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BACTER A DAL EFFECTS CF CHL.CROQU NE ON ESGHERI CH A GOl

P. F. ALUR NOLA

ABSTRACT

The bactericidal effects of chloroquine on growing and non-

growi ng cells of Escherichia coli NCTC 1093 were investigated under

control | ed experimental conditions in a MPS buffered nmininmal salts
medi um Changes in cell mass and viable cell nunbers were deter-
mned by neasurenents of absorbance at 600nm and by viable cell

counts respectively.

At pH 7.4, the approximate mni mumbactericidal concentration
of chloroquine for the organismwas 1.0 x 103M This concentration

caused about 3 log cycles of kill within 2 hours, with an initial short

lag before kill comrenced. Variation in the drug concentration up to
a ten-fold increase had no significant effect en the rate of kill, al-
though the tine of maintenance of that rate was increased. I n non-

growi ng (glucose-starved) cells treated with the same drug concent -

rations, however, there was virtually no loss inviability for at |east
3 hours, except with the highest drug concentration used. Rermoval of
glucose fromcultures treated with chloroquine did not appear to affect

bactericidal activity.

The effect of pH on the action of chloroquine was al so exani ned.
A four-fold increase in activity was observed with increase in pH from
6.7 to 7.7, and calculations indicated that both the nonoprotonated
and diprotonated forns of chloroquine were biologically active, but
that the diprotonated formwas only 1/25th as effective as the nono-

pr ot onat ed.
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Cel | ul ar upt ake studi es of chloroquine by a direct method, using
Gl abel | ed chl or oqui ne suggested a bi phasi ¢ uptake process, a rapid
initial passive uptake followed by a slower active one. The latter

apparently did not occur in the absence of gl ucose.

The effect of the drug on the utilisation of thymdine by E coli
cells was investigated. Chl oroquine rapidly and strongly inhibited
both the uptake and incorporation of “Gthymdine into the cells,

and caused a breakdown of preforned DNA

This work establishes the bactericidal action of chloroquine

against growing cells of E coli, and indicates that its antibacteri al

activity has sone simlarity to the phenonenon of thyninel ess deat h.
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HISTORICAL BACKGROUND

Chloroquine, an outstanding antimalarial drug, was one of the
first synthetic compounds employed in chemotherapy, and is still a
very useful drug today. Its history goes back to the years foll-
owing the first World War. Before that war, the only specific
antimalarial drugs available were the Cinchona alkaloids, the most
commonly used of which was Quinine (Covell et al., 1955). During
the war, however, the Cermans were cut off from all sources of
Quinine, and this was the stimulus which led them to search for syn-
thetic substitutes. The first fruit of their search was the synthesis
of Plasmochin (Pamaquine) in 1925, followed by the synthesis of the
acridine compound, Quinacrine (Mepacrine) in 1930, Chloroquine
(Resochin), their third success, was first synthesised in 1934 by
Andersag, and became the prototype of the 7-halogenated 4-aminoquinoline
antimalarials which were patented by Andersag et al. (1939). It was
at first thought to be too toxic for general use, and was discarded for
Sontoquine, its relative, having an extra methyl group (Coatney, G.E.,

1963; Hahn, F.E., 1975).

During the Second World War, the Allies (France, Britain, Russia,
U.S.A.) in their turn were cut off from the main sources of Quinine,
which was still the most commonly used antimalarial drug, and intensive
research was undertaken by these nations. This led to improved dosage
schedules for mepacrine, and to its general acceptance, a better know-
ledge of Sontoquine, and a rediscovery of.chloroquine in the United
States, the latter being introduced into practical Medicine in 1947

(Covell et al., 1955; Coatney, 1963; and Hahn, 1975).
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Chloroquine was found to be the most active antimalarial drug
among about 16,000 compounds tested in the United States by 1946, and
remained the most important drug for the radical cure of malaria for
over a decade, until 1961 when chloroquine-resistant falciparum
malaria was first reported in Latin America (ifcore and Lanier, 1961;
Maberti, 1960), and later in South east Asia (Haripasuta et al., 1962;
Powell and Trigertt, 1968). An example of the wide use and large
scale distribution of chloroquine was given by Coatney (1963), who
reported that the United States International Cooperation Administration
{now USAID) purchased 88,240,000 tablets of chloroquine diphosphate
and 184,500 pounds of its powder for use in medicated common salt in
1960, followed in 1961 and 1962 by the purchase of 75,500,000 and
137,250,000 tablets respectively. Since the introduction of chloro-
quine into medicine, other drugs such as Proguanil, Pentaquine, Prima-
quine, Pyrimethamine, Dapsone, Amopyroquine and Trimethoprim have been
used as antimalarials. Despite these developments, and the appear-
ances of chloroquine resistant plasmodia, chloroquine is probably still

the most generally useful of all currently available antimalarial drugs.

DESCRIPTION
Chloroquine is currently classified in Chemical Abstracts under
the heading "Pentanediamines" and designated as 1,4-Pentanediamine,
Hé-(?"chloro-ﬁ—quinolynyl)-N-diethyl-. However, it will be described
in this thesis by its former classification as a quinoline derivative,
since most references still describe it as such, gnd also because the
basis of its therapeutic value is "quinolinic" rather than "pentaned-
iaminic" (Coatney et al., 1953; Thompson and Werbel, 1972). Chloro-

quine is commercially available as the phosphate, sulphate and hydro-
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chloride salts (Hong, 1976). The chemical structure of chloroquine

diphosphate is shown in Figure 1.1.

CH
|3 H CoHg
HN- CH(CH, ) s NC
- 3@ ¢, H
N 2Hs
==
cl N
®y )
2H2P04

C, H, CIN,.2H PO

18726 yoaliat e Molecular Weight 515.87

Figure 1.1. Structure of Chloroquine Diphosphate.

MALARIA

Aetiology

Malaria is a febrile protozoan infection, caused by members of
the genus Plasmodium, which undergo a cyclical development both in
the mammalian host, and in the vector, the female Anopheles mosquito
(Pinder, 1973). Although there are over 100 varieties of malaria
parasites, only four of them are known to infect man, namely Plas—

modium falciparum, P. malariae, P. ovale, and P. vivax. There are

other species which affect birds, mice and monkeys. Interested
readers are directed to Carnham (1966) for fuller details. The com—
plicated life cycle of the malarial plasmodia can be divided into

two main stages: schizogony, which takes place in the primate host,
and sporogony, which matures in the mosquito. Figure 1.2 illustrates
some details of the schematic life cycle of plasmodia in lower primates

and man, and the drugs which are effective against its various stages.
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P. falciparum {(walignant tertian) malaria is found in warm moist

climates, most of tropical Africa, India, Pakistan, South-cast Asia,
and South and Central America. P. vivax (benign tertian) malaria is
widespread in the tropics, subtropics and some temperate regions.

P. malariae (quartan) malaria occurs widely in the tropics, especially
East and West Africa, India, Sri Lanka, South and Central America.

P, ovale (ovale tertian) malaria is uncommon and is found irregularly

in East, Central and West Africa, and South America.

Clinical Patterns

The clinical manifestations of malaria result from the invasion

of the erythrocytes by plasmodia, P. falciparum infection causes

malignant walaria, an acute progressive disease associated with com-
plications, and which is often fatal. The other forms of malaria

infection caused by P. vivax, P. malariae, and P. ovale are more benign,

have less complications, and rarely lead to death. Their acute attacks

are self-limited, and relapses are common.

The incubation period, that is, duration from time of hite by
infected mosquitoes to time of appearance of parasites in the human
blood stream, is roughly 10 to 15 days for all forms, although it may

be several weeks for P. vivax and P. malariae in some temperate regions.

The febrile paroxisms in fevers may occur every 48 or 72 hours, that
is, every third or fourth day in tertian or quartan malarias respect-

ively, as these are the periocds taken for the blood schizonts to mature.

Signs and Symptoms.

1. Infection with P, vivax and P. ovale (vivax or benign tertian

malaria and ovale tertian malaria).
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A primary attack is often preceded by symptoms of headache,
backache, limb pains, anorexia, nausea and sometimes vomiting. Onset
of attack ig associated with a rise in temperature Lo about 38.3°%C
(101°F) or highber; this marks the appearance of parasites in the
blood. For the first few days or first week of the primary attack,
fevers occur intermittently with peaks of 39.4 - 40.6°C (103 to 105°F),
but without clear periodicity. In a majority of cases periodic
intermittent fevers follow, and may last up to three months if un-

treated. In relapses, fevers are periodic from onset,

Febrile paroxisms have three typical stages: the cold, the hot,
and the sweating. In the cold stage, the patient feels increasingly
cold and shivery, and finally develops rigors. His temperature rises
rapidly, skin remains pale and may feel cold. The pulse is fast and
thready; blood pressure rises, nausea and vomiting may develop.
External warmth such as blankets and hot water bottles may be helpful
up to this point. The hot stage then suddenly comes in; the patient
feels hot and feverish, rigors stop, the pale dry skin flushes, the
pulse is full and bounding, and the blood pressure falls. Nausea
and vomiting increase. Temperature may be as high as in the cold
stage or higher. The patient becomes restless, possibly incoherent
and delirbus. Blankets and hot water bottles are no longer needed.
This lasts longer than the cold stage, and is succeeded by the sweating
stage. Sweating starts at the temples, and spreads rapidly over the
whole body, socaking bed clothes, Fever symptoms then disappear, and
the patient feels greatly relieved and falls into an exhausted sleep

from which he wakes refreshed.



(N

The temperature remains normal for scme time, except for a few
low peak fevers, and he feels well until onset of the next paroxysm.
Parasites are present in the blood throughcut an attack, the stage of
the predominant erythrocytic cycle depending on which stage of the

paroxysm Lhe patient has reached.

Anaemia may be present, especially in long attacks, with relapses.
The spleen increases in size, and may be palpable 10-14 days after

the onset of the attack. Untreated cases may last six weeks or longer.

2, Infection with P, malariae.

This is similar to that described above, but has some differences.
The incubation period is often longer (3-4 weeks); paroxysms occur
every four days usually, but may include daily or alternate days attack,
depending on time of maturation of blood schizonts. Paroxysms last
longer, and the sweating stage may be succeeded by prostration. Para-
sites are fewer. Normocytic anaemia may develop. Untreated attacks

may last two or more months,

3. Infection with falciparum malaria may be complicated or uncoum

plicated.

(a) Uncomplicated falciparum malaria.

Duration of incubation varies from 6-15 days. Onset of attack
may be clearcut or insidious, at times with symptoms not suggesting
malaria. The patient may develop moderate fever with headache, bone
and joint pains, and backache; or he may appear moderately ill with
influenza symptoms, a dangerous type that may easily lead to death,

due to inappropriate treatument,
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In severse cases there may be anxiety. excitement or maniacal
outbursts. Light or deep coma may develop, but if it is the latter,
the case is better treated as a complicated one, In some cases
periodic fevers may never develop; in others there may be quotidian,
tertian or subtertian paroxysms (i.e. daily, every other day or
slightly less). These resemble those of vivax malaria, but are often
shorter. Skin may be moist throughout, and the 'well-being feeling'

may be absent.

The parasites are often present in large and increasing numbers
in the blood, first peripherally, and later in deep tissue vessels.
Anaemia is often severe. The spleen is rapidly enlarged, and the
liver, enlarged and tender. Urinary problems may set in. The blood

pressure is low, and the pulse full, bounding and fast.

Uncomplicated cases respond well to specific treatment, but un-
treated attacks often end fatally. If the patient survives a partial

immunity is developed against the causal strain.

(b) Complicated falciparum malaria.

Complications are more likely to develop in anaemic patients, or
in those where more than 5% of their erythrocytes are infected. Such
complications may result in cerebral malaria - with signs and symptoms
related to disorders of the CNS; dysenteric malaria - in which the
patient passes frequent stools with blood and mucus; choleraic mal-
aria - with acute watery diarrhoea, vomiting and dehydration; bilious
remittent fever - with increasing jaundice; or algid malaria - assoc-
iated with circulatory failure or shock. For details of these com-
plications and for a full description of malaria the reader is directed

to Woodruff (1978).
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In certain cases of P. falciparum infection, Blackwater Fever

may develop; this is a syndrome in which waves of acute haemolysis

with both haemoglobinaemia and haemoglobinuria occur.

Malaria in Partial Immunes

Individuals who have acquired immunity or resistance to local
parasite strains as a result of past infections or drug prophylaxis
can be described as "partial immunes". In them clinical features
of malaria differ from thosc of non-immune adults described above.

GCenerally they consist of malaise, mild fever, headache, backache,

anorexia, sweating, feeling unwell and ineffective.

Malaria during pregnancy can cause abortion or premature labour.
It may also occasionally be transmitted across the placenta to the
foetus. Antimalarials reduce the rick, and prevent post-partum

fever due to the disease.

Chloroquine and other Antimalarials,

The activity of an antimalarial drug is usually restricted to
one or two stages of the life cycle of the plasmodium (Thompson and
Werbel, 1972). Chloroquine acts mainly against the asexual ery-
throcytic forms, and is, therefore, described as a blood schizontocide.

It is also effective against the gametocytes of P. vivax and P.malariac,

but is ineffective against those of P. falciparum. It is employed

both in the treatment and suppression of malaria.

Antimalarial drugs in general can be classified according to the

stage of the life cycle on which they act.



4.

5.

by

(10)

Primary Tissue Schizentocides - the antifolics: Proguanil,

Chlorproguanil, Cycloguanil, Pyrimethamine, and Trimethoprim;
and, to some extent, the 8-aminoquinolines.  These drugs act
on the pre-erythrocytic forms of the parasite, and are used as

causal prophylactics.

Blood Schizontocides — Amodiaquine, Chloroquine and other 4-

aminoquinolines, Mepacrine, and Quinine. These act on the
asexual erythrocytic forms; they are effective suppressants
of all forms of human malaria, and effect radical cure in most

cases of falciparum infection.

Secondary Tissue Schizontocides. The 8-amiroquinolines -

Pamaquine, Primaquine, Pentaquine, Plasmocid, and Quinocide -
act on late exoerythrocytic forms. They are used as anti-

relapse drugs.

Gametocytocides = Pamaquine and other 8-aminoquinolines have a

powerful destructive action on all stages of the gametes of

P. falciparum and P. vivax. Quinine, Mepacrine and Chloroquine

are also of some value against some gametocytes.

Sporontocides — Proguanil and other antifolics, and the 8-amino-

quinolines are effective apainst the sporogonic forms in the

mosquito and are used as clinical prophylactics.

The superiority of Chlorcoquine over Quinine and Mepacrine is shown

the fact that it is more active both as a suppressive and as a thera-

peutic agent; it does not have to be as frequently administered for

effective results; it causes less tissue reaction following intra-

muscular administration; and it dces not stain the skin or conjunctivae
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(Covell ecr al., 1955). It has a rapid artion, which gives it an ad-
vantage over the B-aminoquinolines, Pyrimethamine, and Proguanil
(De Carlo and Russo, 1970). Chloroquine is also more active than

other 4-aminoquinolines except Amodiaquine.

Chloroquine hag been marketed under several names such as Reso-
chin (Bayer), Aralen (Winthrop), and Avloclor (I.C.I. - Pharmaceut-
ical) - all of which are the phosphate salts; and also Nivaquine B
(May and Baker), which is the sulphate salt, However, the dose is
usually expressed as the base equivalent to remove confusion of

dosage.

For the treatment of acute malaria, the loading dose principle
first put forward by Shannon et al. (1944) is followed, as recommended
by Covell et al. (1955). 600 mg. base is given initially, followed
by 300 mg. after 6 hours, and 300 mg. daily for the next two days.

It is usually given orally in the form of tablets or syrup, unless
these forms are not acceptable by the patient, in which case parenteral
administration may be used either wholly, or as the initial form of
therapy. This treatment regimen has remained virtually the same over
the years, the only slight alteration being an increase in the period

of treatment to 4 days (Martindale, 1977; Woodruff, 1978).

In grave infections, intramuscular er intravenous injections may
be given in single doses of 200-300 mg.,up to a total of 800 mg.spaced
over 24 hours, oral therapy being resumed as soon as practicable. In
cerebral nalaria, only the parenteral administration is applicable for

the first 24 hours.
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For sem.-~immune dispensary patients, a single adult dose of
600 mg. base orally is recommended. The drug is relatively well
tolerated in children, and 3 to 6 year olds can take 300 mg. as a

single dose, or alternatively 5 mg./kg. body weight.

As a suppressive in endemic areas, chloroquine can be given in

weekly doses of 300 mg. base orally.

Chloroquine-Resistant Malaria.

The use of chloroquine in the chemotherapy of malaria has been
hampered in recent years by the increasing prominence of chloroquine-

resistant strains of P. falciparum, first reported in South America

and then in South-East Asia. The arca affected in South America
extended from Columbia and Guayana in the North, to Bolivia and Uru-
guay (Calvao et al., 1961; da Silva, 1966; Giglioli, Rutten and
Ramjattan, 1967; Comer et al., 1968; Rieckwann and Lopez-Antunano,
1971). The area affected in South-East Asia stretched from Thailand
and Vietnam to Sumatra (Pinder, 1973; Peters, 1970; Harinasuta et al.,
1962; Bourke et al., 1966; McKelvey et al., 1968; Ng et al., 1969;
Colwell et al., 1972). However, chloroquine-resistant falciparum

malaria has not yet been confirmed in any part of the malarious arcas

of Africa (Woodruff, 1978).

