown in
Fig. (2). Aligned amino acids were colored according
to their chemical and physical properties. The residues
which have been suggested to be part of MRP4, MRP5
and MRPS8 binding pockets by previous authors are
also marked [148, 149, 162]. In this analysis, we in-
cluded homology models of MRP4, MRP5 and MRPS§
constructed using the outward facing S. aureus
Sav1866 crystal structure (homologous to human
ABCBI) as a template. In addition, an inward model of
MRP8 obtained from mouse MDR3 (homologous to
human ABCB4) structure was also included [149]. In
these studies, the authors used ICMPocketFinder to
identify the sites that participate in the substrate bind-
ing during transport by MRP4 and MRP5 [148, 162].
As to MRP5 and MRPS, the authors performed dock-
ing studies using cGMP [148, 149] and 5-Fd-UMP
[149] as ligands. For practical purposes, the sites sug-
gested for 5-Fd-UMP binding to MRPS8 are not pre-
sented in Fig. (2). Thanks to these experimental ap-
proaches, two binding pockets have been predicted for
MRPS5 and MRP8: extracellular binding pockets 1 and
2 for MRP5 and MRP8, respectively (shown in light
grey) and intracellular binding pockets 2 and 1 for
MRPS5 and MRPS, respectively (shown in dark grey)
[148, 149]. Regarding the MRP5 model, the amino ac-
ids which belong to both binding sites are shown in a
combination of both greys. Despite that MRP4 has
multiple binding sites, this model makes no differentia-
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tion between them (shown in blue) [162]. Regarding
MRPI1, we included data from Jhonson and Chen’s
recent publication [168], where two CEM structures for
bovine MRP1 (bMRP1, 91% identity with hMRPI)
were generated in the inward conformation: the first
CEM structure consists of the transporters’ structure
alone and the second one depicts the structure of the
compound in the presence of LTC,. As a result of these
CEM structures, the authors were able to describe a
binding site consisting of two pockets: a positively
charged section which binds to the GSH moiety of the
conjugated ligand (p-pocket, shown in light grey with
the respective amino acid and position in bMRP1) and
a hydrophobic section which binds to the lipidic tail (h-
pocket, shown in dark grey with the respective amino
acid and position in bMRP1). We also took into con-
sideration the information about MRP1 substrate bind-
ing sites that have been thoroughly analyzed by
mutagenesis studies and naturally occurring polymor-
phisms that disrupt transport activity of one or multiple
endogenous substrates. Several publications have
mainly analyzed the transport capacity of five of its
primary substrates: LTC,, E;17BG, estrone sulfate
(E13S0y), GSH, and MTX. Transport of E;3SO, was
always analyzed with incubation in presence of GSH
[184], while GSH transport was studied in combination
with apigenin [174, 176, 177] or verapamil [189, 190].
In addition, available mutagenesis studies of specific
MRP3 and MRP4 transmembrane sections (TM6 and
TM12) were also included in the analysis. These stud-
ies were performed using either two different mutation
strategies: 1) replacing the residue for an equivalent one
in a homologous MRP, in a polymorphic variant or in
another species orthologous MRP [169-173]; or ii) re-
placing the residue by performing conservative or non-
conservative mutations [121, 150, 174-191]. All the
mutagenesis data included in this study were analyzed
according to variations in substrate transport parame-
ters. Cells painted in black correspond to point muta-
tions that affect the transport of the studied substrate
and light grey was used when no changes were ob-
served. Blank cells correspond to residues which, to
our knowledge, have not been mutated in transport
studies.

In order to simplify the process of substrate translo-
cation and identify the role of each of the binding sites,
the whole process can be divided in three main stages.
During the first stage, the substrate binds with high
affinity to the sites which are exposed in the inward
conformation of the transporter. During the transloca-
tion of the substrate, the second stage or transition
state, the binding sites may or may not be the same as
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those of the other stages. Lastly, in the third stage, the
substrate is released to the extracellular compartment
when interaction ceases with a low affinity binding site
exposed in the transporters’ outward conformation. In
addition, substrate binding can also occur in allosteric
sites, modulating the traffic of other substances without
being transported per-se. The inward and outward
models can predict key residues that participate in the
first and third stages, respectively, but fail to predict
the sites that are involved in the second stage. On the
other hand, mutagenesis studies can be applied to pre-
dict residues involved in the three stages. However, it
is worth noting that mutagenesis per-se can potentially
affect the transporters’ functionality as a whole, with-
out particularly changing the first, second or third
stages, or the allosteric binding sites. This can be ex-
plained as a result of: i) MRP expression, trafficking or
activity alteration, which includes disrupted communi-
cation between the TMD and the NBD; or ii) changes
in the electrostatic, hydrophobic or hydrophilic envi-
ronment in the binding pockets adjacent area.

Luckily, over the last few years, several tools and
strategies have been developed that allow us to identify
whether a mutated residue affects MRP activity or not.
In these studies, levels of expression and trafficking of
the transporters must be carefully controlled in order to
draw valid conclusions about the effect of each muta-
tion on the activity of the transporters [186-188]. As
mentioned above, when analyzing mutagenesis studies
it is imperative to consider if a mutated residue affects
the transport of all tested substrates. If this happens, it
could be speculated that the mutation has disrupted the
entire transporters’ functionality or that it has degener-
ated the binding sites in one or various stages involving
all tested substrates. ATPase activity, 8-Azido-
[a’’P]ATP labeling and orthovanadate-dependent trap-
ping of 8-Azido-[o’’PJADP are the most common
strategies used to draw conclusions about the general
functionality of mutated MRP [172, 177, 178, 189,
190]. Photo-labeling of LTC4 or GSH has also been
used to confirm whether a point mutation affects the
binding capacity, especially regarding first stage high
affinity binding [176, 177, 189, 190]. Finally, calculat-
ing the kinetic constants for each of the mutants helps
to discern which of the three binding stages is affected
by the mutation [186-188]. As a general interpretation,
a specific mutation increases the affinity constant (Km)
because the mutation of that residue leads to less bind-
ing during the first stage of the translocation pathway.
On the other hand, when a mutation affects the maxi-
mum speed of transport (Vmax), it is generally con-
cluded that the mutation is affecting any three stages of
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the process. Unfortunately, mutations which affect al-
losteric binding sites are hard to discern and, thus have
been poorly investigated. Furthermore, a particular
residue may not only intervene in the binding of certain
substances during one specific stage but may also af-
fect the binding of other substances in a different stage
[191].

Fig. (2) proposes the potential binding sites for each
of the substrates in each of the MRP. However, our
study was focused on the key residues within those
sites that have been previously suggested by three-
dimensional models and are conserved in the first
group (“MRP4 group”) compared to the second group
(“MRP1 group”). We therefore believe these residues
represent MRP4 specific cyclic nucleotide binding sites
and are colored in blue in the last row of each of the
TM blocks. The rest of the information shown in (Fig.
2) constitutes a powerful tool for future studies given
that it locates the binding sites of different solutes for
the different MRP presented.

For instance, in TM1 and ECL1 (Fig. 2, Block 1)
the sites predicted by ICMPocketFinder or by docking
studies of MRP4, MRP5, and MRP8 outward models
overlap almost entirely. Remarkably, the amino acid
sequence of these sites is significantly different when
comparing the three transporters. These residues also
overlap with two of the candidate sites for LTC,4 bind-
ing suggested in the bMRP1 inward CEM structure
(K332 and H335). Mutagenesis and photo-labeling
studies have shown that K332 appears to be crucial for
LTC, binding to MRP1 during the first stage because
mutations in this site completely abrogated LTC,
photo-labeling and increased the Km [150, 181]. Addi-
tionally, non-conservative mutations of H335 showed a
reduction in the Vmax without changing the Km,
which suggests that this residue could participate in the
second and third stages of LTC, transport. Also, photo-
labeling of MRP1 H335 mutants showed a 45-50%
photo-labeling reduction compared to the wild type
variant. Therefore, MRP1 mutagenesis studies confirm
the involvement of these two residues (K332 and
H335) in substrate selectivity [150, 181, 184]. Interest-
ingly, T99 in MRP4 (aligned with K332 from MRPI)
has been suggested to interact with its substrates in the
MRP4 outward model [162]. In a similar fashion,
L186, a non-charged residue from MRPS, is also
aligned with K332 from MRPI, and has been sug-
gested to interact with cGMP in MRPS5 outward dock-
ing experiments. Another interesting fact is that both
ICMPocketFinder and MRP5 ¢GMP-docking studies
identified two residues present in the intracellular and
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extracellular binding sites for this cyclic nucleotide
(Q190 and G193). Docking experiments have shown
that the purine base of cGMP interacts with Q190 in
certain spatial poses of the cyclic nucleotide. This resi-
due is not highly conserved among the MRP that bind
cGMP, but in fact, corresponds to a charged glutamic
acid residue in MRP4, similar to the aspartic acid resi-
due found in MRP1, MRP2 and MRP3. In MRPS8, a
natural occurring polymorphism (G180R) takes place
in this position, disrupting cGMP transport and high-
lighting its importance as a cyclic nucleotide binding
site in MRP8 [173].

