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SUMMARY

The interaction of the antimalarial drug chloroquine diphosphate, 7-chloro-4-(4-diethyl-

aminmo-1-methylhutylamino)quinuolitme diphosphate, with nucleotides has been studied by

meatus of nuclear magnetic resonianuce spectroscopy. Certain of the Proton resonances of the

drug and the nucleotides are shifted as a result of the interaction.

This study shows that ring interactions occur ins mixtures of chioroquine diphosphate anud

purine nucleotides, but appear to be minimal in drug mixtures containing pyrimidine nucleo-

tides. Adenosine 5’-triphosphat.e, in contrast t.o adeniosine 5’-phosphate, causes shift s of the

chloroquine side chain proton signals in addition to those of the ring, suggesting an electro-

static interaction (hue �to the presence of the additional phosphiate grOUpS. Interactions are

decreased sharply at elevated temperatures. The differences observed between the shifts ins

proton sigimals of chioroquine ins chloroquine-iiucleotide nuixtures and those observed at high

concentrations of the drug alone suggest thmat the major inuteractions are between drug and

nucleotide.

INTRODUCTION

Time world-wide tiureat of malaria con-

tinues to stinuuulate inmterest inn the nuode of

actionu of antimalarial drugs aimd a search

for new and iuuore effective agents. At
presemut, chloroquine, 7-chloro-4- (4-diethyl-

amino - 1 - niethiylbutylaiuiino) quinoline, is
the drug being used and studied nmost ex-

tensively. Irvin, Irvin, and Pan-ker first

suggest.edl in 1949 (1) thmat this conipound
interacts with nucleic acids, anmd recent

work has focused on this iimteractiomm as a

possible mechanmisnn of drug actionm (2-4).

Cohen and Yieldinig studied the media-

nism of chiloroquinme-DNA interaction spec-

trophotometrically aimd proposed timat. bind-

ing involves both electrostatic at.t.raction

between the protoniated cimloroquine ring
and the aniosuic phospimate groups of DNA,

and a more specific interactionu between the
aromatic rings of cimloroquine and the nu-

This paper is Contribution 503 fronm the United

States Army Research Program on Malaria.

cleotides. These studies indicated a prefer-

ential interaction witim the purines (both
aclenine aimd guaiuine) in the DNA chain.
Blodlgett and Yielding (5), in a study of
drug binding to polyadenylate and poly-
guanylate, found that chloroquine binds to

thiese two purine polymers equally well.

Haimn et al. (4) also studied the mode of

action of chloroquimue on DNA and related

polymers. They proposed that the 7-chioro-

quimioline ring of the drug binds prefer-
entially to guanine in DNA, and that time

dliamino aliphatic chain in ciuloroquine is
i)oundl to the phosphoric acid backbone.
They also concluded from viscosity mea-

surements, sedimentation experiments, and
dichroism data that the chloroquine-DNA
commiplex is formed by intercalation of time
ring systems.

Durinug recent years nuclear magnetic

resoniammce spectroscopy has been used to
imivest.igate the structure (6), conformation
(7), andl inter- and intramolecular inter-
actiomi of nucleosides and nucleotides (8-
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10 ) . 1mm tiuese stu(hies, time inuflinenice of 1)11,

tennperature, conmcenmtratiomm , amid ring stack-
hug of time bases onu the cimenmuical shift has

l)eenm conisidered.

��Ve decided, therefore, to study time muter-

actioim of chuloroquinme �vith imucleotides by
NMR. spectn-osco�)y : (a) to provide direct

evidlence conmcernsing riiug- ring inmteradtiolms

between cluloroquine ammd iuucleotides ; (b)
to investigate the nucleotide specificity witlu
respect to l)tnrine (adenminme amud guanminme)
and pyrinnidhinie ) tliymuiimme alu(1 cytosimue)

bases, and the influemmce of thue degree of

J)hos�)luorylationm ( nuueleoside smmono- afl(1 tn-

phosphates) ; and (c I to oI)serve time effect

of temuuperature omi tiue chloroquine-nincieo-

tide imiteractiomu.

