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SUMMARY

ConkuIN, K. A,, HEv, P., AND CHou, S. C.: The effects of antimalarial drugs on nucleic
acid synthesis in vitro in Tetrahymena pyriformis. Mol. Pharmacol. 9, 304-310 (1973).

Solubilized DNA and RNA polymerases were prepared from disrupted nuclei of Teira-
hymena pyriformis and partially purified by gel filtration on Sephadex G-100. The enzymes
were characterized and shown to carry out DNA replication and DNA-dependent RNA
synthesis. The effects of three antimalarial drugs, quinine, primaquine, and chloroquine,
on DNA and RNA syntheses by the intact nuclei and the solubilized polymerases were also
investigated. For each drug dose-response curves were constructed, with each curve includ-
ing the two drug concentrations which have previously been found to inhibit cell division by
80-90 % and 100 %, respectively, in T'. pyriformis. At these two concentrations quinine and
primaquine were shown to have relatively little inhibitory effect on the reactions of the
test systems n vitro as compared to previously reported inhibition of precursor incorporation
into nucleic acids of intact cells. These results indicate that the primary action of these two
drugs in T. pyriformis may not be inhibition of nucleic acid synthesis, and that they may
possess another mechanism for blocking precursor incorporation by T. pyriformis in vivo.
Chloroquine, however, at the concentrations which block cell division, was shown to inhibit
markedly the synthesis of both DNA and RNA by the solubilized polymerases and DNA
synthesis by nuclei. These results indicate that inhibition of nucleic acid synthesis may, in
part, account for the effects of this drug on T'. pyriformis.

INTRODUCTION

Inhibition of DNA and RNA synthesis
in vitro by chloroquine (1-3) and quinine
(2, 3) supports the hypothesis that these
agents act by inhibition of nucleic acid syn-
thesis. This inhibition has been attributed
to binding or intercalation of chloroquine
(2-10) and quinine (2, 3, 11) with DNA, the
interaction being studied by various physi-
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cal parameters with solutions containing
DNA and the antimalarial drugs. Prima-
quine has also been shown to bind to DNA
(8, 10), and it is suggested that a portion of
the antimalarial activity of this compound
is related to inhibition of DNA function.

Our previous studies in Tetrahymena
pyriformis have shown that these anti-
malarial drugs block the incorporation of
nucleic acid precursors by intact cells (12).
Similar results using intact cells have been
observed with other test systems for chloro-
quine (2, 13-17) and quinine (2, 15-18),
whereas primaquine had little effect on this
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process (15). However, in T. pyriformis (12)
the three drugs were shown to inhibit up-
take of nucleic acid precursors by the cells,
and it was suggested that this inhibition of
precursor uptake may account for the in-
hibition of incorporation. The present study
was designed to determine whether the anti-
malarial drugs directly inhibit DNA and
RNA synthesis ¢n vitro in test systems from
T. pyriformas.

MATERIALS AND METHODS

T. pyriformis, strain GL, was grown to a
population of approximately 200,000/ml and
harvested as described previously (19). Nu-
clei were prepared from 8 ml of packed cells
by the procedure of Lee and Scherbaum (20),
and assays for DNA and RNA syntheses in
these organelles were carried out as described
previously (21). The 0.25-ml reaction mix-
ture for assay of RNA synthesis in nuclei
contained 0.5 mm ATP, 0.05 mm each GTP
and CTP, 0.5 uCi of [5-*HJUTP (17.8 Ci/
mmole; Schwarz BioResearch), 60 mm each
KCl and NaCl, 25 mm Tris-HC1 (pH 7.5),
1.5 mm MgCl; , 5 mm mercaptoethanol, 0.25
M sucrose, and 1-3 X 108 nuclei. The 0.25-
ml reaction mixture for assay of DNA syn-
thesis in nuclei contained 0.5 mm ATP, 0.05
mMm each dATP, dCTP, and dGTP, 2.5 uCi
of [methyl-*H]TTP (11.1 Ci/mmole; Schwarz
BioResearch), 0.3 mm EDTA, 50 mm KCl,
25 mm Tris-HCI (pH 7.5), 1.5 mm MgCl;,
5 mM mercaptoethanol, 0.25 M sucrose, and
1-3 X 10° nuclei. Reaction mixtures were
incubated for 30 min at 28°.

