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PREFACE

Clinical isolates of Acinetobacter often exhibit resistance to many antibiotics,' including the
aminoglycosides and chloramphenicol. Yet very little is known about this resistance at the
molecular level. A strain of Acinetobacter baumannii (strain SAK) was isolated from a
tracheal aspirate; it is resistant to gentamicin, tobfamycin, netilmicin, streptomycin,

chloramphenicol and suphamethoxazole.

This study examines the nature of the resistance to gentamicin, tobramycin and
chloramphenicol at three levels: the biochemical mechanism of resistance, the location of

the resistance genes, and the expression and regulation of these genes.

Two aminoglycoside resistance genes, and a chloramphenicol resistance gene have been
identified in strain SAK. The aminoglycoside resistance genes, aadB and aacC, encode
AAD(2") and AAC(3), respectively. Both of the enzymes have activity against gentamicin

and tobramycin.

DNA:DNA hybridization with specific DNA probes indicates that the gaadB gene is in-the

chromosome, whereas the aacC and cat genes have a plasmid and a chromosomal locus.

Each of these genes was cloned and expressed in E.coli. Interestingly, although the aadB
gene is functional in E.coli, RNA studies indicate that it is not expressed in strain SAK.
Only aacC gene transcripts were detected in this strain. Thus, strain SAK contains a

seemingly redundant aadB gene.

DNA sequencing data show that the aadB gene is part of a Tn2/-like transposon; similarly,
the car gene is also part of a transposon which may be identical to Tn2670. In a limited
study, it was not possible to activate the aadB gene in strain SAK. There is DNA
sequencing evidence to suggest that the aacC gene‘may be linked to an IS, and that it may

have a catabolite sensitive promoter.
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ABBREVIATIONS

AAC . .aminoglycoside acetyltransferase

AACQ3) aminoglycoside 3-N-acetyltransferase

aacC - gene encoding 3-N-acetyltransferase

AAD aminoglycoside adenylyltransferase also
called aminoglycoside nucleotidyltransferase (ANT)

AAD2") aminoglycoside 2"-0O-adenylyltransferase

aadB gene encoding
2"-0O-adenylyltransferase

AME aminoglycoside modifying enzyme

APH aminoglycoside phosphotransferase

ATP adenosine-5'-triphosphate

bp base pair '

cAMP cyclic adenosine monophosphate

CAP catabolite activator protein

CAT chloramphenicol acetyltransferase

car gene encoding CAT activity

CoA acetyl coenzyme A

cpm counts/minute

DEPC diethylpyrocarbonate

DNAasel deoxyribonuclease 1

EDTA ethylenediaminetetra-acetic acid

IPTG isopropyl-B-D-galactopyranoside

IR inverted repeat

IS insertion sequence

kb kilobase

kDal kilodalton

Km Michaelis-Menten constant

mg milligram ,

MIC minimum inhibitory concentration

ml millilitre

MOPS morpholino-propane sulphonic acid

mRNA messenger RNA



ORF open reading frame

PEG polyethelene glycol

SDS sodium dodecyl sulphate
TLC thin layer chromatography
Tn transposon

u (prefix) micro (10°6)

X-gal 5-bromo-4-chloro-3indolyl

B-galactoside
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CHAPTER 1

GENERAL INTRODUCTION

"I saw living a great number of minute animalcules, some thousands, indeed, in a drop
of water. 1 then poured some of this water into a porcelain teacup, adding a quantity
of coarsely pounded pepper, and 1 stirred the pepper in the water to discover whether
the said animalcules would keep alive in the peppery water, or whether they should
die.”

Antoni Van Leeuwenhoek.

