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Introduction

The anthracycline daunomycin (DNM), is an anti-
neoplastic antibiotic effective against several human
neoplasms [1). In the past few years, the anthracyclines
have been shown to be fully cytotoxic without entering
the cell [2), indicating that drug-cell surface interac-
tions may bz sufficient for antitumoral activity. Fur-
th divect i ion of the anth lines with

DNM, DPH, 1,6-diphen-
vihexa-13.5-triene; TMA-DPH, -4 (mmelhylammo)yhenyll 6-

phenylhexa- 135 -triene; PS PC,
choiine; NCL, negatively charged lij PCL,
positively chargcd FRET,

energy
transfer; P388/S, wild (drug- unsmvc) P388 murine leukemia cells;
P388/R, multidrug-resistant P388 murine leukemia cells selected for
resistance to daunomycin.

natural and artificial membranes has been demon-
strated, thus, further suggesting that the piasma mem-
brane constitutes a cellular target for these drugs [3-8).
Neverthclcss, ihic location of the drugs within the lipid
bilayer of the membranes rcmains to be elucidated.

In the interaction with membranes both, electro-
static and hydrophobic forces seem necessary for the
stabilization of amhracytlmes into |Ipld hilayers. Thus,
whiie ¢l the sugar
iesidue of the anthi lines and the phosphate group
of the phospholipids are ii ind ining drug
binding to the vesicles [79 10], hydrophobic interac-
tions with natural [4,8] and artificial membranes
[3,6,11}, appear to govern the location of the drugs in
the hydrocarbon interior of the vesicles.

In a previous study, we reported that fluorescence
resonance energy transfer (FRET) techniques were
useful to determine the location of DNM into model

amral membranes [4]. We have now employed this
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h and used complementary fluorescence
quenching procedures, to study possible differences in
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the location of DNM into |solated plasma

from drug and g P388 murinc
leukemia tumor cclls.

Materials and Methods

DNM hydrochloride was from Sigma. DNM concen-
tration in solution (below 10 pum) was determined
spectrophotometrically {12). Free choiesterol (Cho) was
from Sigma, and egg phosphatidylcholine (PC), bovine
brain phosphatidylserine (PS), positively (PC/Cho/
stearylamine, 63:9:18, molar ratio) (PCL) and nega-
tively (PC/ Cho/ dicetylphosphate, 63:9: 18, molar ra-
tio) (NCL) charged liposomes, were from Avanti Polar
Lipids.

Cell cultures of DNM-sensitive P388 murine
leukemia cells (P388/S) and a 50-fold resistant subline
(P388/R) (LDj, values for DNM in “in vitro’ prolifera-
tion assays were of 0.008 and 0.4 uM, respectively, as
well as the isolation of plasma mcmbranes fmm the
two cell lines were carried out as described el

to in a probe-type Soniprep 150
apparatus until a clear solution was obtained. Posi-

tively (PCL) and fy (NCL) charged lij
were also prepared as indicated above. i at
different pH were d in buffers ining 100

mM NaCl, in addition to either 10 mM Hepes (pH 8.3);
10 mM Hepes (pH 7.6); 10 mM Hepes (pH 7.0), or 10
mM Pipes (pH 6.1).

Lipid phosphorus determinations were perforined
by the method of Kyaw et al. [17].

Results

Fig. 1 shows the efficiency of FRET between the
energy donors DPH or TMA-] DPH (explonng ‘deep’
and ‘surface’ hydroph respec-
tively [18]) and DNM as the energy acceptor, when
incorporated into isolated plasma membranes from
P388/S (Panel A) and P388/R (Panel B) cells. The
fluorescence emission of both donor probes was

{13]. Neither the P388/S nor the P388/R cells have
detectable levels of P-glycoproteins [14], which are
d in drug-resi tumor cells
and are involved in active drug efflux [15).
Aliguots from 1 mM l(r-dlphcn/lhcxa-l 3,5- trlenc
(DPH) or 1-{4-(tri
1,3,5-triene (TMA-DPH) stock

(Molecul

hed by the drug in a dose-dependent manner
through a Forster energy transfer mechanism. Control
experiments in the presence of Triton X-100 to disrupt
the energy transfer (as in Ref. 4), demonstrated that
cnly membrane-associated DNM, and not free drug in
solution, was involved in the FRET process. The high
le “ciencv values reponeu in Fig. 1, indicated that the

Probes) dissolved in UV grade tetrahydrofuran or
N,N'-di mamide were adder’. to
the membrane fractions at a ratio of 1 molecule of
fluorophore for every 1000 phospholipid molecules,
and incubated at room during 1 h (DPH)
or 15 min (TMA-DPH), respectively [16). FRET be-
tween the donors DPH or TMA-DPH incorporated in
the membrane vesicles and the acceptor DNM, was
carried out by incubatirg a ﬁxcd amount of donor- con-
taining vesicles, with i g DNM

during 2 h at 25°C. Experimental conditions to monitor
the FRET process have been aetailed previously [4).

