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Streptococcus pneumoniae is uniquely sensitive to quinine and its derivatives, but only those alkaloids having
antimalarial properties, i.e., those in the erythro configuration, also possess antipneumococcal activity. Quinine
and related compounds inhibit the pneumococcal H*-ATPase. Quinine- and optochin-resistant pneumococci
showed mutations that change amino acid residues located in one of the two transmembrane a-helices of the

¢ subunit of the F,F, H"-ATPase.

Plasmodium falciparum is the causative agent of malaria,
one of the most serious widespread infectious diseases (14).
Although chloroquine has been the mainstay of antimalarial
treatment for the past 40 years, resistance in P. falciparum is
now widespread, resulting in difficulties in selecting appropri-
ate drugs for both prophylaxis and treatment (22). Quinine and
quinidine are the only drugs available for the parenteral treat-
ment of severe chloroquine-resistant P. falciparum malaria (13,
24). Tt should be emphasized, however, that despite years of
intensive research, the mechanism of action of antimalarial
compounds is still controversial.

Since Streptococcus pneumoniae is particularly sensitive to
quinine (Qin®*) and optochin (Opt® [ethylhydrocuprein hydro-
chloride]) (12), we have selected this bacterium as a possible
alternative model system for a better understanding of the
mechanism of action of antimalarial agents. We have recently
demonstrated that optochin specifically inhibits the mem-
brane-associated FoF, H"-ATPase of S. pneumoniae and that
Opt" pneumococcal mutants have point mutations in the agpC
gene encoding the ¢ subunit of the F, complex (4). The H*-
ATPases utilize the transmembrane proton gradient to drive
ATP synthesis or, in reverse, the hydrolysis of ATP to extrude
protons from the cell (5, 19).

Given the chemical similarities among the Cinchona alka-
loids (20) and the unique sensitivity of S. pneumoniae to these
drugs, we have looked for the primary target of quinine by
using a combined genetic and biochemical approach.

The MICs for the wild-type R6 strain of S. pneumoniae of
the erythro-cinchona alkaloids quinine, quinidine, cinchonine,
and cinchonidine (Sigma) were determined (Fig. 1). The MIC
of quinine was 80 uM (28.8 wg/ml) (Table 1), and the MIC of
the others (not shown), as well as that of the mixture epiqui-
nine-epiquinidine (a generous gift from A. C. de Wit, DSM
Andeno, Maarssen, Holland), was 1 mM. Identical values were
found for the pneumococcal M22 strain (not shown). P; was
assayed as previously described (2). The effect of these alka-
loids on the membrane-associated H*-ATPase activity was
assayed as described previously (4), except that membranes
were first incubated with the drug for 20 min at room temper-
ature and then for 8 min at 37°C before the addition of ATP.
All compounds inhibited this activity to different degrees that
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parallel their MICs (described below), suggesting a common
mechanism of action. Interestingly, a mixture of 9-epiquinine
and 9-epiquinidine, the threo-cinchona alkaloids, did not in-
hibit the ATPase activity of R6 even at the highest concentra-
tion used (1 mM) (not shown). The activity of the amino
alcohol antimalarial agents does have structural requirements,
as exemplified by the active erythro-cinchona alkaloids and the
inactive threo-cinchona alkaloids (20). Of primary importance
is the intramolecular N-O distance (Fig. 1). This distance is
larger in the erythro forms (intermolecular interactions are
favored) than in the threo forms, in which intramolecular in-
teractions are preferred. The same three-dimensional require-
ments appear to be displayed by these compounds in S. pneu-
moniae (Table 1). In addition, a different susceptibility to
quinine and quinidine has been found (Table 1) that agrees
with that previously reported for P. falciparum (17, 23). More-
over, membranes of Opt" (MJ11 and MJ2) and Qin" strains
(MJQ3 and MJQ4) showed different levels of resistance to
inhibition by optochin and quinine (Fig. 2) corresponding to
the different MICs of optochin and quinine.

