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SUMMARY

Chlonoquine stimulates the hydrolysis of soluble RNA by pancreatic nibonuclease and
micrococcal nuclease, enzymes that are primarily endonucleases. The addition of i\IgCl2,

at low concentrations relative to the concentrations of RNA nucleotides, does not appre-
ciably affect the extent of the stimulation. Stimulation by chlonoquine does not appear
to be due to a change induced by the drug in the tertiary structure of soluble (on transfer)
RNA, since the hydrolysis of the single-stranded copolymer of niboadenylate and nibocytidyl-
ate is also stimulated by chlonoquine. Chlonoquine inhibits the hydrolysis of soluble RNA
and polyadenylate by spleen phosphodiestenase, an exonuclease. Chloroquine also inhibits

the hydrolysis of native (double-stranded) and heat-denatured (single-stranded) DNA
by micrococcal nuclease and, in agreement with other reports, hydrolysis by pancreatic

deoxynibonuclease.

INTRODUCTION

Chionoquine and quinacnine, two anti-
malarial drugs which bind to DNA (1-7),

inhibit the hydrolysis of DNA by bovine
pancreatic DNase and a DNase from rabbit
serum (3). Other compounds that bind to
DNA, namely, actinomycin D (8-11), acni-

#{231}lineqrange and a#{231}�niflavin (12), ethidium
bromide (ii) , iSOXUIithoj)tCriIi (13) , nogala-
niy�in alid T.J-12241 (fl), and chromomycin

(1r), U!SQ inhibit the hydrolysis of D?�I%. by

one or more �iepxynihonucleases or phospho-

diesterases:2 bovine pancreatic flNase (9,

This study was supported by the United States
Public Health Service through National Institute
of General ��Iedical Sciences Grant 136Q6 (Dr.
Thomas C. Butler, Principal Investigator).

‘To whom inquiries and requests for reprints

should be directed.
2 �nzymes: bovine pancreatic 1)Nase (D�ase

I), deoxyribonucleate oligonucleotidobydrolase,

E� 3.1.4.5; micrococcal nuclease or the extracellu-

10, 12-15), micrococcal nuclease (11), hog
spleen DNase (DNase II) and snake venom
phosphodiestenase (10, 15), and HeLa cell

alkaline DNase and poxvinus-induced alka-
line DNase in HeLa cells (8, 9) . It is gen-
enally assumed that the inhibition of the
nuclease activity is due to the formation of

a DNA-ligand complex resistant to the

nuclease rather t.haii to the direct action of

the drug on the nuclease. 1�his assun�ptipii

has I�eeii supporte�1 in those cases in which

the inhibitioti has bceii characterized (jQ,

13).
Chioroquine also biiids to BN4 of yeast

(1, 7) iuid bacteria (1(1), and to various pp�y-

lar phosphodiesterase of Staphylococcus aureus,

ribonucleate (deoxyribonucleate) 3 -nucleotido-
bydrolase, EC 3.1.4.7; bovine pancreatic H�ase
(R�ase I), ribonucleate pyriniidiue-nucleotido-2’-

transferase (#{231}yelizing), HG 2.7.7.U�; bovine splee�i

phospbpdieste�ase, orthophosphoric diester phos-
phohydrolase, EC 3.1.4.1.
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nibommucleotides (17, 18). Time effect of chioro-
quine nt-i the et-mzymatic hydrolysis of yenust
soluble (on transfer) RNA at-id various j)ol�’-
nibommucleotides by bovimie pamicreatic H Nase
and micrococcal nuclease has beet-i examimmed.

The formation of a RNA-chlnnnquine conm-
plex renders the RNA nmore semisitive to emizy-
matic hydrolysis by these enzymes. This is

in contrast to the fnrmatinmi of nu DNA-
chloroquine complex, which ret-mders the

DNA less set-isitive to hydrolysis by l)nuli-

creatic DNase and micnncoccal miuclenuse.

MATERIALS ANt-) METHODS

Yeast soluble (or transfer) RNA, with

amino acid acceptor activity, was obtained
from Schwarz BioResearch ; calf thymus
DNA and pancreatic RNase A, from Sigma

Chemical Company ; rat-idom copolymenic
polynibonucleotides poly rAU (62 % ademmo-
sit-me) and poly nAC (48 % adet-iosimie) , from
Biopolymens Laboratory ; amid bovimie pat-i-
creatic RNase, micrococcal nuclease, at-id
spleen phosphodiestenase, from Worthimigtnn

Biochemical Corporation.
The cot-iditions of the enzymatic it-icuba-

tions are given it-i the legends to the tables
and figures. Tnis base at-id HC1 were used it-i

the preparation of all buffers for et-mzynuatic
assays at-id are desigmmated as Tris. The pH

values in Tnis buffers reported here w-ere

connected for chamuges resultit-mg from altera-

tint-is in temperature (except iii Table 1);

the pH of a Tris solutint-i measured at 5#{176}at-md

at 37#{176}is 0.5-0.6 greaten at-id 0.3 less, nespec-

tively, that-i the pH measured at 25#{176}.