Chloroquine-resistant malaria of type (RI) in South America has
been treated by increasing the dose of chloroquine up to a total of
2.4 g, instead of the usual 1.5 g(Garcia -Martin, 1965). Resistant
strains of the more serious type (é I11) found in Malaysia have been
treated with intravenous Quinine (Laing, 1968), whilst others have

been found to be sensitive to Amodiaquine and Amopyroquine (Rieckmann, 1971).
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Multiple resistance to Chloroguine, Pyrimethamine and Dapsone
has been reported in Cambodia by Verdrager, Riche, Chheang, 1967, 1969).
Generally the more drugs are involved in the resistance, the more diff-
icult the iufection is to treat. The current practice seems to be
the use of drug mixtures to which the infecting strains are still
sensitive. For example, strains resistant to 4-aminoquinolines res-
pond to a full dose (1.3 g daily for 10 days) of Quinine, or a com
bination of Sulphormethoxine 1.0 g and Pyrimethamine 50 mg. given at
once (Woodruff, 1978). Similarly for suvppressive regimens, one tablet
of Maloprim (12.5 mg. Pyrimethamine plus 100 mg. Dapsone) weekly is

effective in areas where chloroquine-resistant strains are prevalent.

Other approaches have been made to overcome drug-resistant malaria.
Through these came the development and clinical uses of the new anti-
malarial sulphonamides such as Sdphamonomethoxine, Sulphalene, and
Trimethoprim, which have been found of value in treating chlorcquine-
resistant falciparum malaria (Harinasuta et al., 1967; Laing, 1970;
Pirame et al., 1968; Baruffa, 1966; Michel, 1968; Yoshinaga et al.,
1970). But the ease with which plasmodia and microbes develop re-
sistance against Pyrimethamine and Sulphonamides suggests that these
"new generation" sulphonamides may not be of use for long, and may
only serve as temporary remedies. There is a nced for the contin-

uation of the search for a permanent solution.

Other Clinical Uses of Chloroquine.

In addition to its antimalarial uses, chloroquine has been employed

in the treatment of several other discases.
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Hepatic Amocbiasis — Alone, or in combination with emetine hydrochloride,

dehydroemetine, or diiodohydroxyquinoline, it has been found effective
(Wilmot et al., 1953; Martindale, 1977). The revicws on the thera-
peutic applications of chloroquine by De Carlo and Russo (1970) have
also shown that the drug has been used successfully in the treatment
of variocus forms of hepatitis. The recommended dose for the treat-
‘ment of hepatic amoebiasis, when used alone, is the equivalent of 300
mg. of chloroquine base orally twice daily for two or more days,
followed by a daily 300 mg. dose for two or three weeks. Children may
be given 6 mg/kg body weight. Alternatively, when parenteral admin-
istration is advisable, intramuscular injections of 160-200 mg. daily
are given for 10 to 12 days. Children can again be given 6 mg/kg body
weight (Martindale, 1977). Chloroquiue is claimed to be as effective
as metronidazole in treating this discase, although it takes a longer
time, but it is ineffective against intestinal amcebiasis (Cohen and

Reynolds, 1975).

Discoid or Subacute Lupus Erythematosus Chloroquine has also been

found of wvalue in theo treatment of this disease, the recommended dose
being 300-450 mg. of chloroquine base daily, in divided doses, initially,

later reduced to 150 mg. once daily.

Rheumatoid Arthritis — Chloroquine has been used extensively in the

treatment of this disease, and remission of symptoms has been effected
(Freedman and Sternberg, 1960; Popert et al. , 1961; Lansbury and
Menduke, 1963). The B.P.C. 1973 dose recommendation is 120-900 mg.
daily. However, it is not very effective and is coming to be regarded
as obsolete because of the high incidence of toxic side effects observed

with high doses and prolonged use (B.N.F. 1976--78),
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Other uses of chlorcquine include the control of cardiac arrhyth-
mias, with a dose of 1.0 g. daily in divided doses (Martindale, 1977),
in giardiasis, and in some skin diseases such as rosaceae, localised
scleroderma, solar dermatitis, lymphocytosis facci, acne, and sarcoidosis

(Goldman and Preston, 1957; Knox and Owens, 1966).

Many other apparently unrelated actions of chloroquine have been
reported by research workers, which have not been applied to clinical
uses yet. Ayitey=Smith and Boye (1974) reported its protective ability
against histamine induced bronchial asthma in rabbits; Norman and
GCombe (1975), its stimulatory effect on the respiration and motility
of bovine spermatozoa; Tarayne and Lauressergues (1978), its value in

the treatment of Bordetella pertussis infections in rats. Chandra

et al. (1978) have reported its use for fertility control in female
rhesus monkeys, and Shoemaker (1978) achieved some success in using
it with 54lioro-uracil in the treatment of mammary carcinoma in mice.
Unrelated as these reports may appear, many of them were observations
made in the course of investigating the mode of action of chloroquine,

an event that is still in progress.

ABSORPTION, DISTRIBUTION AND METABOLIC DISPOSITION.
Absorption

Absorption from the human gastrointestinal tract ie rapid and

essentially complete within a short time (2 to 4 hours) after oral
administration of the soluble salt forms of chloroquine (Berliner

et al., 1948; De Carlo and Russo, 1970; Thompson and Werbel, 1972).
In monkeys, Wiselogle (1946) reportéd an absoirption of up to 90Z of

a soluble salt within two hours of administration. Absorption is more

rapia in the intestines than in the stomach because of pH differences -
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1.2 in the latter, and 6.1 - 7.3 in the former (Sorsby, 1970).

Distribution in Blood.

With acceptable regimens of malaria treatment, using the loading
dose principle orally, effective chloroquine concentrations in the
plasma are reached within two to three hours; when given intramus-

cularly, within 15 minutes (Covell et al. , 1955). Effective plasma

concentrations for malaria therapy for P. falciparum and P. vivax

vary from 0.02 x 10-6M to 0.39 x 10-6M (Berliner et al., 1948; Most
et al., 1946). Other plasma levels have been reported by different
workers: McChesney, Fasco and Banks (1967) reported 0.39 x 10-6H
after 14 days of medication at 310 mg. per day, whercas Zvaifler and
Rubin (1962) reported plasma levels of 11.6 to 15.5 x 10-6M after 4

to 14 days medication with doses varying from 125 mg. to 750 mg. daily.
These differences were most likely due to differences in the methods
of extraction used. A substantial portion (about 507) of administered
drug has been shown to be bound to plasma proteins (Berliner et al.,

1948; Martindale, 1977), in which form it is transported to different

parts of the body, and slowly released.

In normal erythrocytes, the chloroquine concentration is about
twice that in the plasma (McChesney et al., 1966, Berliner et al.,
1948), but in parasitised erythrocytes the drug has beeﬁ shown to be
concentrated hundreds of times at low doses. For example, Polet and
Barr (1968) reported 300 to 600 times the concentrations found in normal
erythrocytes in monkeys infected with P. knowlesi. Macomber, 0'Brien
and Hahn (1966) found 2 hundred fold increase over the plasma concent~
rations in erythrocytes infected with P. berghei, and Fitch (1969) a
600-fold increase over an external concentraticn of 1.0 x 10-BH, but

only a 15-fold increase in the presence of 1.5 x 10-3M. However, red
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blood cells parasitised by chloroquine-resistant plasmodia accumulate
only a half to a third of the drug accumulated by cells infected by
chloroquine-sensitive parasites (Macomber, O'Brien and Hahn, 1966€),
an effect suggested to be due to differences in capabilities of the
plasmodia to permit passage or accumulation of critical concentrations

of the drug.

Tissue Distribution.

Apart from its binding to plasma proteins, chloroquine or its
metabolites is stored in several different tissues of the body, foll-
owing single or prolonged administration of the drug. In man the
distribution follows the general order of liver>spleen>heart>kidney
>brain (Prouty and Kuroda, 1958). In animals there is a difference in
distribution between albino and pigmented species. In the albino,
the highest concentrations are found in nucleated tissues such as
liver, heart, and kidney (Berliner et al., 1948;
McChesney et al., 1965),whereas in pigmented animals, the eyes have
the highest concentrations. In rhesus monkeys, McChesney et al.,
(1966) found the tissue distribution to be in the order: retina-
choroid>adrenal>liver = pituitary>lung>kidney = spleen = bone marrow
>heart>skin = sclera>muscle. But in terms of total amounts, the liver
and muscle were the most important storage organs of the drug. Recent
findings by Fischer and Fitch (1975), from their autoradiographic
studies with rat and chicken tissues, have showa that the drug has
considerable affinity for bone. This tissue may be a potentially
significant storage organ for chlorﬁquine and its metabolites, and may
account for the maintenance of plasma levels Jong after stopping ad-

ministration of the drug.
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Metabolism and Excretion.

Metabolic products of chloroquine in human tissues and urine
have been studied by Kuroda (1962). He found that the drug under-
goes slow metabolic conversions along a major pathway involving oxi-
dation on the side chain, which finally leads to the formation of 4-

amino-7-chloroquinoline. However, McChesney et al. (1966),
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Metabolic products of chloroquine in man (Kuroda, 1962).

while confirming a degradation product to be the 4~amino-7-chloro-
quinoline, pointed out that it was a relatively minor metabolite in
man. The proportions of chloroquine and its metabolites in urine,
following daily administration of the drug to man, were found to be
chloroquine 60%, secondary amines 37Z, primary amines 3%Z. Their
later work (McChesney, Fasco and Bank, 1967) showed that about 23%

of the excreted drug in the urine was monodesethylchloroquine.

Of the total amount of drug administered to human patients at
310 mg. per day, over a l4-day peribd, the same workers found 10%
excreted in the faeces, and 56Z in the urine; 347 was not recovered,

and ite fate in the body could not be ascertained. It is likely that
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a substantial part of the drug or its metabolites was stored in a
remote tissue, such as bone, as later shown to be possible by Fischer
and Fitch (1975); or that there were metabolites present which were
undetectable by their methods. Essien (1978), for example, has
recently reported the detection of two new metabolites - chloroquine-
N-oxide, and chloroquine-N-dioxide in human urine following the admin-
istration of the drug. It is possible if not probable that there are

other metabolites still undetected.

Toxicity.

Chloroquine is generally well tolerated at the doses required
for the treatment and suppression of malaria, but reported side effects
include pruritis, headache, blurring of vision, occasional nausea and
vomiting, diarrhoea, abdominal cramps and urticaria. More severe
side effects may include rare psychotic episodes, convulsions, hypo-
tension and cardiovascular collapse, EEG changes, double vision and

difficulty in focussing the eyes.

Overdosage, especially in children, can lead to headache, drowsi-
ness, arrhythmias, shock, visual disturbances, severe gastrointestinal
disturbances possibly leading to convulsions,respiratory and cardio-

vascular depression, and death.

Prolonged administration and high doses as used in rheumatoid
arthritis may lead to irreversible serious retinal changes. Other
uncommon toxic effects from prolonged use include bleaching of the hair
pigment, bluish-black pigmentation of mucous mewbranes and skin, photo-
sensitivity, nerve deafness, neuromyopathy and myopathy (Martindale,

1977).
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This long list of the possible sidc effects of chloroquine appears
frightening, and could deter people from taking the drug, but the author
can state from personal experience and observation that, at the doses
used for malaria therapy and suppression, side effects are rare and
almost always much milder than the tortures of the infection (0lu-

rinola, 1967-72).

Structure-Activity Relationship.

Studies of the structure-activity relactionship of chloroquine
and related compounds show that variations in nuclear substituents
seem more consistently to affect the biological activity than changes
in the side chain (Thompson and Werbel, 1972). The halogen

fI‘,H3 H\ /CHZ—CHg
CHy N

H C
N # v
N \?Hz 2 \CH'Z \CH'Z'-CH:.]

substituent in position 7 of the nucleus is iwportant for activity;

a halogen in any other position, or dihalo-substitution reduces anti-
malarial activity (Coatney et al., 1953). Variation in the basic
side chain generally has less influence on biolegical activity, as

do variations in the terminal amines. With some exceptions aryl
branching of the side chain reduces activity, while alkyl substitution
other than methyl lowers the therapéutic index. Activity seems to

be retained so long as the carbon skeleton basic side chain has two

to five carbon atoms, and decreases with greater chain lengths; the
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latter also increases toxicity. Large alkyl substituents (CBH13 or
greater) on the terminal nitrogen also tends to decrease activity and

increase toxicity (Wisclogle, 1946).

Mode of Action.

Although much is known about the structure, therapeutic uses and
toxicity of chloroquine, there are still uncertainties about its mode
of antiplasmodial and anti-inflammatory actions. Several research
workers have been involved in tackling the probleum,with the resultant

emergence of several views and postulates.

One of the first approaches to uncovering the mode of action of
chloroquine was observation of the morphological changes which occur
in plasmodia exposed to chloroquine. Thurston (1953) and other early
observers, using the light microscope, reported aggregation of hemo-
zoine - the malaria pigment, which has been identified as the residues
of haemoglobin chains incompletely degraded by plasmodial cells. The
formation of such aggregations was reported to be the first and most
conspicuous change in plasmodial morphology following exposure to the
drug. Similar observations had been made much earlier with quinine
and with quinacrine treated plasmodia by Marchiafava and Bignami (1894},
Bock, (1939), and Mackerras and Ercole (1%49). More recent work by
Macomber et al. (1967) showed that hemozoine aggregation can be ob-
served as early as 30 minutes after administering the drug to mice in-
fected with P. berghei, and that it is ccmpleted after four hours. It
was reported that these drugs caused first the clumping of the phagesomes
in which the haemoglobin metabolism took place, and later their ex-

pulsion from the parasite. Aggregation in the phagosomes has been
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shown to reach a peak at the same time as maximum chloroquine con-—
centrations are achieved in the plasmedial infected erythrocytes
{(Warhurst and Hockley, 1967), and it is pocsible that this clumping

is related to the accumulation of chloroguine in infected erythrocytes,

and to the mode of antiplasmodial action of chloroquine.

Another.major approach in studying the mode of action of chloro-
quine was to determine its effect on macromolecular biosynthesis.
Chlorequine, in dilute aqueocus solution, is known to exist mainly as
a doubly protonated cation at physiolégical pH ¢Irvin and Irvin, 1947).
It is this ionic specles that has been shown to form molecular com=
plexe; with nucleic acids (Parker and Irvin, 1952), and to inhibit
in vitre reactions catalysed by DNA and RNA polymerases (Cohen and
Yielding, 1965a). These actions of chloroquine have been confirmed
by the use of equilibrium dialysis (Stollar and Levine, 1963), visco-
simetry (Kurnick and Radcliffe, 1962}, and spectrophotometry (Cohen
and Yielding, 1965b). The latter reported from their work that
chloroquine binding to DNA involves both electrostabtic attraction
between the protonated ring system of chloroquine and the anionic
phosphate groups of DNA and a more specific interaction apparently
involving the aromatic ring portion of chloroquine and the nucleotide

bases.

Search for a test organism for use in investigating the mechanism
of action of chloroquine led Ciak and Hahn (1966) to a strain of

B. megaterium, against which the drug was found to be bactericidal at

a concentration of 1.0 x IO_BM_in growth medium, In the presence of
this concentration of chlofoquine, the biosyntheses of DNA and RNA was

stopped, and ribosomal RNA and ribosomes themselves were degraded,
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thus preventing any further synthesis of proteins.- From the results
of this work, they proposed the mechanism of antimicrobial action of

chloroquine to be inhibition of DNA replication.

In the same year, O'Brien et al.(1966) (including Hahn) proposed
a hypothetical structure of the DNA-chloroquine complex, and postul-
ated that the quinoline ring of chloroquine is intercalated between
base pairs of double stranded DNA involving electrostatic interactions,
while the 1l,4-diaminopentane side chain falls outside the contour of
the base pairs and bridges the minor groove of the double helix by
binding electrostatically to DNA phosphates. In this way the electro-
positive 2-amino group of the guanine is brought into close contact
with the 7-chloro atom of the quinoline ring of chloroquine; this

interaction being thought to be critical for complexation with DNA.

Polet and Barr (1968), using intraerythrocytic P. knowlesi,
showed that chloroquine at 10-7M in the medium inhibited DNA and RNA
syntheses strongly and protein synthesis much less. But Warhurst aad
Williamson (1970), with a concentration of 18 mg. of chloroquine base
per kg. of monkey body weight observed dissimilation of ribosomal RNA

in the parasites.

Chloroquine was also found to inhibit nucleic acid biosynthesis
in erythrocytic P. berghei by Van Dyke et al. (1969), an effect shown
to be due to inhibition of incorporation of adenosine intc the
nucleic acid of the organisms. A similar confirmation was later
reported by Theakston et al., (1972) who reported the effect of chloro~
quine on the incorporation of tritiated adenosine, uridine and methio-
nine into P. berghei. Their work showed strong inhibition of incorporatic

of 3H-adenosina by chloroquine.
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Other findings on the effect of chloroquine on the biosynthesis
of macromolecules have been reported. It inhibited the uptake of
3%p into both DNA and RNA of chick red blood cells infected by P. gall-
inaceum (Schellenberg and Coatney, 1961}, a process probably more
related to substrate utilisation than to nucleic acid synthesis.
It inhibited (like Quinine, Primaquine and Quinacrine) uptake of amino
acids by protozoa (Conklin and Chou, 1970). The same workers also reporied
inhibition of the uptake of thymidine, uridine and amino acids by

Tetrahymena pyriformis two years later.

The effects of chloroquine on the metabolism of carbohydrates in
plasmodia have also been looked into. Glucose is an essential source
of energy for intracellular growth of plasmodia, particularly for the
de novo synthesis of folates which depends on the active glycolytic
mechanism. It is also involved in the de novo synthesis by plasmodia
of aspartate, glutamate, and alanine. Polet and Conrad (19069) and
Polet et al., (1969}, in their uptake studies with P. knowlesi, found
that while some amino acids such as methionine and isoleucine are taken
up by these plasmodia, aspartate and glutamate are not taken up at all.
The production of these two amino acids and alaunine by avian plasmodia
has been demonstrated by Sherman and Mudd (1966), and Sherman and Ting
(1969) by using 140 labelled bicarbonate as a precursor. P. knowlesi
was reported by Polet et al. (1969) to demonstrate similar ability to
synthesise their own aspartic and glutamic acids and alanine from 1&(.‘.
labelled glucose. These findings together with those of Siu (1967),
Nagarajan (1968) and Sherman and Ting (1968) apparently show that

P. lophurae, P. berghei, and P. knowlesi synthesise their own aspartic

and glutamic acids by the fixation of carbon dioxide. These processes
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are suggested to involve the activities of phosphoenolpyruvic carboxy-
lase and also phosphoenolpyruvic carboxikinase. Chloroquine and

Quinine, but not spermine, inhibit those enzymes (Siu, 1967)., Chioro-
quine has also been reported to inhibit both the uptake and glycolysis

of glucose by plasmodia (Ali et al., 1969).

