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ABSTRACT: Multidrug resistance protein (MRP) and P-glycoprotein (Pgp) are both members of the
superfamily of ATP binding cassette plasma membrane drug transport proteins, which may be partly
responsible for multidrug resistance of tumor cells. Although MRP has been identified as an organic
anion transporter and Pgp as a transporter of certain positively charged compounds, there is considerable
overlap in resistance spectrum, suggesting that both proteins transport important anticancer agents such
as doxorubicin, etoposide, and vincristine. To obtain more insight in the handling of drugs by both proteins,
we performed a detailed kinetic analysis of the efflux of caleginetoxymethyl ester (CAL-AM), a
common neutral substrate for both proteins and compared it with the kinetics of efflux of calcein (CAL)
which is only effluxed by MRP. CAL, the hydrolysis product of the nonfluorescent CAL-AM, is negatively
charged and highly fluorescent. For this purposeP#®»62/ADR and MRP- GLC4/ADR tumor cells

were incubated with CAL-AM in ATP-rich or ATP-depleted buffer, and the calcein formation was followed

in time by fluorescence development. The intracellular CAL could be distinguished from effluxed
(extracellular) CAL by addition to the medium of &9 which completely quenched the extracellular

CAL fluorescence. The results showed thathgy for efflux of CAL-AM and CAL by MRP were very

similar (1.0-1.2 x 10° molecules/cell/s) but that thH€, for CAL-AM was much lower (0.0%M) than

for CAL (268 uM). The latter therefore is much less efficiently transported by MRP than CAL-AM.

The Ky, for CAL-AM transport by Pgp (0.12M) was similar to that for MRP. Compared to previously
published data for anthracyclines, the kinetic data for MRP-mediated CAL-AM pumping are most similar

to those for the neutral hydroxydaunorubicin. These data give a quantitative account of transport properties
of MRP for two related but differently charged compounds.

The MRP1-encoded multidrug resistance protein (MRP)  However, a clear distinction in the mechanism of trans-
and theMDR1 encoded P-glycoprotein (Pgp) are both plasma location of these type of substrates by MRP or Pgp is
membrane transporters thought to be responsible in part forindicated by the finding that their MRP-mediated transport
the resistance of tumor cells to multiple chemically unrelated is inhibited by depletion of intracellular glutathione (GSH),
drugs (MDR) (L—3). Both proteins belong to the super- Wwhich has no effect on their Pgp-mediated transpttt (2.
family of the so-called ATP binding cassette transport For this reason it has been speculated that MRP would not
proteins or traffic ATPases4), which are known to be  transport the unmetabolized forms of these drugs, but only
dependent on ATP hydrolysis for the translocation of negatively charged metabolites, such as GSH-conjugates
substrate across membranes. Both proteins have a broadormed in the cells13). Data from drug transport experi-
substrate specificity which is only partly overlapping. MRP Ments using inside-out membrane vesicles prepared from
has been identified as a transporter of organic anions, suchMRP-overexpressing tumor cells have not yet been conclu-
as leukotriene €and dinitrophenyl glutathione (DNP-SG) ~ Sive. Transport of unmodified drug (€.g. daunorubidid),

(5, 6), whereas Pgp seems to prefer neutral or positively &S well as stimulation of the transport by GSH (for vincris-

charged lipophilic molecules, such as rhodamine 123 or tine, 15) has been reported. In addition it has pe_en_shown
SYTO16 7, 8. However, both proteins cause resistance to that the ATP-dependent transport of DNP-SG in inside-out

several important anticancer drugs, such as daunorubicin and€SIcles from MRP-overexpressing cells can be inhibited

doxorubicin, etoposide, and vincristing, (10, which sug- among others by daunorubicin, etoposide, and vincristine

. (16). Taken together these data suggest that there may be
gs;gstr;?:; these drugs belong to classes of Overlappmgoverlapping binding-sites, where these different types of
' MRP substrates, such as exemplified by daunorubicin and

the negatively charged DNP-SG may interalf)(
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Chart 1 in preliminary experiments and was not toxic to the cells
0 9 e 9 9 0 during the experiments.
(CHueocHoCcHRY eHcoct00CHy, (HOCCHNCH, CHNCHCO, The cells are always incubated in a quartz cuvette in a