Candidate binding sites proposed by the MRP8 in-
ward model appear to be located in the final section of
the TM1 and in the first ECL, while binding sites in the
outward models show localization only in TM1. The
loop shows low amino acid conservation when compar-
ing MRP4 sequence with the other transporters. In this
loop, E194 from MRP8 was suggested to interact with
c¢GMP in the inward-facing conformation [149]. In the
proximity of this amino acid, MRP4 presents two nega-
tively charged residues (E121 and D124), while MRP5
presents only one (E212). In addition, mutations in
MRP1 neighboring residues show differential substrate
transport properties suggesting that they determine sub-
strate differential recognition. As an example, W361A
mutant in MRP1 retains the ability to transport LTC,4
and E;3SO,4, but exhibits a 25-50% decrease in
E;17BG, GSH, and MTX transport [174]. Members of
the MRP1 group have a very conserved tryptophan
residue in this site while the MRP4 group depicts an
asparagine. After analyzing the complete TM1 and
ECL1 alignment, we propose that T99, E102, E103,
A105, K106 and K132 from this section of MRP4 may
participate in cAMP binding (Fig. 2, 3) and should be
studied further.

When analyzing TM2 (Fig. 2, Block 2), only bind-
ing sites of the outward conformation have been pro-
posed in MRP4, MRP5, and MRP8 homology models.
Regarding MRPS5, it is interesting to note that sites
suggested by ICMPocketFinder and by cGMP docking-
studies are different, with the exception of the R232
site. In fact, Ravna et al. inform that a salt bridge usu-
ally forms between cGMP and this positive charged
residue in most of the tested docking conformations
[148]. This amino acid is conserved in MRPS8 but has
not been identified as a binding pocket residue in nei-
ther of the MRP8 models [149]. Despite that the posi-
tive charge is not conserved in MRP4 in this position,
L148 could be involved in cAMP binding. The H152
and H153 residues are the closest positively charged
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amino acids in MRP4 and the former has been identi-
fied as part of the binding pocket in the outward model
of this protein. MRP4 H152 corresponds to F220 in
MRPS5, an aromatic residue also identified as a poten-
tial binding site in the latter [148]. Conversely, the ana-
log residue for MRP5 R232 in the “MRP1 group” was
found to be an extremely conserved glutamine and its
adjacent residues are also similar to that of MRPS,
since it is preceded by a hydrophobic amino acid (Ile,
Leu or Met) and followed by a hydrogen-bond donor
(Thr or Ser). Based on this analysis, we suggest L148,
H152, and H153 may be involved in cAMP binding
(Fig. 2, 3).

For TM3 (Fig. 2, Block 3) cGMP-docking analysis
of MRPS5 lead to the identification of three amino acids
(L297, P301, and A304) that are extremely conserved
in MRP4. One of them (L.297) appears to participate in
both, MRPS5 intra- and extracellular ¢cGMP-binding
pockets. Interestingly, MRP4 L215 (corresponding to
L297 from MRP5) and MRP4 P219 (corresponding to
P301 from MRPS5) were also identified as cGMP-
binding sites for MRP4. Also, other amino acids in
TM3 (W216, G218, Q221, and V225) have been sug-
gested as MRP4 binding sites. All of these residues are
extremely conserved in MRP transporters, and muta-
tions on MRP1 corresponding residues impair or pre-
vent transport for all of the tested substrates. W445A in
MRP1 decreases 70-75% transport of LTC,4, E;17BG,
E;3S04 and almost eliminates GSH and MTX transport
compared to the wild type variant [174]. P448A in
MRP1 completely abolishes GSH, MTX, and E;17BG
transport and decreases 40-60% transport of LTC4 and
E3S0, [175]. The drop in LTC4 transport is mostly
due to a reduction in the Vmax, indicating that this site
is involved in the second and third stages of LTC,
transport. On the other hand, in the MRP1 inward CEM
structure, the Y440 amino acid was suggested to form a
hydrogen-bond with GSH through its hydroxyl-group,
thereby forming part of the p-pocket. This MRP1 resi-
due and adjacent sites have been implicated in substrate
selectivity through mutational analysis. Mutations of
Y440 with the corresponding MRP3 amino acid
(Y440F) have shown to change LTC, and E;3SO,
transport, while no variation was observed in MTX and
E;17BG transport [169]. Mutation of this residue for a
bigger one (Y440W) not only decreased LTC, and
E;3S0, transport but also impaired E,17BG traffic.
1441L also showed to reduce E;3SO4 and E;17BG
transport activity, while LTC4 and MTX traffic was
similar to that of the wild type variant. M443L reduced
LTC4, E;17BG and E;3SO, transport but did not change
MTX traffic. GSH transport was not tested in neither of
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these mutants. Y440F and 1441L produced significant
changes in the Km for E;3SO4, but did not affect the
Vmax, while M443L diminished photo-labeling with
azidophenacyl-[°S]-GSH [169].

Despite its localization between two aminoacids that
have been suggested in the MRP4 outward model ana-
lyzed by ICMPocketFinder, A217 is an interesting
residue to study since it is a well conserved small ali-
phatic residue in the “MRP4 group”, while the “MPR1
group” depicts a serine in this location (Fig. 2, 3).

In the case of TMS (Fig. 2, Block 4), candidate
binding sites which have been suggested in the outward
models of MRP4, MRP5, and MRPS§ overlap almost
perfectly. Interestingly, the amino acids corresponding
to the proposed sites are not very conserved between
these MRP. T550 and W553 were predicted to form
part of the h-pocket in MRP1 and the former amino
acid is in the exact same position of the suggested can-
didate residues for the outward MRP4, MRPS5, and
MRP8 models. Despite this, when this residue was re-
placed by an alanine in MRP1, no effect was observed
on the transport of LTC,, E;17BG, and GSH. Further-
more, W553 A almost abolished E,17BG, E;3S0,, GSH
and MTX transport, while LTC, transport was reduced
50%, which confirms that the residue could participate
in the h-pocket [174]. Importantly, an aromatic residue
is conserved in all members of the “MRP1 group” as
well as in MRP4, while MRP8 has an aromatic residue
in the F391 adjacent site. No aromatic residues are pre-
sent in the corresponding MRPS5 section. This could be
related to the fact that MRPS is the only member of the
“MRP4 group” that does not transport LTC,4 [90].

After analyzing the complete TM5 and ICL2 align-
ment, we observed that MRP4, MRP5, and MRPS8 con-
tain a highly conserved small aliphatic residue in the
corresponding A322 site, while the “MRP1 group” de-
picts a phenylalanine. Also, aligned with MRP1 W553,
MRP4 has a phenylalanine residue in position 324 and
another in position 325 that has been suggested as a
binding site for MRP4, MRP5 and MRPS outward
models. Additionally, S328 and K329 residues have
been suggested as binding sites in the MRP4 outward
model and also, K329 position (V411 in MRP5 and
T395 in MRP8) has been suggested in both MRPS and
MRP8 models as well. It would be interesting to further
analyze these two residues since they are a hydrogen
bond donor and a positively charge amino acid, respec-
tively and could participate in cAMP binding site (Fig.
2,3).

Concerning TM6 and ICL3 (Fig. 2, Block 5), resi-
dues R362, 1363 and T364 from MRP4 and the corre-
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Fig. (2). MRP4 sequence alignment and cAMP binding site identification. Amino acid sequence alignment for MRP4
(NP_005836.2), MRP5 (BAA76608.1), MRP8 (NP _115972.2), MRP1 (NP _004987.2), MRP2 (CAB45309.1), and MRP3
(CAA76658.2) is shown (rows 2, 3, 4, 10, 11, and 12, respectively) for each block. The alignments were performed using the
T-Coffee software [194] and further analysis was achieved with MS Excel 2011 for Mac (v14.5.5). For rows 1-3 and 10-12,
aligned amino acids were colored regarding chemical and physical properties as referenced in the figure. Each block corre-
sponds to a different section of the MRP, and includes one transmembrane domain (TM) and adjacent intracellular and/or ex-
tracellular loops (ICL and ECL, respectively) where binding sites have been suggested by the homology models used as refer-
ence. TM4 and TM10 were not included in this analysis since no binding sites have been previously proposed in these sections.
In row 1 areas corresponding to TM, ICL, and ECL of MRP4 are defined for each block (Uniprot accession number: O15439).
Rows 5 to 9 highlight the amino acids which have been suggested to be part of the binding pocket of MRP4 (dark grey), MRPS5
(dark and light grey), and MRP8 (dark and light grey) [148, 149, 162]. The second column specifies the MRP model studied
(MRP4, MRP5 or MRP8), whether it corresponds to the outward model (OUTW) or the inward model (INW) and how it was
generated (ICMPocketFinder or cGMP-docking). Regarding the MRPS and MRP8 models, since two binding pockets have
been suggested, different grey scales were used to identify each of them: the extracellular binding pocket 1 and 2 for MRPS and
MRPS (light grey) and the intracellular binding pocket 2 and 1 for MRPS and MRP8 (dark grey). Concerning the MRPS model,
the amino acids that belong to both binding sites are identified with both colors (dark and light grey) [149, 162]. Information
was also gathered from a bovine inward-MRP1 model constructed with two CEM structures of apo and substrate-bound
MRP1 [168]. The residues suggested by this model are indicated in row 18 for each block with the corresponding amino acid
name and bMRP1 position. The positive charged pocket (p-pocket) is identified in light grey and the hydrophobic pocket (h-
pocket) is identified in dark grey. Rows 13-17 assemble the information about MRP1 transport provided by mutagenesis studies
and some natural occurring polymorphisms (MUT) where transport for the following substrates was tested: LTC,, E;17BG,
E;3S0,4, GSH, and MTX. Information about MRP3 and/or MRP4 transport regarding some assayed substrates obtained by
mutagenesis studies were included in some of the blocks (rows 19-22 in Block 5 and rows 19-26 in Block 10). A grey scale
code was used to define each situation: when the mutation of the residue affected the substrate transport (black), when the mu-
tation of the residue did not affect the studied substrate transport (light grey), and when no transport studies were performed
concerning mutation of a particular residue (white) [121, 150, 169-193]. Finally, the last row indicates which amino acids could
be important for cAMP binding in MRP4 according to our analysis. These residues were colored regarding chemical and physi-
cal properties as referenced in the figure.

