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‘1�hit� bindilig tif the drug tiuinacnine to its bitlnect’pttlr, 1)NA, was studied by optical miut’thods.

Bindilig tif tluinat’nint’ to duplex calf fhynius I)INA j)nOdtlced bathutichunonuic shifts in the
abstinptitlli 51)(�ctnIlfli tif thud drug, imidicating fhie bindimig of silugl(’ drug niole(’ult’s rather than
(If diniers or aggrt’gat(’s. l�’sults of a spectrophuotoniefnic titration of tluinacnimue withu DNA
��t’rt’ t’omuventt’d imitti a Iionlin(’an adsorption isothennu (Scatchand j)ltit) whose (‘unvatune sug-

gt’sts that thit’ drug binds to mtlne than tint’ class of binding sites by nutlnt’ than omit’ I)r(i(�ess.

St rt ng binding ��it Ii ami ill panemit asstxiatit in (‘t)mistallf (if I .2 X I 01 �l aIld a stoi(’hi(inuetny

tif I drug nuolt’cult’; --.4 nutletitidt’s is ascnibt’d to the kiitiwmu inter(’alafi(in ()i� tht’ (mug into

1)NA. A wt’akt’n j)l(i(’t’SS, with an ap�)an(’nt asstIciatitill ctinstamit of 4.6 X 10� �i’ and a

St ( iit’liit )l’fl(’t rv t if 1 (mug lilt ilt’t’ult’-- 3 muu(’lt’ot ides, nutty i’epnt’st’nt a peniphut’nal electrostatic

attractitin ttl l)h1(iSI)littt(’S (If I)NA. liutlnonuetnic titratitln (If (lUiIia(’nilut’ with DNA. at lo�v
intlnganit’ 1(111 t’(Iiu(’(’ntlIltitimis shio�vt’d �)rtigreSsivt’ (�Il(’n(’hung of fluonescemire until a drug to

IlUclt’t)tid(’ ratitl (i) tif 0.22 ��IIS attaimu(’d. \Vhiemi titration with DNA was ctimitinut’tl beyond

this point , fiat Irest’t’mi(’t’ in(’rt’ast’d and tlltifliatt’ly attained a I)lateau sinuilar to that tti �vluich

flit’ fiuonest’t’iit’e of tht’ (mug (let’nt’as(’d in titrations at highut’r salt c(IIi(’emitnatitins. Poly
(L� . (l’[� stromigl�� t’nhuan(’t’(l flit’ fiutirt’sct’iu’e of tjuinacnine, whiilt’ polv d( ‘ d(� t1ut’nchut’d it.

(�uimiat’nimit’ (hiSj)lat’t’(I 97.2 � If I )N�\.-btiumid nit’thiyl gmt’(’mi at rates huighier thiaii tht �se caused

by amuuiin IIt(’Fi(hilI(’S ��hit’li (hi(1 lit It j)055t�55 (‘ati( IIil(’ aliphuatic side chuaimis. Dt’pt’nding upt 111 the
t.t Il1(’(’Iitrtttit)Il t If frt’t’ tjuimlat’I’in(’, tht’ (hispla(’t’Iilemlt I if nit’thiyl greta ��as t’ithit’r first- or

St’t(Iml(l-on(It’r with finit’. I)uplt’x amid Simuglt’-stnali(h’d 1)N_As induict’d (‘ott on t’tit’t’ts imu the

Ol)ti(’ill rtitattirv dispt’nsit Ill spt’t’I i’uni (If tht’ (mug, stlggcstimig that flit’ 9-mnuint I ga Ill!) 111 the
n-It Ilt’t’tll(’ is i�ivt ilved in jut (‘I�(’alat it 111 bindimig. (�uimuacnint’ sfabilize(i nat ivt’ I)N �\. t t i t ht’rmal

(1( ‘mUtt unat i imi ali(l ft irmUt ‘tl a (‘I Inil)l( x wit Ii dt’nat mired I)N ,-\. �vhiichi t h ‘rnial lv (hiss(itiat (‘(I in a
t’(Itipt’rativ(’ �uuannt’r.

INTROI)lCTION (2, 3). lt alsti ilihiibits 1)NA bittsyimtlu’sis in

‘l�’hit’ antinialanial (mug quimnu’nimlt’ (�\tt’- LSc11(�1’ie1,ia coli (4) ami(l thit’ 1)N�\_ aIl(l 1�NA_
bnin ) ( I ) t iwt’s it s at’tion aS a bit It It! st’hizt iluft t- 1)0lY1iit’I�it5(’ rt’at’fmomus i ii iititi (.)) . (�uimiacnine

t’i(Ie t (I its tihilitv to imihiibit 1lU(’l(’iC aCi(l �S a ��t’ak framiueshift miuutagt’ii (b) but a

hit ISVI1t ht’st’s in iI1tI��it’I’\thlI� (‘Vt it’ j)lasfl1)dia l)otellt amitiniutagemi in b�a’tt’nia (7) , and
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eliminates episomic genetic markers from
E. coli (8). The drug has attracted much
attention as a vital fluorescent staiuu of

chromosomes (9) witlu sp(’cificity for A-T-
rich regions of DNA (10, 1 1 ). These (‘hemo-

� therapeutic, antimicrobial, biochemical, ge-

- netic, and tinctonial effects result from the
� fonmatiolu of complexes of quimiacnimue with

DNA.

