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A xvi
ABSTRACT |

Proflavine (?F) inhibited glucose Breakdown'by sen-
sitive cells of E. coli B, The only glycolytic enzyme:
su&meptible to bF was the EDPmregulated pyruvate kinase ﬂ;
(PKI)., PF was an allosterié/inhibitor of the‘purified u
enzyme. PF increased the PEP concentration required
for half maximal saturation and decreased the vmax’
however, it had no effect on the Hill number for PEF.

The inhibition produéed by up to 0.3 mM PF was completely
reversible as indicated by'dilution studies, FDP, but
not cyclic AMP, AMP, ATP, fructose 6-phosphaté or dithig?-
threitol partially feverséd PEF action. Inhibiti?n
studies Qith a variety of acridines indicated that
substitution at the 3 position on thefapfidine_ring .
was required for inhibition aﬂﬁ also that inhibition,

may involve hydrophobic interactions. PKI purified

from PF-resistant cells was also sensitive to PF.

Cells of E. coli B growing in acetate and succinate
mineral salts were significantly more sensitive to PF
'than celis growing in glycerol, glucose and pyruvate.
Sensitivity could be correlated with generation time
in the various media; cells grew slowly in acetate and
succinate- and more rapidl& in glycerol, glucose and

pyruvate. Five times more bound PF was required to
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.1nh1b1t glucose—grown than acetate—grown cells by 50 %.
DNA repllcatlon was more sensitive to PF than glucose
utilization in PF-sensitive cells growing logarithmically
in'glucose mineral salts. Inhibition of growth was more °
closely correlated with inhibition of DNA replication
than with that of glucose utilization.

PF stimulated the rapid and complete loss of ATP
in sensitive cells in the presence and absence of glucose.
PF lowered ATP levels by_50 % in resting resistant cells
but had no effect on ATP lévels of these cells in the
presence of glucose, Inhibition of glucose utilization
was cioseiy correlated with lowered ATP levels in sen-
sitive cells. Iodoacetate had_significantly less effect
than PF on ATP levels in sensitive cells. These results
were taken to indicate that PF directly affected ATP
levels to some éxtent; though it may q%ve also affected
these levels indirecily by inhibiting-ATP’formation.

PF s¥imulated membrane-bound ATPase activity by
hOo-50 % inlmembrane fragments from sensitive and resis-
tant cells but had no effect on the solubilized enzyme
from sensitive cells. PF waé an uncompetitive stimu-
lator for the membrane-bound enzyme.

PF stimulated respiration by 50-75 % in sensitive
cells. The classical-uncouplers DNP and CCCP hagd a

similar effect. PF also inhibited tyrosine, aspartate
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and Tﬁsrtranspbrt b&lapproximatel 60 % in membrane
vesicles prepared from sensitive p%l

1ls, PF had a similar
effect on amino acid transport in ve;icles‘from résistant.
cells. Aspartate itransport was inhibited by 70-80 %
in sensitive and resistant whole cells.
Seferal‘PFfresiétant strains of E. coli B were ecross-
resistant to penicil;in and peﬁhalothin. PF.resistant
cells were 5-10.times more reSistant to penicillin than
PF-sensitive cells. Replica plating studies showed_that
when m%jants were selected for either PF or penicillin
resistance, cross;resistance to‘fhe other inhibitor
occured with a frgquency of ‘greater than 80 %. Noﬁe
of the PR-resistant strains possessed /Liacfamase“éptivity.
These results suggested that a'change in "permeability“
of cell membranes was responsible for both kinds of

resistance.
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GENERAL INTRODUCTION



| 1
GENERAL INTRODUCTION

Gﬁemical Properties

| In 1870, Graebe and Caro:isolated a substance from tﬁe
high-boiling fraction of coal tar which they named acridine
because of its irritating effects on mucus membranes (ie,
acrid substance}(93). Since then, a wide variety of sub-
stituted acridines have been synthesized by a number of
methods ihcluding ring closure of diphenyiamine—2-carbnxylic
acids, —2-aldehydes or -Z2-ketones as well as the reactlon
between m—phenylenedlamlnes and formic acid (3). Acridine
is a fused six-membered heterocyclic compound posessing
seven conjugafed double bonds and is represented, along
with several importanf acridinederivatives, in Figs: 1a and b.

Various methods of numbering the acridihe ring have

been proposed at different times. The one illustrated in
Fig la was proposed by Graebe and Iagodzinski in 1893 (94)
and is‘naw universally used.

o

Chemotherapeutic Action

A number of mono and diaminoacridines have bacteriocidal.—
properties and several of these, including profiavine (PF),
acriflavine (AF), mepacrine and aminacrine (94A) have been
used in the treatment of various diseases. Due to its

strong bacteriocidal dction and low toxicity, PF was



Fig, 1a.

Numbering for the Acridine
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8
employed extensively during World War II to‘prevent infection
of gunshot wounds (3). Acridinesihave been used to control -

a number of protozoal diseageS'including'those caused by

Giardia intestinalis (8@3, Theileria aunalata (219),

énQ?Eimeria tenella (2?65 and to inhibit viruses such a

herpes keratitis (256).'vaccipia (89) and polio (éO?;T/F
Mepacrine was probabljﬁthe single most important chemo- °

therapeuticapridin?deve;oped. "It was effective agaihgt

Plasmodium sp. and was subsequently used to control malaria

during World War II (3). This drug still enjoys wide-
spread use today despite the developement of a wide variety'
of other effective antimalérials (33,191). Mepacrine has
also been used to treat tapeworm infection in man (164),

autoimmune disease (184) and pneumothorax resulting from |

cystic fibrosis (12?). Antagonism of morphine side effects |

and the préven%ion of physical addiction to varioﬁé opiates
are properfies attributable to mepacrine (6)Lsuggésting an
important role for this compound in the treatment of drug
addiction. Mepacrine has also been used synergisfically
with other antibiotics to prevent the emergence of anti-
biotic-resistant strains of bacteria (76,102,215).
Several acridines were used effectively to control
various tumors including hamster melanoma (30,16), ovarian
- carcinoma (133) and murine leukemia (15). Acridine orange

(AD) was shown to bind selectively to and to increase light



sefisitivity of mouse epi%helial tumors -(251) and it was

suggested that selective binding of acridineéxto Tumors

may.be used to increase X-ray killing of these cells (85).
Acridines have been used effectively to cure R factors :

which control antibiotic resistance (55,?0.101.114.15§)

and syntheéis (131) iq a number of baqteria. In %963. .

Watanabe suggested that acridines may be used clinically tﬁ

prevent the emergenceandspreaa of antibiotic resistance

(107). Recent studies, however, have ‘shown that curing

may be of little clinical value (34,101,114). Curing

ey
frequencies were low, on the order of 1-5 % in strains of

Pseudomonas and Staphyvlococcus (114,101) and uncured R

factors were.easily transfered (34). Curing frequencies also

varied depending on the strain of host bacteria and its
location in the body (34). L ‘
Curing of R factors by acridines plays an lmportant
role in the study of bacterial‘genetics(55,?0,101f1{§,159);
ho&ever, the biochemical mechanism invelved is poorly
understood. Aminoacridines may prefenéntially bind to
small circular DNA molecules thus affecting R factor DNA
more strongly than chromosomal DNA (87). it was also .
proposed that R factor initiation,'polymerization or
‘attachment to segregation sites may be blocked (34) re-
sulfing in loss of plasmid due to subsequent dilution during

cell division (281). On the other hand, it has recently

A
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been suggested that acridines act on ‘the ‘membrane rather
than the plasmid DNA during the curing process and'affect_

plasmid-membrane association‘(i?d),

Phxsiochemical Propeéfies

It.was shown .earlier that the preéénce‘éfa complete
acridine ring (41) as well as cationic ionization of at
least 50 % were required for strong antibacterial activity‘
ts). Acridines possessing amino. chiorof methyl or nitro
groups were strongly ionized under- phy81olog1cal conditions
and were. effectlve antibacterial agents (5) whlle acrldlnes
having a pKa of less than 7.0 weéé poorly ionized and were
consequently ineffective (5 cited in 3). Acridines ionizing as
anions or zwitterions were ‘also ineffective antlbacterlal
agents (5). PF ionization is ‘shown in Fig 1c.

Poor antlbacterlal activity may be associated with an
increase in bulk of the molecule; for example, mepécrine
was relativeiy weaker than nor-mepacrine as an antibacterial
as a,result of steric hindrance due to a side chain methyl
group (3). _ i

Albert (&) showed that lipophilic properties playéd no
part in determining the antibacterial effectiveness of an'
acridine and suggested that these drugs exert their actioﬁ

on the outside af the membrane and do not penetrate into the

cell (3). On the other hand, Nakamura showed that AF

¥
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entered Escherichia coli by a process controlled by a

' membrane protein (171).

~

Acridines and Nucleic Acids

Acridine dyes were shown to bind to DNA by two distinet

_ mechanisms (2?,249). The first involwved iritercalation of

the dye molecule between adjacent base pairs of “the double

i1

stranded DNA (56,137,259%9) and has been studied by a variety

of methods including viscosity, sedimentation (137) and

fluorescence (211). These dyes were shown to be associated

with AT and GC base pairs resulting in a change in the dye

environment from a hydrophilic to a hydrophobic one as

determined by fluorescence changes (211). Thézstrength

of the interaction was thought to be related to the pro-

portion of AT base pairs in the DNA.(25§)(' Binding occured
in two stages; an initial external binding followed by é
~transition to aﬂ internal site (186). The‘most recent
model*of intercalation has visualized the acridine molecule
lying béfween successive nucleotide bases on the same
polynucleotide chain in a plane approximately pa;a;lel
to the base planeg, but at an angle such that thg poéitive
ring nitrogen ﬁas close to the pol cleotide phosphate
group (186). fgnu

The second mechanism was found to infolve a relatively

weak cooperative binding due to electrostatic forces (186).
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It was suggestedrthat the'dye.molecﬁies\were\béund externally |
and edgewise with the positive ring/nitrogen close to the
'phosphate group of the polynucléotide chain (186). At
high dye}poncentrations. interaejion between bound dye
' molecules-maf take place resulting in dye stacking (;861n

It was also shown that acridines bind to RNA (80,186.510),
synthetic RNA (71) and tRNA (71,80,266,209,274) by mech-
anisms similar to those desgribéd above, but binding is
somewhat weaker (80,210). .

“Acridine binding to ribosomes involved intercalatigq
with rRNA and resulted in accelerated ribosome breakdown
(209,2?4); Ethylenediamine tefraacetic acid (EDTA)
increased acridine binding dug_to unfolding of the RNA and

exposure of new sites (156).

Consequences of Acridine Dye-Nucleic Acid Complex Formation

A/. Photodynamic Inactivation -

E. coli treated with AO showed increased sensitivity to
light (246,113). DNA pol&merase I was required for recovery,
due to its ability to repair single.strand gaps in DNA
that were produced either directly by AO or as a résult of )
excision of AD-modified bases (113). Similarly, AO treat- )

ment of mouse embryc and L cells resulted in photodynamic

inactivation of thymidine incorporation(140). Viruses

—
.-
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‘ such as polio (207) and polyoma (140) as well as several
coliphages (38,83.19?) have aldebeen inactivated b& light

in the presence of acridine dyes,

B/. Virus Inhibitien - |
9AA has been shown to affect time and rate of lyéis
after T4D phage infection of E. Qg;;,_gs wélllas to stimulate
recbmbinétion. increase mutation frequenpy, delay matarati
and interfere with head finishing steps (197). PF inhibited
phage multiplication by blocking subunit assembly (241)
and it was also able to prévent the formation of fully
infective particles of vaccinia (250), fowl plague (82),

polio (135) and foot and mouth disease viruses (40).

4

C/. Mutagenesis

PF.-has been used as a mutagenic agent for viruses (68,
121,188423L), bvacteria (68,130,271), yeast (28,29,75),
Clamydomonas (7} and silk worms (163). Due to permeability
barriers, frequencies of PF-induced mutations are low in
bacteria. These barriers may, hoﬁever, by breached by
phage attachment or EDTA treatment (130),

Acridine dyes produce frame shift mutations by inter-
calation into a single strand of DNA causing either insertion
or deletion of a single base pair (39,182,247)., This

interaction may also involve double stranded DNA (138,235).
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More recently it has been suggested that frame shift

mutations cannot be explained in terms of simple inter-
calation since A0 intercalated but was not mutagenic for
E. coli in the dark (211,264). The formation of a specific
charge-transfer compléxlbetween intercalatedlacridiné
molecuies and GC base pairs hay ﬁe required for mutagenesis
- (211). |

In some cases, acridines may act as antimutagenic
agents (53). Mepacrine was caﬁable of blocking both induction
ofrstpgptomycin resistance (118) and emergence of spontaneous
azide resistance in E. coli (283). Other acridines were
able to prevenfhE5 phage resistance in E. coli (ééh)
and canavanine resistance in yeast (146). The biochemical
‘mechanism involved in antimutagenesis is not well under-
stood. It was proposed that anﬁimutagenesis.resulted- _
;rom'acridine binding to the DNA poiymerase or replicating
fork complex rather than from simple intercalation (53). -

Acridines aﬂsg increased'killiﬁg and mutational yield
in E. coli exposed t6 UV (54) or X-rays (85), due to their
ability to iﬁhibit excision repair (54,122). Under certain
conditions, acridines were shown to bind to DNA and protect
bacteria from the lethal effects of UV by preventing

pyrimidine dimer formation (242).
Y



D/T/étaining _ ‘

A0 was shown to bind to the DNA and RNA of living
cells without‘causing cell death (3). This process, known
as vital staining, has been ﬁsed to demohstrate the
presence of trypanosomes in blood (237), to study infection
by psittacosis virug (194) and'to diagnose'uterine (200,217)
and lung cancer (2), When A0 was bound to DNA and RNA it
'gafé rise 1o green and red fluorescence respectively (9,10).
This phenomenoh has been used %o determine the cellular

location of nucleic acids (232).

Use of Acridines as Probes

A/, Fnzyme Probes

PF has been used as a probe to study structure-
function relationships in alpha-chymotrypsin (XCT). After
the initial discovery that PF and sevéral other acridines
inhibited «CT (258), it ﬁas found that PF was bound %o
éubstrate’binqing sites (25) in a stoichiometric fashion
(26,90,265). PF was a competetive inhibitor of «CT (258)
and was bound to the active form of the enzyme only (79).

PF has also been used as a probe for the proteolytic
enzymes papain and ficin. PF was a non-competetive activator
of both papain (226) and ficin(108) and was bound stoich-
iometrically to both enzymes (99). The dye did not affect

the rate constant (226) or substrate binding (100) for \

15I
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either enzyme, but did 1nfluence the ratio of non—productlve
to productive- substrate blndlng (100).

Acridines have aleo been used as probes of amnumber of
other enzymes iﬁeluding horse serum cholinesterase (46)

and electric eel acetylcholinesterase (162,218,268).

B/ Permeability Probes

Acridine  dyes may be useful in ‘determining cell
permeability. It has been demonstrated that permeability
barriers to acr1d1nes*ex1st in E. coli (222, 130) The
frequence of acridine-induced mutation in E. coli, may be
used to determine the effectiveness of the cell envelope
as a permeability barrier to these dyes (130). This
procedure has been recently employed to determine varlatlons
"in yeast eell permeability at different stages in the llfe
cycle of yeast (116,214). However, other workers have
suggested that it might be difficult to distinguish between
increased permeebility and the opening up of new acridine

binding sites (96).