0.

cHc0 & opam * O ‘ ¢ suspension of Tcells/mL in HEPES buffer with/without
° ° 7 10 mM sodium azide and 5 mM glucose as indicated. The
Cooi fluorescence is recorded on a Perkin-Elmer LS50B spec-

O trofluorometer at 515 nmi{x = 493 nm). A preincubation

with azide in glucose-free buffer is used in some of the
Calcein AM Calcein experiments to deplete cellular ATP, which blocks the active
drug efflux. Then cells are incubated with CAL-AM until
pumping efficiency of two chemically related compounds, a plateau is reached. This method has been extensively tested
calcein acetoxymethyl ester (CAL-AM) and calcein (CAL) and validated for the measurement of efflux kinetics of
by MRP and Pgp. The neutral CAL-AM as well as its highly anthracyclines using these cell lin@&{-28). Details of the
negatively charged hydrolysis product CAL (Chart 1) have experimental setups are given in the Results section.
both been identified as MRP substrat&g£19). In contrast Mathematical Calculations.The maximal efflux rates
only CAL-AM is a substrate for Pgi20). Results from this  (Vmay, apparent MichaelisMenten constantsK(,), and
study show that th&.x for CAL-AM and CAL transport cooperativity constantsg) for the transport of CAL-AM

by MRP is very similar, but that the apparefy, for CAL and CAL were computed by nonlinear regression analysis
is a factor 5000 higher than for CAL-AM. of transport velocity () versus free intracellular CAL-AM

or CAL concentration ¢ = [CAL-AM]; or [CAL])) data
MATERIALS AND METHODS using the MacCurveFit program and assuming that the

) . transport follows the Hill equatior2):
Cell Culture. K562 leukemia cells and the Pgp expressing

K562/AI?R ceIIs_ @1, as well as GLG and th_e MRP Va:VmaXCinH/(KmnH+CinH) @
expressing cell line GLEZADR (22) were cultured in RPMI

1640 (Sigma Chemical Co) medium supplemented with 10% regyLTS

fetal calf serum (Biomedia Co) at 3C in a humidified

incubator at 5% C@® The GLG/ADR cells highly over- Establishment of the Experimental Modélo be able to
express theMRP1 gene, but not théVIDR1 (23) or the calculate the kinetic parameters for the active transport of
recently discoveredViRP2,3,4 and 5 genes24). The the substrates CAL-AM and CAL, we have performed a
resistant K562/ADR and GLZADR cells were cultured with series of experiments designed to determine the relationship
400 nM and 1.2«M doxorubicin, respectively. untiloneto between the extracellular or outside ([CAL-Aji]and
three weeks before experiments. Cell cultures used forintracellular ([CAL-AM]; and [CAL]) concentrations. The
experiments were split 1:2 one day before use in order to principle of these experiments is shown in Figure 1 for K562
ensure a logarithmic growth phase. and in Figure 2 for GL@ cells, where typical curves of

Drugs and ChemicalsCalcein acetoxy methyl ester was Individual experiments are shown. Cell samples were
from Molecular Probes (Eugene, OR) and was dissolved in preincubated with azide in glucose-free buffer.for 30 min
dimethy! sulfoxide as a stock solution of 1 mM and stored (— energy) or cells were incubated in buffer with glucose
at—20°C. According to the supplier, the lot of CAL-AM (1 energy). Then the cells were incubated with CAL-AM
used has been determined by HPLC to be 91% pure. £oCl N @ rangesz concentrations (0.025 uM) with or without
analytical grade was from Aldrich and was dissolved in 2 #M Co*", and the development of fluorescence was
water. Triton X-100 and Digitonin (50% pure preparation) monitored in all these situations until a pseudo steady-state
were from Sigma and were dissolved in water and used (Fs9 was reached (see later). ,
within 7 days. Before the experiments, the cells were The fluorescence which develops represents the forma}non
counted, centrifuged, and resuspended in HEPES/Na buffer®f CAL from CAL-AM by cytoplasmic esterases. This
solutions containing 20 mM HEPES plus 132 mM NaCl, reaction is not ATP-dependent, since in the sensitive cells

