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S UMMAIOY

Double-helical calf timynmus DNA and poly dO :d(’ protluccdThmai-kcd�changes in the

absorption s1)ectm-urn of quinine. Single-stranded ENA, polv dA :tlT, amid poiy dl :dC’ wet-c

without effect. .Arnoimg time four’ syntimetic nibonucleatide hcrnopolyrncns, only poly G at

high concent-ratiorms tlinmiimisheti the l�gIot- aLsonption of quinine. Spectral cimanges caused by

the conmpleximmg of quinimme whim DNA were revem-sed Ly them-nial sti-and spearation, by Na+,
and by I\lg++. Results of sI)ectmoPlmotCflmetl’i( titnations of quinine witim ENA were used to

derive a nonlilmean ai�sorpt-ion isothem-nm whit-li suggested that the thug binds to more than
one ClmiSs of sites in I)NA. 11i-dI-odvlmarnic flieasUrtnmeltts indicated a decrease in the sedi-
mentatian coefficiemot aimd an iimcm-ease Hi time viscosity of IJNA in the presence of quinine.

Time ilmimibition of time I)NA 1)OlYImieiase (fnonm Esclotricl�io ccli) t-eaction was a function of the
stabilization of the douhie helix at- graded (ammcentt’at-ions of quinine. We propose a partial
intercalation model of the DNA-quimuirie conmplex as a sti-uctural imypotimesis which is corn-

patible mu-ith time results of oui’ hydu-otlynanmic studies, and cite em-idence which suggests that
the forniation of a canmplex with 1)NA provides a molecular basis for time antiplasmodial

activity of time (11-11g.

INTRODUCTION

Quinimoe is peilmaps time oldest chemo-
therapeutic dm’ug still ut use. It was

adopted by Western medicine sonic 300

years ago as an aimtinmlai-ial agent. The

drug molecule is a complicated quinolimme-

methanol (Fig. 1) amid has guided time
synthesis of other quirmolimmenmethatmols (1 )
8-aminoquinolines (2) , and 4-aminoquino-

lines (3) with antinmalai-ial properties.

Quinine is selectively toxic far malarial
parasites (4) , and its antiplasmodial effect

can be attributed to inimii)ition of time in-

corporatioum of building blocks into DNA,
i.e., of DNA biosynthesis, in plasmodia

(5, 6) . Quinine has been foummd in our
laboratam-y to fornm a molecular canmpiex
wit-h DNA and to inhibit the DNA-dc-
pemmdent- DNA polyimmerase react-ion in

vit-i-o (7).

Time tbm-img abmpemou-s to heboumg, timeuefore,

This is contribution 633 from the Army Re-
search Program on Malaria.

to that class of compounds which exert a

variety of biological effects by engaging in

complex formation with DNA. The present

study was undertaken in order to define

time conditions of bindiimg of quimmine to

DNA in the hope that the results might

lead to atm understanding of the action of
the drug.

MATERIALS AND METHODS

Qiuimmine mm-as used as the dihydrochlonide,
furnished by Vitarine Conmpany, Inc. DNA
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of calf thynmus onigium, grade A, mvas ac-

quired fronm Calbiochem. Polynibonucleo-

tides wei-e obtained fi-om Miles and Corn-
pany, and the polydeoxynibonucleotides
were kindly furnished by Dr. Frederick

Bollum. All other chemicals were standard
reagent grade.

All solutions were made in 5 x 10� ru

Tris-HCI buffer at pH 7.5. Spectrophoto-
metric measurements were carried out itm

either a Cat-y model 14 or a Gilfoi-d model
2000 absot-bance recorder with a variable-

temperature, multiple-sample compart-
ment. Temperatures were controlled with
a Haake constant temperature circulator
and were recorded with a Gilford model
207 linear thermosensor accurate to witimin

0.10 of intracuvette temperature. The
method described by Mandel and �-1anmur

(8) was used to record the median strammd

separation temperature (Tm) , except that

optical density changes with increasing

temperature were represented as percent-
ages of the total increase in the optical

density recorded at room temperature.
Titrations were performed by dissolving

DNA (10� rut) in a 10� rui quinine solution

+0I

almd successively diluting time resultant

solution mu-itim 10� M quinine. N-leasure-

ments were niade in a 10-cm light path

cell. Time opticmol deumsity data derived
from this titi-atiati mvere then platted ac-

corditig to the immetimods employed by
Muller and Cr-others (9), using the

expression

r
- = � (Bapp _ r)
In

mvhere r is the ratio of bound quitmine to

total DNA base pairs, in is time concentra-

tion of free quinimme, Kapp is the apparent

biimdimmg constant-, and Bapp �S the apparent
number of binding sites.