Quinacnine cosediments with DNA and,
at higher concentrations, precipitates it in
the form of yellow strands (12) ; this provides

simple and direct evidence for flue formation
of DNA-drug complexes. The absorption
spectrum of qurnacnine is altered by DNA

- (5, 12, 13), but no exact spect-rophotomefnic
t-itnations have been reported which have lent-

themselves to the derivation of stoichiom-
etnies and apparent association constants.
Binding of quinacnine imicreases the vis-

cosity and reduces the sedimentation rate of

DNA. The hydrolysis of the polymer with

deoxynibonuclease is inhibited by the drug
and it displaces methyl green from DNA
(12). In a classical study Lenman (14) used

quinacnine to demonstrate intercalat ion
binding of acridines to DNA by measuring
the linear dichnoism and f-he polarized

fluorescence of the DNA-drug complex.
Duplex and single-stranded DNAs imuduce
different ultraviolet Cot-ton effects in the

ORD spectrum of DL-quinacnine (13).

The present work was undentakemu as a
definitive study of DNA-quinacnine corn-

l)leXes by optical methods.

MATERIALS ANI) METHODS

DL-Quinacnine was purchased from

Winthrop Laboratories a-s the dihydno-

chloride dihydnate. Calf thyrnus DNA was

obtained from Worthington Biochemical

Corporation ; poly dA . dT, from General

Biochemicals; polv dG #{149}dC,from Miles

Laboratories ; and f-he DNA-methyl green
complex, from Sigma Cluemical Company.

DNA was nendert’d single-stranded as de-
scnibed previously (15) or denatured by
boiling for 10 miii, followed by rapid cooling
in an ice bath. All experiments, except for
those shown in lig. 7, were carried out in
5 mM Tnis-HC1 buffer, pH 7.5. Optical
paths were 10 mm.

Absorption spectra were recorded Iii a

Carv mtidt’l 1 4 Sp(’(’tntiphtitoni(’tt’n; ( )ItD

spectra, in a ,JASC() ()RI)- [TV-S spectro-

9olaninut’ten ; t hut’nnial (lt’Iiat (mat �t 1mm i)It tuilt’s
(‘‘melting (‘urves”), in a Gilftind Iuuod’l 2()0O

sheet nophut)t init’t en jnt ignanu nit’(l ft �n nut t -

niatic r(’ct)rding of tt’nipt’naturt’ muldi ab-

sonbaiuct’ ; and flut Int’Sct’nc(’ enuissit Iii spt’(’t nti,
in an Amincti-Bowman specf n Iphut itt Mw �n rn-

et(’r t’t�uipp(’d with mu high-pressure xenomi

arc lamp, mimi ellipsoidal colidt’misilig nuinnor
amid a I P21 phuottirnultiplien deft’cttlr tube.

Methyl green displacememut was mt’asurt’(l in

the Cany model 14 instrurnemut, amid tlit’ neac-
tion mixtures were kept lIi flit’ clank t’x(’t’pt
for illuminatitin at 642 urn during pt’nitidic
specfrtiphottinit’tnic measurements. The ad-

sorption isotherm (Fig. 2) was derived by
established niethods amid l)niliciPles (16, 17).

I�or tht’ d(’nivatit)Ii tif binding panaluut’fens,

tangemits to this isotht’rnu � fitted

anifhmt’ticallv to the regiomu of eight PtiiIItS

with highest valut’s of drug fti nut!’lt’ofide

ratio (r) as well as tO that cornpose(l ttf the
five Points ivitlu Itiwest values tlf r.

RESULTS

Effects of D�\�4 oit- absorption s/)ecIru)1l (if

q-uinacnine. Diagrams depicting DN A-in-

duced chamiges iii flit’ absorption spectrunu of

(luimuacnimut’ (5, 12, 13, 15) at individual drug
to nucleofide ratios havt’ shiowmu that DNA

decreases the int(’Iusities of the quillacnimue

absorption bamids amid shifts their nuaxima

to loligt’n wav(’l(’ngfhs. Figure 1 dt’pitts a

family of such spt’ctna of 89 p�i (luiliacnine

alomue tin in flit’ pnt’s(’nce (If fllufiv(’ (‘iilf
fhymus DNA at drug to nucleotide nafitis of

1.5(1, 0.42, amud 0.06. With increasing I)NA
concentratiomis, flit’ ilutelusifit’s of flue ((Lull-

acnimie absorption bamids (lecnt’as(’d and
showed progressivt’ bat luochnonuic shift s. All
spect na pass(’dl through discrete isosbt ‘stie

P0imifs (at 322 and 455 nnu), indicating the

Prest’nct’ (if only t \Vt) spectrophuotonief nitahly
disfimict molecular spt’cies (1 6), free tiuin-
acnine and I)NA-bt tumid quiiiac’nine.

The bathutichuntiniic shuifts (if thut’ absonpf ion

ba-muds of the drug suggt’st that single quiii-

acnimit� niolt’cult’s are boulid tti DNA.. rather

thiamu aggregates (18). \Vhut’Iu stihitions tif

q�uI1a(’nin(’ tulomit’ wt’i.t’ pm�)gnt’ssiv( ‘ly di Ituf t’d
from 0.1 nuii, nofl(’ of thut’se dilutitins cx-

hibited bathuochuroniic shifts, indit’ating flint
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FIG. 1. Effects of native (a/f /hymus DNA on absorption spectrum of quinacrine

�, quinacrimue, 89 /2M, plus DNA phosphorus (- - -, 57 � �--, 210 tiM; , 1.6 mM).

over f-lie concentration range used in the
present- studies, quinacnine forms no aggre-

gates, umulike metachromatic dyes, which
have a tendency to self-aggregation and also

bimud fo DNA as aggregates (18). The DNA-
induced changes in absorption spectrum of

(luinacnine are not base-specific : they are
similar for DNA, POIY dG . dC, and poly
dA#{149}dT (5, 11).