3.5 mM KCI, 1 mM CaC}, and 0.5 mM MgCJ, pH = 7.25 (i.e. cells without active drug efflux) we did not see any
with or without 5 mM gIL;cose. ’ difference in CAL formation in ATP-depleted versus ATP

Cellular Calcein Accumulation.The methodology for the rich cells (Elgure 1A. for K562 and Figure 2A for GLL
L S . Thus the difference in fluorescence development (or CAL
determination of the kinetics of active transport of a drug : X
: . ormation) between ATP depletedHgldt) and ATP-rich cells
from tumor cells has been extensively used and discusse

before for the anthracyclineg%, 26. We have now adapted :&lgjrt])dlfhg?;%?g_ by the ATP-dependent efflux of CAL-
this technique to measure the kinetics of active CAL-AM '

and CAL transport. Basically, the fluorescence signal is _ _ _ }

monitored continuously during incubation of the cells with A[CAL-AM/dt = (dFy/dt — dF,/A)[CAL-AM] oo/ ss
CAL-AM or the efflux of CAL from the cells. Since CAL- (@)

AM itself is a nonfluorescent molecule, the fluorescence that at any time point represents the rate of CAL-AM transport
is measured is always that of the CAL, which is formed out of the cells at that time (see Figure 1B for K562/ADR
inside the cells by cytoplasmic esterases. To distinguish and Figure 2B for GL@ZADR).

intra- from extracellular CAL, 2«M Co?" is added to the Subsequently, whelRgsis reached the ATP-depleted cells
cells, which completely quenches the extracellular CAL can be used to measure the ATP-dependent CAL efflux by
fluorescence. This concentration of Cdas been selected adding glucose, which restores the glycolytic ATP synthesis
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Ficure 1: Fluorescence recordings at 515 nm of ATP-rigtE]
and ATP-depleted {E) K562 (A) and K562/ADR (B) cells
incubated with JuM [CAL-AM] ¢,—0. Where indicated 2M Co?*
has been added.

time (seconds)

Ficure 2: Fluorescence recordings at 515 nm of ATP-rigtE]
and ATP-depleted {E) GLC, (A) and GLG/ADR (B) cells
incubated with 1uM [CAL-AM] ¢—. Where indicated 2M Co?"
has been added.

yi

(25, 26, 28. In all experiments, in which we wish to 125 74 1140
determine directly or indirectly the CAL efflux from the cells, > .

the use of C&' is an important tool because it quenches the % 1004 . T \ 1130
extracellular CAL fluorescence. This allows us to record § iCo?*  glucose

only the CAL that remains inside the cells and thus the .2 754 K562/ADR 1 / 120
kinetics of CAL transport across the plasma membranes. 2

Examples of recordings with Cbare given in the Figures 8 501 110
1-3. Figure 3 shows that Cb does not cause quenching § :

of the CAL fluorescence in the Pgp-overexpressing K562/ § 257 GLC4/ADR -100
ADR cells, confirming the specificity of this approach to &= o %

show MRP-mediated CAL efflux. We have checked that
Co?' had no effect on CAL fluorescence when added to the
parental cell lines during their incubation with CAL-AM.

0 250 500 750 3750 4000

time (seconds)

: ; ; in.  FIGURE 3: ATP-depleted GLYJADR or K562/ADR cells were
Control Experiments.After having established the prin incubated with 1M [CAL-AM] o0 and atFu 2 zM Co>* was

ciple of the experiments as explained above, a set of controlyygeq. Then 5 mM glucose was added to restore ATP synthesis.
experiments was performed in order to further validate the only in the case of MRP-overexpressing cells GIADR cells

use of the experimental model to analyze the transport quenching of (effluxed) CAL is seen.
kinetics of CAL-AM and CAL.

