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Abstract-The antimalarials primaquine, chloroquine, quinine, and quinacrine and the related substances 6- 
chloro-9-(3’-dimethylamino-2’-hydroxypropylamino)-2-methoxyacridine and 9-amino acridine inhib- 
ited intralysosomal proteolysis at pH 8 in mouse kidney subcellular suspensions containing [‘2511-labeled 
albumin-filled phagolysosomes at concentrations from 5 x 10e5 (q&nacrine) to about 2.5 x 10e4 M (qui- 
nine). All these substances inhibited rat liver cathepsin B, but had no effects on cathepsins A, C or D. These 
inhibitions were greater on the alkaline side of the pH optimum of cathepsin B,. The drugs also partially 
inhibited the stimulatory effect of ATP on intralysosomal proteolysis at pH 8 which we have interpreted 
previously to reflect an energy-dependent proton pump for maintenance of intralysosomal acidity. Preincuba- 
tion of [ ‘25I l-labeled albumin-filled ,phagolysosomes for 10 min at pH 8 in media containing 0.1 mM 
quinacrine or chloroquine or 0.5 mM quinine sulfate, followed by washing to remove these drugs, partially 
inhibited the stimulatory effect of ATP on further incubation in antimalarial-free media but had no effects on 
intralysosmal proteolysis. Preincubation in 1 mM chloroquine completely abolished the stimulatory effect of 
ATP but also partially inhibited proteolysis. Antimalarials also inhibited rat liver lysosomal (tritosomal) 
membrane ATPase suggesting that this activity may be related to the stimulatory effects of ATP on 
intralysosomal proteolysis. Quinine was the most effective of the inhibitors tested. These studies suggest that 
1 ‘251]-labeled albumin-filled mouse kidney phagolysosomes may provide a convenient model system for rapid 
screening of drugs potentially useful foi the treatment of diseases caused by organisms possessing a 
lysosome-like d&&e system. 

Chloroquine and other antimalarial drugs have been 
shown to accumulate in lysosomes of higher animals in 
vivo [ l-3 1 and in vitro 141. Wibo and Poole [ 1 I have 
also shown that chloroquine is an inhibitor of cathepsin 
B,, a major protease in lysosomes. Chloroquine is a 
weak base with a pK of 8.1 [ 5 1. In the uncharged form, 
the drug may diffuse across cell membranes into an acid 
compartment where it becomes protonated and thus 
would not be able to diffuse back across the mem- 
brane [61. de Duve et al. [ 7 1 point out that since chloro- 
quine has a second basic group of pK 10.1, it is 
improbable that at physiological pH the resulting 
monoprotonated drug could diffuse across lysosomal 
membranes at the observed rates without the participa- 
tion of a permease. However, the drug does inhibit 
intralysosomal proteolysis of exogenous proteins in 
tissue slices [ 8 1 and macrophages [ 7 1 as well as endoge- 
nous proteins in rat fibroblasts [ 1 I. 

Homewood et al. [6] have proposed a theory on the 
cytotoxicity of antimalarial drugs based on an accumu- 
lation of chloroquine in the digestive system of the 
plasmodium similar to that which occurs in lysosomes. 
According to this theory, accumulation would cause an 
inhibition of hemoglobin digestion due to the resulting 
pH rise. Accumulation of chloroquine in parasitized 
erythrocytes to many times plasma levels and signifi- 
cantly less accumulation in erythrocytes infected by 
resistant strains [9, 101 provides some support for the 
hypothesis. However, evidence against such a mecha- 
nism has been obtained by Williams and Fanimo [ 111. 

To our knowledge antimalarials other than chloro- 
quine have not been tested as inhibitors of lysosomal 
enzymes, nor have these drugs been tested directly on 
their capacities to inhibit intralysosomal proteolysis in 

cell-free systems. In’the present study, we have exam- 
ined the inhibitory effects of a number of antimalarials 
and related substances on purified rat liver cathepsin 
preparations, on intralysosomal proteolysis in mouse 
kidney phagolysosomes and on the stimulation of this 
proteolysis by ATP. 