C/. Membrane Probes

4
In recent years, acridine dyes have been used exten-

sively as membrane probes. In 1970, Kraayenhof showed that
mepacrine fluorescence was quenched when the dye was bound

to energized chlaroplasts and euggeeted that mepacrine
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. could be used as a probe of the energizéd membrane (132).
Slmllar results were obtained with mepacrine and phosphory—

latlng partlcles from Azotobacter v1n1and11 (24) and

membranes of Rhodopseugomonas capsulata (154) as well as .
-with 9-amiho—6—chloro-z-metﬁoxyécfidine and sonicated E. coli
_membranes (1??5. The abiiity of mepacrine %o interact with
energized membréne fragméﬁfs haé recently been employed

to elucidate the role of ATPase in energy)transductlon in

E. coli (253a).

It has been proposed, on the other hand, that. mepacrine
was distributed across the membrane in response to a pH
gradient (64,97,212)., It was suggested that this dye
could be used to determine the inter%él pH of chloroplasts
(213) and submitochondrial paptic_:les (136). |

The nature of the interaction between acfidine dyes

{ and the membrane is still unclear. Itlwas suggested that
. these dyes may be.attached to. nucleophilic sites situated
in environments of low polarity which are close enough
to permit dye-dye interactions (151) leading to stacking

\\ and subsequent quenching of fluorescence (13). It was

| also shown that membrane energization enhanced dye binding
by increasing the ngcleoéhilicity of the sites and the
hydrophobicity, of the environment (66}. Dye binding was
als;"affected.by probe hydrophobiciﬁy (13) as well ag by
the presence of electrolytes (67).
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Mechanism of Acrldlne Inhlbltlon of Bacterlal Growth
A/, Nucle;c Acids |

Acridine™ dyes have been shown to 1nh1b1t in V1tnd/5NA

repllcatlon (111,120,176,210,228,276) and, to a lesser
extent, RNA (111,176,210,273, 2?6) and protein synthesis
(228,276). It has been suggested that these dyes block
DNA replicétiqn and RNA synthesis by interfering with the

' DNA template (120,176); however, this may not be the only

~ ~ . ‘
site. PF inhibited RNA synthesis in E. coli by acting as a

competetive inhibitor of RNA polymerase,®occupying nucleo-
side triphosphate sites on therénzyme (176} .

V” It has been demonstrated that acridines sirongly 1nh1b1t
DNA replication (19,44, 50 229,275) and sllghtly affect
RNA (19,50,112,275) and protein synthesis (1,19,189,225,
275) in vivo. .Inhibition of DNA replication has, on
occasion, been associzated withldegradation of DNA (19,229)
és well as with the formation of filamentoug bacterial
forms at subinhibitory concentrations of thé dye (44,50,275).
Tnhibition of RNA synthesis by acridines has been implicated
in the inhibition of enzyme induction by these dyes (1, 112 185,
189,225). It was suggested that 1n£;¥1tlon of proteln
synthesis took place at the level of transcription (112,2?3)
since in E. coli PF had no affect on translation of the lac-
operon (112). It™as also shown that decreased levelss of

rd .
mRNA were responsible for the inhibition of protein

)
;
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synthesis by mepacrine in E. coli .(50).

On the other hand, synthesis of specific proteins was

inhibited by acridines in Asperg;;lus oryzae (225).

These dyes may also affect protein synthesis by preventing
attachment of aminoacyl tRNA +to ribbsomes as has been
demonstrated in E. coli (276) and rat liver (266). ‘

The bacterﬁiﬁ&dal action of acfidines has been attributed
to their ability to inhibit DNA replication™ In E. coli, ¢
inhibition of growth by Nitroakridij 3582 (NA) (275)- and ‘
meﬁacrine (50,149) was correlated with inhibition of DNA
replication. Inhibition of growth and DNA replicatipn'iﬁ‘
E. coli by A0 were affected simultaneously‘ﬁy PH changes (19).
AO also stimuléfed degradation of E. coli DNA (529).

Mutants of E. ggi; lacking DNA polymerase I showed increased
sensitivity to this dye due to their inability to repair

damaged DNA (229).
) - \\- .
It has been suggested that the inhibition of protozoal growth
by acridi %ijis due to the effects of these dyes on DNA.

In Plasmodi

Sp., mepacrine was found to inhibit adenosine

uptake and incorporati;n into RNA (2?0),'orthophosphate
incorporationﬁinio DNA and RNA (208) as Well as purine
ﬁhosphoiylation and polymerization (45). Acridines also
inhibit replication of (252) and stimulate the loss of (224)

kinetoplast DNA in-Trypanosome gp..

’
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I+ has been suggested that in vivo DNA replication may

not be directly affected by acridines. Wolfe et al (275)
showed that concehtrations of NA and mepacrine in excess
of those required to completely inhibit DNA replication

these dyes may affect the gssociation of DNA with the cell

incréased the killing ra of E. coli. They suggested that
¥

membrane.-(275). Nakamura et 81 (170) have also proposed

that AF cured plasmid DNA indirectly through its effect

on the cell membrane. '

o

B/. Metabolism

Acridines have been shown to bind to a wide variety of
macromolecules in addition to nucleic acids, including
proteins, phospho%}pids and mﬁcopolysaccharides (221,222,223).
Not surprisingly, therefore, these dyes were found to inhibit
diverse metabolié processes inciuding those associlated
with energy metabolism. In 1946, it was shéwn that mepacrine

blocked acid production in E. coli (63) and Lactobacillus

cagei (84). This dye also inhibited pyruvate oxidation

. (230) as well as cyfochrome oxidase, cytochrome reductase,
glucose-é—phosphafe dehydrogenase (98) and phosphofructo-
kinase activities (36}. Mepaofine also blocked oxygen‘
consumption in Streptococei gp. (157) and Crithedia fagicu-
lata (105), electron fransport in L. cagei (236) and

glucose-6~phosphate dehydrogenase activity in yeast (284).
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PF inhibited yeast glyceraldehyde-3-phosphate dehydrogen-
ase (272) while AF affected yeast cytochrome function(igs)-
and inhibiteg growth and oxjgen uptake 'in ieptomonas Hp.v
(91) and C.” fasiculata (14,224).

Acridine dyes aiso interfered with membrane funhction.
As early as 1955, it was shown that mepacrine uncoupled
mitochondrial oxidative phosphorylation (109). This dye
stimulated electron flow and prevented phosphorylation
in chloroplasts (12) and was also able to stimulate the
light-induced proton efflux in photosynthetic bacteria (129).
Accumulation of methyl-beta-D-thiogalactopyranoside (TMG)
in E. coli was also inhibited by PF (112). Mitochondrial
Na+, K -ATPase was stimulatéd at.low andsinhibited at
high concentrations of mepacrine and AF (142). Ethidium
bromide (EB), an inhibitor similar to 'acridines in

~

structure and site of éction,-acted as an uncoupler.of
mitochondrial function (156), /

It has been suggested that inhibition of DNA replication
by acridines is an indirect affect due to inhibition of
energy production. Fof example, inhibition of DNA repli-

cation by mepacrine in Trypanosome pyriformis was thought

due to lowered energy levels (48). In E. coli, on the
other hand, DNA replication wag more sensitive than RNA
gynthesis to the inhibitory action of acridines (50,2?5);

however, both brocesses were equally affected by reduced
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intracellﬁlar ATP levels, (193). Inh;bitidn of RNA synthesis
in E. coli by mepacrine was alsawﬁgought to be unrelated
to inhibition of energy producfion‘since thi%“ﬂye had no
effect on the formation of uridine phosphate from uracil
(210).

Most of the avallable evidence supports the hypothesis
that the primary inhibitory effect of acridines is on
DNA replication. A variety of sites involved in the
generation_anq utilization of energy are‘sensitive fo
acridines; however, Albert has reported that these inhibit-
ions require hlgh concentrations of dye and he has proposed
that they are not likely important sites of inhibition (3).
Mehta et al (153) have suggested that glucose metabolism
may be the primary site of PF inhibition of E. coli B;
howefer, as yet, no serious attempt has been.made Yo impli-
cate inhibition of metabolism in the bacteriocidal and/or

bacteriostatic action of acridine dyes.

Mechanism of Acridine Resistance

Acridine resistance has been demonstrated in a wide

1|
variety of microorganisms including Escherichia coli

(167,134), Serratia marscescens. (277), Neisseria gonorr-

hoeae(150), Xlebsiella aerogenes (95), Dictostelium

discoidium (269), Plasmodium berghi (192), Leishmania

tarentolae (233), Aspergillus nidulans (202), Saccharo-
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myces cerevisiae (92), Bacillus subtilis (17) and the coli~

'

phage T4Dbf197)‘and T2H (103). Levels of resistance nay
vary considerably depending oniithe organism and the

‘particular acridine involved.

A/. Bvidence for Permeabilitx'Bafriers in B, coli

A number of workers have demonstrated that the cell
envelopes of microorgenisms present permeability barriers
to the entry of acridines. ' I% has been sﬁggesfed that
these barrlers may provmde the ba81s for acridine re81stance;
however, the evidence presented could easily be interpreted -
in terms of modification of dye binding sites.rather than
reduced permeability. ‘

Silver (220) has shown that the adsorption of T eveh
phage to the cell surface of E..gg;i promoted uptake of
AF by the bacterial cell. This may have been due to.induction
of either specific changes in the dye binding capacity of
the cell envelope or an acrldlne -specific pump permitting
entry of the dye into the cell. Cells infected with phage
carrying AF-resistant mutations (ac or pr) took up less
dye than cells infected‘with the wild-type phage. These
results.suggest that AF resistance may be associated with
reduced dye binding. Other workers (103) have obsgerved
decreeseq PF uptake in cells of E. coli infected with
AF-resistant phage and have interpreted this as reduced

cell permeability. It has also been observed that the
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mutation frequency of PF for E. coli was increased by
treatment of the cells with P22 phage and EDTA (130)
and ;t was proposed that the cell wall may.pfevent ehtry
of the dye into the cell.
Silver (223) has shown that AF binding by E. coli

increased and became essentially irreversible after treat-

W aline pH, phenethyl alcohol (PEA), heat or .

”'“phgéé;' He-fhought th his phenomenon was due to éestroc;r.
tion of cell permeability barriers in either the cell wall
or membrane. He also showed that the greater AF-sensiti-
vity of E. coli B than of E, gg;; K12 wos.due to increased
dye uptake and suggested that permeébiiity differences,
Possibly related to differences in membrane fatty acid
composition, were involved. Silver also showed that the
relative potency of a series of acridines was directly
related to their ability torbind to the cells.

Nakamura (167) has also proposed that AF resistance

was .related to dye uptake. He showed that AF-resistant

cells of E. coli bound less dye than AF-sensitive cells in

i
Ly

. “%rowth medium but not in buffer and that carbon starvation,
' metabolic inhibitors and reduced temperature pyomoted
increased dye uptake. He postulated that resis%goce may
be dﬁe to a modification of the dye binding oapacity of
“the cells. He also reported that treatment of registant

cells with chloramphenicol, puromycin, 2-thiouracil and
r
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8-azaguan1ne permitted increased dye uptake and he suggested
that a basic protein may b6 involved in controlllng dye
binding. Mona recently. Nakamura (171) has demonstrateq
that res1stance was a property of the cytoplasmlc membrane
and that *AF binding was controlled by a 89901f1c membrane
protein. It was thought that AF exerted its bacteriscidal
action by interacting with specific membrane sites.

Kushner ahd Kahn (134) have aléowshown that PF-resistant
-cells of. E. coli took up lesé dye th;n sensitive cells in

growth media but similar amounts in buffer. They have

_attributed this to the ability. of resistant cells to’

25

:‘release PF by.an energy-dépendent process and have implicated

this phenomenon in PF resistance. More recent studies;(96)
have shown that conversion of cells to spheroplasts did
not significantly alter the PF binding'capacity of either
strain.\It waé also shown that cells bound considerable
amounts of PF without the addition of permeabilizing agents.
'.Also, since alcochol treatﬁent did not lower the binding
ability of heated cells, membrane lipids may not constitute
quéﬁtitatively important binding sites. It was therefore
guggested that PF binding was not confined to the outer
surface of the'cell and, in fact, that the cell envelope
posed no barrier to the entry of the dye. It is quite
possible that the cell wall does not affect dye blndlng

in this strain of E. coli; however, the role of membyane

proteins has not yet been evaluated. These workers ha#e

e
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ﬁemonstrated'that cell‘proteins may make a significant

contribution to dye binding in E. coli B (96).

B/. Other Mechanisms in E. coli

Other possiﬁle mechanisms for PF resistance may exist
in E. coli. Kushner and Kahn (134) observed that PF-
resistant cells of E.;ggli B grew while binding levels of .
dye capable of inhibiting sensitive cells suggesting
that release of bound dye may not be the only line of
defense. Mehta et al (153} aléo'postulated that since
glucose utilization was inhibited in PF-sensitive but
not -resistant celis; drug resﬁstance may lie at the metabolic
level. Nakamura (167) has suggested that AF sensitivity h
in E. coli K12 camnot be due solely to modified binding
sites. It was also shown (197) that cells of E. coli
treated with T4 phage carrying 98A-resistant mutations
took up as muéh dye as cells inhfected with the wild-
type phage. This mechanism_of resisfance is not clearly
understood, but appears to be related to resistant intra-

cellular processes (197).

C/. Registance in Other Organisms

Acridine resistance hag been studied in other organisms
and found, in several cases, to differ from that found

in E. coli., Woods et al (278) found that AF-sensitive



27

Sa

cells of S. marcescens bound more dye than AF-resistant

ones and that.carbon starvation, metabolic inhibition
and reduced temperature had no effect on dye Binding by
gither strain. They also shdwed that conversion of
sensitive cells to spheroplasts or treatment of cells
with Mgsou and suctose reduced AF bindingland rendered
the celis resistant to the dye. These results suggest’
that resistance may be due to modified receptor sites

on the membrane. Since AF binding in S. marcescens,
unlike that in E. coli, was nof readily réversible. it

is unlikely that resistance wag due to a modified membrane

+

protein as suggested by Nakamura (171) for E. gg;i. _' v
Barébas et al (17) showed that PF-sensitive and ~resistant

cells of B. subtilis bound similar amounts of the dye in

buffer and in growth media. Resistant cells érowing in

PF gradually released the dye, indicating a rgduction in

dye binding capacity. It was also found that various

salts but not glucose caused release of dye from cells

of both\gﬁyains. These résults_suggest that differences

in poteﬁtial binding sites rather “than permeability

barriers may' be involved in resistance.

The gpoilage molds Trichoderma viride, Aspergillus

niger, Penicillium notatum and P. roquefortii are normally

regigtant to the action of 94A., Treatment of these organ-
isms with PEA or EDTA increased the inhibitory effective-

ness of the dye and it is therefore possible that the cell
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envelopeg pf_these organisms act as permeability barriers
to 9AA (216). AF and BB resistance in yeast was ai%?
ascribed to reduced.dye uptake into the mifochondrié
(92). AF sensitivity in yeé (8) and EB résistﬁnoe
in B. subtilis (31) have been associated with modified
cell membranes. In L. tarentolae,on the other hand;
AF-gensitive and —resisténi strains bound similar amounts
of the dye in growth media suggesting that permeability
was not involved in resistance (233)

D/. Cross Re51§¥énce

Bacteria resistant to one drug may also be cross-
resistant tQ drugs having similar structures and modes
of action (95). Cross-resistance has been observed
between different acridines (134,1?0,19?5 as well as
between azcridines and EB (8,92,95,233) and basic dyes
(166a,196,202,240).

Cross resistance has also been observed between
inhibitors having different chemical compositions and
sites of action. Woody-Karrer and Greenberg (279)
showed that PF-resistant mutants of E. coli S were also resistant
to structurally.unrelated alkylating agents and both
X- and UV-radiation. Although all these inhibitors
affect DNA, they are presumed to act by different
mechanisms. The precise mechanism of registance has
not been determined, but is believed to be due to mutation

4

-
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at several sites on the chfomosome.‘

In other caées, cross-resistance between unrelated.
inhibitors has been attriﬁuted to reduced permeability.
AF-resistancé in D. discoidium was found to be associated
with resistance to methanol and thiabendazole due to
a mutation in the Acr A gene (269). Mutants of N.

gonorrhoeae posessing low-level resistance to penieillin,

erythromycin, chloramphenicol, rifampicin, EB and AO
could be lost as well as restored by a single mutational
step (150). It was prbposed that multiple resistance .
was not exclusively due to selection of independent\
mutants Bﬁt could involve instead a common mechanism of
resistance, possibly permeability changes in tﬁe cell
envelope (150). Nakamura (169) has shown thathF—
resistance in E. coli K12 was associated with PEA angd
sodium dodecyl sulfate (SDS) resistance. He ascribed this
resistancé to the presence of a membrane protein that
protected DNA from the inhibitory effects of these
compounds (169). On the other hand, Rosenkranz et al
(204) showed that there was no cross-resistance relétioh-
ship between PEA and PF in E. coli B and B/r. )
The evidence presehted above suggests that the most
likely mechanism of acridine resistance in E. coli
involves modification of dye binding capacity. This
could arise ag a result of reduced cell wall permeability

1

" which may be overcome by7phagé adsorption (130,220) or
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EDTA treatment (130); deever,‘most authors have proposed -
that reduced bdinding capacity is a property of the cell 4
membrane (1? 171,223,278). . Nakamura (170,171) has “~.
postulated that'garidines exert their inhibitory action
by interac{dng with spécific membrané’sites,‘in which case
fhe,availability'bf these sites couid determine the dye
sensitivity of an organism. The énergy-dependent release_
of bound'dye~observed by several authors (134,167.223i
might then be interpretéd as a masking of sensitive
membrane sites. On the other hand, glucose utilization
was shown to be 1nh1b1ted in PF-sensitive but not\re81s-,
tant cells of E. gg;; B (153);suggest1ng.that some inhibit-
ory effects may result after passage of the dye throﬁgh
- the membrane. At the présent state of knowledge, it is

difficult to differentiate between increased permeability

and increased dye binding capacity.

