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The human ABC (ATP-binding cassette) transporter MRP1 (hu-
man multidrug-resistance-associated protein 1; ABCC1) is in-
volved in the cellular extrusion of conjugated metabolites and
causes multidrug resistance in tumour cells. The transport of sub-
strate molecules by ABC proteins is energized by ATP hydrolysis,
performed by two co-operating ABC units. Orthovanadate (Vi), a
non-covalent inhibitor of the ABC ATPases, was found to catalyse
a photo-oxidative cleavage of various ATP-binding proteins. In the
present study, we have identified three Vi-cleavage sites within
MRP1, and found that the cleavage reactions were variably modu-
lated by the presence of nucleotides and by transported substrates.
We concluded that Vi cleavage of MRP1 at Site I detects con-
formational changes due to the binding of MgATP. In contrast,
Site II could be identified as part of the substrate-modulated
catalytic cycle, probably containing an MRP1 · MgADP · Vi
transition-state-like complex. Cleavage at Site III was modulated

by both the binding and hydrolysis of MgATP, in a biphasic
pattern, which was also affected by the presence of transported
substrates. We detected two different allosteric effects and found
that they control two consecutive steps of the MRP1 ATPase
catalytic cycle. Nucleotide binding to the low-affinity site
accelerated the formation of the pre-hydrolytic intermediate in
the other catalytic centre. Interaction of the transporter with its
transported substrates stimulated a later reaction of the hydrolytic
cycle, the formation of the post-hydrolytic intermediate, which
could be detected in both catalytic sites by the experimental
strategy used.

Key words: ATP-binding cassette transporter (ABC transporter),
ATPase catalytic cycle, multidrug-resistance-associated protein 1
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INTRODUCTION

A specific feature of the orthovanadate anion, VO4
3− (Vi), is that it

can catalyse photo-oxidation of the polypeptide chains upon UV
irradiation. The Vi-catalysed photo-oxidation causes a cleavage
of the polypeptide chain in the vicinity of the site where Vi binds
to the protein. Indeed, in myosin, a polypeptide cleavage was
observed at the glycine-rich motif (also called a Walker A motif),
which is known to be involved in interactions with the phosphate
moiety of the nucleotide [1]. The mechanism of the reaction, in-
volving the oxidation of the hydroxymethyl side-chains of a serine
residue to a serine aldehyde via light-catalysed reduction of VV

(vanadate) to VIV (vanadyl), and a subsequent backbone cleavage
at this serine residue, has been elucidated [2].

On the other hand, Vi is an effective non-covalent inhibitor of
several ATP-hydrolysing enzymes. Comparing the three-dimen-
sional structure of the MgATP-bound form of the myosin motor
domain to that of the MgADP · Vi inhibitor complex revealed
that Vi occupies the position of the terminal phosphate in the
catalytic complex, accommodating a trigonal bipyramidal co-
ordination [3]. The enzyme · MgADP · Vi complex is supposed
to model one of the high-energy transition states of the catalytic
cycle of Vi-sensitive ATPases. Other anions with similar geometry
and charges (e.g. AlF4 or BeFx) are also capable of inhibiting
the same class of ATPases, arresting the enzymes in similar,
although not necessarily identical, inhibitory complex forms [4].
Therefore these anions are widely used in studying the mechanism
of ATP hydrolysis. The complex is usually visualized by covalent
photoaffinity labelling, using 8-azido-[α-32P]ATP.

Abbreviations used: ABC, ATP-binding cassette; HAS, high-affinity site; LAS, low-affinity site; LTC4, leukotriene C4; MDR1, multidrug resistance 1
(ABCB1); MgAMP-PCP, magnesium adenosine 5′-(β,γ-methylene)triphosphate; MRP1, human multidrug-resistance-associated protein 1 (ABCC1);
�MRP1, MRP1 with a deletion of residues 1–280; Sf9 cells, Spodoptera frugiperda ovarian cells; TMD, transmembrane domain; Vi, orthovanadate.
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Multidrug resistance is a major obstacle in the efficient chemo-
therapy of human malignancies. The emergence of this phenom-
enon is frequently associated with the overexpression of special
ABC (ATP-binding cassette) transporter proteins, such as MDR1
(multidrug resistance 1; ABCB1), MRP1 (human multidrug-resis-
tance protein 1; ABCC1) and BCRP (breast-cancer-resistance
protein; ABCG2) in tumour cells. ABC transporters are composed
of TMDs (transmembrane domains) and ABC domains. In MRP1,
the sites that interact with the drug substrates are harboured
within the TMDs and in the L0 and L1 intracellular linker seg-
ments [5–9], and ATP hydrolysis, as in other ABC proteins, is
coupled to transmembrane substrate movement. Vi, as well as
AlF4 or BeFx, is an effective inhibitor of these types of trans-
porters. A unique feature of ABC proteins is that they are
composed of two homologous ABC units, where ATP binding
and hydrolysis occur. A tight functional co-operativity between
the two ABC units is a prerequisite of the activity of the ABC
ATPases. A general model, based on the X-ray crystallographic
analysis of the ABC–ABC dimer of a bacterial ABC ATPase
Rad50cd, suggests that the structural basis of the co-operativity is
that the two ABC units form two composite active sites in a head-
to-tail configuration [10]. Elements of both ABC units participate
in the composition of the two active sites. Similar arrangement
of the ABC ATPase catalytic sites has been found recently in the
BtuCD ABC transporter of Escherichia coli [11].

Formation of an enzyme · MgADP · Vi complex (occluded nu-
cleotide state, or nucleotide trapping) in various ABC ATPases
was demonstrated and utilized for mechanistic studies [15–18].
In the case of MDR1, azido-ATP photolabelling experiments
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revealed that both ABC units play essential roles in ATP hydro-
lysis [19,20]. The examination of the Vi-catalysed photo-oxidative
cleavage in MDR1 provided strong evidence for an alternating
ATP hydrolysis by two equivalent catalytic sites [21].

In the case of MRP1, the catalytic/transport mechanism has
been the subject of several studies [22–28]. Three independent
studies found major differences in the catalytic properties of the
two ABC units. Photolabelling by azido-ATP, and following
the formation of an enzyme · Mg(azido)ADP · Vi complex led
to the postulation that the two ABC units fulfil unequal roles in
the activity of MRP1 [22–24]. It was suggested that one of the
nucleotide-binding sites in MRP1 is dominant in the cleavage
cycle, while the site in the other ABC unit can only perform
nucleotide binding [22–25,27,28].

In the present study, we used the Vi-induced photocleavage
reaction for characterizing the interactions of MRP1 with nucleo-
tides and transported substrates. We could detect two different
allosteric effects during the MRP1 ATPase cycle, and we found
that they control two different steps of the catalysis. Nucleotide-
binding to one of the sites induced a positive allosteric effect on the
formation of a pre-hydrolytic intermediate complex in the other
site, while interaction with the transported substrates stimulates
the formation of the post-hydrolytic intermediates. In addition,
we found post-hydrolytic complex formation in both catalytic
sites, which means that both sites are catalytically active during
ATP hydrolysis and are under a transported substrate-mediated
allosteric control.

