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The intrinsic fluorescence properties of the anthracycline antitumor antbiotics were studied in an effort to understand
how 14-valerate side chan substitution modulates drig associations with small umilamellar phospholipid vesicles (SUVs)
under near physiological conditions Drug location and dynamics in fluid-phase dimyristoylphosphatidylcholite (DMPC)
bilayers were evaluated for several analogs; accessibilities of bound fluorophores to membrane-impermeable fodide were
evaluated in quenching experiments, while the diffusive motions of these agents were studied using lifetime-resolved
anisotropy plots. The bulky and hydrophobic valerate substituent was found to further hmder the rotations expenenced
by a bound dmg molecule, with apparent limiting anisotropy (a,.) values showing increases of 13-82% upon valerate
group substitution. In addition, the bimolecular quenching rate constants {unit, 10° M ~!-s*!) for membrane-bound
adriamycin (1.4), N-trifluoroscetyladriamycin (0 4), and their corresponding valerate-substituted analogs (k, values of
1.1 and 0.5, respectively) reveal that the side chain s a weak modulator of fluorophore penetration into the Inlayer. with
stronger modulation being achieved through amine group substitution. Smmilar resulis were obtained for drugs bound to
negatively-charged dimyristoylphosphatidylglycerol (DMPG) bilayers. Finally, comparison of the equhibrium inding
affinities of the various congeners for clectroneutral DMPC versus negatively-charged DMPG bitayers demonstrate
that positively-charged parent anthracyclises disploy high levels of selective binding to negatively-charged phosphelipids,
unlike valerate-substituted analogs which display no such selectivity The modulation of anthracycline-membrane
interactions achieved through valerate substitution cffers potential explanativas, at least in part, for some of the novel
Iological propertics of valerate-containing anthracyclines.

Introduction human cancers [1] Because of therr preemunence m the

cancer chemotherapy field, extensive studies have been

Adnamyein® and daunomycin, two anthracycling an-
ublotics which fiest gamed chinmical prominence 1 the
early 1970s as effective anhitumor agents, remain today
the medications of chowce aganst a wide spectrum of
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carried out to identify the mechanssm or mechamsms of
biological activity of anthracyclines. Adnamycn 1s
known to bind tightly to DNA and alter several DNA-
related functions such as DNA replication and RNA
synthesis [1,2] Through expenments unlizmg drug
molecules immaobbized to nonpenetrating polymenc
beads, adnamycin has been found to exert cytotoxic
effects wethaut entenng cells [3.4] Cellular macromole-
cules such as DNA and membranes can also be damaged
by anthracychine-induced oxygen radicals [5-8] Finally.
adnamycin 1s now known to have adverse effects on the
strand-passing activity of mammaban DNA topol-
somerase 11 [9}

Even 1f native anthracyclmes are mcapable of ehait-
g their antitumor etfect at the cell surface, characten-
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TABLE I

Structures of the anthracyehine congeners

Ry
o s Ry
HiC ]*
OH
Name Code Ry R R,
Adnamycin H H CH,OH
Daunomycin H H CH,
Adnamyan-14-valerate AD48 H H CH;OCO(CH;1,CH,
N N-Dimethyladnamyan CH; CH, CH,0H
N N-Dimethyldaenomycm CH, CH, CH,
N, N-Dimethyladnamycin-
14-valerate AD1%9 CH; CH, CH,OCO(CH ),CH,
N-Tnfluorcacetyladnamycin H COCF, CH,0H
N-Tnfluoracelvldaunomycin H COCF, {H,
N-Tnfluoroacetyladnamyein-
14-valerate AD32 H COCE, {H,CCVMOH ),CH,
¥-Benzvladnamycin 44 CH,CgH;5 CH,0H
N-Benryladnamycin-
14-valerate ADI19%8 H CH.CsH; CH,OCO{CH );CH,