E/. Résistance and Pigment

Acridine resistance has been associated with loss or
modificafion of cell pigment. The isolation of acridine-
resistant strains of Pl. ﬁerghei was accompanied by the
loss of & haemozoin pigment (190,192). AF-resistant

mutants of S. marcescens appeared orange in colour rather
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than red because the pigment wés no longer bound to the

cell envelope (277).

_F/% Genetics of Resistance

A number of acridine-resistant muf;nts.from several

: midroorganismé have been studied genetically. Working

with E. coli K12, Nakamura sho&ed that AF reéistancerwas >
controlled by a chromosomal gene, d931gnated Acr A, codlng
for a structural proteln in the cell membrane (1?1)

More recently, he demonstrated that‘Acr A was located near
and 1nteracted with pla 4, ,a gene controlling phospholipid
biesynthesis (172). Nakamura also showed that methylene
blue sensiti#ity in mutants isqlgted by Sugio (240) was '
ligkéd to Acr A (73). -AF'reslsfance in-'several mutants™

.
.

of A. nidulens (202) as well as resistance to A0 and other

-

drugs in mutants of N. gonorrhoeae (150) ‘were shown to be

due to mutations on a single gene.: In D. disceidium,

AF resistance was recessive and was located in two unlinked
genes Acr A and Acr B (269). Crossare51stance to methanol
and thiobendazbl was found only in mutants with an alteredl
Acr A gene (269).

The genetics'of acridine resiétanée has been extensively
studied in the coliphagé Th and T2. Mutants of T4 |
resistant to AF (ac)(73) and 984 (rs, rc and ama)(197)

were igolated; these mutations were associated with the
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-rIl cistron of the phage and confered resistance on the

infected cells. Cells infected with mutant ac and fthe
wild type phage were AF-sensitive suggesting-that sensitiv-

ity was dominant (?3) The mutants rs and rec showed

‘similar patterns of re31stance but mapped on oppOS1te

sides of rII(197) while ama mapped close to rs. These
mutants have been used to demonstrate that the minimum
number of acridine-sensitive targets in T4 develepmenf
is four (197). Three acridine-resistant mutants of T2H
have been 1solated and designated pr, q and prg. The
mutant pr allowed growth of infected cells in AF and. PR
while q allowed growth in mepacriné; Mutant prq was

a double mutation controlling resistance to all three

dyes (104).

@ .

a/. Adaptatida Theory . .

:Dean (65) has proposed that acridine resistance may
ariee as a resultlof physiologiea; adaptation rather than
by selection of preformed mutants.%ﬂHe has demonstrated
that by growing K. aerogenes in a variety of acridine
ﬁ%ycentra&&ons, a whole series of strains can be isolated
ehowing a complete spectrum of drugasesistance. Cells
were resistant to dye concentrations up to that in which
they were trained and lost thelr re51stance very eagily -

in low concentrations of i;;. He has also shown that

L@ P

‘b‘
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whole ropulations of cells adapted to PF when the dye wzg',
added gradually to grow1ng cultures. He attr;buted this -
phenomenon, known as bulk‘response. to the production of
idcreased amounts of seﬁsitive ghzymes or to the develop~
‘ﬁent.of pathways not susceptible to the drug (65,187).
Resistance to PF, chloramphenicol, oxytetraojdline and
crystal violet-has been develoéed in this manner while
streptomycin‘resistance, dh‘the other hand,. appeared to
be due to seiectidn7of mutants (65). Grant (95) has
trained K. aerogenés to resist EB and PF in a similar
manner and ﬁas likewise suggested that resistance was

due tofgdaptatibn fatherﬂthan mutation.

There is no doubt that acridine resistance can arise

from mut%tlons on single genes (159,171,202,269);

however, thls theory does not explaln how whole popula-
tions of cells become re51stant to acridines (65). It

is possible that acridine resisf;nce may arise by

adaptation; however, this does not appear to-be a common

phenomenon and is probably of relatively little importance.

Aims of Thesig

Pr evious work from ocur laboratory héé been concerned
with elucidating the mechanism of PF inhibition of - growth

of E. coli B. TInitial studies showed that when whole

’
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cells were treated with inhibitdry concentrations of PF,
" fhe dye was bound to particulate matterwother‘than thé |
cell wall, which could be either nucleiclacids_or membrane
fragments, (134). In order to.‘determine the nature;df the
intracellular binding sites available for PF, DNA RNA
and proteln were 1nd1v1dually remofed f;om all cell
fragments by enzymatlc digestion prior to PF .binding.
These studies showed that g‘correlation did not exist
between PF binding and the presence of any one class of
macromolecule; héwever, they Suggestéd that other PF
bindiné sites existed in the cell in addition to nucleic
acids (90). |

- More recent studies have shown'a-correlation between
PF inhibition of growth and of glucosé metéboliém in PF-
sensitive cells (153). Aerobitc and anaerobic glucose
- metabolism was inhibited in PF-sensitive but not -resis-
tant cells (153) suggesting that glucose metabollsm may
Pe the prlmary site of EF 1nh1bltlon of E. coli B.

The first aim of this thesis was to determine the site
of PF inhibition of glucose metabolism and to assess the
importance of this inhibition for the inhibition of growth.
This problem was studied by examining thelPF gensitivity
‘of various processes involved in gluboée metabolism N
. including transport and the glycolytic eﬁzymesu_especially‘

pyruvate kinase. As part of this work, the effect of
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gréw#h medihm composition on PF senéitivity was examined.
also, In order to determine if glucose metaboliﬁm was the
main site of PF actioﬁ._the PF sensitivity of the former
was then compared to that o: DNA replication in logarith-
- mically growing cells. . _ \ |

Other experiments were performéd to determine the
;bility of PF to act as an uncoupler of membrane function.
These experlments 1nvolved the effect of PF on whole cell
respiration and intracellular ATP levels, actlve transport
and memprane—bound and solubilized ATPase. Sensitive
and resistant cells were compared in these studies.

Earlier work from our laboratory has also been concerned
with PF resistance in E. coli. I% was suggested that
resistance was due, at least in part, to fhe'energy—
dependent release of bound-dyg\by'PF-resistanf cells (134).
This was not thought to be the only line of defense
since resistant cells grew while binding levelslof PF
capable of inhibiting sensitive celléf(134). More recently,

it was proposed that permeability barriers were not

involved in resistance (96).and that -resistance at the

-
L —

.metabolic level méy determine whether or not growth
is inhibited (96).

The second aim of this thesis was therefore to

assess the role of permeability barriers in the control
: _ T e
of PF resgistance in E. coli B. Some¢ of the studies -
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deséribed above were related to this question._ In

addltlon, this problem was studied by means of experlments

in which PF—resqstant cells were tested for cross-'

resistance to a variety of antlblotlcs.

j/ﬁ\_/
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MATERIALS AND METHODS

—
]

9-amino-2-hydroxyacridine, 2,6-diaminoscridine and
3—amino-6—i$doacridine were the generous gifts of Dr. A.
Albert. luC—dMG (3.Ci/mole), D-(U—luc) glucose (283 Ci/mole)},
L—(U-luc) aspértic acid (244 Ci/mole), L—(U—luc) tyrosine
(552 Ci/molé) gndl(6~3H) thymine (24 000 Ci/mole) were obtained

14

from AmerSham/Searle; C-TMG (14.4 Ci/mole) was obtained

~ from New England Nuclear. Trypticase Soy Broth (TSB) was

from Baltimore Biological Laboratories (BBL). Acridine

dyes were 8btained from Allied Chemical, Aldrich Chem}cal,
Fisher Scientific, X and K Laboratories and Sigma Chemical.
ééintiverse was obdtained from Fisher and filters were
provided by Milipore. Antibiotic discs were obtained from
either BBL or Difco..The sodium salt of Penicillin G

(1650 U/mg) was from Sigma Chemical. A1l other bioéhemicals
were from Sigma Chemical and all inorganic chemicals were

of reagent grade. - . ;

MEé%ODS

Strains g*

PF-sensitive and -resistant strains (E. coli B and B/Pr
respectively) were those deseribed previously-(134). B/Pr

and other strains resistant to 1.0 mM PF were isolated
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T

from B after growth in TSB:containing successively 0.02,
0.05, 0.10, 0.50 and 1.0 mM PF, Stréiné»fésistant to 0.1 mM
PF were isolated from plates of Trypticase Soy Agar (TSA)
(TSB containing 1.5 % agar) containing 0.1 mM PF that had
been heavily innoculated with E. coli B. Mutants resistant
to 25 U/ml of penicillin were isolated in a similar_fashion.
Mg2+, Calt. ATPase-deficient strains were isolated from
muténts of E. gcoli B capable of growth on 0.5 % glucose
‘mineral salts (134) conﬁaining 1.5 % agar and 50 ug/ml
neomycin sulfate. Neomycin selects.fof respiratory—deficient.
mutants, some of which méy be unable to couple respiration

to ATP synthesis due to the absence of ATPase (121a). .
Neomycin—resisfant_mutants were screened for the ability

to grow aerobically on 0.5 % glycerol but nof on 0.5 %
succinate mineral salts agar, for the inability to grow
anaerobically on 0.5 % giucose mineral salts agar and for

low aerobic yield on limiting (5 mM) glucose mineral salts (5§).
ATPase-deficient mutants cannot grow anaerobically on glucose
since this enzyme is essential for anaerobic growth (282).
One mutant fulfilling these requirements (GN402) posessEd
only 20 % of theaATPase activity foynd in E. coli B,

E, coli AN180 (arg E3, thi-1, stfR) employed in some experi-
ments was obtained from Dr. F. Gibsoﬁ, Australian National

University, Canberra, Australia.
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Growth Conditions | . . : '

For most experiments, cells wgré grown at 37C ohfé
reciprocal shﬁker at 100 strokes/min in flasks containing
one fiffh vol of'TSB Cells were harvested 1n 1og phase by
centrlfugatlon, washed twice in cold 20 mM trls(hydroxymethyl)j
aminomethane (Tris) buffer pH 7.5, 'resuspended in the same
buffer to 2 mg dry wt/ml and stored at. 4 for no longer than
2h unless othgrw1se specified. These preparations will be
refered to as "washed cells”.

-Cells were grown in a similar fashion in 0.5 % glucose
minéral salts for +the prefaration of membrane vesicles and
for all whéle cell transport experiments unless otherwise
specified. Vesicles for TMG transport were prepared from
cells grown in 0.5 % glycerél mineral salts containing 0.5 oM
isopropylwﬂ-D-thioglactbpyranoside (1IPTQ).

+

Preparation of Crude Extracts

o ,
Washed cells were resuspended to 25 % w/v in 20 mM Tris

buffer pH 7.5 and were disrupted by passage thrgugh an Aminco
French Pressure Cell at 20 000 psi. Unbroken cells were
removed by centrifugation at 3 000 x g for 10 min and the
supernatant was.clarified'by centrifugation at 2@6 000 x g
for 90 min. The extract was used immediately or stored at
-80C until -required for enzyme asseys or purification of

pyruvate kinase I (PKI).
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PKI Purification.
PKI was purified to homogeneity from‘cﬁUde_gxtracts.of
E. ;g;i B and B/Pr eésentiglly by the method of Malcovati
et al (148) with the exception~that the impure enzyme was -
treated for 10 instead of 45 min at 55C. The purified enzyﬁe

© was stored at -80C and was used freshly thawed.

Preparation of Membrane Fractions

Purified membrane vesicles for transport‘éxéeriments
were’ prepared as described by Kaback (119).;'Membfgne
fragments for the determination of ATPase activity were-
preparedgby-the'method of Evans (?77). Both membrane prep-
arations wé;e stored frozen at -80C and thawed imme&iately '
before use.

L .

Solubilization of ATPase:

ATPase was solubilized from membrane fragments by a
.modifica%iqn of the low ionic étrength.wash ﬂethod'of Roisin
and Kepes (201) and Nelson, Kanner and Gutnick (173).
Freshly thawed membranes were washéd in five times tﬁe originall
volume of 20 mM Tris buffer pH 7.5, then resuspended in 20
vol of 1.0 mM Tris buffer pH 7.5 containing 0.5 mdl EDTA.
After centrifugation at 27 000 x g for 20 min, the super-~
natant was used as the source of the solubili;ed enzyme.
ATPasefdepieted membranes were resuspended in 20 mM yris

(

buffer pH 7.5 containing 1.0 mM MgSOu.
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Enzyme Assays '

The -effect of PF. on the activity of g&"olytic enzymes
was determined at 25C and was monitored in g Beckman DB |
Spectrophotometer at 340 nm in glass cuvets/in a final vol
of 2.0 ml. Only initial velocities were employéd in the
calculations. | |

The enzymes tested and references to the 'methods emp}oyed
are as follows; hexokinase (180); phosphohexose isomerase
(166); aldolase (18); phosphofructokinase (18); triosphos-
phate isomerase (22); glyceraldehyde-3-phosphate dehydro-
genase (257); phosphoglycerate kinase (42); phosphoglycerfite
mutase {(by coupling 2-phosphoglycerate formed to ﬁicotihé S
amide adenine dinucleotide {NADH) oxidation by lactic dehydro-
genase (IDH) in the presence of excess enolase and pyruvate
kinase); enolase (by coupling phosphoenol puruvate (PEP)

- formed to NADH oxidation by IDH in the presence of excess -
pyruvate kinase) and pyruvate kinase (43).

- For stﬁdies with PKI, enzyme activity was determined
by a modification -of the method of Bucher and Pfleiderer (43)
unless stated otherwise. In a final vol of 1.0 ml, the
reéction mixture was; 20 mM morpholinopropane sulfonic acid
. (MOij pH 7.5;.10.0 mM MgSOug 75.0 mM KC1l; 10.0 mM PEP;
1.0 mM ADP; 0.125 mM NADH; 25 yg IDH and 1 ug PKI. Other: -
compounds including PF and fructose-1,6-diphosphate (FDP)
were added as required before the addition of eitherlPEP of

ADP. The reaction was started by the addition of ADP and



L2
the initial velocity at 25C was determined within 30 sec and

- converted to umoles PEP utilized/hin/ﬁg PKI,

Membrane-bound and solubilized ATPase activity was
deférminedlby a modification of the method of Roisen and
Kepes (201}. The feaction mixturé contained, in a final
vol?é;?of 1.0 ml; - 0.1 M Tris buffer PH 7.5 i.O mM MgSOQ;

2.0 ' mM ATP; membfane or solubilized protein and various
concentrations of PF, The_complete reaction mixture minus

ATP was preincubated in a circulating water ﬂath for 10 min

ét 37C. ATP was added to start the reaction'and after 2 min,

. the reaction was terminated with 1.0 ml of 10 % trichloro-
acetic acid (TCA). After chilling on ice for 5 min,
precipitated protein ﬁas removed by centrifugation at

37 000 x g for 15 min.-  The resulting supernatants were
neutralized with 6 N NaOH and volumes of 0.3-0.8 ml were
assayed for orthophosphate by the method of Eibl and Lands (74).

Three PF-resistant strains (B/Pr, PrA and PrC) were
tested for f-lactamase activify. Each strain was grown
overnight at 37C in 500 ml Erlemmeyer flasks containing
one fifth vol of 0.5 % glucose mineral salts .then reinnoc-
ulated into fresh media and incubated until the cells
: reaphed early log phase. In some experiments, penicillin

was added (25 U/ml) and growth was allowed to continue
for 24 h. It was dezonstrated that a control culture of

E. coli B lysed after penicillin addition. One half ml
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of whole cells or .equal volumes of culture that had been

tréated with the Bfanson Sonifier at full power for four.
-30 sec periods were assayed for f-lactamase by the method
of Novick (179).

Measurement of PF Binding

o

Samplés of whole cells containing boundlff weré;centri—
fuged at 27 000 x g for 10 min at MC.' The supernatants were
poured off and the cell pellets were wiped drf; PF'ﬁas
extracted quanfitatively from the pellets by treatment
with 2 % SDS at 60C for 10 min. The absorﬁance at 445 mm

of the'resulting solutions was determined and convertéd to
nmoles PF/ml using a standard curve. Correction was made
for.the presence of liéht absorbing mgterials present in
SDS extracts of confrol cells not treated with PF, The
absorbance at 600 nm of the original cell suspenéions was
converted to mg dry wt cells/ml using a standard curve.
Bound PF was then expressed as nmoles PF bound/mg dry wt_

cells,

Poi;acrylamide Disc Gel Electrophoresis

~Polyacrylamide disc gel electrophoresis was carried out
essentially by the method of Davis (62). Gels were fixed
in 12.5 % TCA, stained in 0.2 % Coomassie Blue, destained

and stored in 10 % acetic acid.



