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Abstract

Multidrug resistance (MDR) in model systems is known to be conferred by two different integral proteins, the 170-kDa P-glycoprotein
(P-gp) and the 190-kDa multidrug resistance-associated protein (MRP1), both of which pump drugs out of MDR cells. The presence of a
nitrogen atom, charged at physiological pH, has frequently been considered to be a hallmark of P-gp substrates and inhibitors. The present
study was aimed at investigating the role of nitrogen in the ability of the pump to recognise substrate. We measured the kinetics of active
efflux of seven new anthracycline derivatives in P-gp-expressing K562/ADR cells and in MRP1-expressing GLC4/ADR cells. Six of these
compounds represent analogues of daunorubicin in which the amino sugar nitrogen is bound to an amino- or a nitro-substituted benzyl
moiety, the seventh is a doxorubicin derivative in which benzyl group is bound with 4’-oxygen. We found that the compounds with a nitro
group on the benzyl ring were poor substrates for P-gp despite the presence of a secondary amine that can be protonated. In contrast,
compounds that have a free amino group were very good substrates even though this amine is not protonated in the pH range studied
(pK ~ 3). These results show that the nitrogen atom does not interact with P-gp in a charged form but rather as an electron donating group.

© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Multidrug resistance (MDR) involves cellular resistance
to naturally derived anti cancer agents, such as anthracy-
clines, vinca alkaloids, epipodophyllotoxins, taxanes, and
others. This form of resistance results from multifactorial
mechanisms, such as decreased cellular topoisomerase II,
increased cellular glutathione, and increased ATP-depen-
dent efflux of the cytotoxic agent over the cellular plasma
membrane drug efflux pumps [1-4]. Biochemical research
has uncovered three types of drug pumps that may play a
role in MDR. The most intensively studied is the 170-kDa
P-glycoprotein (P-gp), which in humans is encoded by
the MDR1 gene. A variety of studies have shown that P-gp
acts as a drug pump in the plasma membrane of tumour
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cells, recognising an astonishing range of cytotoxic mole-
cules to be removed from the cell. Two more recently
discovered pumps are the 190-kDa multidrug resistance-
associated protein (MRP1) [5-9] and cMOAT/MRP2,
the major organic anion transporter in the canalicular
membrane of hepatocyte: cMOAT/MRP2 has been shown
to be overexpressed in cancer cell lines resistant to cis-
platin, doxorubicin, and vincristine [10-12]. These three
proteins—P-gp, MRP1, and cMOAT/MRP2—belong to
the superfamily of the ATP binding cassette transport
proteins or traffic ATPases, which depend on ATP hydro-
lysis to translocate substrates across the cell membrane.
Multidrug transporters are present in all living cells, and
most of the currently used naturally derived anti cancer
drugs are good substrates for P-gp, MRP1, or both. Over-
expression of these transporters by tumour cells is thought
to be a significant factor in both intrinsic and acquired
resistance to anticancer drugs. Consequently a great deal of
interest is focused on identifying chemical agents that can
either antagonise drug transport by these proteins or inhibit
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the proliferation of tumours cells despite the expression of
these transporters [13—-15]. Knowledge of the chemical
nature of the transported substrate is important, since it is
difficult to understand how a transporting system works
without knowing which molecule is transported. Despite a
huge amount of research on the mechanisms of P-gp-
mediated efflux of drugs, the molecular parameters required
for a molecule to be recognised and pumped out by P-gp and
MRPI are still unknown.

Anthracyclines are among the most useful antitumour
drugs ever developed; most patients undergoing systemic
cancer chemotherapy are given an anthracycline at some
time during treatment. The mechanism of action of anthra-
cyclines has been studied extensively, and new analogs are
being designed and synthesised [16]. Priebe and colleagues
in approach to overcome MDR have focused on identifica-
tion of chemical modifications that minimise drug efflux by
reducing the affinity of the drug for P-gp. This approach led
them to the hypothesis that the amino group in general and
in the sugar portion of doxorubicin particular has an
important role in substrate recognition by the transporter.
They have shown that removal of the basic amine in
doxorubicin and replacement with an hydroxyl group
confers a partial lack of cross-resistance [16—18]. The
ability of such modified compounds (e.g. Annamycin
(LIT), hydroxyrubicin (LIT)) to overcome MDRI-
mediated resistance was confirmed in in vitro experiments
against several MDR cell lines [16,19]. Even though these
molecules can be recognised by P-gp, their affinity for this
transporter is significantly lower than that of anthracyclines
having a basic amino group at C-3’ [20].

