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The intnnsie fluorescence properlhe~ o |  the anthracycline antltemor anlabiones were ~.llldl~l in an ¢lt~rl to un~rstand 
how 14-valerate side ¢hmn substitution modulates drug at,~seclatinns with small undamellar phosphullpid veslel~ (SIWs) 
raider near l~lffslologi¢~ ¢ond]tions Drug location and dynamics in fluid-pha~ dimvrlstoylphosi~talkl~ldtoline (DMPQ 
Idlaye~-s were evaluated for several analogs; accesslbilitles of bound Iluorophores to memlwaac-tmpermeable iodide were 
evaluated in quenching experiment~ white the diffusive molions of these agents were studied using lifetime-resolved 
anlsolropy ~ The buldky and hyd~.oplmlbk valerate ~bstltuent was found ~o further hinder Ihe rotations experienced 
by a bouad ~ molecule, with appareal limiting anisutl~py (a~)  values showing increases of 13-82% upon valerate 
group sul~itta'ioa. In addillon, the blmole~llar q t w ~  tale eunsteats (unit, 10 9 M - I  . s - t )  for membrane.bound 
adriamyol~ (IA), N-IHflunroaeetyhdriamycin (0 4), and their enrrespoedi~ val½rate-~ubstituted analogs (k~ values of 
I.I and 0,5, respectively) reved that the sid~ dram ts a weak modulator of fluorophore penetralien into the Inlayer, wilh 
stronger ~ being ~el~ved ~ amino group s~lstttutlon. S,mgar results were obtained for drugs bound to 
negalively-¢harged dlmyrt~oylllltOSl~ti~lSlyeerol (DMPG) bilaye~. Fin ~a~, comparison of the equdtbrmm I~nding 
a[ l in i l~  o |  the vadom congeners fo~ eleetrunentral DMPC vemm negattvdy.¢haR~ed DMPG blhyers demmmlrate 
that po~ilt~ely-dmrged parent anthracyclines display high levels of selective binding to negatively-charged i~aosl~nlil~ls. 
unlike valerMe.substi~ed analogs which display no such selectivity The modulahon of anthracydine-membrane 
intera¢timm achieved Ilmmgh valerate substWuaion Glfers potential explanalitm% at least in pa~  for some of the novel 
inuloskal la.ol~mes .t[ valerate-¢ontalning anthraffdines. 

lneroduc~un 

Adnamyem ® and daunomycim two anlhracyehne ,m- 
tzbtoltcs which first gamed chmcal pronuncncc m the 
early 1970's as effeettve anhtumor agents, remain today 
the medications of choice against a wide spectrum of 

Abbrevmttm3s DMPC, dun~'zstoylpho~phaudplehohne, DPPC dz- 
palnutoylpho~phalldylc.hohne; DMPG dlmynstoylphosphattdyiglyc- 
eroi SUV, sm ~11 umlamellax vesicle, AD32. N-lnfluoroa~etyl- 
adnam~cm-14-valerale, AI~IR, adnamycm-14-va~r~tte ADIO8 N- 
~,enzyladnamycan-t4-valerate, AD199, M, Ndlraelhyladnamycan*la-* 
valerate PBS phu~phate buffe~ed balttw-. 

Cor~©~pondcnce TG Burke, Department of Medzcat Oncc]oSy and 
TlkerapeUttCS R~c.h ,  City Of Hof~ N~ttton ~1 Meth¢i~l Centqer~ 1500 
E Duarle Rd., Duarte, CA 91010-0269, USA 

human cancers [1] Because of the,r preen'nnence in the 
cancer chemotherapy held. extensive studies have been 
earned out to idcuufy the mechamsm or mechanisms of 
biolo~cal actxwty of anthxacychnes. Adnamy¢in is 
known to brad taghtly to DNA and alter several DNA- 
related fanctzons such as DNA replication and RNA 
syrtthests [1,2] Through experiments utfltrang drug 
molecules immob]hzed lo nonpenetratmg polyrnenc 
beads, adnamycm has been found to exert cytoto~¢ 
effects without enlenng cells [3.4] Cellular rnacromole- 
eules such as DNA and membranes can also be damaged 
by anthracychne-mduced oxygen radicals [5-8] Finally. 
adnamycm kS now known to have adverse effects on the 
strand-passm[~ acttwty of mammahan DNA topoi- 
somerase 1i [9] 

Even if native anthracyelmes are incapable of ehctt- 
lug their anmumor effect at the cell surface, eharacten- 

0005 2736/89/S0330 ~ 1.989 EIsc~¢r Sctcr~c Pubhshc:s B V (Blomcdtca~ Drvzslon) 



124 

TA BLE I 

Struc tures  o f  the  anlhrac~ehn¢ t ot~geners 

O 

H " 
O8 

Name Code R |  R 2 R 3 

A d n a m y ~ n  H H 
Daurmmycm H H 
Ad n amycan-I 4-~ alerate AE:¢,8 H H 
N N - D l m e t h y l a d n a t m ~ n  CH~ C H  3 
N N-Dtmethyldaenomyem C H  ~ CI'[ 
N,  N- Dtrnethylad namyem- 