Seven Qin" mutants (MJQ1 to MJQ7) were selected by plat-
ing R6 cells in Mueller-Hinton agar plates (Difco) supple-
mented with 5% defibrinated sheep blood and containing qui-
nine (60 pg/ml). It is noteworthy that chromosomal DNA
(prepared as described in reference 4) from the Qin" mutants
transformed with high efficiency the Qin® M22 strain not only
to Qin" but also to Opt" (Table 2). Furthermore, chromosomal
DNAs from two Opt® strains, MJ11 and MJ2, that carried mu-
tations producing amino acid changes in the proton-ATPase ¢
subunit (Ala-49—Thr in MJ11 and Val-48—Leu in MJ2) (4)
were also able to transform the M22 strain to both Opt" and
Qin". The optochin concentration used to select transformants
was 8 pM (3 png/ml), except when the donor DNA was pre-
pared from MJQ1, -2, -3, -5, -6, or -7, in which case transfor-
mants were scored at 4 wM, in accordance with the MIC of
optochin for these strains (8 pM). Also in agreement with the
MIC of quinine for MJ11 (Table 1), no Qin® M22 transfor-
mants were obtained when scored at 100 wM (Table 2). These
results strongly suggested that the Opt" and Qin" phenotypes
were determined by the same mutation. A 1,438-bp DNA frag-
ment containing atpC, atpA, and the 3’ end of atpB was ob-
tained by PCR amplification (4) of MJQ1-to-MJQ7 DNAs
with oligonucleotides 594 (5'-CCAGCGAGACTAACGGT
CAAATCTGCCACC-3") and 660 (5'-CGCTTCCAATAGC
GGTTAAAAGTTGACAAA-3') (Fig. 3). This fragment was
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FIG. 1. Chemical structure of the amino alcohol antimalarial agents used in this study. Optochin is as quinine is, but R1 is CH;—CH,—. Important N and O atoms

for the reactivity of the molecules are indicated by asterisks.

electrophoresed in agarose (18), isolated from gel slices with
the Geneclean kit (BIO 101), and used to transform S. pneu-
moniae M22. Both Opt" and Qin" transformants were obtained,
indicating that the mutations responsible for these phenotypes
were included in the amplified fragments. To determine if the
atpC gene was responsible for the Qin" phenotype, as it was for
the Opt" phenotype (4), this gene was cloned from strain
MJQ4 DNA into Escherichia coli (Fig. 3). For this determina-
tion, PCR products from an amplification of MJQ4 DNA with
oligonucleotides 660 and 594 were cut with Asel (Fig. 3), and
the 335-bp fragment containing atpC was treated with T4 DNA
polymerase and ligated to Smal-digested pUCI18 (25). The
ligation mixture was used to transform E. coli DH5a as previ-

TABLE 1. Susceptibility of S. pneumoniae strains to
several Cinchona alkaloids

MIC (uM) of*:
Strain o
Optochin Quinine Quinidine f[ﬂ;?::;?g:;

R6 3 80 1,000 1,000
MIJ11 63 100 500 1,000
M2 63 320 500 ND*
MJQ3¢ 8 200 1,000 ND
MJQ4 31 250 500 ND

“For the determination of MICs, cells were grown in Todd-Hewitt broth
(Difco) supplemented with 0.5% yeast extract (Difco) containing different drug
concentrations.

> ND, not determined.

¢ Same as MJQ1, MJQ2, MJQS5, MJQ6, and MJQ7.

ously described (8), and transformants were selected in Luria-
Bertani medium containing ampicillin at 100 pg/ml. The re-
combinant plasmid was able to transform M22 to Qin" and
Opt" with high efficiency (Table 2), indicating that the muta-
tion responsible was included in afpC. The nucleotide se-
quence of the complete atpC gene was determined directly
from the PCR products with the finol DNA sequencing system
(Promega) with oligonucleotide 660 as a primer, and point
mutations were observed in the seven Qin" mutants. Six of
them (MJQI, -2, -3, -5, -6, and -7) had the same mutation: a
G-to-A transition that would produce a Met-23 (ATG)-to-1le
(ATA) change. In one strain (MJQ4), the mutation (a G-to-C
transversion) would produce a Gly-20 (GGT)-to-Ala (GCT)
change in the amino acid sequence of the ATPase ¢ subunit.