First, the recordings of CAL formation in time in all cells  depletion was sufficient to block the ATP-dependent CAL
had the form as shown in the examples of Figures 1 and 2,efflux during the CAL-AM loading period. We have
appearing as a sigmoid curve until a platefad vas reached  checked that during the 60 min in solution the degradation
in about 1 h. In the next 30 min. a further increase of of CAL-AM was less than 1%.
maximal 2% of the- after 1 h occurred. The relation ¢fss A second control experiment was done in order to establish
with initial [CAL-AM] , is depicted in Figure 4 for the GL{L that the fluorescence properties of CAL under these condi-
ADR cells depleted of energy. A similar curve was obtained tions are the same inside or outside the cells. Therefore at
for the K562/ADR cells (not shown). The curve was linear theFsswe permeabilized the plasma membranes with 0.01%
up to 2uM [CAL-AM] o1—o. After 60 min incubation of Triton X-100 and we found up to an initial loading [CAL-
ATP-depleted GLZADR cells we have added 2V Co?*, AM], of 2 uM an increase of 10% at most &t (which at
after which no or a very minor decrease of fluorescence this point was quenched for more than 95% ky\2 Co?*).
signal was seen (Figure 2B). This shows that the ATP This indicates that there are only minor differences in CAL
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bicin under the same conditions according to previously
published method2@, 25. The entry of the anthracycline
doxorubicin which has slow cellular uptake kinetics was
clearly shown to be facilitated at digitonin concentrations
of 3—4 uM. Another substrate tested was a tetramethyl-
rhodamine labeled 20 base-pair containing oligonucleotide,
which entered the cell at the same digitonin concentration
as doxorubicin (not shown). From these data we conclude
that after permeabilization of the cellular plasma membranes
for small MW molecules no increase of [CAL-AMjccurs

in these sensitive cells, apparently because their is a rapid
repartition of CAL-AM over the cell membrane, which obeys
to transmembrane equilibrium.

A fifth control experiment was done to check the ATP
intracellular level under the different experimental conditions.
The ATP concentration was determined using the luciferin

0 T T T . T luciferase test. In both cell lines the ATP concentration was
0 0.5 1 L5 2 25 2.5+ 0.5 mM. The presence of azide under glucose-free
_ conditions yielded 90% ATP depletion. The subsequent
[CAL AM]o,t=o (nM) addition of glucose bring ATP levels back to control value
FIGURE 4: Pseudo-steady-state fluorescerfeg) ( after incubation within about 2 min.
of ATP-depleted GL@ADR cells for 60 min with different initial Based on these control experiments, the following results
concentrations of CAL-AM. A linear relationship dfss with and discussion is based on data obtained by incubation of
concentration was found up to;@ [CAL-AM] o—o. cells with < 2 uM [CAL-AM] o1=o. Under these conditions
) i the fluorescence signal is proportional to [CAL], whether it
fluorescence in- or outside the cells and that there does nots intra- or extracellularly localized. Furthermore, [CAL]

seem to be self-quenching of CAdt the high [CAL} which and [CAL-AM]; can be derived from [CAL-AM]at any time
are reached in the intracellular volume (see later). In addition ot the incubations. These calculations will be presented
we examined the GLLZADR cells by fluorescence micros-  pgjow.
copy after loading with CAL-AM. It appfaar_ed that in these Kinetics of Calcein Formation in ATP-Depleted G)C
cells the CAL fluorescence was evenly distributed throughout ADR and K562/ADR Cells From theFe, measured after
the nucleus and'cytoplasm when ATP-depleted ceIIs' WET€incubation of the resistant cells in ATP-depleted conditions
used. In_ATP-rlch cell_s, CAL was partly present in a with 0.05-2 uM [CAL-AM] oo the kinetics of CAL
punctate-like cytoplasmic compartment, with a somewhat formation are calculated as a function of [CAL-AM}hich
Qinder these conditions is equal to [CAL-AMas discussed
before. This was done by taking the slope of the tangent of
the curves of Fat 400 s, recorded at 0.62 uM [CAL-
AM] ot=0, @s shown in Figures 1 and 2.

Now d[CAL]/dt and [CAL-AM],; at timet follow from:

250
200
[72]
z 150
100

50

results justify the assumption that for our calculations the
CAL may be regarded as evenly distributed without evidence
of self-quenching up to 2ZM [CAL-AM] ¢ =o.