Continuing this approach, we examined the kinetics of
active efflux of eight anthracyclines in P-gp-expressing
K562/ADR cells and in MRP1-expressing GLC4/ADR
cells. Six compounds represent analogues of DNR in which
the amino-sugar nitrogen is bound to an amino- or nitro-
substituted benzyl moiety; the seventh is a doxorubicin
derivative in which the 3’-amine is unalterated whereas
O-benzyl moiety is at C-4' position. We found that com-
pounds with benzyl ring substituted with amine are pumped
out by P-gp about 10 times more efficiently than those which
have benzyl ring substituted with nitro group. However, the
presence of a free amino group had no affect on the ability of
MRP1 to pump out the anthracyclines.

2. Materials and methods
2.1. Cell culture and cytotoxicity assay

K562 leukaemia cells and the P-gp expressing K562/
ADR cells [21], as well as GLC4 and the MRP1-expressing
GLC4/ADR cells [8] were cultured in RPMI 1640 medium
(Sigma Chemical Co) medium supplemented with 10%
foetal calf serum (Bio media) at 37° in a humidified
incubator with 5% CQO,. The resistant K562/ADR and

GLC4/ADR cells were cultured with 400 nM or 1.2 uM
doxorubicin, respectively until 1-4 weeks before the
experiments. Cell cultures were split 1:2, 1 day before
use to ensure logarithmic growth during the experiments.

The cytotoxicity of the anthracyclines was determined
by incubating 10° cells with six different concentrations of
anthracylines for 72 hr in standard 6-well plates. Then the
1Cs0S (50% inhibitory drug concentrations) were deter-
mined by counting the cells with a Coulter counter. The
resistance factor (RF) was defined as the 1c5, for the
resistant cells divided by the 1cs5o for the corresponding
sensitive cells.

2.2. Drugs and chemicals

DNR was kindly provided by Roger Bellon laboratory.
WP757, WP758, WP785, WP776, WP755, WP756 and
WP744 (Fig. 1) were provided by Priebe and coworkers
[16,17,22]. Stock solutions were prepared in water just
before use. Concentrations were determined by diluting
stock solutions in water to approximately 10 uM and using
Jago = 11,500 M~ cm™'. Experiments were performed in
buffer solutions containing 20 mM HEPES plus 132 mM
NaCl, 3.5 mM KCl, I mM CaCl, and 0.5 mM MgCl, at pH
7.3 in the presence of 10 mM sodium azide, with or without
5 mM glucose.

2.3. Cellular drug accumulation

The rationale and validation of our experimental set-up
for measuring the kinetics of active transport of anthracy-
clines from tumour cells is described extensively and
discussed before [13,23-25]. It is based on a continuous
spectrofluorometric monitoring (Perkin Elmer LS50B
spectrofluorometer) of the decrease of the fluorescence
signal of the anthracycline at 590 nm (/ex = 480 nm) after
incubation with cells in a 1-cm quartz cuvet. The fluores-
cence of the drug decreases during incubation through its
being quenched as it is intercalated between the base-pairs
of DNA.

2.4. Analysis of the P-gp- or MRPI-mediated efflux of
anthracycline derivatives

Determination of the kinetic parameters the maximum
rate (V) and the Michaelis—Menten constant (K,,), char-
acteristic of the transporter-mediated efflux of drugs
requires the measurement of V,, the rate of drug efflux
by the pump, and of %, the intracellular free drug con-
centration. These measurements can be made easily with
energy-depleted cells. For these experiments, cells
(1 x 10° cells mL~'; 2 mL per cuvet), are incubated for
30 min in HEPES buffer with sodium azide, but without
glucose. Depletion of ATP in these cells is verified as being
90% with the luciferin-luciferase test and cell viability is
confirmed with Trypan blue staining. The drug pumps in
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Fig. 1. Structures of the anthracyclines used.