zation of anthracychne-membrane inieractions 15 of
importance This 1s becanse the drug molecule must first
interact with and then successfully traverse the plasma
membrane 1 order to pan access 1o intracellular sites
Since plasma membrane alterations are known to
accompany neoplastic transformations, differential
drug-membrane nteractions between host tissue and
tumor may serve as a basis of cylotoxic selectivity Also,
spectfic mteractions between anthrzcychne molecules
and negatvely-charged membrane hpids have been
mplicated 1n the adverse toxiaty of these drugs to
cardiac tissues [10-12] Another compelling reason for
pursumng a de alled understanding of the membrane
interactions of the anthracyclhines 15 the recent series of
studies suggesung dsug involvement with a 170-kDa
memubrane glycoprotein (gp 170) in the development of
multiple drug resistance by tumor cells [13-15]

The mtnnsic fluorescence emussion of anthracychne
molecules has been studied 1n the pasi to determune how
structural changes modulate binding to small umlamel-
lar vesicles (SUVs) composed of various phospholipids
[16-22] In the present study we employ fluorescence
methods to examne the effect of 14-valerate side chawn
substitution on anthracychine associations with electro-
neutral DMPC and negatively-charged dumyristoylphos-
phatdylglycerol (DMPG) bilayers Several valerate-
contaning analogs of adnamycin (Table I) have been
the focus of considerable attention in recent years due
to therr umque tological properties relative to the
parent drug molecule (see Ref 23 and references

therein), and our model membrane data suggest a phys:-
cal basis for their biological behavior

Materials and Methods

Chemicals

Adnamycn, N,N-dmethyladnamycin and N, N-di-
methyldaunomycin were the gift of Dr Leonard Kedda
of the Division of Cancer Treatment, National Cancer
Institute Daunomycin was obtamed from Sigma Chem-
ical Adnamycin-14-valerate, N, N-dimethyladriamycin-
14-valerate, N-influorcacetyladnamycmn, N-influoro-
acetyldavomycin, N-tnfluorcacetyladeiamycin-14-valer-
ate, N-benzyladnamycin and N-benzyladnamycin-14-
valerate were prepared at the Umversny of Tennessee
College of Medecine according 1o previously descnibed
syathetic procedures [24-26] All anthracychne com-
pounds were of at least 98% punty as deternmned by
HPLC analysis  L-a-Dhimynstoylphosphatidylcholine
and rL-a-dimyristoylphosphatidic acid were obtained
from Avant Polar Lipid Co, Pelham, AL, and were
used without further punficatton Al chemucals were
reagent grade and were used without further purnica-
ton

Vesicle preparation

Small umlamellar vesicle suspensions were prepared
prior 10 an expenimenti as previously reported {18]
Briefiy, lipid suspensions contaumng 34 mg,/ml hipid m
phosphate-buffered saline (PBS) conlaimung 8 mM



Na,BPQ,, 1 mM KH,PQ, and 10 M hahde (pH 7 4)
were prepared by vortex mixing The dispersions were
then sonicated using a bath-tvpe sonicator The DMPC
vesicle preparations were annealed for 30 mun at 37°C
PrIoT 10 use

Fluorescence imstrumentanion

Fluorescence measurements were obtamed by using 4
SLM model 48008 subnarosecond spectrofluorometer
mterfaced to a Compag 286 computer Lifeumes and
amsolropy measurements were computed using SLM
software Lifenmes were measured by phase shift using
exciung hght modulated at 30 MHz [27] A glycogen
scattering solution was used as reference Lifetime de-
termunations on anthracychne samples were conducted
by using an excitalion wavelength of 470 nm and a
band-pass of 05 am and a 350 nm long-pass filter
(Schott) for each emussion channel to isclate fluores-
cence from scaitered ight Since only one frequency (30
MHz) was used 1 our analysis, we refer 1o our values as
apparent liffetimes Simalarly, nonzero hmuting amisotro-
pies (a,,) and rotatonal diffusion rates (R) are also
designated as appareni values All expeniments were
conducted n l-cm quartz cuvettes Steady-state ani-
sotropy and mtensity measurements were oblained as
described previously [18,19}