In recent years, the presence of protozoan mitochondria in avian
plasmodia, and of equivalent organelles in mammalian plasmodia (evi-
denced by the presence of cytochrome oxidase in the trophozoites of
mammalian parasites) have been demonstrated (Theakston et al., 1969;
Howells, Peters and Fullard, 1970; Schiebel and Miller, 1969a, b).
Chloreoquine has been shown to inhibit in vitro the mitochondrial oxi-
dation of reduced nicotinamide adenine dinucleotide (NADH) and succ-
inate by coenzyme Q (Skelton et al., 1968, 1970), This inhibition
may be by interfering with the biosynthesis of CoQq, or by competitive
inhibition at its site of action (Turnbull et al.,1971). This effect

may contribute to the mode of antimalarial action of chloroquine.

A critical appraisal of these reports and findings on the mode
of antimalarial action of chloroquine indicates that it is capable of
attacking the malarial plasmedia at many points. The review of Pinder
{1973) on the mode of action of the antimalarials is helpful in this
respect. In his review, Pinder described four of the major metabolic
reactions cccurring in plasmodia and ways, from several quoted works,

that various antimalarials attack or block stages in this metabolism,

1. Plasmodial Synthesis of Purines and Pyrimidines.

Plasmodial syntheses of these passes through the synthesis of

folic acid, starting from PABA, Only the antifolic aatimalarials -
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Proguanil, Pyrimethamine, Trimzthoprim, and the sulphones act at points

in these syntheses.

2, Plaswodial Utilisation of Purines aund Pyrimidines.

Chloroquine, tcgether with Dapsone and Quinacrine, inhibits the
uptake of odenosine at the level of the red-cell membrane. It in-
hibits the incorporation of adenosine monophosphate into parasite

DNA and RNA (Van Dyke et al., 1969; Lantz and Van Dyke, 1971).

3. Plasmodial Synthesis of Proteins.

Chloroquine interrupts the synthesis of messenger RNA in the para-
site nucleus (Morris et al., 1970; Roskoski and Jaskunas, 1972),
thus causing lesions in cytoplasmic ribosomes. it forms molecular
complexes with nucleic acids, thus inhibiting DNA replication prim-

arily, and RNA transcription secondarily.

Chloroquine causes amino-acid starvation by interfering with
haemoglobin degradation by plasmodia during clumping. It also blocks
incorporation of isoleucine into parasite proteins (Gutteridge et al.,
1972). 1It, together with Primaquine, Quinacrine and Quinire, inhibits

uptake of amino acids by protozoa.

4. Carbohydrate Metabolism in Plasmodia.

As mentioned above, glucose is an essential energy'source for
intracellular growth of plasmodia and for de novo syntheses of folates
and some amino-acids. Chloroquine inhibits both uptake and glycolysis
of glucose. It also inhibits in vitro @itochondrial oxidation of

NADH and succinate by Coenzyme Q.

The evidence for intercalation of chloroquine with parasite DNA

is strong, and this may be an important component of its mode of action.
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However, from the volume of other findings, intercalation may not be
the only, or even the primary mode of antiplasmodial action of chloro-
quine. Quinacrine binds much more strengly by intercalation to para-
site DNA than chloroquine, and inhibits uptake of precursors about

ten times more effectively than chloroquine, yet it is not as effect-
ive antimalarially as chloroquine. It is only more toxic. The re-
sults of some workers, showing the effects of pH on the antimicrobial
action of chloroquine (Wiseman, 1972a; Middleton, 1976), revealed

that the drug was less effective when the 'intercalator' - the double
protonated cations of the drug were the main form in solution. Activity
of the drug increased with increase in the proportion of monoprotonated
ionic species of the drug (Middleton, 1976). Also, see Chapter 6 of
this thesis., The clumping of the parasite phagosomes, leading to
amino-acid starvation in the parasite, is an effect distinct from
complexation with nucleic acids. The emergence of new effective non-
intercalating antimalarials like Mefloquine (Davidson et al., 1977)
indicates that intercalation with DNA is not a prerequisite for anti-

malarial activity as a blood schizontocide.

One may argue that a major attack on an important metabolic re-
action in the plasmodia will eventuaily affect all other processes.
However, it is becoming clear that chloroquine is doing more than one

thing at a time in the malarial plasmodia.

Mechanism of Action of Chloroquine-resistance.

On the mechanism of resistance to chloroquine by plasmodia,
several views have been put forward. Macomber et al. (1966) reported
marked differences in the uptake of 1I'C chloroquine by erythrocytes

parasitised by P. berghei c.s. (Chloroquine sencitive) and P. berghei
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c.r. (Chleroquine-resistant), and suggested that the differences were
due to differences in cell capabilities to permit passage or accumu=
lation of critical concentrations of the drug. Later works by Fitch
(1969, 1975 and 1978), vsing different techniques to investigate acc-
umulation of chioroquine into erythrocytes parasitised by P. berghei
e.s8. and P. berghei c.r., seem to indicate that the mechanism of re-
sistance to chloroquine lies in the abilitv of the resistant parasite
to alter the surface of the erythrocyte membrane to limit the process

of chloroquine accumulation.

Mode of Anti-inflammatory Action.

The modes of action of chloroquine in the treatment of rheumatoid
arthritis and lupus erythematosus are still pot clear. Stollar and
Levine (1963) proposed that its action against lupus erythematosus
may be due to its interaction with DNA by preventing the latter from
binding to antiserum. Its action against rheumatoid arthritis may
be similar. Whitehouse (1962), and Whitehouse and Bostrum (1962, 1965)
in a series of studies on antiinflammatory drugs postulated that com—
pounds need to be lipophilic to be effective in the treatment of

rheumatoid arthritis.

Forsdyke (1975) found a relationship between chlorpquine and com
plement from his studies on lymphocyte mitogens. He reported that
chloroquine increased the inhibition of cultured lymphocytes by high
concentrations of phytohemaglutinin (PHA), or Concanavalin A (Con A),
an inhibition alsc increased by complement. He concluded from his
own results and other published datg, including those of Handemaker
and co-workers, that chlorcquine exerts its therapeutic effects in

auto-immunc diseases (lupus erythematosus and rheumatoid arthritis)
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and in malaria by enhancing or simulating the action of complement
upon autologous cells (erythrocytes or lymphocytes). More work

may be needed before a final conclusion can be drawn,

A lot more, in several volumes, can be written about chloroquine
and its relationship with malaria and other forms of therapy. The
little that has been mentioned above is to enlighten or rémind the
reader of some of what has been known about chloroquine, and how re-
searchers are still marching on to unravel the 'mysteries' behind

its multi-purpose actions, but with emphasis on malaria therapy.

Many of the studies already done are difficult to compare because
of differences in techniques, organisms and tissues used, media used
in growing or maintaining these, concentrations of the drug used, and
other environmental conditions such as temperature and pH. It would
have been ideal to study the effects of the drug on various aspects of
the human malarial plasmodia under conditions similar to those that
obtain during the disease. This has not, however, been possible
because of the complicated life c¢ycle of plasmodia, and the great
difficulty of growing the organisms in vitro. The alternative that
researchers have taken is to study the effects of the drug on isolated
aspects of the metabolic reactions of plasmodia, often under dissimiiar
experimental conditions. Under such varying coaditions, results which
demonstrate recurrence of a particular drug effect on a parasite system
serve as a confirmation of that particular drug action, but disagreeing

results are difficult to correlarte.

Another reasonable alternative is to work on a single micro-

organism, and to study the effects of the drug on various aspects of
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its metabolism, growth and viability under controlled experimental
conditions. Middleton (1976) has done precisely this, working on
a strain of E. coli. He studied mainly the effect of chloroquine

on the growth and respiration of E. coli.

The present work has some similarities to the work of Middleton,
but the emphasis this time is on the effect of the drug on the
viability of E. coli., Although the work is on a bacterial species
instead of a plasmodium, the insight gained from the results of this
work may be applicable to what obtains in plasmodia, and thereby shed

further light on the mechanism of antimalarial action of chloroquine.
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L. MATERTALS

(a) Organism

The organism used was Escherichia coli NCTC 1093, obtained from

the National Collection of Type Cultures, London, and adapted for
growth in a MOPS buffered minimum salts medium (see below). Purity
of the bacterial cells was maintained by continual subculturing,
regular microscopic examinations, or plating out. New freeze-dried

cultures were germinated whenever doubts about purity arose,

(b) Growth Medium

The growth medium used was a chemically defined one, buffered

with MOPS 3-(N-Morpholino) -propanesulphonic acid .

MOPS is one of the organic zwitterionic buffers which possesses
many of the properties of the 'ideal' biclogical buffer, as prescribed
by Good, N.E., et al. (1966). Its pKa varies only from 7.2 at 20°c
to 7.01 at 37°, a change in pK, of 0.011 per %c. Its useful buff-
ering range is pH 6.5 to 7.9 (Good, N,E. and lzawa, S. 1972, Hopkins

and Williams, 1978).

Compared with the more commonly used Tris, tris (hydroxymethyl)~-
aminomethane , it has a more useful buffering range, it is less toxic,
and the change of pH with change in temperature is smaller. Acec-
ording to Middleton, K.R. (1976), the change in pH per degree centi-
grade was 0.031/00 for Tris, whereas with MOPS, it was found to be

-0.0083/°C. (See Figure 2.1.)

Since the antibacterial action of chloroquine is very sensitive
to variations in pH, MOPS was ccnsidered a more suitable buffering
agent than the Tris used by previous workers in these laboratories

(Rye, R.M., 1969; Wiseman, D., 1969: Salt, W.G., 1970; and Middleton,
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K.R., 1976).

The structure, properties and preparation of MOPS were described
by Good, N.E. and Izawa, S. (1972). An example of its use was demon-
strated by Neidhart, F. (1974), who used the potassium salt of MOPS
in conjunction with Tricine, ammonium chloride, and a mixture of
metallic salts to prepare a medium for growing E. coli and S. typhim-
urium. He recomrended this medium for universal acceptance for such
biological work, Another example of its use was reported by Dougherty,
et al.(1976), who used it in a chemically defined medium for suscept-

ibility testing of antimicrobial agents,

The composition of the standard MOPS medium as used in the work

described in this thesis was as follows:
-1

MOPS 1.0 x 10 ™
Ammonium chloride 3,7 x 10_2H
Sodium sulphate (anhydrous) 7.8 'x 10-4M
Magnesium chloride (hexahydrate) 5.9 x 10-4H
Potassium dihydrogen orthophosphate 8.8 x 10—4M
Potassium chloride &.0x 10-3M
Glucose 2mg/ml

The wedium was normally prepared in batches of 4 to 5 litres
by dissolving the ingredients in freshly distilled water. The mag-
nesium chloride was dissolved in a separate portion of water before
adding it to the other chemicals in solution, to prevent the precip-
itation of phosphates (Middleton, K.R., 1976). The pH was adjusted
with concentrated solution.of sodium hydroxide to give pH 7.4 at 37°¢.

The medium was distributed in volumes of 100mls or 200mls into 250ml
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conical flas%s, sterilised by autoclaving, and stored at room temp-
erature until required, The glucose was prepared separately as 10
mls of 207 soclution, and also sterilised by autoclaving, being

normally added to the main medium immediately before use.

(¢) Diluting and Plating Media

For viable cell count experiments, Tryptone-soya broth was used

for serial dilutions, and Nutrient agar as the plating medium.

(d) Chemicals

Chloroquine diphosphate, unlabelled Thymidine, and Deoxyadenosine
were obtained from the Sigma Chemical Company, St. Louis, Missouri,

U.S:A.

MOPS was obtained from Hopkins and Williams, Biological Buffers,

Romford, England.

Glucose and Trichloroacetic acid were obtained from British

Drug Houses, Ltd., Poole, Dorset.

14

2-C" " Thymidine was obtained from the Radiochemical Centre Ltd.,

Anersham,

Chloroquine Ring 3--C14 was obtained from NEN Chemicale Gmbi,

Dreieich, West Germany.

Ampicillin sodium (Penbritin) was from Beecham Research Lab-

oratories, Brentford, England.

All other chemicale used were of "Analar' grade.



2. GENERAL METHODS

(a) Cultivation of Organism

Escherichia coli cells from overnight cultures were subcultured

into fresh MOPS medium in 50ml or 250ml conical flasks, incubated at
37°C in a Gallenkamp shaking water bath, and aerated by shaking at
120 throws per minute until the cells were well established in the
exponential growth phase. The cells were then prepared for experi-

mental use by one of two methods:

(i) diluting a small volume of the culture with appropriate
volume of fresh medium, previously adjusted to the required
0
pH at 37°C, or
(ii) filtering the culture through a pre-wetted 0.45um mean pore
size membrane filter, supported on sintered glass pads,
washing the retained cells with, and resuspending them in

fresh medium as above.

For experiments involving non-growing cells, the second method

was used, the suspending medium in these cases being glucose-free.

(b) Viable cell count

The number of viable cells in the control and chloroquine-

treated cultures was estimated by the pour-plate method.

Initially, serial dilutions were made in quarter strength Ringer's
solution, but as it gave unsatisfactory results, even with the con-
trol cultures, it was replaced with Tryptone-soya broth. Care was
taken to ensure that dilution and plating were completed within 20

minutes of sampling. An automatic fin tip pipette was used in taking
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sample cultures, and for transferring diluted cells into dilution
tubes and petri disghes. A Fisons Whirlpixer (Loughborough, England)
mixer was used. The diluted samples for counting were plated out in
Nutrient Agar, colonies being counted after 36 hours of incubation

at 37°%.

(¢) Absorbance Measurcments

Absorbance measurements were made at 600nm with a lem path length,
using a SP500 series 2 ultraviolet and visible spectrophotometer

(Pye Unicam Ltd., Cambridge, England).

(d) Chloroquine Solution

The diphosphate salt of chioroquine was dissolved in glucose-
free MOPS medium to give required molar concentrations. The solution
was sterilised by autoclaving, and stored in the refrigerator until

required.

(e) pH Measurements

A Corning -EEL Model 109 pi meter with digital display was used
for most pH measurements. A PYE Dynacap pH meter No. 11087 was used

occasionally whenever the former instrument broke down.
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Previous workers (Wiseman, 1972a,and Middieton and Wiseman, 1974)
have reported on the growth inhibitory effects of chloroquine against
E. coli. A phosphate buffered minimal salts medium was used in the
first of these studies, and a Tris buffered one in the second. From
the results obtained by the above workers, differences in the inhib~
itory effects were apparently observed between these two media. It
could not be assumed, therefore, that concentrations of chloroquine
having particular effects in either of those media would have the
same effects in the MOPS buffered medium chosen for the work described

in this thesis.

Thus, as a preliminary to studying bactericidal actions of chloro-
quine on E. coli, experimencts were carried out to determine the con-~
centrations of chloroquine required to cause inhibition of growth of

this organism in MOPS medium at pH 7.4.

EXPERIMENTAL

Growth Medium.

The medium used was MOPS medium, adjusted to give pH 7.4 at 37°.

Inhibition of Growth.

An overnight culture of E. coli grown from a low inoculum was sub-
cultured into fresh medium and incubated with shaking until well est-
ablished in the exponential phase of grouth. The culture was then
filtered through a 0.45um mean pore size membrane filter, and the re-

- . % o . .
tained cells washed with and resuspended at 37 C in fresh medium con-
taining twice the normal concentration of glucose. The absorbance

of the resulting suspension was adjusted to 0.05 with more medium, and
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incubation with shaking resumed. After one hour, when the absorb-
ance had reached about 0.100, 10ml portions of rhis culture were added
to 50ml comical flasks containing 10ml volumes of glucose-free medium,
previously warmed to 37%, containing twice the finally required con-
centrations of chloroquine. The flasks were then incubated with
aeration by shaking, and growth followed by taking absorbance measure-

ments at intervals for up to 3 hours.

RESULTS

The results shown in Figure 3.1 are typical of the changes in
absorbance with time that followed the addition of chloroquine in the
concentration range 2.0 to 13.0 x 10“4M to exponentially growing cul-
tures of E.coli at pH 7.4 at 3700, together with an untreated control

culture.

The addition of 2,0 x 10_4M chloroquine had only a slight effect
on the rate of increase in absorbance, which appeared to be exponential
throughout the period of the experiment, with a growth rate constant

equivalent to about 947 of that of the control culture.

The addition of 4.0, 8.0 and 10.0 x 10—4M chloroquine to cultures
caused rapid but small primary decrecases in the rate of increase of
absorbance followed after between 50 and 70 minutes by further decreases
to give secondary inhibited exponential growth rates, which continued

until the cell concentrations became limiting for balanced growth.

It was generally observed that at low concentrations (below 4.0
X 10—4M) there was no obvious division into primary and secondary

inhibited growth rates, but such divisions became apparent at higher
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concentrations,

In the presence of 12,0 x IO-aM chloroquine, the absorbance in-
creased for about 60 minutecs after addition of the drug, by which time
it had increased by about 52Z, and then remained fairly constant for

the duration of the experiment.

In the presence of 13.0 x 10-4M chloroquine, there was a small
increase in absorbance during the first 30 minutes, followed by a

slow decrease during the next few hours.

Figure 3.2 illustrates the relationship between the concentration
of chloroquine and the degree of inhibition, calculated as the decrease
in growth rate after 120 minutes, relative to the control. This
figure shows that the degree of inhibition increased with increase in
concentration of chloroquine, the rate of increase in degree of in-

hibition being more rapid than the rate of increase in concentration,
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DISCUSSION

Growth of bacterial cultures can be followed by measuring changes
with time in cell numbers or cell mass in the cultures, and many
methods have been used for studying growth inhibition, including the
use of total and/or viable cell counts, the determination of the dry
weight or carbon content of cells in cultures, and the use of ab-

sorbance measurements.