energy-depleted cells are inactive; hence when the cells are
incubated with anthracycline, at steady state, the free drug
concentration (%) in the cytosol susceptible to becoming a
substrate for the pump is the same as that in the extra-
cellular medium (C,)—when the extracellular and intra-
cellular pH levels are the same. At steady state, the addition
of glucose leads to restoration of control ATP levels within
2 min and to an increase of the fluorescence signal due to
the efflux of anthracycline from the cells. This ATP-
dependent anthracycline efflux is determined from the
slope of the tangent of the curve F = f(t), where F is
the fluorescence intensity at the time of addition of glucose.
Under these conditions, the passive influx and efflux at the
moment of glucose addition (when %; = C,) are equal to
each other, and the net initial efflux represents the MRP1-
or the P-gp-mediated active efflux [13,21,25].

Thus, V, can be determined for various intracellular free
drug concentrations. In most cases, the maximum efflux
rate (Vyy), the apparent Michaelis—Menten constant (K,,,),
and the co-operativity constant (ny) for the transport of

anthracyclines can be computed by non-linear regression
analysis of drug-transport velocity (V,) vs. free cytosolic
anthracycline concentration (%;) data by using the Mac
curve fit program and by assuming that the transport
follows the Hill equation [26]

Vo™

Vo= — M2
SNCEED

ey

In some cases, the complete curve V, = f(%;) cannot be
obtained and therefore it is not possible to obtain these
three characteristic transporter parameters by calculating
the mean active efflux coefficient (k,) according to the
equation:

Vo = ka%i 2

The relation between k, and the parameters Vy, K, and
ny [25] is

ko = ( Vv >(nH — 3)

nuKn
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when ny = 2, it follows that k, = V\1/2K,,, is equal to the
slope of the tangent to the curve V, = f(%;) when €; = K.

Thus, Vi, K;, and therefore k, can be calculated using
the Eq. (1). When the complete curve V, = f(%,) cannot be
obtained (as it is the case of highly lipophilic drugs) a good
estimation of the active coefficient k, can be obtained from
the ratio V,/%; at low % values.

3. Results

The structures of the molecules studied are collected in
Fig. 1. Six compounds represent DNR with its amino sugar
N-bound to benzyl moiety with either no substituent or
amino or nitro substituent. One of the compound (WP744)
studied is a doxorubicin derivative with its amino sugar (C-
4'-0) bound to benzyl moiety. The amino and nitro groups
bonded at different positions of a phenyl ring were also
expected to modify the acidity of a daunosamine nitrogen.
All N-substituted DNR monomeric derivatives were poorly
soluble in water, this precluded the use of potentiometric
method and calculations of the protonation constants were
based only on the spectroscopic data made at 20 pM
concentrations. The values for amino-derivatives are
around 7.4 & 0.3, while nitro-derivatives are characterised
by more acidic amino-sugar function with pK very close to
5.8 £0.2. Compound WP776 having neither amino nor
nitro group has an intermediary pK value equal to
6.6 = 0.2. All pK values estimated for the anthracyclines
studied here are distinctly lower than that found for parent
DNR molecule (8.4). The pK values of the primary amino
group of compounds WP757, WP758 and WP785 were
found to be in the range between 2.5 and 3.5. The per-
centages of neutral form of the drugs at experimental pH
values are indicated in Table 1.

3.1. Cell-growth inhibition

ICso values obtained for the drugs for sensitive and
resistant cells are shown in Table 1. The cytotoxicities

of the three amino derivatives toward sensitive cells was 3—
6-fold lower than that of DNR. The nitro derivatives were
50-fold less cytotoxic than DNR. However, their cytotoxi-
cities toward resistant cells was almost the same yielding a
RF close to 1. Also for WP776 very low RF was found. At
the opposite the amino derivatives had lower cytotoxicities
toward resistant cells than toward sensitive one yielding RF
in the range 10-100 (Table 1).