Protein Determinations

Protein determinations were performed by the method of

Lowry et al (144) using bovine serum albumin as the standard,

Preparation of Samplgs for ATP and Glucose Determinations
S;mples‘qf washed cells were treated ﬁith 500 ng/ml of

lysozyme and 1.0 mM EDTA for 15 sec on a vortex mixer then

quled for 10 min. Aftér éentrifugation at 37 000 x g‘for

10 min to remove cell deﬁrié, the supernatants were used for

ATP and‘glucose determinations. In experiments in which

ATP levels were not measured, bells were.remove& prior

'to the determination of glucose by preéipitation with 0.5 vol

of both 5 % ZnS0,. 7H,0 and 0.3 N Ba(OH), followed by

centrifugation at 37 000 x g for 10 min. »

i?’ e

ATP Deferminations ' d

»

-

Cell—frée supernétant§ were assayed for ATP by a.modifi-
cétion of the firefly procedure (81a)}. Dessicated fireflyr
talls were homogenized, at a concentration of 20 mg/ml, in
25 M arsenate-sulfate buffer pH 7.5 containing 10 mM MgSO,,,
foilowéd by centrifugation at 37 000 x g for 50 min. Two ml
samples in 10 mM phosphate buffer pH 7.5 and 6 mM MgSOuvwere'H
mixed with 0.1 ml of the firefly tail extract and total
light emmitted was determined after 15 sec in a Turner

Fluorometer. Readings were corrected for the presence of PF
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and for the fluorescence of the firefly extract and were

L

converted to ug ATP usi standard ATP solutions. - |
. 4 ng ‘ o ’\‘

- Blucose Determinations
v

Cell-free supernafants were assayed for glucose by a

modiflcatlon of the method outllned in the Slgma Bulletin
510. Samples of O. 25 ‘ml were added to 2.5 ml ofa
mixfure of buffered glucose oxidase and peroxidese containing'
0.158 mM o-dianisidine dihydrochloride. After incubation at
37C 0 min, the absorbance of e?eh;sample was determined
L9 nm in a Beckman DB’ Spectrophotometer and donverted to

o

;nnolesqﬁ&ucose using standard glucose solutions. FPF did not

]

absorb significantly at 495 nm. *

Role.of Growth Mediaza in PF Sensitivity - “

The effect of growth media on PF sénsitivity of E. coli

L

B was determlned in two ways. Q. COll B was grown overnlght !
"at 37C with shaking in 500 ml Erlenmeyer flasks containing

one fifth vol of mineral salts and either 30 niM glucose or

60 mM acetate, succinate, pyruvate or glycerol. Flasks

were fitted with 18 mm (0.D.) side arms. Cells were innoc-
ulated (0.05 vol) into fresh media containing different
concentrations of PF, and after incubatien for 17 h, absorbence
at 600 nm was determined for each flask and expressed as a

percent of the conirol in the absence of PF.
\

ey
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E. coli B was also grown as described above in mineral .
salts containing either 7 mM gluccse gt 15 mM acetate, succiéete,
pyruvate or glycerol. Cells were innoculated (0. 05 or 0,10 vol)
into fresh medla and when the cultures had reached mid log

phase (Absorbance660 = 0.10-0.15), PF was added to

0.05 mM, Grcwth was measured as absorbance at 660‘nm at

various times. Generation timed (t) Tor cells grown on each,

substrate in the presence and absence oft PF were calculated

from the‘formula; ' s

o Tg'Tl
longz-longi

where T and A refer to time in hours and absorbance at

660 nm respectively. | .
In other experiments, PF was added to a flnal concentratlon \

of 0.10 and 0:02 mM to cells growing logarlthmlcally in 7 mM

glucose and 15 mM acetate respectively. Absorbance at 660 mm

was measuyed at various 1ntervals and growth was expressed

as a percent of the controls not treaﬁeq ith PF. Samples

of 3.0 to 9.0 ml were taken at each timg and centrifuéed'at

27 000 x g for 10 min at 25C. PF was dgtermlned“in the

pellet as described earlier and expressed as nmoles bound/

ng dry wt cells. ~ e

<.
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Relative PF Sensitivity of Growth, G;pcoée.Utilization and

DNA Synthesis ‘

'~ E. coli B was grown in 7 mM‘glucosé.mineraléiz;ts to mid
log phase as describea abové, at.which time diffefent
céncentrations of PF were added. At various intervals, the
absorbance at 600. nm was measured and samples of the cultures
were femgved and assayed for total glucose remaining/ml. -

In some experiments, 1.5 nmM 2';deoxyadenosine and 8 M
3H—thymine (187.5 Ci/méle) were added at the same time as

PF., “One ml samples were taken in duplicate at various inter-

vals and added to

ml thymine. After ¥
onto 0.45‘p.Miliporetfilters, washéd with 10 ml each of

5 % TCA containing 100_pg/ﬁi thymine, 80 % ethanol, 1 N NaOH,
énd 5 % TCA containing 100 ug/ml thymine, TFilters were |
dried and cdﬁﬁtéd in 10 ml of Scintiverse (a prepared
scintillation fluor) in a Beckman Liq&id Scinttllation

Counter. : | # | =

Effect of PF on Resp?ratién )
In theséexpgriméngﬁ, wdshed cells were employed at

concentrationsg of 0.35 to 0.50 mg dry wt. cells/ml. Cells

were treﬁted at 37C for 30 min with 1.0 ul tolueng and

20 uM PF, dinitrophenol (DNP) or carbonylcyanide m-chloro-

phenylhydrazone (CCCP) or 100 pM PF. Three ml volumes &F

"



" cells metabolizing glucose. Cells were preincubated w'gi'

L8

treated cells were equilibrated at 37C and 0.4 mM NADH

was added. Values for decrease in percent oxygen saturation

for a 3 min peﬁiod were determined using a Yellow Springs -

oxygen electrode.

-

&

Effect of PF on Intracellular ATP Tevels and Glucose Utilization

Washed cells at a concentration of 2 mg dry wt cells/ml
were employed for all experiments'in this section. .

In order to show the effect of PF on ATP levels over‘a
period of time, cells were preincubated with shaking at 37C
for 15 min, then exposed to PF a%,a concentration of 0,0?_ﬁM
Sampies wére removed at different time intervals and the
intracellular ATP levels were determineﬁ as ug ATP/mg dry
wt célls and expresséd as a percent”of the control‘wifh no
PF. Similar experiments were also performed with washed
cells that had béen treated overnight at 4C with different
concentrations of dicyclohexilcérbodiimide (ECCD).

. - . P
Time course experiments were alsé performed with washed

shaking at 37C for 15 min at which time_gluqose'was addé&
to 1.0 ml. After 7 min, PF was-added to O;O?ij. Samples were
removed at intervals after glucose and PF addition and
determinations of ATP in.ﬁg/hg dry wt cells an total
glucose/ml were made; Experiments were ?180 performed ﬁnder

nitrogen and in some of these, iodoacetate at a concénﬁfgtion

of 1.43 nM replaced PF. In other experiments, washed cells

* i ;. \ i .

#

N
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were exposed %o-differpnt‘conceg%rations of PF with shaking
at 37C for 30 min, at which time determinations of ATP
;n.ng/mg dry Wt cells and bound PF in nmoles/mg dry wt cells
were made. Glucose was added to dupiicate éamples of : PF-
treated cells to a final concentration of 1.0 mM. Rates of
giupose utilization were determined over a 15 min .period

and expressed as a percent of the control with no PF,

In experiments designed to compare the effect of PF on

—

glucose utilization and - e&meEthji glucogide &MG) accumu-
lation in whole cells, rates of glucose utilization were v

determined in cells that were not: shaken, ;y

N
by
i

. . C P 'i‘
Bffect of PF on Aminc Acid and Sugar Trangﬁbrt

Accumulation of glucose by{@embrane vesicles was deter-:
mined, as described by Kaback (1b9], in a 100 ul reaction

/]

mlxture consisting of; 70 M phosﬁha /éuffer pH 6.6;
20 mM PEP; 10 mi MgSOy; 0.3 M Llcl,,?/

5 mg vesicle protein
and different con&sntratloggfﬁfﬁﬁF. After equlllbratlon at

_.._,.,___,/--_/
300 for 15 min, the reactlon was started by the addltlon of

U(iuc)—glucose (35.MgpM at 283 Ci/hole).. The reaction
was terminéted by dilution with 5 ml of 0.5 M Licl then
the vesicles wére collected on 0.45 m Milipore filters.
The filters were washed with 5 ml of 0.5 M LiC1, drlﬁ
and counted as described earlier. .
* Tyrosine, aspartate; and TMG accumulation were measured

oy

(119) in 100 ml reactlon mixtures contalnlng, 50 mM phosphate

-
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buffer pH 6.6; ig mM Mg804; 20 mM D-lactate; 100 ng vesicle
protein and different concentrations of PF or CCCP. The
samples were equilibrated fo; 15. min at 30C, fhen either
14C—tyroéine (10 uM at 522 Ci/ﬁole). luc-aspartate (1&.1

MM at 224 Ci/mole) or e _amg (200 aM at 14.44 Ci/mole)

were added, The reactions were terminated gt‘lo, 2 and 30

min fbr tyrosine, aspartate and TMG fespectively by dilution
with 5 ml of 0.5 M LiCl. The samples were filtered, washed
and céunted as before, | |

Whole cells for amino acid accumulation experiments were

grown as described and washed twice in mineral salts containiﬁg
100 mg/ml of chloramphenicol. The reaction mixtures contained,
in a final vol of 100 ml; 50 mM phosphate buffer pH 6.6;

10 or 100 ug-dry wt cells; 100 ug/ml chloraﬁphenicolggnd
different concentrations SQ,PF. In some experiments, DNF

or CCCP replaced PF &nd im’others, 20 mM D-lactate was

added as an energy sdurce; The samplesi&ere Preincubated at
30C for 15 min prior to the-addition of‘either 14C¥tyrosine

(10 aM at 522 Ci/mole) or f”c-aépartéte (11.1 aM at 224 Ci/
mole). The reactions were tefminated after 1 and 2 min for
tyrosine and aspartate respectively b} dilution with 5 ml

of 50 mM phosphate buffer pH 6.6. The samples were filtered,
\washed with an additional 5 ml of Puffer and counted as
described earlier. Transport ratés were linegr over the

experimental period.’
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Time course accumulation of aspartate by whole cells was
t

measured in a reaction mixture of 0.5 mi containing; 50 mM

phosphate buffer pH 6.6: 1.0 mg dry wt cells/mi and 100

ug/ml chloramphenicol. kg

~aspartate (224 Ci/mole) was
added to 22.Q'pM and at various times, ido.nl sanples
were removed, diluted into 5 ml of 0.5 M LiCl, filtered,
washed and counted as described above. '
| otMG accumulation was determined'in washed cells prepared
as described earlier. One hé&f ml samples of cells at
2 mg dry wt/ml were.eﬁposéd toég%rious concentrations of
PF at 37C for -3Q min. Mo g (83 o at 3.0 Ci/mole) was
added and after 0.5 and 5 Ein, 0.125 ml vol were diluted with 10,mi_
of mineral salts, filtered, washed with a further 10 ml
aﬁd counted. e< -~methyl glucosiae phosphate:G*MGP) was
determined by diluting duplicate 0.125 ml vol with 10 ml
of 37 mM BaCl, in 80 % ethanol., After chilling on ice for
10 min, the samples were filtered, washed with 10 ml of
cold 80 % ethanol and counted.

For all accumulation studies, counts were corrected for
background by filtering duplicate samples immediately after

addition of the isotope.

Antibiotic Resistance Studies .

-~ Btrains to be tested {or antibiotic resistance were

grown overnight in TSB at 37C and inmoculated onto plates

¢
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of TSA. - Antibiotic discs were placed, feur to a plate,

on the agé£23urface and after incubation at 37C for 24 h,
the diameters of the clear zones were medsured.
The effect of penigillin‘on-growth of PF-densitive
* and -resistapt_strains was determined by innoculating tubes
containiﬁg 10 m1l of TSB and different p%picillin concentrations
with the strains to be tested. After incubation at 37C for
24 n, growfh was meaéured aé absorbance at 660 nm and
expressed as a percent of the control containing no penicillin.
The frequency'bf‘crOSSJresistance between PF and penif
¢illin was determined by replica plating mutants resistant
to either 0.1 mM PF or 25 U/ml penic}llin from selection
plates to plateé containing the othé; drug. After incubation
at 37C for 24 h, colonies resistant to the other drug wefe-
exﬁresééd as a perceht"of the number of colonies transfered.
Spontanéodé ?esistaﬂbe to PF or penicillin waéldetermined
by replica plating colonies of E.”coli B from TSA 1o plates
contdining either PF or penicillin. After incubation.at
379G for 24 h, mutants resistant to.PF or penicillin were
expressed as a percent of the colonies transfered.
Each data point in this thesis was the mean of @ to
6 determinations, obtained from two or more experiments.
Individual determinations did not vary-ﬂy“more‘than 10

- percent.

&
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MECHANISM OF INHIBITION OF;GLUCOSE UTILIZATION BY PF

gly

introdudtion

Previous work had shown that PF inhibited glucose
metabolism in sensitive but not resistant E. coli B
(153). In order to determine the site of PF action,m

we examined its effect on glucose tfansport and on the

- enzymes involved in glycolysis. The major part of this

chapter will be concérned Q&EEjthe PF inhibition of-
FDP-regulated pyruvate kinase (PKL), the only sensitive
enzyme found. C : '

Results

A/. Effect of PF on Glucose T;ansport‘ Y

Glucese transport could not be studied diréctly in
whole cells since glucose is utilized so rapidly. |
Instead, AMG, a non-metabolizable analog of glucose,‘
whose ~transport is thought to involve the same éystem
as glucase (86) was used. . y;

i J
Fig. 2 shows the effect of differeét concentrations

of PF on the rate of glucose utilization and on accum-

14 dMG in washed cells of E. coli B. Both

ulation of
proéesses were similarly affected by low concentrations
of PF; however, at 0.03 mM PF, oMG accumulation was .

inhibited by, only 55 % while glucose utilization was

+

53
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Fig, 2.

Y

4

Effect of PF concentration oneMG
Accumulation and Glucose Utiliza-
tion by Whole Cells of E. coli B.

Control rate of «MG accumulation was

.2.38 nmoles/mg dry wt./5\Q§9.

Control rate of glucose ﬁ%ilizaiion
was 0.457 umoles utilized/mg dry wt./

15 min.
'\
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completely blocked. - Further addition of PF had no &ffect
on «MG accumulat__ion. The data in Fig. 2 ‘show oqMG accumu—-
lation after 5 min. Similar résults were obféined after
0.5 min. i |

Gachelin (86) has proposed that phosphorylation of
&MG at the expense of PEP was essential for accumulation
by whole ceils. In spite of this, it was thought possible
that PF may permit limited accqmﬁlation while inhibiting - |
phosphorylation. In such a case; MG accumulated by
PF-treated ceils may be chiefly in the unphosphorylated
form. |

AMGP levels were determined, ‘as described ih:Matefials
and Methods, in cells that had accumulated ¥C-aMG in the
presence and absence of Q.OS mM PF, Table 1 shows that
in both cases, 50 % of the total label incorpo}ated
was in the phosphorylated form indicating that PF probably
did not directly block phosphorylation of oMG.