MATERIALS AND METHODS

Protein expression and assay of ATPase activity

Expression of MRP1 and �MRP1 (MRP1 with a deletion of
residues 1–280) in Sf9 (Spodoptera frugiperda) insect cells, mem-
brane preparation and determination of Vi-sensitive ATPase activ-
ity were performed as described in our previous publications [29–
32].

Vi-induced photo-oxidative cleavage

Stock solutions of sodium orthovanadate were prepared as
described in [33]. The A265 of the solution was determined, and
the Vi concentration was calculated using the molar absorption
coefficient of 2925 M−1 · cm−1.

Samples containing the isolated Sf9 cell membranes (20 mg/
ml) expressing MRP1 (or �MRP1) were pre-incubated at 37 ◦C
for 5 min in the presence of 0.8 mM sodium orthovanadate and in
the presence or absence of transported substrates in the reaction
buffer (50 mM Mops/Tris, pH 7.4, 50 mM KCl and 10 mM
MgCl2). Various concentrations of MgATP {or MgAMP-PCP
[magnesium adenosine 5′-(β,γ -methylene)triphosphate]} were
subsequently added to the samples (as indicated in the Figures)
at a final volume of 40 µl, and the tubes were incubated for an
additional 5 min at 37 ◦C for N-terminal cleavage (to generate the
f95 and f85 fragments; see below) and for 20 min at 37 ◦C for
C-terminal cleavage (to generate a f25 fragment; see below). After
incubation, the reaction mixture was immediately transferred on
to ice. In reactions where photoactivation was induced by UV
light, the samples were transferred on to ice and placed under
a 265-nm UV lamp at a distance of 5 cm. The samples were
irradiated for 10 min for N-terminal cleavage and 2 min for
C-terminal cleavage. After irradiation, the 10 µl sample buffer
[50 mM Tris/phosphate, pH 6.8, 2 % (w/v) SDS, 2 % (w/v)
2-mercaptoethanol, 2 mM EDTA, 20 % (v/v) glycerol and 0.02 %
(w/v) Bromophenol Blue] was added to the reaction mixture

Scheme 1 Equilibrium model of MRP1 ATPase hydrolytic cycle

and the samples were subjected to SDS/PAGE and immunoblot
analysis.

SDS/PAGE, immunoblot and densitometry analysis, and
8-azido-ATP-binding

SDS/PAGE was performed using 7.5 % or 15 % (w/v) polyacryl-
amide gels, followed by immunoblotting as described in [29].
Detection of human MRP1 with M6 mouse anti-MRP monoclonal
antibodies (diluted 1:10 000) were performed as described in
[34]. Secondary antibodies were obtained from Jackson Immuno-
Research (horseradish-peroxidase-conjugated donkey anti-mouse
IgG; diluted 1:10 000). Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL®; Amersham Biosciences).
The bands were quantified by densitometry on ChemiDoc XRS
(Bio-Rad) using the Quantity One (Bio-Rad) software. Calibra-
tion curves were established to determine the linear range of the
density signal for each bands studied, and data were analysed by
the KaleidaGraph software package (Synergy Software, Reading,
PA, U.S.A.). 8-azido-ATP-binding experiments were performed
as described in [34].

Mathematical modelling of the ATPase hydrolytic cycle

We have developed a mathematical model to describe those
conformational intermediates, occurring during ATP-hydrolysis
by MRP1, that can be distinguished using the Vi-induced photo-
oxidative cleavage reaction (see Scheme 1). The model consists
of ATP binding to the high-affinity site (HAS) first (pO → pH

transition), then to the low-affinity site (LAS) (pH → pHL trans-
ition), followed by a conformational change at the HAS yielding
the pre-hydrolytic intermediate (pHL → pPre transition). We sup-
posed that, in the presence of Vi, MRP1 can reach two different
states from this pre-hydrolytic conformation, one where the
HAS is in the post-hydrolytic state (pPre → pPost

H transition) and
another where the LAS is in the post-hydrolytic state (pPre → pPost

L

transition) (see the Discussion). At equilibrium, this set of
reactions (Scheme 1) can be described with the following set
of equations (eqns 1a–1e):

KH = pH/(2ApO) (1a)

KL = pHL/(ApH) (1b)

KPre = pPre/pHL (1c)

KPost
H = pPost

H/pPre (1d)

KPost
L = pPost

L/pPre (1e)
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where A denotes the equilibrium concentration of free ATP; pO,
pH, pHL, pPre, pPost

H and pPost
L denote the equilibrium concentrations

of the different MRP1 conformational states that occur during the
hydrolytic cycle; KH and KL are the intrinsic association constants
for ATP binding to the HAS and LAS respectively; and KPre,
KPost

H and KPost
L are the isomerization constants for the pHL → pPre,

pPre → pPost
H and pPre → pPost

L transitions respectively.
Also, the mass-conversation law for the different conformers

of MRP1 is defined by eqn (2):

pO + pH + pHL + pPre + pPost
H + pPost

L = pTOTAL (2)

where pTOTAL denotes the total concentration of MRP1 present. The
normalized concentrations of the three fragments, f95, f85 and
f25 (fragments of 95, 85 and 25 kDa respectively), obtained by Vi
cleavage at Site I, II and III respectively (see the Results section),
relative to the total concentration of MRP1, can be calculated as
follows.

At Site I, Vi can only cleave those MRP1 conformers where the
LAS is not occupied by ATP. The presence of nucleotide decreases
the amount of the 95 kDa cleavage product in a concentration-
dependent manner (see the Results section), so we analysed the
disappearance of f95. Consequently, the normalized concentration
of f95 is proportional to those conformational states where the
LAS is occupied by ATP, that is pHL + pPre. At Site II, those
protein molecules can be cleaved where the LAS is in the post-
hydrolytic complex conformation, so the appearance of f85 is
proportional to pPost

L. At Site III, the Vi-accessible conformers
are those where the HAS is occupied by ATP, so the appearance
of f25 is proportional to pH + pHL. These assumptions yield, with
simple algebraic rearrangements of eqns (1a–1e) and eqn (2), the
following equations for the three fragments:

f95 ∼ pHL + pPre

pTOTAL

= 2A2KHKL(1 + KPre)

1 + 2AKH{1 + AKL[1 + KPre(1 + KPost
H + KPost

L)]} (3)

f85 ∼ pPost
L

pTOTAL

= 2A2KHKLKPreKPost
L

1 + 2AKH{1 + AKL[1 + KPre(1 + KPost
H + KPost

L)]} (4)

f25 ∼ pH + pHL

pTOTAL

= 2AKH(1 + AKL)

1 + 2AKH{1 + AKL[1 + KPre(1 + KPost
H + KPost

L)]} (5)

These formulae (eqn 3–5) were used in a global fitting procedure
(see Discussion) in order to obtain estimates for the model
parameters (the intrinsic association constants KH and KL as well
as the isomerization constants KPre, KPost

H and KPost
L), using the

non-linear curve-fitting module of KaleidaGraph.