The hydrolysis of nucleic acids was nmeas-

uned by the fnrmatiot-m of orcimiol-positive

( 19) componet-its that w-ene soluble in cold

0.5 N penchlonic acid it-i assays of the hmy-

dnolysis of RNA at-id polynibot-uucleotides

and by the formation of diphenylnumimme-

positive (20) compot-ments that were soluble

in 0.5 N perchlonic acid iii assays of time

hydrolysis of DNA. It-i timese assays, bovine

serum albumin was nudded as a coprecipitamit

of the unhydrolyzed polymer; omissiot-i of

the albumit-i did not alter the relative mnutes

of hydrolysis but did result it-u higher values

in control and expenimemitai samples.

RESULTS ANt-) 1)ISCUSSt-ON

Data nt-i the stinuulation of pancreatic
I�Nase activity by chuloroquine are I)re-

seimted it-i Fig. 1. It-i each of the two cx-

perinuet-its showmm, three sanuples of RNA
(over a 2-fold molar concentration rat-mge of

�‘ 40
4,
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FIG. 1. Stimulation by chioroquine of RX��1

hydrolysis by RNase

Each poit-mt represents the average of tlmree sat-n-

ples with various ribonucleic acid phosphorus
(RNA-P) and chloroquimue concentrations, �il-
though the molar ratio of the former to the latter

was constant in each experiment. In experiment 1

(- - -), samples contained 0.10 .t-g of pancreatic

ItNase (RNase A, Sigma) at-id 4.2, 6.2, or 8.3 Mmoles

of ENA phosphorus with (line A) or without
(line B) chloroquine. The chloroquine-stinmulated

samples contained 0.75, 1.1, or 1.5 Mmoles of
chloroquine, respect ively , equivalent to a constant
molar ratio of RNA phosphorus to chloroquine of

5.5. In experinuet-it 2 (-�-), samples contained

0.10 �t-g of pancreatic RNase (Worthington) and

3.7, 5.6, or 7.4 �t-nuoles of RNA phosphorus with

(line C) or without (line D) chloroquine. The

chloroquine-stimulated samples contained 0.75,

1.1, or 1.5 Jmoles of chloroquit-ie, respectively,

equivalent to a constant molar ratio of RNA

phosphorus to chloroquine of 4.9. It-iboth experi-

ments, incubat ions were performed at 37#{176}for 4-10
mit-i in a total volume of 6.2 ml of 0.02 mm Tris

(p1-I 7.0-7.1). \ertical bars indicate the standard

error of the t-nean.



7#{176},180 mit-i

17.5#{176}, 40 mimi

30#{176},20 t-nit-i

37#{176},15 mm

45#{176},8 mm

3#{176},180 main
16#{176},40 mm
30#{176},20 mm
37#{176},15 mimi

45#{176},8 t-niii

11 28 160

25 57 125

62 74 19
42 87 105

39 71 82
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3 L. A. White, unpublished observations.

li.XA phosphorus) �vert’ hydrolyzed for enich

l)eFiO(I of it-ucubatinii with a constntt-mt, mite-
limitimug concentration of RXase. It-i the

control , chloroquit-ie-fmee sanmples (curves

B amid I)) , at nit-my single interval of iticuba-

tion, the total anmout-it of RNA hydrolyzed
was commstnunt although the total RXA

l)hosphortls concet-mtnnitiomi it-u the three
samples varied over ni 2-fold (in other cx-

perimet-its, nu 4-fold) rat-ige . The addition
of chlnnoquine (curves A nut-id C) at a con-
stat-mt molar ratio of 1{XA phosphorus to
ehlonoquine resulted it-i an imicrease in the

amount of sI{XA hydrolyzed. In the latter
samples, the (�uat-itity of RNA hydrolyzed
and the degree of chinmoquimie-induced

it-icrease in RNA hydrolysis were essentially

constat-it regardless of the total numoumit of
RNA preset-mt it-i the sanuple . Thus, the cx-

tent of stinmulatiomi (expressed either as the
amount of or as the percet-itage increase it-i

1{NA phosphorus hydrolyzed) by chlomo-

(lIt-imie wnus constamit when measured at a-
comistamit molar ratio of RNA phosphorus
to chlonnquit-ie, although the absolute quntt-m-
tities or concentmatiomis vanie(I over n-i 2-fold
nat-mgi’.