Quenching of DNM by iodide was performed by
mixing aliquots from a 100 mM Ki stock solution (2
mM Na,S,Q; to prevent 17 formation) in 10 mM
Hepes (pH 7.4), with either membrane or fipid vesicles
containing greater than 90% of the total 2.5 uM added
drug incorporated into the bllayer (estimated according
to Ref. 13). Excitation and lengths were
472 nm and 555 nm, respectively. Scattering values
represented less than 1% of the total fluorescence
signal.

Artificial lipid vesicles were prepared as it follows:
I,7id mixturcs from stock solutions of PC, PS and Cho
in chioroform, were dried under a steam of argon on
the inner surface of glass vials. Lipid di ions in 10

of the donors (DPH and TMA-
DPH), can be completely quenched by DNM.

The main differences in the FRET process observed
in merabranes from P388/S and P388/R cells are seen
at low drug/ phosphohpld ratios, whlch correspond in
fact to drug of logical rele-
vance both ‘in vivo’ and ‘in vitro’ [19]. In membranes
from P388/S cells (Fig. 1, Panel A), TMA-DPH trans-
fers the fluoresvence energy to DNM more efficiently

0.00

0 2 4 6 8100 2 4 6 8 10

(DNM) put
Fig. 1. FRET between the cnergy donors DPH (e, @) or TMA-DPH
(D o) and daunomycin (energy acceptor) in plasma membranes from
g-sensitive (Panel A) or drug-resistant (Panc} B) P388 cells. Lipid
concentration of the membrane vesicles was 20 uM in terms of lipid

mM hepes buffer (pH 7.4), containing 100 mM NaCl,
at the desired lipid phosphorus concentration, were

The of DNM ranged from 0.25 to 10 uM.
The efficiency of the cnergy transfer was determined as described in
Ref. 4.



than DPH does. This observation indicates that at low
drug/ phospholipid ratios, DNM locates preferentially
at ‘surface’ domains in membranes from P388/S cells.
However, when i the DNM/ ph ipid ra-
tio, the drug seems to distribute more homogenesusly
between ‘deep’ and ‘surface’ memhwane domains, as
indicated by the similar efficiencies of energy transfer
from the two donors to DNM. On the other hand, in
membranes from P388/R cells (Fig. 1, Panel B), trans-
fer efficiencies between both donor pairs and the drug
were basically identical regardless of the drug/
phospholipid ratio tested.

The location of DNM at different domains in plasma
membranes from P388 cells was also assessed by
quenching experiments with iodide, a water soluble
collisional quencher of DNM [6]. Fig. 2 shows repre-
sentative Stern-Volmer plots for the quenching of DNM
by iodide under conditions of low DNM/ phospholipid
ratios (drug incorporation >90% of the total drug
present), thus resemblmg those prevmusly used in
FRET Ad d ion of the plots
at quencher concentrations greater than 40 mM sug-
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Fig. 3. Modified Stern-Volmer plots according to the equation {21}
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te determine the fraction of accessible daunomycin, f, (sex Results),

to the quencher iodide, in plasma membranes from drug-sensitive

(0) and drug-resistant (®) P388 cells, respectively. AF equals (£, —
F), as described in Fig. 2.

Collisional quenching constant (K,,) values of ap-

gests heterogeneity in the drug
rated into the membranes (20}, The fraction of mem-
brane-bound DNM accessible to iodide, f,, was esti-
mated from the Y-axis intercept of the linear plot
represented in Fig. 3, by using a modified Stern-Volmer
equation [21]. Approximately 11% and 41% of the total
membrane-bound DNM was unaccessible to the
quencher in mcmbranes from P388/S and P388/R
cells, ly. Since i iodide

ly 13.8 M™' and 24 M~ are obtained from
the slope of the plots shown in Fig. 3, corresponding to
plasma membranes from P388/R and P388/S cells,
respectively, while a K, of 14 M™' was determined
for the jodide quenching of free DNM in solution (not
shown). Lifetime values (r,) for DNM in solution [12}
or for the drug bound to fluid phase DMPC bilayers [6]
(whlch partly resemble the physical state of biological

ions and DNM occurs at the Iipld/solvem interface,

the result sugggsls that DNM is located in a more
in drug itive

than in drug-resistant membranes.