These results show that cells can éccumulated and
phosphorylate ®MG ( and therefore glucose) in the presence
of inhibitory levels of PF and suggest-that glucose
transport per se is not the major site of PF inhibition.
AMG accumulation is an enefgy-rquiring process, and.
fherefore the observed inhibithkon by PF may be due to -

O

the blocking of energy production by this dye.
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. " Table 1

Effect of PF on Accumulation of oaMG and oMGP

Lo by E. coli B ‘ % )
PF(0.05mM) A mmoles accumulated/ % of Total
. \J mg dry wt. ¢
oM3 +.aMSP T 2.16 "o 100.0
Fs ™ .
L + r~ 1@0 - 100,00
aMaP - by , sk.2 -
+ _ 0.52 : 52.0

a MGP was determined as the Ba2+-incha1e portdon of the total

;abd. accumulated, - ‘ . ‘ g L
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B/ Effect of PF-on lecolvtlc Enzvmes '

AlT: glycolytlc enzymes up to0 and 1nclud1ng pyruvatg\

~kinase were tested for sen31t1v1ty to PF in cell free ?\~)

extracts of E. coli B. As shown 1n Table 2, pyruvate

inase’ was the only enzyme 31gn1f1cant1y 1nh1b1fed under
.3§ condltlons of assay, 1081ng 86 % of 1ts activity in
the presence of 0.4 mM PFm ;nhlbltlon of g%her enzymes
sﬁbh as phosphohexose isomerase, aldolase, triosphos-
phate isomere§e and enolese was minimal and togkiplace
onlf'at much higher aneentratéons of PF. Extensive
precdipitation of protein cccured at high concentre{;ons-
of FPF ahd%maj account for tﬁe_inhibition observed -dt
this level of the dye} .._.b_ T

Q? Two pyruvate klna~

ES ex1st 1n E. co}Xi (147, 262),

h is regdlated by AMP and ribose
phosphateeand serves é#;ole in glucogene51s (148, 265)

. Further studles were 1n1t1ated to defE?ane the
reIﬁ%&ve senslt1v1ty of thesé two enzymes to PF. ?KI

and PKII were seﬁarated on. DEAE cellulose as described

. by Malcovati et al (148) and 1tb@as found that while PKI

was oompletely inhibited by 0.5 mM PF, PKI was 1nh1b1ted

by only 52 % (Table ;3\“ nce PKL{}S 1nvolved in
)

'wglycoly81s, studies were carried out to determlne the
.l\

nature of the 1nh1b1tlon of thls enzymé by PF and its

p0851ble.rqle in the inhibitién of glucose:utlllzatlon.
. ! ! . & -

o e

=

‘=3y FDP and is 1nvolﬁed 1n glycoly51s

A
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Effect of PF on PKI and PKIT from E. coli B
Enzyme  0.5mM PF . Velocity (AA3407min/25ul) % of ‘Control
PKT - 0,230 - -100.0
. . O
+ -0 0
PKIT - .. 0.125 - 100.0
o+ g 0.060 48.0
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C/. Effect of PF on PKIL . o

i. Pupificatibn of PKI

-

PKI was purified by the method of Malcovati et al

(148) as described in Materials and Methods and was

found to.be homogeneous by polyacrylamide disc gel

]

elec%rophoresis.

ii, Kinetic Characterization of PXJ

Other workers have demonstrated (148,261) that PKI -
from E. coli K12 is an allosteric enzyme and it seemed
likely that the enzyme from E. coli B would have similar
properties. We would therefore ekpect the saturatién

\ 'curvgmfpr the allosteric substrate to be sigmoidal,
ihdicafing that homotrophic interactions between substrate
'molecules are taklng place. A value for the Hill number
(n) may then be obtained from the - linear. form ‘of the

Hill equation; =~ : s

log - = n log 8 - log X ,

y where V refers to velocity and S to substra te congén—
tration. This value, when greater than 1.0 is a direct
Jmeasure of the 'strength of the homotrophic interactions
7

(161)J"Ih general, in the prese of an allosteric

- . .‘. .ll
i activator, 'fhe substrate safuration curve bedtTes

LY
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.saturation curve. It was observed that FDP 'changed the
, : _ 5e .

\ e
| 62

hyperbolic and the-Hill number reduces to 1.0 indicating
that no homotrophic interactions are taking place (161).
In the presencé of the allosteric inhibitor, on the other
haﬁa, both Rhe sigmoidaiit& of the suﬁstrate saturation
curve and thé Hill number increase (161).

Saturation curves for allosteric éct}vators and
inhibitors are also sigmoidal. The homotrophic inter-

actions of one are increased in the presence of the

" other resulting in antagonism of action (161).

Michalis‘constants (Km) may be calculated for
hyperbolic sgtufation curves., A similar value,;Ké,.
definedlas thg concentration of substrate pr?ducing‘
half maximal activi?y may, be calculated from sigmoidal
curves (261). ' R &

For PKI from E. coll B, a plot of enzyme ve1001ty
agalnst PEP concentratlon (ng 3) gave a KL of 5.0 mM
and a V. of 31.5 umoles PEP u-'tlllzed/mln/mg PKI.
Fig, 4 shows a Hill plot of the dafa from Fig,3. Ann
va}ue of 3.36 was determined indicating that PEP is an
allosteric substraté (161). Figué shows,the e%féct of
the allosteric activatoleDP (148,261) on ‘thé PEP
shape of the curve from sigﬁoidél (Fig, 3) o hyperboiiéﬁ
(Fig 5). Using the ﬁeighted analysis,ﬁéthéd of
Wilkinson (268a), X and V___ values‘%f 0.081 mM and

4 ‘ ‘ '

a

_“-.
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Fig'ju

.,

Effect of PEP Concentration on PKT gh

Activity. .
)
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Fig.4. Determination of the HiI1l Number

- \ | | for PEP.

Data obtaine& from Fig, 3.
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Fig.5.

Determination of the KM for PEP,

Assays weré performed in the
presence of 1.0 mM FDP.

Inset is a double reciprocal:
plot of the data. V refers to
the velocity and S refers to the

PEP concentration.

-
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centration (Fig. 6) gave a K of 0.229 mM and a V;
' 3

Hill plot (Figh 8).

) 69
and 42.7 umoles PEP utilized/min/mg PXI respectively qg'

were calculated from double reciprocal plots of the data

(Fig. 5; inset).

A similar plot of enzyme velocity against ADP con-
max
of 39.6 umoles PEP wbilized/min/mg PXI. ADP appeared
to be inhibitery:at-conpentrations in excess of 1.0 mM.
Homotrophic Enteraotions for the allosteric activator
FDP (161) were observed in fhe‘saturation curve illustrated
in Fig.7. Ann Value of 2.56 was calculated from the
U51ng PXT isolated from a stré{n of E. coli K12,
Waygood and Sanwal (261) have reported the following
kinetic values; K%PEP = 4,0 mM; K pgp = 0-03 mM ;
. e o !

utlllzed/mln/hg PKI. With the exception of, the X for

PEP, these values are in fairly good agreement with the
ones we have presented here.

Whén PEP and PKI were.mixed to start the feactien,
the initial velocity observed was non-linear. This o
may have been due to.a conformational change in the . \
enzyme induced by PEP binding (51). This phenonenon
was not observed when ADP replace% PEP; therefore ADP

,_

was used to initiate the reactlon in-gll furzheF exper—
o \"‘ -
iments.



Y70

Fig. 6.
. -
L
. e

¢
//‘J\
<
K
)
Determination of the Ky for ADP.
. ' . S

The inset is a double-reciprocal

plot of the'déta. where V refers

to the enzyme velocity and S

) refers to the ADP concentrafion.
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—_—

Fig.?L

Effect of FDP concentration on PKI
Activity. -
PEP was employed at a concentra-

tion of 0.5 mM. All other reagents
were g8 described in Materizls and |

Methods.
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Fig. 8.

Determination of the Hill Number

for FDP.

Data was obtained from Fig.7.
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AN W
-

. When thélassay‘condifioﬁs~for PKI were employed ‘_
as descrmbed 1n ‘Materials and Methods. a plot of veloclty

-

'agalnst enzyme concentration (Fig. 9) produced a stralght
line, '
'Preiiminary experiments indicated -that PKI féom
E. gg;; B had an absolute requiﬁemen& for K+. This .
Phenomenon was not observed with the enzyme:from E. coli
K12 (148,261). Maximum activity'was attained at 75 mi
x* (Fig;lo). The saturatlon curve 1n Fig 10 was sig-
moidal suggegtlng that K was an allosteric 9ofactor
for PKI and‘aﬁ n value of 2.51 Was optained from the

Hill plot (Fig.11).

iii. Inhibition of PKI by PF

PKI was completely inhibited by 0.8 mM PF (Fig, 12).
The inhibition curve was sigmoidal and a Hill plot of
thegse data (Fig.13) gave an n value of 1. 96 1ndlcat1ng
that PF is an allosterlc inhibitor of PKI (161)

e
LY . - -

iv. Effeet of PF on PWP Homotrophlc Interactlons

According to the model foqﬁallosterlc enzymes pro-
posed by Monod et al (161), an“aellosteric inhibitor
should increase the homotrophic interactions of the
. @llosteric substrate (i.e. increase the n value).

Fig. 14 shows the effect of PF on the PEP saturation

W
N
v

N

Y
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Fig{9.

Effect of Protein Concentration

on PKI Activity.
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Fig.10. Effect of K concentration on PKI :

Activity.
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Fig, 11.

Determination of the Hill Number

for K+.

‘Data was obtained from Fig, 10.
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* Fig, 12, Effect of PF Concentration on PKI

Activity.

—



8k

S
. O
M

06 o8
Proflavine conc. (mM)

04

02

(id bus/ uwi/43d

1
m.

ssjouurl) AoojeA

N



85

Fig, 13.

X

Determination of the Hill Number

For PF.

Data was obtained from Fig.12.
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curve. It was observed that 0.2 mM PF increased the
Ky for PEP as expected for an allostericsinhipitor:
(161); however, it had no effect on the n value (Fig.
15). Homotrophic interactions'for PEP are already
quite strong (i.e. the n value of 3.36 is close to
4.0, the number of subunits (261)) and Rubin and
Changeaux (205) have shown that when tﬁese interéctions
are strong, the allosteric iﬁhibifgr.would not be
expected to increase the subsirate n value,

Fig. 14 aisb shows that PF significantly lowered the
Vmax for PKI; however, allosteric inhibitbrs would not
be expected to affect the V___ (161). A‘s;milar‘pheno-
meﬁon has been previously observed for other allosteric
enzymes (145,205) and may be due to either-"dead-end”
inhibition at the éuﬁstrate active site (143) or té\“-
"non-exclusive” ligand binding (205). The latter
term refers to the ability of the inhibitor to bin% to
both conformational forms of the enzyme, albeit with
different affinities (205).

v, Effect of FDP on PF Inhibition of PKI

Monod et al (161) have suggested that a allosteric

N -
T
~—

activator will antagonize or reverse the actien of an '

_allogteric inhibitor. In accordance'with @his. it was

found that low concentrations of FDP could signifiéantly

87
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.. Fig, 14,

Effect of PF.Concentration on

the PEP Saturation Curve.
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Fig.15.

Effect of PF on the Hill Number
for PEP.

PF concentration was 0.2 mM.

Data was obtained ?rom Fig.14.”
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reverse the inhibition produced by 0. 2 - 0.8 mM PF
(Fig, 16). Maximum antaganism was obser;ed at 0.25 mM
AFDP for all concentratlons of PF, suggestmng that PF.
‘does not blnd to the same site as FDP. At high levels
of PFf FDP was unable to completely reve?se the inhibi=~
tion. Tpis phenomenon may be Q;e to "dead-end” inhibi-

-y
tion or the "non-exclusive" binding mertioned earlier.

- vi, Effect of Other Metabolltes on PF Inhibition of PKI

Several other metabolltes namely cyclic AMP,,AMP,
fructose-6-phosphate (F6P) and dithiothreitol (DTT)
were tested for their ability to substitute for FDP as
PF antagonists. Cyclic AMP was émployed:since it was
shown to relieve the inhibition of RNA synthesis by PF
(57a). ATP is an allosteric inhibitor of PKI (261)
while AMP is an allosteric activétor of PKII (263). ;.
F6P was tested since it is similar in structure to FDP
and DTT was used to determine if‘sulfhydryl groups are
involved in PF inhibition of PKI. These compounds were
tested at 1.0 mM and were found to be ineffective ih.
reversing PF action, suggesting that the reversal
phenomenon is a property of the allosteric activatpr

only.
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R

Fig.16. Antagonism of PF Inhibition of
' PKI by FDP., «

PEP concentration was 8.0 mM.
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vii. Effect of Dilution on PF Inhibition of -PKI

‘The effect of dilution on PF inhibition of PKT was
also determined. Enzyme activity was determined in the
presence of 0.15 and 0,30 mM PF (Table 4; top line).
Duplicate samples.were diluted wifh the reaction mixture
prior to assaying in order to give a 1:1 éilution of PF
and PKI (Table 4; bottom;line): Control samples cohtaining
no PF were diluted in a\similar fashion. The results
show that activity increased on dilution and that the
- level of inhibitidh\qorresppnded to the final rather
than the initial PF concentration suggesting that at low

levels of PF, inhibition was essentially reversibdle.

viii, Effect of Order of Réaggnt Addition'

In several_experiments, the order of addition of
PEP, PF, PKI and FDP was varied prior to initiation of
the reaction with ADP. ' It was found that the order of

~addition did not affect the extent of PF inhibition.

ix. Effect of PF on PKI from E. coli B/Pr

We wanted té find out if a modified PKI was resPOﬂ—
sible for PF-resistant glucose utilization in E., coli
B/Pr. The enzyme was purified from E. coli B/Pr as
described previously for the E. 2oli B enzyme. The
two enzymes were found to be chromatographically and
electfophoretically identical. .

The enzyme from E. coli B/Pr was characterized

-



Tahle 4

‘Effect of Dilution on PF Inmhihition of FXI-

Initial PF comc M) | yelocity (% of Cortrol) p

Procedure T 0,15‘ 0.30 ..
PF added then assayed , N5.40 . 17.86

PP added,. diluted 1:1 ' .
then assayed 69.00 41.10

Control velocity was 75.03 umoles PEP wutilized/min/mg PKT.

All values have been corrected for dilution.
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kinetically as described préviously and_ﬁhe éata in Table
5 shows that.the enzymes from the two strains have
similar kinetic pfoperties. Fig,17 shows theteffectlof
PF on the tﬁo enzymes in the pfeéence and absence of
FDP. PKI from B/Pr did not show any significant resis-
tance to PF  under the conditions studied, éuggesting
that PF.resistance does not occur at theflevel_of this

particular enzyme.:

x. Effect of Various Acridines on PKI from E. coli B

In order to determine the structural fequireméhts
for iphibition of PKI b& PF, a variety of acridines
relatéd fo PF were tested for their ability to inhibit
PKT from E. coli-B (Table 6). | |

3-amino-6~iodoacridine and unsubstituted acridipe

- were effective inhibitors of PKI. Mepacrine, acriflavine,

ageridine yellow, 9-aminoacridine and 9-amino-2~hydroxy-
acridine produced significantly less inhibition than

PF while acridine orange and 2,6-diaminoacridine were
essentially ineffective inhibitors of PKI. Ethidium bro-
mide, a planar molecule having a similag effect 'as
acridines m nueleic acids (91a) was unable to inhibit
PKT. |

These regults suggest that a compl{te acridine ring

is required for effective inhibition. Acridines ionizing

as cations are most effective if +they posess a substi-

b

- 53
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ﬁ N
Table 5
Comparison of the Kinetic values for PKI from N

E coli B and B/Pr

B - 'B/Pp
Nppp o 3.36 | 3.61
Renp 2.56 2.72
nop 1.96 | 2.09
Kypep 5.0 © 4.0

me - 31.5 - 96.5—_ | - 45.0 - 18.2

Values for K% are given in mM.
Values for V. are given in umoles PEP utilized/min/mg PKI.
The wide range in the Vmax for the E.coli B enzyme is due to

variations in the activity of the different enzyme preparations.
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[ 3

. Fig.17. Effect of PF Concentration on )

{\ PKI Activity from E. coli B

and B/Pr in the Presence and ¥

Absence of FDP. o

" FDP concentration was 1.0 mM.
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Table 6
Trhibition of PKT by Various Substituted Acridines
Acridine . % Inhi.bition
(.2 o A
3-amino-6-icdoacridine . : 63.26
Proflavine - _ _ 57.67
Acridine - ' 50.48
Mepacrine ' 24,92
Acrjffévine ¢ - 24,91
Acridine Yellow - " 12.314
g-aminoacridine - 5,75
9—amino-2-hydroxyacridine : : 5.75 ;
Acridine Orange , 0
- 2, B=diaminoacridine : Q
Ethidium Iromide -+ ‘ ' - 0

Control velocity was 89.75 ymoles PEP utilized/min/mg FKI.

4}
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tution at the 3 position,A Unionizad.'uhsubstitutEd .
acridine was an effective inhibitor of PKI reflectiné

~ “the possible role of hydfophobic enzyme_sites'in'inhibi-
tidn. ‘Thé\presence_Qf bulky side groups oh some of the.
ﬁacridinesl(mepacrine and acridine brange) nay account.
for their reduced éffgctivness as inhibitoﬁs.