A. AIM OF THIS WORK

Although we have replaced the pepper of Van Leeuwenhoek with a myriad of
antibacterial agents, the question remains the same: will the bacteria succumb, or will
they survive? As indicated by Greenwood (1989a), it was predicted that antibiotics
would bring about the disappearance of bacterial infections but regrettably this has not
proved to be the case. Resistance mechanisms exist to all classes of antimicrobial
agents currently in clinical use. In many cases the incidence of resistance is related to
antibiotic usage (Levy, 1982; McGowan, 1983; Saunders, 1984). Furthermore, the
use of antibiotics in the hospital environment has contributed to the emergence of
opportunistic pathogens such as Acinetobacter (Finland, 1970; McGowan, 1983;
Rowe & Threlfall, 1984; Mayer & Zinner, 1985). The multiple antibiotic resistance
of Acinetobacter has often presented a formidable problem to the physician prescribing
antibiotic therapy (Murray & Moellering, 1979; Bergogne-Berezin, 1985;
Joly-Guillou et al, 1987; Peacock et al, 1988). Although the problem of multi-
resistant Acinetobacter is recognised, little is known about this resistance at the
molecular level. In part, this has been due to the difficulties encountered in locating
these genes in this organism (Vivian et al, 1981; Chopade et al, 1985). The work
described in this dissertation focuses on the identification, genetic location, expression
and regulation of the genes responsible for resistance to the aminoglycoside antibiotics

and chloramphenicol in a clinical isolate of Acinetobacter.



B. THE GENUS ACINETOBACTER

B.1. Bacteriology

Acinetobacter species are aerobic, Gram-negative organisms which are rod shaped
during exponential growth, but become almost spherical in the stationary phase
(Baumann et al, 1968). Thus, they are often described as cocco-bacilli (Juni, 1978).
" They characteristically occur in pairs, although some chain formation has been
observed (Béumann et al, 1968). Acinetobacter species are non-spore forming and
non-flagellated, but are said to show "twitching" movement due to the presence of
fimbriae (Baumann et al, 1968). Most strains grow well at 37°C (Bouvet & Grimont,
1986). All strains are catalase positive, and indole and oxidase negative. Some strains
are able to form acid from glucose oxidatively, while others are not (Baumann et al,

1968; Bouvet & Grimont, 1986).

B.2. Taxonomy

The classification of Acinetobacter has proved problematic for the taxonomists.
Although members of the genus have been studied for many years, it was not clear
until relatively recently that strains called Bacterium anitratum, Herellea vaginicola,
Mima polymorpha, Moraxella glucolytica, Moraxella Iwoffii, Micrococcus cerificans,
Diplococcus mucosus and Achromobactgr were all the same organism (Juni, 1978).
Another name was added to the list when the generic name, Aciretobacter, was first
introduced by Brisou & Prevot to differentiate the non-motile members of the genus

Achromobacter from the motile members (Juni, 1984).

Largely due tb the studies of Baumann et al (1968), many of the taxonomic problems
were clarified. Organisms previously placed in a variety of genera were shown to be
related and could, therefore, be classified in a single genus which they proposed
should be called Acinetobacter. Acinetobacter calcoaceticus was proposed as the type
species, and the epithet anitrarum was suggested as a synonym or a variety. Baumann
et al (1968) also proposed that two other species, A.lwoffii and A.haemolysans, and

one sub-species, A.haemolysans haemolyticus, be recognised. Only one species,



however, is described in Bergy's Manual of Systematic Bacteriology, namely,
Acintobacter calcoaceticus (Juni, 1984). Medical microbiologists have not always
supported the single species notion; two variants of the type species are frequently
described in the literature: var gnitratus (forms acid from glucose oxidatively) and var

lwoffii which does not oxidize glucose [see 1.B.4].

The heterogeneity of the genus Acinetobacter is no longer in question. Bouvet and
Grimont (1986) have studied the DNA relatedness, in parallel with the biochemical
reactions of many' Acinetobacter strains. As a result of their study, the genus
Acinetobacter has been delineated into a number of species: A.calcoaceticus,
A.baumannii, A.lwoffii, A.haemolyticus, A.junnii and A.johnsonnii. Clinical isolates
have been identified to any of the species, although the predominant strain in hospital

outbreaks has been A.baumannii.

B.3. Natural habitat and human carriage

Acinetobacter species are ubiquitous in nature. They have been isolated from soil and
water (Baumann, 1968), and in addition,‘ they are part of the normal flora of the skin,
conjunctiva, nose and pharynx of healthy adults (Taplin ef al, 1963; Pederson et al,

1970; Al-Khoja & Darrell, 1979).