Evaluation of the relanwe location and dynarucs of mem-
brane-bound fluorophores

Usmg previcusly developed methodologies [19],
wodide quenching expenments at constant tomc strengih
were used o evaluate the relative accessibihties of bound
fluorophores to membrane-tmpermeable 10dide, while
steady-state fluotescence anisotropy measurements un-
der 1odide quenching conditions were used to nvesti-
gate the diffusive motions of the drug molecules Aque-
ous drug stock soluttons were added to aliquots of
Lipasome preparations such that the drug, hpid and sait
concenirations were 50 107% M, 30 mg/ml, and 10
M, respectively Samples were allowed to equilibeate for
30 mn at 37°C pnor 1o measurement Quenching solu-
tions contaned 2 107> M sodium thiosulfate to pre-
vent the oxadabion of 1odide The modifted Stern-Volmer
plots (7[["] versus (F/F)~1) were hnear for each
drug-lposome system studied, the hneanty consisieni
with the present of one class of bound fluorophore

Evaluation of equiibrium binding constants

As previously described [18], the methed of fluores-
cence amisotropy titration was used to deteroume the
concentrations of free and bound drug in Lposome
samples contaiung a total drug concentration of 2 107¢
M and varymng lipid concentrations. The overall associa-
tion constants are defined as K = [Ag)/([A(][L)) where
[Ag] 15 the concentration of bound drug, [Ag] repre-
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sents the concentration of free drug, and [L] equals the
total lipprd concentration in the sample Double-recipro-
cal plots were hinear and X values were deterrmined
from their slopes [18]

Results and Discussion

Incorporation of a ralerate side chamn enhunces the
hindered ro1ations experiened by a membrane bound drug
molevule

The Perrin equation rdlates a fluorophore’s steady-
state fluorescence anisotropy value to 'ts rota onal rate
n the following manner

2gs2=1+E6RT

where a, 13 the hmmting fluorescence amsotropy ob-
served n 1he absence of depolanzing rotations, 7,18 the
excited-state hietume, and R 15 the rotational diffusion
rate of the fMuorophore m radians per second This
equation 15 apphicable fo. fluorophores whose depolariz-

ng rotational motions are unhindered and sotropic n
nature [28]

In the event thal the depolanzing rotations of a
fluorophore are isotropic, but hindered such that at
tumes which are long compared with the fluorescence
hfetime a nonzero lumting arusotropy (4, )} 1s possible.
the Pernn equation can be. modified as follows [29]

a=a,+la,—a)/6Rr

For tis type of 1sotropic but Jundered rotator, a plot of
a vs {@,—a)/7 permits 1/6R and a,, 10 be obtaned
from the slope and g-aus mtercept, respectively

Steady-state [luorescence amisolropy measur¢ments
using oxygen quenchung bhave been used n the past to
study the hindered rotations of membrane-bound hy-
drocarbon probes such as DPH [30] and perylene [31]
Simudar hfetime-resolved amsotropy plots generated un-
der 10dide quenchung conditions have been used to
mvestigate the diffusive mouons of anthracychnes n
isotropic solvent and n flmd-phase DMPC bilayers
[15) Aathracyclhine flucrophores free m solution were
found to display apparent hmmung anisotropy {(a,,)
values which delayed to zero at umes which were long
compared to the excited-state lifeume evidence that
unbound anthracychine drug molecules undergo essen-
tially unhindered rotations 1n aqueocus selution In con-
trast, anthracyclmes bound to flud phase DMPC bi-
layers have been shown o display nonzero a,, values
[19], wath &, and not the mean rotatonal rate (R),
being the main contnbutor to the steady-state am-
sotropy value

In this report we again employ hfeume-tesolved am-
sotropy plots {see Fig 1) to study anthracyclme dy-
nAmMIGs 1N membranes, thus tme to ascertain the conse-
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Fig 1 Lifetume-resolved amsotropy plots for N-influgrcacetyladrra-
mycin (O} and 1ts correspondimng, 14-valerate subsututed analog AD32
(®) bound to DMPC bilayers at 37°C Todide quenching at consiant
1omic strenpth was used to vary the excited state Lifesme (7) of the
fluorophare as previously described [19] The terms a and a,, refer to
the steady-state and luniting fluorescence amsolropies respectively
Both plois were found 1o have nenzero p-mntercepts (mmdicative of
hendered riotions) the dinnnished slope nf the ADA2 data relative 10

that for the parent molecule suggest the valerate moiety further
restncts rotational motions (see Results end Piscussion)