Of these methods, the measurement of absorbance is the most con—
venient, and has been shown to be reliable for following changes in
total cell mass in cultures of E. coli partially inhibited by treat-
ment with chloroquine (Middleton, K.R., 1976). This worker showed
that the rate of incorporation of 14C labelled glucose into growing
cells of E. coli was directly proportional to the rate of increase in
absorbance in both control cultures, and in those treated with chloro-
quine. Absorbance measurements were used in the work described in

this thesis to study growth inhibition.

The ability of chloroquine to cause the inhibition of growth of
E. coli has been reported previously (Wiseman, D. 1972a,and Middleton,
K.R., 1976). In both studies the inhibition of growth was reported
to follow a biphasic pattern, the addition of chloroquine causing an
immediate slowing to a primary exponential inhibited growth rate,
followed after about 60 minutes by a further slowing to a secondary
exponential inhibited growth rate. The results reported here gave
essentially the sa&e biphasic pattérn of growth inhibition for ind-

ividual concentrations of chloroquine, but the concentrations of drug
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required to give particular effects were higher in the MOPS buffered

medium, as illustrated in Table 3.1,

Also, the shape of the dose respouse curve of concentration of

chloroquine with percentage inhibition was distinetively different

from that reported by Middleton (1976) at pll 7.4.

be discussed further in Chapter 6.

This point will

Medium

Chloroguine Conc.
causing 50% growth

Chloroquine Cone.
causing 50% growth

inkibition inhibition

-4 -4

Phosphate buffered 2.5x 10 M 3.0 x 10 M
Tris buffered 4.5 x 107 5.5 x 10 u
MOPS buffered 8.4 x 10 M 11.0 x 10~

Table 3.1. Effect of Medium on effective growth inhibition concent-—

rations of chloroquine on E. coli.
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Ciak and Hahn reported in 1966 that chioroquine, in high concent-

rations, can be bactericidal for vegetative cells of B. megaterium

whilst more recently, Middleton (1976) has demonstrated that concent-
rations high enough to cause complete inhibition of the growth of

E. coli also cause some loss in viability. Despite this, there has
been no reported comprehensive study of the bactericidal activity of
chloroquine. This thesis as a whole describes an attempt at such a
study, whilst this Chapter in particular reports studies on the relation~
ship between the concentration of chloroquine and its bactericidal
activity against E. coli at pH 7.4 and 37°c. A concentration range
of 1.5 to 16.0 x 10-3M was chosen for this study, 1.5 x 10“3H being
the lowest concentration that consistently caused complete inhibition
of growth, and a ratio of 10 to 1 between the maximum and minimum con-
centrations studied being thought sufficient to demonstrate any effect

of change in concentration on bactericidal activity.

EXPERIMENTAL

Overnight cultures of E. coli were inoculated into fresh medium
and the cells allowed to grow with aeration by shaking at 37°C until
well established in the exponential phase of growth. The cultures
were then filtered through a 0.45um mean pore size membrane filter
and the retained cells washed with and resuspended in fresh medium
containing twice the normal concentration of glucose and adjusted to
give pH 7.4 at 37°C.  The absorbance of the cultures was adjusted to
either 0.100 or 0.200 at 600 nm by addition of more medium, and in-
cubation with shaking was continued. After about an hour when the

absorbance had reached either 0.200 or 0.400, 20 ml porticns of the
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cultures were added to 20 wl volumes of glucose free medium (pll 7.4),
containing twice the finally required concentrations of chloroquine,
in 250 ml conical flasks, and the suspernsions incubated with shaking
at 37°C.  Absorbance measurements were made and samples taken for

viable cell counting at intervals for up to 5 hours.

Viable Cell Counting.

Viable counts were determined by the pour plate method using
tryptone soya broth as the diluent and nutrient agar as the plating
medium; the chloroquine was inactivated by dilution, and colonies

were counted after 36 hours incubation at 37°C (Middleton, 1976).

RESULTS

Effect on Viability.

Figure 4.1 shows a typical set of results for the changes with
time of absorbance and viable cell count per ml of an E. coli culture
following the addition of chloroquine at a concentration of 1.5 x

102y,

The absorbance of the chloroquine treated culture increaced
slightly for the first 50 minutes, after which it gradually decreased,
becoming lower than the original value after about 100 minutes. The
viable cell count began to decrease soon after the addition of the
chloroquine. A short initial lag phase was followed by a period of
exponential loss in viability which lasted for at least two hours,

after which there was some tailing off in the death curve.
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A number of repeat experiments were carried out using a con-
centration of 1.5 x 10-3H chloroquine. Average results are illus~-
trated in Figure 4.2 which shows the changes in percentage viability
with time for both untreated controls and chloroquine treated cul-
tures. The shape of the curve is essentially the same as in Figure

4.1, and shows that the results are fairly reproducible.

Relationship between Concentration of Chloroquine and its Effect on

Cell Viability.

Figures 4.3 to 4.6 illustrate the effect of variation in con-
centration of chloroquine on its bactericidal action against E. coli.
A quick glance indicates that concentrations of 2.0, 4.0, 8.0, and
16.0 x loﬂBM chloroquine were all bactericidal, and produced similar
patterns of death curves. A closer examination revealed however
that although the curves all showed some evidence of an initial lag
phase, this became less pronounced with increase in chloroquine
concentration. In addition, the duration of the exponential death
phase became longer with increase in drug concentration, although the
rate of kill during this exponential phase was similar for all con-
centrations. These similarities and differences are better illus-

trated in Figures 4.7 and 4.8,

Generally the rate of kill is similar for all the concentrations
for about the first 120 minutes, which roughly marks the beginning of
the 'tailing off' of the curve for the 1.5 x 10_3M chloroquine con-
centration. By this time, all the drug concentrations cousidered

had killed at least 997 of the cell population.
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Effect of Slow Growth on Bactericidal Action.

An important observation made in some experiments was the in-
hibiting effect of slow growth on the bactericidal action of chloro-
quine (Figure 4.9). It was found that both the rate and the extent
of kill were greatly reduced in chloroquine treated cells when their
parallel untreated controls grew more slowly than normal. Control
cultures usually grew with a mean generation time of about 60 minutes,
but occasionally for unknown reasons cultures grew more slowly with
an MGT of about 80 min. Figure 4.9 and Table 4.1 show that 1.5 x
10_3M chloroquine effected a kill of 99,977 by the end of 4 hours
with normally growing cells, whereas the same drug concentration
effected a kill of only 80Z after the same period with slow growing
cells. Similarly, with 4.0 x 10 °M chloroquine 99.997% and 96.602
of cell populations were killed after 4 hours with normal and slow
growing cells respectively.

PERCENTAGE CELL VIABILITY PER ML

Time | Cells treated with 1.5 x 10 | Cells treated with 4.0 x 10 M
§a chloroquine chloroquine

Minutes | Normal (MGT~60)|Slow (MGT>80) Normal (MGT™60)|Slow (MGT>80)
0 100.00 100.00 100.00 100.00
60 15.00 60.00 5.00 70.00

120 8.00 36.00 0. 34 27.00

180 0.12 26,50 0.035 9.70

240 0.027 20,00 0.0028 3.40

Table 4.1.
Ef fect of slow growth of E. coli cultures on bactericidal action

of chloroquine.




Ahsorbance

Viable cell count/ml

(53)

0.8 3 0
o o
- (A)
0,2 + /
oi 4 (’1/0
WY Ll
o et s W el
0 40 80 120 160 200 240 280 K
10° ;
o
10° <l (1)
] //0
B<_
. o
107 | \
. .\
L J o
10" 4
o
10 ; \
3 O'HHQ\
0
10 ] e
§ \o
: e
1 D] e ——— T T L T T T T L bl L
40 80 120 160 200 240 260 37

0

Figure 4.1,

Time in Minutes

The effect of chloroquine on the changes with time of the
absorbance (A) and viable cell counts/ml (B) of E. col i

~ ) - A -3
cultures treated with 0.0 (O—— ), and 1.5 x 10 "M (&6—)

chloroquine,




“ 1000+

1

100 €<

& PR Y

Percentage viabili

- (54)

1 -
i o !
1 \c\ r
] Q. r
\“O
~
0.1 - | Ny
[ \"“.
L | |.
)
- 0.01 ) | ¥ ] 1 1 T I‘ i L] g 1
0 40 80 120 160 200 240
Time in Minutes
Figure 4.2. The effect of chloroquine on the changes with time of percentage

viability of Eﬁ.__g_g}_i_ cultures treated with 0.0 (O— ), and 1.5 x 10

(@ ) c¢hloroquine.

3

r
M



(55)

: ok
2 o OO Q) (A)
g 0,2 m':‘f:—b“—_—‘&"""‘—-—-—-.&_______é
0,1 | v ¥ T T T T =
O 20 40 60 80 100 120 140
1093
I o0 ()
g J
§ ]
9 '1011 A
- .
.é-l
10° A

0 20 40 60 80 100 120 140
Time in Minutes

Figure 4.3. The effect of chloroquine on the changes with time
of the absorbance (A) and viable cell counts/ml (B)
of E. coli cultures treated with 0.0 (0—), and 2.0

x 10-3H (A=—) chloroquine.



Absorbance

 '. 10'5/

Viable cell coumnts/ml

.. (56) o o . P VO

A)
i
. CV"”_OI”’JD
OI",_-‘" A-—-_——A H
2 S T Ar_-‘___‘-a-__""‘——'—-— A ‘—__-_""A
a . - . " ’ —_
40 60 120 160 200 244 280

10°

T |
!

o/ .m)

10’-': A

1 ‘A .
10° - \

3 _ ' 4

105 3 ) \
3 A

¥ %
10° - \‘
] \A\
: . A
10’ v v . . — . . . . . . ] —
0 40 80 120 160 200 240 280

Time in Minutes

Figute 4.4, The effects of chloroquine on the changes with time of the
absorbance (A} and viable cell counts/uml (B) of E. coli
cultures treated with 0,0 (O—=), and 4.0 x 10_3M {&—)

chloroquine.




1

?1§ble cell eounts/ml

Absorbance

R -

O
1 O O——p—0-—n 0.0

L0 8D 120 160 200 240 280

O

107 3 \\\\\\\EJ

10°

FAN IR R TY

10°

R ST |

-t
Ou
al

0 40 80 120 . 160 200 240 280
: Time in Minutes ' .

Figure 4.5, The effect of chloroquine on the changes with time of tue

sbsorbance (A) and viable cell countsfml of E. coli cultures

treated with €.0 (©-~), and 8.0 x 10—3M (Q— ) chloreoquina.



CEEL N

Abzorbance

Viabhle cell counts/ml

% o—*‘*"ﬁro ' : ()
T O.—-—-"""O.”‘-’ )
2 Y Vv v T A2 v v Vo
-‘ L] ¥ 1 T L) 1 1 i 1 L] T T T F .
5 40 80 120 160 200 240 280
N ? w’;ffr’#’iffo
i o
E / . ’ ,. ' (B)
1OBT ‘\\\;\ I .
5 v\'
10’ 7 v
: . f
106'3 Y
10° - "\
: L 4
1'0‘ -4
] ¥
10’ -
10" -
-] s
10
0 0 80 120 160 200 240 290

Figure 4.6.

Time in Minutes '

The effeet of chlornquine on changes with time of the
absorbance (A), and viable cell counts/ml (B) of E. coli
cultures treated with 0.0 (O-—), and 16.0 x 10_3M (v—

chleroguine.




Percentage survival

1000-;

A [

aa
100 <=/

10 4
1,0 “ pal
4 L
v
: v
0.1 ' ' . — - .
0 20 40 60 80 100 120

Figure 4.7.

Time in Minutes.

The effect of changes in chloroquine concentrations on

Y
1.5 (=) 2.0 (Bre=); 5.0 { &1, 80 (D1

and 16.0 x 10"33 (¥v-—— ) chloroquine.

the rate of kill of E. coli cultures. 0.0 (o



Percentage viability

(60)

1004
10
10 3 &
3 [y
: G\ N
4 A
a \\\\Nx\.ﬁhhh_
0,01 \ a °
] v,
s 8]
0,001 - \ \
] - 0
i L
00001 - \
] 0
000001 . ¥

0 40

Figure 4.8.

60 120 160 200 240 280

Time in Minutes

The effect of changes in chloroquine concentrations on

the extent of kill of E. coli cultures, as shown by changes
with time of percentage viability of E. coli cultures treated
with 1.5 (8—), 4.0 (A—), 8.0 (D—), and 16.0 x 10 M
(v

) chloroquine.



(61)

: I S
; R 2 S
1l.‘\ A.h_hﬁ‘ ° [<]
10 - S T~a (&)
: \\‘t \‘
| >, T
LO e \: 5
] Y
] o
] “y
0.1 _ 1.,M o
| e
] N S
) h . N
0.01—: ‘.‘5 ‘0“"'*-“
: I )
b A
0,001 S
.0 40 80 120 160 200 24L0 280

Time in Minutes

Figure 4.9. 17The effect of slow growth on the bactericidal acticn of
chloroquine, as shown by the changes with time of percentage
viability of slow (A) and rormally (B) growing cultures of
E. coli treated with 1.5 (@==), and 4.0 x 10-3M (Awee )

chloroquine.



Percentage survival

(62)

1000?
: 0
L o/
] 8/0/
g &
100 u<
10 -
]
1.0 - :
A\
A (<]
\ Ny
.
F 3
0.1 . AN .\‘\
] N, °\.
]
| \‘\
A
0,01 a ’ ; 5 —p——
0 40 80 120 160 200 2L0

E’[‘.‘L_l_r_c 4.10.

Time in Minutes

Comparison of the bactericidal effects of 1.5 (&—),

and 4.0 x 1073y (&—) c¢hloroquine on E.‘_c_o_li_ cultures.



(63)

| 10
' .§ i A
1 g -
' F 1'0"1 l I
| I
4 N
‘ A
N N
A -
0,1 - \
] ' A [ T
: U
— . J\A
1 \‘
Y N N l
4] L0 80 120 160 200 240

Time in Minutes
The effect of chlerequine on changes with time of percentage viability
of E.coli cultures t.eated with 0.0 (O—-), and 4.0 x lGniM (a—=
chloroquine.

__Fi._gure 4,11,

mim s smmam m s miimm e+ 4 Ba ke wREEmS A mmt rmh ;e A ;e MRl emRmE T Sww—s e — el S Ao mm e eam. = i mm s A mm ars o W A0 | EE e e ama s .



(64)

DISCUSSION

Effect on Viability

The viable cell count and percentage viability curves illustrated
in Figures 4.1 and 4.2 establish that chloroquine is bactericidal for
E. coli at pH 7.4 in MOPS medium, and is ancther confirmation of the
antibacterial action of the drug, contrary to the reports of Kradolfer
and Neipp (1958), and Houba and Adam (1964). Ciak and Hahn (1966)
first reported the bactericidal action of chloroquine against a strain

of Bacillus megaterium, and from this effect proposed a mode of anti~-

microbial action of chloroquine. McDonald (1967) also reported in-

hibition of spore outgrowth in Bacillus subtilis by chloroquine, and

pointed out the greater sensitivity of the outgrowth stage of spores

in comparison with the vegetative stage of the bacteria. Middleton
(1976) using the drug on E. coli (NCIC 1093) growing in a Tris-buffered
medium, although mainly studying growth inhibition, reported that it
was bactericidal in concentrations above 1.0 x 10-3M. The results
reported in this Chapter indicate that the same is true with E. coli

cultures growing in a MOPS buffered medium.

The initial increase in absorbance of cultures treated with bact-
ericidal concentrations of chloroquine might lead one to think that
there is a delay in the drug getting to its site of action. This could
not be the case, however, since the corresponding viable cell count
showed a decrease in viable cell populations, whilst the absorbance
was still increasing. These results are similar to those obtained
by Hahn et al., (1966), who reported the dying of cells of B. mega-

terium within the first 20 minutes of contact with chloroquine, even
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thougk there was increase in turbidity of the cell suspension. A
possible explanation for the increase in absorbance may be contin-
uation of protein synthesis for some time after the ability to divide

has been lost.

Effect of Change in Drug Concentration on Yiability.

The results illustrated in Figures 4.3 to 4.6 in which the bact-
ericidal effects of 2.0, 4.0, B.O and 16.0 » 10—3M chioroguine solu-
" tions are shown indicate little change in the bactericidal effects
of the drug over this concentration range, the general pattern of the
curve being maintained. 1t is a rather surprising oécurrence. that
such a wide range of drug concentrations produce such similar effects
on cell viability. It ig possible that only a small proportion of
the drug in solution is taken up, and that this depends not only on
the concentration in the growth medium, but also on a number of satura-
table drug receptor sites in the cells, so that once the minimum con-
ceatration of drug in the medium which permits sufficient intake of
drug to saturate the cell receptors has been reached, further increase
in the drug concentration in the growth medium would not preoduce any
appreciable difference in drug effects. A thorough study of the drug

uptake by E. coli cells shouid prove wvaluable.

Choice of a Working Chloroquine Congcentration.

Comparison of effects of the different drug concentrations used
above suggests that 4.0 x 10_3M should be a reliable standard bact-
ericidal concentration of chloroquine at pH 7.4 for experimental pur-
poses, Figure 4,10 compares the average results for a number of viable

cell count experiments using normally growing cells with the 1.5 and
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4.0 x 10’3M concentrations, and shows how favourably they compare
with each other. The 4.0 x 10_3M has the advantage of better re-
producibility over a wider range of experimental time, as illustrated
in Figure 4.11 (cf. Figure 4.2), which illustrates the average of
four separate experiments with this concentration. The fluctuations
often associated with threshold bactericidal concentrations are thus
removed. 4.0 x IO-BM chloroquine was chosen as the working concent-

ration for most of the studies described in the rest of this thesis.
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CHAPTER FIVE

EFFECT OF GLUCOSE ON THE BACTERICIDAL ACTION OF CHLOROQUINE
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EXPERIMENTAL

Effect of Chlorogquine on the Viability of E. coli in Glucose-free

Medium Before and After the Addition of Glucose.