Sit-ice approximately 40-SO �X of the

chloroquit-ie is bout-id to sRNA ut-ider these
cnt-mditiot-is,:l the concentratli)t-i of free chlomo-

(1un�e it-mcrentseS as time molar cot-icemitmnitiomi
of totnul chlomnquit-me immcreases. Regardless of
time increase in free chlomoqui t-ie cot-ieet-mtma-
tint-i, the (‘xtemit of RNA hydrolysis at each

tinu(’ imiterval is stimulate(1 to the same cx-
tet-it by the three cot-icemitmnitions of chlono-
quit-ic at a commstant molar ratio of RXA

I)luOsPhorus to chloroquit-ie . Such a fit-idit-ig
is consistet-it with the stinmulnutioti of RXA

hydrolysis due to the formation of nun RNA-

chlonoquit-ie conul)lex rather that- i at-i ilNase-

chiomoquine complex.

Chlomoquit-ie greatly imict--eases the hy-
dmolvsis of sRNA by pat-icrenutic RXase at

temperatures fronu 3#{176}to 45#{176}(Table 1 ) , a

ramige which it-melt-ides the tt-numisitiot-i 4cm-

l)emnttllre (Tm) of s11NA nut low iommie
strengths. The accemituation of hydrolysis
does mint appear to be tenupemnuture-sensitive

if the extent of the hydrolysis of the comitnol,
chloroquine-free snumples, is maintained at

TABLE 1

Chloroqu inc-induced stimulation of RNA hydrolysis

by RNase at various temperatures

The incubation mixture consisted of 0.5 Mmole
of yeast sRNA phosphorus, 0.025 �ig of RNase,
and 0.14 jaimole of chloroquine (where indicated)
in a total volume of 1.5 ml of 0.01 M Tris, pH 7.0

(as nmeasured at 25#{176}).In chloroquine-containing

incubations, the molar ratio of RNA phosphorus

to chloroquinie was 3.6.

Hydrolysis of
total sRNA Stimulation

Incubation -�--�- of RNA
conditions + hydrolysis

Control Chloro- by chloro-
quine quine

(‘7 01 07

,‘O /0 /0

22 52 135

16 49 210

14 36 155

18 40 120
22 30 36

appmoxinuately 20 7 of the total RNA by

decreasimig the dumatiot-m of incubatint-i with

imicreasimig temperature of incubation. It is
gemierally observed, however, that the great-
est stimulatiomi by chloroquit-ie occurs in
those sniniples iii �vhich the pereemutage of
hydrolysis of the totnul RNA is maimmtait-ied
at relatively lower levels (that is, less than

25 % hydrolysis of the total RNA in the
it-ucubnu-tion tube) (Table 1 ; nulso Table 2).

It ��-nis of interest to examimie the effect
of ionic stret-igth on the chlomoquit-ie stimu-
latiot-m of the hvdrol\-sis of sRNA. It-ucreases

it-i iomiic strengtlm decrease. the bit-idit-ig of

chlomnquit-ie an(l other antimalarial amino-

(luimiolit-mes to i)OlYt-iucleOtides (1, 4, 7).4

4 Equilibrium dialysis studies by L. A. White
in this laboratory have shown that at a free
chloroquine concentration of 0.03 mM, values of r
(moles of chloroquine bound per mole of tRNA

phosphorus) are 0.07, 0.035-0.040, and 0.010-0.015 in

0.02 M Tris buffer (ph 6.7) supplemented with
NaCI to flit-al concentrations of 0, 0.02, and 0.05 M,

respectively. Expressed in a different manner-
more closely related to the current enzyme studies
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The additiot-i of NnuCl (0.02-0.20 .�i) to the

buffer (0.02 .�t- Tnis, pH 6.7) imicrenises the
actual hydrolysis of RNA it-i both the cot-i-

trol nut-md the ehlonoquimme-contnuit-mit-ig imicuba-
tions (Table 2). Sit-ice the addition of NaCl

it-icrenises 1�NA hydrolysis it-i comitmol it-ictibni-

tiomis to nu gm’eaten extet-mt thmnut-i in chlome-

quit-ie-cot-itait-iit-ig incubatiot-is, time j)ercet-it-ntge

stimulata)n of RNA hV(1IOl\’Si&i by chlom-(J-
quit-ic is decreased. The hydrolysis of poly

rAC, to be discussed below, is nilso greater

it-i the l)rt’set-ice of NniC1 1)1115 buffer (0.02
M Tris, 1)11 � that-u in btifft’i nulot-me.