sponding aligned residues in the “MRP4 group” and
“MRP1 group” are worth analyzing since both homol-
ogy models and mutagenesis studies have suggested
their participation in substrate transport.

The first position (corresponding to R362 in MRP4)
is occupied by a positively charged amino acid with the
exception of MRP5 which presents a tyrosine residue.
None the less, MRP5 has a positively charged lysine
four residues downstream (K448). In the MRP5 out-
ward model, K448 is able of to interact with the phos-
phate group present in cGMP. Mutagenesis studies in
R593 from MRP1 determined this residue is important
in transport activity [181]. Regarding the second posi-
tion (corresponding to L363 in MRP4), F594 of MRP1
was suggested to contact GSH by van der Waals inter-
action as part of the p-pocket. Mutation analysis of this
residue and adjacent residues showed that all three
amino acids are important in binding the five most
tested MRP1 endogenous substrates. In MRPI, the
F594 amino acid, together with some TM11 aromatic
residues (W1198, W1246, and Y1243), are thought to
form an aromatic region which shows to be important

for substrate recognition. In fact, conservative and
non-conservative mutations in this residue produce dis-
tinct effects regarding the transport of the five classical
MRPI1 tested substrates. Distinct mutations in F594
disturb substrate transport in different ways, and
F594A completely abrogates LTC, photo-labeling.
These observations indicate that F594 might participate
in substrate selectivity during the first stage binding for
MRP1 [176] while the corresponding residues in
MRP4 (L363) and MRP5 (F445) have been suggested
as binding sites of the outward conformation. In the
third position (corresponding to T364 in MRP4), the
“MRP1 group” has a proline, while the members of the
“MRP4 group” show residues with a hydroxyl-group.
Particularly, MRP5 has an alanine in this position and a
threonine three positions upstream (T444). A proline
residue in this position has shown to be important in
MRP1 activity, since P595A mutation inhibits LTC4
transport in 70% and almost eliminates GSH, E;17BG,
MTX, and E;3S0; traffic [175]. The striking participa-
tion in substrate transport activity of these residues and
sequence comparison leads us to suggest that R362,
L363, and T364 are interesting residues which ought to
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Table 2. MRP4 inhibitors.

Yaneff et al.

Compound

Bile acids and conjugates

MRP4

Other MRP

Cholic acid 250 (E217BG 30uM) [33]
ND (TC 5uM) [4]
Glycocholic acid 400 (E217pG 30uM) [33] ND (DHEAS 100nM) [91] MRPS

ND (TC 5uM) [4]

ND (E217BG 1uM) [91] MRPS8

Glycolithocholic acid sulfate

10 (E217BG 30uM) [33]

Lithocholic acid sulfate

10 (E217BG 30uM) [33]

Taurochenodeoxycholic acid

55 (E217BG 30uM) [33]

Taurocholic acid

350 (E217BG 30uM) [33]
ND (LTB4 0.1uM &) [89]
ND (LTC4 0.1uM &) [89]

2200 (¢cGMP) [206] MRP5
ND (DHEAS 100nM) [91] MRPS
ND (E2178G 1uM) [91] MRPS

Taurodeoxycholic acid

60 (E217BG 30uM) [33]

Taurolithocholic acid

20 (E217BG 30uM) [33]

Taurolithocholic acid sulfate

10 (E217BG 30uM) [33]

Ursodeoxycholic acid

ND (TC 5uM) [4]

Tauroursodeoxycholic acid

ND (TC 5uM) [4]

Endogenous substances

cAMP ND (¢cGMP 1puM) [7] ND (¢cGMP 1puM) [90] MRP5
ND (E217BG 1uM, 30pM) [36, 165] 296 (¢cGMP 3.3uM) [111] MRPS
ND (MTX 20puM) [106] ND (DHEAS 100nM) [91] MRPS
ND (E2178G 1uM) [91] MRPS
cGMP ND (E217BG 1uM, 30pM) [36, 165] ND (DHEAS 100nM) [91] MRPS

ND (MTX 20puM) [106]

ND (E217BG 1uM) [91] MRPS8

DHEA-3-glucuronide

80 (DHEAS 0.025uM) [33]
80 (E217BG 1uM) [33]

DHEAS 3 (E217BG 1uM) [33] 1.5 (cGMP 3.3uM) [207] MRP5
STIM 10pM (E217BG 1uM) [91] MRPS
E217BG 30 (DHEAS 0.025uM) [33] 0.47 (cGMP) [206] MRP5

ND (MTX 0.1 uM, 20uM) [7, 106]

ND (DHEAS 100nM) [91] MRPS8

Estradiol-3,17-disulfate

0.2 (DHEAS 0.025uM) [33]
2 (E217BG 1uM) [33]

Estradiol-3-glucuronide

80 (DHEAS 0.025uM) [33]
120 (E217BG 1uM) [33]

Estradiol-3-sulfate

70 (DHEAS 0.025uM) [33]
50 (E217BG 1uM) [33]

Estrone-3-sulfate

95 (DHEAS 0.025uM) [33]
45 (E2178G 1puM) [33]

Hydrocortisone 0.0007 (H)/53 (L) (MTX 0.5uM) [208] 0.0039(H)/788(L) (MTX 0.5uM) [208]
MRP2
Progesterone 11.7 (cGMP) [206] MRP5

Indole-3-acetic acid

2000 (MTX) [209]

Indoxyl sulfate

1000 (MTX) [209]

Kynurenic acid

25 (MTX) [209]
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Compound MRP4 Other MRP
LTB4 ND; STIM 5uM (LTC4 0.1uM &) [89]
LTC4 ND (LTB4 0.1pM &) [89] ND (DHEAS 100nM) [91] MRPS8
ND (E217BG 1uM) [91] MRPS8
LTD4 ND (LTB4 0.1pM &) [89]
ND (LTC4 0.1pM &) [89]
PGALl ND (E217BG 1uM) [79] ND (E217BG 1uM) [79] MRP1
STIM 20uM (E217BG 1pM) [79] MRP2
ND (E217BG 1uM) [79] MRP3
1.2 (¢cGMP 3.3uM) [207] MRP5
PGE1 4.1 (cAMP 2uM) [134] STIM 20uM (E217BG 1pM) [79] MRP2
ND (E217BG 1uM) [79] 4.2 (cGMP 2uM) [134] MRP5
1.8 (¢cGMP 3.3uM) [207] MRP5
PGE2 2.7 (cAMP 2uM) [134] STIM 20uM (E217BG 1uM) [165] MRP2
ND (E217BG 1uM) [79] 4.4 (cGMP 2uM) [134] MRP5
ND (LTB4 0.1pM &) [89]
PGFla ND (E217BG 1uM) [79] STIM 20uM (E217BG 1pM) [79] MRP2
PGF2a ND (E217BG 1uM) [79] STIM 20uM (E217BG 1pM) [79] MRP2
TXB2 ND (E217BG 1uM) [79] ND (E217BG 1uM) [79] MRP1
STIM 20uM (E217BG 1pM) [79] MRP2
ND (E217BG 1uM) [79] MRP3
Hippuric acid 2500 (MTX) [209]
Uric acid NO INH (cAMP 1uM) [109]

STIM (cGMP 10pM) [109]
235 (MTX 1uM) [109]
ND (PAH 100uM) [8]

NSAID and metabolites

Celecoxib ND (E217BG 1uM) [79] 100 (MTX 0.5uM) [164] MRP2
35 (MTX 0.5uM) [164]
ND (PGE2 0.02uM) [195]

Diclofenac ND (E217BG 1uM) [79] ND (E217BG 1uM) [79] MRP1

0.006 (H)/326 (L) (MTX 1pM) [164]
332 (MTX 1pM) [210]

97 (MTX 0.5uM) [164] MRP2
139 MTX 1uM) [210] MRP2

Diclofenac glucuronide

140 (MTX 1uM) [210]