3.2. Kinetics of the P-gp-mediated efflux of drugs

In all experiments, the intracellular and extracellular pH
was the same and equal to 7.3. In each case, 10° cells mL ™"
were incubated with varying amount of drug (1-15 pM).
Fig. 2 shows the typical decrease of fluorescence at 590 nm
as a function of time after addition, to energy-depleted
K562/ADR cells, of WP757 and WP755, respectively
(Fig. 2). For the seven derivatives, the time required to
reach the steady state of anthracycline accumulation in
energy-depleted cells was less than 30 min. At this point
%; = C. was calculated from the non-quenched fluores-
cence: Ce = C(Fy — F})/Fy, where Fy is the fluorescence
of a Cp micromolar anthracycline solution and F7, the
fluorescence at steady state. The addition of glucose
yielded ATP synthesis and initiation of the active efflux
component. The rate for the active efflux was calculated as
V, = Cr/Fy(dF/dt), where dF/dt is the slope of the
tangent to the curve. When similar experiments were
performed using the parent cell line, no active efflux
could be detected (data not shown). Figs. 3—5 shows
the plot of V, as a function of %;. For the four derivatives
WP757, WP758, WP785 and WP744, bearing an amino
group, V, increased rapidly with %; and then, in the case of
WP758 and WP744, reached a plateau (Figs. 3 and 5).
However, in the case of WP757 and WP785, the plot of V,
resulted in a bell-shaped dependence on the cytosolic free
drug concentration (Fig. 3). For the three other derivatives
which either had a nitro group instead of the amino one or
had no substituent at all, the increase of V, as a function of
%;, was much less distinct (Fig. 4). Actually, for these

Table 1

Cross-resistance pattern of K562/ADR cells and kinetic parameters of anthracycline derivatives

Drug % D ics0 (S)° 1cso (R)° RF! ka (P-gp)°

at pH 7.3 nM M x10712 L-cell 157!

WP776 83 ~175 ~0.2 ~3 0.6 £0.1
WP756 (0—NO,) 97 ~300 ~0.5 ~1.7 0.6 £ 0.1
WP755 (p—NO,) 97 >500 0.5 ~1 0.5 £0.1
WP758 (0—NH,) 37 60 0.5 9 34+03
WP785 (m—NH,) 37 30 ~2.5 83 54£0.5
WP757 (p—NH,) 37 30 >3 >100 5.6 £0.6
WP744 nd 10 0.3 30 43+04
DNR 7 10 ~0.2 ~20 25+03

# Percentage of drug in the neutral format pH 7.3.

bie Drug concentration required to inhibit 50% of sensitive (S) or resistant (R) cell growth.

d Resistance factor calculated as resistant cell 1cso/sensitive cell 1Cso.

¢ Active efflux coefficient. Data are mean & SD from three to five independent experiments on different days.
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Fig. 2. Incorporation of WP757 (left) and WP755 (right) in energy-depleted K562/ADR cells and determination of the active efflux rate (V,) from dF/dT after

the addition of glucose.

compounds it was impossible to observe a saturation of
the efflux even at intracellular concentration of drugs
equal to 10 pM. For all these compounds the first part
of the curve was linear and the slope yielded the mean
active efflux coefficients k, (Table 1). For a sake of
comparison the value of k, obtained for DNR under
strictly analogous conditions is also reported. The k,
values for the compounds bearing an amino group
(WP757, WP758, WP785 and WP744) were about 2-fold
higher than that observed for DNR. However, for the

compounds which either had no subsituent on the phenyl
ring (WP776) or had a nitro group (WP755, WP756), the
k, values were about 10 times lower than those observed
for the amino-bearing compounds.

3.3. Kinetics of the MRP1-mediated efflux of DNR,
WP756 and WP758

We have determined the MRPI1-mediated efflux of one
compound of each class only: one bearing an amino group,
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Fig. 3. Kinetics of the P-gp-mediated efflux of anthracycline derivatives plotted as a function of %; the cytosol free drug concentration. Drugs are WP757,
WP758 and WP785. K562/ADR cells (1 x 10®/mL) were incubated in the presence of various concentrations of drug ranging from 0 to 15 uM. V, and %;
were determined as described. Data points are from a representative experiment. The data for WP758 were fitted using Eq. (1).
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Fig. 4. Kinetics of the P-gp-mediated efflux of anthracycline derivatives plotted as a function of %; the cytosol free drug concentration. The drugs are WP776,
WP756, and WP755. K562/ADR cells (1 x 10%/mL) were incubated in the presence of various concentrations of drug ranging from 0 to 12 uM. V, and %;
were determined as described. Data points are from a representative experiment. The data were fitted using Eq. (2).