In a third control experiment cells that had been incubated
for 1 h with an initial loading concentration of 1 or 2V
CAL-AM were centrifuged and to the supernatant fresh cells
were added. Upon incubation of those cells no fluorescence
developed, showing that & virtually all CAL-AM had dt
been taken up by the cells and was converted into CAL. F
Therefore we can calculate [CALfom [CAL-AM] 0. _ I )

A fourth control experiment was done, because for the [CAL-AM] o, = [CAL-AM] 10 (FS)[CAL AM] o1=0
complete analysis of CAL-AM kinetics we also need to know (4)
the intracellular CAL-AM concentration ([CAL-AM]) at
any time during the incubations. To know these concentra- If we assume that the esterase reaction follows Hill kinetics
tions we have to know whether the passage of CAL-AM (eq 1), the data can be fitted by nonlinear regression. The
through the plasma membranes or the kinetics of the esterasgesults are shown in Figure 5 for GLWBDR cells and in
reaction is the rate-limiting step in the process leading to Figure 6 for K562/ADR cells. Thus using these figures as
CAL formation. Therefore we applied a mild permeabili- calibration and the equations A and B, which follow from
zation of the K562 cells with increasing concentrations of them (see the legends of these figures), we are now able to
digitonin and coincubated the cells with CAL-AM. Under calculate the intracellular CAL-AM concentration ([CAL-
these conditions, no increase of the rate of CAL formation AM];) in any condition from the kinetics of CAL formation.
was seen, indicating that the esterase reaction and not then particular, these equations will be used later to calculate
membrane passage of CAL-AM was rate-limiting. The the [CAL-AM]; from the kinetics of fluorescence appearance
decrease of CAL formation was seen at digitonin concentra- in ATP-rich cells.
tions above %uM probably caused by leakage of esterase  Kinetics of Pgp-Mediated CAL-AM Efflux from K562/ADR
from the cells. As a control for plasma membrane perme- Cells. K562/ADR cells (16/mL) were incubated with
abilization by digitonin we measured the uptake of doxoru- 0.05-2 uM [CAL-AM] o= in glucose- or azide-containing

d[CAL] _ [[CAL-AM] o\ dFs
S

Ss
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d[CALJ/dt (uM.s-1.10-5)
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' FIGURE 7: The rate of calcein formation d[CAL}/dk//s x 10°5)

in ATP-rich K562/ADR cells as a function of [CAL-AM}

determined from the tangent to the slope at 400 s of the curves (as
shown in Figure 1) for loading with 0.0 uM [CAL-AM] ,=o.

o -
(=]
[

FIGURE 5: The rate of calcein formation d[CAL}{duM/s x 1075)

in ATP-depleted GLGYADR cells determined from the tangent to
the slope at 400 s of the curves (as shown in Figure 2) for loading
with 0.05-2 uM [CAL-AM] o=0. The parameter¥max (126 + 50

x 1075 uM s71), Ky, (1.5+ 1 uM) andny (1 & 0.2) as found by

nonlinear fit can be put into the equation A: d[CALfj/g 126 x 1254
10°5[CAL-AM] /1.5 + [CAL-AM] ;. K562/ADR .
160 - 1004 o
K562/ADR _
<
& =
<
0\ =
A 3
= «
S >
g
=)
<
1<
=
I T T I T
0 0.05 0.1 0.15 0.2 0.25
[CAL-AM], (uM)
0 0.5 i 1'_5 '2 2'_5 Ficure 8: Rate of ATP-dependent CAL-AM efflux) by K562/
ADR cells as a function of [CAL-AM] determined from the
[CAL-AM] (M) difference between the slopes at 400 s of the fluorescence recordings
. . curves of ATP-depleted and ATP-rich cells using G-@5uM
FIGURE 6: The rate of calcein formation d[CALJ{quM/s x 1075) [CAL-AM] o=o.

