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Abstract—Using the inhibition of incorporation of [*H]hypoxanthine as an index of viability of malaria
parasites, it was shown that a chloroquine-sensitive strain of Plasmodium falciparum (T9-96) and a
chloroquine-resistant strain (K1) did not differ in their sensitivities to the quassinoids ailanthinone,
bruceantin and chaparrin. Similarly, there were no differences between the strains in their sensitivities
to the protein synthesis inhibitors anisomycin, deacetylanisomycin, cephalotaxine, homoharringtonine,
cycloheximide, puromycin and puromycin aminonucleoside. The 1Cs, values derived for ailanthinone
and bruceantin, cycloheximide, homoharringtonine and puromycin were in the nanomolar range,
whereas those for the anisomycins, cephalotaxine and the aminonucleoside of puromycin were micro-
molar or greater. Those drugs tested which contain an ester moiety (ailanthinone, bruceantin, aniso-
mycin, homoharringtonine) were more active than the related drugs (chaparrin, deacetylanisomycin,
cephalotaxine) that do not. Cross-resistance to inhibitors of protein synthesis appeared not to accompany
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resistance to chloroquine.

With the ever-increasing emergence, worldwide, of
strains of Plasmodium falciparum showing resistance
to chloroquine, the need to develop new antimalarial
drugs is pressing [1]. Most of the drugs currently
used in the treatment of malaria have limited spectra
of activity [2] and so it is important that agents
with novel modes of action be made available as
alternatives in the fight against this disease.

Plants of the family Simaroubaceae, particularly
species of Brucea and Simarouba, have long been
used in traditional medicine to treat a number of
diseases, including malaria [3]. Their curative prop-
erties are attributed largely to the quassinoids or
‘bitter principles’ (products of the biodegradation of
triterpenoids) that they contain. A large number
of plant-derived quassinoids have been shown to
possess significant activity against chloroquine-resist-
ant strains of P. falciparum in vitro, and against
experimentally-induced P. berghei infections in mice
[4-9].

Studies of eukaryotic cells and cell-free systems
have shown that bruceantin [10] and other quas-
sinoids [11-15] disrupt normal ribosome function,
causing irreversible inhibition of protein synthesis.
Recently, it has been shown that seven quassinoids
with differing chemical structures and differing
degrees of antimalarial activity also rapidly inhibit
protein synthesis in P. falciparum in vitro [16]. It
was therefore of interest to determine and compare
the possible in vitro antimalarial activities of some
classic inhibitors of protein synthesis. The com-
pounds chosen (Fig. 1; Table 1) are, like quassinoids,
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297

natural products, and act at discrete points in the
sequence of protein synthesis (see Discussion).

Since chloroquine has no significant effect upon
protein synthesis in the in vitro malaria model, it was
also important to determine whether there was any
difference in the susceptibility of chloroquine-resist-
ant and chloroquine-sensitive strains of P. falciparum
to quassinoids, and to protein synthesis inhibitors in
general.

MATERIALS AND METHODS

Drugs. Techniques for the isolation and identi-
fication of quassinoids have previously been reported
[8,9]. Anisomycin, deacetylanisomycin, cephalo-
taxine, homoharringtonine, puromycin amino-
nucleoside, cycloheximide and chloroquine dipho-
sphate, were obtained from the Sigma Chemical
Co. (Poole, U.K.). Puromycin base was supplied by
Serva Feinbiochemica (Heidelberg, F.R.G.); 1.5 mg
were dissolved in 50 uL absolute ethanol with 30 uLL
0.1 M HCI and further diluted with RPMI to provide
a solution at the highest concentration tested. In a
control test the same final concentrations of acid and
alcohol did not inhibit parasite growth. All other
drugs (with the exception of the anisomycins and
chloroquine diphosphate, which were initially dis-
solved in distilled water) were first dissolved at high
concentration in absolute ethanol (B.D.H., Poole,
U.K.); dilutions were then carried out in serum-
free, glucose-enriched RPMI 1640 culture medium
(RPMI) to provide solutions at an appropriate con-
centration from which serial dilutions were made.
The concentration of ethanol at test was always less
than 0.1%.
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Table 1. Sources of the protein synthesis inhibitors used in these experiments

(A) Plant-derived
Family Simaroubaceae

Ailanthinone Ailanthus altissima and related species; woody parts.