14-valcrate ADÂ99 C H  3 CH  3 
N-Tnfluoroacetylad namycm H C O C F  a 
N-Tnfluorace tvldau nomycm H COCF a 
N-Tnfluorodcetyladnarnyca n- 

]4-valerate A D ~ -  H C O C F  3 
N~Benzvladnamycm It CH2C6H~ 
N-l~t'~z.~ ladn amy~n- 

lZLvalerate ADIg:g H C}'[ ~.C.~ H ~ 

CH2OH 
CH3 
C H 2 O C O ( C H ~ ) 1 C H 3  
C H ~ O H  
CHa 

CH~OCO(CH ~3Ctlj 
CH2OH 
~'H~ 

CH 2f2CCYr'tl )jCH 3 
CH ~OH 

CH 2OCO(CH )3CH 3 

zaUon of anlhracyehrte-membrane interactions is of 
tmportance This ts because the drug md~cule must hrst 
interact wtth and then successfully traverse the plasma 
membrane m order to gain access to mtraeeUular sttes 
Stnce plasma membrane alterations are known to 
accompany neoplastm transformatmns, dtfferentaal 
drug-membrane mteraet~ons between host tissue and 
tumor may serve as a basts of cytotoyac selecttvaty Also, 
specfftc mteraettons between anthracychne molecules 
and negattvely-eharged membrane hplds have been 
impheated m the adverse toramty of these drugs to 
cardtac hssues [10-12] Another compelhng reason for 
pursuing a de ruled understandmg of the membrane 
mteracttons of the anthracychnes ~s the recent sertes of 
stuches suggestmg drug involvement wtth a 170-kDa 
mentbrane glyeoprotem (gp 170) m the development of 
muluple drug reststance by tumor cells [13-15] 

The mttnns~c fluorescence ermssmn of aulhra~y~hne 
molecules has been studied m the past to deteruune how 
structural changes modulate binding to small umlamel- 
lar vestetes (SUVs) composed of various phosphokpids 
[16-22] In the present study we employ fluorescence 
methods to examine the effect of 14-valerale side Cnam 
subshtuUon on anthracychne associations with electro- 
neutral DMPC and negatwely-charged dtmynstoylphos- 
phattdylglyeerol (DMPG) hfiayers Several valerate- 
contatmn$ analogs of adriamyem (Table I) have been 
the focus of coustderable attenUon m recent years due 
to the,r umque bmlogtcal properues relatwe to the 
parent drug molecule (see Ref 23 and references 

therem), and our model membrane data suggest a phys. ~- 
cal basts for thcar btolos~cal behavtor 

Materials and Methmls 

Chemwals 
Ad.namyc~.n, N,N-dlmethyladnamyem and N,N-dL- 

methyldaunomyem were the gffl of Dr Leonard Kedda 
of the Dl~nmon of Cancer Treatment. National Cancer 
[nstttute Daunomycm was obtained Item Stgma Chem- 
ical Adnamyem-14-valerate, N,N-dnnethyladnamyem- 
14-valerate. N-tnfluoroacetyladnamyem, N-lnfluoro- 
acetyldauomyom, N-tnfluoroaeetyladcmmycm-14-vab'-- 
ate, N-henzyladnamyem and N-henzyladnamycm-l~ 
valerate were prepared at the Umversuy of Tennessee 
College of Medmme according to prevmusly descnbed 
syntheU¢ procedures [24-26] All anthracyehne com- 
pounds wen: of at least 985 panty as dclermmed by 
HPLC analysis L-a-Dtmyrlstoylphosphattdylcholme 
and L-~-dlmyrisioylphosphaUdt," acid were obtained 
from Avatar Polar Ltp~d Co,  Pelham. AL, and were 
used without further punftcattort All ehemmals were 
reagent grade and were used without further punuca- 
Uon 

Vesicle pmparanon 
Small umlamellar vestele suspenstons were prepared 

prior to an experiment as prevxously reported [18] 
Bttefly, hpld suspenston$ eorntatnmg 34 mg/m.1 hptd m 
phosphate-buffered saline (PBS) contmmng 8 mM 
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Na.,I-1PO.,, t m M  KHzPO ~ and l 0 M hahde (pH 7 4) 
were prepared by vortex m~xmg The dtsperston~ were 
then saturated using a bath-type saturator The DMPC 
vesicle preparaltons were annealed for 30 nun at 37°C 
p r i o r  t o  u s e  

Fluorescence mstrumenlalton 
Fluorescence measurements were obtamed by using a 

SLM model 4800S subrw.roseeond speetr,-,fluorometer 
mterfaoed to a Comp.~q 286 computer Lifetimes and 
amsotropy measurements were computed usmg SLM 
software Lifetimes were measured by phage shift using 
exemng hght modulated at 30 MHz [27] A glycogen 
scattering solutmn was o~ed as reference Llfetame de- 
terrmnattons on anthraeyelme samples were conducted 
by using an excttatton wavelength of ,I70 nm and a 
band-pass of 05  nm and a 550 nm long-pabs filter 
(Schott) for each tamsston channel to Jso|ate fluores- 
cence from scattered hght Since only one frequew.?~ (30 
Ml-lz) was used m our analysts, we refer to our values as 
apparent ltfettmes Stmdarly, nonzero hrmtmg anisette- 
pies ( a ~ )  and rotaUonal diffusion rates (R) are also 
designated as apparent values All experiments were 
conducted m 1-cm quartz cuvcttes Steady-state ant- 
sotropy and intensity measurements were obtained as 
described previously [lg,19[ 