TABLE 11

quences of valerate side chain mncorporation Table 11
compares the fluorescence hfctumes, 10chde quenciung
rate constants, steady-state amsotropes and rotational
rates for parenl anthracyclines and their corresponding
valerate-substituted analogs free 1o solution and bound
to SUVs composed of DMPC A more complete discus-
sion of the dependence on anthracyckne drug structure
of relative membrane location and dynamucs may be
found elsewhere {19}

Companson of the rotational rates for anthracychines
free ;n PBS shows that substitution of the valerate
mocty slows the Pernn rotational rat¢ of a drug mole-
cule by 10-15% Table II also shows that drug associa-
tion with DMPC balayers typically results in a 2-3-fold
reduction 1n rotational rates at 37°C All anthracychnes
hsted exiubnt nonzeto 4, values when bound to DMPC
bilayers, consistent with our previous finding that mem-
brane-hound anthracyclines are hindered rotators [19]
For each parent anthracychine, incorporation of a bulky
valerate side chain increases the e, value, these results
incicate that the presence of the valerate side chan
further hunders the rotations expenenced by bound drug
mwlecules For each of the membrane-bound anthra-

Summan, of apparent hfetrmes 1odide quenching rate constants steady siate amsotropres, apparent lnmting amsotropies and apparent rolational rates for

free and nembrane bound anihracy chnes

All fluorescence expeniments were conducted at 37° C in phosphate-buffered sahine (FBS) (pH 7 4) at constani 1omic strength {10 M halide) and
smatl uniamellar DMPC vesicles were used Expenments on drugs free m solution were conducted at concentrations of 1 10~% M while studies of
membrane-bound fluorophores were conducted at flusrophore concentrations of 50 107 M and hpd concentranons of 30 mg/ml, thersby
assunng sysentially complete binching of all drugs Lifettme values {7) were delernuned at a chlonide concentration of 1.0 M and have uncertaraiis
of 004 ns Steady-siate amsowropy (a) values for bound drugs have not been correcied for background scatter, which did not exceed 2% of 1he
total signal The &, values for membrane-bound drugs were obtamed from the slopes of modified Stern-Valmer plots as described previously [19]
Rolational rates (R} and hmuting amisotropies (a,,) for membrane-bound compounds were obtaned from hfelime-resolved amsotropy plots, the a
values being subject 10 3% uncenainty ay values of () 3% were previously measured for vanous anthracychnes [13)

Compound Code Octanol/PBS  Frezn PBS Bound to DMPC hilayers
pation T a R T k(10 a R e
coeflicient * (g a0*s) (o) 1»?'( UPRDY asy
Adnamycin ® 12 104  0O57 95 152 14 0260 35 0236
Daunomycm ® 90 106 D652 102 155 11 0211 36 0245
Adrnamycin-14-valerate ADAE 35 105 0063 82 155 11 0294 37 0167
N, N-Dramethyladnamycin 1% 106 0057 92 133 18 0248 24 0137
N N-Damethyldaunomyean ¥ 16 107 039353 100 153 13 0256 35 0221
N, N-Dimethyladnamycin-
i4-valerate ADL9S 67 107 00e4 30 163 11 0276 36 0250
N-Tnfluorcacetyl-
adnamycin > 499 108 Q059 20 163 04 0263 13 D166
N-Tnllvoroacetyl-
daunomyein =89 106 0056 94 159 04 0280 15 0202
N-Tufluoroacetyl-
adnamycn-14-valerate AD32 >90 100 0068 79 166 05 492 28 0258
N-Benzyladnamyan > 59 108 0039 7 160 [ }:] {266 52 0245
N-Benzyladnamycin-
14-valerale AD198 > 99 107 0066 76 147 07 0293 37 0264