Cells of E. coli from cultures in the exponential phase of growth
were prepared for experimental use as descvibed in Chapter Two, using
the membrane filtration method. The cells were filtered off, washed
with and resuspended in glucose-free medium, and the absorbance adjusted
to about 0.4 at 600nm. The resulting cell suspension was incubated at
37°¢ with aeration by shaking for 60 minutes to ensure that any resid-~
ual glucose had been used up. 20ml volumes of this suspension were
then measured into each of two 250ml flasks, one containing 20ml of
glucose free medium alone, and the other 20ml of a solution of chloro-
quine, at twice the finally required concentration in glucose-~free |
medium; incubation with shaking was then continued. Measurements
of absorbance were made at regular intervals, and samples were taken
for viable cell counting. After about two hours sufficient glucose
was added to each of the two flasks to give a final concentration of
2mg/ml, and absorbance measurements and sampling for viable cell count-

ing continued for a further two hours.

Effect of the Sequential Addition and Removal of Glucose on the

Viabiliiy of Cells of E. coli”initially Treated with Chloroquine in

Glucose free Medium.

The procedure was as described above, except that at a predetermined
time of between 10 minutes and about 2 hours after the addition of
glucose, the suspension was filtered through a membrane filter and’

the cells washed with and resuspended in glucose free medium coptaining
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the same concentration of chloroquine as originally used to treat the
cells. Changes in cell mass and population were again followed by
making regular absorbance measurements and viable cell counts for up

to a further 2 hours.

In some experiments duplicate chloroquine treated suspensions

were used, one of which was maintained glucose free throughout,

Comparison of Effect of Glucose Starvation on the Bactericidal Action

of Different Concentrations of Chloroquine.

The method used was the same as that described for the viability
experiments in Chapter Four. However, a third flask, containing a
chloroquine treated cell suspension in glucose free medium, was included.
This was maintained glucose free throughout, while the other chloroquine
treated suspension and the control contained the usual glucose concent-

ration throughout, for about 4 hours,

Effect of Duration of Glucose Contact with Growing E. coli Cells on

the Bactericidal Action of Chloroquine.

In these experiments chloroquine was added to growing cultures
containing standard glucose concentrations., At a predetermined time,
ranging from 10 to 60 minutes after the addition of chloroquine, the
glucose was removed from the treated culture by fiitration. The cells
were washed with and resuspended in chloroquine containing glucose free
medium, and measurements of absorbance and viability were continued

for a further 2 hours.
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Effect of Filtration on Cells Treated witl Chloroquine in Glucose

Free Medium.

This experiment was carried out to ensure that the filtration
process had no influence on the results obtained in the experiments
described above. Three cell suspensions, a control and two identical
chloroquine treated ones, were prepared from cell cultures which had
been filtered and resuspended in glucose free medium, as described
in the first experiment. These were then incubated at 37°C with
shaking., After the first hour, one of the chloroquine treated cul-
tures was filtered, and the retained cells washed with and resuspended
in glucose free medium containing the same concentration of chloroquine.
Incubation with shaking was resumed and continued for a further 3 hours.
The other two suspensions remained glucose-free and unfiltered for the
whole period of 4 hours. Measurements of absorbance were made, and

samples taken at intervals for viable cell counting.
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RESULTS

Effect of Chloroquine on the Viability of E. coli in Glucose Free

Medium before and after the Addition of Clucose.

Typical absorbance measurements and viable cell counts, obtained
when E. coli cells were treated with 4.0 x 10-3M chloroquine in glu-
cose free wmedium for about 2 hours, are illustrated in Figure 5.1.
There was little loss in viability in both the treated culture -and
in the untreated control during this glucose free period. Longer
periods of such glucose starvation of up to 3 hours gave similar

results.

After the addition of glucose to these suspensions, the untreated
control cells started growing, whilst the chloroquine treated cells
began dying, although at a slower rate than if there had been no ini-

tial period of glucose starvation (cf. Chapter 4).

Effect of the Sequential Addition and Removal of Clucose on the

Viability of E. coli Treated with Chloroquine in Glucose Free Medium.

Figure 5.2 illustrates the effect of the addition of glucose to
chloroquine treated cells followed by its removal after about 2 hours.
As above, there was little loss in viability of the chlproquine treated
cells prior to the addition of glucose, whilst after the addition of
glucose the cells began to die. Surprisingly, after the subsequent
removal of glucose the chloroquine treated cells continued to die, in

fact at an increased rate,

Figures 5.3 and 5.4 illustrate the effect of variation in the

duration of exposure to glucose of chloroquine treated cells. The
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time of exposure to glucose in the first was 137 minutes, and in the
second, 12 minutes. In both cases the viable count results are sim-
ilar to those of Figure 5.2, the cells continuing to die after the
removal of the glucose. However, the loss in viability was more
pronounced with the longer period of exposure to glucose. This is
better illustrated in Figure 5.5 and Table 5.1. The latter's point
of comparison starts from the time of removal of glucose. From it,

it can be observed that at 40 and 80 minutes respectively after fil-
tration, the percentage survivals were 9.76 and 1.08 respectively with
the 137 minutes exposure, whereas with the 12 minutes exposure, they

were 54.19 and 21.93 respectively.

CULTURE A : 137 minutes CULTURE B : 12 minutes
Time after Percentage Time after Percentage
removal of Survival removal of survival

glucose glucose
0 min 100.00 0 min 100.00

20 " 30.48 20 " 73.55

40 " 9.76 40 54,19

60 " 3.19 60 M 38.06

80 " 1.08 80 " 21.93

Table 5.1.

Effect of duration of exposure to glucose, after initial glucose
starvation of chloroquine treated E. coli cells, on the bactericidal

action of chloroquine.

A rather surprising result was obtained when one of the treated

cultures was maintained glucose-free throughout, and the other was
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supplied with glucose after 2 hours glucuse starvation (Figure 5.6).
The 'glucose-fed' cells continued to die after removal of glucose,
but surprisingly the 'glucose-starved' cells retained up to 707

viability even after 6 hours of starvation,.

Comparison of Effect of Glucose Starvation on the Bactericidal Action

of Different Concentrations of Chloroquine.

The viable cell count results (Figuree 5.7 to 5.10) further illus-
trate the effect of glucose on the bactericidal action of the drug on
E. coli. Although the total cells killed in the glucose-starved cul-
tures were in some instances appreciable, the differences in kill be-

tween them and their glucose-fed counterparts were remarkable.

The 2.0, 4.0 and 8.0 x 10-3M concentrations gave fairly similar

effects, but the 16.0 x 10 >

M concentration showed quite a difference.
Table 5.2 gives a comparison. For example, by the end

of 2 hours the glucose-starved cultures with the 2.0, 4.0 and 8.0 x
10~3H concentrations had percentage survivals of 70.58, 82.32 and 78.86
respectively, whilst the corresponding culture with the 16.0 x 10-3H
concentration had only 30.55%Z, and by the end of 4 hours, this culture

was less than one-eighth viable compared with similar glucose-starved

cultures treated with the lower chloroquine concentrations.
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Effect of Duration of Glucose Contact with Growing E. coli Cells on

the Bactericidal Action of Chloroquine.

The results obtained after the removal of glucose have some simi-
larity to those described above in Figures 5.3 and 5.4, as illustrated
in Figures 5.11 and 5.12, The extent of kill, especially in cases
where the initial exposure to chloroquine in the presence of glucose
was about 60 minutes before removal of the glucose, was comparable
with that normally obtained when glucose was present throughout the
experiment (cf. Chapter 4). There was little difference between the
10 and 20 minutes exposures to glucose. Figure 5.14 and Table 5.3
expose the differences in the extent of kill between the 10 and 58
minutes in the presence of glucose. The Table shows that 77,44 and
98.46%Z of the cell population had been killed by the end of 60 and
120 minutes respectively from the culture exposed to glucose for 58
minutes, whereas only 22.22 and 43.33% were killed from the culture

exposed to glucose for 10 minutes.

CULTURE A : 58 minutes in CULTURE B : 10 minutes in
presence of glucose presence of glucose
Time in minutes Percentage Time in minutes Percentage
after removal kill after removal :
kill
of glucose of glucose
0 0.00 0 0.00
30 50.00 30 11.11
60 17.44 60 22,22
90 96.61 - 90 42,22
120 98. 46 120 43.33

Table 5.3. Effect of Duration of Glucose Contact with Growing E. coli

Cells on the Bactericidal Action of Chloroquine.
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Effect of Filtration on Cells treated with Chloroquine in Glucose-

free Hediuq.

It is evident from Figure 5.15 that the filtration process it-
self had no adverse effect on cell viability, as there was no diff-
erence attributable to the filtration proucess between the two chloro-

quine treated suspensions.
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DISCUSSTON

Glucose and the products of its catabolism can play an important

role in bacteria. For Escherichia coli growing in a minimal salts

wedium with glucose as the sole carbon and energy source, 35 to 40%

of the glucose taken up by the bacteria is usecd as a building material
for the formation of various cell molecules, and up to 60% is used

for the synthesis of Adenosine Triphosphare (Sedlaczek et al., 1965).
Glucose is also an important factor in the regulation of biosynthetic
processes in the bacteria (Stasters and Winkler, 1963; Grey et al.,
1966; Gershanovich, 1977). When it is added to aging cells of E.coli,
death is delayed (Clifton, 1966), and when present in a bacterial cul-
ture at levels too low to support growth, it ig used for energy of
maintenance, that is, to fulfil the energy requirements of processes
like re-synthesis of macromolecular components, repair of cell walls,
membranes and other cell structures, and maintenance of cell permeability

barriers (McGrew and Mallet, 1962; Rye, 1969),

Glucose being so important in the mectabolism of bacterial cells,
lack of it in cell cultures might be expected to at least lead to
cessation of growth, and if prolonged, eventually to cell death. This
was found to be the case by Ecker and Lockhart {1961), who, working
with E. coli K~12 in a chemically defined medium, reported that cess-
ation of growth was coincident with exnaustion of glucose. Rye (1969),
however, working with E. coli NCTC 1093, reported a slight increase in
cell number but without any increagc in total cell mass in cultures
deprived of glucose. The absorbance and viable cell count results

reported in this Chapter for the untreated controle indicated no in-
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crease in eicher total cell mass or cell numbers during glucose starv-
ation, measurements of these, however, started about one hour after

depletion of the glucose.

Under conditions of glucose starvation, it might be expected
that E. coli cells would be more vulnerable to the bactericidal eff-
ects of chloroquine, as they are already in a weakened condition, but
the results for the chioroquine treated cells, for example, Figures
5.1, 5.3, 5.4 and 5.6 prove the contrary. The glucose-starved chloro-
quine treated cells maintained their viability for at least two hours,

unlike the situation in the presence of glucose,

One could ask why there was no bactericidal activity in the ab-
sence of glucose; whether the drug was unable to penetrate into the
bacterial cells, or whether it could not act on the cells after pene-
tration because of their physiological state., The most likely sit-
uation is that chloroquine is taken up by the bacterial cells, perhaps
at a reduced rate, in the absence of glucose, as is the case with

Plasmodium knowlesi (Polet and Barr, 1969). Also, results of uptake

studies (see Chapter 7) indicate some uptake of the drug when E. coli
cells are incubated in glucose free medium. The possible effects of

glucose on uptake of chleroquine will be discussed later in Chapter 7.

It is known from the works of Hahn and associates (1966), and
Cohen and Yielding (19654 and b) that chloroquine can form molecular com-
plexes with DNA, and thereby inhibit DNA synthesis and replication.
It might therefore be expected that the dfug would be more effective
against cells which are actively dividing, and less effective or
totally ineffective against resting cells which are not attempting to

replicate their DNA.
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The results dcpicted in Figures 5.2 ~ 5.5 and 5.11 - 5.14 il11-
ustrate another point of interest: the observation that cells were
still dying after the removal of glucose. This was contrary to ex-—
pectation, and indicated that the presence of glucose was essential
only for an initial period, after which its presence was no longer
a necessity for the bactericidal activity of chloroquine, Since the
cells were still dying after the removal of glucose, it is possible
that they were utilising endogenous sources of glucose, such as glyco-
gen, formed during the period when the medium contained glucose. A
rapid utilisation of glycogen after the removal of glucose (Dawes and
Ribbons, 1962) could then explain the rapid killing observed. That
being the case, it should not be surprising that the longer periods in
the presence of glucose gave a greater extent of kill after glucose
removal, since the longer "glucose feed" would have made greater gly-

cogen reserves possible.

The results of the treatment of glucose-starved cells with diff-
erent concentrations of chloroquine, illustrated in Figures 5.7 to
5.10, manifest a difference which had not been obvious in the presence
of glucose. 2.0, 4,0 and 8.0 x lO-BM chloroquine showed little bact-
ericidal effect in the absence of glucose, whereas the 16.0 x 10-3H
concentration clearly did. No concrete explanation has been found
for this difference. A possible explanation, however, is that the
antimicrobial action of chloroquine is not based solely on its reactioan
with DNA, but that only one of its icnic species, namely the diproton-
ated, is involved with DNA interaction (Cohen and Yielding, 1965), and
that one of the other species, at this high concentration, is present
in sufficient quantity to menifest its mode of kill, which may be in-

dependent of growth and cell division.
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The results of the work described in this Chapter strongly in-
dicate that chloroquine, at bactericidal concentrations up to 8.0 x
]0-3M, is ineffective against resting non-growing cells of E. coli,
and that a carbon and energy source such as glucose must be present
in the growth medium concurrently for some time to initiate its bact-

ericidal action.
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EXPERIMENTAL

It has been reported by Wiseman (1972a) that the growth inhibiting
activity of chloroquine against E. coli is affected by the pH of the
medium in which the organism is growing. A similar observation was
made by Middleton (1976), working with the same organism but using
a Tris buffered minimal salts medium, as opposed to the phosphate buff-

ered medium used by Wiseman.

The object of the present study reported in this Chapter was te
investigate the effect of pH on the antibacterial activity of chloro-
quine in a MOPS buffered medium, and to determine the approximate

threshold bactericidal concentration of the drug at various pH values.

The choice of the range of pH values studied was based on its suit-
ability for the growth of E. coli, and its compliance with the useful
buffering range of MOPS., The pH values used were 6.4, 6.7, 7.0,

7.4 and 7.7.

Effect of pH on the Growth Inhibiting Activity of Chloroquine.

Overnight cultures of E. coli growing exponentially from a low in-
oculum were filtered, washed with and resuspended in fresh MOPS medium,
which had previously been adjusted to the required pH. More medium
was added to give an absorbance of about 0.15; the culture was then
incubated with aeration in a shaking water bath at 37°¢c for an hour,
by which time the abscrbance had reached about 0.300. 10ml portions
of the culture were measured into each of a series of 50wl conical

flasks containing 10ml volumes of either MOPS medium alone or of
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solutions of chloroquine at double the finally required coancentrations
in MOPS medium at 37°C and the required pH. The flasks were then
returned to the shaking water bath, and growth was followed turbidi-
metrii; by regular measurements of absorbance for at least 2 hours.

The experiment was carried out at pH values of 6.4, 6.7, 7.0, 7.4

and 7.7.

Viable Cell Counts,

Viable counts were carried out on some of the treated cultures

using the method described in Chapter 4.



(102)
RESULTS

Typical results of experiments carried out to determine the eff-
.ects of pH on the growth inhibiting activity of chloroquine are ill-
ustrated in Figures 6.1 to 6.4, Each shows changes in absorbance
with time of E. coli cultures treated with different concentrations

of chloroquine at a particular pH.

Figure 6.1 for example represents the results of one experiment
at pll 6.4 and shows that the absorbance of the untreated control cul-
ture increased expopentially throughout the period of the experiment
with a mean generation time of about 50 minutes. The presence of
1.0 x 10_3M chloroquine caused only a slight decrease in the rate of
increase of absorbance, the mean generation time being increased to
about 52 minutes. The growth curves in the presence of 2,0 and 3.0
x 10 M chloroquine both showed a biphasic pattern with a primary
phase where the absorbance increased exponentially at only a slightly
slower rate than the control, followed a2fter about 100 minutes by a
change to a considerably slower but stil) exponential secondary in-

hibited growth rate which continued until the end of the experiment.

In the presence of 4.0 x 10-3M chloroquine there was an initial
increase in absorbance during the first 80 minutes followed by a
slow decrease, whilst in the presence of 5.0 x 10-3M there was an

increase for about 40 minutes followed by a more rapid decline.

At the other pH values similar patterns of growth inhibition were
obtained except that as the pH was increased, lower concentrations of

chloroquine were required to cause the same degree of inhibition.
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The growth rate of the untreated control cultures was unaffected

by the changes in pH.

Dose response curves for the effect of chloroquine on growth rate
at the different pH values were constructed by calculating the per-
centage decrease of the secondary inhibited growth rates relative to
the controls, and are shown in Figure 6.5. This Figure represents
the means of several determinations at each pH and clearly shows that

the growth inhibiting activity increases markedly with increase in pH.

Some experiments were also carried out, in which single concent-
rations of chloroquine were studied at different pH values, and a
typical result is shown in Figure 6.6. This shows that a concentration
of 1.5 x 10-3!4 chloroquine only partially inhibits growth at pH 6.7 and
pH 7.0, but ultimately completely inhibits growth at pH values of 7.4

and 7.7.

The experiments designed to study the bactericidal effect of chloro-
quine showed similar patterns at all the poH values. Concentrations
just sufficient to result in the absorbance remaining constant after
120 minutes had little or no effect on cell viability whilst the pre-
sence of higher concentrations which ultimately resulted in decrease
in absorbance caused cell death. A typical set of results for phH 6.7

is shown in Figure 6.7.

In the presence of 2.6 x 10-3H chloroquine, which in this experi-
ment caused a slow decrease ip absorbance after 120 minutes, there
was no significant change in viahility for about 60 minutes, after

which there was a slow decrease in viable cell count. in the presence
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of 3.0 x 10-3H chlcroquine, however, where there was a faster rate
of decrease in absorbance, the viable cell count began to decline
within 10 minutes of the addition of chloroquine and at a faster

rate, indicating that the threshold concentration for bactericidal

action at this pH was about 2.6 x 10_3M.

