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CHAPTER 1

GENERAL INTRODUCTION

Haemophilus influenzae (H. influenzae) Is a Gram-negative micro-organism responsible for
a large variety of invasive and non-invasive diseases in developed and developing
countries. H. influenzae is a major pathogen in childhood merningitis, bacteraemia, pneu-
monia, epiglottitis, septic arthritis, cellulitis, ofitis media, sinusitis and other infections [a].
The major virulence determinant in H. influenzae is the production of capsular poly-
saccharide of type b [4, 5). The recent development of conjugate vaccines, which contain
a combination of polysaccharide capsule and carrier proteins such as diphtheria toxoid,
tetanus toxoid, a variant of diphtheria toxin or outer membrane protein from meningococe
has cpened the perspective for future prevention of invasive H. influenzae diseases [2].
The development of a human vaccine against unencapsulated H. influenzae, which is a
major cause of ofitis media, sinusitis, pneumonia and chronic respiratory tract infections,
is still in an experimental phase [1, 6). It will certainly take many years before effective
vaccines against non-typeable H. influenzae have been developed. Meanwhile an ade-
quate antibiotic treatment of both invasive and non-invasive infections by H. influenzae
remains of paramount importance in order to decrease the considerable morbidity and
mortality.

In the early 1970s the treatment of choice for infections caused by H. influenzae was
ampicillin. However, in the last two decades a significant increase has been noted in the
prevalence of resistance in H. influenzae to ampicilin and many other antibiotics. Similar
increases in the prevalence of antibiotic resistance have been documented in a still
growing number of other micre-organisms. Resistance to antimicrobial agents has
becorne a global problem with a major impact on the health care in developed and
developing countries. Understanding of the epidemiclogy, the mechanisms of resistance
and the molecular basis of antibiotic resistance may contribute to develop strategies
intended to reduce or contain antibiotic resistance.
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1.1 AIMS OF THE STUDIES

The studies presented in this thesis were undertaken to investigate the clinical Impor-
tance, the dissemination, the biochemical mechanism(s) and the molecular basis of
resistance to selected antibictics in H. influenzae.

Chapter 2 gives a general view of the basis of antibiotic resistance in micro-organisms.
The epidemiclogy, the molecular basis and the biochemical mechanisms of antibiotic
resistance in bacteria are summarized. Subsequently, strategies which may result in a
reduction of antibiotic resistance are discussed.

Chapter 3 describes the mode of action, the clinical indications and the currently docu-
mented mechanisms of resistance to trimethoprim.

Chapter 4 briefly describes the clinical importance and the different types of infection
caused by encapsulated and unencapsulated H. influenzae. The problems with in vitro
susceptibility testing are discussed in relation to the usefulness of specific antibiotics in
the treatment of H. influenzae infections. Subsequently, the epidemiclogy, mechanisms of
resistance and molecular basis of resistance to major antibiotics are reviewed., The
consequences of the increase in antibiotic resistance for the therapy of invasive infections
such as meningitis and non-invasive infections including ofitis media will be discussed,

Chapters 5, 6 and 7 describe studies on the mechanism and genetic basis of resistance
to trimethoprim in H. influenzae. The choice of trimethoprim was determined by the
importance of this antibiotic in the treatment of infections caused by unencapsulated
H. influenzae. At the onset of these studies the following questions were formulated:

1. Is it possible to perform accurate MIC determinations on thymidine free media to
detect trimethoprim-resistant H. influenzae?

2. If trimethoprim-resistant isolates are detected, what is the level of resistance?

3. Is it possible to transfer resistance by means of conjugation or transformation and
is the resistance marker chromosomally or plasmid-sencoded?

4. Is it possible to clone the gene encoding trimethoprim resistance in a plasmid and
transform this plasmid in a trimethoprim-susceptible Escherichia coli resulting in
the expression of trimethoprim resistance?
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5. What is the mechanism of resistance to trimethoprim in H. influenzae?
6. What is the molecular basis of resistance to trimethoprim in H. influenzae?