* Several of the octancl/PBS cocfficemis were reported previously |22]
* Fluorescence data for these drugs al 28° C have been reported previously j19]



cyclines studied, the hinuting amsotropy was found to
be the mam contnbutor to the steady-state ausotropy

Valerate side chan 1s only a weak modulator of anthra-
cycline penetration mto the blaver

Iedide quenching data at constant ome strength
were obtained as part of thus study i order to evaluate
the consequences of valerate side chamn incorporation
on the penetration of the anthracychne fluorophore into
electroneutral DMPC and negatively-charged DMPG
model membranes Iodide has an immeasurably small
penetrauon into the bikayer [32,33] and 15 therefore able
to discnmunate between malecules bound 1o the hydro-
philic surface from those mn the hydrephobiz meenor of
a bilayer The Stern-Volmer equation 1s the classical
relationshup used to descrtbe the coulhisionzl quenclung
process

R/F=n/r=1+K,(Q]

where #,, F and 7, 7 are the fluorescence intensities
and hif i the ab and p e of Q, respec-
tively. [Q] represents the guencher concentration, and
K,, 1s the collisional or dynamc quenching constant
which equals &3, whete &, equals the expenmentally
observed rate constant for the colhsional quenching

5

Iodide quenching studies [19) have been used n the
past in our laboratory to examune the relatve location
of several chromophore-mochfied anthracychnes m
flud-phase DMPC biayers at 28°C For a set of
anthracychines where the aglycone portion of the drug
molecule was vaned systemaucally (positions 1 through
12 as depicted in Table Iy while the amimmosugar portion
was held constant, k_ values ranging from 06 107 to
1.2-10° M~ 57! were obtained. Simce these k, values
are much hugher than the neghgible values observed for
DPH and anthracene embedded 1n hprd bilayers [33,34],
more nterfacial binding sites are mdicated relative to
those for hydrocarbon probes For these chromophore-
modified anthracychnes, the more hydrophobic drugs
were found to be buned the deepest n the DMPC
bilayer

Table I summanzes the structures of several anthra-
cychine congeners which are the subjects of this study
This time the aplycone portion of the parent adnamycin
or daunomycin has been held constant, and either one
or both of the following modifications have been made
(1) incorporation of a valerate side chain at position 14
and {2) substitutton of the aminosugar Table 11 shows
that both of these structural changes have dramatic
effects on the aqueous solubihty of an anthracycline
molecule For example, mcorporation of a valerate side
cham mmto adnamycin or N, V-dimethyladrtamycin in-
creases the octanol /PBS parttien coefficient from val-
ues of 12 to 35 and 16 to 67, respectively
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Fig. 2 Modified Stemn-Volmer plots for the odide quenchmg under
constant 1omc strength of the followmng druge bound to DMPC
bilayers at 37°C adnamycn () adnamycm-l4-valerate (©), and
N nfluoroavetyladsiamycin {(a) Lipid and drug concentranons of
242 1072 M and 5 107 % M respectwvely assured essenally com-
plete binding for each analog (191 F, equals the imtral Muorescence
wtenaly £ cquals the fluorescence miensuy m the presence of a
given 1odide concentratin ({1” i and 1 equals the imual excited state
hienme Collistonal rate constant (k) values were obtaned from Lhe
slopes of these plois, and these values are summarzed m Table 11
Mote that both valerale- and N.grefl vl d
the accessthihty of the membrane-bound fluorphaore to odide

The octano! /PBS partition coefficient data found 1n
Table IT also display the strong effects which amino
group substitution can have on the aqueous solubility of
an anthracychne Adnamycm with a pK, of approxs-
mately 82 [35], 15 a very soluble drug molecule as
evidenced by 11s octanol/PBS partition cocfficient of
12. Likewise, N,N-dimethyladrramycin with its par-
nally wmzed amno group at pH 7 4 [36], 15 also quite
water soluble with a partihon coefficient of 16 In
contrast to the hydroplulic adnamycin ard N, N-di-
methyladnamycin congeners, our data show that both
N-trifluoroacetyladnamycin and N-benzyladnamycmn,
with octanol /PHS partinon coefficients in excess of 99,
are very hydrophobic drug molecules The hydrophobic
nature of N-trifiuoroacetyladnamycin 15 due to the re-
duced state of 1omzation of 1ts amno group, caused by
the strong efectron withdrawing inductive effects of the
N-influoroacetyl group The decreased water solubihity
of N-benzyladnamyain relative to adnamycm 1s thought
to be due, not to a decreased pK, value, but rather to
the hydrophobic character of the benzyl moety