Solubilized DNA and RNA polymerases
were prepared from the isolated nuclei, all
procedures being carried out at 2°. Nuclei
from 8 ml of packed cell were suspended in
2 ml of a buffer containing 0.1 M Tris-HCI
(pH 7.9), 3 mm MgCl;, 10 mM mercapto-
ethanol, 0.6 mmM EDTA, and 30% (v/v)
glycerol (TMG buffer). The nuclei were
lysed by addition of NaCl and KCl (concen-
trated solutions) to final concentrations of
0.15 M each. The lysate was centrifuged at
105,000 X ¢ for 1 hr at 0°. The supernatant
fraction was chromatographed on a Sepha-
dex G-100 column (2 X 35 ecm) which had
been equilibrated with TMG buffer. The
enzymes were eluted with TMG buffer, and
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peak fractions were pooled (fractions 15-18,
Fig. 1). Assay procedures for the solubilized
DNA and RNA polymerases were similar to
those described for nuclei. The RNA polym-
erase reaction mixture (0.25 ml) contained
0.5 mm ATP, 0.05 mm each GTP and CTP,
0.5 uCi of [5-*H]JUTP (17.8 Ci/mmole), 50
mym Tris-HC1 (pH 7.9), 1.5 mm MgCl;, 1
myM MnCl; , 5 mM mercaptoethanol, 0.3 mm
EDTA, 15% (v/v) glycerol, 1-3 ug of pro-
tein (enzyme) as determined by the pro-
cedure of Lowry et al. (22), and 50 ug of
native calf thymus DNA. The DNA polym-
erase reaction mixture (0.25 ml) contained
0.5 mm ATP, 0.05 mm each dATP, dCTP,
and dGTP, 2.5 uCi of [methyl-*H]TTP (11.1
Ci/mmole), 25 mmM KCl, 50 mm Tris-HCI
(pH 7.9), 1.5 mm MgCl;, 5 mM mercapto-
ethanol, 0.3 mm EDTA, 15% (v/v) glycerol,
1-3 pg of protein (enzyme), and 50 ug of
native calf thymus DNA. Both assay mix-
tures were incubated for 60 min at 28°.

RESULTS

Figure 1 shows the Sephadex G-100 elu-
tion pattern for the supernatant fraction of
the disrupted nuclei which had been centri-
fuged for 1 hr at 105,000 X g. The first peak,
which was within the void volume of the
column, contained both the DNA and RNA
polymerase activities. Both activities were
proportionally similar within the peak. The
four fractions containing the most activity
were pooled for enzyme characterization and
drug testing (fractions 15-18 in Fig. 1).

Tables 1 and 2, respectively, give the re-
quirements for the DNA and RNA polym-
erase reactions by the solubilized enzymes,
and Fig. 2 illustrates the time course for
both reactions. Maximum DNA synthesis
was dependent upon ATP, dATP, dGTP,
dCTP, KCl, and native DN, since omission
of any component or replacement of the
native DNA with an equal amount of heat-
denatured DNA decreased precursor in-
corporation. These results are consistent
with a DNA-dependent DNA polymerase
reaction (DNA replication), and are similar
to those described by Pearlman and Wester-
gaard (23) except that they observed more
activity with denatured DNA than with
native DNA. The RNA synthesis reaction
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Fic. 1. Sephadez G-100 elution pattern of DNA and RN A polymerases
The 105,000 X g supernatant fraction from lysed nuclei was chromatographed on a column of Sepha-
dex G-100, 2 X 35 cm, which was equilibrated with TMG buffer. The enzyme was eluted in fractions of
3.0 ml with TMG buffer, and 100-ul aliquots were assayed for DNA and RNA polymerase activity as
described in MATERIALS AND METHODS. Activity is defined as counts per minute incorporated in the 60-

min assay.

TaBLE 1

Requirements for DN A polymerase reaction by
enzyme solubilized from nuclei

One hundred microliters of the pooled fractions
from the Sephadex G-100 column (fractions 15-18)
were used in each reaction mixture. The complete
reaction mixture is that described in MATERIALS
AND METHODS for DN A synthesis by the solubilized
enzyme. Each value is the mean of two deter-
minations.

by the solubilized enzyme required ATP,
GTP, CTP, and Mn** for maximum ac-
tivity, and, in contrast to the work of Kurtz
and Pearlman (24), more activity was ob-
served with native than with denatured
DNA. Actinomycin D was observed to in-
hibit RNA synthesis by 61 % at 16 um and
24% at 1.6 uM, and this effect is similar to
that observed with T. pyriformis in vivo (25).
These results are consistent with a DNA-