18.6 (MTX 1uM) [210] MRP2

Etodolac

120 (MTX 0.5uM) [164]

480 MTX 0.5pM) [164] MRP2

Flurbiprofen

ND (E2178G 1uM) [79]

R-Flurbiprofen

10.6 (MTX 1uM) [210]

133 MTX 1uM) [210] MRP2

S-Flurbiprofen

37.2 (MTX 1uM) [210]

584 MTX 1uM) [210] MRP2

R-Flurbiprofen glucuronide

3.24 (MTX 1uM) [210]

29.5 (MTX 1pM) [210] MRP2

S-Flurbiprofen glucuronide

93 (MTX 1pM) [210]

21.5 (MTX 1pM) [210] MRP2

Ibuprofen

ND (E2178G 1uM) [79]
26.3 (MTX 0.5uM) [164]
ND (PGE2 0.02uM) [195]

ND (E217BG 1uM) [79] MRP1
930 MTX 0.5pM) [164] MRP2

R-Ibuprofen

129 (MTX 1uM) [210]

303 (MTX 1uM) [210] MRP2

S-Ibuprofen

267 (MTX 1uM) [210]

139 MTX 1uM) [210] MRP2

R-Ibuprofen glucuronide

3.6 (MTX 1pM) [210]

208 MTX 1uM) [210] MRP2

S-Ibuprofen glucuronide

66.6 (MTX 1uM) [210]

80.9 MTX 1uM) [210] MRP2
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Compound MRP4 Other MRP
Indomethacin ND (DHEAS 2uM) [211] ND (E217BG 1uM) [79] MRP1
ND (E217BG 1uM) [79] 0.06 (H)/46 (L) MTX 0.5uM) [164] MRP2
ND (LTB4 0.1uM &) [89] ND (E217BG 10uM) [211] MRP3
6.1 MTX 0.5uM) [164] 22 (cGMP 2uM) [45] MRP5S
ND (PGE2 0.02uM) [195] ND (MTX 100uM) [213] MRP5S
ND (PMEA 1uM) [212] ND (PMEA 1uM) [212] MRP5
ND (DHEAS 100nM) [91] MRPS8
ND (E217BG 1uM) [91] MRP8
Indoprofen ND (E217BG 1uM) [79]
Ketoprofen ND (E217BG 1uM) [79] 1.4 (H)/470 (L) MTX 0.5uM) [164] MRP2
11.9 MTX 0.5uM) [164]
ND (PGE2 0.02uM) [195]
Naproxen 42.3 (MTX 0.5uM) [164] 609 (MTX 0.5uM) [164] MRP2
R-Naproxen 8.06 MTX 1uM) [210] 510 MTX 1uM) [210] MRP2
S-Naproxen 49.8 (MTX 1uM) [210] 7.11 MTX 1uM) [210] MRP2

R-Naproxen glucuronide

1.63 (MTX 1uM) [210]

771 MTX 1uM) [210] MRP2

S-Naproxen glucuronide

48.7 (MTX 1uM) [210]

475 MTX 1uM) [210] MRP2

Phenylbutazone 130 (MTX 0.5uM) [164] 605 (MTX 0.5uM)/STIM 1pM [164]
MRP2

Piroxicam 216 (MTX 0.5uM) [164] 257 (MTX 0.5uM) [164] MRP2

Rofecoxib ND(E2178G 1uM) [79]

Salicylic acid ND (DHEAS 2uM) [211] 1760 (MTX 0.5uM) [164] MRP2
1500 (MTX 0.5uM) [164] NI (E217BG 10pM) [211] MRP3
2.1(H)/1547(L) (Urate 100uM) [214]

Sulfasalazine ND (DHEAS 2uM) [211] ND (E217BG 10uM) [211] MRP3

Sulindac ND (DHEAS 2uM) [211] 38 (MTX 0.5uM) [164] MRP2
ND (LTB4 0.1uM &) [89] ND (E217BG 10uM) [211] MRP3
ND (LTC4 0.1uM &) [89]
2.11 (MTX 0.5uM) [164]

Tolmetin 20.5 (MTX 0.5uM) [164] 494 (MTX 0.5uM) [164] MRP2

PDE inhibitors

Dipyridamole 5.5 (cCAMP) [215] ND (PAH 100uM) [8] MRP2
ND (¢cGMP 1puM) [7] 12; 1.2; 0.35 (cGMP) [45, 206, 215] MRPS
ND (PGE2 0.02uM) [195] ND (MTX 100uM) [213] MRP5
2 (PMEA 1pM) [165] 30 (PMEA 1uM) [165] MRP5
ND (LTB4 0.1uM &) [89]
ND (PAH 100uM) [8]
ND (TC 5uM) [4]
1S-39213 0.16 (CAMP 2uM) [134] 0.17 (¢cGMP 2uM) [134] MRP5
1S-60049 0.35 (CAMP 2uM) [134] 0.16 (¢cGMP 2uM) [134] MRP5
PHAR0099048 2 (cAMP 2uM) [134] 0.52 (¢cGMP 2uM) [134] MRP5
Sildenafil 3.8 (cCAMP 2uM) [134] 80 (PMEA 1uM) [165] MRP5
ND (E217BG 30uM) [165] 2.9 (¢cGMP 2uM) [134] MRP5
ND (MTX 20puM) [106] 0.26, 3.6, 1.2 (¢cGMP) [90, 206, 216] MRP5
20 (PMEA 1pM) [165] ND (E2178G 1uM) [91] MRPS
ND (DHEAS 100nM) [91] MRPS
Tadalafil 194 (¢CAMP) [215] 14.1 (¢GMP) [215] MRP5

(Table 2) contd....
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Compound MRP4 Other MRP

Trequinsin ND(E217BG 30uM) [165] 30 (PMEA 1uM) [165] MRP5
ND (MTX 20uM) [106] 0.24 (cGMP) [90] MRP5
10 (PMEA 1uM) [165]

Vardenafil 3.4 (cAMP) [215] 0.62 (cGMP) [215] MRP5

Zaprinast 2.8 (cAMP) [215] 0.68; 0.35 (cGMP) [206, 215] MRP5
ND (E217BG 30uM) [165] ND (MTX 100uM) [213] MRP5S
ND (MTX 20uM) [106] 250 (PMEA 1uM) [165] MRP5

250 (PMEA 1puM) [165]

Experimental drugs

Ceefourin 1 ND (E217BG 1uM) [217]
Ceefourin 2 ND (E217BG 1uM) [217]
Ceefourin 3 ND (E217BG 1uM) [217]
IBMX 16.2 (¢CAMP) [215] 10 (¢cGMP) [215] MRPS
ND (PMEA 1pM) [128] NI (PMEA 1uM) [128] MRP5
MKS571 (Verlukast) 2.1 (cGMP 3.3uM) [207] 1.8 (E217BG 0.4uM) [218] MRP1
2.1 (E217BG 30uM) [218] 2.7 (LTC4 0.05uM) [218] MRP1
9.8 (LTB4 &) [89] 21.2; 14 (E217pG 0.4uM) [218] MRP2
ND (LTC4 0.1uM) [89] ND (PAH 100uM)/STIM 10uM [8] MRP2
ND (MTX 20puM) [106] ND (E217BG 1uM) [218] MRP3
ND (PAH 100uM) [8] 43 (cGMP 2uM) [45] MRP5
10 (PMEA 1pM) [165] 0.38;0.41 (¢cGMP 3.3uM) [111,207]
ND (TC 5uM) [4] MRP5

ND (MTX 100uM) [213] MRPS
40 (PMEA 1uM) [165] MRPS
ND (DHEAS 100nM) [91] MRPS8
ND (E217BG 1uM) [91] MRPS8

Other drugs

Misoprostol 4.5 (cAMP 2uM) [134] 24.5 (¢cGMP 2uM) [134] MRP5

Probenecid ND (¢cGMP 1puM) [7] ND; STIM 10pM (PAH 100pM) [8] MRP2
ND (LTB4 0.1uM &) [89] ND (E2178G 10puM) [207] MRP3
ND (MTX 20puM) [106] ND (¢cGMP 1pM) [90] MRP5
ND (PAH 100uM) [8] ND (cGMP 3.3uM) [111] MRP5
2300 (PMEA 1pM) [165] ND (MTX 100uM) [213] MRP5
ND (TC 5uM) [4] 200 (PMEA 1puM) [165] MRPS
132 (Urate 100pM) [214] ND (DHEAS 100nM) [91] MRPS

ND (E217BG 1uM) [91] MRPS8

Table 2. Records of the inhibitory activity of different chemical substances obtained from in vitro experiments. Data was selected from rapid vesicle filtering
experiments carried out in MRP-overexpressing systems, with the exception of PMEA transport assays that were performed in whole MRP-overexpressing
cells that were incubated with the indicated concentration of its precursor bis-POM-PMEA (bis-pivaloyloxymethyl-PMEA). Numerical values indicate the
IC50, Ki (inhibition constant) or SC50 (half-maximal stimulation concentration, tagged with the # character) values expressed in the pM order. The substrate of
reference for each value is indicated in parenthesis, followed by its tested concentration with the exception of Ki values. Compounds were classified as not
determined (ND) when the latter parameter values were not available, but were shown to inhibit MRP-mediated transport of a given substrate by more than
20% at the tested concentration. Compounds that failed to display inhibitory effects in the transport of a given substrate in dose-response assays were classified
as non-inhibitors (NI). Blank cells correspond to cases where a fixed concentration of the inhibitor was tested and no inhibition was observed or where there is
no available data. STIM: stimulates transport by more than 20% at the indicated concentration, &: transport experiment performed in the presence of SmM
GSH. IBMX: 3-isobutyl-1-methylxanthine; TC: taurocholate; PAH: p-aminohippurate.