B.4. Acinetobacter infections

Infections with  Acinetobacter commonly occur in hospitals, with the
immunocompromised patient, and those patients receiving intensive care, being most
at risk of infection with this organism (Altman & Sacks, 1979; | Bergogne-Berezin
et al, 1987; Peacock et al, 1988). There have been reports of Acinetobacter causing
meningitis (Ghoneim & Halaka, 1980; Allen & Green, 1982; Buisson et al, 1990);
respiratory tract infections (Buxton er al, 1979; Sherertz & Sullivan, 1985; ‘Buisson
et al, 1990); pneumonia (Allen & Green, 1987); septicaemia (Ramphal & Kluge,
1979; Allen & Green, 1982; Sherertz & Sullivan, 1985; Peacock et al, 1988, Buisson
et al, 1990); urinary tract infections (French e al, 1980; Sherertz & Sullivan, 1985;



Buisson et al, 1990) and skin and wound infections (Sherertz & Sullivan, 1985; Allen
& Green, 1987; Buisson et al, 1990).

The epidemiology of this organism has not been clearly established, although
outbreaks of nosocomial infections have been associated with room humidifiers (Smith
& Massanari, 1977); respirometers (Cunha er al, 1980), angiography catheters
(Shawker eral, 1974) and a contaminated water bath used to warm bottles of
peritoneal dialysis fluid (Abrutyn et al, 1978). In one instance, foam mattresses were
implicated in an outbreak in a burns unit (Sherertz & Sullivan, 1985). Cross infection
via the hands of medical and nursing staff has been suggested as a possible route of
transmission (Buxton et al, 1978; French et al, 1980). In this respect, Ayliffe et al
(1988) have shown that var anitratus survived hand disinfection better than most
Gram-negative bacilli. In another study carried out by Musa et al (1990), var
anitratus survived better on the finger tips than did var Iwoffii. This is a possible
explanation as to why var anitratus is more frequently implicated in hospital outbreaks
(Musa et al, 1990). Although Acinetobacter is usually found in moist areas, there is
one report in which spread of the infection was shown to be air borne (Allen & Green,

1987).

A seasonal pattern of infections caused by Acinetobacter has been described. While
reviewing nosocomial infections ’reported to The Centres for Disease Control, Atlanta,
Georgia, USA, Retailliau ez al (1979) observed that the rate of Acinetobacter infection
was twice as high in late summer as in the late winter. A seasonal pattern at the
Middlesex Hospital, London, U.K. has been reported by Holton (1982). In this case

there were more isolates in autumn and winter.

Although Acinetobacter infections are usually associated with hospitalized patients
there are reports of community acquired pneumonia (Rudin et al, 1979) and urinary

tract infections (Hoffmann et al, 1982).



C. THE AMINOGLYCOSIDE ANTIBIOTICS

C.1. Structure and site of action

The aminoglycoside aminocyclitol antibiotics comprise a large family of antimicrobial
agents which are used primarily for serious, often life-threatening, Gram-negative
infections. They can be divided into two main groups on the basis of whether they
contain streptidine or 2-deoxystreptamine (Davies & Smith, 1978; Foster, 1983).
Streptomycin 1s the only member of the streptidine containing group that is of any
’clinical‘importance. Within the 2-deoxystreptamine group, there are two sub-classes.
In one of these sub-classes, which includes neomycin, the 2-deoxystreptomine ring is
substituted at positions 4 and 5 (Davies & Smith, 1978; Foster, 1983). The other
group, which is clinically more important, has substitutions at positions 4 and 6
(Davies & Smith, 1978; Foster, 1983). This group includes gentamicin, tobramycin,
netilmicin, kanamycin and amikacin. This study focuses on resistance to gentamicin
~and tobramycin.  All of the aminoglycosides, irrespective of their structural
classification, inhibit protein synthesis by binding to the ribosome (Tai & Davies,

1985).