Bruceantin Brucea javanica; fruits.

Chaparrin Castela nicholsoni and A. altissima; woody parts.

Family Cephalotaxaceae

Cephalotaxine Cephalotaxus harringtonia (Japanese plum-yew); seeds.

Homoharringtonine Cephalotaxus harringtonia (Japanese plum-yew); seeds.
(B) Non plant-derived

Anisomycin Streptomyces griseolus and Streptomyces roseochromogenes.

Cycloheximide Streptomycin-producing strains of Streptomyces griseus, Strep-

tomyces noursei and Streptomyces naraensis.
Puromycin Streptomyces alboniger.
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Fig. 1. Structures of the compounds and drugs tested in this study. (1) Ailanthinone; (2) bruceantin;
(3) chaparrin; (4) anisomycin; (5) deacetylanisomycin; (6) cephalotaxine; (7) homoharringtonine; (8)
puromycin aminonucleoside; (9) puromycin (base); (10) cycloheximide; (11) chloroquine.
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Table 2. In vitro antimalarial activities (inhibition of incorporation of [*H]hypoxanthine) of chloroquine,
quassinoids and protein synthesis inhibitors against P. falciparum

Mean IC5y K1 (SE; N) Mean 1¢5y T9-96 (SE; N) ICso
uM uM K1/T9-96
Ailanthinone 0.084 (0.033; 6) 0.090 (0.027; 6) 0.933
Bruceantin 0.013 (0.012; 6) 0.008 (0.006; 6) 1.625
Chaparrin 5.697 (4.121; 6) 6.008 (4.105; 6) 0.948
Anisomycin 0.959 (0.263; 6) 1.271 (0.621; 6) 0.754
Deacetylanisomycin 40.294 (7.971; 6) 33.565 (10.79; 8) 1.200
Cephalotaxine 28.414 (7.991; 4) 38.090 (8.882; 4) 0.746
Homoharringtonine 0.004 (0.0005; 6) 0.004 (0.0009; 6) 1.000
Cycloheximide 0.054 (0.018; 6) 0.031 (0.008; 6) 1.742
Puromycin base 0.023 (0.004; 4) 0.024 (0.006; 4) 0.958
Puromycin aminonucleoside 41.753 (11.68; 4) 36.731 (12.40; 4) 1.137
Chloroquine diphosphate 0.306 (0.102; 12) 0.005 (0.001; 12) 61.200

[G-*H]Hypoxanthine  ([°*H}hyp*; sp. act.
43.3mCi/mg) was purchased from Amersham
International (Bucks, U.K.). The Ilyophilized
[PH}hyp was dissolved in serum-free RPMI to give
40 uCi/mL. This solution was stored in 1-mL aliquots
at —20° until used.

Parasite cultivation and drug sensitivity testing. T9-
96 (from the WHO Culture Collection, Edinburgh,
U.K.), a chloroquine-sensitive clone of P. falci-
parum, and K1, a chloroquine- and pyrimethamine-
resistant strain [17] were cultured in human A*
erythrocytes suspended in RPMI 1640 supplemented
with D-glucose and 10% human A* serum [18, 19].
For drug sensitivity tests, vigorously growing cultures
with a predominance of young ring forms were
selected.

