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When the anthracycline daunomycin (DNM) is incorporated into isolated plasma membranes from P388 murtne 
leukemia cells, the drag partitions between 'deep' and 'surface' membrane domains. Such domains have been 
characterized on the basis of: (!) f lue~scence resonance energy transfer between i,6-diphenylhexa-l,3,.S.trlene or 
l..[4-(trimethylamino)phenyl]-6-phenylhexa-l,3,.S.triene as energy donors, which are well known in their  positioning 
wfthin the membrane, and daunomycin as  the ener O acceptor, and (2) quenching of the fhmt~cence of the 
membrane-associated drug by the water-soluble quencher iodide. The distribution of DNM between the two pkwma 
m¢,mbrane domains is different depending on the cellular phenotype. Thus, in membranes from drag.sensitive cells, 
DNM is preferentially confined to 'surface' domains, while in membranes from drng-rtsistant cells, the drug 
distributes more homogeneously between 'surface' and 'deep' domains. Experiments using artificial lipid vesicles 
s u r e s t  that  differences in the relative levels of certain lipJ4s in the plasma membranes fPom drulvsensJtive a i d  
drag-resistant ceils, u m e l y  pbosphatidylserine and cholesterol, are partly responsible for ttte observed differtsiees 
in the distribution of DNM. Since drug-membrane interactions are important in anthrac:.~,ciJne cytotoxicity, Jt Js 
possible that our  observations on a different membrane distribution of daunomycin, may he related to the dJflkrtait 
sensJt!vl~ to the drug exhibited by these cells. 

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 be sufficient for antitumoral activity. Fur- 
thermore, direct interaction of the anthracyclines with 

Abbreviations: DNM, daunomycin (daunorubicin); DPH. 1,6-diphen- 
ylhexa-l.3,5-triene; TMA-DPH. I-[4-(trimethylamino~henyll-6- 
phenylhexa-l,3,5-triene; PS. phosphatidylserine; PC, plmspbatidyl- 
ciloline; Cho. cholesterol; NCL, negatively charged liposomes; PCL, 
positively charged liposomes; FRET. fluorescence resonance energy 
transfer; P388/S. wild (dais-sensitive) P388 murine leukemia cells; 
P388/R, multidrug-sesistant P388 routine leukemia cells selected for 
resistance to daunomyein. 
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natural and artificial membranes has been demon- 
stratcd, thus, further suggesting that the p;asma mem- 
brane constitutes a cellular target for these drugs [3-8]. 
Nc-'e.'~,clc~s, :he location of the drugs within t l~  lipid 
bilayer of the membranes remains to be elucidated. 

In the interaction with membranes both, electro- 
static and hydrophobic forces seem necessary for the 
stabilization of anthracyclines into lipid h'."ayers. Thus, 
while electrostatic interactions between the s u p r  
residue of the anthracyclines and the phosphate group 
of the phospholipids are important in determining drag 
binding to the vesicles [7,9,10], hydrophobic interac- 
tions with natural [4,8] and artificial membranes 
[3,6,11], appear to govern the location of the drags 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 
natural membranes [4]. We have now employed this 
technique and used complementary fluorescence 
quenching procedures, to study possible differences in 
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the location of DNM into isolated plasma membranes 
from drug-sensitive and drug-resistant P388 murinc 
leukemia tumor cells. 

Materials and Methods 

DNM hydrochloride was front Sigma. DNM concen- 
tration in solution (below I0 /tin) was determined 
spectrophotometrically [12]. Free cholesterol (Cho)was 
from Sigma, and egg phosphatidylcboline (PC), bovine 
brain phosphatidylseriue (PS), positively (PC/Cho/  
stearylaminc, 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 I'388 murine 
leukemia cells (P388/S) and a 50-fold resistant subline 
(P388/R) (LD5o values for DNM in 'in vitro' prolifera- 
tion assays were of 0.008 and 0.4/tM, respectively, as 
well as the isolation of plasma membranes from the 
two cell lines were carried out as described elsewhere 
[13]• Neither the P388/S nor the P388/R cells have 
detectable levels of P-glycoproteins [14], which are 
frequently overexpressed in drug-resistant tumor cells 
and are involved in active drug efflux [15]. 