Evaluafton of the relative locanon and dynamics of mera- 
brahe-bound fluorophores 

Using prevmusly deteloped methodologies [19], 
tod~do queneha~g experiments at constant tome strength 
were used to evaluate the relatave access~bthties of bound 
fluorophores to membrane-impermeable tochde, whale 
steady-state fluorescence amsotropy measurements un- 
der tothde quenching conditions were used to mvesU- 
gate the thffumve mot~ons of the drug molecules Aque- 
ous drug stock solutions were added to attquots of 
hposome preparauons such that the drug, hpid and salt 
eoneentrattom were 5 0 10 -6 M, 30 mg/ml ,  and t 0 
IV[, respectively Samples were allowed to eqmhbrate for 
30 nun at 37°C prior to measurement Quenching solu- 
tions contained 2 10 -3 M sodmm thiosulfat¢ to pre- 
vent the oxadatton of todtd¢ The naodlfted Stern-Volmer 
plots (¢[[-] versus ( F o / F ) -  1) were linear for each 
drug-hpos0me system studted, the hneanty consmtent 
with the present of one class of bound fluorophore 

Eualuatton of  e#uthbrtum binding constants 
As prevmusly described [18|, the method of fluores- 

cence amsotropy titration was used to deterrmne the 
concentrations of free and bound drug m hposome 
samples containing a total drug concentration of 2 10- 6 
M and varying lipid com, entraUons, The overall assocm- 
tmn constants arc deemed as K = [An]/([AF][L]) where 
[An] is the concentration of bound drug, [A~] repre- 

~ent~ the concentration of free drug. and ILl equals the 
total hptd concert.t fatten m the sample Double-recipro- 
cal plots were hnear and K values were determined 
from their slopes 1t81 

Results and Discussmn 

Incorooratwn of a tolerate $tde chain enhances the 
h2ndered rotations e~:pertemed b~ a membrane bound dru 8 
mote,.ule 

The Perrm equation rdates a fluorophore's steady- 
state fluorescence am,,c~tropy ,,alue to ,Is rola lonM rate 
m the following manner 

ac , /a  I -I-6R¢ 

where a u xs the hrratmg P, uoreseence amsotropy ob- 
~¢r~ed m the absence of depolanzang rotaUons, ~-, ts the 
esctted-state hfeltme, and R ts the rotational diffusmn 
rate of the fluorophore m radtarts per ~:eond Thas 
equatzon Is applicable i'o. fluorophores whose depolariz- 
ing rotational moUons are untundered and tsotropxc m 
nature [28] 

In the ~ e n t  that the depolarizing rotations of a 
fluorophore are ~sutropm, but hindered such that at 
times whmh are long compared with the fluoreqeence 
hfeume a nonzero hmatmg amsotropv (a,~) ts possible. 
the Pernn equauon ~.au bt. modified as follows [29] 

a=a~ +la . -a ) /6R ' r  

For this type at ,sotroptc but htndered rotator, a plot of 
a vs ( a o - a ) / ~  permlLs I / 6 R  and a~  to 13¢ obtained 
from the slope and a-,~',as mtereepL respectively 

Steady-state fluorescence amsotropy measurements 
using oxygen quenching have been used m the past to 
study the hindered rotations of membrane-bound hy- 
drocarbon probes such as DPH [30] and perylenc [311 
Smular hfet]me-resolved amsotropy plots generated un- 
der iodide quenching condxttons have been used to 
mvestzgate the daffuslve mouons of anthraeyclm~ m 
tsotropte solvent and m fired-phase DMPC bdayers 
[19] Anthracyclme fluorophores flee m solut,on were 
found to d~play apparent hrmt,n5 antsotropy ( a ~ )  
values winch delayed to zero at umes w~ch were long 
compared to the excited-state hfeume ewdence that 
unbound anthracyehne drug molecules undergo essen- 
trolly unlundered rotatmns m aqueous solution In con- 
trast, anthracyehnes bound to fired phase DMPC bt- 
layers have been shown to display nonzero a~  values 
[19], wflh a~,  and not the mean rotauonal rate (R J, 
being the main contributor to the steady-state am- 
sotropy value 