in ATP-depleted K562/ADR cells determined from the tangent to

the slope at 400 s of the curves (as shown in Figure 1) for loading kinetic parameters from the nonlinear fit based on Hill
with 0.05-2 uM [CAL-AM] o=0. The parameter¥max (180 + 30 kinetics are shown in Table 1.

x 1075 uM s71), Kp, (0.8 + 0.2 uM) andny (1.6 + 0.3) as found L .
by nonlinear fit carpl be put into the equation B: d[CAL]A 180 Kinetics of MRP-Mediated CAL-AM Efflux from GLC

x 10-5[CAL-AM] 18/(1.5)-6 + [CAL-AM] L6, ADR Cells. GLC4/ADR cells (13/mL) were incubated with
0.05-2 uM [CAL-AM] o1=0 in glucose- or azide-containing
buffer, and the fluorescence was recorded in time. Repre-buffer, and the fluorescence was recorded in time. Repre-
sentative curves were shown in Figure 1B. As expected, sentative curves were shown in Figure 2B. The parameters
the CAL formation in ATP-rich Pgp expressing cells at any for the MRP-mediated CAL-AM efflux are determined
[CAL-AM] 41— Was less than in ATP-depleted cells, due to exactly as was done for Pgp-mediated CAL-AM efflux. This
Pgp-mediated CAL-AM efflux. If C&" was added, noora can be done despite the fact that in ATP-rich conditions
very minor effect was seen. Again, the kinetics of CAL (glucose addition) CAL will be effluxed together with CAL-
formation under these conditions was determined from the AM, because the CAL fluorescence is the same whether it
tangent to the slopes of the curveg &t 400 s and plotted  remains inside the cells or is effluxed by MRP (see second
as a function of [CAL-AM} =400 (Figure 7). [CAL-AM]; control experiment). Figure 9 shows the rate of CAL
is now calculated from the d[CAL]tdor every data point, formation as determined from the tangent to the slopes of
using equation B as discussed before. the curves at = 400 s and plotted as a function of [CAL-
Thus the rate of active efflux of CAL-AM\() as a AM]ot=200 The curves for the active efflux ratef) of CAL-
function of [CAL-AM]; can now be calculated from Figure AM as a function of [CAL-AM] can now be calculated from
6 (equation B) and Figure 7 and is plotted in Figure 8. The Figure 5 (equation A) and Figure 9 and is plotted in Figure



2248 Biochemistry, Vol. 37, No. 8, 1998 Essodagui et al.

Table 1: Summary of the Kinetic Parameters of Active CAL-AM and CAL Efflux

Pgp Pgp Pgp MRP MRP MRP MRP
CAL-AM daunorubicin  OH-Dauno CAL CAL-AM daunorubicin  OH-Dauno
Vimax (NM s71) 1.4+0.1 3.4+0.3 2.6+ 0.6 0.174+ 0.04 0.204+0.01 2.0+0.2 0.26+ 0.04
Km (M) 0.12+0.01 2.1+0.3 2.44+0.7 268+ 160 0.05+ 0.01 0.8+:0.2 0.6+ 0.1
Ny 3.2+ 0.5 1.9+ 04 1.8+ 0.6 1.0+ 0.2 1.3+ 0.3 1.8+ 0.5 1.9+ 0.8
ka x 10°s7* (cell/mL)™* 63 8 5 2.2x 1073 23 13 2

aData for CAL and CAL-AM are from this study. Data for daunorubicin and hydroxydaunorubicin (OH-Dauno) obtained with the same cell
lines are from ref 28 and are shown for comparison. Ee 1N(VmadniKm) (nh — 1)& ~ Y%)in which n is the number of cells/mL, is the slope
of the tangent to the curvé, = f[substrate] when [substrate] Kn(ny — 1)@ ~ ¥ and has been defined in that paper. The parankgtaiows a
convenient comparison of the transport efficiency of different substrates in the same cells.