be further analyzed regarding cAMP transport by strates in MRP4 [172, 191]. Additional rows were
MRP4 (Fig. 2, 3). added in this alignment in order to illustrate the MRP4

Another section of the MRP4 TM6 and ICL3 was mutagenesis studies (Fig. 2, Block 2), being F368 the
most exhaustively investigated residue. Mutations in
this site have shown to reduce transport of cGMP, fo-
late, E;17BG, and MTX, but kinetic parameter analysis

studied using point mutations and measuring the result-
ing kinetic parameters over several transported sub-
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has shown that this reduction may be caused by differ-
ent factors. To start with, mutations on F368 directly
affect MRP4 Km for cGMP, i.e. they affect the binding
of this substrate to the high affinity sites of the inward
state. While F368Y reduces the Km and augments
cGMP transport, F368W increases the Km and dimin-
ishes this substrates’ traffic. Regarding other endoge-
nous molecules, mutations on F368 always modified
the Vmax without changing the Km. These observa-
tions imply that this amino acid intervenes in the first
stage binding of certain substrates and is involved in
the second or third stage binding of other transported
molecules. Also, since F445 contacts with the purine
base of cGMP in docking experiments in the outward
model [148], the neighboring phenylalanine set of resi-
dues in MRP4 (F368 and F369) and in MRPS5 (F432
and F433) could be fulfilling the same role regarding
cyclic nucleotide transport.

Similarly, R375 (located in ICL3) appears to have a
substrate specific effect as well. R375S has practically
no effect on cGMP transport, does not change the Km
and mildly increases the Vmax, diminishing MTX
transport by augmenting the Km without modifying the
Vmax. Therefore, MRP4 R375 seems to have a role in
MTX binding at the high affinity site in the inward
conformation. cGMP and MTX transport have also
been tested in MRP4 F369-, E374S, and E378Q and
they all showed very little transport activity levels.
Forthcoming studies using these mutants should in-
clude determining the kinetic parameters for some of
the already tested substrates and extending the study to
other transported molecules [172]. The replacement of
MRP1 S604 in the ECL3 (conserved in all members of
the “MRP1 group” and aligned with MRP4 E374) for
alanine only showed an increase in E,17BG transport
but did not affect GSH and LTC, traffic [190]. These
evidences, together with the sequence alignment analy-
sis, allowed us to propose F368, F369, E374, E375, and
E378 as candidate amino acids that may be involved in
cAMP binding and transport by MRP4 (Fig. 2, 3).

In TM7 and ECL4 (Fig. 2, Block 6), predicted posi-
tions of all MRP4, MRPS5, and MRP8 models overlap
significantly. Almost all sites predicted by the MRPS5
outward model and the inward and outward MRPS§
models correspond to the intracellular binding pocket.
Notably, the MRP8 inward model proposes three
amino acids which correspond to the extracellular bind-
ing pocket. On the other hand, the compilation of the
MRP1 mutagenesis studies did not yield many results
regarding the substrate recognition sites [175]. How-
ever, one particular MRP1 polymorphism is worth
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mentioning: A989T inhibits 50% of E,17BG transport
and 25% of MTX transport, but maintains LTC, trans-
port. Kinetic analysis shows that an increase in the Km
is responsible for the reduction of E,17BG transport
[171]. Interestingly, MRP4 has a tyrosine in that posi-
tion and MRP5 and MRPS also have aromatic residues
two amino acids downstream. Another interesting dis-
covery when analyzing TM7 proximity corresponds to
the MRP4 extracellular loop (ECL4). A positively
charged amino acid is found in both MRP4 (K741) and
MRPS5 (K885) in this site, whereas the “MRP1 group”
and MRPS8 (E832) depict a negatively charged residue.
Moreover, the MRP8 inward model suggested the
proximate L831 as a binding site. Finally, while, MRP4
and MRPS5 present a small aliphatic residue in this site
(A739 in MRP4 and 1884 in MRPS5), all the members
of the “MRP1 group” have a tyrosine residue.

These aspects, though not experimentally addressed,
could be related to differential substrate selectivity be-
tween both groups of transporters. We propose Y728,
A739, and K741 as candidate sites for cAMP binding
although further studies should be performed in order
to determine in which binding stage they participate
(Fig. 2, 3).

Unlike the TM7, the candidate residues in TMS$8
(Fig. 2, Block 7) suggested by the homology models do
not overlap among the members of the “MRP4 group”.
Notably, most of all the predicted binding sites locate
in the section between L777 and Y788 in MRP4 and
correspond to the intracellular binding pocket of MRPS
and MRPS. Additionally, only a few mutagenesis stud-
ies have been performed in this particular section of the
MRP. Notably, MRP1 R1046D (ICL4) presents similar
E;17BG, E S04, and MTX transport parameters to those
of the wild type variant, but has a 40% reduction in
LTC, transport, while GSH traffic has not been tested
yet [185]. Also, a natural occurring polymorphism
(C1047S) reduced 10-20% E,;17BG and LTC, transport,
though no changes were observed in MTX or GSH
transport [170, 171]. Although information regarding
TMS8 and the ICL4 adjacent portion is limited, we sug-
gest that the region comprising G779 to R782 in
MRP4, as well as the high density of the hydroxyl-
group containing residues in ICL4, which is present in
all the members of the “MRP4 group”, are potential
cyclic nucleotide binding sites which need further ex-
perimental confirmation (Fig. 2, 3).

TM9 (Fig. 2, Block 8) participation on binding
pockets has been suggested for MRP1, MRP4, and
MRPS by the presented models, but not for MRP5. Re-
garding MRPS8, amino acids participating in substrate
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binding in the outward conformation are located mostly
in the intracellular part of TM9 and in its most proxi-
mal ICL4 section, while sites involved in binding in the
inward conformation are mostly positioned in the ex-
tracellular section of TM9. The candidate residues pre-
dicted by the MRP8 inward models, the MRP1 inward
CEM structure and the MRP4 outward model signifi-
cantly overlap. When focusing on these sites, one noto-
rious difference between the “MRP1 group” and the
“MRP4 group” is in positions L841 and D842 in MRP4
where the “MRP1 group” presents a positively charged
(MRP1 and MRP2) or neutral (MRP3) residue, and
cyclic nucleotide transporters depict a negatively
charged residue. It has been suggested that this nega-
tive charge is part of the binding pocket of MRP4
(D842) and the intracellular binding site of MRPS§
(E991), while in the bMRP1 CEM structure, M1092
(corresponding to hMRP1 M109) has been proposed to
be part of the h-pocket. This positive charged residue is
not important for MRP1 substrate recognition, since
K1092A, K1092E, and K1092R do not affect GSH,
LTC4, or E,17BG transport. However, a negative
charged residue could still be key for the cyclic nucleo-
tide MRP transporters binding pocket. Based on all this
evidence, together with the sequence alignment analy-
sis, we propose that the MRP4 D842 residue could be
an important site for cyclic nucleotide binding (Fig. 2,
3).

Near the terminal section of the intracellular loop
(ICL5) and at the beginning of the TM11 (Fig. 2,
Block 9), the suggested sites of the MRP5 extracellular
binding pocket overlap with those suggested for the
MRP4 binding pocket in the outward model. In con-
trast, the sites suggested for the MRP8 extracellular
binding site, both in the inward and the outward mod-
els, are located within the TM11. The proposed binding
sites A957 of MRP4 and 11107 of MRP5 greatly di-
verge from the asparagine residues present in all mem-
bers of the “MRP1 group”. Mutation of this residue in
MRP1 (N1208A) has shown similar LTC4, GSH, and
E,;17BG transport levels to those of the wild type vari-
ant [192]. The A957 residue may participate in cyclic
nucleotide binding, while it may not determine binding
of LTC4, GSH, and E,;17BG, which are all transported
by MRP1 and MRP4. Also, D953 of MRP4 and D1103
of MRP5 have been proposed as binding sites in the
corresponding homology models. Non-conservative
mutations in the equivalent MRP1 residue (E1204L)
have shown to diminish LTC,, E,17BG, GSH, and
E;3S0;, transport without affecting MTX traffic. MRP1
conservative mutation (E1204D), where the residue
was replaced for the one present in MRP4 and MRP5,
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showed similar or increased levels of E;17BG, LTC,,
MTX, and E;3SO, transport, but significantly reduced
the activity of GSH transport. Since photo-labeling
with LTC,4 of E1204L was comparable to the wild type
variant, E1204 has been postulated as a non-essential
residue for LTC, first high affinity binding, but could
be involved in the transport process subsequent to bind-
ing, including, for example, signaling between the TM
and the NBD [185].