RESULTS

Human MRP1 and �MRP1 were expressed in Sf9 insect cells,
and isolated cell membranes were used for the photo-oxidative
cleavage reactions. The expressed MRP1 protein in isolated mem-
branes was fully active, as demonstrated by assaying its specific
drug-stimulated, Vi-sensitive ATPase activity (Vmax = 19.8 +−
4.8 nmol of Pi/min per mg of protein in the presence of 5 mM

N-ethylmaleimide S-glutathione), while �MRP1 showed no
measurable ATPase activity.

The membrane samples containing human MRP1 or �MRP1
were subjected to photo-oxidative cleavage, as described in the
Materials and methods section, and the cleavage products were
analysed by SDS/PAGE and subsequent immunoblotting. In
the experiments presented below, a monoclonal antibody, M6,
recognizing an extreme C-terminal epitope [35], was used for
immunodetection. The linear range of the chemiluminescence
signal compared with the amount of protein on the gel has been
determined for each cleavage product analysed.

First, we analysed the high-molecular mass products of Vi-
induced photocleavage performed at 0 ◦C, using 7.5% poly-
acrylamide gels and immunoblotting. As shown in Figure 1(A),
human MRP1 migrates as a 160 kDa protein, and UV illumination
alone causes no detectable peptide backbone cleavage (Figure 1A,
lane 1). When Vi (800 µM) was present in the reaction mixture
(Figure 1A, lanes 2–6) a specific cleavage product was formed.
If no nucleotide was included in the reaction, a 95 kDa cleavage
product, well recognized by the C-terminal antibody, was apparent
(Figure 1A, lane 2). However, when MgATP (50 µM, lane 4) was
included in the reaction mixture, the amount of the 95 kDa product
was strongly decreased. Inhibition of the formation of the 95 kDa
cleavage product was also observed when a non-hydrolysable
ATP analogue, MgAMP-PCP (200 µM) (Figure 1A, lane 6),
was included in the reaction. The presence of low concentration
(1 µM) of either MgATP (Figure 1A, lane 3) or MgAMP-PCP
(Figure 1A, lane 5) had no detectable effect on the Vi-induced
cleavage reaction. In the following, we call Site I the Vi-cleavage
site of MRP1 yielding this 95 kDa C-terminal fragment.

In the following experiments, we carried out the Vi-induced
cleavage reactions at 37 ◦C (Figure 1B). Cleavage at Site I,
resulting in the 95 kDa product, was also detected under these
conditions. Again, in the presence of 50 µM MgATP or 200 µM
MgAMP-PCP (Figure 1B, lanes 4 and 6 respectively), the
concentration of the 95 kDa product was significantly lower than
in the absence of nucleotide (Figure 1B, lane 2), or when only
1 µM of either nucleotide was present during the photo-cleavage
reaction (Figure 1B, lanes 3 and 5).

As shown in Figure 1(B), in these experiments, we observed
a new cleavage product of MRP1, with an apparent molecular
mass of 85 kDa, recognized with the C-terminal antibody. MRP1
cleavage at Site II required the presence of MgATP (50 µM)
(Figure 1B, lane 4). The 85 kDa cleavage product was absent when
200 µM (Figure 1B, lane 6) or 1 µM (Figure 1B, lane 5) MgAMP-
PCP, or when only 1 µM MgATP (Figure 1B, lane 3) was included
in the reaction mix. If magnesium ions were chelated by EDTA
(100 µM) (Figure 1B, lane 7), the effect of the nucleotide at both
Site I and Site II cleavage was mostly eliminated.

In the next set of experiments, we investigated the MRP1-cleav-
age products of lower molecular masses. The reaction products
were analysed by immunoblotting from 15% polyacrylamide
gels, and again, the C-terminally reacting monoclonal antibody
M6 was used. As shown in Figure 1(C), a cleavage product of
MRP1 with an apparent molecular mass of 25 kDa was detected
in the presence of 1 µM MgATP (Figure 1C, lane 3) or 1 µM
MgAMP-PCP (Figure 1C, lane 5) at 0 ◦C. In the following, we
call this cleavage site, generating a 25 kDa C-terminal fragment,
Site III. When we examined further the effects of nucleotides on
Vi cleavage at Site III, we found unexpectedly that, in the presence
of 50 µM MgATP (Figure 1C, lane 4) or 50 µM MgAMP-PCP
(Figure 1C, lane 6), very little, if any, cleavage product was
generated. The same 25 kDa product could be detected in the ab-
sence of added nucleotide (Figure 1C, lane 2); however, the
amount of the 25 kDa product was much less in the absence of
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Figure 1 Nucleotide-dependent Vi-induced photo-oxidative cleavage in the N-proximal and in the C-proximal half of MRP1

Vi-induced photo-oxidative cleavage reactions were performed as described in the Materials and methods section. Arrow indicates the mature 160 kDa MRP1 protein. Arrows (f95, f85 and f25)
indicate the position of cleavage products resulting in fragments with apparent molecular masses of 95 kDa, 85 kDa and 25 kDa respectively. The positions of the size markers are indicated at the right.
(A) Cleavage reactions in the N-proximal half of MRP1 performed at 0 ◦C. Lane 1, photocleavage reaction without Vi and nucleotides; lanes 2–6, products of cleavage reactions in the presence
of 0.8 mM Vi, and nucleotides as indicated below the immunoblots. (B) Cleavage reactions in the N-proximal half of MRP1 performed at 37 ◦C. The same reaction conditions were used as in the
experiments shown in (A); lane 7, photocleavage reaction in the presence of 50 µM MgATP and 100 µM EDTA. (C) Cleavage reactions in the C-proximal half of MRP1 performed at 0 ◦C. Lane 1,
photocleavage reaction without Vi; lanes 2–6, product of cleavage reaction in the presence of 0.8 mM Vi, and nucleotides as indicated below the immunoblots. (D) Cleavage reactions in the
C-proximal half of MRP1 performed at 37 ◦C. The same reaction conditions were used as in the experiments shown in (C); lane 7, photocleavage reaction in the presence of 1 µM MgATP and
100 µM EDTA.

nucleotide than in the presence of 1 µM nucleotide (Figure 1C,
compare lanes 2 and 3). Similar results were obtained for Site III
cleavage when the reactions were performed at 37 ◦C (Figure 1D).
Removal of magnesium ions with 100 µM EDTA also suppressed
the photo-oxidative reaction at Site III in the presence of 1 µM
ATP (Figure 1D, lane 7) or 1 µM MgAMP-PCP (results not
shown). Similar effects were obtained when the experiments were
performed at 0 ◦C (results not shown). We concluded that cleavage
at Site III is triggered by low concentrations of nucleotide, and
the weak signal in the absence of added nucleotide is probably
due to traces of nucleotides present in the Sf9 cell-membrane
preparation.