Combined genetic and chemical modification studies sup-
port a hairpin-like structure for the ¢ subunit with two o-heli-
ces that transverse the membrane in an antiparallel fashion,
separated by a conserved polar loop region that possibly forms
the F, binding region (5, 19). The mutations that confer both
Opt" and Qin" phenotypes would produce changes in Gly-20 or
Met-23 of helix 1 (those selected via Qin‘) and Val-48 or
Ala-49 of helix 2 (those selected via Opt") (Fig. 4). These four
residues would be closely juxtaposed within the membrane
bilayer when the protein is folded and would be associated with
the a and b subunits to form the F, complex of the H"-
ATPase. Independently of how the mutants were selected,
cross-resistance between optochin and quinine was found. The
two strains obtained via Opt" (MJ11 and MJ2) have the highest
value for optochin (63 wM). With respect to Qin*, the MIC of
quinine for strain MJ11 is 100 wM (1.25 times the MIC for R6),
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FIG. 2. Effects of quinine (A) and optochin (B) on ATPase activity in mem-
branes from the wild type (R6 [O]) and mutants (MJ2 [A], MJ11 [@], MJQ3 []],
and MJQ4 [m]). Values are the averages of at least three independent determi-
nations.

whereas the MIC for MJ2 is 320 uM (four times the MIC for
R6), which represents the largest increase among the strains
studied here. Even when the selection was carried out through
Qin" (strains MJQ3 and MJQ4), the increases were smaller
(Table 1). These results support the finding that the interaction
of the chemically similar drugs optochin and quinine with the
¢ subunit occurs in the same region of the protein and that
mutants isolated through optochin or quinine selection would
have mutations in either of the two a-helices of the ¢ subunit
at random. Analysis of more Qin" and Opt" mutants would
clarify this point.

Mutations that eliminate the carboxyl group of Asp-61 in the
E. coli ¢ subunit (equivalent to Glu-52 in S. prneumoniae) in
helix 2 inhibit H" translocation (5, 19). Glu-52 was not altered
in the Opt" Qin" pneumococcal mutants, although inhibition
of H"-ATPase activity was observed (Fig. 2). A functional
ATPase from a double mutant E. coli strain in which the Asp-
61 carboxyl group was eliminated and the carboxyl function
was replaced by an Asp residue at position 24 in helix 1 (equiv-
alent to Val-15 of S. pneumoniae) has been isolated and char-
acterized (11). The functioning of the double mutant suggests
that both helices may interact as a unit to present the essential
carboxyl group during H" translocation. Hence, the interac-
tion of quinine and optochin with the ¢ subunit would also
cause a conformational change in F,, hindering the proper
presentation of the essential carboxyl group of Glu-52 for H*
translocation.

Since it is well documented that the proton-ATPases of
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TABLE 2. Transformation of S. pneumoniae M22 with
chromosomal DNAs, PCR products, and
cloned atpC genes

Efficiency of transformation
(10* transformants/ml) with®:

Donor DNA Optochin (M) Quinine (M)
8 4 80 100

R6

Chromosomal <0.01 <0.01 <0.01 <0.01

PCR product <0.05 <0.05 <0.05 <0.05
MIJ11

Chromosomal 50 ND? 4 <0.01

PCR product 45 ND 15 <0.05

Cloned atpC 10 ND 25 <0.01
MJ2

Chromosomal 20 ND 19 24

PCR product 37 ND 50 60
MJQ3¢

Chromosomal ND 1 25 1

PCR product ND 2 40 1
MJQ4

Chromosomal 26 ND 70 31

PCR product 20 ND 150 100

Cloned atpC 23 ND 100 100

“ Transformation was performed as described elsewhere (21) and transfor-
mants were selected in C medium (21) containing 0.08% yeast extract and the
indicated drug concentration.

? ND, not determined.