Among these outward-binding sites, we propose
MRP4 C956 as an interesting site to analyze cyclic nu-
cleotide binding involvement, since this position is oc-
cupied by S1106 in MRP5 and by T1054 in MRPS
(which are also hydrogen bonding residues), while a
glycine is positioned in this site in all members of the
“MRP1 group”. In fact, C956S is a natural occurring
polymorphic variant in MRP4 and shows an increased
function regarding 9-(2-phosphonylme-thoxyethyl)
adenine (PMEA) transport [195]. Lastly, the only site
near this TM proposed by the bMRP1 CEM structure is
R1196, which corresponds to R1197 in MRP1 and is
thought to participate in the p-pocket. Conservative and
non-conservative mutations of this residue have shown
to disrupt MRP1 activity for all substrates and to abro-
gate LTC,4 photo-labeling [185]. Given that this residue
is conserved in all MRP members (R946 in MRP4), it
is probably essential for the binding of most substrates.
Based on this evidence, together with the sequence
alignment analysis, we propose that R946, C956, and
A957 are interesting residues to analyze cAMP binding
(Fig. 2, 3).

TM12 (Fig. 2, Block 10) is particularly interesting
because many of the mutagenesis experiments have
been carried out not only with MRP1, but with MRP3
and MRP4 as well. One interesting site suggested from
the MRPS8 inward model and mutagenesis studies from
MRP1 and MRP3 corresponds to the MRP4 A982
equivalent residue. An alanine residue is conserved on
this site, both for MRP5 and MRPS8, while a serine is
conserved in the “MRP1 group”, with the exception of
MRP2 that depicts a valine. Mutation on MRP1
S1233A does not present significant differences regard-
ing LTC, or E;17BG transport [188], while the corre-
sponding S1229A in MRP3 reduces 50% MTX trans-
port without affecting the E,17PG and taurocholate
traffic.

The MRPS8 inward model also proposes T1094 and
11097 as candidate binding residues. Both are located
at the end of TM12, right at the beginning of the N-
terminal section, and correspond to the intracellular
binding pocket. These amino acids are aligned with
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C996 and Q999 of MRP4 and with T1146 and L1149
of MRP5. All the members of the “MRP1 group” pre-
sent a conserved leucine in the first site (except for
MRP3) and a methionine in the second site. Despite no
mutagenesis studies have been performed for these par-
ticular residues, adjacent residues have been replaced
and transport was monitored in MRP1-4 [121, 182,
185, 186, 191, 196]. One of these amino acids corre-
sponds to the conserved MRP1 W1246, and together
with its matching bMRP1 WI1245, it has been sug-
gested to participate in the h-pocket. This residue is
aligned with MRP3 W1242 and MRP4 W995 [121,
191] and mutating the site impairs the transport of at
least one substrate. When the transport of more than
one substrate is compromised, the mutation is thought
to affect different steps of the transport mechanism,
depending on the substrate. This is well described for
MRP4: WI995F impairs E,17BG and folic acid transport
by an increment in the Km and a decrease in the Vmax,
while a reduction in MTX transport is due to a lower
Vmax. Finally, this mutation also reduces cGMP trans-
port by a reduction of the Vmax, but as cGMP Km also
diminishes, it helps the binding process. W995Y in
MRP4 produces a diminished transport of all tested
substrates by different modifications of its kinetic con-
stants [191]. This supports the notion that one residue
can affect the first stage binding of a certain substrate
and also participate in the translocation or release proc-
esses of another substrate. In fact, some of the binding
sites which are predicted by models in the inward con-
formation overlap with the binding sites predicted by
the outward conformation models. Further mutagenesis
studies confirmed that MRP4 R998 site determines the
transport of all the tested substrates, including cGMP
[191]. Corresponding aligned residue in bMRP1 R1248
has been suggested to be part of the p-pocket and, in
this case, this result was supported by mutagenesis ex-
periments performed in MRP1, where R1249D and
R1249K diminished E;17BG, LTC,, MTX, and E;3S04
transport. Also, R1249K mutant abrogates LTC, photo-
labeling, which suggests that the residue is associated
to this substrate binding [185].

Finally, regarding the outward models, we propose
that MRP4 F993 and Q994 would be interesting sites to
further analyze as probable cyclic nucleotide binding
residues. F993 has not been suggested as a MRP4 bind-
ing site, but aligned F1091 was suggested for MRP8 as
an outward binding site in cGMP-docking experiments.
Further, MRP4, MRPS5, and MRP8 show a phenyla-
lanine in this position, while a leucine is conserved in
all members of the “MRP1 group”. Also, MRP4 Q994
and MRP5 Q1144 have been proposed as part of the
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binding pocket for both transporters. In fact, docking
experiments revealed that the cGMP purine interacts
with MRP5 Q1144 in several binding sites. This posi-
tion is occupied by an asparagine in MRP4, MRPS5, and
MRP8, while its higher order homolog, glutamine, is
particularly conserved in the “MRP1 group”. In fact, in
the MRP1 CEM structure, the corresponding bMRP1
NI1244 has been suggested to participate in the p-
pocket. Mutation of this residue in MRP1 (N1245A)
does not alter LTC, transport, but impairs E;17BG traf-
fic by increasing the Km and reducing the Vmax [188].
Also, MRP3 N1241A reduces E;17BG and MTX trans-
port, but has no significant change in taurocholate traf-
fic [196]. Summarizing, candidate amino acids in this
block for cAMP binding are A982, F993, Q994, W995,
R998, and Q999 (Fig. 2, 3).

In order to confirm the localization of our MRP4
candidate residues, we constructed two protein homol-
ogy models in the inward and outward conformation
(Fig. 3). Most of the proposed residues have their side
chains oriented towards the cavity of the protein in at
least one of the models. This means the amino acids are
exposed to the region which allows interaction with
potential substrates. However, some residues have their
side chains orientated to the alpha helix core, meaning
that their participation in substrate binding occurs dur-
ing an intermediate transition state or that they some-
how determine the packing of the alpha helixes which
in turn influences the exposition of other residues. Tak-
ing in consideration that both MRP5 and
MRP8 homology models describe two recognition sites
for each transporter [148, 149] and that the lateral
side chains of the candidate residues identified in our
MRP4 model group in two spatially proximate, yet dis-
tant clusters, we propose two distinct MRP4 cAMP
binding sites. In (Fig. 3), recognition site 1 and 2 are
represented in green and purple, respectively, within
the models and (Fig. 3C) depicts the potential residues
of each site. We included other residues that although
were not identified by our analysis, are located in the
vicinity of both recognition sites and their residue side
chains are exposed in such a way they allow the inter-
action with potential substrates. Interestingly, as MRP4
passes from the inward to the outward conformation, at
least one positively charged residue is lost in each
binding site (R946 for binding site 1 and R362 and
R998 for binding site 2) due to changes in the
orientation of the side chain. Furthermore, HI153
present in binding site 1 may also have a positive
charge and is available for binding in the inward model
and hidden within the alpha helix core in the outward
model. In order to transport cAMP in an efficient way,
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Fig. (3). Proposed cAMP binding sites in MRP4 inward and outward models. (A and B) Side view and cytosolic view of
MPR4 inward model. (C and D) Side and extracellular view of MRP4 outward model. Inward model was constructed using
Swiss-Model [197] and apo-bMRP1 (INW, #5UJ9) as template [168]. Outward model was kindly provided by Franz Russell
[172]. Both models were then refined using the 3D-Refine server [198], followed by energy minimization using CHARMM36
force field implemented in NAMD 2.9 [199, 200]. The latter was performed for the side chains using water as an implicit sol-
vent and leaving the backbone atoms fixed until the total energy of the system was stabilized. Model quality was then assessed
by QMEAN [201], DOPE implemented in MODELLER [202] and Ramachandran values analysis [203]. (A-D) The residues
which were suggested by the analysis presented in Figure 2 that correspond to binding sites 1 and 2 are represented in dark
green and purple, respectively. We included other residues in sites 1 (light green) and 2 (pink) that although were not identified
by our analysis, are located in the vicinity of both recognition sites and their residue side chains are exposed in such a way they
allow the interaction with potential substrates (E: square in yellow). (A,B) Supplementary residues that could be participating in
binding sites 1 and 2 in the inward model (yellow). (B and D) Positive charged residues corresponding to each binding site are
labeled. (E) Table representing the proposed residues involved in cAMP binding in sites 1 and 2 in the MRP4 inward and out-
ward conformations.

the cyclic nucleotide should bind to a high affinity site these positively charged residues which are later lost in
in the inward conformation and be released from a low the outward conformation, thus the interaction is
affinity site in the outward conformation. We propose destabilized favoring the release of cAMP in the
that, in the inward conformation, the negative charge of extracellular side. In fact, in MRP4 cGMP docking
the cAMP phosphate group is stabilized by some of experiments, K448 has shown an interaction with the
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cGMP phosphate group. When analyzing the alignment
sequence, the closest positive charge in MRP4 is R362.
We recommend that suggested cAMP sites need further
confirmation with mutagenesis studies to test both their
involvement in cAMP transport and their importance in
substrate selectivity.