Sedimentation analyses were carried

out in a Beckman model E ultracentnifuge,

using ultraviolet optics, and viscosities

were measured at 30#{176}in a Beckman low-

shear viscosimeter at shear stresses of less

than 0.005 dyne/cm2.

RESULTS

Influence of base composition of poiy-

deoxyribonucleotides an d polyribonucleo-

tides on quinine. Native calf thymus DNA

,

310 320 330 340 350 360 370

WAVELENGTH (mph

Fio. 2. Difference spectra of polydeoxyribose compounds or calf thymus DNA with quinine (polymer-quinine
mixture minus quinine)

The quinine concentration was 2 X 1O� M in all cases. -, Poly dA: dT, 6 X 10� iu, or poly dl : dC,
6 X 10� M; - - -, poly dG : dC, 6 X 10� M; . . . ., calf thymus DNA, 6 X 10� M. Molar concentrations
refer to phosphorus content of the polymers.



00 -

0�9

08 -

E

>-
Uz
4

0

U,

4

�, ‘Io:T.
CONCENTRATION OF POLYNUCLEOTIDE CM)

Fit;. 3. Effects- of /)olyriboio o,cleoti(le.c on absorp/io-n

intensity o�f qoiiniioe at 331 no�.o

}�ach 1)Oi101 lel)lt!SelOlS Iwo or niore deternunations.

A1)sorpt 1010 spet-t to were retOr(led for each coro-

centration; the -oliape of the quinine spectrum

remaine(l (ilo(-llaboge(l. All vmuliies fell within the

range of four tleterrniiiatiomos of the absorbance of

quinine out 331 rn�.t -ou-ithout mu(!(lt’(l p�lyrners, except.

those for P0IY ( (0) auo(l the last two values for

poly A (U) ; poly U ( A) anti poly C (S) produced

too change. NIt)lar (OuOCeIOt rations refer to ploosj)horus

content of the PolYmers.

atoti l)0lY (I( (IC (lecuease(I the imotetmsitv

of t itt ai)sOuptiOim l)aum(1 of (luiumiuot mit 331

tmm1.�., as sloomuio in tloe diftem-euot-e spectra
( Fig. 2 ) . lum coumtumost , poly tIA : dT auotl poly

dl : tIC had umo efiet-ts aim tioc mtl)st)u1)tiotm in-

temmsitY of �iiiiutimme.

Polvu-il oguaumylit’ micid tlet-u(mot-e( I time in-
teuosity of mol)sorl)tiomm of tlimitoimoe (Fig. 3)
[‘hoe siumgle-stu-aumtled l)olyrii)OilUeleOtides,

l)01)’ � mimod pol�’ C, IIi(1 umot imave aumy effect
011 time iimtemmsitv of mihsorptiomo of quitmiume

tot 331 umm1i. Poly A at imigim eomoceuotm’atiolms
immod a slight efleet omm t be al)sOi’l)tiOlm of

�ituiumiuoe. titese ol)seu-mmrtiouos jum(licate that
tioc l)mt’s(’uit( of gtmauoiuoe iuo mo PolYmmrmcleo-

title mu-as umeeessmuuv to (lett’emose time ab-

sOm’l)tiOtm of tioe du-ug.

R equ ire in e ii t of (10 U 1) ic-st ra F? (led?) e.ss of

1)�’s’_.,1 for co ill p le.m’ b rot a t io mmmi it/i qu in in e-.