Threshold bactericidal concentrations obtained for pH 7.0, 7.4
and 7.7 were approximately 1.6, 1.2 and 0.7 x 10*5H respectively.,
No figure was directly determined at pH 6,4, although the absorbance

curves suggest a value of just less than 4.0 x 10-3M.
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DI1SCUSS ION

pH is one of the environmental facters which affect the activity
of antimicrobial agents, especially those that are acidic or basic,
where the degree of ionisation influences the potency of the anti-

microbial agent (Russell, 1974).

Chloroquine is known to exist in three forms in solution: the
unionised base, the monoprotonated and the diprotonated ions, the
proportion of each form present being dependent on the pH of the sol-
ution (Irvin and Irvin, 1947). When bacterial cells are added to such
solutions there is a possibility of differences between the pH of the
solution (pHe) and that of the internal part of the cell (pii). Att-
empts to study the effect of pH on an antimicrobial agent in such a
situation could yield misleading results, as the observable effects
are ultimately dependent on the intermal pH.  However, from the re-
ports of Kashket and Wong (1969), the pHi of the cells used here could
be expected to be about the same as the pHe of the solution within the

pH range used in these experiments.

The effects of pH on the growth inhibiting action of chloroquine
against E. coli have been reported by Wiseman (1972a), and in more
detail by Middleton (1976). Wiseman used pH values befween 6.3 and
7.7 and reported a difference of abcut twenty-fold in the activity of
chloroquine over this range. Middleton used pH values ranging from
7.0 to 8.0, and th%:;g{;ts of his findings are tabulated in Table 6.1.
At pH 7.0 he observed only a small increase in growth inhibition as

3

the concentration of chloroguine was increased from 0.2 x 10 "M to

1.0 x 10-3H, which caused 6.5 and 17.5%Z inhibition respectively. At
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pH.7.0 pH.7.4 pH 7.7 pH. 8.0
Conc. in %Z Inhibition Conc. in # Inhibition Conc. in | % Inhibition | Conc. in %Z Inhibition
x 10" ¥ x 10 2y x 1073y x 107
0.2 6.5 0.05 20.0 - - - -
1.0 17:5 0.40 40.0 0.01 30.0 - -
1.5 100.0 0.60 10C.0 0,40 100.0 0.025 100.0
Table 6.1.

Effect of pH on Activity

of Chloroquine

(from Middleton,

K.R., 1976).
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higher concentrations there was however a rapid rise in the degree

of inhibition up to 1002 at 1.5 x IO-BM. Similarly at pH 7.4 his
growth inhibition concentration curve showed an initial gradual rise,
followed above a concentration of 0.4 x 10~3M by a steeper rise. At
pH 7.7 he obtained an initial rapid rise in activity, followed by a
slower roughly linear increase in degree of inhibition with increase
in chloroquine concentration. In contrast, at pH 8.0 he obtained

a "classical" inhibition/concentration curve, with an initially steep

slope which decreased continuously as the concentrations increased.

Thus as the pH was altered there was a qualitative change in the
shape of the dose response curve in addition to the quantitative shift
in concentrations required for activity, and this was taken by Middle-
ton to be indicative of two independent modes of action of chloroquine
with different sensitivity to changes in pH. BSuch a qualitative eff-
ect on the shape of curves was not mentioned by Wiseman (1972a), and
no such effect was apparent in the resulcts reported in this thesis.
This difference between Middleton's results and those reported here
can at present only be attributed to the difference in the nature of

the buffering agents used.

Despite the apparent differences in the methods and results of
Wiseman and Middleton, both concluded that it is the monoprotonated
ionic form that is mainly responsible for the growth inhibitory act-
ivity of chloroquine against E. coli. But because of the preliminary
nature of Wiseman's work, and the change in shape of the dose response
curves with changes in pH in Middleton's experiments, neither set of
results could conclusively show that it was the moncprotonated form

alor.e that was active.
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The percentages of the different forms of chloroquine in solution
at different pH values as calculated frem the Laws of Mass Action and

Henderson-Hasselbach equation are shown in Table 6.2.

Medium Percengige of Percentgge of | Percentage of Q l
pH QH QH
6.4 98.0054 1.9942 0.000357
6.7 95.9447 3.9900 0.001386
7.0 92,3162 7.6785 0,005316
1.4 82.6929 17.2770 0.03007
1.7 70.5059 29,3900 0.10227
8.0 54.4212 45.2659 0.3132

Table 6.2.
Percentages of the different ionic species of chloroquine at various
medium pH values.

A » + e 2 - .
Q = unionised, QH and QH = mono- and diprotonated ions respectively.

Using the information from this Table, the inhibition/concentraticn
curve of Figure 6.5 could be redrawn using monoprotonated ion concent=
rations. If the monocation alone was responsible for the growth in-
hibiting activity, the curves for the different pH values would then
be coincident. That this would not be the case can be seen simply by
calculating the concentrations of monocations in the chloroquine solu-
tion required to give 100% inhibition at the different pH values. The

results of these calculations are shown in Table 6.3.
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——

pH 6.& 6.7 ?.0 ?04 70?

Conec. of CQ (mMclar) , 5 .
for 100% inhibition 3.4 2.8 1. 8 0.

Equivalent cone., ) 0.07 0.11 0.14 0.21 0.24
(mMolar) of monocation

Table 6.3. Comparison of growth inhibiting activity between total
chloroquine concentration and the concentrations of the monocations

at various pH values.

From these results it can be seen that the simplistic approach
of assuming that only one of the ionic forms of chloroquine is biol-
ogically active is untenable and account must be taken of one or both

of the remaining forms.

If the assumption is made that both the mono- and diprotonated
forms of chloroquine are active and that any contribution from the
free base be ignored because of its relatively low concentrations at
the pH values studied, then the relative activities of the two ionic

forms can be calculated.

If the activity of the monoprotonated form [Q}l+] is given the value
l,and the activity of the diprotonated form [Qﬁ*qj the value a, then
the total activity in any solution will be [QH+} + [QH++] % Com-
parison of equiactive total chloroquine concentration at different pH
values will then allow computation of the value of a, e.g. [QH+] +
&IHH]a at pH 6.4 = [Qii"i + [QHHJI a at pH 6.7. Such calculations
were made using pairs of equiactive concentrations at different pH

values for 100Z, 50% and 20% inhibition levels. The values obtained
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ranged betwecen 0.00 and 0.1 with a mean value of about 0.04. Using
this mean value, the results shown in Figure 6.5 were redrawn using
a concentration scale of [QH+] + 0.04 [QH++] and are shown in Figure

6.9.

From this Figure, it can be seen that the results for all the
pH values studied are consistent with the growth inhibiting activity
of chloroquine being the result of a combined activity of the mono-
protonated and diprotonated forms of the drug, the monoprotonated
form being apparently about 25 times as effective as the diprotonated

form.

Further calculations could have been made to assign a relative
activity to the small amounts of the free base form of chloroquine
present in solution, but the overall results were not considered acc-

urate enough to justify such a course of action.

The value of the results depicted in Figure 6.6 lies in the fact
that the same drug concentration was used against the same population
of cells at the same time under the same experimental conditions, ex—
cept for pH. Hence any differences could only be attributed to diff-

erences in pH.

As the threshold bactericidal concentrations of chloroquine were
virtually coincident with the concentrations causing 100% inhibition
of growth at the different pH values, it can be concluded that bact-
ericidal action also results from a combination of the effects of the
monoprotonated and diprotenated fo;ms, with the menocation being the

far more active form.
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CHAPTER SEVEN

UPTAKE OF CHLOROQUINE BY E.COLI
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EXPERIMENTAL

Radicactive Chlorogquine

Ring 3"14C chloroguine was obhtained from NEN Chemicals GmbH,
Dreieich, West Germany, and was mixed with sufficient solution of

non-radicactive chloroquinc to give a specifie activity of 100mCi Mole

Uptake of Chloroquine in the Presence of Glucosge.

An overnight culture of E. coli grown from a low inoculum was
subcultured into fresh medium, and incubated with shaking until well
established in the exponential phase of growth. The culture was then
filtered through a 0.45um mean pore size membrane filter, and the re-
tained cells washed with and resuspended at 37°C in fresh medium con-
taining twice the normal concentration of glucose. The absorbance
of the resulting suspension was adjusted to 0.15 with more medium,

and incubation with shaking resumed.

When the absorbance of the culture had reached about 0.5, 10ml
portions were added to flasks containing 10ml volumes of either glucose
free medium alone, or of a solution in glucose free medium of 140
labelled chloroquine at twice the finally required concentrations.
Incubation with shaking was continued, and growth of the cells foll-
owed by taking absorbance measurements at intervals up to & hours,

1.0ml samples were taken from the chloroquine treated cultures at 10

to 20 ninute intervals for radioactive measurements as described below.

Uptake of Chloroguine in the Absence of Gluccse.

Cells of E.coli from exponentially growing cultures with an ab-

sorlance of between 0.4 and 0.6 were harvested by membrane filtration,
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washed and resuspended in glucose free medium at 3?08, and the ab-
sorbance adjusted to 0.500. After incubaticn with shaking for about
60 minutes, 10.0ml volumes of this suspension were added to flasks
containing 10ml of glucose free medium or of solutions in glucose

free medium of chloroquine at twice the finally required concentration,
and incubation with shaking continued. Absorbance measurements were
taken and 1.0ml samples removed for radicactivity measurements at about
10 minute intervals. After about 90 minutes glucose was added to the
suspensions to give a final concentration of 2mg/ml and measurements

continued for up to a further 2 hours.

Radioactive Measurements.

Samples were filtered through 30mm diameter 0.45um pore size mem—
brane filters with gentle suction, and the retained cells rapidly
washed (<10 seconds) with about 20ml of distilled water. The membrane

14

filters holding the ~ 'C labelled cells were attached to flat aluminium

planchets with 'Durofix' adhesive, and dried under an infra-red lamp.

The radioactivity of the labelled cells was measured using a Beck-
man Lowbetta I1 Automatic Geiger Planchet Counter, fitted with an ultra-
thinw(BOug/cmz) window. The prepared planchets were counted for periods

of time which allowed a count of at least 2,000 to be attained.

0.1ml volumes of the chloroquine treated cultures, cells and
medium combined, were dried on to planchets and also counted to enable
the conversion of radicactivity measurements into quantities of chloro-

quine.

All counts were corrected for background,
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RESULTS

Figure 7.1(a) illustrates the changes in abscrbance with time
of cultures of E. coli treated with 0.0 and C.5 x IO_BM 14C labelled
chloroquine. In both cases, the cells were growing, the chloroquine
trecated ones at the slower rate with a mean generation time of 68
. minutes compared to 59 minutes for the control. Uptake of 140 chlorn-
. quine by these cells is shown in Figure 7.1(b). There was an initial
rapid uptake followed by a slower uptake which continued throughout
the pericd of the experiment at a rate appavently proportional to the
rate of growth, so that the uptake per unit weight of cells remained
constant at about 15pMoles Gm_l. The amount of chloroquine taken up
by the cells was small ecmpared tc tihe amount in the medium, the uptake

at the end of the experiment corresponding to only 17 of the available

drug.

.

In cultures treated with 1.0 x 10_3M chloroquine (Figure 7.2},
the absorbance rose slowly for about 50 minutes, remained almost con=-
stant for the next 20 minutes and then gradually decreased. The up-
take again showed an initial rapid phase, followed by a slow increase
with time, which was not related to the increase in sbsorbance, up to
about 100 minutes, after whiegh the uptake first cezsed and then statrted
to decrease. The maximum uptake was about 55uMoles Gm-l, corresponding

to approximately 17 of the total present.

For the cell suspensions treated with 4.0 x 10_3M chloroquine
(Figure 7.3), the absorbance was fairly constant for about 40 winutes
after which it started decreasing gradually, and continued to do se

throughout the experiment. The drug uptake was again rapid initially,
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followed by a slowing of the rate until about 4G minutes. Uptake
levelled off at 120uMoles Cm-l, corresponding to about 0.45% of the

total present.

The uptakes with time, and the relationship between uptake and
absorbance of the cells treated with the three chloroquine concent-

rations used are compared in Figures 7.4 and 7.5.

The uptake of chloroquine with time by cells of E. coli treated
with 1.0 and 4.0 x 10-3M concentrations of the drug in the absence of
glucose and after its subsequent addition are shown in Figures 7.6
and 7.7, together with changes in absorbance of the suspensions. The
absorbance remained virtually constant in the control and treated sus-
pensions throughout the period of glucose starvation. After the add-
ition of glucose the absorbance of the controls increased as the cells"
began to grow; the absorbance of the suspension treated with 1.0 x
10-3M chloroquine increased only slightly, and that of the suspension

treated with 4.0 x 10-3M began to decrease slowly,

In the suspension treated with 1.0 x 10-3M chloroquine, uptake
of the drug was initially at least as rapid as it had been in the
presence of glucose (cf. Figure 7.2); 1in the absence of glucose, how-
ever, uptake was complete within 20 minutes, levelling off at a value
of about 35uMoles Gm_l. After the addition of glucose to this sus-
pension there was an apparent rapid loss of some chloroquine from the
cells, followed by a further uptake at a rate similar to the slow sec-
ondary uptake by cells treated with this concentration of chloroquine

in the presence of glucose from the beginning.
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In the suspensions treated with 4.0 x 10-3M chloroquine there
was again a rapid uptake which was complete within 10 minutes, after
which there was no evidence of further uptake, even after the addition
of glucose. Uptake in this experiment corresponded to about 70pMoles
Gmrl, compared with the 120uMoles Gm-l observed when glucose was pre-

sent from the beginning (cf. Figure 7.3).
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DISCUSSION

The results of previous studies of the uptake of chloroquine by
cells of E. coli have been reported by Wiseman (1972b} and by Middle-
ton (1976). Both of these workers determined uptake indirectly by
measuring the residual concentration of the drug in the supernatant
fluids from centrifuged chloroquine treated suspensions, and calcul-
ating uptake by difference. Because of the relatively low affinity
of chloroquine for E. coli, and the basic inaccuracy of the difference
method, this technique required the use of very thick cell suspensions
many times more concentrated than those used in the study of anti-
bacterial activity. In addition to this use of "thick' suspensions
both these workers also chose to study uptake only in the absence of

glucose.

The direct method of measuring the uptake of chloroquine used in
the work described in this thesis was inherently more sensitive than
the method used by Wiseman and Middleton, and allowed the use of
cell concentrations similar to those used in the study of bactericidal
action. With this direct method, however, the membrane filters and
the collected cells had to be washed free from chloroquine solution
trapped between the cells or within the membrane, and this washing,
even though rapid, might result in the loss of chloroquine loosely

bound to the cells.

Despite the differences in methodology, iL is interesting and
perhaps surprising to note that the highest uptakes per gram of cells
treated with the same concentration of chloroquine in glucose free

conditions observed in the work described in this thesis are
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similar to the maximum uptake levels repcrted by Middleton. For
example, the maximum uptake level for unwashed cells of E. coli
treated with 1.0 x IO‘BH chloroquine in a Tris buffered medium as
reported by Middleton was about 70uMole Gm_l of cells, while that
obtained by the present method for washed and dried cells of E, coli
treated with the same drug concentration in a MOPS buffered medium

was about 40pMoles Gm_l.

In the presence of glucose the study of uptake from partially in-
hibiting concentrations of chloroquine, such as 0.5 x 10-3M, is com-
plicated by growth of the cells and it seems likely that in such cul-
tures the overall pattern results from an equilibrium set up between

the rate of uptake and the rate of growth.

With higher concentrations of chloroquine, the complicating effect
of substantial changes in cell concentrations is absent, and from these
results it is obvious that uptake in the presence of glucose is ultin—
ately higher than in its absence, suggesting perhaps some active trans-

port mechanism for uptake.

In the absence of glucose, however, although the final uptake level
is lower, since no drug uptake was obtained after the initial 20 min-
utes or so, it does appear that the initial uptake level is relatively

higher.

From the results obtained using 4 x 10_3M chloroquine, the level
of uptake required for ultimatz bactericidal effect can be attained in
the absence of glucose, even though the manifestation of this effect

is not seen until after the addition of glucose.
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It seems likely that the uptake of chlercquiﬁe by E. coli cells
is of two types, one, an initial rapid uptake by a passive mechanisu,

and the other, 2 slower uptake by an active process, and that the
active uptake can only take place in the presence of a carbon and
energy source, such as glucose. Both the passive and active uptake
mechanisms may contribute their quota te attain bactericidal levels
of the drug under different conditions, but it seems that in high
concentrations of chloroquine passive uptake alone allows the uptake

of potentially bactericidal amounts of the drug.

Polet and Barr (1969), working with erythrocytes parasitised by

chloroquine sensitive Plasmodium knowlesi, demonstrated that 3H-labelled

chloroquine uptake was characterised by two phases, an initial phase

of rapid uptake lasting 5 to 15 minutes, during which the red cells
concentrated an amount of 30 to 507 of the total amount taken up, foll=-
owed by a slower uptake reaching a saturation level after 3 hours.

They reported that increase in extracellular drug concentration gave
increased drug uptake, which was directly proportional to the extra-
cellular concentrations at medium levels ranging from 10.—8 to 2,0 x
10-7M; but that at higher molar concentrations, the parasites con-
centrated a smaller percentage. In the absence of glucose, uptake

was reduced to about 50Z. The active uptake was reported to be energy-
dependent, and the chloroquine concentrating mechanism independent of

the growth inhibitory effect of the drug.

The effects of substratec like glucose, glycerol, fructose and
pyruvate on the accumulation of chloroquine and amodiaquine by Plas-

modium berghei (CQ-sensitive) have also Leen demonstrated by Fitch
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et al., (1974, 1975). They reported thac the above-mentioned sub-
strates stimulated the accumulation of the drug ir the parasite drug
receptors, and proposed that such substretes were involved in the

accumulation process.