7. MRP4 SELECTIVE INHIBITORS

The knowledge of the structural characteristics of
MRP4 substrates and their specific binding provides a
starting point for the design of selective inhibitors. That
is, given that MRP4 has multiple substrate binding
sites, the possibility of designing inhibitors that might
impair its transport activity concerning one or more
substrates but do not affect the transport of others
would be ideal. At the same time, one of the problems
to be faced during drug design is the appearance of un-
desired off-target effects. Ideally, a selective inhibitor
should have activity on MRP4 but not on other ABC
transporters or other molecular targets in the organism.
The search for ABC transporter inhibitors has espe-
cially focused on MDR1, MRP1, and BCRP (ABCBI,
ABCCI1, ABCG2, respectively), which are the most
studied transporters regarding multidrug resistance.
The majority of these studies intended to find a co-
adjuvant inhibitor which could block the transport of a
given drug in order to increase its bioavailability. Un-
fortunately, these inhibitors were not successful in
clinical trials due to their low potency and off-target
action on other ABC or molecular targets, such as cy-
tochrome P450 enzymes. Besides, as was reviewed in
detail by Yu et al. [204], some of these inhibitors show
adverse side-effects as they also block the transport of
endogenous substrates in sites where this activity is
physiologically relevant. It is also important to mention
that the possibility of drug-drug interactions between
specific MRP4 inhibitors and the primary therapy of a
particular disease should also be taken into account,
since they may lead to enhanced toxicity and/or unex-
pected side effects[205].

One of the available approaches that could be useful
for the identification of MRP4 inhibitors is to focus on
safe drugs that are already in the market but are used
for other applications, a strategy also known as drug
repositioning. Ideally, the candidate drug should have
high specificity and inhibit a particular substrate trans-
port with high efficiency (low 1C50), without signifi-
cantly affecting the traffic of another. As was previ-
ously mentioned, many endogenous and exogenous
molecules of diverse chemical structure have been
demonstrated to inhibit MRP4-dependent transport of a
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particular substrate (Table 2). In this section, we will
focus on the pharmacological classes that have a high
safety profile, present few adverse effects, and show
MRP4 inhibitory activity.

In this regard, one of the most studied drug classes
in relation to MRP4 transport inhibition are the non-
steroidal anti-inflammatory drugs (NSAID). In particu-
lar, when analyzing MRP4-mediated MTX transport
inhibition, sulindac and indomethacin appeared to be
the most potent inhibitors. But if both efficacy and se-
lectivity are taken into account, the best MRP4 inhibi-
tors are ibuprofen and tolmetin due to their low IC50
values for MRP4 MTX transport and high IC50 values
for MRP2 MTX transport [164]. In a recent publica-
tion, the influence of NSAID stereochemistry and glu-
curonidation on their ability to inhibit MRP4- and
MRP2-mediated MTX transport was studied. Interest-
ingly, the authors showed that the R-stereoisomers and
the respective glucuronidated derivatives of ibuprofen,
flurbiprofen, and naproxen are better inhibitors than
their S-antipodes or aglycone molecules in a MRP4
selective manner [199]. On the other hand, when
NSAID were tested regarding MRP4- and MRPI-
mediated E,17BG transport, flurbiprofen, indoprofen
and ketoprofen were found to be better at inhibiting
MRP4 than MRP1, with indoprofen as the most potent
inhibitor of the set. Furthermore, diclofenac, rofecoxib,
and celecoxib showed poor inhibition of E;17BG trans-
port by both transporters [79]. Also, inhibition of
MRP4-mediated PGE, transport was observed in the
cases of indomethacin, ibuprofen, ketoprofen, cele-
coxib [195], and R-flurbiprofen [219]. It is worth not-
ing that indomethacin, one of the most tested drugs in
the NSAID class regarding MRP, was also shown to
inhibit MRP4 transport of DHEAS and LTB,, the latter
in the presence of GSH, as well as other substrates
shared with MRP5 and MRP8. Remarkably, the most
structurally simple drug within the NSAID class, sali-
cylic acid showed poor MRP4 inhibition of MTX and
uric acid transport and no inhibition of E,17pG MRP3-
mediated transport. Altogether, these results suggest
that NSAID are a promising starting point for the iden-
tification and development of potential selective inhibi-
tors.

Another interesting pharmacological class with
proven inhibitory efficacy on MRP4 group-dependent
transport consists of PDE inhibitors. Among this class,
trequinsin showed to be the most active MRP4 inhibi-
tor regarding MTX transport when compared to
zaprinast and sildenafil [108]. In another study, tre-
quinsin and sildenafil inhibited PMEA transport medi-



MRP4/ABCC4 As a New Therapeutic Target

ated by both MRP4 and MRP5 with similar IC50 val-
ues, while zaprinast demonstrated to be a weaker in-
hibitor for both substrates and transporters [79]. As
expected, given that the natural substrates of PDE are
cyclic nucleotides, the strongest inhibition was ob-
served regarding cAMP and cGMP transport. In these
cases, sildenafil and its derivatives, 1S-39213 and IS-
60049, showed similar inhibitory potency regarding the
transport of both cyclic nucleotides. Conversely, silde-
nafil derivate PHAR0099048, tadalafil, vardenafil, and
zaprinast inhibited cGMP efflux more powerfully than
cAMP efflux, which indicates their preference for
MRP5 [134]. Notably, tadalafil is the weakest inhibitor
of MRP4 cAMP transport but still shows selectivity
over MRP5 ¢GMP traffic by MRP5 [215]. Dipyrida-
mole, a rather general PDE inhibitor, was also tested in
inhibition experiments of various substrates and dem-
onstrated to inhibit cAMP, PMEA, and cGMP transport
with high efficiency [7, 107, 215], while it presented
poor inhibition of MRP4 taurocholate co-transport with
GSH [4]. Also, high concentrations of dipyridamole
(50uM) have been shown to inhibit PGE,, PGF,,, and
TXB, transport by MRP4 [146]. Overall, the fact that
most of the PDE inhibitors studied present selectivity
over the PDES isoform and have also shown greater
selectivity towards the inhibition of cGMP transport
suggests that these drugs would be useful for the de-
velopment of cGMP rather than cAMP transport inhibi-
tors.

Interestingly, misoprostol, a semi-synthetic ana-
logue of PGE, used in prevention and treatment of gas-
tric and duodenal ulcers, has shown to inhibit cAMP
transport with an IC50 five-fold lower than that for
cGMP transport in inside-out vesicles of human eryth-
rocytes [134]. This indicates that this drug could pref-
erentially inhibit MRP4 over MRP5, although it has not
been yet tested against other substrates.

Probenecid and MK571 are also MRP4 inhibitors
and have been widely used for research purposes. The
former is mainly an urate-anion-exchanger blocker, but
also acts on several ABC transporters, inhibiting the
transport of multiple substrates of MRP1, MRP4,
MRPS5, and MRP6 with low potency [220]. On the
other hand, MK571 is a potent LTD, antagonist that
also inhibits MRP1, MRP2, MRP3, and MRP5 effec-
tively. Interestingly, both drugs have also been found to
inhibit cAMP- and ¢cGMP-PDE activity and, in this
regard, MK571 also appears to be more potent than
probenecid [139].

Another strategy that could be advantageous for the
identification of candidate compounds for MRP4 inhi-
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bition is high-throughput screening (HTS), as it pro-
vides experimental information regarding a vast num-
ber of structurally diverse compounds at the same time
and can also be applied in drug repositioning ap-
proaches. Three potent MRP4 inhibitors have been
identified using this method: ceefourin 1, ceefourin 2,
and ceefourin 3. The first two have been deeply charac-
terized regarding selectivity given that they showed to
be non-toxic for a broad spectrum of cell types. In sub-
sequent drug resistance assays, ceefourin 1 and 2
showed no inhibition of MDR1, MRP2, MRP1, MRP3,
and MRPS5, and only a moderate inhibition of ABCG2.
Besides, both inhibitors showed different relative po-
tency regarding the tested substrates. However, com-
parison is challenging because not the same techniques
were used to measure substrate transport [217]. An-
other HTS assayed D-luciferin transport by MRP4 as a
tool to identify new specific inhibitors from a library of
FDA approved drugs. Numerous compounds were
identified, but only four were tested regarding their
capability of sensitizing cells to 6-mercaptopurine and
SN-38 (an active metabolite of irinotecan), which are
both MRP4 substrates. Glafenine, AG1478, prazosin,
dantrolene, and nalidixic acid showed distinct degrees
of sensitization for each cytotoxic agent, demonstrating
some substrate selectivity regarding both tested drugs
[221]. A recent patent has identified several com-
pounds capable of inhibiting an Alexa-flour-cAMP de-
rivative transport [222]. The authors claimed that
MRP4 inhibition of cAMP transport could be achieved
with these compounds although no selectivity studies
were performed. These sort of studies are vital because
they help to foresee the potential adverse effects that
those compounds may cause. In this regard, a study
including different bile-salt-export-pump (BSEP) non-
inhibitors demonstrated that blocking MRP4-mediated
DHEAS transport correlates in most cases with the
cholestatic potential of the tested drug [211], thus sug-
gesting that this is one of the aspects that should be
analyzed when testing MRP4 inhibitors, especially
when HTS or virtual HTS studies are plausible.