¢Identical results were obtained with MJQ1, MJQ2, MJQS5, MJQ6, and
MIQ7.

bacteria, chloroplasts, and mitochondria are similar in struc-
ture and function, possibly reflecting the endosymbiotic hy-
pothesis of evolution (7), the results reported here invite spec-
ulation that the primary target for quinine in P. falciparum
would also be the subunit equivalent to the bacterial ¢ protein
of the mitochondrial F,F; H"-ATPase. In fact, it has been
reported that an appropriate functioning of mitochondria is
critical for survival and growth of erythrocytic stages of malar-
ial parasites (1, 6). The vacuolar H*-ATPase (16) might also
be considered an alternative target since its proteolipid subunit
and the eubacterial proteolipid are evolutionarily related (10,
15). It is well known that antimalarial agents increase the pH
of the food vacuole of P. falciparum and that this increase is
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FIG. 3. Genetic structure and physical map of the afp region of S. pneu-
moniae R6 DNA. P indicates the putative promoter; genes are indicated by
arrows. A, Asel; D, Dral; E, EcoRI; EV, EcoRV; H, Hphl; S, Sphl. Chromosomal
regions amplified by PCR with oligonucleotides 594 and 660 (shaded arrows) are
indicated. The regions including azpC genes cloned in pUCI8 are also indicated.



2458 NOTES
1.3
e -
hydrophobic
[N
hydrophilic
| —
0.9
0.8 -
2277222727 27227A =ZZZz7777 7270
| N J L J
TTIT I I I T A T AT T I T T T v T v ey vy I Ty T vy rryrrarToraTT
MNLTFLGLC! ACMGVSVGEGLLMNGLFKSVARQPDMLSEFRSLMFLGVAF I&TFFVTLVFSF 1K
:‘ t” [l 0

FIG. 4. Prediction of the secondary structure of the ¢ subunit. Software from
PCGene 6.0 was used. Bars indicate the transmembrane a-helices predicted by
the RAOARGOS (open bars) and HELIXMEM (hatched bars) programs. The
amino acid sequence of the ¢ subunit is indicated, together with the changes
observed in the mutants (MJ2 [A], MJ11 [@], MJQ3 [J], and MJQ4 [m]). The
Glu-52 residue, thought to be involved in proton translocation, is boxed.

accompanied by inhibition of parasite growth, possibly because
the acid proteases of the parasite can no longer degrade he-
moglobin (9). Quinine and quinidine might bind to the pro-
teolipid subunit of the vacuolar ATPase of the sensitive para-
site and inhibit the proton pump, which would result in an
additional increase in the vesicle pH. In agreement with this
hypothesis, it has been observed that quinine strongly inhibits
the vacuolar membrane ATPase activity of P. falciparum (3).
Finally, notwithstanding that further experiments with P.
falciparum will be necessary to demonstrate that the primary
target of quinine in S. pneumoniae is similar to that in the
malarial parasite, the pneumococcal system described here
appears to be an interesting model strategy for testing the
putative antimalarial activity of new compounds, either natural
or synthetic, structurally related to the Cinchona alkaloids.

We thank P. Lazo for critically reading the manuscript and for
allowing us to use the PCGene program in his computer. The helpful
suggestions of R. Lopez are greatly acknowledged.

This work was supported by grant PB93-0115-C01/02 from the Di-
recciéon General de Investigacion Cientifica y Técnica. A.G.C. is a
member of the Consejo Superior de Investigaciones Cientificas, and
R.M. was supported by a postdoctoral fellowship from Fondo de In-
vestigaciones Sanitarias.

REFERENCES

1. Blum, J. J., A. Yayon, S. Friedman, and H. Ginsburg. 1984. Effects of
mitochondrial protein synthesis inhibitors on the incorporation of isoleucine
into Plasmodium falciparum. J. Protozool. 31:475-479.

10.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

J. BACTERIOL.

. Chen, P. S., T. Y. Toribara, and H. Warner. 1956. Microdetermination of

phosphorus. Anal. Chem. 28:1756-1758.

. Choi, L, and J. L. Mego. 1988. Purification of Plasmodium falciparum diges-

tive vacuoles and partial characterization of the vacuolar membrane ATPase.
Mol. Biochem. Parasitol. 31:71-78.