Modified Stern-Volmer plots, as depicted tn Fig. 2,
were used to detertune the accessibibties of bound
fluorophores to membrane-impermeable 1odide The &,
values listed 1 Table I allows us to evaluate how
14-valerate side chain substiiution and amunosugar sub-
stitubon mfluence drug penetraton mio DMPC -
layers The presence of the hydrophobic valerate side
chain, 1n general, promoies deeper bilayer penctrauion
of the drug molecules For example, adnamycin, N, N-
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dimethyladnamycin, and N-benzyladnamyeimn exhibit
kq values (16° M™% s ') of 14,18, and 08, respec-
tively, while the corresponding valerate-contaiming ana-
logs showed values of 11, 11, and 07, respectively
However, 1t 15 clear from k, values which appear 1n
Table II that valerate substitution 1S not nearly as
strong 2 modulator of drug location 1n the hilayer as 1s
amino group substitution Whereas the &k, value for
membrane-bound adnamycin 18 only 27% greater than
that for adnamycin-14-valerate, adnamycin cxhibits a
k, value 250% greater than that for sis deeply-buned,
armne-substituled analog N-tnfluorcacetyladnamycin
Feplacement of the N-tnfluorcacety] moety of this
drug with N, N-dimethyl or N-benzyl moiehes resuits in
mcreased k, values of 350% and 100%, respectively
We have also emploved 1odide gquenclung studies
here 1o examune the relative location of drugs bound to
negatively-charged DMPG bilayers in PBS at 37°C
The k, values {10~% M~! s~') for anthracyclines
bound to DMPG bilayers are as follows adrmamycm
022) adnamycmn-14-valerate (012), and MN-tafluoro-

TABLE 1L

A summary of the equiibnium binding affinities of several anthracycime
wongenrs for chctroneutral DMPC and regotiely charged DMPG bi-
iavers

As descnibed 1n Matenals and Methods, expennments were condueted
i PBS under near physiological conditions o ptl, lemperature and
onsc strength The method of fluorescence amsotropy ttration [18)
was used 10 deternune the concentrations of free and bound drug
Overall associauon constants were deternuned from the imverse of the
stope of a doublereciprocal plot under condinons where the
concentration of free ipid was in great excess over the ¢oncentralion
of bound dmg Usmg binding dala for a summum of six samples of
varyng bhpid cor was used to
determune 1he binding constant frum the slope of the plot K valucs
are subjecl 1o uncertantes of 10%

wn al least-square: y

Analog Kpupe Kpumpg  Sclectivity
MY (M7} rane
(Kpmpa/
Kioparc )

Adnamycin * 200 3400 17
Daunomven 1400 9000 64
Adriamycin-14-valerate 12000 8000 Q7
N N-Dimethyladnamycimn * 90 1600 18
N N-Dimethyldaunomycin 450 5000 11
N N-Dunethyldaunomycin-

14-valerale @ 2000 2000 11
N Tnfluoroaceiyl-

adnamyan ® 1600 600 04
N-Tnfluoroacetyl-

daunomyain 603} 3000 (=3
N-Tnfluoroacetyladna

mycin-14-valerate * 38000 25000 07
N-Benzvladnamyan 1500 10000 67
N-Benzyladnamycin-