Studies on intralysosomal proteolysis were per- 
formed with mouse kidney phagolysosomes filled with 
[ t251]-labeled bovine serum albumin. When subcellular 
particulate suspensions containing these phagolyso- 
somes are incubated in 0.25 M sucrose containing a 
sulfhydryl reducing agent, the labeled albumin is de- 
graded to a trichloroacetic acid-soluble form to the 
extent of 25-40 per cent of the total radioactivity 
during 40 min of incubation. Rates of proteolysis in 
samples from the same animal do not vary more than 2- 
4 per cent, and breakage of the particles by detergents 
or hypotonicity inhibits the proteolysis to less than 5 
per cent of the total acid-insoluble protein in the suspen- 
sions [ 12 I. Alkaline buffers (pH 8) inhibit intralysoso- 
ma1 proteolysis in the suspensions about 50 per 
cent [ 13, 141, and additions of ATP restore the rates to 
those observed at pH 5 [ 8, 13 1. We have interpreted the 
stimulatory effect of ATP as an energization of a proton 
pump or of some system which functions to maintain 
acidic conditions in the phagolysosome [ 8, 13, 15 I, but 
the exact mechanism of the stimulation is not yet 
known. 

MATERIALS AND METHODS 

Animals. Adult male or female albino rats and mice 
were propagated in the animal facilities of this institu- 
tion by random breeding. 
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Enzyme assays. Cathepsin B, was assayed according 
to Barrett [ 161 using r-N-benzoyl-DL-arginine~B-na- 
phthylamide HCI at pH 6. The enzyme catalyzes hy- 
drolysis of this substrate and the 2.naphthylamine re- 
leased is determined color~etr~caily. after coupling 
with fast garnet GBC, by absorption at 520 nm. One 
nmole substrate hydrolyzed/min at 3 7O was defined as 
one unit of activity. Cathepsin D was assayed as de- 
scribed by Barrett I 17 1 using hemoglobin at pH 3. 
Absorptions of trichloroacetic acid-soluble filtrates, 
taken at intervals during incubation at 37”, were meas- 
ured at 280 nm. One unit of activity was an increase in 
absorption of 1.0 optical density unit/hr. Cathepsin C 
was assayed by a procedure similar to that used for 
cathepsin B, using glycyl-phenylalanyl-~-naphthylam- 
ide as the substrate [ 18 1. Cathepsin A was assayed 
using N-carbobenzoxy glutamyl phenylalanine 
i 19, 201. The reaction product, phenylaianine, was de- 
termined calorimetrically with ninhydrin reagent. 

Lysosomal (tritosomal) membrane ATPase activity 
was assayed by measuring phosphate liberated from 
ATP according to Fiske and Subbarow 12 11. Reaction 
mixtures containing 2.5 pmoles ATP (disodium salt 
neutralized to pH 8 with NaOH). 5 pmoles CaCI,. 50 
I_tmoles Tris-acetate buffer. pH 8, and sufficient once- 
washed (0.2 M KC1) rat liver tritosome membrane 
preparation to allow a measurable linear rate were 
incubated at 37” in volumes of 1 ml with and without 
inhibitors. Samples of 0.2 ml were removed at zero time 
and at intervals for 40 min and added to 4.8 ml of 10% 
trichloroacetic acid. These were centrifuged to sedi- 
ment any precipitated protein and the clear supemat~t 
solutions were decanted and assayed for phosphate. 
Blanks containing all reagents but no membranes were 
incubated and assayed similarly. These controls pro- 
duced negligible or no color in the Fiske and Subbarow 
phosphate assays. 

Preparation of ~sosomal proteases. Cathepsins B,, 
D and C were purified from rat liver tritosomes. Trito- 
somes (Triton WR- 13 39.filled phagolysosomes f were 
prepared essentially by the procedure of Trouet 1221 
and Leighton et al. I23 1. This method was modified by 
using 34.5 s, sucroserather than45”,,resullingin signif- 
icantly reduced succinic dehydrogenase activrties in the 
purified tritosomes, suggesting less mit~hondr~al con- 
tamination. * The purified tritosomes were broken by 
repeated freezing and thawing in a dry ice-acetone 
bath. These broken tritosomes were then centrifuged at 
114,000 g for 60 min and the clear brown supernatant 

fluid was used as the starting material for enzyme 
purification. This supernatant was filtered through a 
2.5 x 100 cm column of Sephadex G--75. Purification 
of eathepsin B, was approximately 800-fold and that of 
cathepsin D was about 400-fold. Cathepsin C was 
purified from tritosome extracts according to the 
method of McDonald et al. 1241. 

Preparation of tritosome membranes. Membranes 
remaining after tritosome disruption by freezing and 
thawing were sedimented by ~entrifugation for 1 hr at 
114,000 g. The pellets were resuspended in cold 0.2 M 
KC1 to detach any residual peripheral proteins, centri- 
fuged again, and the supernatant fluids were decanted 
and discarded. The sedimented membranes were kept 

~~~.. 
* R. L. Elliott and J. L. Mego, unpublished observations. 

frozen until needed. These membranes contained no 
detectable succinic dehydrogenase activity when as- 
sayed according to Shamberger I25 1 and no Na’. K+- 
dependent ATPase activities. 