These spectrographic observations mdi-
cate that- the DNA-quina-cnine interaction

satisfies all muecessary requirements for a

spectrophotometnic titration of the drug
with DNA (16). We carried out such a fitra-
tion.

Adsorption isotherm for binding of quin-

acrine to DXA. Results of a spect-nophot-o-

metric titration of quinacnine (89 �r�m) with

graded concentrations of calf thymus DNA
were comiverted to the adsorption isotherm

showmu iii Fig. 2. Assuming an independent

binding site model, in which the partial

population of binding sites by ligand mole-
cules does hOt chamuge the binding properties
of st-ill vacant sites, the curvature of the ad-

sorption isofhenm indicates the existence of

more than omue class of binding sites in DNA
to wluich (fuinacrnue becomes bound by more

than one process (16). It is coiuventional to
consider stich a nonliiuean adsorption iso-

therm the result of only two binding pnoc-
esses iluvolvimig two corresponding classes of

binding sites (16). Accordingly the curve
(Fig. 2) was extrapolated to the axes of the

coordinate system for the regions of the
highest and lowest values of i’ (drug mole-

cules bound per constituent nucleotide) ; the
two corresponding stoichiometnies were
obtained from the intercepts of the two tan-
gents with the abscissa, and the apparent
association constants were derived from the
intercept-s with the ordinate (16).

By the stronger of the two processes, 1
molecule of quinacnine was bound per 4
nucleotides, i.e., per two base pairs, with an
apparent association constant of 1 .2 X
106 M�1. Since quinacnine is known to inter-

calate into DNA (14) and maximal inter-
calation has been postulated to occur
adjacent to every 2.2nd base pair (19), the

strong binding of (luinacnine to double-
stranded calf thymus DNA can be at-
tributed to intercalation. From less exacting
spectrophotometnic measurements, the st-oi-
chiometry of total binding of quinacnine to
DNA had been estimated to amount to 1

drug molecule/4 nucleotides (12).

By f-he weaker of the two processes, 1

molecule of quinacnine was additionally
bound per 3 constituent nucleotides of

DI�’A, with an apparent association con-
stant of 4.6 X l0� ir�’. Electrostatic forces
have been implicated in the weaker binding
process of aminoacnidines to DNA in general
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FIG. 2. Adsorption isotherm for binding (if qvinacriile to DXA

r is the number of drug nuolecules bound per nucleotide, and c is the concentration of unbound quin-

acrine. The quantities r and c were derived as described previously (16) from opti(’al demisities, obtained
with increasing concentrations of l)NA, for the maxinua (if the nuost intense visible absorption band of
quinacrine. The optical density for the completely bound dye was obtained by extrapolatitin to zero of a
double-reciprocal plot of optical densities with respect to polymer concentrations.

(16), and also may be responsible for the
weak binding of quinacnine.

The maximal equilibrium binding of
quinacnine by both processes hence has a
stoichiometry of 7 quinacrine molecules/12
nucleotides, or r = 0.58, as show-n in Fig. 2.

Displacenwnt of methyl green from DNA

by quinacrine. Methyl green, a tniphenyl-

methane dye, forms a stable complex with
DNA with a stoichiometry of 1 dye mole-
cule/l 3 nucleotides (20). When methyl green

becomes dissociated from DNA, the liber-
ated dye undergoes a spontaneous molecular
rearrangement with attending loss of color.
This makes it possible to determine the dis-
placement of the dye from DNA by measun-
ing spect-rophotometnically the decrease in

absorbance at 642 nm (Table 1).
Displacement of methyl greemi from DNA

by quinacnine had been observed at an

arbitrary end point of 18 hr (12). We have
developed methyl green displacement into a

quantitative met-hod (21) which determines
both the kinetics of the displacement neac-
tion and the true end point beyond which no

further displacement occurs. Quinacnimie, at
a molar concentration 2. � times in excess of
that of DNA-bound methyl green, displaced
97.2 % of the dye; this required incubation

TABLE 1

Displacement of methyl green front its cant ptex

wi/h calf thym-us DXA by quinacriiit- and

rclate(l compounds

Compounds were present at 50 ,�im, and nuethyl
green at 18.8 pM, bound to DNA at 245 i�il nuono-

nucleotide.

Compound First-
order
rate

Second
order
rate

End
point

(methyl
Con- COT)- green

stant stant dis-
placed)

hr’ .i1’ %
‘Zr-’

Quinacrine 0.52 13290 97.2

9-Methylaniino-3-chloro-
7-nuethoxyacridine (1.11 2805 85.5

1-Diethylamino-4-

anuinopentane 0.01 221 23.3

Proflavine 0.23 5610 92.5

Acridine orange 0.03 738 38.5

at room teml)eratune of the DNA-methyl
green-quinacnine mixture for several clays.