M ETHODS

N�X1R spectra were recordedl ms’itlm a

Vanianu A-60A Sl)ectnonmieter equi�)ped with
a variable tenlml)erature Probe anud time V-

6040 varial)le tennperature controller, and

wit.hi a Jeolco JNM-C-60H s))ectrOluieter.

Nornual prol)e tenmiperatinre for time Vanian
inustrunuienit was 41 #{176}± 1 #{176}, amud for the
Jeolco machuine, 23#{176}± 1#{176}.Chemuuical shifts

were nuieasured fronmu TSPS,’ used as an mm-

ternal standard. Thuese msueasurennemuts were

accurate to ±0.02 �
Detenmiiuation of appanenut pH values mu

I)�() solvent, were made witim a digital

direct-reading Sargemut pH numeter, model
DR S-30000, equipped with a Sargenut nun-
iature combmatiomu S-30070-1O electrodle.

Ma tends. The nucleotides were obtained
fromuu Sigimma Chemical Coimupany as sodiunmi
oi� dlisodliunmm salts and were used without

furtiuer purification.
Cluloroquinue pimosphmate was a prodluct of

Sterling-Winthrop Researcim Institute; D20,
of Volk Radiochenumical Comnpaiuy; and
TSPS. of Merck amid Coimipanv - Darmstadt,
West Gernmianv.

Sample preparation. Sanmiples were dis-

solved! in D�O which conutainedi about 3
drops of a I % inuternal standard solution
per milliliter. Time apparenut pH values of

time different saiuuple solutions were in the
range 7.6-8.0. A 2 �i KOD solution was

Time ahbrevi�tion used is: TSPS. 3-(trimetlmyl-

silyl) propanesulfonic acid sodium salt.

USCd! to a(ljust time apparenmt iH. Cluemnical

sIuift� are rel)onted ins l)arts ler niuillionm

i-dative to TSPS.

RESULTS

Analysis of spectra. Figure 1 is a spec-
trunn of 107c clmloro(luimle 1)1105l)ImsttC imu D20

at aim tll)I)ttlClut PH of 7.6, simowing time

l)rotolu assigmmnuents which were made.
The group of five bands in high field

1)et\Veelm I .25 timid I .57 � is due to 9

protonis. Tinese ban(ls were assigned to tiue
three mimet.hyl grou�)s oni time si(le cimaimm (d)

omm the i)asis of the following reasomming. The

two miuetii�’i grouj)s a(ljacent to niethylenues

511001(1 he niuagnetica liy equivalenut, and

them- resomuance sigmmal should be split into
a triplet. The signual of time methyl group

a(ljacent. to time imuethyne shuould appear as

a (1Ou1)let. Thus, the total signual from all
time iuiet.iis’l groups sluould i)e a quinutet, as
was O1)senve(l. If tue resonanuce lines are
unnumbered from higim to low field, then lines
1 , 2, and! 4 \VOi.1l(l seemui to be time triplet of

the nmetiuyl groups adjacemmt to methuylemme,

and haiuds S amud 5, tIme douI)let of time single

nmethmyl group adjacemut to muiethuyne. The

cou�)hnmg constants are 7.5 Hz for the trip-

let and 7.0 Hz for the doublet.

Time broach band from 1 .75 to 2.08 ppm

is clime to 4 protons. It was assignxi to the

two nnetluylemme groups (b) between time

metimyne (a) amid onme of time muiethylenes

(c) . This assigmmnnenut seenmed reasommable,
sinice these mimeth lenme groups are time only

reiumaimiing ummassigmued aliphuatic groups not

adjacent to nit.rogeni, and their signal thus
should appear at luigim field.