Two investigatiot-is it-ito the effects of

nuetnil lot-is Oh the hydrolysis of I1NA by

I)ntt-iCt-’t’nttie I4Nase have beet-i reported t-e-
cemitly (2 1 , 22) . As (hiscusse(l by \ lomnill

amid Fl(�iss (21), the ratio of collc(’t-itmnitiot-is
of \1g2+ nit-m(I RNA P1mosl)h�ruIs it-i vn1F1OUS

nuanmnmntliami tissues varies fmonu 0.077 to

0.5. Sit-ice a portiot-i of the total tissue \ 1g2+
is bout-md to other cellular cot-istituemits,
the tissue concemitrations of Mgt-+ that nine

ijntet-itinul1� able to bit-id to RNA must be
cot-isiderably less thnut-i nu ratio of \1g2+ to
RNA l)hosphorus of 0.5. It-i the I)r(’semit
study, the effects of i\lgt-+ nt-i the chlono-

quit-ie-it-mduced stinmulnution of 14 NA luave
beet-i studied, sit-ice Mgt-+ decreases the
binding of chloroquine to RNA nit-md other
polymmucleotides (1 , 4, 7) nus well as nultenit-ig

RNase activity in chiomoquimue-free systems

(21, 22).
The extet-it of the RNA hydrolysis (cx-

pressed as the percet-itage hydrolysis of the

total RNA) of the commtrol, chiomoquit-me-
free samples remaimied at 30-35 #{182}-it-i 0.3
mM EDTA at-id 0.1-2.0 m�i Mgt-� (nuolan

ratio of �\Igt-� to RNA phosphorus of 0.3-
6.5) (Fig. 2). Thus, it-i this range of cot-i-

centrations, Mgt-+ did t-mot appreciably affect

the hydrolysis of RNA in chioroquine-
free incubations. It-i comitmt-ust, higimer ratios

of Mg2� to RNA phosphorus (20-50)

caused a sigt-mificant decrease in the extent
of hydrolysis of I�NA in cot-itrol samples.

The addition of Mgt-� (up to �.3 mmi at-md

-r was 0.055, 0.035, and 0.024 at molar ratios of
RNA phosphorus to chloroquine of 10:1 in 0.02 mi

Tris buffer (pH 6.7) supplemented with NaC1 to
final concentrations of 0, 0.02, and 0.05 M NaC1,

respectively.

TABLE 2

Effect of ,\aCl Oil c/i loroqu i�te- induced stii,m u lat ion

of sRNA hydrolysis

The it-icubat ion niixtures cot-isisted of 0.50 �.aiiole

of HNA phosphorus, 0.025 �g of RNase, and

(hluro(Illit-me (‘where illdicate(l) iii a I ot at volume

of 1.5 nil of 0.02 mmTris, 1)1-I6.7. The chloroquine

cot-it ct-i I �s:ts 0. 10 j.niole (niolar rat io of II N.&

PliosPl�)rus it-) (-hloroquine, 5.0) in experit-nent A,
:111(1 0.06k.) /.LiiiOl(’ (imiolam- rat io (f H NA l)liosl)Iiorus

I 0 chloroquine, 7.3) in 1he exl)erit-liet-it B . Saniples

were it-ictiluit ed at 37#{176}for 5 miii ii (experiment A)

Ot- S ruin (experinient B).

Hydrolysis of

NaCl total sRN:� Stimulation
Expt. concen- + by

tration Control Chloro- chloroquine

quine

(#{149}, ( . (_ -

.1! � -(-) 0

A 0 25 43 71
0.02 44 62 41

0.05 51 54 <10

0 . 10 45 62 38

0.15 5k) 67 35

0.20 53 51

a ratio of �\Ig2� to I1XA phosphorus of

0.1) does mint appreciably alter time I)ercent-
age (60-100 %) of the ciulomoquimie-indueed
stimulatiomi of RNnuse activity (l”ig. 2).
The ratio of the �)hysiological cnncet-mtmnmtiot-ms

of Mgt-� nit-it! RNA pimosphorus is well

withit-i this ent-icet-itnation range, and chlnmn-

quit-ic is potentially able to stinmulate RXA
hydrolysis by cellular nucleolytic enzymes

(t-iucieases at-id phosphodiesterases) . How’-
ever, the addition of \fgt-+ to a fit-intl cot-i-
centration of 0.6-2.0 nut amid a ratio of