25

0 @ & 0 10
(KD) mM
Fig. 2. Stern-Volmer plots of iodide quenching of the fluorescence of

dauncmycin incorporated in isolated plasma membranes from drug-
sensitive (O) and drug-resistant (e) P338 cells. samples at

haw been reported to be 0.8 and 1.8 ns,
) ding to the ion K, K ‘T
where K the bimolecul con-
stant, K valees of 1.75, 1.33 and 0.7- 10'“ M1t
are obtamed for iodide quenching of free DNM in
solunon and for DNM bound to drug- scnsmve and
i This i
(hat incorporation of DNM mlo the membranes de-
creases its suseepublhty to qnenchms by iodide, mainly
in the case of drug: Furth:
the above K, values are higher than those expected
for a pure cnlllsmnal quenching mechanism {21}, sug-
gesting that a static component on the quenching of

DNM by iodide is also present.
The observed differences in the location of DNM at
surface domains in b from drug: and

drug-resistant cells, can partly be explained by the
differences in the relative levels of certain lipids in the
two types of membranes. Drug-sensitive and drug-re-
sistant membranes differ mainly in their PS and Cho

500 uM (in terms of lipid phosphorus) were incubated with 2.5 uM

of DNM in 10 mM Hepes buffer {pH 7.4), 100 mM NaCl. Under

these conditions, more than 90% of the drug was incorporated into

the tipid bilayer (13}, Fy and F represent the fluorescence intensity

of daunomycin in the absence and in the presence of iodide, respec-
tively.

{13]. We have analyzed how th: presence of
these two lipids affects the location of DNM, by using
model lipid bilayers made from egg PC supplemented
with PS or Cho at different molar fractions. Increasing
the content of the anionic PS into the liposomes,
increases the efficiency of the energy transfer to DNM
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0O 2 46 81 02 4 6 810
(DNM) nM
Fig. 4. Effect of increasing the PS content on the efficiency of the
FRET process betwecen DPH (Panel A) or TMA-DPH (Pancl B) and
DM, in artificial lipid vesicles made from egg yolk PC/PS mixtures
at PS molar percentages of 0 (0), 5 (@), 10 (), 20 (v) and 40 (o).
The lipid concentration of the vesicles was 20 M in terms of lipid
phosphorus,

from each donor (Fig. 4, panels A and B), the transfer
from ‘surface’ domains being more sensitive to the
presence of the acidic phospholipid than the transfer
from the domains explored by DPH. FRET is optimal
when the mole percent of PS into the PC vesicles is
20-25% or higher (Fig. 4, panels A and B). This is
likely the result of an increased incorporation of DNM
into the vesicles, as suggested from experiments of
equilibrium binding of DNM to lipid vesicles contain-
ing increasing amounts of PS [13). The above effects of
PS on the efficiency of the energy transfer, further
suggest the occurrence of ionic interactions between
the negative charge of the polar head group of the
phospholipid and protonated forms of DNM. This is
also supported by FRET experiments using liposomes
with positive or negative surface charge and at differ-
ent pH. Negatively charged liposomes (NCL), facilitate
FRET between DPH and DNM (Fig. 5), therefore
emphasizing the importance of electrostatic interac-
tions between the drug and the negatively charged
surface of the vesicles [22]. Ajso, assays with positively
charged liposomes (PCL), result in a dramatic reduc-
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Fig. 5. Effect of the surface charge of liposomes on the efficiency of

FRET from DPH to DNM, at pH: 6.1 {0), 7.0 (#), 7.6 (v ) and 8.3

(). The upper and the lower set of curves correspond to FRET
between the donor-acceptor pair in NCL and PCL, respectively.
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Fig. 6. Changes in the efficiency of FRET between DPH (Panel A)
or TMA-DPH (Panel B) and DNM, as a function of the Cho content
in egg yolk PC/Cho liposomes The Cho molar percentage in the
- PC/Cho mixtures was 0(v), 9.1 (v), 20 (@) and 28,6 (O).

tion on ine cfficiency of the energy transfer process
(Fig. 5). TMA-DPH could not be used in these experi-
ments because of its poor incorporation into PCL. The
contribution of pH, although quantitatively less impor-
tant than the membrane surface charge effect on the
efficiency of FRET between DPH and DNM (Fig. 5),
reveals that the ionization state of DNM (the pK of
DNM ranges from 7.6 to 8.2, depending upon the ionic
strength [23]), modulates also the efficiency of the
energy trarsfer, regardless of the surface charge of the
liposomes.