14-valerate * 36000 45000 12

* Binding affimues for thess analogs have been reported elsewhere
122]

acetyladnamyein (009} Because 1odide 15 a negatively-
charged quencher, 1t 15 of mterest 10 compare quenching
constants for anthracyelines bound to negatively-
charged DMPG talayers with those for drugs bound to
electroneutral DMPC hilayers The quenching rate con-
stants (10° M~' s7') determined in DMPC bilayers
are as follows adnamycin (1 4), adnamyecin-14-valerate
(11), N-tnfluoroacetyladnamycin-14-valerate {0 4) For
cach anthracycline studied, our data indicate that
antisacychines are sigmficantly more accessible (from 4-
to 9-fold) ta membrane-1mpermeable 1odide when bound
to electroneutral DMPC bilayers than when bound to
negatively-charged DMPG bulayers These results are
not unexpected since unfavorable charge-charge interac-
tions between negatively-charged odide and the nega-
tively-charged DMPG headgroup should reduce the
quencher’s accessibilities to the binding sites of the drug
molecules As was observed for anthracyclines bound to
DMPC bilayers, accessibilities of 1odide to anthracye-
lme fluorophores bound to DMPG membranes de-
creased in the following order adnamycin > adnamy-
cm-14-valerate > N-tnfluoroacetyladriamycin-14-valerate

In summary, thss report documents the following
concerming anthracychine drug structure' (1) valerate
substitution 1 general promotes shghtly deeper mem-
brane penetration of the fluorophore, and (2) amuno
group substitution strongly modulates the depth of fluo-
rophore penetration, with drug molecules with nonbasic
moieties such as N-tnfluoroacetyl groups buried the
deepesl.

Ircorporation of a valerate side cham strongly modulates
the type and extent of phospholymd binding by anthracyc-
lines

Membrane alterations are known to be important
morphological features of adnamycin cardistoxicity, and
the formation of stable complexes between positively-
charged drug molecules and negatively-charged phos-
pholipids, such as cardiolipan, are thought te play a key
role mn the disturbance of cardiac mitochondnal func-
tion [10-12] Thus 1t 1s of interest to understand how
structural changes in the anthracycline molecule mod-
ulate binding selectivity for vanous types of headgroups
In this report we have used the previously developed
method of fluorescence amsotropy titration to study the
effect of 14-valerate substitution on anthracychine affin-
ities for negatively-charged DMPG and electroneutral
DMPC vesicles Both DMPC and DMPG bilayers are
flwd-phase at 37°C Companson of the DMPC and
DMPG binding daia presented in Table IT allows us to
evaluate the manner m which the selectivites of
adnamycin and daunomycin for negatively-charged
phospholipids are modulated by 14-valerate side cham
ncorporation as well as aminoc group substitution

Table 111 summanzes the equlibnium binding affau-
ues of several anthracychne congeners for the two types



of bilayers Of the vanous amuno group modifications
stuched {parent, N-tnfluorcacetyl, N-benzyl, N,N-di-
methyl), the N-tnflucroacety] mowety was found to pro-
mete DMPG binding 10 the least extent N-Tnfluoro-
acetyl denvatives, which are uncharged at pH 74 are
not expected to be attracied electrostatically to nega-
tively-charged phospholipids, and this notion 1s corrob-
orated by the very low Kpupo/Kpupc S€l2ctinty ratios
exhibited by N-triflucroacetyladnamycin and N-tnifluo-
roacetyldaunomycin  In contrast, positively-charged
anthracychines such as adnamycm, daunomycn, N,N-
dimethyladniamycim, N, ¥-dimethyldaunomycin, and
N-benzyladnamycin all display strong binding prefer-
ences for the negatively-charped DMPG  bilayers
{Komec/ Komee values of 17, 64, 18, 11 and 67,
respectively)

Incorporation of the hydrophobic valerate side chan,
whuch decreases the water solubitity of an anthracychne
molecule considerably (see Table II), 1s found not unex-
pectedly in Table 111 to promote drug binding to both
negatively-charged as well as electroneutral membrancs
The membrare affimties of AD32 and AD198 are 1um-
pressively tugh For example, m previous work we de-
terrned the consequences of remowving the polar
aminosugar portion of the anthracyclme moleculs on
membrane binding, the resultant 7-deoxydaunomycin-
one molecule displayed X values of approx 10000
M~ [1E], values sigmficantly less than those for AD32
and AD198 The K pp; and Kgye values of 45000
M~" and 36000 M~' for AD198 make this agent the
most avid binder of membranes m the anthracycline
fanuly to yet be identified [18,20]