Mgt-� to RNA phosphorus of 2.0 or greater
abolished the ciulomnquine-induced stimula-
tion of liNase. Because of the possibility of

a trace of Mgt-+ it-u the I{NA prepnuratinn,

EDTA, at a final comicentration of 0.3 nuM
(molar ratio of EDTA to RNA phosphorus
of 1.0), was added to the incubation system.
The resultant chlnroquilme-induced st imu-

latiomu of RXase activity (approximately
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FIG. 2. Effect of chioroquine on hydrolysis of sRNA at various molar ratios of lfgi+ to R�\A phosphorus

The incubation mixtures cot-itained 0.5 �zmole of ribonucleic acid phosphorus (RNA-P), 0.025 �g of

pancreatic HNase, and 0.14 �mole of chloroquine (where indicated) (at a molar ratio of HNA phosphorus

to chloroquine of 3.6) it-i a total volt-mt-ne of 1.5 ml of 0.02 mm Tris, p11 6.7. Incubalions were performed

for 8 mm at 37#{176}.Vertical bars indicate the stat-idard error of the mean.

65 (:; ) \\.n�5 �vitiiit-i the mniiige of the stit-nula-

tint-i observed upoim additiot-i of �\Jg2+ to a

rnutio of Mgt-1 to lIXA pimosphomus of 0-1.0.
Ot-me of the factors comisidered it-u this

study was that. time chlonoquit-me-it-iduced

stimulation in time hydrolysis of sRXA

nmight be (hue to, nut-id specific for, ni chlono-

(luilie-it-mduce(1 stmuctumnul cimnut-ige in the
tertinurv structure of tnamisfer 14NA. There-
fore, the effect of chlomoquit-ie was deter-
nuit-ied Ot-i the HNase activity nigaimust two

siiugle-stmninde(I l)OlynibOt-iucleoti(les, 1)0lY
mAC nut-it:! j)Oly rAU. Chlomoquimme also
stimulates the hydrolysis of these polymers

by RNnuse ; the tinuta for polv rAC nure siuown

it-i Table 3. 1’ronm these (latnu it is nissumed

thntt the stimulnutiomi by chlonoquit-ie is mint

specific solely for the tertiary structure of
trat-msfer RXA but is due it-istead to a gen-

ennuI intenactiot-, with I)nlYnibonucleotides.

It-i :t(1(hition , timt’ sit-nilnut- (‘iil()I�)((t1i1I(’-iIi(ht1Cc(l

ittinmulnition of tiit’ ii\’dht-�)I\’SiS of polv m��(1

Rt-i(i 1)OlY i�\ I t(’t-i(ls t() (hiSC()11It-t thii’ J)OMSi-

hilitv that (‘iilOI’O()Uit-l(’ slit-iilIhtt(’S time hy-
dmolysis of only a limited regiomi (e.g.,

(‘itht’t-’ the I0Oj)S ni. the tlouhle-stmninded

sections ()f the j)roposed clovenlenif struc-

tune) of tRNA.
It-i Ot-�(l(’I� to determit-ie whether the stimu-

lation of BXntse activity by ciulnnoquine is
due to dm’ug-RXA it-iteractiomi or dmug-RNase

immtennuctiot-m, nit-i additiomial endonuclease was
studied. i’%licnococcal t-iuclease is a phospho-

diestennuse, with 1)nimanil�T et-idot-muclease
activity (23), capable of the hydrolysis of
either RNA or DNA (24) . As was observed
for RNase, time addition of chlnmnquit-ie
greatly stimulates the hydrolysis of sRNA
by micmococcal t-muclease. Since the activity
of micnocnccntl t-iuclease requires Cat-+, the

incubatiomu mixtures comitaimied a fit-ial
conicet-itration of 0.20 nu�i CaCl2, equivalent

to a ratio of RNA i)hosphnmus to Cat-+ of
1.5-1.6. Upomi incubatiomi at 30#{176}and I”
6.9 at a molnur ratio of RNA phosphorus to

chlonoquine of 3.6-3.7, chlomnquine mark-
cdlv stimulnites the hydrolysis of sR.NA
(�fbl 4, (xpenimet-Its A Itt-id! B). \Iicno-
COCcILl Iillcl(’RSe exhibits greater enzymatic

activities ntgnuinst i�NA at-ti! DNA above

� 7 (24, 25). The stimulation of sIINi�
hydrolysis by chk)roquille is 0150 observed
nit pIT 7.7 (Table 4, t’xptt-imet-uts C nut-id I)).
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TABLE 3

Chloroquine stimulation of hydrolysis of poly rAC

by ribonuclease

Incubations were conducted for 5 mm at 37#{176}

in 0.02 M Tris buffer, pH 6.8. In experiment A,

0.25 mg of poly rAC (equivalent to 0.60 /Jnmole
of polynucleotide phosphorus), 5 /m�mg of bovine
pancreatic RNase, and 0.15 Jhmole of chioroquine

(where indicated) were incubated in a total

volume of 1.1 ml. In experiment B, the incubation
mixture was the same as in experiment A, except

that 2.5 �ag of RNase were added. The molar

ratio of polynucleotide phosphorus to chioroquine

was 4.