1 )NA mvloicim had i)eelm mt’ul(leue(l siumgle-

straumded by heating amid u-apid eooliumg in
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eitimem’ time abseumce or presence of 0.033 M

foritmaldeimyde ( 10) did not I)rOtluce a

hypocimm-onmie effect on the absorption of

qimimoitme, mvhile DNA mu-hich mvas treated
witim time same concentratiati of formalde-

hyde, 1)Ut- umot imeated, gave rise to time same

.-a effect atm time spectrunm of quilmine as native
l)NA (Fig. 4).

The hypoclmronmic effect of DNA (Fig.
5� otm the ai)som-ption of quinine at 331 m�
mu’as u’evem-sed by imeating time DNA-

qimiumine complex. The increases iii aI)sorb-
motoce at 260 IH�, indicating stranti sepa-

mmttiomm, and absorhance at 331 m�to,

itl(iicat immg dissociation of a DNA-quinine

comtmplex, were sinmilar functions of teln-
perature. Doimble-stranded DNA , there-

� -1-�- � I I fare, is esseumtial for time spectroscopic
timmonifestatioum of the binditmg of quinine

to I)NA.

Effects of Na� and Mg�� on J)NA-in-

(Ince(1 h ?JPochromicity in the absorption

.57)ectliInl of quinine. [rca (6 rut) mli)OliShes
tiit’ (fleet of I)NA 011 time immteumsitv of time

light tii)sOrl)tiOit of quiumine (7 ) ; timis coum-

cemmtm’atiolm of iit’emi (loes mmot Cause strand

separatioum of (loImi)le-helical DNA . Sitmmilat-
ol)seum’atiomos imave 1)eefl repom’ted for acti�

nomomvciui 1 ) ( 1 1 � aumd cimrotmmonmvcium A;�

(12). Na� atmd Mg�� (Figs. 6 and 7) also

decreaseti am’ mui)olisimetl time imvpoclmromimic

effect of I)NA on tile al)sorptiomm of quiumine.

\�\e iumfer timat imoteu-actiomm ( s) i)etmm(’eum qul-

iOiiie muoti 1)NA iuovolme hotlm time Iou-rotation

of uuea-seumsitim-e 1)otm(ls amid elect u-ostat-ic
attract ioums i)etWeeuo ioumized groups which

catm be rem’etsed i)y ionic competitioum.

�Spe(-t roph o to in e t i’ic t itra tion of quiro in e
(lith 1)�VA . Spect rophotaummet u-ic titration

of quitmitme muitim l)NA yielded an isatimerumm
for time 1)iutthrmg of time (Irug to DNA ( Fig.

8) . Time curvature of this plot imodicates

time existeumce of mmoore timaum omme class of
i)itmditog sites fom’ t�uimmimme aim DNA.. \‘Vitimium

the m’aumge of huum(humg mu-imiclm could he cx-

tttiiito((1 l)V time sl)ectrOl)imatOimmetric timethotl.

mu(’ (list inguisim i)etmue(’tm strongly anti

weakly reactive classes of bitmdimog sites.

Extt’apolatiatm of time euu’ve lam- smomall m’al-

mmd’s of i’ �i- = lmimtmml)er of Immalecules of qui-
itlite i)ormum(l l)(’i’ i)tlStI 1)muil) Vit’lde(l atm ap-

l)ttreumt associatioum cammstaumt, K�,,, of
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3.6 X 10� M’, whicim is lat-ge ammd of the

same order as that of actimoomimycimo C� (9),

and aim apparetmt umuuomber of hitodimog sites,
� l)e1’ i)ttSd’ paim’ of 0.025, cou-m-espotmdiumg

to 1 tnolecule of quiuoiume l)eu’ 40 hmose pairs.

This is far less timaum time uolmmmml)eu-of sites
that muaul(1 mtccatmmm100(late uooaxiinal iumteu’-

calation, i.e., I drug nmolecule i)em two i)ase

1)airs. Actiumouomveiio Ci is houumd to to simmmi-
iarly snmall umumtmbet- t)f sites out calf timymmmus

DNA (9).
Ext-rapolatiomm of the isotlmemno lou’ lau’ge

values of r yielded, fau’ the weaker I)iumditmg
process, a “��LO)O) m’alue of I .5 X l0� rut-1 auitl

a BL),) malue of 0.125, correspaiodiumg to 1

imiolecimle of (luiumiutt’ 1)Olmitd l)et eigimt au
nine i)ase l)aim’s.