The quartet betweenm 3.13 amid! 3.50 ppmiu

prodincedl by 6 pm-otons, m�’as assigned to time
three nmiethylemme groups (e) attachmed to time

nitrogen of time side chain. Time sigmial
should! i)C shifted dowmufield with respect to
the signal of the other metimylenes, owing

to the proximity of nitrogemu. Time coupling

comustant of time quartet, 7.5 Hz, agrees

with tine (OUplilug (OliStItlit of time adjacent

nmetiuyl groups. Coupling of one of these

inethylenes with the nmetlmvlemue (b) shuould

pro(luce a triplet. wiuichm apparently is not
discernible because of overlapping. Time

strong absorption at 4.88 ppm is an HDO
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resonance, a result of exchange with the
amine and phosphoric acid protons of

chloroquine phospimate.
The remaining bands are located in the

low field region conmmonly associated with

aromatic protons and have been given the
following assigniuuent.s: the doublet at 6.67-

6.78 ppm is the 11(3) proton. Its signal is

split by coupling with the 11(2) proton

(J23 = 7 Hz, typical for ortho coupling).

Deshielding by the adjacent quinoline ni-

trogen shifts the 11(2) signal to 8.25-8.36

ppm. Bands from 7.20 to 7.38 ppm can be

attributed to the 11(5) protoim, which is

coupled with the H(s) proton at 7.85-8.00

ppm with a coupling constant J56 = 9 Hz,

and with time H(s) proton at 7.52-7.55 ppm

with J55 = 2 Hz, typical of protons para to

each other.

The spectra of the nucleotides were in-

terpreted according to the assigmiments of

nucleotitle l)l’OtOn resonances by Jardetzky

amid Wade-Jardetzky (7).

NMR specti-a were used to observe the

interaction of chuloroquine with different
nucleotides by examinming time well-resolved

resonance hues of the ring protons and of

time ribose-H’1 proton of time nucleotides,

and by studying chenuuical shifts of chloro-

quine ring and side chain proton lines.

Interaction of punine nucleotides and

chloroquine. Table 1 summarizes the effects

of adldled chioroquimue on the NMR spec-

trum of AMP at 11#{176},41#{176}, amid p3#{176}.As

shown, all nucleotide ring protons and the

H’1 were shifted upfield. Interaction was

strong at 11#{176},reduced at 41#{176},and not oh-

servable at 93#{176}.Similar results were ob-

tained with ATP and GMP.

The addition of AMP to chioroquinc

solutions shifted time signals of both the A

ring (0.15 ppm) and the B ring (0.10 ppm)
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TABLE 1
Effects of 0.058 �m c/iloroquine on NMR spectrum

of 0.071 �n .4MP

The experinmeut was performed at an appareimt p11

of 7.8-8.0. Differences for each proton are given as

chemical shift (witiu respect to TSPS) jim tine mixture

minus the shift of time proton in AMP alone.

AMP proton shift difference in
presence of chioroqume

Tenmperature �i18 �5113

ppm /)/fln ppm

110 -0.13 -0.24 -0.20
41#{176} -0.10 -0.15 -0.12

93#{176} ±0 ±0 ±0

of the drug as summumarized in Table 2.
Again, time inmteraction, as measured by the
chemical shifts, was less at higher tempera-
tures. Side chain proton signals were mmot
shifted by time addition of A�’lP. However,
the addition of ATP produced weak dIe-
shielding of the side chaimu protons of

chloroquine, anmd time nuethuyl protons (d)

coalesced from a sharp quartet to a broad

triplet. The ring proton signals of chloro-
quine were siuifted to time same extent by

the addition of ATP and AMP. These re-
sults indicate that botim AMP and ATP

interact with chloroquine by ring stackimug,
but that only ATP has significant inter-
action with the chioroquine side chain.

dAMP was indistinguishable from AMP

in its chloroquine interactions. GMP pro-
duced shuifts similar to those observed for

AMP.