In this report we agam employ hfettme-resolved am- 
sotropy plots (see Fig 1) to study anthraeyehne dy- 
gt~tmnTg tn membranes, tins tame to ascertain t h e  cause- 
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F~g 1 LmIettm¢-rc~olved axasottop) pLolz for/V tnf luo-e~tyladna-  
my~m (o)  and tts corresponding 14-valerate suhstnuI~:I analog A032 
(~) bound to DMPC bdayers at 37°C lodtde quenching at 6oilghtnt 
tome :~treagth was used to vary the exerted state hfetm3e (¢) of the 
fhtorophore a_~ p=zwottsLy demiahed [19] The terms o and a o refer to 
the steady-state and lmutmg fluore~cen~ am~Otrop~es resp¢ctt~ly 
Both plots were found to have nonzero ~-mtetcepts (mthcaa~e of 
I-t~dered r~nons)  the dzrmrashed slope nf the A032 data r~,Latl~ to 
that for the parent molecule segsest the val~rate moiety further 

r ~ t n ~  rotaetonal motions ( ~  ResuLts and D~scms,on) 

q u e n c e s  o f  v a l e r a t e  s tde  c h a i n  m c o r p o f a t t o n  T a b l e  I ]  
c o m p a r e s  th,~ f l u o r e s c e n c e  h f e t t m e s ,  t o d t d e  q u , ' n e h m g  
r a t e  c o n s t a n t s ,  s t e a d y - s t a t e  am~otrop~es  a n d  r o t a t t o n a l  

r a t e s  f o r  p a r e n t  a n t h r a e y c l i n e s  a n d  t he i r  c o r r e s p o n d i n g  

valerate-substttuted analogs free m s01utton and bound 
to SUVs composed of  DMPC A more complete dtscus- 
ston of the dependence on amhracyehne drug structure 
o f  r e l a t w e  m e m b r a n e  I .oca tmn a n d  d y n a n u e s  m a y  be  

f o u n d  e l s e w h e r e  119] 

Comparison of the rotational rates for anthraeyehnes 
free m PBS shows that suhstttuuon of  the valerate 
moiety slows the P c m n  rotattonal rate of a drug mole- 
cule by 10-15% Table II Mso shows that drug at~oc~n- 
t m n  w t t h  D M P C  b d a y e r s  t yp t ea l ly  r e su l t s  m a 2 - 3 - f o l d  

r e d u e t m n  m r o t a t t o n a l  r a t e s  a t  37 o C A l l  a n t h r a c y e l m e s  

h s t e d  exlatbtt  n o n z e r o  a~,  v a l u e s  w h e n  b o u n d  to D M P C  
hdayers, ¢onststent wRh our prevtous fmdm8 that mem- 
brane-bound anthraeyehnes are tundered rotators [19] 
For each parent anthraeyehne, mcorporatton of a bulky 
v a l e r a t e  s ide  c h a i n  t n e r e a s e s  t h e  a.~ v a l u e ,  t h e s e  r e s u l t s  

indicate that the presence of the valerate s~de chum 
farther banders the rot,aeons e x ~ n e u c e d  by hound drug 
molecules For each of the membrane-bound anthra- 

TABLE IL 

Stlnmmr~ of apFamnt lifetimes todute ouerrc~m 8 raw ¢~l¢.Wants .ffeady stufe ,~nsoC;ropleg **ppt~rent ~Jratol4,~ all~solrcv~J¢~ alcd apj~mtertf rolalto~lll Valte~ for 
free and membrane bem'M anthrac~chnes 

All fluorescence ~penments were conducted at 37°C m phosphate-buffered ~ l m e  (PBS) (pH 7 4) at o0nstant tome strength (1 0 M hahde) and 
small unflamellar DMFC vesteles were used F..xpenments on drugs tree m solutaon were conducted at co0neenttattons of 1 10 -'s M whale studtes of 
membrane-bound fluorepbore* were conducted at fluorophore e.oncenlraaons of 5 0 10 -e  M and hptd e.oncemrat,on$ of 30 mg/ml ,  thereby 
assttrmg e~nua l ly  eemplete binding of all dross Lffetame values iv )  were detemaaedl at a ¢ h l e n ~  een~atratton of  t.0 M and hive  uau:~tamlm 
Of'4-0 04~ IX~ -qt~y-~tate ;~tl.e, OtfOpy (a )  V~llll~i for bolllld dru~.q have not been eorr~t~! for background ~e~att~..r, ~hteh did not ear, cud 2~ of the 
total stgnal The kq ,.~alues for membrane-bound dmg~ were obl,uned from the slopes of modified Ste~n-Volmer plots as de~nhed prevtot~ly [191 
Rolat~anal rates (R)  and hllttttng arusot topics ( a ~ )  for membrane-bound compounds were obtmned from hfeLlme-resolved amsottopy plols, the a 
valtm~ being subject to 3% uncertainty a o values of (t 39 were prevtously mea~red for annous anthra~.~ehne~ [18] 

Compound Code Octanol/PBS Free m PBS Bound to DMPC bflayers 

partmon ¢ e R ¢ kq (10 ? a R a m 
¢~.effictent • (n.9) ( ] 0  s m - ] )  (us)  M "m s " 3 )  ( ] 0  s s - x )  

Adnamycm ~ 12  104 0057 95 152 14  0260 35  0236 
Daunomycm b 90  1 06 0052 102 l 55 l 1 02"Jl 36  0245 
Adnamycm-14-valerate AD48 35 1 05 0063 82  l 55 1 ] 0294 37  0267 
N. N-Dtmethy]adnamycm 1 O l 00 0 037 9 2 1 33 1 8 0 248 2 4 0 13"/ 
N N-Dimethyldattaomyem h 16 l 07 0 953 l0 0 1.53 1 3 0 256 3 5 0 221. 
N, N- D]methylad namycto- 