1-lydrodynamic ineasuiement.s on the
DNA-quinine coinple.r. Lerumman � 13) home.

estabhsime(1 t mu’o imvtll’otlyum almmi e e nt en a lou

intet’calatiotm of m-immg systems betmueetm l)ase

pairs of dOUi)le-helical DNA: (a) aim itm-
crease in intrinsic viscosity and (h) a (Ic-
crease in time sedimemmt-atiomi coefficietmt. of

DNA preparatiatms. Timese effects resmult

frolmm leimgtimenirmg of the DNA nmolecule iim
proportiouo to the amount- of cyclic coin-

l)Ourmd iumtercalate(l, frotn a (lecrease in the
timass �er utmit letmgt-h of DNA wimeim t-ioe
nitoss of time intercalated ring system is less

timan that of otme base pair, and fm-aiim a de-

crease in time flexibility of 1)NA rods.

Time intrimosic viscosity of the DNA-

quimmine cotmoplex was greater than that. of

DNA milaime (Fig. 9) , while time sedimmmeumta-

tioti coefficient of the conmplex mu-as lower
timaum that of DNA aloime (Fig. 10).

Inhibition of the DNA-polymerase re-

action as a function of the stabilization of

DNA. It has prem-iously 1)eemm assumed (7)
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FIG. 5. Meltingcurves of DNA (25 ,og/m� in the absence (S- - -� or presence (0 . . - - 0) of � X 10’ M

quinine and reversal of the effect of DNA (250 pg/mi) on the absorption of quinine at 381 nip as a function of

temperalure (A-A) and corrected for slight absorption of DNA at 331 m�a
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molar concentration (C) of MgC12.

0

E

DNA-QUININE COMPLEX 537

Mol. Pharmacol. 5, 532-Mi (1960)

that substances which interfere with

strand separation of DNA should inhibit
DNA replication in. vivo, as well as the

DNA polymerase reaction in vitro. For

quinine we have tested this hypothesis by

rap, and the abscissa,

relating increases in the median strand

separation temperature, Tm, of DNA to

the extent of inhibition of the DNA polym-
erase reaction by the drug in graded
concentrations between 2.25 x I Q4 and

FIG. 8. Isotherm for the binding of quinine to calf tloymus DNA

r = number of bound quinine molecules per base pair; in = concentration of free quinine. Complete
binding of quinine was taken as the point determined when DNA was in 200-fold molar excess of quinine.

Each point represents an average of four spectrally determined points. The dashed line represents the
regression line computed from the first five points. The Bapp was 0.025, and time Kapp was 3.6 X 10 M1 as

determined from the intercepts of this regression line.
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FIG. 9. Effect of quinine on viscosity of DNA

Numbers on time ordinate are “reduced viscosities,” i.e., specific viscosities divided by DNA concentrations.

L�.\-& DNA-quinine conceuitratioris with a constant ratio of DNA phosphorus to quinine of 10:1;

o-o, DNA aloute. The intercepts of the lines with the ordinate indicate intrinsic viscosities. Con-

centrations (C) t)f DNA are given in molarities of DNA phosphorus.

S20

Fit;. 10. Effect of quinine on the sedimentation co�ffieient of 1).VA

C’ is the molar concentration of DNA phosphorus. O-O, DNA alone; �, DNA plus quinine jim a molar

ratio of 10:1.
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houmotl null! time moutmiber of gimatiylic acid

mesi(lues Pe� umoit of I)NA, (ti) a reversal

of time effect of 1)NA out the Ul)SOI-ptiOli

sPectruitm of quitmnme I)V urea as mm-eli as l)y
immom-gatmic ioums, ammd ( c) aim emmhaimceuimetmt

of miscosity amid a ditimitmutiout of time se(1i-

mimetmtatioum eoefficiermt of I)NA i)V (Itlilmimme.
A tflO(Iel which fulfills timese criteria is one
jut witicim the (luilmoliume iimmg of timis drug is

imotercaiated i)etweeum bases in double-
ltelic�il 1)NA mtut(1 time alcoholic itytim-oxyl

gu-oIm�) of quitmimme eumgmtges itt time formmmatiomm

(If a imydrogemi 1)011(1, \Sitile time bulky

(llhiuouclidiume mmmoiety �uojects itmto ouoe of
time groom-es of 1)NA an(i is electrostatically

at-ttmtcte(I �sjtit its teltimom-v mtlipimatie at�iina

gt()tt�) to pioosploates of time sugmot phos-
I I . � � I)itmtte l)ackbOuo(’s of the tloul)le ioehx. �V%Te