Expt.

Hydrolysis of total poly rAC Stimulation
by chioro-

quineControl + Chloro-
quine

01
/0

01
/0

01
iO

A 60 80,89 41
B 64, 61 83, 89 37

TABLE 4

Chloroquine stimnlation of hydrolysis of sR.VA by

micrococcal nuclease

In experiments A and B, incubation mixtures

contained 0.25 mg of sRNA (0.5 �mole of RNA

phosphorus), 0.14 it-mole of chloroquine (where

indicated), 5 ,�g of micrococcal nuclease, and 0.32

�imole of CaCl2 in a total volume of 1.6 ml of 0.01

M Tris buffer, 1)H 6.9. In experiments C and D, in-
cubation mixtures contained 0.5 �mnmole of sRNA
phosphorus, 0.12 j.imole of chloroquine (where

indicated), 2.5 �t-g of micrococcal nuclease, and
0.32 j�mole of CaCl2 in a tot-al volume of 1.6 nil of

0.02 M Tris buffer, pH 7.7. Incubations were car-
ned out for 20 mm at 30#{176}in experiments A and B,
and for 10 nun at 37#{176}in experiments C and D. In

experiment A, unhydrolyzed sRNA was precipi-
tated with cold perchloric acid (final concentra-

tion, 0.48 M); in the other experiments, unhydro-

lyzed sRNA was precipitated with cold perchloric
acid (final concentration, 0.32-0.38 M) together

with bovine serum albumin (final concentration
0.iQ-0.16 mg/ml).

Expt.

RNA phospho rus hydrolyzed
Stimula-

tion by
chloro-
quine

Control +
Chloroquine

�.imole .anole �‘ 0

A 0.15,0.14 0.27,0.22 65

B 0.16, 0.13 0.20, 0.23 50

C 0.25, 0.24 0.31, 0.34 33

1) 0.30, 0.27 0.39, 0.35 30

The observation that chlonoquine stimu-

lates the hydrolysis of R-NA both by pat-i-
creatic RNase at-id by micmococcal nuclease

indicates that the chlomnquine effect is due
to intenactinim with the sRNA rather than

to at-i it-iteractinmi between chiomoquit-me at-id

the two distinct t-iucleolytic emizymes.
Chionoquit-me also stinuulated the hydmoly-

sis of (single-stranded) poly rA by micro-
coccal nuclease in systems containing Cat-+.
At a polynuclenticle phosphorus to chlono-

quine molar ratio of 4.0, the stimulation by
chlnmnquine exceeded 50 % . Howeven, chloro-
quine (at a polyt-mucleotide phosphorus to

chlnnnquine molar ratio of 5) either did mint
stimulate or only margit-ially stimulated the

hydrolysis of poly mAC by nuicnococcal

nuclease, presumably because Cat-+ de-
creased the bindit-ig of chlonnquine to poly

rAC to an umudetectable level in the mm-

clease system.
Micrococcal nuclease is also capable of

the hydrolysis of t-mative DNA at-id the
more rapid hydrolysis of denatured I)NA
(23) . The interactions of other compoumids
with DNA have beet-i showii to render it

less sensitive to a wide variety of t-iucleases.
In a similar mat-it-men, the interactiot-i be-

tweet-i chlnmnquine and t-iative DNA nemiders

the DNA partially resistant to hydrolysis

by micmococcal nuclease at pH 7.7 (Table 5)

at a molar ratio of DNA phosphorus to

chlomoquit-ie of 4.0-4.5. Studies at pH 6.9

also show that chlomoquit-ie decreases the
hydrolysis of native DNA by micmococcal
miuclease (data not showt-m).

Chlomnquine it-ihibits the imydmolysis of

heat-denatured DNA by micnococcnul nu-
elease (Table 5) in a niat-mt-mer similar to the
it-ihibition of the hydrolysis of native DNA.
The inhibition of nuicnococcnul niuclease by

chlomoquimme does mint show specificity for

the stranded nature of the DNA; it is ob-
served for both (iouble-struunded (t-iative)

a-nd single-stramided (henut-det-matured) DNA.
Thus, the interaction of DNA with chiomo-

quit-me renders the nucleic acid �)antially

resistat-ut to the activity of micnococcal

miuclease. In contnnist, time interaction of

sRNA with chionoquit-me ret-iders time sRXA

nmone sensitive to the activity of the sanue

enzyme.