~ntrai~~s5soma~ proteol~s~s in cell-free preparalio~s. 
Adult albino mice were injected intravenously with l-- 
2 mg of I rzsI l-labeled. formaldehyde-treated bovine 
serum albumin. Phagolysosomes containing the in- 
jected protein were centrifuged from kidney homoge- 
nates. and intralysosomal proteolysis was assayed in 
these organelles as described previously 1 13. 14.26 i. 
Reaction mixtures contained 0.25 M sucrose. 5 mM 
MgCl,, 25 mM pH 8 borate buffer, SO mM P-mercap- 
toethanol, 2.5 mM ATP previously neutralized to pH 8 
with NaOH, and the drug to be tested. Controls con- 
tained the same ingredients with ATP and no drug or 
neither ATP nor drug. Intralysosomai proteolysis was 
measured by the conversion of trichloroaceti~ acid- 
insoluble to acid-soluble radioactivity. Results were 
expressed as per cent of the total radioactivity con- 
verted to the acid-soluble form during 40 min of incu- 
bation at 35”. 

Drugs, chemicals and other materials. All chemicals 
used were reagent grade. Powdered hemoglobin, crys- 
talline bovine serum albumin, substrates for ~athepsin 
assay, chloroquine 17.~hloro-4-(4-diethylamino- l- 
methylbutylamino)-quinoline], quinacrine [ 6-chloro-9.. 
(4-diethylamino- I-methylbutylamino)-2-methoxyacri- 
dine], 9-amino acridine and Sephadex G-75 were ob- 
tained from Sigma Chemical Co., St. Louis, MO. Qui- 
nine sulfate 16-methoxy-(5-vinyl-2-quin~clidinyl~4- 
quinol~nemethanol sulfate], primaquine [ 8(4.amino- l- 
methylbutylamino)-6-methoxyquinolinel and 6- 
ct~loro-9-(3’-diethylamino-2-hydroxypropylamino)- 
2-methoxyacridine (CDMA) were purchased from 
Aldrich Chemical Co., Milwaukee, WI. Triton WR- 
1339 was obtained from Ruger Chemical Co., Irving- 
ton, NJ, and 1’2SIliodide was purchased from New 
England Nuclear Corp., Boston, MA. 

RESULTS 

Figures 1 and 2 show the effects of quinacrine and 
quinine sulfate concentrations on the intralysosomal 
proteolysis of [ rZ511-labeled albumin at pH 8 in the 
presence and absence of ATP. The results show that 
these substances inhibited intralysosomal proteolysis 
and appeared to abolish or reduce the stimulatory 
effects of ATP at concentrations of about 5 x 10.’ to 
10s4M. Similar studies were performed with chloro- 
quine, CDMA, primaquine and 9-amino acridine, and 
approximately the same results as those shown in Figs. 
1 and 2 were obtained. In some cases ATP appeared to 
stimulate proteolysis to the same extent at all concen- 
trations of drug, i.e. chloroquine and CDMA, but 
quinine, primaquine and quinacrine all abolished the 
stimulatory effects of ATP at higher concentrations. 

The effects of the antimalarials shown in Figs. 1 and 
2 suggest that the drugs inhibited the stimulatory effects 
of ATP and perhaps accumulated in the phagolyso- 
somes to concentrations high enough to inhibit cathep- 
sin B,. A second possibility was that the intralysosomai 
pH was raised by the basic properties of the drugs. 
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Fig. 1. Effects of quinacrine concentration on hydrolysis of 
formaldehyde-treated I’ZLIl-labeled albumin at pH 8 with 
(crosshatched bars) and without ATP in phagolysosomes 
from mouse kidneys. Labeled protein-filled phagolysosomes 
centrifuged (SO&-30,000 g) from mouse kidney homoge- 
nates 30 min after intravenous injections of radioactive pro- 
tein were incubated ‘at 35” in media containing 0.25 M 
sucrose. 5 mM MgCl,, 50 mM ~-mercapt~thanol, 25 mM 
borate buffer. pH 8 (control), 2.5 mM ATP previously neu- 
tralized to pH 8 (control plus ATP)and an antimalarial, at the 
concentrations shown. Trichloroacetic acid-soluble (TCA- 
soluble) radioactivity was measured at zero time and after 40 
min of incubation. This radioactivity was calculated as per 
cent of the total in the samples and the resulting zero time 
value was subtracted from the 40.min per cent figure. Each set 
of bars (i ATP) represents the means of two to six experi- 
ments. Standard deviations from the means are shown only 
for those results which are the means of at least four experi- 
ments. Some absolute values for the percentage data are as 
follows (acid-soluble/total counts per min at zero time and 
after 40 min in the samples removed from the reaction mix- 
tures): 5 x 10.’ M quin&rine. 345/3840-105 l/3576: with 
ATP. 365/3579-1399/3443: lW4 M quinacrine, 4131’ 

2675-47912562; with ATP. 420~248~-550~2477. 