unteraction of pyrimidin e in ucleotides and

chioroquine. As shown in Table 3, the addi-

tion of UMP and of C�v1P to chloroquinme

produced omuly minimal shifts iii ciuloroquine
protonu signals. Changes in absorption of

nucleotide ring protoums (Table 4) were also
numininmal under tiuese conditions amid in no
inustamice were greater timan 0.06 1)1)1mm.Thus,

time interaction betweenm tine drug and py-
rimidinme nucleotides appeared to be con-

siderably less thmsuu that �vithm Iminrinues, as
proposed on the basis of ultraviolet spectra

(3) . However, time NMR (lata do not. diefi-
mutely rule out tiue possibility of chloro-

(luiiie-pyriimiidine imut eract ions . Since the
pyrnnidiuues are not aromumatic aimd do not

Imave riumg current nmmagmmetic amuisotropy,

small cimenmical shifts do not umecessarily
niean weak interactions (9).

Effect of concentration on NMR spectra

of AIIIP and chloroquine. Iii evaluating the
mode of stacking ium niixtunres of nucleotides

amid cimloroquine, time possibility of cimloro-

quine-chloroquimue anmd nucleotide-nuc leo-
tide interactions numust be considered. Ac-

eordingly, the effects of concemutratiomm on

time spectra of these two separate com-

ponents are shown in Tables 5 and 6. Time
conceumtratiomu-dependeumt shift in the ring

protons observed for both compounds sug-
gests self-aggregation at higim concentra-
tion. This is in agreenieumt with previous
reports of stacking of purines in solution
(11, 10). It may also be noted that high

concentrations of chloroquine alone produce

dowmufield shifts in the sigmmals of side chain

and B-ring protons and onmly a slight shift

TABLE 2
Effects of 0.071 M 1IMP on NMR spectrum of 0.058 M ch!oroquine

The experiment was performed at an apparent pH of 7.8-8.0. Differences for each proton are given as chem-

cal shift (with respect to TSPS) in the mixture mimmus the shift of the proton in chloroquine alone.

Temperature

Cimloroquine prot on shift differeimce in presence of AMP

.1H2 �H, .�H5

p�nn

�H,

ppmppm ppm ppm
11#{176} -0. 10 -0.13 -0. 17 -0 11 -0.14

41#{176} -0.08 -0.12 -0.15 -0.14 -0.14

82.5” -0.03 -0.05 -0.04 -0.05 -0.06

93#{176} ±0 -0.07 -0.07 -0.06 -0.05
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TABLE 3

(‘ompaiison of effects of different nuc!eotides on N�I!R spectrum of ch!oroquine

The eXi)eriments were perfornmed at aim apparent pH of 7.8-8.0 aimd a temperature of 41#{176}.Differences for

each ehloioquine proton are given as cimemical shift (with respect to TSPS) in the mixture minus the shift

of time proton mm chloroquine alone.

Chioro quine proton shif t difference
(-.�‘

Nucleotide �H2 .�H3 �H5 .�H6 MI8

AMP

ppm

-0.08

ppm

-0.12

ppm

-0.15

ppm

-0.14

ppm.

-0.14

GMP -0.07 -0.05 -0.08 -0.05 -0.08

UMP ±0 ±0 -0.02 +0.02
CMP -0.03 -0.05 +0.02 ±0

to higher field of the A-ring protons, in
contrast to chloroquine-nucleotide mixtures.

The downfield shift of the side chain pro-
tons cannot he definitely interpreted at
present.

DISCUSSION

Time results provide dhirect evidenuce that

ring interactions occur wiien chloroquine is
mixed with solutions of purine nucleotides.

In contrast, interaction is iuuiuuinial in drug

mixtures contaimuiimg pyrnmmidine uuucleotides,
in accord witim l)revious commclusionus (3).