The kinetic course of flue reaction was first-

order with time during the initial 2 hr, i.e.,
as long as free quinacrine was presemit imu

excess. Thereafter the reaction changed to
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Fin. 3. Firs/-order (1st) an(l .SeC011(l-Or(ler (2nd) kinetics for displa-centent of -methyl green from i/s coin-

�l(X ut/It l).VA by quinaerin(-

(1 immitial (‘t)ncemitrat-ion (if J)NA-bound methyl greemi (18.8 .ti�i ; b = initial concentrations tif quin-

a(’rimie (50�it, standard cont’entration of quinacrine; 100iM, high; 25jzM, low); c = concentration of the

amnI)Immlt (If methyl green which remiuained bound to i)NA. On the ordinate absorbance is plotted for first-

order kinetics, and c,/(b - a + e), for second-order kinetics.

se(’(In(i-tlrden kinetics, iii whichu the rate dt’-

I)(’titit’d upon the nt’niainiiig coiicemutnatiomis
of both free quinacnine amid DNA-bound

metluvl green. At a 5-fold molar excess of

dlulilitucnimie flue displacememit reactiomu was
finsf-onth’n with time during its measured

etiurse t If 4 hun, while at I .25-fold molar excess

secon(l-(irder kinetics was observed from the
bt’ginmuing of the reaction. These different-

courses of the displacenuent reaction are
shuo�vn in Fig. 3.

( )ven the 4-hr (‘xpt’nirn(’Iutal l)enitid the

absonbalice of a DNA-methyl green solution
did not chaiuge, while free methyl green
decayed in a first-order nea(’tion whose rate
was greaten than that- of flit’ decline of flue
abstirbanee t)f the DNA complex during

displacenient of m(’thyl greemi by quinacnine.

Hence the decay tif fret’ metluvl green was
iutit a nate-limiting pnoct’ss in flue measure-

nut’nt (If dye displact’meiuf fnonu DNA.
Tlut’ fransititimu from first- to second-order

kint’fit’s �if� nuod(’nat(’ nuolar excess (2.3-fold)

of free diuimuacnine oven bound methyl green

may be explained by the following con-
sidenations. The stoichiometry of binding of

methyl green to DNA is 0.077 dye molecule/

nucleotide (20), while that for quinacnine,
reported here, is 0. 25 molecule/nucleot-ide

for the strong bindimig Process. It- follows

f-hat more quinacnine binds to DNA than the
number of methyl green molecules displaced
by the drug. This sf-oichiometnic excess of
biluding of (luimiacnine to DNA reduced the
concentration of free drug to the extent f-hat

after 2 hr it became one of the two rate-
limiting factors, the second one being the
remaining concentration of bound methyl

green.

Spectropliotofluoronietric t itrat bit- of q u in -

aeri-ne with DNA . Fluoromet-nic titnations of

quinacnine with various D?’�As at inorganic

salt concentrations of approximately 0. 1 �i

showed a progressive, nonlinear decline in
fluorescence intensity at- 494 nm wit-h in-

creasing DNA conct’mutrat-ions (10, 1 1). The
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fluorescence of aminoacnidimies, in general, is

qu(’nched by I)NA (16) ; for quinacnimie, the
extemit of quenching is a function of the
G-C comutent of f-he DNA ,spt’cies used (10).

Expeni menfs wit h synt het it’ po1ydeox�nib�-
miucleotides have shiowmi that- poly d1� . dT
(10) and l�#{176}1Yd(A-T) (I I ) enhance the

fluorescence of the drug while poly d(G-C)
quenches it (1 1). It has been t’sfimated that

at least four adjact’mut A-T pains are n(’t’ded

to eluhance the flu in(’sc(’nc(’ of intt’ncalaf t’d

quinacnint’ (11).
\Ve have nepnoduc(’d fluort imet nc t if nil -

tiOlis of (Iuinacnirlt’ with DNA at high salt
concentrations (0.2 �i) with results (riot

shown) sinnian tt) those of other workers ( 10,

1 1). However, �vht’n such fitrations wt’ne

carried Oult iii 3 nut Tnis-HC1, a difft’rt’mit

titration curve � tibtairied (F’ig. 4). At

lo�ven concentrations of added DNA the

fluorescence intensity of quinacnimu’ st et’ply

declined, until a drug to nion(irlucl(’otide

ratio of r = 0.22 was attaint’d ; upon further

addition of DNA the fluorescence of quin-

acnine incneas(’d and ev(’ntually approached

a l)lateau similar to that attaint’d from higher

fluonescemice intensit it’s in t it nations at 20-40
times higher inorganic salt- corict’ntnations.

Ulider our low iomiic conditions the duplex

polymer poly dA . cIT (‘nhan(’ed the fluores-
Celic(’ (If (luinaenint’ 5-fold (F�ig. 5) ; the saint’

polymer also imicneas(’s the fluonescemuct’ (if the

drug in 0. 1 ii so(lium phtisphatt’ (10). \\(‘

have shown ftir tli(’ first time that poiv

d(. . d(1 t�uencht’d the fluont’scemict’ of qui�i-

acnmrl(’ (Fig. 5) ; similar results at high salt

c( inct’mif rat 1( ills luav(’ been nt’pt Int (‘d ft in p Ily

d(G-C) (1 1). Our results an(l fhtise of of liens

( 10, 1 1 ) t’tnivt’ngc on the t’tinclusion that the

i�neserice of guanirit’ in syrithit’fic duplex
polydt’(Ixvliuclt’tifi(les, as usd1 as in I)NA
itself, is nt’sponsiblt’ ftin the observ(’d

quemichuing. Based ui�tin flue postulate ( I I
that t he fiuort’scence-enhuamit’ing site 111 1)N A
is an A-T quadnuplt’f , it is readily apparent
thuat tht’ fnt’tjut’micv of this sequt’micc �vi1I he

lt’ss flaIl I � of all possibit’ (luadnui)I(’ts
( disregarding differemict’s bet �veen A-T tumid
T-A pains), tluaf for any natural DNA the

number tif qut’nthing sit(’s �vi1l lu’Iiet’ be in

gross t’xt’t’ss tiven the ntimbt’n of t’nhancing
sit(’S, tlli(l flint all I)NAs ��i11 produce net

quelithiirig ( if quiria(’nine fiu In(’s(’(’IIc(’ in a

hiornogellt’tius li((tIid phiast’.