Since cathepsins are acid hydrolases with pH optima 
around 5, a rise in pH would inhibit proteolytic activity. 
Wibo and Poole [ 11 have shown that chloroquine inhib- 
its cathepsin B,, but their results indicate that relatively 
high concentrations (about 5 m&l) are required for 
significant inhibition at pH 6. We first investigated the 
inhibitory effects of chloroquine and other antimalari- 
als using a crude enzyme prepared by osmotic shock of 
rat liver lysosomes [ 14 1. The acridines, quinacrine and 
CDMA, were even more effective inhibitors than chlor- 
oquine when [‘~511-labeIed albumin was the substrate 
rather than ~-~-benzoyl-DL-~ginine-~-naphthylamide 
(BANA) in this system. This suggested that other 
proteases or peptidases involved in albumin degrada- 
tion might have been sensitive to the inhibitory effects 
of antimalarials. For this reason, we also investigated 
the effects of the drugs on cathepsins A and C. Al- 
though the hydrolysis of glycyi-phenylalanyl-~-na- 
phthyl~ide, the substrate for cathepsin C. was inhib- 
ited to a small extent by CDMA, quinacrine and 
quinine in the crude enzyme system, these drugs had no 
effect on partially purified rat liver cathepsin C using 
the same substrate. We subsequently discovered that 
purified cathepsin B, also hydrolyzed the substrate for 
cathepsin C at a low rate which would account for these 

Fig. 2. Effects of quinine sulfate concentrations on hydrolysis 
of formaldehvde-treated [ ‘*3 l-labeled albumin at DH 8 with 
(crosshatched bars) and without ATP in phagoiysosomes 
from mouse kidneys. Details of the experiment are described 
in the legend to Fig. 1 and in Materials and Methods. Some 
absolute values for the percentage data are as follows 
(acid = soluble/total counts per min at zero time and after 
40min in the samples removed from the reaction mixtures): 
10e5 M auinine sulfate, 436/249~822/2085; with ATP, 
4081204%1086/2027; IO-‘M quinine sulfate, 261/2352- 

282123 14: with ATP, 244/2515-21812423. 

results. Cathepsin A was not affected by any of the 
drugs tested in this study. 

The pH optimum of cathepsin B, is about 6 with 
BANA as substrate but appreciable activity is present 
at pH 5 or 7. A test of inhibitory effects of antimalarials 
on cathepsin B, at pH 5-7 revealed that the inhibi- 
tion was pH dependent. All the drugs tested were more 
effective inhibitors on the alkaline side of the optimum 

Table 1. Effects of pH on the inhibitions of cathepsin B, 
activity by antimalarials and related substances in a purified 

rat liver enzyme preparation * 

Inhibitor 
(1 mM) 

Chlor~uine 

CDMA 

Ouinacrine 

Experiment 

1 
2 
1 
2 
1 

% Inhibition 

pH5 PH6 pH7 

3 16 49 
6 18 46 

19 19 39 
24 26 46 
21 20 41 

2 19 29 43 
Ouinine 1 14 11 19 

2 4 8 16 
Amin~cridine I 17 18 37 

2 0 15 29 

*Reaction mixtures contained enzyme, 2.3 mM BANA, 
1 mM EDTA, and 75 mM phosphate buffer in 2 ml with and 
without 1 mM inhibitor. Experiment 1 (2.5 pg enzyme) was 
incubated for 40min at 37’ and Experiment 2 (4.2 fig 
enzyme) was incubated for 10 min. Quinine sulfate and 
aminoacridine were dissolved in ethanol and separate controls 
containing the same concentrations of ethanol were run for 
these assays. The following nmoles of BANA were hydro- 
lyzed in the controls during the incubation periods: Exp. 1, 
pH 5: 125,pH 6: 143,andpH 7: 83;plusethanol,pH 5: 103, 
pH6: 127,andpH 7:4l.Exp. 2,pH 5:48,pH6:83,andpH 
7: 52; plus ethanol, pH 5: 33, pH 6: 63, and pH 7: 29. 