Reaction mixture Radio- Relative  dependent RNA polymerase reaction. The
activity incorpo- .
incorpo-  ration rate of both reactions was observed to de-
i crease progressively with time over 180 min
com/ug % (Fig. 2). The DNA and RNA polymerase re-
protesn . o .
Comblet 44 100 actions of nuclei have previously been char-
omplete .
Minus ATP 612 95 aCtF‘fi"zed D). . .
. gures 3 and 4, respectively, illustrate
Minus dATP 386 60
- the dose responses of the DNA and RNA
Minus dCTP 245 38 X .
Minus dGTP 335 52  Polymerase reactions of nuclei and of the
Minus ATP, dATP, dCTP, dGTP 116 18 solubilized polymerases to the antimalarial
Minus KCl 193 30 drugs, and Tables 3 and 4 show in more de-
Minus native DNA 13 2 tail the effects of the drugs at the concen-
Minus native DNA, plus heat-de- trations which produce 80-90% inhibition
natured DNA (50 ug) 270 42

(lower dose) and 100 % inhibition of cell di-
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TABLE 2

Requirements for RNA polymerase reaction by
enzyme solubilized from nuclei

One hundred microliters of the pooled fractions
from the Sephadex G-100 column (fractions 15-18)
were used in each reaction mixture. The complete
reaction mixture is that described in MATERIALS
AND METHODS for RN A synthesis by the solubilized
enzyme. Each value is the mean of two deter-
minations.

Reaction mixture Radio- Relative
activity incorpo-
incorpo- ration

rated
cpm/ug %
protein
Complete 1200 100
Minus ATP 24 2
Minus CTP 480 40
Minus GTP 384 32
Minus ATP, CTP, GTP 3 0
Minus Mn** 817 68
Minus native DNA 7 0
Minus native DNA, plus heat-de-
natured DNA (50 ug) 889 74
Plus actinomycin D, 16 um 468 39
Plus actinomycin D, 1.6 uM 912 76

20 s——a DNA Polymerase activity
a———a RNA Polymerase activity

CPM x 10'2/,4.9 protein

5+

150 180

30 60 9 120
Time (min)

Fi1a. 2. Time course of DN A and RN A polymerase
reactions by solubilized polymerases

Conditions were the same as described in Ma-
TERIALS AND METHODS for solubilized polymerases,
with samples being assayed at the indicated times.

vision in synchronized 7. pyriformis. With
quinine, the ED;g for inhibition of DNA syn-
thesis in nuclei was 3.0 mM and that for in-
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F1a. 3. Dose-response curves for inhibition of
DNA and RN A syntheses in isolated nuclei by anti-
malarial drugs

Assay conditions were the same as described in
MATERIALS AND METHODS, with the antimalarial
drugs being added to the complete reaction mix-
tures for DNA and RNA syntheses in nuclei.
A—A, DNA polymerase activity; A—A,
RNA polymerase activity.

hibition of RNA synthesis was greater than
10 mm. With the solubilized polymerases,
the ED;, values for quinine were 2.2 mm and
2.7 mMm for inhibition of DNA and RNA
syntheses, respectively. However, at the
concentrations which block cell division
(Tables 3 and 4), quinine produced little in-
hibition of DNA or RNA synthesis in either
system. The ED;o values for inhibition of
DNA and RNA syntheses by primaquine
were 1.2 mm and 2.3 mM in nuclei and 5.2 mm
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F16. 4. Dose-response curves for inhibition of
DNA and RNA syntheses with solubilized polym-
erases by antimalarial drugs

Assay conditions were the same as described in
MATERIALS AND METHODS, with the antimalarial
drugs being added to the complete reaction mix-
tures for DNA and RNA syntheses by the solu-
bilized polymerases. A——A, DNA polymerase
activity; A——A, RNA polymerase activity.

and 2.2 mum for the reactions with the solu-
bilized polymerases. Except for inhibition of
RNA synthesis by the solubilized polym-
erase, primaquine was also found to have
little inhibitory effect on any of the reac-
tions at the concentrations which block cell
division (Tables 3 and 4). With chloroquine,
the EDso values for inhibition of DNA and
RNA syntheses were 0.58 mm and 5.8 mum in
nuclei and 1.1 my and 0.53 mMm for the reac-

CONKLIN ET AL.

tions with the solubilized polymerases. How-
ever, at the concentrations which inhibit
cell division (Tables 3 and 4), chloroquine
produced much greater inhibition than
quinine or primaquine in all test systems ex-
cept for RNA synthesis in nuclei. In that
test system the degree of inhibition was simi-
lar for all three drugs.