�Trn 4 5 C 7 5 - . .

have cttutle(1 out- nmotlel-bumldlmlg expemt-

mimemots wimicim suggest to us timat stmchm a

hvl)otimetical stu-uctimm-e of the I )N.-\-qtmi-

moimme comoiplex is geoumoet micmmlly l)OSsil)le.
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FIG. 1 1 . (Jorrelation betlvee?l the ,strll)ilizutio?l of

DATA by quinine with thermal ,stran(/ separation an(/

inhibition of a 1).\�1 polynlerau’ 1C(lCtiOIl

The poirmts rei)I-esent (-oncent rat louis of 2.25,

5.5, 7.75, and 10 X lO�� mi (Iluitlille, from hwer left-

to tippei riglmt. �17’,� is the increase iii zue(lian

melting temperature of DNA. �oIeltiu�g was memosimred

a.s describeti in MATERIALS ANI) METhODS; the DNA

polymei-ase react-ion was (IoIm-ie(l out- as (lest-rit)e(l

previously (7).

I 0� rut . Plot-t immg time pem-ceuotmoge iumhmil)itiomo

of thoe (‘mlZVtlm( teactioim as mm fuumct iomi of

log ..�T,,, l)iOdlmced a dimogi-aiom ( Fig. I 1
mvimicim in(hcates timat the iuoimihitioum of tioe

1)NA 1)olYmmmelmose lemoctioum was a fuuietioum

of time stahilizatiotm of (Iaul)le-lleliemol 1)INA

by quimmitoe.

H�ipOthet�-a1 strllctui-e of the l)NA-

quin inc (-o)nple.r. A strtmctumal tomodel of

the 1)NA-quinimme conmplex simould be coum-
sistetmt mvith our findings of ( a) a t-equiu.e-
nient for I)NA to i)e daui)le-imclical ut
order to alter time absorptioum speetruun of

(lrtiitiume sti-oumgly, (1)) a u-eqimimemtmtumt fai
guaumiume, hot stitisfietl by hmypoxammt himme,

to i)e ml coumst-ituetot of those I)olYuormcleo-

tidies whoicim decrease time intemmsitv of time

absorptioum spcetruuom of quinine, (c ( a imoum-
linear atisorptiotm isotimertmm (fmormm siectro-
pimotonmet nc tit-rations) mvimicim tiocs mmot

indicate a siummple stoichiommmetric u.elatiomm-
ship betweeum time nuloiher of (111mg nmolecules

De.�CU5SION

Time specificity of time eflt’ct of guatmimoc

oum time mobsamptiomi sl)etttulmm of (�riittimme lomos

�)l(’viously i)een slmowuo also to obtmtium fou-
time spectu-mo of chmlou-oquiuot’ ( 7) amul actimmo-

thiV(itO I) ( 14) . Fou time lmotteu two stmh-

stamit-(’s, guauoimoe specificity immos I)(cum not cm-

l)m(t e( I l)y t \\-o mllttuummit im.e assu mooj)t lt)OOs

� a ( the 2-atomimoo gm-oup of gumomuitme is

(Iim-eet lv iumvolve(I itt time l)imo(Iimmg of ligmon(1

i100ledtm les to 1 )NA. � 7, 1 5 ( ; ( h) t Ime nmau-ketl

elect tout tiomoom- pmopemties of gumoititte, mon(I

(‘sl)(’(imOllY of its 2-anmiumo group, �iay mo
uole imm clmmiu-gc tu-aumsfet- remoctiotts l)etsveeto

immtemcmilated timroummol)imol-es aumd gimautiute

mvitlmout ext-lusim-e l)nm(luog of ligammtls to

timis l)mOse (9, 16-18) . \Vith respect to time
1)NA�quimmiume coummplex, ai.mu- l)ut’s(’mmt re-

stilts (10 umot su�)port Ot� (Outtimltlict eitioeu

assutnl)tiaum.