3

D/. Role of Growth Media on: PF Sensitivity

When E. coli was grown on glucogenig carbon sources
such as pyruvate, succinafe, acetafe and glycerol,‘PKI
was not present in large amounts and was relatively
unimportant for growth (148,261); Since PKI appears
to be an impor%anf.PF-sensitive site in E. coli B,
it was‘thought that cells grown in the absenge of glucose
migﬁt be less sensitive to the inhibitory effects of
PF than cells grown in glucose, Stﬁdies were then init-
iatéd to determine the effect of PF on stationary and
-logarithmic cells in a vériety of growth media.

For initial experiments, stationary cells from a
particular growth media were addé& to flasks containing
fpeéh medialand different concentrations of PF.
Growth was then determined after 17 h at 37C. Fig.18
shows that acetate- and succinate-grown cells were very
sensitive to PF and were completely inhibited at a con-

centration of 0.02 mM. Dye concentrations of 0.05 mM
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Fig. 18.

Son

Effeét of PF Concentration on -
Growth of E. coli B in Various

Media,

Growth wég determined at 17 h.
Cdntrgl growth values, in A660
units were: glucose, .46; pyruvate,
.6L; glycerol, .63; acetate, .68;

and succinate, .61.
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or greater were required to inhibit cells grown in
gluéoée. élycerol and pyruvafe. ‘ |

PF was also added to cells grpwing!in the logar-
ifﬁmic‘phase.in various'growth meaia. Generation times
; for cells on each megia in the présence and absence of
0{05 mM PF were qalcuiated and are presented in Table 2.
E, coli grew well in‘élucose and glycerol with generation
times of approximately 1 h and was essentially uhaffecfed
by 0.05 mM PF, Generatién times in succinate and acetate
were 2.0 h and 2.5 h respectively. 1In these medié.cells
grew pBorly and were completely inhibited by FF.

Our results show that PF sensitivity cannot be
related directly to PKI content. Cells grown in glucose
and -glycerol are equally sensitive to PF‘(Fig;18) but
contain differeﬁt levels of PKT, A clése correlation
exists between PF sensitivity and generation time
: suégesting that cells with a low metabolic rgte are
more sensitive to the dye.

It is possible that.;ells grown in different media
are-equally- sensitive to bound PF. The apparent high
sensitivity of acétafe— and succinate-grown cells.
would be due to the inability of these cells to generafe
sufficient energy to actively release the dye. I1f thié
ig the case, equimolar levels of bound- PF would be

required to produce the same level of inhibition in all

growth media.
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Effect of PF(0.05mM) on Generation Time of E coll B

in Vardious Media

Carbon
Source

‘Generation Time (h).

Generation Time +PF(h)

Glucose (7mM)

Glycerol (15mM)
Pyruvate (iSmM)
Succinate (15mM)

Acetate (15mM)

0.91
1.16
1.66
2.00

2.50

1.24

1.30

3.03
®

-~}
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Table 8 shows that five times more PF had to be added
to glucose-grown cells than te.cells growing in ﬁcetate '
toAachieve 50 - 60-% inhibition. Cells growing in.
glucose bound proportionally more of the dye. These
results suggest that if PF inhibits the same-site're_
gardless of the medi;, this site may be more sensitive
in acetate-grown cells due to their 16w rate of metab-
olism., It is also possible that specific‘pathways
required for growth on acetate ére highl&rPF-éensitivg.

~

Discussion

Pyruvate kinase has been isolated from several

. eucariotic sources including Neurospora crassa (125),

human erythrocytes (47), dog erythrocytes.(21), rat

liver and muscle (245), yeast (106,110,260) and Rana

pipens (81) as well as from a variety of bacteria (23,
57,58,69,?2,139,14?,175,183,255,280). E. coli has been shown
to possess two pyruvate kinases; PKI 'and PKII (147,262).
Growth on glucoéé'prdﬁotes the induction of high levels
oflPKI (148) and the formation of high concentrations.of

FDP which is the allosteric activator for. the enzyme (143).
This suggests that PKI plays an important role in glycolysis.
PKITI, 'on the other hand, is constitutive énd igs involved

in glucogenesis (148,263), This enzyme is regulated by

AMP and may be responsible for pfoducing ATP at the

expense of PEP under conditions of low energy charge (148). <
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Table 8

‘Relationship Between PF Binding and Inhibition of

Growth of F cdoli B in Two Different Media

4

Time :

Carbon PF after PP rmoles PF bound/ Growth
Source (mM) addition (h) mg dry wt. cells (% of Cortrol)
Glucose 0,10 1.0 12.0 28.8 (.090),’\;\“

" n l|5 ]-106 3815 ( 130)

" n 2.0 13.7 37.5 (.160)
Acetate 0.02 2.0 2.60 47.6 (.105)

1" u 3.0 1.55 4,8 (.1u5)

n n k.0 2.36 36.9 (.230)

~ Bracketed figures represent growth, in A660 units, of control
cells not treated with PF. :



109

In;fhis chapter, we‘have‘ehown that accumulation
of XMG by whole cells of E. coli was only partially
inhibited by PF while all glycolytic enzymes with the
. exception of PKI were little affected by the dye. We
”have_glso.found that IDH, mediating the breakdown of
pyruﬁafe to lactate was not inhibited by up to 0.4 mM N
PF. PKI is the only PF-sen91t1ve site between glucosee N
and lactate and we therefore propose that inhibition of
PKI by PF is responsible for the inhibition of glucose
utilization.

It would e useful to be able to demonstrate that
1nh1b1t10n of glucose utilization in _%zg 1s a direct
result of inhibition of PKI. Unfortunately, determin-
atlons of intracellular concentrations of PF cannot
easily be made due to the number of cellular binding
sites available to the dye (96). Using data from Fig.
23 and assuming an intracellular volume of 2.7 ml/g dry
wt cells (270a), we have calculated that, under conditions
of complete inhibition of glucose -utilization, the intra-
cellular PF concentfation was 4.0 mM, assﬁming all the
dye wasunbound. This is unlikely to be the case} however,
PKI would be inhibited'by 85 % if only 10 % of the total
PF in the cell were free.

The -intracellular concentration of FDP in logarith-

mically growing E. coli is 2.4 mM (143), much higher
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th the level required to produce maximum reversal
of F inhibition suggesting that PF cannot completely
inhidb PKI in vivo. Since this enzyme is involved
in the regulation of glycolysis, however, partial
inhibition by PF could result in a significant and
possibly complete inhibition of glucose utiligzation.

We have presented evidence that PF is an allosferic{
_inhibitor for PKI and as such would be expected to
occupy specific inhibitor binding sites (161). PF
does not appear to bind dlrectly to the FDP 51te but
it may be involved to some extent with the active site
for PEP. As a result, PF may inhibit PXI by acting
at several unrelated sites. 1,8-anilino-naphthalene
sulfonate (ANS), an inhibitor of N. crassa pyruvate
kinase (123,124), has been associated with the sites
for FDP and PEP as well as other unrelated sites
(123,124),

The requirements for acridine binding to PKI have
vet to be fully determined. Preliminary results have
indicated that acridine binding to, and inhibition of,
. PKI requires substitution at the .3 position on the
acridine ring. The reduced'inhibitofy effeciency of
some acridines such as mepacrine and acridine orange
may be attributed to the presence of bulky side groups

preventing entry of these dyes to the binding site.

AT
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Unsubs#ifﬁted acfidine; an effective inhibitor of PKI,
is highly lipophilic and may biﬁq to‘hyérophobic'
regions of the engyme. ANS has been shown to inhibit
" pyruvate kinase from N. crassa by iﬂteraéting with
hydrophobic sites (124) and it is possible that the
inhibition of PKI by acridine dyes involves hydrophobic
regions of the enzyme to some extent..

Fluorescent probes hﬁve been used extensively to
study the reaction mechanism of allosteric enzymes.
ANS has been employed in studies on pyruvate kinase

from N. crassa (123,124) and rabbit muscle:(liS).

" " phosphofructokinase (141,32) and glyceraldehyde-3-

phosphate dehydrogenase (117) from E. coli as well

as tranéaldolase (37} and cholinesterase (49).
,N—methyl—écridinium iodide has also beenJused as a
fluorescent proﬁe for horse serum cholinesterase (46).
As mehtioned in the General Introduction, PF was found
to inhibit ®CT and stimulate papain and ficin and has
been used to elucidate the reaction mechanism of
these enzymes. We have presented thg first evidence
to suggest that this dye can inhibit an important
regulatory enzyme and we propose that this phénomenon
could be useful in studying the sfructure—function
relationships of PKI.

We have shown that PKI from E. coli B/Pr is not
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significantly resistant to PF. This is somewhat dis-

_appointing in light of the fact that an in G;tpo .

‘acridine-resistant site has yet to be demonstrated

in any bacterium. Acridiné resistance in bacteria,

as mentioﬁeqhin the General Introduction, has often
beéﬁ ;ééfibed to changeé in cell permeability or dye
binding capacity. It is therefore not unreasonable

to believe that PF re51stance in E. coli B/Pr lies at .
the membrane rather than the enzyme level.

We have found that PKI from E. coli B had an
absolute™requirement for k. Recently, Waygood et al
(260a) have showﬂxthét k" is required for PEP binding
to the enzymé from E. coli Ki2. Pyruvate kinase from

Bacillus sp. has also been shown to have a Kf require-

ment (69,255). .

Mono?alent cations have been shown to regulate
glycoly;is in mammalian systems (21) and it may be
suggested that K+'serves a similar function in E. coli.
Regulation of glycolysis is being studied in E. coli.
(261); however, the role of K has not yet been taken
into account. .

Mixing PKI and PEP to start the enzyme reaction

~

‘ 112
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resulted in a non;llnear 1n1t1a1 velocity and we have
suggested that PEP blndlng producad a conformatlonal
change similar to that -described by Citri (51).'\l

rThis phenomenon has not been prgvibusly reported

studies of pyruvate kinase from other bacteria, howgver,

‘conformational changes due to the presence of Tris have

been observed in the pyruvate kinase of N. crassa (126).

\Aécording to the model of Monod¥étal (161),. |
conformational changes in allosteric enzymes are not
rate-limiting. Our enzyme may represent a de#iation"
from this pérticular aspect qi‘the model or possibly

ﬁ%? is involved in more than one‘kind of conformatibnali

\'L

change. In all our studles ‘with PKI, conformatlonal -

A}

+ . changes in the enzyme produced by PEP FDP and PF

"ag}

(if any) were-allowed to take place prior to initiation

of thé reaction.

It is difficult to assess the importance of PKI .
inhibition in the inhibition of growth by FF. We
found that cells growing poorly (i.e. long generation
time}rin a particular carbon source appear more sensitivé
to PF than cells growing in a media "that suppofts rapid

growth. Slow growing cells may-have low metabolic

activity and as Zﬁ;h might have fewer PF-sensitive

sites. Inhibiti/ would therefore take place at lower

levels of bound PF than in rapidly growing cells. It

p————
Il

F
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is also possible ?hat these cells may'requiré séecifio“
enzymesﬂfogggrowth that are hiéily sensitivelto'PF.

Cells growing in glucose and glycerol are equallyﬂ
sensitive to PF; however, glycerol-grown cells have J
low levels of PKI (262) and FDP (143). PF may therefore,
inhibit a common site in glucose--and glycerol—gfown
cellé in which¥case the inhibition of glucose utiliz-
ation by the effect of PF'on PKI may not make a signi- |

ficaﬂf contribution %o the iﬁhibition of érowth.'

-~
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Chapter 4 -

REIATIVE PF SENSITIVITY OF GROWTH,
GLUCOSE UTILIZATION AND DNA SYNTHESIS
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RELATIVE PF SENSITIVITY OF GROWTH, GLUCOSE UTILIZATION

AND DNA REPLICATION

“ t

- Introduction

Cpqsiderable‘evadence implicates DNA replication
as the primary site of acridine inhibition. Since
we have showﬁ that PF inhibited glucose utilization in
washed cells of sensitive but not resistant E. coli,
we wanted fo determine if}glucosp utilization in grow-
ing sensitive cells was moré or less sensitive than
" DNA replication to PF. Experiments were performed
fo determine the rate of growth, glucose utilization
and DNA replication in cells of E. coli B growing

logarithmically in the presence and absence ofAPF.

Results

Figs 19 shows the effect of different concentrations
of PF on growth, glucdose utilization and DNA replication
of E. coli B growiné logarithmically on glucose. - At
0.05 mM PF, growth was slightly affected and DNA-
replication was inhibited by 50 % while glucose util-
ization was unafifected. lAt 0.10 mM PF, glucose util-
ization was only slightly inhidited while both growth
and DNA réplication were strongly affected.

Microscopic examination of cells grown in the
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Fig.,19.

e

Effect of PF Concentration on
Growth, Glucose Utilization and

DNA Synthesis in .E. coli B.
l ...

PF concentrations are given in

mM.
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.. presence of PF. showed that 0.05 mM PF produced cells

Cm
| that were 1.5-2 times as .long as control cells. In
0.10 mM PF, cells were 5 times as long as qontfbl cells.
Elongation of célls is indicative of normal RNA and
protein syntﬁesis in the absence of DNA'replication

(4%,50,275) suggesting that DNA replication in E. coli B

.1s more sens to PF than RNA and protein synthesis.

Discussion .

It.was previously thought that inhibition of growth
- in E._gg;i B by PF was due to inhibirion of glucose

utilization (153). The data presented in this chapter
indicates that inhibition oﬁ\growth by PF may be more
accurately correlated with.inhibifion of DNA replication.
This is in agreement with the hypothesis proposed by
a number of other workers (19,50,149,229,275). It
would appear, therefoée, that inhibition of glucose
utilization.may be of secondary importanqé. 7

It should be pointed out, however, that the défa
presented here are not extensive'enough to allow us
to conclusivély state that DNA replication is. the major

gite of PF action.



Chapter 5

POSSIBIE ROLE FOR PF AS AN UNCOUFLER
OF MEMBRANE FUNCTION |
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'POSSIBLE ROIE FOR PF AS AN UNCOUPLER OF MEMBRANE FUNCTION

Introduction

Several workers have proposed that:écridine dyes
can act as uncoupling agents (12,109,112,129). While
studying the effect of PF on enzymes, werdiscovered
that PF_stimulated thé rate of NADH oxidation by whole
cells of E. coli B. Since uncouplers of oxidative
phosphorylation can stimulate qxidation in mitochon-
dria (100a,226a), our observations suggest that PR
may be acting as a menbrane hncoupler further studies
were then 1n1t1ated to determine the effects of FPF
on membrane function and to assess their 1mportance
in inhibition of growth.

In this chapter we have looked at the effect of
PF on oxygen uptake by whole cells and the effect of PF
on amino acid and sugar transport in whole cells and
membrane vesicles. In view of the reported effect of

uncouplers on ATP levels (231,128) .and ATPase activity
- (100&,226a),.we have also studied the effect of PF
on ATP levels in resting cells and célls metabolizing

glucose, and on membrane-bound and solubilized ATPase.
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Results

Bl

A/. Effect of PF on. Respiration

During the preceeding studies of glycolyfic'enzymes.
attempts were made to render céll membranes more perméable
bj treating them‘with toluene so that the intracellular
action of glucoseié—phosﬁhate dehydrogenase and pyruvate
kinase could be studied. We werse unable'fo detect these
enzymes after toiluene treatment; however, it wés'found
that NADH oxidation increased markedly after treatment
with toluené. This procedure was therefore used to
prepare cells for experiments designed to illustrate
the effect of PF on NADH “oxidation in whole cells, ; v

Table 9 shows that PF stimulated NADH-dependent
oxygen uptake by toluene-jreated whole cells of E. coli B
by 45 - 75 %, The classical uncoﬁpiers DNP and CCCP

produced a\similar stimulation.

B/. Effect of PF on ATP levels

_ Membrane uncouplers may be expected to affect intra-
cellular energy levels (128,231). Therefore theypffect
of PF on intracellular ATP levels was studied under

different conditions.
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i, Effect of PF on ATP Tevels in Resting Cells -

. Fig,20 shows the effect of PF on intracellular ATP
levels in E. coli B;.B/Pr and AN180, & strain of E. goli .
Ki2 resistant to 1.0 mM PF. 1In E. coli B, PF stimulated
the rapid and complete loss of ATP from the cells. .In
both B/Pr’and AN180, ATP levels dropped to 20 andVSO %
of the initial levels respectively then rose slightly
before leveling off. These data suggest that loss of
ATP could be related to inhibition of growth and that
r951stance may be due to the ability of the cells to

maintain ATP levels in-the presence of the dye.