14-valerate AD}.99 67 107 0 064 8 0 163 i I 0 270 .~ 6 0 21/0 
N-TnfluoroacetyL- 

adnamvem >99 103 0059 90  163 04  0163 13 0166 
,'¢-TB fl.0roaCetyl- 

daunomy~'m ~- 99 ! 06 0 056 9 4 1 5g 0 4 0 280 1 5 0 202 
N-Tnflaoroarxtyl- 

adnamyem-I4-valerate AD32 >99  100 0068 79  166 05 0992 28  0258 
N-Bermyladnamycm > 99 l 0i] 0 055; fi 7 1 60 0 8 O 266 5 2 0 245 
N-B©r~zyladnamyc m- 

14-vaLerale ADI91~ > 99 l 07 0 066 7 6 1 47 O 7 0 293 3 7 0 264 

• Several of the ochanol/PBS cocffr.cmt* were reported prevmusLy [22] 
b Fluore.soence da|,~ for Ihe-.~ drugs at 28°c.. have been reported prevtousl~ [19] 



eycltnes =tudted, the hnn tmg  amsotropy was found to 
be the mahdi con!tabu!or to the steady-state amsotropy 

Yalerate s~de chum ~s only a weak modulator of anthra- 
cychne pone!tartan rote the btlaver 

Iodide quenching data at  constant  lame strength 
were obfmned at part  of th~s study m order to evaluate 
the consequences of valerate side chum mcot'poraUon 
on  the penetratton of the anthracyehne fluorophore rata  
elec |roneutral  DMPC and negatively-charged D M P G  
model membranes iodide  has an Immeasurably small 
penetrauon rote the bltayer [32,33] and ~s therefore able 
to &scrmunate  between molecules bound tn the hydro- 
p}uhc surface from those m the hydrophobt~ in toner  of 
a bdayer  The Stem-Volmer equaLmn ~s the classical 
relations!up used to  describe the colhs~on~l quenctung 
process 

F j F  f,~d,rf l + K.IQ I 

where Fo, F and ¢0, ~ are the fluorescence mtenslttes 
a n d  hfctamas m the absgat¢¢ and presence of Q, respec- 
rarely. [Q] represmats the quencher canton!rat tan,  and 
K,~ ~s the colhsmnal or dynamm quenching constant  
wluch equals kq~,o, where kq equals the e~penmental ly  
observed rate  constant  for the colhsaonal quenching 
process 

Iodide quenching stud!us [19] have been used m the 
past  m our  laboratory to examine the relauve Iota!ton 
of several chtomophore-modff~ed anthracyclmes m 
fired-phase D M P C  bdayers a t  2 8 ° C  For  a set of 
~thxacyclmes where the aglycoue p o m o n  of the drug 
molecule was vaned  systemaucal ly (posmons 1 throush 
12 as deptcted m Table  !) while  the a m m o m g a r  poruon 
was held eonstmt, kq values ranging f rom 06 ].0 ~ to 
1 . 2 . 1 0  ~ M - t  s -~ were obtained. Since these kq values 
are much  lagher than the neghg~ble values observed for 
DPH and anthracene embedded m hp~d bdayers  [33,34], 
more mterfamal b ind ing  ~tes  are rod!cared r¢lanve to 
those fa t  hydrocaxbon probes For  these chromophore- 
moth fled anthracyclmes, the more hydrophobtc drugs 
wer~ found to be  b u n e d  the deepest m the D M P C  
bllayer 

Table I summarizes the structures of several anthra-  
¢yehne congeners winch are the subjects of tl'ns s tudy 
Thus tune the aglycone port ion of  the parent  a d n a m y e m  
or daunomyein  has  been held constant,  and  either one 
or both of the following mad!hear tens  have been made  
(1) mcorpurauon of a va[¢rat¢ s~de chum at posuton 14 
and (2) substt tutton of the ammosugar  Table  I I  showo ~ 
that  both of these structural changes have dramaUc 
effects on the aqueous solubthty of  an anthracychne 
molecule For  example, mcorporataon of a valerate stde 
cbam rote adnamycm or N,N-dtmethyladr tamycm m- 
c r e a ~  the og tano l /PBS p a t u u o u  coefhment from val- 
ues of 1 2 to 35 and 1 6 to 67, respectively 
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FI~, Z MOdl[|Cd Stem-Volmer plotg for the ted=de qtzenc~aag und¢~ 
COr~StOJlt zOmc strength of the fol[o0.~mg d~vgb bound to DMPC 
b,lay~rs at 37°C adnamyc'm (O) adnar~.ycm-t4-vaIcrate (o), and 
N tnlIuoroaL.etyladrmmycm (~,) Llptd and drag ¢.onr©ntranoas of 
442 10 -2 M and 5 10 s M re~pecew©ly assayed ef, seAll~lly coln- 
ptete btndmg for each ,Lnalog [19~ F 0 equals the !meal fluorescence 
tmcn~tty F ~lu=ls th© fluorescence lrtlffil$lly In the prese~'e of a 
given lad, de concentratlun (l | - l) and ¢ equals the mteal e.xct~ed state 
hfchmc ColhmonaI ram constant (k~) values w~re oblmned from the 
slopes of these FIoI~ and 11l¢~ vahte~ are summamed tn Table U 
Nolo that both valerale- and ALtnfltlo[oa~l¥]- SttbsUt~lenta d¢cr¢iT.se 