WP758, and one bearing a nitro group, WP756. The drug active parameters k, was for the three compounds equal to
concentrations were varied from 0.1 to 5 pM and V,, the 0.6+ 0.1 x 1072 L cell ' s™!. For a sake of comparison
rate of active efflux, was determined as described above. the k, values for the different drugs and resistant cells lines
Here also DNR was used as a control. The values of the are presented in Fig. 6.
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Fig. 5. Kinetics of the P-gp-mediated efflux of WP744 plotted as a function of %; the cytosol free drug concentration. K562/ADR cells (1 x 10/mL) were
incubated in the presence of various concentrations of drug ranging from 0 to 12 uM. V, and %; were determined as described. Data points are from a
representative experiment. The data were fitted using Eq. (1).
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Fig. 6. Kinetic parameters of anthracycline derivatives. Active efflux coefficient k, for K562/ADR (left) and GLC4/ADR (right).

4. Discussion

MRP1 and P-gp are very distantly related members of
the superfamily of ATP binding cassette transmembrane
(ABC) transporters which can be divided into two major
clusters: the P-gp cluster and the MRP cluster. Both P-gp
and MRP1 confer resistance to a similar but not identical
spectrum of naturally derived chemotherapeutic agents.
However, now several lines of evidence have shown that P-
gp and MRP1 employ different mechanisms in conferring
resistance to naturally derived chemotherapeutic agents
[27-30]. Evidences have been provided that MRP1 exports
GSH physiologically [27,30] and that drugs such as vin-
cristine [28] and DNR [29,30] are co-transported with
GSH.

Let us first consider the data obtained with MRP1. For
all the compounds studied here, the efficiency of the efflux
is rather low and the saturation of the efflux cannot be
observed at the concentrations that can be used for in vivo
experiments. Thus, only k, value have been determined.
The k, values obtained for DNR and for the amino
(WP758) and nitro derivatives (WP756) are very similar.
Recently we have also found that the efficiency of the
MRP1-mediated efflux of different anthracyclines was
very similar [25]. This result is not surprising in relation
with the observations, that MRP1 co-transports DNR with
GSH and that, in addition, at any intracellular GSH con-
centration, the rates of GSH and DNR efflux were very
similar. This strongly suggests that the stoichiometry
between GSH and daunorubcin transport is 1/1. It seems

that GSH is transported all the time and that DNR is just
riding alone. In such situation the structure of the anthra-
cycline has almost no impact on the efficiency (i.e. k,) of its
MRPI1-mediated efflux.

Let us now consider the impact of anthracycline struc-
ture on its P-gp-mediated-efflux. For the two compounds,
WP758 and WP744, as well as for DNR [21,25] it was
possible to get the complete curve V, vs. %; and therefore to
determine the maximum rate for the efflux and the Michae-
lis-Menten constant (see figure). The K, values are
0.35uM, 0.2 uM and 0.9 uM for WP758, WP744 and
DNR, respectively. For both compounds, WP758 and
WP744, the K, value is lower than that of DNR showing
clearly that these compounds have more affinity for P-gp
than DNR. For two compounds, WP757 and WP785, the
plot of V, as a function of %; results in a bell-shaped
dependence on the cytosolic free drug concentration.
(Fig. 3). In experiments performed with highly lipophilic
molecules, such as aclacinomycin, such bell-shaped curve
has been observed as well [14]. This type of bell-shaped
curve indicates a self-inhibition of the efflux of the drug.
This phenomenon is not surprising since it is well known
that some inhibitors of P-gp-mediated efflux of drug have a
detergent effect: they insert into the membrane and inhibit
the P-gp functionality, probably by modifying the confor-
mation of the protein [31]. This happens also in experi-
ments with traditional inhibitors, which show that the
stimulation of the P-gp ATPase activity by several
MDR-reversing agents often results in a bell-shaped
dependence on the reversing agent concentration [32].
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For these compounds, only the k, value can be determined
and as it has been shown above the derivatives bearing an
amino on the benzyl substituent are about 10-fold more
efficiently pumped out (i.e. recognised) by P-gp than those
having a nitro group or nothing on the phenyl ring. Also,
the RF for the compounds having a free amino group is
much more higher than for the others.