Aliquots from 1 mM 1,6-diphenylhexa-l,3,5-triene 
(DPH) or l-[4-(trimethylamino)phcnyi]-6-phcnyihexa- 
1,3,5-triene (TMA-DPH) stock solutions (Molecular 
Probes) dissolved in UV grade tetrahydrofuran or 
N,N'-dimethylformamide, respectively, were add~Lito 
the membrane fractions at a ratio of 1 molecule of 
fluorophore for every 1000 phospholipid molecules, 
and incubated at room temperature 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 accepter DNM, was 
carried out by incubatir:g a fixed amount of donor-con- 
tain;ng vesicles, with iv~creasing DNM concentrations 
during 2 h at 25°C. Experimental conditions to monitor 
the FILET process have L~ecn octailed previously [4]. 

Quenching of DNM by iodide was performed by 
mixing aliquots from a 100 toni Ki stock solutzon (2 
mM Na2S20.~ to prevent !~ formation) in 10 mM 
Hepes (pH 7.4), with either membrane or lipid vesicles 
containing greater than 90% of the total 2.5/~M added 
drug incorporated into the bilayer (estimated according 
to Ref. 13). Excitation and emission wavelengths were 
472 nm and 555 rim, respectively. Scattering values 
represented less than i% of the total fluorescence 
signal. 

Artificial lipid vesicles were prepared as it follows: 
I;.,id mix~.ur,~s from stock solutions of PC, PS and Cho 
in chiot'ofonn, were dried under a steam of argon on 
the inner surface of glass vials. Lipid dispersions in 10 
mM hepes buffer (pH 7.4), containing 100 mM NaCI, 
at the desired lipid phosphorus concentration, were 

submitted to ultrasounds in a probe-type Soniprep 150 
apparatus until a clear solution was obtained. Posi- 
tively (PCL) and negatively (NCL) charged liposomes 
were also prepared as indicated above. Experiments at 
different pH were conducted in buffers containing 100 
mM NaCI, in addition to either 10 mM Hepes (pH 8.3); 
10 mM Hepcs (pH 7.6); 10 mM Hepes (pH 7.0), or 10 
mM Pipes (pH 6.1). 

L ip id  phosphorus determinat ions were per fo rmed 
by the method of Kyaw et al. [17]. 

Results 

Fig. 1 shows the efficiency of FRET between the 
energy donors DPH or TMA-DPH (exploring 'deep' 
and 'surface' hydrophohic membrane domains, respec- 
tively [18]) and DNM as the energy accepter, 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 
quenched by the drug in a dose-dependent manner 
through a F6rster energy transfer mechanism. Control 
e::~riments in the presence of Triton X-100 to disrupt 
the energy transfer (as in Ref. 4), demonstrated that 
enly rc~embrane-associated DNM, and not free drug in 
scduticn, was involved in the FRET process. The high 
ct~cien~ values reported in Fig. 1, indicated that the 
fluore~,~:ence emission of the donors (DPH and TMA- 
DPH), can be completely quenched by DNM. 