DISCUSSION

At the concentrations which block cell di-
vision in T. pyriformis (Tables 3 and 4), the
inhibitory effects of quinine and primaquine
on DNA and RNA syntheses by nuclei and
solubilized polymerases were considerably
less than the inhibition of thymidine and
uridine incorporation into nucleic acids by
intact cells (12). At the lower concentration,
quinine inhibited incorporation of DNA and
RNA precursors n vivo by 46.5 % and 63.7 %,
respectively (12), whereas the reactions were
inhibited only 14% and 2% in nuclei and
1% and 2 % with the solubilized polymerases.
The failure of quinine to inhibit significantly
these reactions in witro is compatible with
the results of others (3). Similar results were
observed with primaquine in that the lower
drug concentration, which inhibits precursor
incorporation by 67.9% (DNA) and 87.5%
(RNA) in intact cells (12), produces 18 %
(DNA) and 7% (RNA) inhibition in nuclei
(Table 3) and zero (DNA) and 22% (RNA)
inhibition of the solubilized polymerase re-
actions. The higher concentrations of both
drugs produced only slightly greater inhibi-
tion. Although it is not known for certain
whether the same enzyme is responsible for
DNA synthesis #n vivo and in wvitro, or
whether the reaction n vitro is measuring
DNA replication or repair, these results indi-
cate that quinine and primaquine may not
inhibit nucleic acid synthesis. Therefore the
drugs may possess another mechanism for
blocking precursor incorporation by T'. pyri-
formis in vivo. For primaquine, in support of
this hypothesis are the observations that
this drug binds only poorly to DNA (8) and
that primaquine is a specific inhibitor not of
nucleic acid but of protein biosynthesis in
Bacillus megaterium (26).

Chloroquine, in contrast to the other two
antimalarials studied, had a marked in-
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TABLE 3
Effects of antimalarial drugs on DNA and RN A syntheses in tsolaled nuclei

Assay conditions were the same as described in MATERIALS AND METHODS, with the antimalarial drugs
being added to the complete reaction mixture for DNA and RN A syntheses by nuclei. Each value is the

mean of two determinations.

Drug Concentration DNA synthesis RNA synthesis
Incorporation Inhibition Incorporation Inhibition

mM cpm/10® nucles % cpm/10® nuclei %

None 748 12,690

Quinine 0.25 645 14 12,450 2
0.50 571 24 11,700 8

Primaquine 0.27 612 18 11,800 7
0.54 556 26 10,910 14

Chloroquine 0.70 295 60 12,190 4
1.40 145 81 11,390 11

TABLE 4

Effects of antimalarial drugs on DNA and RN A syntheses by solubtlized
DNA and RN A polymerases from nuclei
Assay conditions were the same as described in MATERIALS AND METHODS, with the antimalarial drugs
being added to the complete reaction mixtures for DNA and RN A syntheses by the solubilized polym-
erases. Each value is the mean of two determinations.

Drug Concentration DNA synthesis RNA synthesis
Incorporation Inhibition Incorporation Inhibition
mM cpm/ug protein % cpm/ug protein %
None 600 1192
Quinine 0.25 596 1 1170 2
0.50 642 966 9
Primaquine 0.27 624 0 931 22
0.54 695 0 895 25
Chloroquine 0.70 396 34 525 56
1.40 198 67 322 73

hibitory effect on three of the four test sys-
tems in wvitro at the concentrations which
block cell division (Tables 3 and 4). At the
lower concentration the drug inhibited DNA
synthesis by 60 % in nuclei and 34 % with the
solubilized polymerase, and it inhibited
RNA synthesis with the solubilized polym-
erase by 56 %. These effects on DNA syn-
thesis were greater than the inhibitory effect
on thymidine (for DNA) incorporation by

intact cells (27.3 %), and the effect on RNA
synthesis in the polymerase assay was almost
the same as the inhibition of uridine (for
RNA) incorporation (53.3%) in the assay
#n vivo (12). For chloroquine, the only result
in vitro which markedly differed from the
findings #n vivo was inhibition of RNA syn-
thesis by nuclei, since the assay in wvitro
showed only 4% inhibition. These results
indicate that direct inhibition of nucleic acid
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synthesis may account, in part, for the effects

of

chloroquine on T. pyriformzis.
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