Ihe a~zesslbzhty of the membrane-hotrod fluoxplmrc to zodldc 

The oc tano l /PBS par tmon  coefhctent data  found m 
Table  i I  also display the strong effectg wl~ch at tune 
group substt tutton can have on the aqueous solubdlty of  
an a n t h r a ~ e h n e  A d n a m y c m  vath a pK= of approxi- 
mately g 2 [35], ts a very soluble drug molecule as 
ewdenced by  tts oc tano l /PBS partrtaon co~ffic+¢nt of 
1 2. Lflcewlse, N ,N-d lmethy ladnamycm vnth its par- 
!1ally iomzcd at tune group at pH  7 4 [36], is also grote 
water  soluble wRh a par t !non coefficlen! of  1 6 In 
con~as t  to the hydrcpluhc adnamycm and N,N.dt. 
methyladnamycm congeners, our  data  show that both 
N-tnf lnoroacetyladnamycm and N-benzyladnamycm, 
with 0c tano l /PBS pa ruuon  coefficients m excess of 99, 
axe very. hydrophobte drug molecules The hydrophoblc 
nature of N-mfiuoroace ty ladnamycm ts due to  the re- 
duced state of iomzaUon of i ts  amino group, caused by 
the strong dec t ron  vathdrawmg mducUve effects of the 
N-tnfluoroacetyl  f~'oup The decreased water  ~olubdJty 
of N-benzyladrw.mycm re[at!re to  adnamycm ts thought  
to be due, not  to a decreased pK= value, but  rather  to 
the hydrophobtc character of the benzyl moiety 

Mothfied Stern-Votmer plots, as depicted m Fig. 2, 
were used to dctcrrmne the acc, e~lbtht~es of bound 
fluorophores to membrane- impermeable  lad!de The kq 
values hsted m Table I! allows us to evaluate how 
14-valerate s~de chum substttuUon and  armnmugar  sub- 
stRutaon influence drug penetrat ion rote DMPC hi-  
layers The presence of the hydtophobte  valerale s~d¢ 
~hmn, m general, p r o m o t ~  d ~ r  bday©r pcn~l~aUon 
of the drug molecules For example, adnamycm,  N,N- 
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dtmethyladnamycm, and N-benzyladnamyeln exhtb,t 
kq values IlG ~ M -~ s - t )  of 14, 18, and 08, respe¢- 
twelv, while the corresponding valerate-contmmng ana- 
logs showed vaides of 1 1, 1 l ,  and 0 7. respeetwely 
However, =t ~s clear from kq values winch appear m 
Table II that va[erate subsututton is not nearly as 
strong a modulator of drug location m the bllayer as ts 
attune group substitution Whereas the kq value for 
membrane-bound adnamycm Is only 27% greater than 
that for adnamyem-14-valerate, adnamycla exhibits a 
kq value 250% greater than that for its deep|y-buried, 
amme-subsUtutea:l analog N-tnfIuoroacetyladnamycan 
l;eplacement of the N-tnfluoroacet~l moiety of this 
drug with At. N-d~methyl or N-benzyl motetms results m 
increased k a values of 350% and 100%. respectively 

We have also employed lochde quenching studms 
here 1o examme the relative locanon of drugs bound to 
negau,~ely-charged DMPG bdayers m PBS at 37°C 
The kq values (10 -9 M - t  s - I )  for anthraeychnes 
bound to DMPG bdayers are as follows adnamycm 
(022) adnamyem-14-valerate (0 12). and N-tnfluoro- 

TABLE III 

.4 summa,-) of the eqmlibrmm eJndmg afflnules o 1 ~ a l  amhracFfme 
tong~ntrs for ~hetroneuteal DMPC and negatively churged DMPG bl- 
lavel$ 

As descnbed m Materials and Methods, expenmeats were eondtmted 
m PB$ lxrglcr ncm" phy~zologl~al ¢oIldlllOn$ Or pH,  i=mp=raturo and 
mmc strength The method of fluore.w.ene~ arasotropv htrat loa [18] 
was used to determine the coat.eatrations of free and bound drag 
Ov~all  association CmlStarLff, were delemaned frnm the tlwerse Of the 
slope of a double-re,~,procal plot  unde~ c~ndlr*ons where the 
r.oncentmuor* o f  free bpld wa.~ m great exee.~ over Ihe coacenlr~.llon 
of bound dreg Using binding dala for a minimum or six samples of 
varying bpzd cor~cenlrattvn a hnear-least-squares analysis was used to 
detemune Ihe binding constant from the slope of the plot K values 
are sabJ~l Io uneert.unues of 10~ 