The main differences in the FRET process observed 
in membranes from P388/S and P388/R cells are seen 
at low drug/pbospholipid ratios, which correspond in 
fact to drug concentrations of pharmacological rele- 
vance both 'in vivo' and 'in vitro' [19]. in membranes 
from P388/S cells (Fig. 1, Panel A), TMA-DPH trans- 
fers the fluorest:ence energy to DNM more efficiently 
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Fi~. 1. FRET between the energy donors DPH (m, m) or TMA-DPH 
(o. D) and daunomycin (energy accepter) in plasma membranes from 
drug-sensitive (Panel A) or drug.resistant (Panel B) P388 cells. Lipid 
concentration of the mcmbrunc vesicles was 20/zM in terms of lipid 
phosphorus. The concentration of DNM ranged from 0.25 to 10/.~M. 
The efficiency of the energy 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 increasing the DNM/phosphol ipid ra- 
tio, the drug seems to distribute more homogene,;~sly 
between 'deep' and 'surface' mem~rane 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 d rug /  
phuspholipid 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 Steru-Volmer plots for the quenching of DNM 
by iodide under conditions of low DNM/phosphol ipid 
ratios (drug incorporation > 90% of the total drug 
present), thus rcsemblit~g those previously used in 
FRET experiments. A downward deviation of the plots 
at quencher concentrations greater than 40 raM, sug- 
gests heterogeneity in the drug population incorpo- 
rated into the membran,es [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 m membranes from P388/S and P388 /R  
cells, respectively. Since interaction between iodide 
ions and DNM occurs at the l ipid/solvent  interface, 
the result suggests that DNM is located in a more 
interfacial environment in drug-sendtive membranes 
than in drug-resistant membranc:s. 

(KI) m M  
Fig. 2. Stern-Volmer plots of iodide quenching of tile fluorascenco of 
dauncmycin incorporated in isolated plasma membranes from drag- 
sensitive (o) and drulpsesistant (e) P388 ceils. Membrane samples at 
500 p.M fin terms of lipid phosphorus) were incubated with 2.5 #M 
of DNM in 10 mM Heves buffer ~pH 7.4), 100 mM NnCI. Under 
these conditions, more than 90% of the drab was incorporated into 
the lipid bilayer [13]. F o and F represent the fleoreseence intensiW 
o.f daunomycin in the absence and in the presence of iodide, respec- 

tively. 
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Fig. 3. Modified Stern-Volmer plots according to the equation |21]: 

Fo I I I I 

to determine the fraction of acce~ible daunomycin. ]'^ (set; Resells). 
to the quencher iodide, in plasma membranes from drag-scasitive 
(o) and drag-resistant (o) P388 cells, respectively. A F  equals (F o-  

F). as described in F/S. 2. 

Collisional quenching constant (Ks,) values of ap- 
proximately 13.8 M - t  and 24 M - I  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 - I  was determined 
for the iodide quenching of free DNM in solution (not 
shown). Lifetime values (T o) for DNM in solution [12] 
or for the drug bound to fluid phase DMPC bilayers [6] 
(which partly resemble the physical state of biological 
membranes) have been reported to be 0.8 and 1.8 
respectively. According to the equation K,, = gq-T0, 
where Kq represents the bimolecular quenching cow 
stant, Kq values of 1.75, 1.33 and 0.7-10 i° M - I  s - t  
are obtained for iodide quenching of free DNM in 
solution and for DNM bound to drug-sensitive and 
drug-resistant membranes, respectively. This indicates 
that incorporation of DNM into the membranes de- 
creases its susceptibility to quenching by iodide, mainly 
in the case of drug-resistant membranes. Furthemmre, 
the above Kq values are higher than those expected 
for a pure collisional quenching mechanism [21], sug- 
gesting that a static component on the quenching of 
DNM by iod,:de is also present. 

The observed differences in the location of DNM at 
surface domains in membranes from drug-sensitive 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 Cbo 
contents [t3]. We have analyzed how tb~ presence of 
these two lipids affects the location of DNM, by using 
model lipid bilayers made from egg PC supplemented 
with I ~  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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Fig.  4. Ef fect  o f  increas ing the PS con ten t  on  the e f f i c iency  o f  the 
FRET process between DPH (Panel A) or TMA-DPH (Panel B) and 
DNM, in artificial lipid vesicles made from egg yolk PC/PS mixtures 
at PS molar percentages of 0 (o), 5 (e). 10 (~'). 20 ( • )  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 protona',ed 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 liposomcs (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]. Also, assays with positively 
charged liposomes (PCL), result in a dramatic reduc- 
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Fig. 5, Effect of the surface charge of lipo.,mmes on the efficiency o[ 
FRET from DPI] to DNM. at pH: 6.1 (o). 7.0 (e). 7.6 (v)  and 8,3 
(v). The upper and the lower set of curves correspond to FRET 

between the donor-acccptor pair in NCL and PCL. respectively. 
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Fig.  6. Changes  in  the e f f i c iency  o f  FRET  between DPH (Pane l  A )  
or TMA-DPH (Panel B) and DNM, as a function of the Cbo content 
in egg yolk PC/Cho liposomes The Cho molar percentage in the 