. Fenoll, A., R. Muioz, E. Garcia, and A. G. de la Campa. 1994. Molecular

basis of the optochin-sensitive phenotype of pneumococcus: characterization
of the genes encoding the F, complex of the Streptococcus pneumoniae and
Streptococcus oralis H*-ATPases. Mol. Microbiol. 12:587-598.

. Futai, M., T. Noumi, and M. Maeda. 1989. ATP synthase (H"-ATPase):

results by combined biochemical and molecular biological approaches.
Annu. Rev. Biochem. 58:111-136.

. Ginsburg, A., A. A. Divo, T. G. Geary, M. T. Borland, and J. B. Jensen. 1986.

Effects of mitochondrial inhibitors on intraerythrocytic Plasmodium falcipa-
rum in vitro cultures. J. Protozool. 33:121-125.

. Gray, M. W. 1989. The evolutionary origins of organelles. Trends Genet. 5:

294-299.

. Hanahan, D. 1983. Studies on transformation of Escherichia coli with plas-

mids. J. Mol. Biol. 166:557-580.

. Homewood, C. A., D. C. Warhurst, W. Peters, and V. C. Baggaley. 1972.

Lysosomes, pH, and the antimalarial action of chloroquine. Nature (Lon-
don) 235:50-52.

Mandel, M., Y. Moriyama, J. D. Hulmes, Y.-C. E. Pan, H. Nelson, and N.
Nelson. 1988. cDNA sequence encoding the 16-kDa proteolipid of chromaf-
fin granules implies gene duplication in the evolution of H*-ATPases. Proc.
Natl. Acad. Sci. USA 85:5521-5524.

. Miller, M. J., M. Oldenburg, and R. H. Fillingame. 1990. The essential

carboxyl group in subunit ¢ of the F;F, ATP synthase can be moved and
H™-translocating function retained. Proc. Natl. Acad. Sci. USA 87:4900~
4904.

Moore, H. F. 1915. The action of ethylhydrocuprein (optochin) on type
strains of pneumococci in vitro and in vivo, and on some other microorgan-
isms in vitro. J. Exp. Med. 22:269-285.

Most, H. 1984. Treatment of parasitic infections of travellers and immi-
grants. N. Engl. J. Med. 310:298-304.

. Muller, R., and J. R. Baker. 1990. Medical parasitology. Gower Medical

Publishing, London.

Nelson, H., and N. Nelson. 1989. The progenitor of ATP synthases was
closely related to the current vacuolar H"-ATPase. FEBS Lett. 247:147—
153.

Pedersen, P. L., and E. Carafoli. 1987. Ion motive ATPases. I. Ubiquity,
properties, and significance to cell function. Trends Biochem. Sci. 12:146—
150.

Phillips, R. E., D. A. Warrel, N. J. White, S. Looareesuwan, and J. Karb-
wang. 1985. Intravenous quinidine for the treatment of severe falciparum
malaria. Clinical and pharmacokinetic studies. N. Engl. J. Med. 312:1273—
1278.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

Senior, A. E. 1990. The proton-translocating ATPase of Escherichia coli.
Annu. Rev. Biophys. Biophys. Chem. 19:7-41.

Sweeney, T. R., and R. E. Strube. 1979. Antimalarials, p. 333-413. In M. E.
Wolf (ed.), Burger’s medicinal chemistry, 4th ed. John Wiley & Sons, Inc.,
New York.

Tomasz, A. 1970. Cellular metabolism in genetic transformation of pneumo-
cocci: requirement for protein synthesis during induction of competence. J.
Bacteriol. 101:860-871.

van Es, H. H. G., E. Skamene, and E. Schurr. 1993. Chemotherapy of
malaria, a battle against all odds? Clin. Invest. Med. 16:285-293.

White, N. J., S. Looareesuwan, D. A. Warrell, T. Chongsuphajaisiddhi, D.
Bunnag, and T. Harinasuta. 1981. Quinidine in falciparum malaria. Lancet
ii:1069-1071.

Wyler, D. J. 1983. Malaria: resurgence, resistance and research. N. Engl. J.
Med. 308:875-878, 934-940.

. Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved M13 phage

cloning vectors and host strains: nucleotide sequences of the M13mp18 and
pUC19 vectors. Gene 33:103-119.