The questions 1 until 4 are addressed in chapter 5. The data presented in this chapter
demonstrate, that trimethoprim-resistant H. influenzae strains were detected with MICs
varying from 10 to > 200 pg/ml. Trimethoprim resistance could be transferred by conjuga-
tion and transformation. The mechanism of transfer is shown to be not plasmid-mediated,
but chromosomally encoded. The gene encoding trimethoprim resistance in H. influenzae
is cloned and the recombinant plasmid transduced and expressed in £. cofi. By the use
of an intragenic probe it is shown, that the gene encoding trimethoprim resistance in
H. influenzae has no significant homology with trimethoprim resistance encoding genes in
different Gram-negative micro-ocrganisms. A preliminary characterization of the mechanism
of trimethoprim resistance indicates, that this is caused by overproduction of dihydrofolate
reductase in the trimethoprim-resistant strains.

Chapter 6 describes into more detail the mechanismi of resistance to trimethoprim in
H. influenzae. Dihydrofolate reductases from isogenic trimethoprim-resistant and -suscep-
tible H. influenzae strains are highly purified by geliltration and dye-ligand chromato-
graphy. Characterization of the purified proteins by gel-electrophoresis, iscelectric fo-
cusing, Michaelis-Menten kinetics and peptide mapping indicates, that trimethoprim
resistance in H. influenzae is a result from overproduction of structurally altered dihydrofo-
late reductase(s).

Chapter 7 describes further studies on the molecular basis of resistance to trimsthoprim
(see question 6 above). The gene encoding trimethoprim resistance is subcloned. A DNA
fragment of approximately 1.8-kilobase, which still encodes resistance to trimethaprim, is
sequenced. Analysis of the DNA sequence indicates the presence of an open reading
frame (ORF) with 480 nucleotides. This gene encodes a protein with a predicted molecu-
lar mass of 17.760 kDa. The deduced amino acid sequence shows significant homology
with several prokaryotic and eukaryotic DHFRs. The putative promoter sequences and
ribosome binding site are very similar to those in E. cofi clinical and laboratory strains,
which overproduce dihydrofolate reductase. The nuclectide sequence 5° of the DHFR
gene contains a second 561 basepair ORF on the complementary strand, which is
transcribed in the opposite direction. The deduced protein has 62.9% identity with the
N-terminal sequence of the E. coli proB gene encoding y-glutamyl-kinase. This gene is
preceded by promoter sequences and a potential ribosome binding site.
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Chapter 8 describes the genetic relatedness of multiple antibiotic resistance determinants
in H. influenzae isolates fromn different geographic regions in Spain. These isolates are
resistant to ampicillin, chloramphenicol, kanamycin, streptomycin, sulfamethoxazole, and
trimethoprim. The mechanism of plasmid-mediated resistance to ampicilin, chlorampheni-
col and kanamycin is characterized. By the use of the intragenic probe mentioned in
Chapter 5 it is shown, that resistance to trimethoprim in these strains is chromosomally
encoded. Restriction endonuclease digestion of plasmid DNA from 10 multiple antibiotic-
resistant H. infiienzae strains was performed with a variety of restriction enzymes. Several
restriction pafterns could be distinguished. Southern blots of plasmid DNA using three
antimicrobtal resistance probes also revealed different patterns of hybridization. The
results of this study indicate, that multiple antibiotic-resistant H. influenzae do not arise
from a single c¢lone. One may conclude, that both plasmid and chromosomal resistance
evolved independently from several sources.

Chapter 9 summarizes the results of the studies presented in Chapters 5 until 8 and
discusses the data in relation to those reported in the literature.
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CHAPTER 2