'ii, Effect of PF on ATP Tevels in Cells Metabalizing

Glucose

It was thought that the presence of a readily meta-
boliziblé energy source could exert some influence on
the effect of PF on intracellular ATP levels. Fig.21
shows that cells of E. coli B stop metabolizing glucose
within 2 min of PF addition. Complete loss of ATP was
observed after 5 min. On the other hand, PF had no |
effect on the ability of B/?r cells to metabplize
glucose (Fig,22). In these cells, in the presence of
glucose, ATP did not fall after PF addition. )
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Fig.20. Effect of PF on Intracellular
ATP Levels in E. goli B, B/Pr
and AN 180. .

Control ATP‘levéls were, in

- mg/mg dry wt cells; B, 0.379; E
B/Pr, 0.379 and AN 180, 0.727.
PF was added to 0.07 mM at

ol gy t = 0. Concentration of PF

“bound by B and B/Pr after
30 min was 30 nmoles/mg dry wt

cells.
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i

' Fig.2i.

-
L %‘i v
p
LI
Effect of PF on Intracellular - .
ATP Levels in E, coli B in the \‘z"
Presence of Glucose. | ‘\
| -
Control ATP levels'wegfe 0.379
ng/mg dry wt cells. PF was
added, as indicated by the.arrorrs-,
to a final _conce;ntfation of "
0.07 mM. Bound PF was 30 rimoles/
mg dry wt cells at 15 min/ , ‘
Key to syinbols; {/\“\
_ ‘ \\
o——@ ~ glucose (umoles/ml)
o— - - arp levels (% of control)
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Fig, 22.

Effect of PF on Intracellular
ATP Levels in E. coli B/Pr in

the Presence of Glucose.

Control ATP levels were 0.341
ng/mg-dry wt cells. PF was

added, as indicated by the arrows,
to.a final concentration of

0.07. 1M. Bound PF was 30 nmoles/

mg dry wt cells at 15 min.

Xey to symbols;

®—@® . - glucose (umoles/ml)
W8 - ATP levels (% of control)

o, ‘ -
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i

iii., Effect of Different PF Cohcentrations on ATP Tevels

"and Glucose Utlllzatlon

In further eﬁﬁerlments. the effects of different
PF concentratlons on glucose utilization and ATP levels
in E. coli B were examined. A close correlation

between inhibition of glucose ufTlization and loss of

ATP was observed within the range of 0:01 and 0.03 mM PF -

(Fig.23). This range corresponded to 4,5-12.5 nmoles
of PF b;und/mg dry wt cells. A concentration of 0.03
mM PF completely inhibited glucose qfilizafion and
abolished intracellular ATP levgls.

These data suggest thaf the inability of.Pf—sensitive
. cells to maintain ATP levels in the presence of PF is
a conseguence of their inability to utilize glucose.

On the other'hand, it is pdssible that glucose
transport and metabolism are regulated by the ATP levels,
A_partiél loss of ATP in the presence: of PF might then
result in a partial loss of glucose utilizing ability,
Complete loss of ATP would certainly prevent glucose
ﬁtilization since ATP is required for the phosphorylation
of F6P; howéver, Atkinson (11) has shown that a reduction
in ATP levels within certain limits results in inereased

rather "than decreased rates of glucose-utiliéation.

-~
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Fig.23. Effect of PF Concentration on
Intracellular ATP Levels and’

Glucose Utilization in E. coli B.

Control ATP levels were.0;262
ng/mg dry wt cells. Control
rate of glucose utilization was
0.639 umoles/ml/15 min. For
each added concentration of PF (mil), .
levels of bound dye were, in -
- nmoles/mg dry wt cells; 0.005,
2,38 0.010, 4.50; 0.015, 6.50;
0.020, 7.96; 0.030, 12.50;
. © 0.040, 16.70; 0.050, 20.95.

{

{
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iv, Effect of Iodoacetate on ATP Levels in Cells

Utilizing Glucose Anaerobicallx

It was théught possiﬁle that tﬁ; effect of PF on
ATP levels was a secondary one, due to inhibition of
metabolism and that ATP fell through turnover. In
order to test this possibility,-the effects of PF‘
were compared with those of iédoécetate. belie%ed tb be
a specific inhibitor of glyceraldehyde-3- phosphate
dehydrogenase (144a). Und;:.anaeroblc conditions, this
inhibitor prevents generatlon of energy from glucose and
as a result any log%@éf ATP would be attributed to
turnover. The relationéhip_ﬁayfﬁot be'that_clear,'
howevér, since'iodﬁacetate may have some direct ‘effect
on 1ntracellu1ar PEP and glucose transport as well (128),

Fig, 24 shows that under anaerocbic conditions, both
inhibitors hlocked glucose utilization'in E. coli B
within 2 min of addition. In the presence of iodo-
acetate, however, ATP levels dropped much more slowly
than with PF and remained at approximately 30 % of the
initial levels 38 min after addition of the inhibitor.

This experiment suggests that although some of the g
loss of ATP following PF addition may be due to turnover, {

PF has a further direct effect on ATP levels.
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Fig.24,

4+

-Effect of PF and Iodoacetate on

Intracéllulgr ATP Levels and
Glucose Utiiization Under Anaero-

bic Conditions;

Control ATP levels were 0.364
Mg/mg dry wt cells. PF and

iodoacetate were added, as

-indicated by the arrows, fo
0.07 oM and 1.43 oM final con-
centrations fespec%ively.
Bound PF’was 30 nmoles/mg dry

wi cells at 15 min.

Y
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C/. The Role of‘ATPaSQﬁ;n the PF-stimulated Loss of ATP .

The loss of intracellular ATP in E. coli in the
presence of colicin K seemed due to the ability of this
inhibitor to stimuiate the_ﬁydrolysis of ATP via the

membrane-bound Mg?¥, ca®*

- ATPase (193). A number of
experiments were carried‘out to test the poséibility
that this enzyme was involved in the PF-stimulated lﬁss
of ATP in E. coli B. Thése included the effect of PFr
on-ATP in whole‘celIS'treated with.DCCD-and whole cells
of GN402, an ATPaseidéficient mutant and on membrane-

bound and solubilized ATPase in cell-free systems. -

i.-Effect of PF on DCCD-treated Cells of E. coli B

When PF was added to washed cells pre-treated with
low concentrations of DCCD, a specific inhibitor of
- ATPase, the initial rate of ATP loss was reduced
(Fig.25). AT higher DCCD concentrations, addition of
PF ﬁrbduced a slight rise in ATP levels; however, PF
essentially eliminatéd ATP from the cell after 10 min,
despite the presence of DCCD. These results are com-
plicated by the fadt that DCCD alone reduced ATP levels
by up to 60 % at a éoncentration of 0.08 ﬁﬁ;‘however,
since DCCD does reduce PF-stimulated ATP loss, it is
possible that ATPase may be involved to some extent in

the PF-stimulated loss of ATP.
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- Fig., 25,

Effect of PF on Intracellular ATP
Levels in E. coli B Treated with

DCCD.

For ehch DCCD cohcentration

given in mmoles/liter, control

| ATP levels were, in ug/mg dry wt

cells; 0, 0.379; 0.02, 0.285;
0.0%, 0.250; 0.06, 0.189; 0.08,
0.151. PF was gdded to a final
concentration of 0.07 mM at t = 0.
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ii Effect of PF on ATP Levels in E. coli GN 402

GN 402 was an ATPase deflclent ‘mutant of E. coli B~
isolated as descrlbed in Materials and Methods. When-' ) ol
PF was added to washed cells of GN 402 ATP levels rose
initially then fell rapidly to zero within 10 mlL of
PF addition (Fig.26). 'The initial delay in ATP loss in
this mutant suggesis that stlmulatlon of ATPase’ by PF may
accourit for the ATP depletlon 1n E. coli B.

i1ii. Effect of PF on Membrane-bound and Solubilized
f ATPase | | | k .
In order to elucidate the effects of PF-on ATPase
activity, washed membrane particles were-prepared from .
whole Zells of E. coli B and B/Pr. For some e;;erlments,
the ATPase enzyme was solug!llzed py the low ionic
' strength wash described in Materials and Methods. By
comfaring the activity found in the solubilized and the'r -
deple'ted membrane fractions, 1t was determined that |
75-85 % of the ATPase had been removed from the membrane.
' Plots‘of.velocity against enzyme concentration for
membrane-bound (Flg.Z?) and solubilized (Fig.28) ATPase
from E. coli B gave gtraight lines. '

Fig.29 shows the effect of different concentrations
of PF on the specific activity of membrane-bound ATPase
from E. coli B and B/Pr. The enzyme from both s?rains
was stimulated by up to approximately 50 % by PF, this
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Fig.26.

J

[

[
I's

Effect of PF on Intracellulsr

ATP Levels in E. coli GN4O2,

Control ATP level was' 0.082 ug/

‘mg dry wt cells. PF was added

%0 a final concentration of

0.07 mM at t = 0.
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Fig. 27.

Q- tivity of Membréne-
bound ATPase from E. coli B.
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Fig. 28.

Effect of Protein Concentration:

on thé Activity of Solubilized

4

¥

ATPase from E. coli B. ‘
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maximum occuriné at 0.3 and,0.4 mM PF for the enzyme

from E. coli B/Pr and B res;ectlvely. At 0.5 mM PF,
ATPase from E. coli B/Pr was much less affected by FF,
being stlmulated 5.9 % as compared to 42, ? % for the
enzyme from E"gggl B. TFig. 29 also shows that the
solubilized enzyme from E. coli B was essentlally
unaffected by FPF.

PF increased both the Km and vmax for the membrane-
bound enzyme from E. coli B (Fig. 30). - The data was
analyzed by the method of ﬁilkinson (268a). The
presence of substrate inhibition prevented an accurate
assessment of the type of syﬂmulatlon produced by PF;
however, +the stimulation appeared te be uncompetltlve.

"The resulits obtained w!fh ATPase suggested +that PF
may contribute to the loss of ATP from the cell by
stimulating membrane-bound ATPase, PF may act’ )

on ATPase indirectly since it has no effect on the

solubilized enzyme.

D/. Effect of PF on Amino Acid and Sugar Transport .

One of the most important functions of an uncoupler
is to prevent the energization of active transport (100a).
PF was therefore tested for the ability to inhibit amino
acid and'sugar transpert into membrane vesicles and
whole cells of E. coli B and B/Pr. A

Transport of glucosginto vesicles of E. _Q;Q B

was essentlally unaffected by PF while the accumulation
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Fig,29. Effect of PF Concentration on the

Specific Activity of Membrane-
bound ATPase from E. coli B and
B/Pr and Solubilized ATPase from

E. coli B, S

Control spécific activities ,
in‘umoles Pi/min/mg protein were;
membrane-bound from B, 0,24k
membrane-bound from B/Pr, 0.288;
solubilized from B, 2.29.

95 % confidence intervals<were
calculated from a total of 12

determinations for each point.
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Fig,30.

Determination of the K for Membrane-

bound ATPase from E, coli B in the

Presence and Absence of FPF.

~
PF was employed at 0.3 mM..

1/v is the reciprocal of the enzyme
velocity in umoles/min/mg protein_l.'
1/s is the reciprocal of the substrate

concentration in mﬁoles/liter—l.

| 7.
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of tyrosine, aspartate and TMG was inhibited by up to
60 % by 0.5 nM PF (Fig.31). At lower concentrations of
PF, the dye had less effect on transport of'TMG than
émino acids. It was also found that ™G transport
was less sensitive than aspartate transport to the
uncoupling aétiﬁn of CCCP (Fig.32). The effect of PF
on amino acid transport by E. coli B/Pr vesicles was
aiso examined.‘ Aspartate and tyrosine accumulation
by thes& vesicles were only slightly less sensitive
to PF thah in the vesicles from E. coli B (Fig.33).
Accumuléklon of aspartate by cells of E, COll B
and B/Pr were equally sensitive to PF (Fig. 34). Slnce
PF concentrations which completely blocked growth only
partlally blocked transport these experiments suggest
that while PF affects transport to some extent, inter-
ference with this-process is not likely the most impor-
tant mechanism of inhibition.
Iyrosine accumulation by cells of E. coli B-was
less sensitive to PF in the- presence of D- lactate.
A concentratlon of 0.075 mM PF produced an 83 % inhi-

bition of accumulatlon in the absence and a 54 % inhi-

bition in the presence of 20 mM D-lactate (Table 10).

These-results suggest that PF may inhibit tyrosine

accumulation in part by affecting endogenous energy

levels.



151

Fig. 31.

Effect of PF Concentration on Amino
Acid and Sugar Transport.by Membrane
Vesicles of gf coll B

Control transport rates were, in
nmoles agcumulated/min/mgLprotein;

glucose, 0.096; 'TMG, 0.064;

aspartate, 0.215, tyrosine, 0.012.

[
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Aspartate and TMG Transport: by Tt

Membrane Vesicles of. E. coli B.
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Fig.33., Effect of PF_ Concentration on Amino
Acid Transporﬁ'by Membrane Vesicles
of B, coli B/ﬁr'._

K |

Sontrol transport rates were, in

nmoles accumulated/min/mg protein;

$yrosine, 0.06; aspartate, 1.04.
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Fig. 34.

LY}

Effect of PF Concentration on

Aspaﬁ}até Transport by Whole

Cells of E. coli B and B/Pr.
i

Control transport rates were, iﬁ

nmoles accumulated/min/mg dry wt

cells; B,3.87 ; B/Pr, 2.18.

L
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By comparing.thé rates of fransport for tyrosine

‘and aspartate in B and B/Pr vesicles (Fig. 31 and 33),

it may be observed that B/Pr vesicles transport 5
times faster than B vesicles. On the other hand,
whole.cells of E. coli B transport aspartate:faster ’
than whole cells of E. coli B/Pr, (Fié. 35). This could
be due to increased stabilﬁty of the B/Pr vésicles
duriﬂg preparation or could conceivably reflect changes
in: these vesic%%s brought about as a result of the

development of PF resistance.

Discussion

We have shown that PF stimulated the rapid and
compiete loss of intracellwular AT? from-E. colil B. -
This phenomenon'has not been previously reporfed_gnd
in view of the deletdrious effects that ATP loss would
have on cell processes, it must be. considered as a |
possible mechanism of inhibition. I% has beeﬁ demon~'
strated that a 50 % loss of ATP in E. coli was sufficient
to completely inhibit DNA and RNA synthesis((193). ATP
depletiop by PF may possibly contribute té inhibitien\
of growth. '

Other inhibitors such as arsenate (128), cyanide
(231) and colicin K (193) reduce intracellular ATP

levels in E. coli. Arsenate,‘which competes with

< W
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Fig. 35. Rates of Aspartate Tfansport by ¢

Whole Cells of E. coli B and B/Pr., .
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orthdphosphate.for active-siﬁes on enzymes invblﬁed
in substrate level phosphorylation, reduced ATP 1evél§
by 95 % within 5 min of addition (128). OCyanide, a
cytochfome inhibitor, stimulated thé loss of 70 % of the
initial ATP-within 20 miﬁ (231) while the addition of
colicin K reduced ATP 1evels_b&.30 % within 3. min due
to its effects on membrane-bound ATPase {193).
PP stimulated the loss of ATP from E. coli B/Pr;
however, thié straih wég able +to maintain low levels
of ATP in the pfésence of the dye. PF had no effect
on ATP levels in cells of E. coli E/Pr metabalizing
glucose. It appears likely thét these cells can main-
tain ATP{levels by virtue of their ability to metabolizé
glucose and resynthesize ATP in the presence of FF.
We have also shown that cells of E. coli B are able to
maintain substantial‘ATPAlevels in the presence of\f?
providea that glucose metabolism is not completély
inhibited. It appears, therefore, that 1nh1b1t10n of ‘
, ehergy generation by PF may be f&AX more serious than
the direct effect oflthe dye on ATP levéls. The primary
effect of PF on metabolism may be on the ability to'
generate ATP rather than some dlrect mechanlsm of ATP

- degradation.

Some observed physiological effeéts of PF may,

however, be attributed to degradation of ATP. Amino acid .

transport into whole cells was more resistant to PF
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in the presence of D-lactate than in its absgnce. In |
the absence of an external energy source, intracellular
ATP might be expected to provide energy for transport.