Determination of drug sensitivity was based upon
the microtitre plate technique first developed by
Desjardins et al. [20]. Each drug was tested a mini-
mum of four times, at 12 concentrations in four-fold
dilutions. The final haematocrit and parasitaemia
were 2.5 and 1%, respectively; parasites were incu-
bated for 24 hr in the presence of drugs, before
adding [*H]hyp (0.02 uCi per well). After a further
18-24 hr incubation parasites were harvested on to
glass fibre filters using a semi-automatic cell harvester
(Skatron). Filters were placed in 2.5 mL of Ecoscint
scintillation fluid in 4.0 mL scintillation vials (Pack-
ard), and counting for tritium activity was carried
out in a Packard Tri-Carb Scintillation Spectrometer
(Model 574).

Data processing. Two series of controls were per-
formed: one with infected red blood cells in the
absence of drug (cpm equivalent to 0% inhibition),
and the other with uninfected red blood cells (cpm
equivalent to 100% inhibition). Using appropriate
computer programmes the cpm representing [*H]hyp

* Abbreviations: [*H]hyp, tritated hypoxanthine; ICsp,
concentration of drug causing 50% inhibition of parasite
growth in the in vitro screening test.

incorporation were converted to percentage inhi-
bition and plotted as a function of the logarithm (to
the base 10) of drug concentration. Linear regression
analysis was applied to the linear portion of the
sigmoidal curves obtained, and the 1Cs; value (con-
centration of drug at which inhibition of parasite
growth represents 50%) was derived for each drug.
Data from different experiments were accumulated,
and the mean 1C5 value for each drug was calculated;
the data obtained for the various drugs were
compared.

RESULTS

The mean ICsy values, with the standard error of
each mean and the number of determinations, are
presented in Table 2. In the case of chloroquine
diphosphate there was a 60-fold difference in the
ICso values derived for the two different lines of P.
falciparum tested. With the other drugs tested the
1Cso values for the two strains were similar, and in
no case did the difference reach even two-fold (Table
2). The ICsy values for homoharringtonine, cyclo-
heximide, puromycin (base) and the quassinoids
ailanthinone and bruceantin were near nanomolar;
the other drugs may be considered to be considerably
less potent in vitro, since their 1Csy values were in
the micromolar range.

DISCUSSION

Quassinoids selectively inhibit eukaryotic protein
synthesis in a number of model systems [11-15], and
we have recently reported an effect of quassinoids
upon the chloroquine-resistant K1 strain of P. fal-
ciparum indicative of a primary disruptive action
upon protein synthesis, followed by inhibition of
nucleic acid synthesis [16]. Chloroquine was found
not to alter protein synthesis significantly in those
experiments, as also shown in earlier tests using P.
berghei in vitro [21]; it may thus be concluded that
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quassinoids with antimalarial properties act through
a mechanism fundamentally different from that of
chloroquine.

All the inhibitors of protein synthesis used in these
experiments disrupt some discrete stage in the pro-
cess of polypeptide chain elongation (events leading
to initiation or termination of protein synthesis are
not considered to be primary targets for any of the
drugs used). Anisomycin and quassinoids such as
bruceantin compete for binding at a site within the
eukaryotic 60S ribosomal subunit [10,22-25] and
cause inhibition of ribosomal peptidyl transferase
activity [10]. This enzymic action of the ribosome
catalyses the release of the nascent protein from the
t-RNA occupying the ribosomal P(peptidyl) site,
and the redundant t-RNA is ejected from the ribo-
some. The polypeptide chain remains attached to
the t-RNA occupying the A (aminoacyl) site;
through the action of ribosomal translocase, the ribo-
some is relocated with respect to the m-RNA strand
so that the t-RNA bearing the nascent protein now
occupies the P site, and the A site is available for the
next coded aminoacyl t-RNA. The enzyme-catalysed
translocation of the ribosome along the m-RNA is
blocked by cycloheximide.