Analog KDMpC KOM ~ S¢le.¢tllqty 
IM -t ) (M -l} ratio 

t Knm~a/ 
Kt . ,~)  

Adnamycm a 200 3400 17 
Daunomvem 1400 9000 6 a 
Adnamycm-14-valerate 12000 8000 0 7 
N N-Dmaethyladnara.,,em = 90 1600 1S 
N Pg-D,methyldaunomyem 450 5000 11 
N/~ -Dan~thyldaun om!, gm- 

14-valeral¢ = 80(10 Ql~O I 1 
N Tnfluoroa~tyl- 

adnatay~.m" 1600 600 04 
N - T o  fluoroaeetvl- 

daunom~on 6000 3000 0 $ 
N-Tnftnoroaeetyladna 

m~/c=n-14-vdlei~lt¢ " 38000 2SO00 O 7 
N-Bera.,/lad n amyca n a 1500 10{1~1 fi 3' 
N-B¢ozyladnamyem- 

14- valexalc j 36000 45000 I 2 

• Binding a fhmnm for  the*,. + analogs have beer, reported elsewhere 
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acetyladnamyem (0 09) Because lodade is a negatively- 
charged quencher, it m of interest to compare quenching 
constants for anthraeyehnes bound to negatively- 
ehatged DMPO bdayers with those for drugs bound to 
eleetroneutral DMPC bflayers The quenetung rate con- 
stunts (10 s M -~ s -1) deterrmned m DMPC bflayers 
are as follows adnamyem (1 4), adnamycm-t4-valerate 
(1 1). N-tnfluoroacetyladnamycm-14-valerate (0 4) For 
each anthracychne studied, our data ,ndieate that 
antl~raeyehnes are slgmftcantly more accessible (from 4- 
to 9-fold) to membrane-impermeable iodide when bound 
to electroneutral DMPC bflayers than when bound to 
negatwely-charge.d DMPG btlayers These results are 
not unexpected since unfavorable charge-charge mterac- 
ttons between negatively-charged lothde and the nega- 
tively-charged DMPG headgroup should reduce the 
quencher's aecesstbJht=es to the binding sites of the drug 
molecules As was observed for anthraeyehnes bound to 
DMPC bllayecs, accesstbtht=es of lothde m anthraeyc- 
line fluorophores bound to DMPG membranes de- 
creased m the following order adnamycan > adnamy- 
cm-14-valcrate > N-tnfluoroaeetyladnamyom-14-valexate 

In summary, dos report  documents the following 
eoncermng anthracychne drug structure' (1) valerate 
substitution in general promotes shghtly deeper mem- 
brane penetration of the fluorophore, and (2) amano 
group substitution strongly modulates the depth of tluo- 
rophore penetration, with drug molecules with nonbasm 
moletaes such as N-tnfluc¢oacetyl groups buried the 
deepest. 

lncorporatfon of a oalerate side chain strongly modulates 
the tFpe and ertent of phosphohptd binding b) antheaeye- 
lines 

Membrane aherattons are known to be important 
morphologoeal features of adnamycm cardlotoxacRy, and 
the formation of stable complexes be tw~n posattvely- 
charged drug molecules and negatively-charged phos- 
phohptds, such as cardtohpm, are thought to play a key 
role m the disturbance of cardiac tmtochondnal func- 
tion [10-12] Thus it as of interest to understand how 
structural changes m the anthraeyelme molecule mod- 
ulate binding selectmty for vanous types of headgroups 
In this report we have used the previously developed 
method of fluorescence amsotropy tRraUon to study the 
effect of 14-valerate subsbtutton on anthracyehne afire- 
rues for negauvely-charged DMPG and electroneutral 
DMPC vesicles Both DMPC and DMPG btlayers ate 
fluid-phase at 37=C Comparison o[ the DMPC and 
DMPG binding data presented m Table II allows us to 
evaluate the manner m wlueh the selectl~ttes of 
adnamycm and daunomycm for negauvelb,-ehatged 
phosphohplds are modulated by 14-valerate s,de chain 
incorporation as well as an'nno group substitution 

Table 111 summarizes the cqmhbnum binding affara- 
hes of several anthracyohne congeners for the two types 



of bflayers Of the vanous amino group modlficaUons 
studied (parent, N-tnfluoroacetyl, N-bcnz)l, N,N-di- 
methylL the N-tnfluornacetvl moiety was found to pro~ 
mote DMPG binding to the least extent N-Trffluoro- 
acetyl denvanves, which are uncharged at pH 7 a are 
not expected to be attracted electrostatleally to nega- 
tively-charged phosphohptds, and tins norton ~s corrob- 
orated by the very low KDrapo/Kompc se!ectl,,lty ratios 
exhibited by N-tnfluoroacetyladnamycm and N-tnfluo- 
roacetyldaunomycln In contrast, positively-charged 
anthracyehnes such as adnamycm, daunomycln, N,N- 
dimethyladnamycm, N,N-dimethytdaunom~cm. and 
N-bmazyladnamycm all display strong binding prefer- 
ences for the negatively-charged DMPG bdayers 
(KDMI, G/KDMpC values of 17, 64, 18, 1l and 67. 
respecuvely) 