D,V11 -in(lu(’e(l Cotton effects -in OR!) spec-

tn-ti in of qu inacrine. liii’ i)nel)armitioli of nI�-

quinacnint’ uc� -�(‘(1 111 tam �vtink did not exhibit

aliomal(Ius (Iptical n( Itttti()n which nuight
have bet’n assO(’iatt’d \vi t Ii the asvrnmet neal

carbon atom (if the isobutvlanuino side (‘haiti.

\Vhile the ptIssibilitv was not expenimt’ntally

excluded that for nact’mi(’ quina(’niIl(’, a-sso-

ciatt’d (�Itfomi t’ff(’(.ts of t)l)l)tlsitt’ signs might

have canc(’ll(’d each tifhut’r tint . our pnt’vious
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FIG. 5. Effects of D�YA (top spectra), of poty
(/,4 . �J7’ (bot/out spec/ru, brokell hues) an(l (if poly

(1G. (l(’ (bo/toiii .Spectr(1 , .Soli(l tines) on fluorescence

(‘111 i14S�OIt spec/ru-in (if quin(lerille (Q)

Concentrations: 20 .LM quinacrine; 22 Mium

104) .a�i ( ), and 2.7 inst (- -- -) DNA phos-

phorus; and 120 � synthetic poly-nuers. Itelative

excitation slit width for the experiment-s with

I)NA and p(ilv dGdC was 1.35; for poly dA#{149}dT,

0.4; the emission slit was set. at 1.0.

studit’s with 1)-(’hilonti(luillt’ (15) showed that
this t’nanfionit’n, whuit’hu is analogous to D-

((uinacnine, does tiot- t’xliibit- an a-ss(iciated
(‘lItton t’fTt’ct. \�e assunie, fhueneftire, that the

a unIt tgt tusly i )Osif iomi(’d asvnumef rica! carbomi

at t mu cit I ‘5 lIt It caust ‘ as\’ Iiuliut’t nit’al pent-urba-

t i(ilis ili the elecfn(In (histnibutitin of the

tiuinohine anti acni(lirl(’ (‘hr(Init)i)llon(’s.
I)NA imu(iut’(’s an(iniali(’s imu the ORD

�P�’�’t Itt ()f several arnimi(ia(’nidimi(’s (22-26)
stichu imiduct’d (1otttin (‘fleets �I�l the ultra-

vitilef O1�.l) siit’(’tnulii of t(uillacnilit’ htuve

bt�’ti illustrated by us in a j)nehiniimmary (‘oIfl-

muiunic’atioii ( 15). 1igur’(’ (‘I (i(’l)i(’ts a t(inil)lt’te

nt’(’tirdimig of (‘(ittOIl t’fft’t’fs in(hlt’ed in flue

( )lii) sl)(’(’tnuIn of (lI.iiliilc’nint’ by (it)Ilbl(’-
st ranched an(i singlt’-stnandecl 1)NAs.

l)ouble-helieal 1)�NA at i - 0. 1 1 , at which

nt’anlv all t(UillaCniIit’ is houmid by intencala-
f-ion (l�ig. 2) , intiut’t’d multiple Cotton

effects ‘Ii the ORD spectrum tif the drug by
nendenimig optically active two I)ninciPal
electronic transit-ions (423-450 nnu) and,

most- strongly, that at 333 nm, which is

rt’sponsible for a minor peak in the absonp-
tion spectrum of the drug (Fig. 1). In con-
frasf, single-stranded DNA induced a single

hosifive Cotton (‘ff(’Ct of smaller molecular
amplitude by rendering oj)tically active the

transition at 345 mini (Figs. 1 and 6).
Influence of q-uinac-r-i-ne (ii!- thermal de-

tiaturation profile (“melting ciii�’e”) of D_VA.
Aminoacnidines share the group Pnol)ertY of

stabilizing double-helical DNA to thermal

denaturation (16). As expe(’ted, thuenefore,

tiuinacnine shifted thie thermal denafunation

profile tif calf fhuymus DNA to higher tem-

Peratune. At- 2 � the drug caused a change
ill melting temp(’natune (ATm) of +8#{176}in

approximately 70 j.�u DNA (comucentnat-ion

with respect to mononucheotides). \Ve have
not eXjMiIide(l this result at r - 0.029 to
measur(’m(’muts at other drug to miucleotide
ratios; a-f- this value tif r muearlv all the

juinacnine l)neselif will huave been boumid to
DNA by intercalation at- ro�im temperature

(Fig. 2).
-\v(’ (‘Xpl(int’d the behiavion (If a (‘oliiplex of

ciuiruacnine with heat-dt’naturecl DNA in a
temperature gradient (Fig. 7). Denatured
DNA alone typically SlitiLVt’d a slight, non-

cooperative increase in absorbance at 260

rim when heated from room f(’mperatune to
930, while the complt’x of this DNA with

((uinacnine t’xhibifed above 45#{176}a large in-

crt’ast’ in absorbance, whichu occurred over a

nanr(iwer fenipenat tine range. Thit’ absonbance

at 260 nm at- 93#{176}could be accounted for by

the arithmetic SUfli of c(int-nibutions fnoin flue
absonbance increase of denat tired DNA
tuIOIi( plus the hyperclunonuic comufnibutiomi of
quina(’nint’ itself Ui)t)fl ifs liberation froni the

coml)lex. \Ve infer flint- clemuatuned DNA
forms a ctiml)l(’x with t�uinacnine, which is

dissociated by heat in a ctiopenafive nitunnen.