A complementary strategy to those previously men-
tioned for the design of inhibitors in cases where little
is known about the three-dimensional structure of a
given molecular target and its binding sites is ligand-
based drug design. This methodology has been proven
successful in the case of drug transporters, where the
availability of multiple binding sites and the chemical
diversity of their substrates and inhibitors make direct
approaches difficult [223].
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In this matter, three pharmacophore models regard-
ing MRP4 drug-interaction have been generated to
date. The first two were described by Fukuda et al.
[224] and were developed based on either a set of five
HIV protease inhibitors (PI) with nelfinavir as the most
active compound, or a set of ten diverse known MRP4
inhibitors including dipyridamole and quercetin as ref-
erence structures. While the first approach rendered a
model consisting in four hydrogen bond acceptors, one
hydrogen bond donor and three hydrophobes, the sec-
ond exhibited only two hydrogen bond acceptors and
one hydrophobe as determinant features for drug rec-
ognition. Interestingly, PGE, shared most features with
the PI based pharmacophore suggesting a shared bind-
ing site with nelfinavir, which was proved experimen-
tally. Also, quercetin failed to overlap with this model
indicating that it may bind to another site in the trans-
porter.

More recently, Welch et al. [225] developed another
common feature pharmacophore model for MRP4 inhi-
bition constructed using a set of nine structurally di-
verse DHEAS transport inhibitors. This model con-
sisted in two hydrophobic features 5.01A apart from
each other, and one hydrogen bond acceptor feature
located 4.81A and 8.86A away from the neighboring
and the distal hydrophobic groups respectively. Imple-
mentation of this model for compound screening led to
a correct classification of inhibitors and non-inhibitors
of most compounds tested by the authors, with the ex-
ception of some compounds baring sulfonamides, sul-
famides, and positively charged amine groups probably
due to a poor match to the model or an incorrect pa-
rametrization of their features.

Additionally, Welch et al. also developed a Baye-
sian model for MRP4-mediated DHEAS transport inhi-
bition that led to the identification of structural finger-
prints and molecular properties associated with MRP4
inhibition. Among these fingerprints, the presence of
three or more aromatic rings, oxygen atoms, and nega-
tively ionized oxygen atoms proved to be favorable
features for MRP4 inhibitory activity, while positively
charged amines were frequently associated with non-
inhibition. Interestingly, the authors found a trend to-
wards a better inhibitory activity with high lipophilicity
(>2,92) and molecular weight (=356Da) values.

In spite of the differences between the available
pharmacophore models, they all highlight the presence
of hydrogen bond acceptor and hydrophobic groups as
structural requirements for MRP4 drug recognition,
which could be a valuable tool for virtual screening and
compound selection.
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Interestingly, most of the inhibitors listed in Table 2
fulfill these requirements. Nonetheless, given that
MRP4 presents multiple and functionally different
binding sites, the structural requirements for each spe-
cific substrate inhibition should be assessed individu-
ally.

CONCLUSIONS AND PERSPECTIVES

The development of MRP4 inhibitors represents an
interesting pharmacological tool in pathologies where
MRP4 is overexpressed or determines a worse outcome
of the disease. However, the design of MRP4 specific
and selective inhibitors is a complex problem with
many edges. First, MRP4 structure has not been yet
defined by any of the techniques used to investigate the
three-dimensional structure of proteins. In addition,
MRP4 presents low sequence homology with ABC
transporters whose structure has already been eluci-
dated. In any case, usage of crystallographic structures
or homology models in target structure-based drug de-
sign for this family of proteins presents an extra chal-
lenge given the great conformational change they un-
dergo when they exert their function. Besides, as it was
previously mentioned, MRP4 has several endogenous
substrates with defined physiological roles and shares
most of them with other members of the ABC family.
Remarkably, Mrp4-knockout mice models have not
shown major physiological alterations [18], indicating
that inhibiting MRP4 could be a feasible therapeutic
approach. Although, they present different pharma-
cokinetics regarding kidney drug disposal or brain ac-
cumulation of transported drugs [18] which is why
drug-drug interactions must be taken into account in a
possible therapy combined with inhibitors.

In this regard, the development of both substrate
and target selective MRP4 inhibitors or even allosteric
modulators, that can regulate MRP4 activity regarding
the transport of a specific substrate rather than blocking
it, seems imperative. In this matter, ligand-based drug
design appears as a good strategy for the design of this
kind of pharmacological agents. To this end, there are
several reports regarding the inhibitory effects of a
large number of compounds on the activity of MRP4
and other MRP (Table 2). However, a full characteriza-
tion of the inhibitors of interest by means of biological
descriptors, such as Ki or IC50 values, including their
selectivity profiles in regard to the available substrates
and transporters would be ideal. In view of all this, we
consider that given current knowledge an appropriate
workflow to achieve the objective would be the use of
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a combination of different medicinal chemistry ap-
proaches.

On the other hand, a detailed analysis of the MRP
amino acid sequence allowed us to identify several
residues which could be important for MRP4 cyclic
nucleotide transport. The amino acid position and con-
servation degree among the MRP members were cru-
cial to detect these candidate residues. This exploration
has the advantage that as it is based on sequence iden-
tity, homology models and mutagenesis experiments, it
provides information not only about the residues in-
volved in the substrate initial binding, but also about
the subsequent interactions that occur during the trans-
port transition states and during the release of the sub-
strate. All the suggested sites were located in the MRP4
homology models in both their inward and outward
conformations (Fig. 3). To further confirm the signifi-
cance of each of the proposed sites, future MRP4
mutagenesis and functionality studies, along with spe-
cific cAMP-docking assays are required.

Moreover, we compiled information from available
MRP4 inhibition experiments (Table 2). Most of the
proven MRP4 inhibitors are clinically approved and
have other primal activities acting on alternative tar-
gets, which makes them good candidates for drug repo-
sitioning. Also, these drugs could serve as starting
points in the design of more selective inhibitors, espe-
cially when the lead compound has proven to show a
high safety profile and presents low adverse effects.
Conversely, the recompiled information could be used
to generate pharmacophore models for each of MRP4
substrates. These models can be useful as a selection
criterion for the subsequent screening of virtual chemi-
cal libraries in order to be combined with docking stud-
ies using the constructed homology models and also as
a pre-selective criterion for later HTS.

Given that MRP4 cAMP transport is extremely
relevant in several physio-pathological settings, the
design of potent and selective inhibitors for this efflux
represents a challenge of clinical need medicinal chem-
ists. This review raises the possible uses and problems
to consider when designing an MRP4 inhibitor and sets
the basis for a multiple approach design that could
serve to overcome this complex problem.

ABBREVIATIONS
15d-PGlJ,

15-Deoxy-Delta-12,14-prostaglandin
12

5-Fluorouracil

ATP Binding Cassette

5-FU
ABC =
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AML = Acute Myeloid Leukemia

ADP = Adenosine Diphosphate

ATP = Adenosine Triphosphate

bMRPI = bovine MRP1

BSEP = Bile Salt Export Pump

CEM = Cryo-Electron Microscopy

CFTR = Cystic Fibrosis Transmembrane con-
ductance Regulator

cAMP = cyclic Adenosine Monophosphate

cGMP = cyclic Guanosine Monophosphate

cCMP = cyclic Cytidine Monophosphate

cUMP = cyclic Uridine Monophosphate

DHEAS = Dehydroepiandrosterone-3-sulfate

E2-17BG = oestradiol-17-beta-D-glucuronide

E3S0;4 = Estrone Sulfate

ECL = Extracellular Loop

EPAC = Exchange Proteins Activated by cAMP

GSSG = Glutathione disulfide

GSH = Glutathione

hMRP1 = human MRP1

HTS = High Throughput Screening

Ki= inhibitory constant

Km = affinity constant

LTB, = Leukotriene B4

LTC, = Leukotriene C4

LTD, = Leukotriene D4

LTE, = Leukotriene E4

IBMX = 3-isobutyl-1-methylxanthine

IC50 = half maximal inhibitory concentration

ICL = Intracellular Loop

MRP = Multidrug Resistance Protein

MSD = Membrane Spanning Domains

MTX = Methotrexate

NSAID = Non-Steroidal Anti Inflammatory
Drugs

NBD = Nucleotide Binding Domains

PAH = p-aminohippurate

PDE = Phosphodiesterase E
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PGA, = Prostaglandin Al

PGE, = Prostaglandin E1

PGE, = Prostaglandin E2

PGF, = Prostaglandin F1

PGF,, = Prostaglandin F2a

Pi = inorganic phosphate

PI = Protease Inhibitor

PMEA = 9-(2-phosphonylme-thoxyethyl) ade-
nine

siRNA = small interfering RNA

shRNA = short hairpin RNA

™ = Transmembrane Domain

TXB, = Thromboxane B2

Vmax = maximum speed of transport
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