�MRP1, an inactive mutant of MRP1, lacking the N-terminal
TMD0 and the L0 cytoplasmic loop, was also expressed in
Sf9 cells, and membranes containing this protein were subjected
to Vi-induced photo-oxidative cleavage (detailed results not
shown). Analysis of the cleavage products obtained at 0 ◦C re-
vealed that �MRP1 can be cleaved at Site I and peptide back-
bone cleavage at this site, similarly to that seen for MRP1, is
inhibited by 50 µM MgATP or by 200 µM MgAMP-PCP. Low
concentrations of either nucleotide had no detectable effect on
cleavage at Site I. When cleavage of �MRP1 was performed at
37 ◦C, identical cleavage reactions were observed as at 0 ◦C, and
the formation of the 85 kDa fragment in �MRP1 was not ob-
served. Thus, at Site II, Vi-cleavage could not be induced in
�MRP1. �MRP1 was cleaved at Site III, and again, low concen-
tration (1 µM) of nucleotide (MgATP or MgAMP-PCP) triggered
a cleavage reaction at Site III, while at high concentrations
of MgATP or MgAMP-PCP (50 µM and 50 µM respectively),
cleavage of �MRP1 was absent, both at 37 ◦C and at 0 ◦C. When
�MRP1 was subjected to Vi-induced cleavage (either at 37 ◦C or
at 0 ◦C) under the ‘Mg-free’ experimental conditions, similar to
that seen for MRP1, the effect of nucleotides on cleavage at Site I
and at Site III were undetectable (results not shown).

Figure 2 Membrane topology of MRP1 and localization of the cleavage
sites

The membrane topology model of human MRP1 is based on that shown in [36]. The upper line
indicates the arrangement of domains of MRP1 (L0 indicates the cytoplasmic loop connecting
TMD0 and TMD1; ABC-N and ABC-C indicate the cytoplasmic ABC domains at the N- and the
C-half of protein respectively). Arrows indicate cleavage at Site I, Site II and Site III at which
Vi-induced cleavage reactions generate fragments of 95 kDa (f95), 85 kDa (f85) and 25 kDa
(f25) respectively. Half-shaded regions of the polypeptide chain denotes the conserved Walker A
and Walker B motifs, shaded regions show the ABC-signature motifs. The arrow with M6 points
to the epitope of monoclonal antibody, M6.

On the basis of the estimated size of the cleavage products
we mapped the approximate position of the cleavage sites within
the linear sequence of MRP1. Figure 2 shows the membrane
topology model and the domain arrangement of MRP1 [36], the
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Figure 3 Nucleotide-dependent Vi-induced photo-oxidative cleavage
reactions at the N-proximal half of MRP1 and that of �MRP1 at various
nucleotide concentrations

Cleavage reactions were performed at 37 ◦C; the arrows (f95 and f85) indicate the cleavage
products with molecular masses of 95 and 85 kDa respectively. (A) Immunoblots of cleavage re-
actions of MRP1 (upper panel) or that of �MRP1 (lower panel) performed in the presence
of MgATP in concentrations as indicated below the immunoblots, and the immunoblots of
cleavage reactions of MRP1 performed in the presence of MgAMP-PCP in concentrations as
indicated below the immunoblots (middle panel). The absence or presence of Vi is indicated

position of the M6 epitope, and the putative sites of the Vi-induced
photo-oxidative cleavage within the polypeptide chain. Site I, at
which backbone cleavage generates the specific cleavage product
of 95 kDa, can be assigned to the C-terminus of TMD1 (amino
acids 317–611), or to the intracellular region (amino acids 612–
649), which connects TMD1 to the N-proximal ABC domain.
The 85 kDa product is generated by backbone cleavage at Site II,
localized within the first ABC catalytic domain (amino acids 650–
850). Site III, at which backbone cleavage generates the 25 kDa
product, can be assigned to the C-proximal ABC domain (amino
acids 1303–1531). In this case, a more refined localization is
possible, since the disturbing effect of core glycosylation can be
disclosed. Accordingly, the cleavage site must be at the N-terminal
region (around position 1300) of the C-proximal ABC domain.

In order to analyse further the effects of nucleotides on the pep-
tide backbone cleavage at Site I, at Site II and at Site III res-
pectively, the Vi-cleavage reactions were performed in the pre-
sence of various concentrations of nucleotides at 37 ◦C. [We
set the conditions of the cleavage reactions so that only a small
portion (<5%) of the studied protein (MRP1 or �MRP1) was
cleaved. Whether or not the rate of cleavage at Site II and at
Site III are independent of the polypeptide chain cleavage at Site I,
the generation of lower molecular mass fragments (i.e. the 85 kDa
and the 25 kDa fragments) causes a smaller than 10% error on the
estimation of the yield of the 95 kDa fragment, and a smaller
than 5% error on the yield of the 85 kDa fragment. In the quan-
titative analysis, we neglected this potential error.] MRP1 was
subjected to cleavage in the presence of MgATP (0–500 µM)
(Figure 3A, upper panel) or in the presence of MgAMP-PCP
(0–1000 µM) (Figure 3A, middle panel), or �MRP1 was cleaved
in the presence of MgATP (0–500 µM) (Figure 3A, lower panel).
When a quantitative evaluation of the concentration of the 95 kDa
product was performed by densitometry, a nucleotide-concen-
tration-dependent inhibition of cleavage of MRP1 at Site I was
observed, with an apparent half-maximal effect at 6.6 +− 3.0 µM
MgATP at 37 ◦C (Figure 3B). In contrast, MgATP triggered
cleavage of MRP1 at 37 ◦C at Site II, and the half-maximal
effect of the nucleotide was observed at 7.4 +− 3.6 µM MgATP
concentration (Figure 3C). A concentration-dependent inhibition
of cleavage of MRP1 at Site I was observed in the presence of
MgAMP-PCP at 37 ◦C, with a half maximal inhibition at 128 +−
34 µM MgAMP-PCP (Figure 3B). The MgATP concentration-
dependence of cleavage of �MRP1 at 37 ◦C was also analysed
(Figure 3B). The MgATP concentration, causing a 50% decrease
in the cleavage of �MRP1 at Site I was 32.3 +− 4.1 µM.