As a result, transport at the expense of endogenous

energy would be more sensitive to PF. &XMG accumula-

tioﬁ was also signiézcantly iﬁhibited by concentra

tions of PF gap@ble.of deplefing ATP levels, Th;sn%s
difficult to explain in light of the fact that PEP
rather than ATP acts as the phosphate doror for «MG
accumulation (86). Toss of ATP in the presence of

“PF would like1§ produce a concomiE?nt rise in AMP levels
(11). According to Malcovati et al (148), increased

AMP levels would stimulate PKII to produce ATP from

PEP and thus PF may afféct oMG accumplation by ind%rectiy
_dep%gting PEP 1eve;s. Arsenate has been also shown to
inhibit MG accumulation indirectly by'lowefing ATP

and PEP levels (128). The“possiblilty that PF can
directly inhibiteMNG accumulation to some extent cannot

be exciﬁded,however. | '

Loss of ATP may be due to turrover as well as toa ¢ \

direct effect by PF. In the presence of iodoacetate;

a speeific glycolyt}c inhibitor, cglls lost ATP at a

much slower rate than with +PF and dia not lose all

their ATP. Inhibition of okidation bj'Cyanide iq o~ -
E. coli fésul%ed in the less of ATP at a much slowefl

“rate than we have observed with PF (231). Our resulis
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suggest that while PFwdirectly stimiilates the loss of -
ATP through hydrolysis or some other mechaniém. turn- B
over may be involved to some extent.

Studies with-DCCD and an ATPase-deficient mutant
have suggpsted that ATPase may play a fole in PF-stim- N
ulated ATP loss. Partial redudtion of ATPase activity ’ -/
by inhibition or h@?ation slowed down but did not compl?-
tely prevent loss of ATP. The ATPase from g.-gQ;; has
been studied by a number of authors (reviews 59 and 100a)

: D
and it has been implicated in the energy-linked trans-

hydrogenase reéctioﬁnkéo), oxidative phosphorylation &

%195), anaerobic growth and %ransport (282), anaerobic

DNA synthesis (155) and aercbic motility (248). A N

. 8tructural role in transpori has also been ?ropoSed

for this enzyme (203). Our results have indicated "

that PF stimulated membrane~bound ATPase actiyity by

'50 % in both E. coli B and B/Pr. PF had no effect on =

the solubiligzed enzyme suggesting that the-dye’inhibited

ATPase by binding to, and deenergizing , .the mgmbrane.
ATPase in cgll-free systems was not strongly.stimﬁ

ulated by_P%. Reduction of the level of active enzyme

in Qhole cells.by inhibition or mutation did not strong;y )

affect PF-stimulated ATP loss. Tt is possible that

ATPase plays a very minor role in the PF-gtimulated ;

ATP loss; but it is also possible that the level of

) o
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stimulationhcbserved in qépl—free systegs does not
accuratelytreflect the 1evel of stimulation in whole
cells. The presence of ATPasé Zetivity in membrane
fragments suggests tﬁ;t-these'fragments are uncoupled

\\ to some ex;ent (100&) and as such may .be less sensitive
to stimulation by PF.+ ATPase in whole cells may be
very etrongly stlmulated by the dye and as a result,

a partlal loss of enzyme activity due to 1nh1b1tlon
or mutatlon would have only a slight effect on PF-
stimulated ATP loss catalyzed by ATPase. ‘

" PF, as well as the cla551ca{‘uncouplers DNP and
CCCP, stimulated oxygen uptake by whole cells of E..c011
B. Amino acid transport into whole cells and vesicles
was also significantly inhibited by this dye. As
mentioned in Chapter 1, acridine‘dyes have bgen shown
to uncouple~oxidative“phosphorylation and deenergize'*ru
membrane; of mltochondr;\\,chloroplasts and phctpsyn-
thetic bacteria. We t%erefore propose that PF serveg\\\
‘a 51m11arbrole in' E. coli B. /,Thls hypotheé&s is Sup-
ported by the observation that PF stﬁgulated membraneu *
bound but not wolubilized ATPase. PF may stimuldte.
ATPase by blndlng to and deenergizing the- membrane.

-

however, a dlrect i?teractlon between PF and the membrane
t

3 portion of the ATPase complegx cannot be- excluded.

Uncouplers such as CCCP angd’ DNP are belleved to”

- -
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act by spec1flcally conducting protons 8cross or 1nto

'{Sblological membranes. resultlng in the dissipation of

. 53the membrane potential and the subsequent deenergiza-

tion of the membrane (100a).

~PF is not very lipid soluble and does not possess
a pKa in the neutral range (3) and would /therefore not
be expected to uncouple by conductlng protons.’ It
is possible, however, that Pr may deenergize the:mem-
brane by binding to nucleophilic sites at the expense
of energy, a process described by Massari et al (151)
and Dell'Antone et al (66),

" PF was a much less effective uncoupler of amire
acid transport than CCCP. Also, PF inhibited transport
equally in sensitive and resistant ce}ls. These results
suggest‘that the inhibition of me;brane function by
PF may not contribute 51gn1flcantly to the" bacterlo—

statlc action of this dye.
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Chapter 6
, ¢
RETATIONSHIP ‘BETWEEN‘ PF RESISTANCE'
AND ‘AﬁTIBIOTIC RESISTANCE
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RELATIONSHIP BETWEEN PF RESISTANCE AND ANTIBIOTIC
RESISTANCE

-

Introduction-

As‘was mentioned earlier, cross resistanqe between
acridines and unrelated inhibitors may be assbciated:
with a common permeability bafrier. With a view to
asses51ng the importance of permeablllty g/gnges in
PF re51stance in E. ¢coli B, cross res1stance between

r

PF and a numbgr of antlblotlcs was studied.

. Results

The PF-resistant. strain E. coli B/Pr was signifi- .

~ cantly more resistant to several antibiotics than the
parent E.-coli B, These, aﬂd-similar results-for other
PF-resistant strains, are presented in Table 11. |

All PF-res1stant strains were resistant to penicil-
lln and cephalothln but only sllghtly resistant to
ampicillin and carbenicillin. Strain“B/Pr was also
resistant to chloramphenicol and, to some eitent,
rifampicin{ however, in general, all of the strains
were equally resistant to most of the‘otheg.antibibtigs.

Fig.36 shows the effect of different concentrations
of penicillin on the growth of PF-sensitive and

-resigtant strains. Growth of the PF-gensitive strain
p

S
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. was qoﬁﬁietely.inhibitedlby 15 U/ml penicillin while ,%/"‘
~the strgin resistant tpii.o mM PF grew in penicillin
concentrations‘gf up to 150 U/ml. Resistahce to 0,10 mM
PF permitted grbwfh in up to 50 U/ml of penicillin.
Penicillin resistance in E. coli is often due ‘to
A -lactamase acﬁivity‘(45)f In order to test tﬁe impor-
taﬁce‘of these enzymes, three strains resistant to
1.0 mM PF were grown in the presence and absence of
penicillin and both-whole-tsll-and sonicated psfparations
were assayed for the presence qf‘ﬁtlactamase activity. - ¢
_Nane of the strains tested pos%essed.detectable quan-
tities of this enzyme. Sipce resistance is not due
to destruction of the antibiotic, it is likely. due
to permeability. (199).
| The frequency of cross resistance between TF and
penicillin was determined by replica'ézéting. Table 12
sho@s.tﬁat.sponianeoua resistance’to either drug was
very low. Frequénc& 6f‘resistanp§ to éither drug
‘Encreased d;;ﬁéticéllya-;ﬁwevéf, when mutants were
selected for:resisfance to the oéher drug.
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Fig, 36,

Effect of Penicillin Conéentration

© on Growth of PF-sensitive and .

-resistant E. coli B, 7~

-

Control growth was, in Aéso_units;

_ﬁﬁgfistant (1.0 mM), 0.70; Resistant

(O.ED\mM);wG@76; Sensitive, 0.80.

/
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Diécgssion'.
Ag prévio&gly stated, permeability barrierglhave.
been implicated in ?acterial resistance te acridines
(130,134,167,220,223,278). Increased or decreased . -
antibiotic resis%ance in some Gra@ nogative organisms
has.aiso'been attributed to permeability changeq. ih
particular to modifications of the lipopolysaccharide“(i&%)
moiety of the cell envelope (206,243,244,267) as well
as 1o properties of the cell membrane (181,253).
Permeability barriers may also bé iﬁvolved in cross
resistance between acridines and antibiotics (150,269).
Resistance to penicillin and related antibiotics
has been attributed to the production of ﬁtlaqtamases
by resistant organisms (52;152,198,199,22?)- /
Several kinds of‘ﬁ-lactamases have been isolated from
enteric bacteria and have been classified accofding
to their substrate specificity and sensitivity to
sulfhygryl reagehts (152,198). These enzymes are
active.against penicillin and/or cephalosporin deriv-
atives (198). The genes involved in their production
are frequently carried and ffénsfered by R factors (198). -
Intrinsic resistance involving”ohanges in cell
envelope permeability is often responsible for resis-

tance to ﬁ-lactam antibiotics., Penleillin-resistant
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Salmonella sp. (174) as well as_ampicillin-resistant

mutants of E. coli (178,160) were shown to possess .
modifications in the LPS layer of the cell envelope, '
Removal of the IPS léyer by EDTA treatment of several
enteric bacteria reduced their effective resistance
to ﬁ-lactam antibiotics (20,26?5. Strains of E..gg;i
possessing a mutation in the env A gene controlling
cell wall structure showed increased sensitivity to
penicillin (35)-“Permeability.barriers‘have also been
implicated in penicillin résistance in Ps. aeruginossa
(199,238,239). Resistance to ﬂ-lactam antibiotics in
enteric bacteria is often a result of both 5—lactamase
activity and intrinsic resistance. Individual strains
of bacterié have been classified accofding to the rel- . -
ative contribution of these two resistance mechanisms
(52,152,227) .

We have demonstrated a'cor§glation,between PF and
penicillin resistangg in E. coli. In the apparent
absence of‘ﬁ-lactaﬁése_activity, and in view of the
extensive evidence favoring permeability barriers as

the mechanism involved in acridine and antibiotic res-

| istance, we suggest that PF resistance in E. coli B/Pr
ig related %o permeability changes.in the cell envé-
lope. '

Previous work froﬁ our laboratory has suggested

that gross permeability differences to PF do not exist
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ﬁetwéén PF-sensitive'ﬁnd -resistaﬁtfstfaiﬁs (134) and
that permeability is not involved in resistance (96).
It is possible, howe#ervﬂthat subfle permeability |
cﬁangés have téken place that were‘not dgtectable in

- AN
PF binding studies. Nakamura has shown that AF-sen-

-~
.

sitive and -resistant E. gé;i K12 bind similar amounts
-of various acridihes iﬁc;uding PF (170) in spite of

the fact that AF-resistant éell membranes are lacki@g
a specific sfructural protein involved in AF uptake aﬁd
binding (171).

Some of ourlstudies havé suggested that permégbiiity
barriers, if they exist at all,.may be imposed by the
cell membrane rather than the cell wall. FF affected
ATP levels and amino aéid transport in both B and B/Pr
suggés@g that the dyeé can penetrate as far as the.
membrane in both strains. It was also shown that rates
of amino acid #ransport in B/Pr vesicigé were up to
four times faster than in B vesicles while B/Pr whole
cells: transported significantly siower,than B cells.

These results suggest that B/Pr membranes have been

.- athered in some way,‘pQSSibly due to the development

of PF resigtance. On the other hand, penicillin resis-
tance has not been shown to involve modification of

the cell membrane (87). Nakamura has alsoc shown that

£
w»

penicillin resistance is not related to AF resistance

AWt

L
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in E. coli K12 (171).

" The study of PF resistance in B/Pr has been com-
plicated by the diversity of binding sites availaﬁle
to PF(96) as well as by the energy-dependent release
of bound dye (134). As a resuit. Ge suggest fhat pen-
icillin may be useful as a probe to study PF;résistance.
It would be necessary, however, :to first demonsirate that
both PF and penicillin resistance.are controlled by
the same gene.

As was mentioned in the General Introduction,
acridine dyes have been used to treat a wide variety'
of infections and diseases. Our results suggest that
chemotheraputic use of these dyes may give :ise.to )
mutants cross resistan% to other inhibitors including
antibiotics, This phenomenbn has recently been observed

in N. gonorrhceae (150). g

N

£
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GENERAL DISCUSSION



. GENERAL DISCUSSION ™ -

RS The orlglnal aim of. thls the31s was to detexmine

the mechanism of PF 1nh1b1t10n of glucose utlllzatlon ’

il

in E. gg;;.B. We have shown that PKI, a key enzyme®in
.the regulation of glucose utilization (148), was éig— ~
nificantly\inhgbited in, vitro in an allosteric menner
ﬁy PF. InWriew of fhenébéénce of PF sensitivity in
other processes reiétgd-tolglucose utilizationl we
propose that PXI coﬁstitutés.tﬂe ggnsitive site., FKI
activity podld nét be studied in vivo, and hence it
was not possible to éetermine if PF inhibited i,
f'§$ However, it was suggested that sufficient unbound FF
would be available, when glucose utlllzatlon was blocked,
fb upset the regulation of glycolysis.
. It was previously proposed, as a working hypothesis,
that glucose metgbolism was the primary site of PF
% inhibition of E. coli B 415}) gince this process was
affected by PF in sensitive but not resistant cells.
A correlatidn was also observed between inhibition of
growth and inhibition of glucose utilization (153).
/f»aiﬂg attempt was made at that time to determiTie the PF-
sen81t1V1ty of other essentlal cell processesy The \\“\;‘

data presented here shows. that ¢he orlglnal hypothesis

wag in error. Cells grown 1n-glucose and, glycerol
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were equally sensitive to PF in spite of the fact that

glycerol gzﬂgn cells contain low levels of FKI, ThlS -
~observation suggests that PKI (and, by 1mpllcat10n,
glucose utilization) may not be the primary site of

PF inhibitaon. DNA replication was found to be more
sensitive to PF %hap glucose utilization and, if fact,
inhibition of growth could be better correlated to

- the forher than to the 1atter. ’ h

. Other PF-sensitive metabollc processes may exist
in the cell. Cells grown in acetate or succinate as
the,sole source of carbon do not require FKI for gfdwth,
yet are highly §gg§}£§%gAto PF., DNA replication could
be more sensitive to PF in these péllé due to their
iow rate of;metabolism;'howéver, it ié possible that
 other metabolic processes.such as oxidative phosphor-
_ylation or certain biosynthetic enzymes are highly
sensitive to Pf:

| Evidence has been presented to implicate PF as a
membrane uncoupler. This dye was shown to stimulate
respiratién, inhibit amino acid transport; reduce

' ATP levels and stimulate mgﬁbrane—ﬁound ATPase. In
studies involving amino acid transport _ | v
however,~PF-affécted'sensitivé and resistant cells -

in a similar fashion. It is therefore unlikely that

the effects of PF on membrane function play an import;

fﬁ
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“ant role in inhibition of'growtﬂ. A possible exception \
would be the dramatlc effect of PF on 1ntracellu1ar
ATP levels Whlch may be partly 1nd1rect ~due to blocklng
of metabolism, but which is probably partly a direct
process, at the membrane level, Losk of ATP may have
_a significant effect on other cell processes ;uch as
\\\éNA replication. 5We have.proposed' however, that ATE
’ leveié in the presenoe of PF are controlled by the
\ablllty of the celli,to metabolize glucose, and “that
- this 1étter procéss is less sensitive to PF than DNA
replication. Although the effects of PF on ATP levelg‘
in growing cells have yet to be investigated, it is
unlikely that the ATP levels would "drop sufficiently
to block DNA replication while glucose utilization
was '61:11y partially inhibited (Fig. 19).. .
It was previously thought that PF resistance in

E. coli B existed at the metabolic level and that

permeability played no role in determining’resistance
(96}. None of the PF-sensitive metabolic processes
studied in vitro,- including PkI, ATPase and active
transport, showed significant resistance to ‘PF
however, suggesting that resistancé may not occur

at the metabolic level. It was discqyered tha?.PF-

resistant cells of E. coli were cross resistant to
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a number of antibiotics including penicillin, Cross
resistance between unrelated inhibitors may-be attrib-
uted to ﬁermeaﬁility changes in the ceil envelope.
It appears likely, therefore. that PF r931stance 1n
E. lel is due to permeabllity changes resultlng 1n
exclusion of the dye from some active 51te.,‘
| At present, the nature of these permeability
changes are unknown. Modifications of "the LPSwiayer
of the cell envelope are usually responsible for \
intrinsic penicillin re51stance (160, 174 178) howeVer,

the obsérvation that PF affects-trepsport and ATP

54

~ levels in PF resistant cells suggests that the dye
penetretes to the cell membrane. Membranes from FF-
resistant cells transpor?d ub to 5 times faster than
membranes from sensitive cells and it is possible that
re81stant membranes have' become modlfled in structure
and/or functlon as a result of the development of PF

re51stance.
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