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Table 2. Inhibition of rat liver tritosome membrane ATPase 
activity by some antimalarials and related substances * 

Inhibitor 

(1 mM) 

% Inhibition 
__.___ 

Expt. I Expt. 2 

Chloroquine 35 39 
Quinacrine 16 19 
Primaquine 46 21 
Quinine 13 100 
CDMA 16 59 
Aminoacridine 38 33 

* Reaction mixtures contained enzyme. 2.5 mM ATP 
(neutralized to pH S), 50 mM Tris-acetate buffer (pH 8) and 
5 mM CaCI, with and without (controls) inhibitor in a 
volume of 1 ml. Experiment 1 (90 pg protein) was incubated 
for 1 hr at 31” and Experiment 2 (42 pg protein) was incu- 
bated for 30 min. Quinine sulfate and aminoacridine were 
dissolved in ethanol and separate controls containing ethanol 
were run for these assays. At zero time and at the end of the 
incubation period, 0.5 ml of each reaction mixture was added 
to 4.5 ml of cold 10% trichloroacetic acid. These were centri- 
fuged. decanted. and assayed for inorganic phosphate. The 
following pmoles phosphate were hydrolyzed from ATP in 
the controls during the incubation periods: Expt. 1: 3.14; plus 
ethanol: 2.12. Expt. 2: 0.76; plus ethanol: 0.64. 

of this enzyme. Table 1 shows the effects of pH on the 
inhibition of purified rat liver cathepsin B, by antima- 
larials. The same results were obtained using a crude rat 
liver enzyme with I L2S11-labeled albumin or BANA as 
substrates. According to Homewood et al. [ 6 I, antima- 
larials might accumulate in lysosomes because they 
become protonated and thus are unable to diffuse back 

Quinine sulfate cont., mM 

Fig. 3. Inhibition of rat liver lysosome membrane ATPase 
activity by quinine sulfate. About 5Opg of twice-washed 
(0.2 M KCI) tritosomal membrane prptein was incubated in 
media containing 2.5 mM neutralized (pH 8) ATP. 50 mM 
Tris-acetate buffer, pH 8, 5 mM CaCl, and quinine sulfate 
dissolved in ethanol. The control contained the same volume 
of ethanol but no quinine. A sample containing an equivalent 
quantity of sodium sulfate was also run in the above experi- 
ment but this control showed no inhibition of activity. San- 
ples (0.5 ml) were removed at zero time and after 30 min at 

37”. These were added to 4.5 ml of 10% trichloroacetic acid, 
centrifuged and the supernatant decanted and assayed for 
phosphate according to Fiske and Subbarow [2 11. The con- 
trol sample hydrolyzed 0.26 pmole phosphate during 30 min. 

through the membrane. The drugs, therefore, would be 
expected to raise intralysosomal pH since they are weak 
bases. The combined effects of decreased acidity in 
lysosomes and more effective inhibition of enzyme 
activity by antimalarials on the alkaline side of the pH 
optimum should exert a potent inhibitory effect of 
cathepsin B, at relatively low concentrations. An accu- 
mulation of antimalarials in phagolysosomes resulting 
in a rise in pH and increased inhibitory effects on 
cathepsin B, thus appears to be a satisfactory explana- 
tion for the inhibitory effects of antimalarials on intra- 
lysosomal proteolysis (Figs. 1 and 2). However, this 
does not explain why these drugs appear to abolish the 
stimulatory effects of ATP on intralysosomal proteo- 

Table 3. Effect of preincubation of I ““I l-labeled albumin- 
filled mouse kidney phagolysosomes in the presence of some 
antimalarials on intralysosomal proteolysis and of the stimu- 

latory effects of ATP * 

Acid-soluble radioactivity 
(% of the total) produced 

in 40 min at 35’ 

PH 8 
Concn No with 

Expt. Antimalarial (mM) additions pH 8 ATP 

1 Chloroquine None 23.8 II.4 3 1.8 
1 13.2 5.2 5.7 

2 Chloroquine None 30.6 15.4 37.7 
0. I 32.6 14.2 23.5 

3 Quinacrine None 24.0 12.2 26.9 
0.05 21.2 15.9 18.4 
0. I 24.0 12.5 15.9 

4 Quinine None 18.8 Il.6 26.8 
0. I Il.9 11.1 25. I 
0.5 20.4 8.5 19.5 

* Mice were injected intravenously with I “-‘I l-labeled al- 
bumin (2 mg. 5.4 x 10” counts/min) and killed 30 min later. 