50 20
GLC4/ADR GLC4/ADR

—
(V]
1
u
]

a

d[CALJ/dt (uM.s-1.10-5)
V. (1M.s-1.10-5)

I T I
0 500 1000 1500

[CAL], (uM)
[CAL-AM]_ (uM)

Ficure 11: The active CAL efflux rate\(;) from GLC/ADR cells

FIGURE 9: The rate of calcein formation d[CALJiduM/s x 10°9) as a function of [CAL]Data points are from two differents methods
in ATP-rich GLG/ADR cells as a function of [CAL-AM; as described in detail in results: method M) (is based on
determined from the tangent to the slope at 400 s of the curves (assubtraction of CAL formation rates d/dt — dF/dt as in Figure
shown in Figure 2) for loading with 0.652 uM [CAL-AM] o=o. 2B) Method 2 @) is a direct efflux measurement as illustrated in
Figure 3.
20 . - 4 or absence of 2M Co?": (d[CAL]/dt); — (d[CAL]/dt), in

Figure 2B. The [CAL] can be calculated from thEgs
because all the known amount of added CAL-AM is then
converted into CAL as discussed before. For the cellular
volume a value of 102 L was taken. Because of a little
impurity in the lot of CAL-AM, which was 91% pure
according to the supplier, and because the volume of the
cells was an estimation, the estimation of the absolute [CAL]
will reflect these uncertainties.
GLC4/ADR A second method was used to directly determine the
kinetics of MRP-mediated CAL efflux. ATP-depleted GIC
0 ADR cells were incubated with 0.6 uM [CAL-AM] ¢=0
| S 0.4 de s for 1 h. Then wherFgis reached, M Co?* was added
and then glucose to restore ATP synthesis and ATP-
[CAL-AM] (uM) depen_dent CAL fefflw_(. A typical example_ of such an
i experiment was given in Figure 3. The kinetics of d[CAL]/
FicUrRe 10: Rate of ATP-dependent CAL-AM/) efflux by GLC/ dt can now be determined directly from the slope of these
ADR cells as a function of [CAL-AM] determined from the . rves recorded with different [CAL-ANJLo. Again [CAL]J;
difference between the slopes at 400 s of the fluorescence recordings . by
curves of ATP-depleted and ATP-rich cells using 6-35.M is calculated fronFssat'the'tlme of addlthn of glucose. The
[CAL-AM] o t=o. results of both determinations of the active CAL efflig)(
are depicted in Figure 11. The analysis of the data obtained
10. The kinetic parameters from the nonlinear fit based on using method 1 yieldeWx= 0.184 0.05 n M s%, K, =
Hill kinetics are shown in Table 1. 150 + 90 uM, ny = 1.3 + 0.2. The analysis of the data
Kinetics of MRP-Mediated Calcein Efflux from GIL&DR obtained using method 2 yield&@,.x = 0.15+ 0.02 nM
Cells. The kinetics of CAL efflux from the GLZADR cells s1 Ky =370+ 70uM, ny = 2.1+ 0.6. The agreement
was determined from the difference in fluorescence betweenbetween the values obtained by both methods was quite good
the recordings in glucose-containing buffer in the presence for Vmax but somewhat less for th€, which is reflected in

V.  (uM.s-1.10-5)




Efflux Kinetics of MRP and Pgp Biochemistry, Vol. 37, No. 8, 1998249

the large SD for th&,, as obtained by analysis of the whole by MRP of such different compounds as estradiol-glucu-

data set as shown in Table 1. ronides 82) or glucuronosyl-etoposide3g) as well as not
(negatively) charged compounds, such as daunorubicin and
DISCUSSION etoposide 34). Also, competitive inhibition of the latter

transport by the not charged genistein has been rep@%ed (

If we compare the kinetic parameters for the transport by
: : MRP of CAL-AM and CAL with the anthracyclines dauno-
mediated by two different plasma membrane drug tranSporterrubicin and hydroxydaunorubicin (see Table 1), then it can

prote|n§, MRP gnd Pgp. be seen that th&max for daunorubicin is 10 times higher
Previous studies have shown that the nonfluorescent CAL- (order of 16 molecules/cell/s) than for both CAL-AM and
AM was actively protected from hydrolysis by the cytosolic CAL, whereas the uncharged hydroxydaunorubicin (which

esterases in tumor cells which overexpress . (The has OH instead of the protonatable amino group) hég.a
result from that study was actually considered by the authors comparable to CAL and CAL-AM. The parameteywhich

as evidence in support of the vacuum cleaner hypothesis foriS proportional tVima/Ks allows an easy comparison of the

the action of Pgp, first proposed by.othem)( In the transport efficiency of the various substrates. Again, the low
vacuum cleaner model the hydrophobic substrate mOIeCUIesefficiency of CAL as MRP substrate compared to the
will enter the membrane lipid bilayer from outside the cell