These veports, especially that of Poiet and LCarr, may thus oifer
some explanations for two of the observations made from the work re-
ported in this Chapter. (1) The relatively high iInitial uptake level
by chloroquine treated cells in the abscence of glucose may be due to
the fact that the initial passive uptake was aliowed to go on until
completed, whereas in the presence of glucose, the initial passive
uptake may be prematurely terminated by tlie slow active uptake.

(2) The 'surprise' continuation of active uptake by cells treated
with bactericidal concentraticns of chleroquine in the presence of
glucose, when their total cell mass wes decreasing, may be due to the
independence of the uptake mechanism on the growth inhibitory effect

of the drug.

The results of the work describea here have demonstrated the
biphasic nature of chloroquine uptake by k. ccli cells, and the re-
duced uptake, which is mainly passive, in the absence of glucose,

and show that what appiies in plasmodia can obtain in bacterial cells.

It may be valuable to develop the direct method employed here
with bacterial cells, and use it for further uptake studies.  Uptake
can be determined at different pH wvaluecs, and the results cowpared
with those of plasmodia reported by Fitch =t al. (1974). The pro-
portions of the different ionic species tallen up, and possibly their

destinations in the cells, could alsc be Jetermined.
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Thymir.ec is one of the basic components of deoxyribonucleic acid
(DNA), and if a compound interferes with the uptake of this pyrimidine
into a tissue cell or micro-organism, or prevents its incorporation into
cell DNA, svnthesis of the latter is inbibited. The results of early
viability experiments suggested some similarities between the death
curves obtained with chloroquine treated cells and those characteristic
of "Thymineless Death", and the work described in this Chapter was
undertaken to investLigate the effects of chloroquine on the uptake and

utilisation of thymine by E. coli.

Strains of E. coli not requiring thymine as a growth factor do
not take up exogenous thymine (Crawford, 1958); they do, however,
utilise its nucleoside, thymidine, to scme extent (Rachmeler et al.,
(1961), and take it up quite extensively in the presence of deoxy-
adenosine (Boyce and Sctlow, 1962). Ia the following experiments,
deoxyadenosine was added at the same time as thymidine to obtain good

uptake.

Unlabelled thymidine and deoxyadenosine were obtained from Sigma

MC ~thymidine was

Chemical Compeny, St. Louis, Missouri, U.S.A. 2=
obtained from the Radiochemical Centre Ltd., Amersham. Trichloro=-
acetic acid was from the British Drug Houses Ltd., Foole, Dorset, and

Ampicillin Sodium (Penbritin) was obtained from Beecham Research Lab-

oratories, Brentford, England.
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EXPERIMENTAL

Radioactive Growth Medium

200pg/ml of deoxyadenosine was mixed with 5ug/ml of unlabelled
thymidine and a sufficient quantity of kr}éti—thymidine (50uC1i/ml)
specific activity of 56 Ci/M to give an activity of 0.02uCi/ml in the
final solution (Middletcen, 1976). ln praccice, this worked out as
5.0ml of a 4mg/ml deoxyadenosine solution mived with 1.0ml of a 0.5
mg/ml solution of unlabelled thymidine and 0.04ml of a 50;Ci/ml sol-
ution of P-léclhthymidine, made up to 100ml with growth medium. In
some of the experiments, the proportion of 1!"(:--].abt'llled thymidine was
reduced as the stock solution dwindled. This was not considered a
serious drawback since the underlying objective was to cobserve differ-
ences in the uptake patterns between the control and chloroquine
treated cells, and with the smaller proportion of Iz—lacl—thymidine.

acceptable radioactive counts were still obtainable,

Uptake and Incorporation of Thymidine.

METHOD A, Addition of Chloroquine to Growing Cultures at the Same

Time as [2-1&(;] ~thymidine.

An overnight culture of E. coli was filtered through a 0,45um
mean pore size membrane filter, and the retained cells washed with
and resuspended at 37°C in fresh medium coataining 5Sug/ml of unlabelled
thymidine, 200ug/mi of deoxyadenosine and twice the normally required
concentration of glucose. The ahsorban?e of the resulting suspension
was adjusted to 0,10 with more medium, and incubation with shaking

resumed.
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Meanwhile, 24.5ml of growth medium ccntaining Spg/ml unlabelled
thymidine, 200uz/ml deoxyadenosine and sufficient [2—1461—thymidine
to give 0.04.Ci/ml was added to each of two 250ml conical flasks.
0.5ml of a 0.4M chloroguine solution was added to one flask, and 0.5
ml of glucose-free medium to the other. The two flasks were placed

in the shaking water bath to attain bath temperature,

When the absorbance of the growing culture had reached 0.3, 25ml
of it was measured into each of the above flasks. and incubation with
shaking continued, Growth was followed by taking absorbance measure-

ments at intervals for up to 3 hours,.

At 10 to 20 minute intervals 1.0wml samples of both the control
and treated cultures were filtered through separate 30mm 0.45;m mean
pore size membrane filters and the collected cells rapidly (<10 seconds)
washed with 20ml distilled water, The mewbranes together with their
retained cells were then mounted on fiat aluminium discs, using Durcfix
adhesive, dried under an infra-red lamp, and the radiocactivity in che
samples measured in a Beckman Lowbeta 11 automatic geiger planchet
counter fitted with an ultra-thin (SOug/cmz) window. Filtration of
cell free solutions of radicactive thymidine in glucose free medium
showed that no significant amount of thymidine was adsorbed on to the

membrane material.

1.0ml samples were also taken at intervals from ecach of the cul-
tures, pipetted into 1.0ml volumes of ice-cold 10Z Trichloroacetic
acid (TCA), and stored at 4°C for 30 minutes. The cells and any TCA-
insoluble precipitates formed were then collected on prewetted membrane
filters, washed with 5ml ice-cold TCA,and 10m! distilied water, and the

membranes prepared for radioactive counting as above.
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In order to enable radioactive counts to he converted into amounte
of thymidine O.lml samples of cultures, both cells and medium, were

dried on to planchets and the radivactivity counted.

METHOD B. Addition of Chioroquine to Growing Cultures about 60 minutes

after the Addition of k*lacl-thymidine.

The method us2d was the same as Method A, except that the add-
ition of chloroquine was delayed until about 60 minutes after comm-—
encing incubation of the cells in the presence or MC—labclled thymi-

dine.

L. . 4 _—
METHOD C. Addition of Chloroquine and : C labelled Thymidine at the

Same Time to Glucose Free Cell Suspensions, Followed after

90 Minutes by the Addirion of Glucose.

The procedure was as described in Method A, except that the growing
culture was replaced by a suspension of cells harvested from an expon-
entially growing culture by membrane filtration, washed with and re-
suspended in glucose free medium to give an absorbance of 0,300, and
incubated at 37°C with shaking for 40 minutes. Glucose was added to
the suspensions about 90 minutes after commencing incubation in the

presence of chloroquine,

METHOD D. Addition of Chloroquine to Growing Cells Previously Labelled

with [Z“IéCIfthymidiﬂE-

Medium containing the normal concentrations of glucose, Sug/ml of
unlabelled thymidine, 200pg/ml of deoxvadenosine and 0.02uCi/ml of

4 z = A )
[2-l C]-thynldlne, was incubated with cells from exponentially

growing cultures to produce an abscrbance of about 0.08, and the
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resulting suspension incubated at 3776 in the shaking water bath,

After at least 3 hours the culture was filtered through a 0.45um
mean pore size membrane filter, and the vetained cells washed with
and resuspended at 37°C in fresh medium containing twice the normally
required glucose concentration, 5S5ug/ml unlabelled thymidine, and
200y g/ml deoxyadenosine. The absorbance of the resulting suspension
was adjusted to about 0.15, and incubation with shaking continued,
24,5ml of glucose free medium containing the same concentration of
unlabelled thymidine and deoxyadenosine as above was measured into
each of two 250ml conical flasks., 0.5ml of a 0.4M chloroquine sol-
ution was added to one flask, and 0.5ml of glucose free medium to the

other, and the flasks placed in the shaking water bath at 37%.

When the abseorbance of the pre-labelled culture had reached 0.3,
25.0ml of it was measured into each of the above flasks, and measure-
ments of absorbance, end of radiocactivity in cells, and in TCA-insoluble

fractions were made as in Method A.

METHOD E. Addition of Chloroquine to Glucose Free Suspensions of Cells

. - l LA
Previously Labelled with I?-llC]-thymlﬂlne Followed After

90 Minutes by Addition of Glucose.

The procedure was as described in D above, except that the cells
pre-labelled with 140 thymidine were filtered, resuspended in glucose-
free medium and incubated for 40 minutes before their addition to the

chloroquine solutions. Clucose was added about 90 minutes after the

commencement of incubation in the presence of chloroquine.
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METHOD F. FEffect of Addition of Ampicillin to Growing Cells Previously

Labelled with [2—1&C]-thymidiqg.

The procedure was as described in Mzthod D, except thatr 200pg/ml

of ampicillin sodium was added in place of rhe chloroquine.
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RESULTS

The various methods applied to the study of thymidine utilisation
in E. coli cells were undertaken to determine the effects of chloro~-
quine on (1) the uptake of this nucleoside ard its incorporation into
the macromolecules of the cells, and (2} the fate of thymidine which
had been utilised by cells before the addition of chloroquine. Figures
8.1 to 8.5 illustrate the effects of chloroquine on the uptake and in-
corporation of thymidine into E. coli cells, while Figures 8.6 to 8.8

illustrate the effects of the drug on previously utilised precursor.

Uptake of a macromolecule precursor by a cell does not necess-
arily mean that it has been incorporated into macromolecules. A method
of demonstrating incorporation of such a precursor is treatment of the
cells with ice-cold trichloroacetic acid (TCA). This causes the re-
lease of low molecular weight materials from the metabolic pool, and
precipitates macromolecules. If the precurscr is radioactively lab-
elled, then the émount of radicactivity in the washed and dried TCA-
insoluble precipitates is proportional to the amount of the precursor

incorporated into macromolecules.

It was generally observed that the cells grew at siower exponential
rates than normally, when fed with deoxyadenosine and unlabelled thy-
midine. Growing the cells overnight with these nucleic acid precursors
did not fully correct this defect, but there was sufficient difference
between control cells and chloroquine treated ones to justify their

use in this investigation.

Figure 8.1 illustrates the growth, through changes in absorbance

with time, and the uptake and incorporation of laC*thymidiuc by cells
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of E. coli fed with this DNA precursor 2nd treated with 4.0 x 10-3M

chloroquine. The absorbance curves show that the control cells were
growing exponentially with a mean generation time of 80 minutes,

while the chloroquine treated cells exhibited a gradual decrease in
absorbance throughout the expeviment, indicating shrinkage or lysing

of the cells. The uptake of 140~thymidine by the control cells was
proportional to the rate of growth until the cell concentration reached
an absorbance value of about 0.4 at 600nm (i.e. about 4 x 108 cells),
after which it began to slow down relative to the growth rate. The
incorporation of thymidine ianto TCA insoluble material was almost co-
incidental with uptake, indicating that almost all the 14C-thymidine

taken up was incorporated into the cells'DNA with very little free

thymidine remaining in the metabolic pool.

The results for the cells treated with 4 x 10-3M chloroquine show
that during the first few minutes thymidine is taken up and incorpor-
atéd inte TCA insoluble material by the cells at about the same rate
as in the untreated cells, After this initial period of relatively
rapid uptake the total amount of radioactive thymidine within the
chloroquine treated cells remained constant for about 50 minutes and
then began to decrease. The amount of radioactivity in the TCA in-
soluble material however increased slightly after the initial rtapid
uptake, and then remained constant until about 90 minutes after the

addition of chloroquine before iL began to decrease.

These results suggest that uptake of thymidine and its incorpor-
ation into high wolecular weight material, presumably DNA, can continue
for a short time after the additiom of bactericidal concentrations of

chloroquine to growing cells of E. coli, that the treated cells later
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leak both low and high molecular weight materials back into the growth
medium, and that finally the high rmolecular weight materials into which
thymidine has been incorporated are degraded back to low molecular

weight non-TCA precipitable coumpounds.

Single experiments were carried out using 1.0 and 2.0 x IO”JH

chloroquine. The resuits (not illustrated) showed that the control
cells behaved similarly to those described above; cells treated with
1.0 x 10-3M chloroquine took up about twice as much thymidine as those
treated with 4.0 x IO‘BM, but maintained a similar uptake pattern.
Cells treated with 2.0 x 10-3H behaved as those treated with 4.0 x

1073,

The relationship between absorbance and uptake of Idc—thymidine
is illustrated in Figure 8.2. With the control cells there was a
clear linear relationship between absorbance and uptake of labelled
thymidine up to an absorbance value of about 0.38, showing that the

rate of uptake was proportional to cell concentration during this "linear'

period.

Figure 8.3 shows the effect of the addition of 4.0 x IOﬁJM chloro-
quine to cells already growing in the presence of labelled thymidine.
In this experiment both the absorbance of the suspension and the amount
of labelled thymidine in the celis began to decrease almost immediately
after the addition of the chloroquine, but the radioactivity in the
TCA insoluble material increased slightly for about 30 minutes and then

remained constant for a further 30 wminutes before it began to decrease.

Figure 8.4 shows the results of an erperiment designed to observe

the effect of treating cells with chloroquine in glucose free medium on
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the uptake of thymidine after the subscoveat addition of glucose.

The Figure shows that there was some increase in absorbance of the
control culture prier to the addition of glucose, suggesting that the
cells were able to make some use of the added thymidine and/or deoxy-
adenosine as carbon sources. The use of thymidine is confirmed by
the substantial incorporation of radicactivity into the control cells
during this glucose free period. The cells treated with 4.0 x 107
chloroquine showed some slight uptake and incorporation of thymidine
during the first 60 minutes prior to the addition of glucose followed
by a decrease in the amount of non-TCA precipitable radioactivity in
the cells. No further change in the amount of radiocactivity in the
cells or in the TCA-insoluble material was observed after the addition

of glucose.

Figure 8.6 illustrates the effect of chloroquine on thymidine
which had previously been taken up and incorporated into the DNA of
normally growing cells of E. coli. By the time the experiment illus-
trated in the Figure was commenced 14C—t.hymidine had been removed from
the growth medium, although unlabelied thymidine and deoxyadenosine
were still present. The cells had been "fed" for at least three hours
previously with labelled thymidine., Thereiore, although the contrcl
cells were growing, as shown by the increase in absorbance, the radio-

-~

activity level could not be expected to rise.

The results for the control cells show a fairly constant level
of radioactivity for the whole period of the experiment, indicating
that the previously incorporated lac-thymidinc was being retained by
succeeding generations of cells, in the cultures treated with 4.0 x

=3 ; x o B aex
10 "M chloroquire the radicactivity in the cells began to decrease
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almost immediately after addition of the d-ug, 507 having been lost
after about 90 minutes, and 90% after about 230 minutes. The amcunt
of radioactivity in the form of TCA-insoluble material remained con-

stant for more than 30 minutes, but then also began to decrease.

Experiments using 1.0 x 10-3M chloroquine gave a similar pattern
of results except that the percentage of radivactivity lost from the

cells was lower.

Figure 8.7 shows the results obtaiued when E. coli ceils which had
been fed with 1’&C--th),'midine for 3 hours, icllowed by removal of unused
radioactivity from the medium,were incubated in the absence of glucose
for about an hour and then treated with 4.0 x IO*SH chloroquine while
still glucose free. These glucose free cells again apparently util-
ised part of the unlabelled thymidine and/or deoxyadenosine as a carbon
source and grew slightly before the addition of glucose. In the con-
trol suspensions, the radioactivity within the cells and in the TCA-
insoluble material remained constant for at least four hours, indicat-

ing that no breakdown of the prelabelled macromolecules was occurring,

In the suspensions treated with chleroquine in the absence of glu-
cose, the amount of radiocactivity in the cells and in the TCA insoluble
material remained constant for at least 80 wuinutes. After the add-
ition of glucose to these suspensions, however, tne radioactivity within
the cells began to decrease almost immediately, followed after about
50 minutes by decrease in the radioactivity in the TCA-insoluble mater-

ial.

The addition of bactericidal concentratious of awpicillia to

growing cultures of E. coli causes lysis of the cells and release of
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their contents. Figure 8.8 shows the results obtained after the
addition of such a lethal concentration of ampicillin to growing cul-
tures of E. coli in which the cells had been prelabelled by growth

for 3 hours in the presence of IAC-thymidine.

After the addition of ampicillin beth the absorbance and the
radioactivity within the cells decreased sharply; the radioactivity
in the TCA insoluble material however rem2ined comstant for at least
34 hours, showing that under these conditions, breakdown of the pre-

labelled cell macromolecules did not occur.
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DISCUSSION i

Chloroquine is known to form molecnlar complexes with the nucleie
acids of various cells (Hahn and associates, and many other workers .
as reported in Chapter One), and to interfere with the syntheses of
DNA and RNA. It has also been shown by Conklin and Chou (1972),
and Conkliu, Heu and Chou (1973) to inhibit the uptake of thymidine,

uridine and amino acids by Tetrahymena pyriformis,and to inhibit mark-

edly both DNA and RNA syntheses by solubilised DHA and RNA polymerases,
and DNA synthesis by nuclei from the same organism, More;recently,
however, Middleton (1976) studied the effects of chloroquine on the
utilisation of thymidine, uracil and phenylalanine by E. coli. He re~
ported that DNA synthesis was less sensitive to the drug than RNA and
protein synthesis, the uptake of thymidine and its incorperation into
macromolecules continuing for some time. in cultures treateﬂ with in-

hibiting concentrations of chloroquine even after increase in absorb-

ance of the cultures had ceased.

The results reported in this Chapter suggest that thymidine uptake
and incorperation continue for only a few minutes after the addition
of bactericidal concentrations of chloroquine to growing cultures of

E. coli.

Under the conditions of cultivation used, untreatad control cells
utilised thymidine at a rate proportional to the rate of growth for
about 90 mianutces, after which the rates of uptakz and incorporation
decreased progressively, possibly as a result of the conversion of
thymidine to thymine by the inducible enzyme, thymidine phosphorylase

(Rachmeler et al., 1961},
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. i
The results obtaiumed with growing cetls of K. coli which had
. 14 sy
been prelabelled by growth in the presence of = C-thymidine before
the addition of chloroquine show that DNA is released from treated

cells and that the released DNA is then degraded to low molecular

weight compounds.