Figure 4 shows the nucleotide-concentration-dependence of
cleavage at Site III at 37 ◦C. The results indicate that a low con-
centration of MgATP (0.1 µM) triggers cleavage at Site III in
MRP1, and the yield of the cleavage product increases up to 1 µM
MgATP (Figure 4A, upper panel). Thereafter, the yield of cleavage
decreases gradually as the concentration of MgATP is increased,
and, in the presence of 50 µM MgATP, practically no cleavage
was detected. In the presence of MgAMP-PCP, an essentially
similar concentration-dependence of cleavage of MRP1 at Site III

under the immunoblots. The positions of the molecular-mass markers are indicated at the right.
(B) Densitometric evaluation of fragment f95 generated by cleavage reactions shown in (A).
Data represent the means of at least three independent sets of experiments. The plot shows
the extent of cleavage resulting fragment f95; densities measured in the cleavage reactions in the
absence of nucleotide was arbitrarily set at 100. �, MRP1 with MgATP; �, �MRP1 with
MgATP; �, MRP1 with MgAMP-PCP. (C) Densitometric evaluation of fragment f85 generated
by cleavage reactions analysed in the upper panel of (A). Data represent the means of at least three
independent sets of experiments. Data are expressed as relative density; densities measured in
the cleavage reaction in the presence of 500 µM MgATP was arbitrarily set at 100.
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Figure 4 Nucleotide-dependent Vi-induced photo-oxidative cleavage
reactions at the C-proximal half of MRP1 and that of �MRP1 at various
nucleotide concentrations

Cleavage reactions were performed at 37 ◦C; the arrow indicates the cleavage product with
molecular mass of 25 kDa (f25). (A) Immunoblots of cleavage reactions of MRP1 (upper panel)
or that of �MRP1 (lower panel) performed in the presence of MgATP in concentrations as
indicated below the immunoblots, and the immunoblots of cleavage reactions of MRP1 performed
in the presence of MgAMP-PCP in concentrations as indicated below the immunoblots (middle
panel). The absence or presence of Vi is indicated under the immunoblots. The positions of the
molecular-mass markers are indicated on the right. (B) Densitometric evaluation of fragment
f25 generated by cleavage reactions shown in (A). Data represent the mean of at least three
independent sets of experiments. The plot shows the extent of cleavage resulting in fragment f25;
densities measured in the cleavage reactions in the presence of 1 µM MgATP was arbitrarily
set to 100. �, MRP1 with MgATP; �, �MRP1 with MgATP; �, MRP1 with MgAMP-PCP.

was observed (Figure 4A, middle panel), as in the case of MgATP.
The relationship between cleavage of �MRP1 at Site III and
MgATP concentration (Figure 4A, lower panel) was found to be
similar to that observed when MRP1 was subjected to cleavage in
the presence of MgATP.

A quantitative evaluation of the 25 kDa product by densitometry
in the Vi-induced cleavage reactions showed a biphasic effect of
the nucleotide concentration. This analysis also revealed certain

Figure 5 Effect of various transported substrates on the Vi-induced
cleavage reactions at the N- and C-proximal halves of MRP1

Cleavage reactions were performed in the presence of various transported substrates and
different concentrations of MgATP, as indicated below the immunoblots. Products generated
by cleavage reactions at the N-proximal half of MRP1 are shown in the upper panels; those
generated by cleavage reactions at the C-proximal half of MRP1 are shown in the lower panels.
Arrows indicate the position of cleavage products resulting fragments with apparent molecular
masses of 95 kDa, 85 kDa and 25 kDa (f95, f85 and f25 respectively). The positions of the
molecular-mass markers are indicated on the right.

differences in the nucleotide-sensitivity of cleavage at Site III
in MRP1 as compared with �MRP1, and when MRP1 was
cleaved in the presence of MgATP or MgAMP-PCP respectively
(Figure 4B). Deconvolution of the bell-shape curves revealed
the following half-maximal concentration values: 0.07 +− 0.01 µM
and 4.5 +− 0.6 µM MgATP for the rising and declining parts of the
curve respectively, in the case of cleavage of MRP1 in the presence
of MgATP; 0.07 +− 0.01 µM MgATP and 8.0 +− 2.8 µM MgATP
for the rising and declining parts of the curve respectively, in
the case of �MRP1, in the presence of MgATP; 0.04 +− 0.01 µM
MgAMP-PCP and 19.7 +− 3.7 µM MgAMP-PCP for the rising and
declining parts of the curve respectively, in the case of MRP1,
in the presence of MgAMP-PCP. Similar results were obtained
for the Site III cleavage of MRP1 at 0 ◦C in the presence of
either MgATP or MgAMP-PCP, or when �MRP1 was subjected
to cleavage in the presence of MgATP (results not shown).

Next, we investigated the effects of transported substrates on the
Vi-induced cleavage reactions, observed at various sites, as des-
cribed above. Several different substrates or substrate combi-
nations, LTC4 (leukotriene C4; 800 nM), etoposide (500 µM),
verapamil (150 µM), GSSG (2 mM), GSH (2 mM), etoposide
(500 µM) + GSSG (2 mM), and etoposide (500 µM) + GSH
(2 mM) were used in these experiments. The presence of etoposide
(500 µM), verapamil (150 µM), GSSG (2 mM) or GSH (2 mM)
had no effect on the cleavage reactions of MRP1 (results not
shown).

Figure 5 shows the effects of LTC4 (800 nM), etoposide
(500 µM) + GSSG (2 mM), and etoposide (500 µM) + GSH
(2 mM) on the Vi-induced cleavage reactions at the different
cleavage sites. No effect of the transported substrates on the cleav-
age reactions at Site I, resulting in the 95 kDa fragment, could be
observed (Figure 5, upper panel). However, a significant increase
in the yield of cleavage at Site II (performed in the presence of
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Figure 6 Effect of LTC4 on nucleotide binding by MRP1

Autoradiogram of photolabelling of MRP1- (lanes 1 and 2) and β-galactosidase- (lanes 3 and 4)
expressing Sf9 membranes. The photo-cross-linking reactions were performed in the presence
of 8-azido-ATP (2 µM) and in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of LTC4

(0.8 µM). The positions of the molecular-mass markers are indicated on the right.

10 µM MgATP), resulting in the 85 kDa fragment was detected
in the presence of each of the above substrates (Figure 5, upper
panel). No cleavage at Site II was observed at 0 ◦C in the presence
of any of the substrates or when MgATP was replaced with
MgAMP-PCP, or when �MRP1 was subjected to the cleavage
reaction in the presence of MgATP (results not shown).

As shown in Figure 5 (lower panel), the extent of cleavage at
Site III, generating the 25 kDa fragment, was decreased in the
presence of the MRP1 substrates. These experiments were per-
formed in the presence of 2 µM MgATP.

In order to analyse further the effect of transported substrate
on nucleotide binding, we used radiolabelled 8-azido-ATP and
photo-cross-linking methodology. First, we determined the linear
range of 8-azido-ATP concentration compared with the extent
of photo-cross-linking, as determined by autoradiography on a
phosphoimager. We have found that the incorporated radioactivity
showed a linear function of concentration up to 5 µM 8-azido-ATP
(results not shown). The effect of transported substrate on nu-
cleotide binding was studied in the presence of 2 µM 8-azido-ATP
and 0.8 µM LTC4 (Figure 6). As a control, Sf9 membranes of cells
expressing β-galactosidase were also subjected to 8-azido-ATP
photolabelling in the absence and in the presence of 0.8 µM LTC4

(Figure 6, lanes 3 and 4). The results shown in Figure 6 demon-
strate that 0.8 µM LTC4 had no effect on the extent of 8-azido-ATP
photolabelling of MRP1 (Figure 6, lanes 1 and 2), as the same
amount of incorporated radioactivity was found both in both the
presence and the absence of the transported substrate, LTC4.