P-gp is an unusual ABC protein in that it appears to be
highly promiscuous: hundreds of compounds have been
identified as substrates. The spectrum of MDR compounds
includes a large number of anticancer drugs (e.g. anthra-
cyclines, vinca alkaloids, taxanes) as well as steroids,
fluorescent dyes, rhodamine 123, and the y-emitting radio-
pharmaceutical *™Tc-MIBI. P-gp can transport neutral
and positively but not negatively charged molecules.
One recurring tenet in structure—activity relationship stu-
dies on P-gp modulators and substrates is the requirement
of a basic nitrogen atom in the molecule. However, sub-
stances lacking a nitrogen atom have been described as
being active modulators [33,34] and substrates [20]. There-
fore, the role of basic nitrogen atom present in the most of
MDR modulators, has been questioned.

A recent report by Seelig [35] compares 100 different
substances previously tested as P-gp substrates. Substrate
binding to P-gp is proposed to increase with the number of
the hydrogen bonding acceptor units of the compounds.
However, data are based on a count of the number of
hydrogen bond acceptor units per molecule rather than on
quantification of the hydrogen bond acceptor strength.
Based on the hypothesis put forward in this report, Ecker
et al. [36] have designed and synthesised a set of 12
analouges of the lead molecule propafenone and tested
them for multidrug resistance-reverting activity. The sum
of the hydrogen bond acceptors strengths was calculated
and correlated with the Ecsy values for P-gp inhibition
using two different fluorochrome substrates: Rhodamine
123 and DNR. The results clearly demonstrated a strong
correlation between hydrogen bond acceptor strength and
pharmacological activity within this set of compounds. The
nitrogen atom does not interact with P-gp in a charged form
but functions as an electron donor group, which can be
replaced by other hydrogen bond acceptor group.

In this context we have recently determined the efflux of
anthracyclines in K562/ADR cells, at different intracellu-
lar and extracellular pH levels in order to have different
amount of neutral and charged form of anthracycline [37].
Our data show that both forms are recognised by P-gp but
the neutral form is pumped about three times more effi-
ciently than the charged form. In both forms an amine
nitrogen has a hydrogen donor bonding ability, however,
only the neutral form has hydrogen bond acceptor ability.
Let us consider now the series of compounds with the
benzyl group. The compounds bearing a nitro groups on
the benzyl ring are bad substrate for P-gp in comparison to
those having an amine group. Nitro groups are consider-
ably larger than the amines and the lack of transport of the

nitro derivatives could be due to steric effect. However, the
observation that WP776, which has no substituent on the
benzyl ring, is also a bad substrate for P-gp rules out this
possibility. At the opposite, the compounds which have a
free amine group with hydrogen bond acceptor ability, on
the benzyl ring are very good substrates. It is interesting to
notice that in the case of the ortho derivative (WP758), the
amine group on the benzyl ring can be hydrogen bonded to
the secondary amine on the sugar. Such an interaction
should decrease its ability to make H-bond with residues of
P-gp and actually, the ortho derivative (WP758) is a less
good substrate for P-gp than the meta and para derivatives
(WP785 and WP757).The proposition that the aminoder-
ivatives are good substrates for P-gp because they have
hydrogen bond acceptor ability is in perfect agreement
with: (i) the data of Ecker et al. [36] that show that the
nitrogen atom, in P-gp modulators, does not interact with
P-gp in a charged form but functions as an electron donor
group and (ii) the high percentage of amino acids with
hydrogen bonding donor side chains which are found in the
transmembrane sequences (TM 4-6 and TM 11-12) of P-
gp relevant for substrate interaction [38—40].
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