I)ISCUSSION

‘fhie bimiding t-�f thit’ drug quina-cnint’ tti its

bioreceptor, DNA, was studied by optical

methods. Although a partial adsorption iso-
therm for flue bimiding tif quinacnimue to calf
thvmus DNA had bet’n i)rt’sented earlier for
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c’oml)anisori w-ifhu stichi eunvt’s for tIther

amintiacnidines (27), \V(’ r(’port for the first-

time miumenical values of stoichiometnies

and asst )ciat it)Ii constant s ft in intenealat ive

and pt’niplut’nal binding of the drug to I)NA.
The reasomus uvhiy intercahatiomi of quinacnine,

like that- of proflavine (IS) on chionoquine

(28), is limited to I drug moIecule/�’4

nucleof ides remain unknown. Cairns (19)

has suggested that- this intercalation stoi-

chiometnv n(’sults from comiditions under
which (iIilV (‘vt’rv 2.2nd intercalation slot in
DNA is available ftir �)liysical o(’cupancy.

The clt’tenniinanfs of this exclusion I)nimic’iPle
await stu(iV.

(1hiarigt’s iii flu’ absorption sp(’ctnum of

quinacnirue Dl)(ili bimuding tti DNA, which we

used as an tiptical indicator Ili titration
(‘xpt’ninut’Iits, tint’ not- bast’-specific (3, 1 1).
In this respect the drug differs from chlono-

(luine (3) tin ((liinimi(’ (29), for which the iii-

tensitv of major absorption bands is prefer-
enf-ially decreased by j)t)lyriucl(’otidt’s which

contain guanimie.

Aminoacnidimies do, however, exhibit base

sI)t’cificitit’s ill their bimuding to DNA by of hen
indications. The �Tm values caused by pro-

flavine imi flit’ melting cunv(’s (If DNAs of

30 50 70 90
T(#{176}C)

FIG. 7. .lfei/i-ng profiles ill 20 ntir KG! (if /her-

mally dena/ure(l (dii) D.VA in the absence and

presence of quinaeriile, and melting profile of

native (it.) DNA

Concentrations: (.1:3 �4M l)NA phosphorus �tiid

31.5 jzil quinacrine.

QUINACRINE-I)NA LN’I’EItA(IIONS
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di fft’nt’nf l ase t’t Inii)( Isit it 1115 III’t’ II funcf iOIi 1 tf

t lit’ ,)� -r#{231}IIitt’tit (if these �;tilymt’ms (30) , arid,

as ft tn tluitla(’nilit, flit’ flutint’sct’ntt’ t if D�Ni\-
h)t 1011(1 :�, 6-diamint i-9-nuef hylat’niciinium

(‘hiltini(ie (31 ) tin jrtiflavimit’ (32) is tiuenchued

as a funct it ID t if t hut’ (� - -(‘ t’t mt (‘lit t if 1)�N�-\s.

1’tirt�uiiitu’nimit’ \vt’, like tithiens ( 10), found

t limit ifs fiut Ir(’s(’t’Ii(’e ��as st romigly (‘nhanced

by binding to P#{176}1YdA . (i’i’ ; it � qu(’nch(’(i

b� binding fti ptilv dG . (l(’ ( )un fiutiromefnic

titrafiomi t’unvt’ of quinacnin(’ �vithi DINA

( 1�ig. 4) at a It iw imiongammit’ it in tt in(’t’nf rat ion

differs from such curves (10, 1 1 ) at 20-40

timmies gn(’ater itinic sfnt’ngthis, in flint fiutires-
t�(’Ii(’(’ (it’t’reast’(i 5tt�t’l)l� ��if Ii f li( ‘ ttIflt iUmit t If

1)NA adclt’d until i = 0.22 was at tamed,

while supplying nuore l)NA i)rti(iu1t’t�(l in-

(‘r(’as(’s in flutint’st’t’mict’ �vithi t’vt’ntuai attain-

fli(’tit tif a iilatt’au.

( )Iie i � issibit ‘ t’xplatiat it in if t his t ibserva -

titin is flint at initial high values of r t�uin-

a(’rifl(’ ( Icd’Ilh)i(’(l itldis(’niriiitlaf(’IV all available
binding sift’s of l)NA with attendauf fluont’s-

(‘(‘tId’(’ t�ut’rithiing, but. that wifhi pnogr(’ssively

dt’t’nt’asing values ttf i the drug r(’(hstnibuted

its(’lt tti bind i)n(’ft’rt’rifiallY to flit’ fluort’s-

tt’n(’t’-(’nhian(’ing ��-T sift’s of DNA inas-

ninth as mont’ tf fhit’st’ sift’s ht’t’anut’ available.