Figure 7(A) shows the MgATP-concentration-dependence of
cleavage at Site I and at Site II at 37 ◦C, in the absence (Fig-
ure 7A, upper panel) and in the presence of etoposide (500 µM)
+GSSG (2 mM) (Figure 7A, lower panel). We found that the
transported substrates stimulated the cleavage reaction at Site II,
whereas they had no effect on the reaction at Site I. The results
of the quantitative evaluation of the concentration of the 85 kDa
product by densitometry, plotted against MgATP concentration
are shown in Figure 7(B). These plots indicate a 3- to 4-fold
increase of the cleavage yield, with no significant change in the
concentrations resulting in the half-maximal effect of the nucleo-
tide (4.0 +− 0.8 µM compared with 7.4 +− 3.6 µM MgATP), in the
presence of the transported substrates.

Figure 7 Effect of etoposide and GSSG on the Vi-induced cleavage reaction
at the N-proximal half of MRP1

(A) Vi-induced cleavage reactions were performed in the absence (upper panel) and in
the presence (lower panel) of etoposide (0.5 mM) and GSSG (2 mM) at various MgATP
concentrations as indicated above the immunoblots. Arrows indicate the position of cleavage
products resulting in fragments with apparent molecular masses of 95 kDa and 85 kDa (f95
and f85 respectively). The positions of the molecular-mass markers are indicated on the right.
(B) Densitometric evaluation of fragment f85 generated by cleavage in the presence (�) or in the
absence (�) of etoposide (0.5 mM) and GSSG (2 mM) at various MgATP concentrations. Data
are expressed as relative densities; densities measured in the cleavage reaction in the presence
of 250 µM MgATP and etoposide (0.5 mM) +GSSG (2 mM) were arbitrarily set at 100. Data
represent the mean of at least three independent sets of experiments.

Figure 8(A) shows the MgATP-concentration-dependence of
cleavage of MRP1 at Site III at 37 ◦C, in the absence and in the
presence of etoposide (500 µM) +GSSG (2 mM) in the concen-
tration range 0–1 µM (Figure 8A, upper panel) and 2–50 µM
(Figure 8A, lower panel) MgATP. At each MgATP concentration,
a significant decrease of the cleavage yield was observed when
the reaction was performed in the presence of the transported
substrate. The results of the quantitative evaluation of the 25 kDa
product, obtained in the presence or in the absence of etoposide
(500 µM) +GSSG (2 mM) are shown in Figure 8(B). The plots
show a biphasic, bell-shaped function of cleavage against MgATP
concentration, both in the absence and in the presence of
etoposide + GSSG. However, the declining part of the curve is
shifted towards lower MgATP concentrations (4.5 +− 0.6 µM com-
pared with 1.2 +− 0.4 µM MgATP) in the presence of the
transported substrates.
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Figure 8 Effect of etoposide and GSSG on the Vi-induced cleavage reaction
at the C-proximal half of MRP1

(A) Vi-induced cleavage reactions were performed at 37 ◦C in the absence and in the presence
of etoposide (0.5 mM) and GSSG (2 mM) at various MgATP concentration as indicated below
the immunoblots. Arrow indicates the position of cleavage product resulting in fragment with
apparent molecular mass of 25 kDa (f25). The positions of the molecular-mass markers are
indicated on the right. (B) Densitometric evaluation of fragment f25 generated by cleavage in the
presence (�) or in the absence (�) of etoposide (0.5 mM) and GSSG (2 mM) at various MgATP
concentrations. Data are expressed as relative densities; densities measured in the cleavage
reaction in the presence of 1 µM MgATP (in the absence of etoposide + GSSG) were arbitrarily
set at 100. Data represent the mean of at least three independent sets of experiments.

No effect of etoposide + GSSG was observed on cleavage at
Site III in �MRP1, or in MRP1 in the presence of the non-
hydrolysable nucleotide, MgAMP-PCP (0.05–100 µM), at 37 ◦C.
Similarly, no effect was found when cleavage of MRP1 was
performed at 0 ◦C in the presence of MgATP (0.05–100 µM)
(results not shown).

DISCUSSION

In the present study, we have detected three sites within the MRP1
protein, at which Vi induced a photo-activated cleavage of the

peptide backbone (see Figure 2). We found that cleavage at these
sites detected major conformational changes during the catalytic
cycle due to the interactions of the MRP1 with MgATP and with
the transported substrates.

When analysing the Vi-dependent cleavage of MRP1, we found
that cleavage at Site I was inhibited by nucleotides (Figures 1
and 3). Our results indicate that this inhibition is caused by speci-
fic nucleotide binding (and/or by formation of a pre-hydrolytic
complex) in the ABC domain. This is supported by the following
findings: (i) both MgATP and its non-hydrolysable analogue,
MgAMP-PCP, influenced cleavage at this site (see Figures 1A
and 1B); (ii) the nucleotide-sensitivity of cleavage at Site I in
�MRP1 was similar to that in the wild-type MRP1 (this inactive
mutant of MRP1 binds MgATP similarly to the wild-type MRP1,
but transition-state formation is absent [34]); (iii) the effect of
nucleotides could also be detected at 0 ◦C, which indicates that
no hydrolytic event was taking place (Figure 1A). However, the
nucleotide-dependence of cleavage at Site I in MRP1 in the pre-
sence of MgATP or MgAMP-PCP are different (Figure 3A, upper
and middle panels); the same is true if the nucleotide-dependence
of cleavage at Site I of MRP1 is compared with that of �MRP1
(Figure 3A, lower panel).

The most plausible explanation for the nucleotide-induced
inhibition of Vi-cleavage at Site I is that major conformational
changes occur at this site upon nucleotide binding and/or upon
the formation of a pre-hydrolytic intermediate. It has been already
documented that the TMDs of MDR1 undergo major rearrange-
ment upon nucleotide binding [38,39], and the same phenomenon
may occur in MRP1 as well. Interestingly, transported-substrate
binding to MRP1 did not influence the Vi-dependent cleavage at
Site I (Figure 5).

Another photo-oxidative cleavage reaction site in MRP1,
termed Site II, found within the N-proximal ABC unit, behaved
entirely differently. We suggest that Vi resides here in the active
site, as a part of the MRP1 · MgADP · Vi complex (‘trapped nu-
cleotide’). The following experimental data support this con-
clusion: (i) cleavage at Site II occurs only in the presence of
MgATP (see Figure 1B, lane 4), but not in the presence of the non-
hydrolysable analogue, MgAMP-PCP (see Figure 1B, lane 6).
The former nucleotide can form an MRP1 · MgADP · Vi complex
after hydrolysis [17,34], while MgAMP-PCP cannot participate
in such a complex; (ii) the inactive mutant, �MRP1, is not able to
form the MRP1 · MgADP · Vi complex [34], and we detected no
cleavage at Site II in this MRP1-mutant; and (iii) photocleavage
at Site II was not observed at 0 ◦C, but could be detected at 37 ◦C,
under conditions that favour hydrolysis (compare Figure 1A,
lane 4, with Figure 1B, lane 4).