. . ' ; ) anthracyclines can be seen. It remains to be studied whether
following their concentration gradient and will then be

. ) the high negative charge of CAL (net chargd at pH=
extracted directly from the membrane bilayer by Pgp and 7.0) precludes it to be a highly efficient MRP substrate.
extruded back to the extracellular medium. In this concept

the cytoplasmic esterases will newssethe pumped CAL- A remark which can be made with respect to the
AM molecules and therefore will have no chance to comparison of CAL-AM with highly lipophilic anthracy-

hvdrol h clines such as idarubicin is that, despite the rapid membrane
ydrolyze them. passage of CAL-AM, the MRP and Pgp pump activity for

In that study of Homolya et al.20) as well as in our ~ cal-AM is apparently high enough to account for a
present analysis it was essential to determine the rate-limitingonsiderable decrease in intracellular concentration. For

step in this process, the plasma membrane passage of CALpjghly lipophilic anthracyclines, however, the accumulation
AM or the cytosolic CAL-AM hydrolysis to the fluorescent  gefect as well as the resistance in MRP or Pgp overexpressing
CAL, which is the actually measured species. Our data ¢g|js is aimost or completely absent, due to the fact the pump
showed that gentle opening of the plasma membrane of KS62¢4pacity is not high enough to cope with a high passive influx
cells for small (doxorubicin) to medium sized (20 base pair (21, 27, 36. This is probably related to the low apparent

oligonucleotides) molecules did not lead to an increase of Kum for CAL-AM of MRP and Pgp, which is a factor 320
CAL formation of these cells upon incubation with CAL-  |qwer than for most anthracyclin,es.

AM. This can only be explained by the fact that CAL-AM , concjusion, this study present kinetic data for the

is equilibrating very rapidly over the cellular plasma yanqhort of two chemically related compounds, CAL-AM
membrane resulting in the same in- and outside concentra-5 4 its hydrolysis product CAL, which are neutral and
tions of CAL-AM rapidly after the start of the incubations. negatively charged substrates for MRP. CAL appeared to
Therefore, since apparently the esterase reaction is ratepe transported much less efficiently than CAL-AM. TWigux
I|m|t|ng for CAL formation, we conclude that this type of Of CAL-AM transport by MRP or ng appeared to be Very
data cannot be used as support for the vacuum cleaner modedjmilar to those values for the neutral anthracycline hydroxy-
of.pump.action. On the other hand, for our kinetic analysis, daunorubicin. Compared to CAL-AM and hydroxydauno-
this finding allowed us to take the [CAL-AM] equal to  yypicin, the protonatable group in daunorubicin seems
[CAL-AM] o; at any timet during the incubations, where  important for an enhanced pumping rate by Pgp és well
there is no active efflux (sensitive cells or ATP-depleted a5 MRP. These quantitative data on transport kinetics of
resistant cells). MRP further our insight into the chemical requirements of
From the summary of the presently found kinetic param- molecules in order to be recognized as substrates and effluxed
eters (see Table 1) it can be seen that the charged CAL (thepy MRP. These data may direct research toward ways to
net charge is 4) and the neutral substrate CAL-AM have a selectively interfere with the substrate transport and ulti-
very similarVmaxin GLC/ADR cells, both of about 0.2 nM  mately in the design of drugs to improve cancer therapy.
s1or 1 x 10° molecules/cell/s pumped out. However, the
Km for transport of the neutral CAL-AM was about a factor ACKNOWLEDGMENT
5000 lower than for the negatively charged CAL. Still there
is appreciable transport of CAL from MRP-overexpressing R
cells, since the [CAL]is in the mM range. A loweK,, for
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