Kidney subcellular particles (50%30.000 8) containing 
I”‘1 I-labeled protein-filled phagolysosomes were preincu- 
bated at 35” in 0.25 M sucrose, pH 8 (25 mM borate buffer). 
with and without antimalarial. The particles were then washed 
twice in 20ml of cold 0.25 M sucrose and incubated in 
0.25 M sucrose-5 mM MgCI,-0.05 M Pmmercaptoethanol 
(no additions); sucrose, Mg, mercaptoethanol and pH 8 
borate buffer (pH 8): sucrose. Mg, buffer. mercaptoethanol 
and 2.5 mM ATP (pH 8. ATP) in h-ml volumes. Samples 
were taken at zero time and after 40 min. and analyzed for 
trichloroacetic acid-soluble radioactivity. The acid-soluble 
radioactivity was calculated as per cent of the total counts/ 
min in the sample and the percentage of zero time was 
subtracted from that at 40 min in each experiment. Absolute 
values for some of the percentage data are as follows. with 
acid-soluble/total counts/min at zero time followed by acids 
soluble/total counts/min at 40 min, per 2-ml sample removed 
from the reaction mixtures: control for expt. I : no additions. 
707/6631-210616109:pH 8.592/6138-1314/6190;pH 8 
with ATP, 646/6862-2106/6512. Chloroquine ( I.0 mM): 
no additions. 163/8831-185018488: pH 8. 187/10886- 
1290/10443; pH 8 with ATP, 482/5866-711/5589. Chlor- 
oquine: (0.1 mM): no additions. 119/5504-2388/5221; 
pH 8, 725/561 l-1540/5689; pH 8 with ATP. 7 13/5467- 
1948/5335. Quinacrine (0.05 mM): no additions, 162/ 
1443-2803/7495;pH 8,685/1104&1171/6933:pH 8with 
ATP, 780/711 l-2153/1335. Quinacrine (0. I mM): no ad- 
ditions, 624/1142-2258/6898; pH8. 599/6250-1385/ 
6246: pH 8 with ATP. 624/6623-1710/6986. 
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lysis at pH 8. Although rat liver lysosmal membranes 
contain ATPase activity [ 27 1, there is no evidence that 
this ATPase is related to the stimulatory effects of ATP 
on intralysosomal proteolysis. Table 2 shows that anti- 
malarials and related compounds were effective inhibi- 
tors of the rat liver tritosomal membrane ATPase. 
Quinine sulfate was the most effective inhibitor but 
substantial effects were also obtained by CDMA and 
quinacrine at 1 mM concentrations. Chloroquine and 
primaquine were least effective. Figure 3 shows the 
effects of quinine concentration on ATPase activity. 

The inhibition of lysosomal membrane ATPase by 
antimalarials suggested that the drugs might have inter- 
acted directly with the energy-dependent system re- 
sponsible for stimulation of intralysosomal proteolysis 
at pH 8. To test this possibility, [lZSIl-labeled albumin- 
filled mouse kidney phagolysosomes were preincubated 
in various concentrations of chloroquine, quinacrine or 
quinine sulfate in 0.25 M sucrose at 35’ for 10 min. 
The suspensions were then diluted with equal volumes 
of ice-cold 0.25 M sucrose and centrifuged. Pellets 
were resuspended with 20 ml of cold sucrose, recentri- 
fuged and decanted to remove all drug from the media. 
Intralysosomal proteolysis and the effects of ATP at 
pH 8 were then assayed in the particles. Results of 
these experiments are shown in Table 3. Intralysosomal 
proteolysis was unaffected at 0.1 mM concentrations of 
chloroquine or quinacrine (Table 3, no additions) but 
the stimulatory effects of ATP were reduced signifi- 
cantly. At a 1 mM concentration of chloroquine, intra- 
lysosomal proteolysis was partially inhibited and the 
stimulatory effect of ATP was completely abolished. 
Although quinine was the most effective inhibitor of rat 
liver lysosomal (tritosome) membrane ATPase, this 
drug proved to be the least effective inhibitor of the 
ATP effect in the preincubation experiments. Little or 
no effect was evident even at concentrations of 0.5 mM 
quinine. The most likely explanation for this was that 
quinine was removed easily from the phagolysosomes 
by washing. 

DISCUWON 

The antimalarials bind strongly to tissue compo- 
nents although the degree of binding varies from drug to 
drug 1281. For example, quinacrine binds more 
strongly than chloroquine or quinine and chloroquine 
has a higher affinity for tissues than quinine. Chloro- 
quine, quinacrine, quinine and primaquine all bind to 
nucleic acids and this is considered to be the site 
responsible for tissue binding and cytotoxic- 
ity [ 28, 29 I. Evidence exists that these substances accu- 
mulate in lysosomes [ l-31 which may account for 
some tissue binding. Results obtained in the present 
studies are in agreement with this evidence since con- 
centrations of antimalarials inhibitmg intralysosomal 
proteolysis were lo- to lOO-fold less than those re- 
quired to inhibit free cathepsin B,, even at pH 7. 