A third Vi-cleavage site, Site III, was found in the C-proxi-
mal ABC-domain. As demonstrated in Figures 1(C) and 1(D),
the Vi-induced photo-cleavage at this site was influenced by
specific nucleotide binding (and by the formation of a pre-hydro-
lytic complex; see below). Experimental data supporting this
conclusion are the same as described for cleavage at Site I. Fol-
lowing this line of reasoning, the formation of the post-hydrolytic
MRP1 · MgADP · Vi complex (‘trapped nucleotide’) could not be
detected directly by photo-cleavage reaction at this nucleotide-
interacting site.

To summarize, we found that cleavage at Site II is ADP · Vi-
dependent, (i.e. it requires the formation of the MRP1 · MgADP ·
Vi post-hydrolytic complex). This means that Vi-cleaving of
the peptide backbone is induced by this trapped complex. On the
other hand, cleavage at Site I and at Site III does not require
the formation of such a complex, and the yields of these re-
actions are modulated by pre-hydrolytic events (nucleotide bind-
ing and/or pre-hydrolytic complex formation). Consequently, the
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effects of nucleotides on cleavage at Sites I and III come from
the conformational changes induced by these pre-hydrolytic
events.

According to the current structural model, based on X-ray
crystallographic data of bacterial ABC ATPases [10–14], the two
ABC units form two composite active centres. This means that
elements of both ABC units participate in the formation of the
two catalytic centres. Therefore it is difficult to delineate the dif-
ferent functional characteristics of the composite sites (made
from elements of both ABC domains) to the domains in the li-
near polypeptide chain sequence, where Vi-induced cleavage is
observed.

We have found that the nucleotide sensitivity of the various
MRP1–nucleotide interactions detected by Vi-cleavage at the
N-proximal and at the C-proximal halves were significantly dif-
ferent (for the sake of simplicity in the following, we refer to the
active sites as ‘N-proximal’ and ‘C-proximal’, which indicates,
however, only the location of the Vi-cleavage sites). Nucleotide
binding and/or pre-hydrolytic intermediate (Site I) and MRP1 ·
MgADP · Vi ‘trapped’ inhibitory complex formation (Site II), de-
tected by cleavage in the N-proximal half, were saturable at in-
creasing nucleotide concentrations (see Figure 3). The MgATP
concentrations that yielded a half-maximal effect in this inter-
action were estimated to be approx. 6.6 and 7.4 µM respectively.

In contrast, the nucleotide-binding site detected by Vi-induced
cleavage at Site III had a much higher nucleotide affinity and
could not be saturated by MgATP (Figure 4). Deconvolution of
the biphasic concentration-dependence of the nucleotide-effect
on the cleavage reaction at Site III revealed that the half maximal
effect is caused by about 0.1 µM MgATP on the rising part of
the curve (which detects nucleotide binding; see Figure 4B). The
biphasic nature of the nucleotide concentration of the cleavage
reaction at Site III could be interpreted to mean that a MRP1–
nucleotide interaction at a different site of the protein has a major
impact on the nucleotide-binding properties detected at Site III.
The half-maximal MgATP concentration of the declining part
of the curve (an apparent ‘inhibition’) at this site was found to
be approx. 4.5 µM. The calculated value is similar to the half-
maximally effective concentration of MgATP at Site I (6.6 µM),
which can be associated to the LAS. These data support the
suggestion that binding of a nucleotide to the LAS has an allosteric
effect on the HAS.

It is worthwhile to note that the nucleotide-concentration-
dependence of cleavage at Site III of �MRP1 shows a similar
biphasic function to that of MRP1 (Figure 4B). Similarly to that
for MRP1, the half-maximal effect is caused by approx. 0.07 µM
MgATP at the rising part of the curve, while the ’inhibition’
of cleavage in MRP1 and �MRP1 are different (4.5 µM and
8 µM). Similar phenomena have been observed when cleavage of
MRP1 was performed in the presence of MgAMP-PCP (Figure 4).
The concentrations of the half-maximal effect of binding (as deter-
mined for the rising part of the curves) are similar, while those of
‘inhibition’ of cleavage of MRP1 in the presence of MgATP or
MgAMP-PCP are different (4.5 µM and 20 µM respectively).

In summary, higher values measured for the effects of nu-
cleotides at Site I (Figure 3B) are accompanied by higher values
of the declining part of the nucleotide-concentration curve at
Site III (Figure 4B). This observation reinforces our interpretation
above that binding of nucleotide to one of the sites has an effect
on the state of the nucleotide at the other site. At low MgATP
concentration, the nucleotide binds to a site which can be detected
by cleavage at Site III, as the rising part of the concentration curve.
At higher concentrations, nucleotide binds to the other binding
site too (which is detected by cleavage at Site I), and this
binding triggers a conformational change reducing the binding

of a nucleotide to the HAS (detected as the declining part of the
curve).

These results are in harmony with the current hypothesis that
nucleotide–protein interaction detected at one of the sites accele-
rates the catalytic reaction at the other site; a conclusion that
has been obtained by utilizing azido-nucleotide-trapping experi-
mental strategies [25,27]. These authors found that saturation of
the ATP-binding site in the N-ABC domain enhanced the forma-
tion of the MRP1 · MgADP · Vi complex (i.e. the post-hydrolytic
complex) in the C-ABC domain. Our similar results mean that
the experimental strategy based on the Vi-induced polypeptide-
backbone cleavage is suitable for investigating the mechanism
of the hydrolytic cycle of MRP1 [as we mentioned above, it is
difficult to identify the LAS and HAS with either the N-ABC
or with the C-ABC, as the nucleotide-interacting sites/catalytic
centres of the ABC ATPases are composed of polypeptide seg-
ments from both ABC domains (‘composite sites’)]. Our data
obtained by the Vi-cleavage technique have led to several new
findings. They indicate that the target of the positive allosteric
effect of the nucleotide is a step in the catalytic cycle preceding
the cleavage of the phosphodiester bond between the β and the
γ phosphate of ATP, i.e. the formation of a pre-hydrolytic com-
plex. This is supported by the following experimental data:
(i) MgATP and its non-hydrolysable analogue (MgAMP-PCP)
show similar biphasic effects on the cleavage reaction at Site III
(Figure 4); (ii) the inactive mutant of MRP1, �MRP1 (in which
no enzyme · MgADP · Vi post-hydrolytic inhibitor complex can
be formed) shows the same biphasic nucleotide-concentration-
dependence of cleavage at Site III as MRP1 (Figure 4); and
(iii) similar nucleotide-concentration-dependence of the cleavage
was detected at 0 ◦C and at 37 ◦C. On the basis of the above
observations, we could refine the target of this positive allosteric
event in the catalytic cycle: we concluded that the enhancement
of activity at the catalytic centre associated with the HAS is due
to the accelerated conversion of the bound nucleotide state into a
pre-hydrolytic intermediate state.