C.2. Resistance to the aminoglycosides

Resistance to the aminoglycosides can be divided into three categories: 1) alteration of
the antibiotic target site; 2) diminished uptake of the aminoglycoside by the bacterial
cell; and 3) inactivation of the aminoglycoside by aminoglycoside modifying enzymes
(AMEs) (Davies & Smith, 1978; Phillips & Shannon, 1984). Most clinically
significant resistance to the aminoglycosides is due to AME activity (Davies & Smith,

1978; Phillips & Shannon, 1984).



C.3. Aminoglycoside modifying enzymes

C.3.a. Classification of aminoglycoside modifying enzymes

Three classes of AME have been described (Davies and Smith, 1978; Foster, 1983;
Phillips & Shannon, 1984). They are classified according to their mechanism of

substrate modification.

1. Acetyltransferases (AAC), which use CoA as a co-substrate to catalyze the
acetylation of the susceptible amino groups on the aminoglycoside. The
acetyltransferases identified thus far only modify the 2-deoxystreptamine
containing antibiotics. They comprise AAC(3) which acts at the 3 position on
the 2-deoxystreptamine ring, AAC(2') and AAC(6’) which act at tﬁe 2' and 6'

position on the amino sugar, respectively (Davies & Smith, 1978).

Isoenzymes that possess different substrate profiles may exist for a given enzyme

activity (Davis & Smith, 1978; Foster, 1983; Phillips & Shannon, 1984).

2. Adenylyltransferases (AAD) use ATP as a co-substrate to catalyse the
adenylylation of susceptible hydroxyl groups. These, too, are classified
according to the site they modify on the aminoglycoside molecule. Two
members of this group have activity against the deoxystreptamine containing
antibiotics: AAD(2") and AAD(4'). AAD(2") is the only member of the group
that has activity against gentamicin. AAD(4') has been identified recently in
Gram-negative organisms and has activity against tobramycin and amikacin but

not gentamicin (Kettner et al, 1989; Jacoby et al, 1990).

3.  The phosphorylases (APH) use ATP as a co-substrate to modify hydroxyl groups
on the aminoglycoside molecule. A number of phosphorylases have been
described, but only APH(3") modifies 2-deoxystreptamine containing antibiotics,
and then only those compounds that contain a 3'-OH group, namely, neomycin,

kanamycin and amikacin (Bongaerts & Vliegenthart, 1988).



Some of the enzymes and their substrate profiles are shown in Table 1. It is
clear from Table I that an antibiotic can be inactivated by more than one enzyme

and that each enzyme can modify more than one antibiotic.

TABLE I

EXAMPLES OF AMINOGLYCOSIDE MODIFYING ENZYMES THAT
HAVE BEEN IDENTIFIED IN GRAM-NEGATIVE BACTERIA'?

Enzyme Usual Substrate®

Acetyltransferases

2' - acetyltransferase [AAC(2")] Gentamicin

3 - acetyltransferase [AAC(3)] Gentamicin, tobramycin,
netilmicin, kanamycin,
neomycin

6' - acetyltransferase [AAC(6")] Tobramycin, amikacin,

kanamycin, neomycin

Adenylyltransferases

2" - adenylyltransferase [AAD(2")] Gentamicin, tobramycin,
kanamycin

4' - adenylyltransferase [AAD(4")] Tobramycin, amikacin,
kanamycin, neomycin

Phosphorylases

3' - phosphorylase [APH(3")] Kanamycin, neomycin,

amikacin

@) Enzymes that have activity against the streptidine group of antibiotics
have been excluded from this list.

(®)  These vary with the isozymic form of the enzyme.




C.3.b.i. Assays for aminoglycoside modifying enzymes

Several assays for AMEs have been described (Davies, 1980), but a general outline of
only the radio-enzyme assay will be described here. This assay, also known as the
phosphocellulose binding assay (Ozanne et al, 1969) takes advantage of the fact that
aminoglycosides are positively charged and have a high affinity for ion exchange paper
such as phosphocellulose (Davies & Smith, 1978). It can be used for all AMEs by
measuring the transfer of radio-label from the co-substrate to the antibiotic, and
measuring the amount of radio-activity bound to the aminoglycoside which in turn is
bound to the phosphocellulose paper (Davis & Smith, 1978). An enzyme is identified

by its co-substrate requirement and aminoglycoside substrate specificity.