I �nt’h’nent ml pt ii )ulat it Ill if flut in ‘S(’( nt �\��rf

sift’s tti Wlii(’h t lit’ amiuin iacnidimie binds 3-4
finues nutirt’ stntinglv thutimi tti qut’mut’lung sites

(if DN�� has beeti pttstulatt’d Itir i)nofitivilie

(32) �n flit’ basis of t’tinvt’rst’ fitratitins of
(‘( imistamit 1)NA ct)nt’t’nfnat it �ns with increas-

ing t imi(’enf rat i in if (lyt’. i�1it’ It iw ionic

(‘t ttit’t’mit rat a ill in t inn t it rat lou (‘xi)(’ninient

�vtiu1ti hiavt’ favored, at high valut’s ti! i’, flit’

t it’t’uj )I1Iit’V by ( (lii nat’m’itu ‘ if � � ‘niphuenal bind-

ing sites by elect it istafit’ at tnat’t it in , while the

highi stilt et iII(’t’Iit t’at-it ills �li flut irtinietnic

tifrations by tithiens (10, 1 1 ) might have

i titt ‘rft’rt’d ��if hi stn’hi t i(’(’ui iant’v. 1�if naf ions

tif tfuinat’nilic at high itinit’ strt’iigth, at �vhiic’hu

t lit ‘ exist enct’ t 1 t inlv t lilt ‘ nut idt’ t if binding

��-as ill(iictit(’(l ftir t’thidiuiuu brtiluuidt’ (33),

(‘( itild mit it bt ‘ t’at�t�it’tl t ii.it ht ‘t’tittst’ ( if inst lit!-

hility tif 0111’ tiIiui!itIIit’El(hllIt’ lAn(It’I’ tlit’ 1(IIi1(�

t’xpt’ninit’ntal ct inditit iris.

;� tlt’uinitive imit erpnt’tatit iii t if l)i�s�\�
induct’d (11)ti(’til at’t ivitit’s in t lit’ ( )li I ) spec-

tnuni tif t�uinacnint’ \\oIIl(I have to be based

tlj)t)Ii IL t’onnespondingly (i(’fuutive ilitt’npneta-

I it in t tf t he abst II�i it it iii �Pt ‘(‘t ruin t tf t lit ‘ drug,

�vhuich, tti thin knowledgt’, Immis ntif been nuadt’.

The absonptitimi bands in fhi(’ regitin of 380-

430 mini are thost’ tf ni(imiopr(it(imiatt’(l 9-
imiiioacnidines. Flit’ imiducfitimu tf tiptical

activities in these fransiti(ins by duplex

DNA indicates flint flit’ 9-iminti nuoit’fv of

the drug fliOlt’d’l..ll(’ is involv(’dl iii flue inter-
action of qtnnacnint’ with double-stranded
DNA . Such involvenit’nf apparemut ly dt It ‘s mu t

exist for the imit.ena(’ti(in of tluinacnint’ with
single-stranded l)NA, which (hoes mitit imicluce

(.‘ofttin (‘ffe(’ts ill flit’ wavt’lengthi region

antiumud 430 nni.
Acnidirit’ itself shares a series of elect nomuic

f-namisit-it)ns arttund 350 mini �vithu ifs t’anbo-

cyclic anal(igUt’, anthiract’mit’ (34). It is diffi-
cult tti assigli subtle difft’nenct’s between the

sp(’ctna tif antlurat’t’ne amici acnidilit’ to the
influent’e of flue ring nitrogemi. lt)n quin-

acnimie, if. has bet’n assumed that flit’ inug
rnolt’cule exists as a n(’s(inamic’e hybrid in

prof (iii t’quihibniuni bet-wt ‘tn f he changes of

the ring miitn(igell ali(i of thit’ iliuiflt) group iii

i)t�)sifi(lri 9 (33). l�tir fhut’se various neast ins,
mieitht’n tlit’ Cofftin (‘ifect iiiciut’ed by duplex

1)NA at 333 nn-i non that imiduced by single-

stramuded l)NA at- 345 iim (‘till be assigned
with amiv (lt’grt’t’ tif t’tinfidt’nt’t’ t(i ami inter-

action of a i)rottimiat(’d nimig Iuitrog(’n with

1)NA Phiosl)hutitt’s; we are left withi flue

gt’nt’nai c(inclusitin that flue ilift’ra(’fit Ills of

flit’ ac’nidimit’ ring structure ttf the drug with

double- amid single-stnamidt’d DNAs are

(iiff(’renf.

1�he ability of t jtiilua(’nilie to displace

nit’thuyl gnt’emi fntinu ifs t’tiniplt’x wifhi 1)NA
imivitt’s ctinipanisoli ��ithu sinuilan abilities of

st ructurallv reIn-f ed c inupotnuds, lisft’d in

rf.Ibl(, 1 (from ref. 21 ). I’on 9-niethuvlaniino-

3-(’hl(ilti-7-nit’fhuOxvtu(’nidimi(’, an analtlgli(’ of

� ill �vhiirhi thud’ si(le (‘haili is re-

pla(’t’dI by -(�H:�, flit’ nt’a(’titin rates and the
tad j)t)ilit. went’ sigflifi(’alitlv less thiati those

for flit’ drug itself. rfhut, sicit’ chain, in \Vhii(’hu

flit a(’ni(lint’ ring svstenu is rt’plac(’(l by

hivdrogt’n ( I -tliethuyltuuuimio-4-anuintipentarie),

shiti�vec1 Itiw ac’tivify an(1 ciisiilaced omily

23.3 ‘ r ttf nuethivl grt’t’mu fntinu 1)NA. Pro-

flavint’ iII1(1 t’sI)eciallY its tt’traluuefhivl dt’niva-

tive, at’ni(hine orange, �viiit’hi cit t tutit t’am.i.v

aliphatic tumid catitinit’ side chains, wt’nt’ sig-
nificantlv lt’ss active than quinacninc. \Ve

(�)Ii(’lU(lt’ flint thie afiimiifv of quilia(’nint’ ftin
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DNA is a function of both flue acnidine ring

system and the cafionic side chain, and that
both molecular moieties are involved iii the
binding of the drug to double-helical DNA.
For the quinacnine analogue chlonoquine it-
has been postulated that the side chain luno-

trudes beyond the contour lines of the double
helix and binds electntstatically to both com-
plementany strands across the minor groove
( 36). The same side chain in t1uinacnine
may act in an analogous manmien.