Compounds transported by ABC transporters accelerate the
initial rate of ATP hydrolysis [31,37,40], and it was also shown
that these compounds accelerate the rate of formation of the
MRP1 · MgADP · Vi post-hydrolytic inhibitor complex, as detec-
ted by Mg-azido-ATP trapping [17,18,24,34]. We found that
the interaction of MRP1 with its transported substrates had no
effect on the Vi-induced cleavage at Site I (Figures 5 and 7).
As discussed above, cleavage at Site I is influenced by specific
nucleotide binding (and/or by formation of a pre-hydrolytic com-
plex). Therefore our data suggest that the transported substrates
have no effect on nucleotide binding and/or on the formation of a
pre-hydrolytic complex. To establish further this conclusion, we
performed direct nucleotide-binding experiments in the presence
and absence of a transported substrate. As shown in Figure 6,
LTC4 had no effect on the extent of 8-azido-ATP photolabelling of
MRP1. Thus the results obtained by an independent experimental
approach fully support the above conclusion.

We have found that Vi-cleavage reactions at Site II and at
Site III were sensitive to the substrate–transporter interaction
(see Figures 5, 7 and 8). As discussed above, cleavage at Site II
(similarly to Mg-azido-ATP trapping) detects the posthydrolytic
complex formation. Accordingly, the transported substrates
stimulate the formation of such a complex, as detected by cleavage
at Site II.

Cleavage of MRP1 at Site III was also sensitive to the
transported substrates; i.e. the declining part of the curve was sig-
nificantly shifted toward lower MgATP concentrations in the
presence of substrates (Figure 8B). This effect was observed only
if the reaction was performed under hydrolytic conditions; i.e.
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in the presence of MgATP at 37 ◦C, and not in the presence of
MgAMP-PCP or at 0 ◦C. Cleavage of the inactive �MRP1 at Site
III was insensitive to the presence of transported substrates.

As we interpreted the declining part of the curve as conversion
of the bound nucleotide state into a pre-hydrolytic state (see
above), the left-shift in this phase in the presence of transported
substrates under hydrolytic conditions detects the conversion of
the pre-hydrolytic complex into the post-hydrolytic enzyme ·
MgADP · Vi complex, and this reaction is the target of substrate-
induced allosteric effect, which is detected as Site III cleavage.

Another novel finding revealed by Vi-mediated cleavage re-
actions was the formation of the MRP1–MgADP–Vi post-hydro-
lytic intermediate complex in both catalytic centres. Furthermore,
we could show that interaction of the transporter with its trans-
ported substrates had a positive allosteric impact in both catalytic
sites on the post-hydrolytic intermediate formation.

Consequently, the results described in the present paper indicate
that the two different allosteric effects observed in the MRP1
ATPase cycle control two different steps of the catalysis. The
nucleotide-binding-induced allosteric effect accelerates a pre-
hydrolytic complex formation, which involves communication
between the two catalytic centres, whereas interaction with the
transported substrates stimulates a later reaction step of the hydro-
lytic cycle, the formation of the post-hydrolytic intermediate in
both catalytic centres.

Based on the results discussed above, a model has been devel-
oped to describe the different conformational states and the tran-
sitions detected in MRP1 (see Scheme 1). Since, in the presence of
Vi, MRP1 is trapped in an inhibitory complex state and the cata-
lytic cycle is arrested, we could analyse the model at equilibrium
(see the Materials and methods section). The model includes the
binding of a nucleotide first to a HAS, followed by the second
nucleotide binding to a LAS. This later binding triggers a confor-
mational change resulting in pre-hydrolytic intermediate state
formation at the HAS. In analogy with the experimental obser-
vation in MDR1 [21], we made the following assumption: in each
MRP1 molecule, at the same time, only one of the two catalytic
centres can be present in the post-hydrolytic (enzyme · MgADP ·
Vi intermediate) complex form. Consequently, the reaction
scheme ends with two different states; i.e. either the N-proximal
or the C-proximal catalytic site of MRP1 is present in a post-
hydrolytic intermediate state.

The mathematical analysis of this equilibrium model was based
on the equations presented in the Materials and methods section.
We calculated the normalized concentrations of fragments f95,
f85 and f25, which we could detect in Vi-induced cleavage
reactions at Site I, Site II and Site III respectively. Then we
used a global fitting procedure, when the best fit was sought by
adjusting the parameters of the model (the intrinsic equilibrium
constants) to accommodate simultaneously all the experimental
cleavage data. Figure 9 shows the theoretical curves determined
by the global fitting of our model to the experimental data.
The obtained intrinsic equilibrium constants for the individual
reactions, defined in Scheme 1, are summarized in Table 1.

The calculations based on this simplified equilibrium model
resulted in a remarkably good fit to the experimental data.
This indicates that the model may properly describe the crucial
features of the MRP1 ATPase catalytic cycle. Based on the
model, the two nucleotide-binding sites show different MgATP
affinities; the HAS is characterized by an intrinsic dissociation
constant of 0.12 µM, whereas this value is 50 µM for the LAS.
There is an allosteric interaction between the two nucleotide-
binding sites, namely the binding of a nucleotide to the LAS
generates a conformational change at the occupied HAS, and
accelerates its conversion into a pre-hydrolytic intermediate.

Figure 9 Global fit of the equilibrium model

Theoretical curves obtained by global fitting the model parameters to the experimental data. Based
on our equilibrium model (see Scheme 1), we estimated the intrinsic association constants KH

and KL and the isomerization constants KPre, KPost
H and KPost

L (for definitions, see the Materials
and methods section) of the MRP1 ATPase cycle reactions involved in the model by minimizing
the sum of ϕ2 values of the individual fits of f95, f85 and f25 functions (eqns 3–5) to data
presented in Figures 3, 4, 7 and 8, in the absence and presence of transported substrate.
In the presence of transported substrate, only the isomerization constants characterizing the
pre-hydrolytic to post-hydrolytic intermediate transitions (KPost

H and KPost
L) were allowed to

change [broken lines in (B) and (C)], the other parameters were the same as for the absence
of transported substrate [solid lines in (A), (B) and (C)]. Theoretical curves for the ATP-con-
centration-dependence of fragments are shown for f95 in (A), for f85 in (B) and for f25 in (C).

Both catalytic centres of MRP1 are hydrolytically active, and
the transported substrates have a positive allosteric effect on the
conversion of a pre-hydrolytic into a post-hydrolytic intermediate
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Table 1 Intrinsic equilibrium constants estimated by global fitting of the
model

TS, transported substrate.

Fragment

Constant f95 f85 f25

TS −/+ − + − +
KH (1/µM) 7.7 7.7 7.7 7.7 7.7
KL (1/µM) 0.016 0.016 0.016 0.016 0.016
KPre 7 7 7 7 7
KPost

H 0.2 0.2 0.2 0.2 7
KPost

L 0.2 0.2 1 0.2 0.2

at both active centres. However, the different equilibrium cons-
tants obtained for the two sites indicate that post-hydrolytic inter-
mediate formation in the two catalytic sites may be different.
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