Time nuchcoside monophospiiates (GMP and
AMP) cause rnpfiel(l shifts in rinug protons
of chloroquinue, wimile ATP also causes

TABLE 4

Effects of ch!oroquine on N1!R spectra of

different n ucleotides

The experiments were perfornmed at aim apparent

pH of 7.8-8.0 and a tenmperature of 41#{176}.Differences

for each imucleotide ate given as chemical simift (with

respect to T�PS) in the nmixtuie nminus the shift of

the proton in nucleot ide alone.

Nucleotide

Nucleot ide proton signal

shift difference

MI8 (H�’ �H2 (H5) .�H’,

ppmn ppm ppmmi

AMP -0.10 -0.15 -0.11

(ii�IP -0. 10 -0. 12

UMP -0.03 -0.06 -0.03

CMP -0.05 -0.06 -0.03

a Parenthetical

CMP, respectively.

expressions refer to UMP and

shifting of time chioroquine side chainu pro-

tons, suggestinug electrostatic iiuteraction due

to the presence of the additional phos-
phates. Previous work using absorptiolm
spectroscopy also distinguished betweenm the
monophosphate and the diphospimate (3).

Interactions are decreased sharply at
elevated temperatures. This observation is

significant in view of previous reports at-
tributing effects of elevated temperature
on DNA-chloroquiume binding simply to

chanuges ins DNA structure (4) . No doubt,
time effects of temperature on solvent struc-

ture are imuiportant in any ring interaction
phenomenon amid must be taken into ac-
coummt iii deducimug a bindinug model.

The key question is whether tue ring
intemactiomms occur between the drug and
nucleotides ( heterogeumeous stacking ,) or

sinuply between like species (puriuue to

purinue aiuc! drug to drug-huomnogeimeous
stacking) following charge iumteractiouus be-

tweenm time phosphate and the positively
chuarged chloroqunue molecule. The differ-

eimces observed between time protouu simifts

of ciuloroquine in chloroquine-nucleotide
muuixtunes, almd! thiose (lue to high concentra-
tions of time drug, suggest that time iuuajor
interactions am-c between drug auud nucleo-
tides. Time results are consistent with the
commtentioiu that timere is a specific iimterac-
tion between the chloroquine ring and time
purinme rimmg. Timis ring interaction is not

chaumged eveim when the cliloroquine sidle
chain interacts with the phosphates of ATP.
For acridine bmding to DNA it has been

proposed thuat heterogeneous and homogen-
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TABLE 5
Effect of rhloroquine concentration on its .‘%.lIR spectrum

The experiments were performed at an apparent. pH of 7.8-8.0 and a tenmperat tire of 41#{176}.DifTerences for

each proton are giveti as the chenmical shift (with respect to TSPS) iii 0.290 ml and 0.SMO mi chloroqumne minus

the shift of time proton in 0.058 it cimloroqumne.

Chioroquine Proton signal (litlereuice

Chioroquine �C113�C �C1I2-C .�Cl 12-N
concentration (d) (h ) (c) .�i1.. .�l1, � �i1�

M ppmmi ppm ppmmi ppm ppm ppmmi ppm ppm

0.290 +0.13 +0.14 +0.14 +0.07 ±0 -0.13 -0.17 -0.12

0.580 +0.23 +0.20 +0.21 +0.12 +0.12 -0.16 -0.07 -0.15

eous bindnmg are 1)0th iinpontanmt (12). Al-
thougim time same mimay be true for time aini-
noquinolines, it is muot supported by the

present dlata.

TABLE 6

Effect of AMP concentration on its .\�11? spectrum

The experiment was perfornmed at aim apparent pH

of 7.8-8.0 and a teniperat iLre of 41#{176}.The (liflereulce

for each protoum is gmveui as time chenuical shift (with

respect to TSPS) in 0.710 mmAMP minus the shift of

the proton itt 0.071 ml AMP.

A..\IP concentration

\.�

s

‘P P��t�11 signal

hift dmffeueuu-e

..�H’1

M ppm ppm ppmmi

0.710 ±0 -0.11 +0.03
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