In contrast to the blockade limited to that portion
of the A site in which peptidyl transferase recognizes
acceptor substrates, which is typical of inhibitors
such as anisomycin [26], the Cephalotaxus alkaloids
prevent the enzymatic binding of new aminoacyl
t-RNA molecules, acceptors of the nascent peptide
chain, into the ribosomal A site as a whole [26].
Indeed, the interaction of [*H]anisomycin with the
ribosome is itself blocked by the harringtonines [24].
Certain quassinoids, such as the grandilactones A
and B (6a-tigloyloxychaparrinone and 6a-tigloyloxy-
chaparrine), react with the ribosome in a manner
more akin to that of the Cephalotaxus alkaloids than
that of bruceantin or anisomycin [26].

Puromycin is a structural analogue of the 3’ ter-
minus of aminoacyl-t-RNA [10, 24]. The drug occu-
pies the A site of the larger ribosomal subunit, where
itis able to form a new peptide bond by condensation
with the nascent peptide chain, located in the P site.
The newly-formed peptidyl-puromycin is unable to
take part in any subsequent step of protein synthesis
[10, 24], and is rapidly released from the ribosome.

In contrast to the other antibiotics we have tested,
puromycin is a potent inhibitor of both prokaryotic
and eukaryotic protein synthesis; the aminonucleo-
side of puromycin (which lacks the a-amino-p-
methoxy-dihydrocinnamido group linked to the pen-
tose sugar moiety; Fig. 1), has previously been
reported to be far more effective than puromycin
itself when tested against several species of Try-
panosoma, and against some murine carcinomas and
leukaemias [27-29], whilst possessing considerably
less activity against bacteria [28]. In our experiments
puromycin was among the most potent of the com-
pounds tested (Table 2), and the aminonucleoside
appears to be devoid of significant antimalarial
activity (Table 2).

From a comparison of the in vitro 1Cs; values of
the protein synthesis inhibitors tested, using the two
lines of P. falciparum (Table 2), there is no reason
to suggest that resistance to chloroquine has any

significant influence upon sensitivity to drugs which
inhibit protein synthesis. It also appears unlikely
that any changes in the basic mechanisms of protein
synthesis are to be found in the line of parasites which
is resistant to chloroquine, since its susceptibility to
ten drugs, acting at four different sites, did not differ
significantly from that of the sensitive clone (Table
2).

The presence of an ester function at C-15 of quas-
sinoids (see Fig. 1) has already been noted as an
important determinant of antileukaemic [30] and
antimalarial activity [7-9, 16]. Similarly, cephalo-
taxine is generally held to be devoid of significant
antitumour activity [31], whilst its complex esters
harringtonine, homoharringtonine and isoharring-
tonine are potent anticancer agents. In our experi-
ments we have shown that in all cases those
compounds which are esterified (ailanthinone,
bruceantin, anisomycin, homoharringtonine; Fig. 1)
possess a higher degree of antimalarial activity
(Table 2) than do the corresponding compounds
which are not (chaparrin, deacetylanisomycin,
cephalotaxine; Fig. 1). In the case of the Cephalo-
taxus alkaloids this difference is nearly 10,000-fold,
and the introduction of the ester moiety must be
considered to be a highly significant determinant of
activity. The steroid-like structure of the quassinoids
(cf. Fig. 1) may facilitate their uptake into cells, and
the presence of ester functions may similarly increase
lipophilicity, aiding penetration to an intracellular
site of action. The ester moieties of naturally-occur-
ring quassinoids are often branched or unsaturated,
and so may, in addition, be important for effective
interaction or bonding with the ribosome. It is of
interest to note that ‘the affinity of deacetyl-
anisomycin for yeast ribosomes is some 350 times
less than that of anisomycin [23].

We cannot yet conclude whether the remarkable
differences we have shown in the antimalarial activity
of related compounds is a consequence of differences
in accumulation within the parasite, or a reflection
of significantly different affinities for binding at their
respective sites of action. Clearly a study of both the
uptake of the different drugs and of their binding
affinities and other properties at their respective sites
of action must be included in future studies on the use
of quassinoids to treat chloroquine-resistant malaria.
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