Incorporation of the hydrophoblc valerate sLde chain, 
winch decreases the water solubLhty of an anthrae~hne 
molecule conaderably (see Table II), ts found not unex- 
pectedly m Table III to promote drug bmdmg to both 
negatwely-charged as well as electroneutral membranes 
The meanbraI~ affmaUes of AD32 and AD19B are im- 
pressively high For example, in prewous work wt. de- 
tertmned the conseq,,enees of remowng the polar 
ammosugar portion of the anthracyclme molecule on 
membrane binding, the resultant 7-deoxyaatmomycln- 
one molecule displayed K values of approx I0000 
M - i  [lg], values stgmficantly less than those for AD32 
and AD19g The KDM[, G and KDMr~" valUeS of 45000 
M - t  and 36(I00 M -1 for AD198 make this agent tl=e 
most avid binder of membranes m the anthracyclme 
family to yet be tdentthed [18~20] 

Another striking feature in our data Js the finding 
that valerate side chain substitution can completely 
eliminate the high levels of preferentml binding winch 
positively-charged parent anthracychnes (e g, adnamy- 
em, daunomyem, N,N-dtmethyladnamycln, N,N-di- 
methyldaunomycm, N-benzyladnamycm) exlnblt for 
negattvely.-chaxged DMPG bfla2#ers over DMPC ui- 
layers This trend Is exemphlied by the 24-fold reduc- 
tion In KDMI, G/KDMPC selectivity ratio which occurs 
for the adnamycm molecule upon mcorporation of the 
valerate side chain It thus appears that 14-O-acyl sub- 
smutlon may prove to be a useful synthetic modtflCa- 
tlon m prevenung the setectave accumulation of posi- 
tively-charged anthraeyclmes in ussues or membrane 
domains rich in negatively-charged hpid 

Cen¢lusion 

In this report we have used small umlamellar phns- 
phohp~d vesicles to serve as models m order to de- 
terrmne whdt special membrane properties are imparted 
to an anthraeyehne drug molecule through valerate side 
chain mcorporaUon Concermng this topic, our studies 
have successfully identified three consequences of 
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valerate side chain mcorporauon (1) furth~.r hindrance 
of the rotat~on~ experienced by a bound drug molecule, 
~2) enhancement of the depth of membrane penetration 
of the fluorescent aglycone portion of an anthraevchne 
molecule (an effect which is only shght relative to the 
large changes observable through amino group subsUtu- 
non). and (3) promotion of binding afflmttes for both 
electroneutral and aega.,.ely-charged phosphohpids, 
with an essentially complete loss of the high levels of 
the preferential binding of posRlvely-charged anthra- 
~,ychne congeners for negatively-charged membranes 

Having achaeved a reasonable level of understanding 
of the manner m which valerate side ehmn incorpora- 
tion modulate~ drug mteraettons wtth hpo~mes, t t ts  of 
mtere.st to exdmlne the posslbthty that some of the 
umque btolo~¢al featnres of valerate-contammg drugs 
like AD32 and AD198 may be based upon thmr unusual 
membrane prop*riles relative to adnamymn Like Its 
parent analog adriamy~.m. AD32 has been shown to 
display significant activity against human disease, how- 
ever, m contradlstmt, tion to adnamycm, no paltent 
treated with AD32 erdalbtted chmcal or electrocardto- 
grapYmc evidence of cardiac dysfunction, ,.vtth the ab- 
sence of cal~atae dysfunction confirmed by endom3c,:'ar- 
dial biopsies [23] Since the formation of stable drug- 
¢ardl0hpt~t ¢0mplexes is thought to promote drug locah- 
zatton m cardaac tlgsue, AO32"s lack of preferenual 
drug binding to negatively-charged phosphohptds docu- 
mented tn tkts report (KDMPGJKDMPC value Of 07, 
compared to a value of 17 for adnamycm) offers a 
potentml explanation for the drug's lack of cardlotoxtc- 
try 

ADI98 Is another example of a valerate~ontoanmg 
amhracyehne which has dlstangmshed itself m direct 
experimental comparisons with adnamyem Israel ¢t al 
[23] have shown that exposure of human-drayed CEM 
lymph0fytes m vitro to 5 ~tM AD198 for 3 h results m a 
gross ehang~ in cellular morphology, with degeneration 
of the plasma membrane and cell death Exposure of 
cells to the same levels of either adrtamyem or N-tnflu- 
oroacetyladnamycm, even for a longer time, does not 
produce a similar effeel The authors speculate that the 
compound's high membrane-acUve properties may offer 
a potcnUal explanatt0n for the lack of cross-resmlanCc 
seen wtth AD198 aga,nst various adrmmycm-r~stant 
and muluple drug-resistant tumor cell hnm [37,38] This 
report documents that ADI98 is far and away the most 
impressive binder of phosph0hplds in the amhracyclme 
fanuly yet to be identified Aoeordmgty, we conclude 
that exceptionally lugh drug concentrations present in 
plasma membranes may, at least in purl  account for the 
umque effects of ADI9g on tumor cell surfaces 
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