It also became of interest- to re-exnumine
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TABLE 5

Ch-loroquine inhibition of hy(lrolysis of native and

denatured I)NA by -micrococcal nuclease

In experiments A and B, incubation mixtures
contained 0.37 mg of native calf thymus 1)NA

(equivalent to 0.87 j.imole of l)NA phosphorus),

0.16 j.imole of CaCl2, and 0.20 j�niole of chloroquine

(where indicated). The niolar ratio of 1)NA phos-

phorus to chloroquine was 4.3-4.4. It-u experiment
A, the mixture contained 1.25 j�g of micrococcal

nuclease and was incubated for 10 mm; in experi-

ment B, the mixture contained 0.62 j.g of micro-

coccal nuclease and was incubated for 20 mm. In

experiments C and I), in(’ut-hation mixtures con-
tamed 0.37 mg of heat-denatured I)NA, 0.16

�tmole of CaC12, 0.20 ��mnole of chloroquine (where
indicated), and 0.15 �zg of mnicrococcal nuclease.

The molar ratio of DNA phosphorus to chioro-

qimine was 3.6. All experiments were conducted in

a total volume of 0.80 ml in 0.02 it-Tris buffer, pH

7.7, and incubations were carried omit at 37#{176}.

.
LX1)t.

DNA
substrate

Hydrolysis of
total DNA

+ Chloro-Control quine

Inhibi-
tion by
chloro-
quine

A Native

07 (7
/0 /0

60 38

Cl
/0

37

B Native 26 18 31

C Denatured 22 17 23
D Denatured 16 11 32

the effect of chlomoquit-ie nt-i the hydrolysis

of t-mative DNA by pntncmeatic DNase.
(1hlomoquine it-ihibits the hydrolysis of na-
tive calf thymus DNA by pancreatic DNase

(Table 6), in agreenuent witiu the report by
Kurmiick and Radcliffe (3) . Considerable

inhibition occurs at a nuolar ratio of DNA
phosphorus to chlomnquine of 5 : 1 , although

some it-ihibitiot-i cat-i be observed at a ratio
of 10: 1. The J)Nase nenuctions were carried
out in the presence of i\Igt-+, whelm is im-

portat-it for the activity of the emmzynue (26).
Although i\lgt-� decreases the binding of
chlonoquine to DNA, sufficiet-it chinroquine

is bound to the DNA ut-ider the cot-iditions
of the DNase assay to cause a decrease in
the activity of DNase.

Pancreatic RNase, micrococcal nuclease,
at-md pancreatic DNase are et-idonucleases

or have primarily endonueleolytic activity
nut-id therefore hydrolyze intenimal phospho-

diester bonds at random sites withit-i the
nucleic acid or polynucleotide to produce

oligonucleotides. Spleen phosphodiestenase,

an exonuclease, hydrolyzes the 5’-terminal
nuelentide from the polynuclentide chain
and releases nuclenside 3’-mnt-iophnsphates.
Time effect of chloroquine on the hydrolysis

of sRNA at-id poly rA by bovine spleen
phosphodiesterase was examined. It-i cot-i-
trast to the results obtained with the cii-

dot-muclenlytic t-mucleases, time activity of

the exonucleolytic spleet-i phosphodiestenase

against sRNA at-md poly rA is it-ihibited by

20-35 � by chioroquine (Table 7) at molar

ratios of RNA phosphot-us (on polynuclen-

tide phosphorus) to chlomoquine of appmoxi-

match- 4.
The cause of the cot-itrasting effects of

chinnoquine on the eiizymatic hydrolysis
of the two types of nucleic acids by et-ido-

nucleases is unknown at present. However,

the cause apparently does not reside it-u the

TABLE 6

Inhibition of pancreatic DNase by chioroquine

Incubations were conducted for 20 mm at 37#{176}
in 0.01 it- Tris buffer, pH 6.7. In experiment A,

0.75 mg of DNA (equivalent to 1.5 j�moles of DNA

phosphorus), 0.32 j.t-mole of MgCl2, 1.0 ,�g of DNase,
and chloroquine (where indicated) were incubated

in a total volume of 1.6 ml. In experiment B, 0.75

j�nmole of I)NA phosphorus, 0.32 .imole of MgC12,

0.5 �g of DNase, and chloroquine (where mdi-

cated) were incubated in a total volume of 1.6 ml.

In experiment C, 0.75 Mmole of DNA phosphorus,

0.16 pt-mole of MgCl2, 0.5 1�g of DNase, and chloro-

quine (where indicated) were incubated in a total

volume of 0.8 ml.