PC/Cho mixtures was 0 ( • ). 9.1 ( v ), 2a ( • ) and 28.6 (o). 

tion on toe efficiency 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 p K  of  
DNM ranges from 7.6 to 8.2, depending upon the ionic 
strength [23]), modulates also the efficiency of the 
energy trar,sfer, regardless of  the surface charge of  the 
liposomes. 

Fig. 6 shows how increasing amounts  of Cho (the 
other  differentiating lipid between membranes from 
P388/S  and P 3 8 8 / R  ceils) 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 c!ose to the concentration of the sterol 
in isolated membranes from the P388 cells (28 and 
31% for drug-sensitive and drug-resistant membranes,  
respectively [13]). 

. L~:;,. "ussion 

The anthracycline DNM partitions into membrane 
'surface '  and 'deep '  domains in plasma membranes 
from murine leukemia P388 cells. More interestingly, 
such partitioning seems to be different depending on 
whether  plasma membranes from drug-~ensitive or 
drug-resistant P388 cells, are used in the studies. These 
conclusions are based on results obtained from two 
different techniques: FRET and fluorescence 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. 



re, ore, partial overlapping of these domains should also 
be expected from the fact that the //n value (the 
F6rster distance at which the transfer efficiency is 
50%) for these two donors  and DNM al  the aec,:ptor, 
is about 2.9 nm [4,8], versus an est imat:d 6 - 7  nm for 
tb, e bilayer total thickness. Consequenqy. even small 
differences observed in the eff ic ien~ 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 membranes from drug-sensitive cells, is prefer- 
entially located at "surface' domains. On  the c~th,:r 
hand, DNM incorporated in membranes from drug-re- 
sistant cells, is distributed more homogeneously 
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 membranes  from drug-resistant cells. 

Differences in the relative contents of certain lipid 
classes between drug-sensitive and drug-resistant mem- 
branes, seem to partly account for the different distri- 
bution of DNM in these membranes.  Thus, FRET 
experiments with liposomes containing increasing 
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 decrease, 
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 electrostatic forces, as indicated 
by FRET experiments with liposome~, in which the 
presence of  either, the anionic phospb,31ipid 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 complexes between atnionic phospholipids such 
as eardiolipin 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 '  hydrophobic sites on the location of DNM. in 
fact, hydrophobic interactions between the anthra-  
cycline ring and  the hydrocarbon ]interior of the lipid 
bilayers, have been propo,,:ed to t!,e important for the 
association of these drugs to vesicles [6,8,1 i,25]. 

Since the report  by Tritton ~nd Yee [2] on the 
activity of polymer-immobilized ,~anthracyclines, it is 
suggested that cell surface intera~;.ions t:,ay 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 sensitivity to the drug exhibited by both cell 
lines. Furthermore, the large efficicncies of FREq'  
bt:twecn DPH and DNM, along with the previously 
observed binding between the drug and the lipid com.- 
portent of the plasma membranes from the P388 cells 
[13], tend further support to the hypothesis that the 
:ransport of anthracyclincs through membranes, may 
occur by passive diffusitni [26,27]. In this regard, it can 
be speculated that the observed aecoma:~odation of a 
significant DNM population into "deep" plasma mem- 
brane domains in the drug-r~.:~istant cells, could rcsalt 
in an easier diffusion of the drug through these mem- 
branes, as compared to that in wcmbrancs  from drug- 
sensitive cells. 
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