Furthermore, chloroquine at concentrations as high as 
10 mM has little effect on intralysosomal proteolysis in 
the absence of pH 8 buffer [ 8 I, suggesting that the drug 
must be in the monoprotonated form to diffuse into 
phagolysosomes. Preincubation studies (Table 3) also 
provides some support for this hypothesis. Quinine has 
the lowest tissue binding affinity in viva and this drug 

appeared to be most readily removed from phagolyso- 
somes by washing. Quinacrine and chloroquine, how- 
ever, retained their capacities to inhibit the stimulatory 
effects of ATP, suggesting higher affinities for 
phagolysosomes. 

The inhibitory effects of antimalarials on both the 
activity of rat liver membrane ATPase and the stimula- 
tory effect of ATP on intralysosomal proteolysis at 
pH 8 suggest that the ATPase may be related to the 
ATP effect. However, quinine was the most effective 
inhibitor of the membrane ATPase and the quinacrines 
appeared to be more effective inhibitors of the stimula- 
tory effects of ATP on intralysosomal proteolysis. The 
reason for this is not clear at the present time. It seems 
reasonable to assume that the stimulatory effects of 
ATP on intralysosomal proteolysis are a consequence 
of ATP hydrolysis but this has not been established. 
There is no doubt that the antimalarials inhibited the 
stimulatory effects of ATP on intralysosomal proteo- 
lysis at concentrations not affecting proteolytic activ- 
ity. This was evident both in the preincubation experi- 
ments (Table 3) and in the experiments in which 
intralysosomal proteolysis was measured in the pres- 
ence of the drug, particularly in the case of quinacrine 
(Fig. 1). 

The accumulation of chloroquine in lysosomes is 
well known [ 1, 4, 71 and evidence exists that other 
antimalarials also become concentrated in these organ- 
elles [ 2, 3 1. Wibo and Poole [ 11 have shown that chlor- 
oquine inhibits the activity of cathepsin B,, a major 
protease in lysosomes. These findings explain the action 
of chloroquine as an inhibitor of intracellular proteo- 
lysis [ 1, 7, 81. The present studies show that chloro- 
quine and other antimalarials inhibit intralysosomal 
proteolysis in a cell-free system and that quinine, quina- 
crine, primaquine, CDMA and 9-amino acridine are 
also effective inhibitors of cathepsin B,. Furthermore, 
all the antimalarials tested, as well as some related 
substances (9-amino acridine and CDMA), behaved 
similarly with respect to inhibition of intralysosomal 
proteolysis and lysosomal ATPase activity. These sub- 
stances, therefore, may share some common mecha- 
nism which may be related to their cytotoxic effects on 
the malaria plasmodium. For example, chloroquine and 
the other antimalarials may inhibit hemoglobin degra- 
dation in lysosomes of the malaria parasite, as proposed 
by Homewood et al. 16 1. Indeed, chloroquine induces a 
vacuolization in the malaria plasmodium [ 30,3 11 sim- 
ilar to that produced in cells of higher animals 171. 

The usual maximum concentration of chloroquine 
attained in the plasma during therapy is about 10m6 
M [ 32 1 and levels reached in infected erythrocytes may 
be 100 times this 1331 or about 1O-4 M. The effects 
noted in the present studies were significant at concen- 
trations of quinacrine of about 10m5 M, and 10s4 M 
concentrations almost completely inhibited intralyso- 
somal proteolysis (Fig. 1). Similar effects were noted at 
these concentrations of chloroquine [ 8 1 but primaquine 
and quinine required significantly higher levels (about 
1 mM) to completely inhibit proteolysis. However, 
quinine inhibited the stimulatory effect of ATP at a 
concentration of about 2.5 x lo4 M (Fig. 2). 

Although the work of Williams and Fanimo [ 11 I 
tends to rule out the theory of Homewood et al., the 
possibility remains that antimalarials may somehow 
interfere with hemoglobin degradation by malaria para- 
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sites or perhaps with some ATP-dependent activity 
related to proteolysis similar to the one sensitive to 
antimalarials reported in the present study. If this 
proves to be the case, the measurement of intralysoso- 
ma1 proteolysis described in the present study and 
elsewhere [ 8, 12- 15, 26 I may provide a rapid and con- 
venient model system for the screening of potential 
drugs for the treatment of diseases caused by organisms 
having a lysosome-like digestive system. 

Ackno~~led~ements-This work was supposed by Grant 
GM-2 1829 from the National Institute of General Medical 
Sciences. The expert technical assistance of Mrs. Jessica Hsia 
is acknowledged. 