Fig. 6 shows how increasing amounts of Cho (the
other diffc iating lipid b from
P388/S and P388/R cclls) into artificial PC vesicles,
reduces the efficiency of the energy transfer between
DPH or TMA-DPH, and DNM (Fig. 6, Panels A and
B, respectively). The most prominent effect of Cho has
been observed when its content in the vesicles is above
25%, which is close to the concentration of the sterol
in isolated membranes from the P388 cells (28 and
31% for drug itive and drug.
respectively [13]).

“ussion

The anthracycline DNM partitions into membrane
‘surface’ and ‘deep’ d ins in plasma
from murine leukemia P388 cells. More interestingly,
such partitioning seems to be different cpendmg on
whether plasma brai from drug or
drug-resistant P388 cells, are used in the studies. These
conclusmns are based on results obtained from two
h FRET and fl quench-
ing. The former technique uses DPH or TMA-DPH as
energy donors and DNM as the energy acceptor, and
has been shown to be useful to determine the distribu-
tion of the drug in model natural membranes [4). It
must be pointed out that the two energy donors DPH
and TMA-DPH, occupy extensive membrane domains
which partly overlap with each other {18,24]. Further-




more, partial overlapping of these domains should also
be expected from the fact that the R, value (the
Forster distance at which the transfer efficiency is
50%) for these two donors and DNM a; the acceptor,
is about 2.9 nm [4,8], versus an estimat:d 6-7 nm for
the bilayer totai thickness. Consequen:ly, even small
differences observed in the efficiency of the energy
transfer from each donor to DNM, reflect a significant
alteration in the relative location of the drug. Thus,
our FRET results indicate that DNM incorporated
into t from drug. itive cells, is prefer-
entially located at ‘surface’ domains. On the other
hand, DNM i P din from drug
sistant cells, is distri d more h

throughout the membrane. These conclusions are fur-
ther confirmed by the iodide quenching experiments,
which indicate that the drug incorporated into mem-
branes from drug-sensitive cells, is significantly more
accessible to the aqueous environment than that incor-

porated into from drug-resi: cells.
Differences in the relative contents of certain lipid
classes b drug. itive and di i mem-

branes, seem to partly account for lhc different distri-
bution of DNM in these membranes Thus. FRET
experiments with i
amounts of PS or Cho (drug-sensitive membranes con-
tain more PS and slightly less Cho than drug-resistant
membranes [13]), reveal an increase or a decreasc.
respectively, on the efficiency of transfer between the
two donors and DNM (Figs. 4 and 6, respectively).

Stabilization of the drug at membrane surface do-
mains seems to involve forces, as indi
by FRET experiments with liposome. in which the
presence of either, the anionic phosphnlipid PS (see
above) or dicetylphosphate in NCL (Fig. 5), increased
the efficiency of FRET mainly between TMA-DPH
and the cationic DNM. Electrostatic interactions have
also been reported to be responsible for the formation
of stable ! b anionic phospholipids suck
as cardiolipin or phosphatidic acid, and the cationic
amino group of the daunosamine moiety of the anthra-
cyclines [7,9,10].

On the other hand, the occurrence of an also effi-
cient FRET process between DPH (deeply located into
the lipid bilayer) and DNM, suggests the involvement
of *deep’ hydrophobxc sites on the location of DNM. In
fact, hyd the anthra-
cycline ring and the hydrocarbon flnlenor of the lipid
bilayers, have been proposed to Ye important for the
association of these drugs to vesicles [6,8,11,25).

Since the report by Tritton «rd Yee [2] on the
activity of polymer-immobilized anthracyclines, it is
suggested that cell surface interaciions way be suffi-
cient to elicit cytotoxicity. In this regard, it is possible
that the observations reported here on a different
distribution of DNM in the plasma membranes from
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P388/S and P388/R cells, could be relevant to the
different itivity to the drug cxhibited by both ceft
lines. Furthermore, the large cfficicncics of FRET
between DPH and DNM, along with the previously
cbserved binding between the drug and the lipid con
ponent of the plasma membranes from the P338 cel
[13), lend further support to the hypothesis that the
transport of anthracyclines through membranes, may
occur by passive ditfusion {26,27). In this regard, it can
be speculated that the observed accominedation of a
significant DNM population into “decep’ plasma mem-
brane domains in the drug-resistant cells. could resalt
in an casier diffusion of the drug through these mem-
branes. as d to that in from drug-
sensitive cells.
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