REFERENCES

1. �i-Iietzsch, F. & Mauss, 1-1. (1932) Gernuan
Patent 553,072; (‘heni. Absir., 26, 4683.

2. Schellenberg, K. A. & Coatney, G. it. (1961)

Biocheni. Pharmacol., 6, 143-152.

3. Van 1)yke, K. & Szustkiewicz, C. (1969)

Alit. Me(l., 134, 1OI)0--10()6.

4. Ciak, J. & Hahn, F. E. (1967) Science, 156,

655-656.

5. O’Brien, It. L., Olenick, J. G. & Hahn, F. 1’.

(1966) Proc. Va/l. Acad. ,Sci. (.�. S. A., 55,

151 1-1517.

6. Ames, B. N. & Whitfield, 11. .J. (1966) (‘oh!

Spring Harb. Sy,np. Qnan/. Biol., 31, 2�21-
225.

7. Johnson, I-I. (;. & Bach, i1. K. (1966) Proc.

Nat!. Acad. 8(1. (‘. ,S’. A. 55, 1453-1456.

S. Hahn, F. i-:. & Ciak, J. (1971) Aitn. .V. Y. Acad.

�S(’l., 182, 295-304.

9. Vosa, C. C. (1970) (‘hromosoma, 30, 366-372.

10. Weisbiuni, B. & de Ilascth, P. L. (1972) Proc.

Nat!. Acad. Sci. U. S. A., 69, 629-632.

11. Pachmann, U. & Itigler, B. (1972) Exp. (eli
Res., 72, 60’2-60%.

12. Kurnick, N. B. & ltadt’litTe, I. A. (1962) J.
Lab. (‘tin. Met!., 60, 669-68%.

13. Irvin, J. L. & Irvin, 1. M. (1954) J. Biol.
Chem., 206, 39-49.

14. Lernuan, L. S. (1963) Proc. .Va/i. Acad. Sci.

U. S. A., 49, 94-102.

15. hahn, F. i�. & Krey, A. K. (1969) A nljinierob.

A qen/s ( ‘heino/her. , 15-20.

16. Blake, A. & Peat’ocke, A. H. (196%) Bin-

polymers, 6, 12’25-1253.

17. Peacorke, A. It. & Skerrett, ,J. N. II. (1956)

Tra,i.s. Faraday Soc. , 52, 261 - 279.

1%. �iIichaelis, L. (1947) (‘old Spriiiq Harb. Sipnp.

Quan/. Bin!. , 12, 131-142.

19. Cairns, J. (1962) (‘old Spring Harh. �

Quan/. Biol.,27,311-31%.

20. Kurnick, N. B. & Foster, M. (195()) J. Geit.

Phy.siol. , :11, 147-159.

21. Krey, A. K. & Hahn, F. i. (1971) Proc. 1st

Etir. Biophys. (‘ongr. , I , 2’23-227.
22. Neville, 1). M. & Bradley, 1). F. (1961) Rio-

(h ho . .Iii(iph!/S. A c/a , .50,397-399.

23. Blake, A. & Peacocke, A. H . (1966) Rio-

polymers, 4, 1(191-1104.

24. Yamaoka, K. & Itesnik, It. A. (1966) .1. 1’hy�s.

(-‘hen,. , 70, 4051-4066.

25. (iardmier, B. J. & \-lason, S. F. (1967) Bin-

polipner.s, 5, 79-94.

26. \‘aiiiaoka, K. (196%) Bioehipn. Bi(iphys. Ac/a,

169, 553-556.

27. 1 )runuuond, I ). S. , SiIiuI)s(imi-(ildcnieister,

V. F. W. & Peacocke, A. I�. (1965) Rio-

polijmers, :3, 135-153.

2%. O’Brien, it. I.�., Allison, .J. L. & hahn, 1”. I.

(1�.)6G) Biot�h mt . Biophqs. A c/a, 129, 622-624.

29. Esterisen, It. 1)., Krey, A. K. & hahn, F’. 1.

(1969) .W(il. Pharinacol. , 5, 532 -541.

:30. Kleinwat’hter, V., Balcartlvit, A. & I3oluWek, .1.

(1969) Bioch i in . Bioph !/�. Ac/a , 17-1., 188-21)1.

31. Tuhbs, II . K., I )itniars, �tV. l’. & Van \Vimiklt’,

Q. (19(14) .1. .11(1!. Bi(il., 9, 545-557.

32. Thonuis, .J. C., ‘uVeill, ( . & I )aimnt’, �iI. (1969)

Bitipolqiitor.s , 8, Ii47--65�.).

33. Lepecq, .J.-B. & Paolctti, C. (1967) J. .i!ol.

Bi(il. , 27, 87-106.

34. ItadiLlescu, 1). & ()strogtivich, (�. (19:31) Her.,

64, 223:3-2240.

35. Irvin, J. L. & Irvin, i. \1. (195/)) .1. Amer.

(-‘hem. ,S(Ie. , 72, 27-13 -2749.

36. O’Brien, It . 1.,. tk hahn, F. I. (lt.H�(i) ,4 n/i-

niierob. A �jtii/.s (‘henlo/her., 315 320.