REFERENCES 

1. M. Wibo and B. Poole. J. Cell Biol. 63, 430 (1974). 
2. A.C. AllisonandM.R.Young,L@Sci. 3,1407 (1964). 
3. A. C. Allison and M. R. Young. in Lysosomes in Biology 

and Pathology (Eds. J. T. Dingle and H. B. Fell) Vol. 2. p. 
600. North Holland Publishing Co.. Amsterdam ( 1969). 

4. D. J. Reijngoud and J. M. Tager. Fedn Eur. Biochem. 
Sot. Lett. 64, 23 1 (1976). 

5. J. L. Irvin and E. M. Irvin. J. Am. them. Sot. 69, 109 I 
(1971). 

6. C. A. Homewood. D. C. Warhurst. W. Peters and V. C. 
Baggaley. Nature, Lond. 235, 50 (1972). 

7. C. de Duve. T. de Barsy. B. Poole. A. Trouet. P. Tulkens 
and F. Van Hoof. Biochem. Pharmac. 23,2495 (1974). 

8. J. L. Mego and R. M. Farb. in Intracellular Protein 
Catabolism II (Eds. V. Turk and N. Marks). pp. 12-26. 
Plenum Press. New York (1977). 

9. H. Polet and C. F. Barr. J. Pharmac. esp. Ther. 164, 3 80 
(1968). 

10. P. B. Macomber, R. L. O’Brien and F. E. Hahn. Science, 
N.Y. 152. 1374 (1966). 

I 1. S. G. Williams and 0. Fanimo. Anrz. /rap. Med. Parasit. 
69, 301 (1975). 

12. 

13. 

14. 
15. 

16. 
17. 
18. 
19. 

20. 
2 1. 

22. 
23. 

24. 

25. 
26. 

27. 

28. 

29. 
30. 

31. 

32. 

33. 

J. L. Mego. F. Bertini and J. D. McQueen.J. Cell Biol. 32. 
699 (1967). 
J. L. Mego. R. M. Farb and Judith Barnes. Biochem. J. 
128, 763 (1972). 
J. L. Mcgo. Biochem. J. 122, 445 ( I97 I ). 
J. L. Mego. Biochem. biophJs. Res. Cornmw~. 67, 572 
(1975). 
A. J. Barrett. Analy/. Biochem. 47, 280 (1972). 
A. J. Barrett. Riochem. J. 104, 601 ( 1967). 
J. K. McDonald. J. biol. Chem. 244, 2693 (1969). 
A. I. Logunov and V. N. Orekhovich. Biochem. biophJ,s. 
Res. Commun. 46, I 16 1 ( 1972). 
A. P. Ryle and R. R. Porter. Biochem. J. 73, 75 ( 1959). 
C. H. Fiske and Y. Subbarow. J. biol. Chem. 66, 325 
(1925). 
A. Trouet. Arc/n int. Ph.~xsiol. Biochim. 72, 698 ( 1964). 
F. Leighton, B. Poole. H. Beaufay. P. Baudhuin. J. W. 
Coffey. S. Fowler and C. de Duve. J. Cell Rio/. 37, 482 
(1968). 
J. K. McDonald. B. B. Zeitman. T. J. Teilly and S. Ellis../. 
biol. Chem. 244, 2693 (1969 ). 
R. J. Shamberger. Biorlrer??. J. 111, 3 75 ( 1969 ). 
J. L. Mego. in L.nosomes irk Bio/o,py arld Parhologv (Ed. 
J. T. Dinple). Vol. 3. p. 527. North Holland Publishing 
Co.. Amsterdam ( 1373!. 
D. L. Schneider. Biockem. bioph>,s. Res. C,~~~rnu~. 61, 
882 (1974). 
W. B. Pratt. Fundamentals qf’ Chemotherapy, p. 162. 
Oxford University Press. London ( 1973). 
J. Ciak and F. E. Hahn. Science. N.Y. 156, 655 ( 1967). 
D. C. Warhurst and D. J. Hockley. .Naature, Lorzd. 214, 
935 (1967). 
P. B. Macomber. H. Sprinz and A. J. Tousimis. Narure. 
Lond. 214, 937 (1967). 
A. S. Alving. L. Eichelberger. B. Craige. R. Jones. C. M. 
Whorton and T. N. Pullman. J. c/in. Inrest. 27 (suppI.). 
60 (1948). 
P. B. Macomber. R. L. O’Brien and F. E. Hahn. Science, 
N.Y. 152. 1374 (1966). 