Another staking feature i our data 15 the finding
that valerate side chamn subsiitution can completely
eliminate the hugh levels of preferential binding which
positively-charged parent anthracyclines (e g, adnamy-
cn, damnomyan, N, N-dimethyladnamycin, N, N-di-
methyldaunomycin, AN-benzyladnamycin) exhint for
negatively-charged DMPG bilayers over DMPC bi-
layers This trend i1s exemphfied by the 24-fold reduc-
tion 1 Kpyeo/Kpuee selectivity ratto which occurs
for the adriamycin molecule upon incorporation of the
valerate side chan It thus appears that 14-0-acyl sub-
stitution may prove lo be a useful synthetic modifica-
tion m preventing the selective accumulation of posi-
tvely-charged anthracyclmes 1n tissues or membrane
domains rich in negatively-charged ipid

Conclusion

In this report we have used small vmlamellar phos-
pholnd vesicles to serve as models in order 1o de-
termine what special membrane properties are imparted
to an anthracychine drug molecule through valerate side
chain ncorporation Concermng this topic, our studies
have successfully identified three consequences of
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valerate side chain incorporation (1) further himdrance
of the ratations experienced by a bound drug molecule,
{2) enhancement of the depth of membrane penetration
of the fluorescent aglveone portion of an anthracycline
molecule (an effect which 1s onrly shght relative to the
Iarge changes observable through amimo group substitu-
tion), and (3) promotion of binding affimties for hoth
electroneutral and nega..ely-charged phospholipids,
with an essentially complete loss of the hagh levels of
the prelerential binding of positively-charged anthra-
cychine congeners for negatively-charged membranes

Having achieved a reasonable level of understanding
of the manner in which valerate side chamn mcorpora-
tion modulates drug interactions with hposomas, it 1s of
mterest ta examune the possibihity that some of the
unmque bwlogical featnres of valerate-contatmng drugs
ke AD32 and AD198 may be based upon their unusual
membrane properhes relalive to adnamycin Like ats
parent analog adrramycumn, AD32 has been shown to
display stgmuificant activity agamst human disease, how-
ever, i contradistinction to adnamycm, no patient
treated with AD32 exhibited climcal or electrocardio-
grapiuc evidence of cardiac dysfunction, with the ab-
sence of caswac dysfunction confirmed by endomycaar-
dhal biopsies [23] Since the formation of stable drug-
cardiohpin complexes 1s thought to promote drug locak-
zation n cardiac ussue, AD32's lack of preferential
drug binding to negatively-charged phospholiptds docu-
mented i thus report (Kpyps/Kpmpe value of 07,
compared to a value of 17 for adnamyein) offers a
potential explanation for the drug’s lack of cardiotoxic-
1ty

AD198 15 another example of a valerate-contaning
anthracycline which has distingmished itself i direct
experimental comparisons with adriamycin Israel et al
[23] have shown that exposure of human-denved CEM
lymphocytes in vitro to 5 pM AD198 for 3 h resulis ma
gross change n cellular morphology, with degeneration
of the plasma membrane and cell death Exposure of
cells to the same levels of either adrramycm or N-tniflu-
oroacetyladnamycin, even for 2 longer time, does not
produce a sumalar effect The authors speculate that the
compound’s hugh membrane-active properties may offer
a potential explanation for the lack of cross-resistance
seen with AD198 aganst vanous adramycin-resistant
and multiple drug-resistant tumor cell lines [37,38] This
report docurnents that AT198 15 far and away the most
impressive lander of phosphohpids 1 the anthracychne
famly yet to be idennfied Accordingly, we conclude
that excepuonally lagh Jrug cencentrauons present 1n
plasma membranes may, at least in part, account for the
vnuque effects of AD198 on tumor cell suzfaces
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