C.3.b.ii. Limitations of the enzyme assay

A major limitation of this assay is that it is dependent on an enzyme being produced in
detectable amounts. Extremely low yields can hinder the detection of enzymes
(Williams & Northrop, 1976). Tenover et al (1984) were unable to detect AAD(2")
activity in Providencia stuartii and Proteus mirabilis, however, the gene encoding this
enzyme was detected with a DNA probe specific for the AAD(2") structural gene,
aadB. A similar finding has been reported by Gootz et al (1985) in Pseudomonas

aeruginosa.

A further disadvantage is that the definitive identification of an enzyme can be
complicated when a resistant strain contains two or more enzymes which use the séme
co-substrate (Davies & Smith, 1978), or different mechanisms of substrate
modification, but share similar substrate profiles (Coombe & George, 1981; Shimizu
et al, 1985). Nevertheless, enzyme assays have identified a number of enzymes with
activity against the aminoglycoside antibiotics in Acinetobacter and these are listed in

Table II.



TABLE I

AMINOGLYCOSIDE MODIFYING ENZYMES THAT HAVE BEEN
IDENTIFIED IN ACINETOBACTER spp.

Enzyme Reference

AAC(2") Dowding (1979)

AAC)I Murray & Moellering (1980);
Bergogne-Berezin et al (1980).
Gomez-Lus et al (1980);
Devaud et al (1982);
Van de Klundert (1984);
Phillips er al (1986);
Lovering et al (1988.

AAC(6") Shannon et al (1978);
: Murray & Moellering (1979);
Krcemery et al (1985);
Phillips er al (1986);
Lovering et al (1988).

AAD@2") Murray & Moellering (1980).
Phillips et al (1986);

AAD (3"(9) Shannon et al (1978);
Gomez-Lus et al (1980);
Murray & Moellering (1980);
Shimizu er al (1981);
Devaud et al (1982);
Goldstein er al (1983).

APH(3")I Gomez-Lus et al (1980);
Bergogne-Berezin et al (1980);
Devaud et al (1982);

Goldstein et al (1983).
Divers et al (1985).
APH (3HII Murray & Moellering (1979);
APH(3)HIIT Murray & Moellering (1980).
APH(3")VI Lambert er al (1988).
APH 3")or (6) Shannon et al (1978).

APH (3") Elisha & Steyn (1989).




C.3.c. The role of aminoglycoside modifying enzymes in bacterial resistance

To understand how AMEs effect bacterial resistance it will be necessary to give a
simple description of the uptake of aminoglycosides. Aminoglycosides enter the
bacterial cell in three phases: an initial binding of the antibiotic to the cells, which is
followed by two energy dependent phases, called energy dependent phase I (EDPI),
and energy dependent phase II (EDPII) (Bryan & Van Den Elzen, 1977; Dickie e al,
1978; Taber et al, 1987).  Once across the cytoplasmic membrane (EDPI), the
aminoglycoside interacts with the ribosomes. This results in a dramatic increase in the
rate of antibiotic uptake (EDPII) which leads to the death of the cell. AMEs effect
resistance by covalently modifying the aminoglycoside, thereby reducing its affinity
for the ribosomes (Benveniste & Davis, 1973). Since the accelerated rate of
aminoglycoside uptake (EDPII) needed for killing is dependent on an interaction
between the antibiotic and the ribosome, and since the modified aminoglycoside is
unable to bind to the ribosome, aminoglycoside uptake remains depressed in bacteria

that contain AME activity, and the cells survive (Kagan & Davies, 1980).

It is important to note that although these enzymes modify the antibiotic, they do not
protect the bacterial cell by destroying the aminoglycoside in the surrounding medium;
only the drug that enters the cell is modified (Davies, 1986). This is in contrast to the
B-lactamases and chloramphenicol acetyltransferase where modified antibiotic can be

found in the culture medium (Davies, 1986).

C.3.d. Location of the aminoglycoside modifying enzymes in the bacterial cell
All the evidence indicates that the AMEs are located in the cytoplasm, and are
probably associated with the cytoplasmic membrane of the cell, where they would be

accessible to ATP and CoA (Dickie et al, 1978).
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