Jim tI(Iditiomt, our results mvitim high con-

cemmt-ratioums of poly A imodicate timat the

mii)OI)Ol3’flmer of adeumiume camm i)imm(I qrmiumimte.
The aunoutmt of (IA:(lT ammhilai)le to us ms-as

mmot sufficieumt far frmutioer expem-ittoents ta
rule alit- sottie iass i)iumdiuog affiumity for time
(leoxvuibase l)ol�utmeu. Our results (10 slug-
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gest that both purines may play a role in
the binding of quinine to DNA.

Since the absorption isotherm (Fig. 8)

of quiniume mvith respect to DNA was de-
rived from spectrophotometric titration

results, i.e., from a largely guanine-de-

pendent parameter, omme miglmt have cx-

pected to find an apparent equivalence be-

tween time imumber of quinine molecules
estimated by this met-imad to be hound to

DNA and the number of guammnme residues

per unit of DNA. The nuuomber of quilmimme
molecules extrapolated to he bound by the

stronger of two apparent bimmdimmg processes
was appmoximately 20 times less than cx-

pected from the guanine content of calf

thymus DNA; it is evideimt that the con-

tact between quinine and guanine in the
double helix is restt-icted by conditions
which are not accoummted for by time pro-

posed structural model without introduc-

ing additional and untested assumptions.

Quinine resembles actinomycins (9) in
the law mmumher of binding sites on DNA,
a high binding constaumt, and an indication

that highly specific conditions must- exist
for strolmg bindiumg.

While quinine is hoummd to DNA by the

weaker of the two processes to the extent
of I (Irug molecule per eight or nine base
pairs, this still falls short of the number

of guanine bases in calf timymus DNA by
a factor of 5. Additional binding of quinine
without spectrophotometric manifestations

was discovered in equilibrium dialysis cx-
periloments, with the tentative result of 1
drug molecule being bound to four or five

base pairs of DNA. Finally, at quinine
concentrations above 10� M, DNA was

aggregated or precipitated. This last effect
may be the result of a massive occupancy
of DNA phosphates by quinine base,
which could occur on the periphery of the
double helix without involving ring-

ring interactions and, hence, spectral
manifestations.

The requirement of double helicity for

alterations in the spectrum of quinine and
enhancement of the viscosity of DNA, as
well as the diminution of it-s sedimentation

coefficient, by quinine are consistent with
the hypothesis that the quinohine ring of

the drug is intercalated between bases of
double helices. The search for support of

this hypothesis by additional experimental

criteria [flow dichroism (19) , polarized
fluorescence (19) , rhmdiaautography (20),

light scattering (21 ) , low-angle X-ray

scattering (22) , almd demonstration of

steric hindrance to chemical reactivity of

an intercalated ligand (23) ] was either

unpromising on statistical grotmnds or not
possible. For this reason, the intercalation

model of time DNA-quinine complex re-
mains tentative.

The cot-relation between the effect of
quinine on the melting temperatut-e and

inhibition of a DNA polymerase reaction

lends consistency to the previous sugges-

tion that drugs which increased the melt-
ing temperature of DNA would inhibit a

DNA polynmeiase reaction.

We regard! the formation of a DNA-

quinine complex as a likely basis for the
inhibition of DNA biosynthesis in plas-

modia and, hence, of the antiplasmodial

activity of quinine. This view might be

challenged by pointing out that time con-

ceimtrations of quinine necessary to inhibit
the DNA polymerase reaction and to alter
hiophysical properties of DNA are of the
order of 10� M, while those sufficient to
inhibit DNA biosynthesis and schizogeny

in plasmodia are two to three magnitudes

lower (5, 6) . Polet and Barr (6) , however,
have found that erythrocytes parasitized

by Plasmodiuni knowlesi concentrate di-

hydroquinine from the suspending medium

up to 200 times and thus provide a cam-

partment of quinine concentrations which

are not dissimilar to those employed iii

our previous (7) and current experiments.
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