In contrast, the DNA released from prelabelled cells by growth
in the presence of ampicillin shows no evidence of degradation even

after 34 hours.

The 14C—thymidine prelabelled cells treated with chloroquine in

the absence of glucose did not leak DNA into the medium until after
the addition of glucose, confirming the inactivity of the drug against

non—growing cells.

Inhibition of the uptake and incorporation of thymidine by chloro-
quine treated cells, as shown in this study, suggest an explanation
for the thymineless death type curves obtained from the viability ex-—
periments of Chapter 4, Even though this strain of E. coli can syn-‘
fhesise its own thymine, it is probable that chloroquine can still

block its incorporation inte the cells'DHA.

Thymineless Death is the terminology given to the dying of thymine-
requiring strains of bacteria when they are deprived of this pyrimidine.
Although RNA and protein syntheses continue for a while, DNA syntbesis
is blocked; this leads to unbalanced growth, which in turn leads to
irreversible loss of viability (Barmer and Cohen, 1954; Cohen and
Barner, 1954, and Cohen, 1971). Other occurrences which accompany
this phenomenon include increased turbidity of cell culturesand elong-

ation in sowe strains of bacteria, induction of colicin and prophage,
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and degradation of DNA. The latter process was shown by Reiter and '
Ramareddy (1970) to be initiated at the DNA replicating point and to

continue back along the chromosome. Newly synthesised strands are first
degraded, and then both the new strands and the template are degraded

to double cztrand segments. Cell death is said to be coincident with

loss of DNA. However, it was pointed out that a carbon and energy

source was essential for death of the cells (Cohen and Barner, 1954);

in the absence of glucose death was completely prevented in some strains

and greatly retarded in others (Nakayama and Hanawalt, 1974).

The results described in this Chapter indicate the ability of
chloroquine to block the uptake and incorporation of thymidine in this
strain of E. coli, and to cause the leakage and degradation of both
newly formed and preformed DNA in growing cultures, but not in glucose-
free cultures. It can therefore be proposed that simulation of the
Thymineless Death phenomenon might be a mode of antibacterial action

of chloroquine.
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GENERAL DISCUSSION

The results of the studies undertaken in this project have con-
firmed the growth inhibiting activity of chloroquine against cells of
E. coli, first reported by Wiseman (1972a) and later by Middleton (1976),
and have shown that increasing the concentration of the drug produces
bactericidal effects, In this thesis, the bulk of the work lays em-
phasis on the effects of chloroquine on this organism at bactericidal

concentrations, and some of the factors that affect these effects.

The approximate minimum bactericidal concentration at 37°¢ and
pH 7.4 for growing cells of E. coli in the MOPS buffered minimal salts
medium used is about 1.0 x lO-BH, and increasing the concentration be-
yond this up to ten—-fecld, does not appear to have any significant
effect on the rate of kill, although the time of maintenance of this
rate of kill is increased. The similarity of bactericidal effects on
growing cells of E. coli obtained with such a wide range of drug con-
centration is rather extraordinary, and may be pointing out a peculiarity

in the drug uptake by the cells.

The presence of glucose in the growth medium, at least for a
period, seems to be a necessity for the bactericidal action of chloro-
quine, since in its absence the drug is rendered inactive for concent-
rations up to 8.0 x 107M. This indicates that the drug is ineffective
against resting non-growing cells, and that an important mode of its
antimicrobial action is connected with growth and/or cell division.
However, the presence of some killi;g effect in the absence of glucose
with 16.0 x 10_3M chloroquine suggests that there may be at least a

secondary mode of anti-bacterial action which is independent of cell
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growth, and which becomes manifest at this high concentration.

The effect of changes in pH on the antibacterial action of chloro-
quine has also been demonstrated, and shows how sensitive the drug is
to pH changes. Both the growth inhibiting and the bactericidal actions
of chloroquine increase with increase in pH. Thus the approximate
minimum bactericidal concentration at pH 6.7 is 2.6 x 10“3M, whilst
at pH 7.7 it is about 0.7 x IO_BH, showing about a four-fold increase
in potency for unit rise in pH. This finding is rather interesting,
as it suggests that the theoretical DNA intercalator, the double-protonated
species, is less active bactericidally than the mono-protonated one.
For example, ;t pH 6.7 the percentage of drug as dications in solution
is 95.94 while that in the form of monocations is 3.99; and at pH 7.7
the percentage of dications is about 65 while that of the monocations is
about 34, The drug becomes more effective as the percentage in the
dication form decreases. 1f the double protonated cation 1is indeed
the DNA intercalating species as reported by Cohen and Yielding (1965a),
Victor et al. (1971) and Bolte et al. (1977), then important as this
reaction with DNA may be, it appears not to be the primary mechanism
of antibacterial action of chloroquine. Another recent finding on
the effect of pH on the biological activity of chloroquine is that of
Mego and Chung (1979), who reported increase in inhibition of cathepsin

B. with increase in pH.

The results obtained from uptake studies suggest that there is
an initial passive uptake, perhaps similar to that described by Polet
and Barr (1969), which is energy independent, and does not need active
transport. In E. coli cells that are deprived of their sole carbon

and energy source, glucose, there is little rise of uptake above this
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initial passive uptake level. However, since the level of this ini-
tial uptake is to some extent concentration dependent, higher uptake
levels are obtainable with higher drug coacentrations, thus making
possible potentially bactericidal levels of uptake in the absence of

glucose at high drug concentrations.

In the absence of glucose, initial passive uptake is apparently
terminated, and followed by a slower rate of active uptake, which can

continue until well after the total cell mass has stopped increasing.

Another finding, which may offer an explanation for the similarity
of the bactericidal effects obtained when growing cells of E. coli are
treated with different drug concentrations is that only a small amount
of the chloroquine in the growth medium is taken up by the cells, the
percentage being taken up at the lower concentrations being higher than
at higher concentrations, suggesting that receptors can only take up a
limited amount, so that once this level is reached, increasing the drug
concentration in the medium has little or no increased effect on the

cells.

The experiments on thymidine uptake indicate that bactericidal
concentrations of chloroquine strongly inhibit the uptake and incorpor-
ation of thymidine by growing cells of E. coli, and cause degradation
of DNA and release of already incorporated thymidine from the cells.

In the absence of glucose, there is hardly any observable uvptake or in-
corporation of thymidine by the chloroquine treated cells, neither is
there any degradation of preformed DNA until the re-addition of glucose
to the growth medium, again confirming the inactivity of chloroquine

on resting non-dividing cells of E. coli.
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A possible deduction from these thymidine experiments is that
chloroquine is capable of depriving or starving E. coli cells of thy~-
midine, and although the stFain used here does not reguire exogenous
thymine or thymidine, it is apparent that chloroquine could prevent
the utilisation of any thymine synthasised by the cells. 1t is there-
fore not too surprising that the death curves obtained from the results
of the viability experiments have some similarities to thymineless
death cﬁrves, especially at the lower bactericidal concentrations.

As occurs in thymineless death, there is an increase in cell turbidity
initially even though cell viability is decreasing; there is an initial
lag in the death curve followed by rapid exponential kill, and the per-
centage loss in viability is over 997 after 2 hours of exposure to
chloroquine (cf. 99.5 after 150 minutes obtained by Ohkawa, 1975).
Also, during conditions for thymineless death in the absence of a carbon
and energy source, especially zlucose, death is completely prevented

in some strains, or greatly retarded (Nakayama and Hanawalt, 1974), a
gituation which also occurs in the glucose-starved chloroquine treated
cells reported here. It can therefore be proposed that a partial sim—
ulation of the thymineless death phenomenon is a mode of antibacterial
action of chloroquine. However, the points of departure of the death
curves for chloroquine treated cells from those of thymineless death,
namely, the reduced increase in cell turbidity, or absence of it at
higher concentrations of the drug, the shorter lag period, or its dis-
appearance with higher concentrations, suggest thet there is another
mode of bactericidal action of the drug, which is perhaps independent

of DNA inhibition.

The main findings from this study of the bactericidal effects of
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chloroquine on E. coli can be summarised as follows:-

1. Chloroquine can now be described as bactericidal for E. coli,
and this effect does not seem to vary significantly with var-
iations in drug concentrations above the threshold for bacteri-
cidal activity.

I The bactericidal action of chloroquine is very sensitive to
changes in pH, a four-fold increase in potency being obtained
for mait rise in pH.

. H Chloroquine is relatively inactive against resting, non-growing
cells, a carbon and energy source such as glucose present in
the growth medium or cell nutrient being a necessity for its
activity.

4. The uptake of the drug into E. coli cells is relatively small,
and is dependent to some extent on drug concentration in the
growth medium, and on the physiological state of the cells, so
that increase in the drug concentration does not necessarily mean
a corresponding increase in drug uptake., The mechanism of the
latter is not known.

5. There is a strong indicaticn from this study that chloroquine
rapidly inhibits the uptake and incorporation of thymidine into
cell DNA in E. coli, and causes the breakdown of preformed DNA.
The methods employed, however, could not confirm the mechanism
by which these actions are effected, but from the works of Hahm,
Cohen and others it might be assumed that the degradation process
is brought about by the binding or intercalation of the drug with

the cell DNA.

No other specific mechanism of antibacterial action is obvious

from the results reported in this thesis, although there are indications



(170)

that other such mechanisms exist, especially from the results obtained
from the pH experiments which demonstrated that increased activity

with increase in pH was due to increase in the monocalions in the growth
medium. Middleton (1976) éeported that chloroquine inhibited the up-
take of oxygen by E. coli cells, thus interfering with oxidative pro-
cesses, and this effect increased with increase in concentration. In~-
hibition of some oxidative processes in plasmodia by the drug had earlier
been reported by Skelton et al. (1968), Turnbull et al. (1971) and Cho
and Aviado (1968). This action of chloroquine is distinct and clearly
separate from binding with the nucleic acids and constitutes a differ-
ent mechanism of action. These show that there may be several mechanisms
of action for the antimicrobial effect of chloroquine. On an individual
Ibasis they may not be lethal, but the summation of these effects may

mean death to the microorganism,

The findings from the studies reported here may help to suggest
further work on chlorequine, using the same test organism, which is
"simple", better understood, and far easie; to grow than plasmodia.

This may enable future workers to establish its route and manner of
uptake, and its site or sites of accumulation; the ionic forms in

which it is present within the cell; and the effects it is exerting

on different parts of the cell. The knowledge gained from such studies
may be helpful in leading mankind to a better use of this well worn

old hand, chloroquine.
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EPTLOGUE

The war against malaria has been on for a long time, and although
well fought, it is apparently not yet over, especially with increase
in the drug-resistant plasmodia. Several tactics have been employed,

a number of which are still in progress.

1, Attack on the Vector, the Ancpheles Mosquito.

The World Health Organisation has contributed much in the attempts
to eradicate the anopheline vectors of malaria. Since the prevalence
of DDT-resistant strains of these mosquitoes, thousands of compounds
have been screened for insecticidal activity. The first successes,
such as propoxur {a carbamate) and malathion (a phosphothioate) became
front line insecticides against DDT- and dieldrin-resistant strains
in Africa and Central America for some time (WHO, 1971). But, like
their predecessors, resistance against them developed (Breeland et al.,
1970; Georghiou et al.,1972). Out of about 2000 compounds evaluated
for insecticidal activity by 1974, only 30 were sufficiently promising
to justify large scale field trials (WHO, 1975). None was as persistent
in action, or as generally safe, as DDT, and all were considerably more
expensive (Service, 1977). A new race of pyrethroids, especially
"Permethrin" and its derivatives, are proving a success, as they are
effective against the insects, have long residual activity on inactive
surfacec, and are biodegradable (Elliott et 21., 1973, 1975; Service,
1977). Entomophagous parasites and predaters, over a thousand of which
had been found to feed on anopheline mosquitoes, have been and are still

being tried, but so far not with much success.
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The success of vector ~ontrol will depend on a well-planned
multidirectional approach, including combination of all the varicus
methods that have killing effects on mosquitces, well trained field

personnel, and of course, better education and higher hygienic standards

for human populations in the malarious areas of the world.

i Malaria Vaccines.

Another approach to the eradication of malaria is through the
development of malaria vaccines, a programme which is of great potent-
ial value. The difficulties lie in the complicated life cycles of
plasmodia, which make it difficult to produce the organism in large
quantities, and their antigenic products in pure forms, and the very
many strains which occur within the same species, giving rise to many
distinct antigenic variants, However, some success has been attained,
though vaccine development is still in its early stages. Ducklings
have been protected against P. lophurae malaria by immunisation with
unconcentrated plasma from acutely infected birds (Corwin, McChee and
Sloan, 1965). Rats immunised with P, knowlesi antigen developed only
very low parasitaemias when challenged with P. berghei as compared to
unvaccinated controls (Cox, Milar and Patterson, 1968). X=irradiation
as a useful means of attenuation has been tried with some success. Mice
vaccinated with x-irradiated sporozoites of P. berghei were protected
against sporozoite and erythrocytic challenges (Nussenzweig, Vander-
berg, and Most, 1969). Through the use of killaed vaccines young

chickens have been partially protected from P, gallinaceum malaria by

immunisation with killed free parasites (Richards, 1966). Mice vacc-
inated with cell-free extracts of P. berghei also showed partial imm-

unity to subsequent challenge (Zuckerman et al., 1967). More recently,
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attempts have been made on human immunisation against malaria. Clyde
et al.,(1975), demonstrated through a human volunteer, protection for
up to 3 and 6 months respectively against falciparvm and vivax sporo-

zoites. Species specificity of antigen and antibody was demonstrated.

Frogress is also being made in the preparation of antigens from

P. falciparum. For example, Siddiqui, Kramer and Richard=Crum (1978)

prepared an erythrocytic late stage P. falciparum antigen which succ-

essfully protected Aotus monkeys against subsequent challenge with a

homologous strain of P. falciparum. Rieckmann, Mrema and Campbell

have also demonstrated that Plasmodium falciparum obtained from con-

tinuous culture were capable of inducing a pronounced immunity to

malaria in Aotus monkeys.

The production of antigenic preparations in pure forms to meet
the current ethical standard is still a problem, but at least the pros-—

pect for a successful human malaria vaccine is apparently improving.

3. Improving the knowledge on Current Antimalarials.

In spite of the fact that many antimalarial drugs have been in
use for decades, or even over a century as in the case of quinine,
much is still to be known about them. So research workers are still
investigating modes of action, or their effects on various microbial
and mammalian systems. Through these, it is hoped that better routes
or methods of administration could be developed, or the structural
formula of the drugs altered to synthesise new antimalarials. Thus
new derivatives of Primaquine have been synthesised by La Montagne,
Markovac and Menke (1977); Tanabe et al.{1978), and Shetty and

Blanton (1978), which have been effective against P, cynomolgi and

P. berghei malarias.
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4. Development of New Antimalarials,

Through the knowledge of the general structures and modes of
action of current antimalarials, potential new ones of entirely new
structures are being synthesised. Thus new folate antagonist anti-
malarials of quinazolinediamines and related compounds have been syn-—
thesised by Eslager et al. (1978), some of which showed antimalarial

activity against drug-resistant P. berghei in mice and P. falciparum

in owl monkeys, as well as bactericidal antifolate activity against

Streptococcus faecalis. Razdan et al.(1978) have synthesised new

derivatives of Benzothiopyrans which were curative against P. berghei
in mice, and Shamblee and Gillespie (1979), new trichloronaphthalene
amino alcohols which have been found effective against P. berghei in
mice. Although these new developments may still be in their infant

stages, they offer some promise for the near future.

By 1975, the United States Army Antimalarial Drug Development
Programme, perhaps the world's largest of its type, had screened over
200,000 compounds for antimalarial activity (Kinnamon and Rothe, 1975),
and for every 3,000 of such tested compounds, only one was considered
suitable for use in the final test for clinical toxicological evaluations.
Mefloquine, a quinolinemethanolamine, is one such compound, which is
proving promising. It has been found effective against both chloro-
quine sensitive and chloroquine-resistant malarias in humans, and, in
addition to its therapeutic efficacy, exerted prolonged activity after
a single dose (Rieckmann et al., 1974; Davidson et al., 1977). It
cannot be predicted, however, how goecd or long lasting this 'promise'
would be, since it too may eventually succumb to drug-resistant plas-

modia like its predecessors,
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It is likely that the final solutien, from the human side of

malaria, lies with the success of antimalarial vaccines. Until these

are satisfactory, the best use of the available current and new anti-

malarials will have to be made,.
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APPENDIX

Electron micrographs of control and chloroquine treated cells

of Escherichia coli in the presence and absence of glucose.
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PLATE 1. Control cells of E.

coli in the presence of

glucose, 40 minutes after commencement of

experiment.
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PLATE 2. Cells of E. coli, 5 minutes after the addition of 4.0 x IO-JM

chloroquine, in the presence of glucose.
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PLATE 3. Cells of E. coli, 20 minutes after the addition of 4.0 x 10_3M

chloroquine in the presence of glucose.
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PLATE 4. Control cells of E. coli in the presence of glucose,

90 minutes after commencement of experiment.



PLATE 5. Cells of E. coli, 70 minutes after the addition of 4.0 x 10-3M

chloroquine in the presence of glucose.
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PLATE 6. Cells of E. coli, 120 minutes after the addition of 4.0 x IO-JH

chloroquine in the presence of glucose.
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PLATE 7. Control cells of E. coli in the absence of

glucose 20 minutes after commencement of

experiment.



PLATE 8. Cells of E. coli, 5 minutes after the addition of 4.0 x 10~y

chloroquine in the absence of glucose,
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PLATE 9. Cells of E. coli, 130 minutes after the addition of 4.0 x IU—3M

chloroquine in the absence of glucose.
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