Expt.
Chloro-

quine
DNA-P:

chioroquine

DNA
hydro-

lysis

Inhibition
of DNA

hydrolysis

A

j.m;nole

0
0.15

0.30

10

5

%

27

23

19

%

15

30

B 0

0.075

0.15
10

5

55
51

35

<10

36

C 0
0.075

0.15

10

5

27

19

11

30

59



CHLOROQUINE EFFECT ON NUCLEIC ACID HYt-)ROLYS1S

TABLE 7

Inhibition of hydrolysis of sR�VA and poly rA by
spleen phosphodiesterase

It-icubatiomi mixtures contained 0.5 j.t-mole of

sIINA phosphorus or 0.5 znmole of poly rA, 0.128

(Worthington) enzyme units of bovine spleen

phosphodiesterase, and 0.125 timole of chloroquine
(where indicated) in a total volunme of 1.04 ml of

0.02 M Tris buffer, pH 6.8; incubations were con-
ducted for 20 mit-i at 37#{176}.In experiments A and
B the molar ratio of RNA phosphorus to chioro-

quine was 3.9, at-id iii experiments C and D t-he
molar ratio of polynucleotide phosphorus to chlo-
roquine was 4.2.

Expt. Substrate

Hydr

Control +

olysis

Chloro-
quit-me

Inhibition
by

chloroquine

A sRNA

Cl
/0

55

Cl
C

39.5

Cl
iC

28

B si{NA 43 28 35

C Poly rA 29 23 21
1) Polv rA 29 21 28

single- or double-stranded nature of the

nucleic acid. Chionoquimie stimulates the

hydrolysis of sRNA (single-stranded w-ith
extensive regions of intramolecular double-

strat-ided structure) by RNase and micro-

coccal nuclease, that of single-stranded poly
rAC by RNase, and that of sit-igle-stranded

poly rA by micrococcal nuclease. In contrast,
chloroquine inhibits the hydrolysis of na-

tive, double-stranded DNA by DNase and
micmococcal nuclease and the hydrolysis of

heat-denatured (mostly) sit-mgle-straiuded
DNA by micmncnccal nuclease. It is also
interesting, however, that chlonoquirie it-u-

hibited the hydrolysis of sRNA and poly
rA by at-i exonuclease, nanuely, spleen

phosphodiestenase.

Possible chinroquine-induced changes in
the tentiany structure of sRNA (tRXA)

do not appean to be a sole detenminat-it
(if involved at all) in the stimulatint-i of

RNA hydrolysis by the et-idot-iucleases,
since the hydrolysis of single-stranded poly
rAC and of poly rAU is also emihanced by
chlnroquine.

Ciak and Haht-i (27) have font-md that
treatment of a chlomnquimie-set-msitive strain

of Bacillus inegateriurn with chlnmnquit-ie
results in rapid degradation of nibosonmes,

extensive et-idonuclenlvtic hydrolysis of the
nibosonunul RNA to snuahler fragments, at-id

the release of a snmall portiot-i of the conu-

I)onet-utS from the RNA it-ito time extracellu-
lam fluid. Ladda (28) has examimied by
electmot-m nuicmnscol)v time effect of treatment

with chlonoquine nt-i the erythrocytic fonnus
of Piasinodiurn berg/mci. The altenatiomis of

the nibosomes it-i the Plasnmodium, it-iclud-
it-mg the dissociatiomi of nibosnmes, durit-ig
exposure to chlnmoquimie were interpreted
(28) as correlating with the bacterial me-
spomise reported by Ciak and Hahn (27).

Ot-i the basis of preset-it infommatiorm, it is

not vet possible to propose definitely that the
chlnnnquine-iniduced increase it-i semisitivity

of RNA to nucleases observed in- vitro is a

major determinat-mt in the biological activ-
ities (antimalarial activity nit-id toxic effects

in animals) of chlomoquimme. From the pres-
ct-it work it appears likely, iuoweven, that

chlnrnquine induces a conformatiot-tal chat-ige

in soluble RNA which is enzymatically
detectable by a measurement of nuclease
activity. It will be of interest to determit-me

mshethen chlornquimme-induced alterations it-i

transfer RNA at-md other RNA species will
prove to iossess biological importance

by an alteration in protein or polypeptide
synthesis. The aminoacylatiot-i of transfer

RNA in vitro may (29) or may t-iot (30) be
affected by chlomoquine, although the ob-
served differences may be caused by cx-

penimet-ital conditions (e .g. , divalet-mt catiot-i

concentration) rather that-i species differ-

ences.
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