THE BASIS OF ANTIBIOTIC RESISTANCE
IN MICRO-ORGANISMS

21 THE EPIDEMIOLOGY OF ANTIMICROBIAL RESISTANCE

The emergence of resistance to commonly used antimicrobial agents has become a
major problem in both developed and developing nations [7, 12, 21, 24]. Studies of the
prevalence of antibiotic resistance in hospital micro-crganisms have been complicated by
methodological problems. These include the lack of a uniform definition of resistance,
selection biases or insufficient control of confounding variables [20]. The increasing
prevalence of antimicrobial resistance in hospital micro-organisms has been aftributed to
(1) changes in the relative frequency of "resistant bacteria” such as Pseudomonas or
Serratia, (2} increased numbers of immunocompromised patients, (3) the introduction of
new procedures and techniques such as invasive monitoring, {4) changes in inherent
characteristics of micro-organisms and (5) variation in the practices of antibiotic usage [20,
21). Some studies did not show uniform increases in the prevalence of resistance during
the last decade [1]. However, the Task Force 2 of the NIH study on antibiotic use and
antibiotic resistance worldwide documented an increase in resistance to "newer" antibiotics
including gentamicin, methicillin and trimethoprim [24]. Resistance to trimethoprim, which is
the major subject of chapters 3, 5, 6 and 7 in this thesis, has substantially increased in
Enterobacteriaceae, Salmonella and Shigella isolates [24]. The clinical importance of the
emergence of antibiotic-resistant micro-organisms may be illustrated by the fact, that
infections by resistant bacteria are more likely to be associated with prolonged illness,
frequent hospitalization, prolonged hospitalization and a higher death rate [12].
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2.2 FACTORS ASSOCIATED WITH AN INCREASE IN ANTIMICROBIAL
RESISTANCE

There is general agreement among experts, that the increase in antimicrobial resistance in
hospital micro-organisms is related to the administration of antibiotics [29]. McGowan has
published seven lines of evidence to support a linkage between hospital usage of
antibiotics and the emergence of antimicrobial resistance (Table 2.1} [21]. However, the
author also points to the fact, that this relation is not a universal phenomenon, but is
applicable to specific drugs, micro-organisms and hospital environments [211. The
emergence of antibiotic-resistant hospital bacteria is determined by several additional
factors including selection of resistant strains in treated individuals, the mechanism of
transfer of resistance and the routes of transmission for bacteria and their resistance
factors. The introduction of subtherapeutic amounts of antibiotics to animal feeds for the
purpose of growth promotion has raised major concern because of the selection of multi-
resistant micro-organisms [13, 26]. Holmberg et al. have shown, that the development of
severe infections with drug-resistant Salmonella newport was associated with prior use of
antibiotics, which constituted selective pressure for the growth of resistant micro-orga-
nisms [10l. Animal to man transmission of antibiotic-resistant Safmonella has been

Table 2.1 Evidence supporting a linkage between antiblotic resistance and use of antiblotics [21].

A. Resistance is more prevalent in bacterial strains causing hospital infection, than in micro-
organisms from community-acquired cases.

B. During outbreaks patients with resistant strains are more likely to have received prior antibiotic
therapy than are controls.

C. Changes in the use of antibiotics lead to changes in prevalence of antibiotic resistance.

D. Hospital areas such as intensive care units with highest usage of antibiotics have the highest
prevalence of resistant bacteria,

E. Increasing duration of exposure to antibictics in the hospital is associated with increasing
likelihood of colonization or infections with resistant micro-organisms.

F. Increasing dosage of antibiotics leads to greater likelihood of superinfections or colonization with
resistant micro-organisms.

G. A biologic model can be preposed to explain the relationship between the proposed cause and
effect.
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identified in 38 outbreaks investigated by the Centers for Disease Control between 1971
and 1983 [11]. The case fatality rate for patients with multi-resistant Safmoneffa was 21
times higher than the case fatality rate associated with susceptible micro-organisms [11].
Bacteria such as Escherichia coli may also rapidly spread from an animal reservoir to the
intestinal tract of humans and other animals in the absence of antibictic selection [18].
Gastrointestinal colonization with these straine may persist for several months. The
importance of transfer of antibiotic resistance genes from animal sources to humans may
also be illustrated by the similarity of genetic determinants of resistance. An example is
the homology between the genes encoding ROB-1 g-lactamase in Haemophilus influenzae
{H. influenzae) strains (only found in humans} and in porcine Haemophilus pleuropneu-
moniae isolates and bovine and porcine Pasteurella strains [15].

23 MOLECULAR BASIS OF ANTIBIOTIC RESISTANCE

The six major genetic mechanisms of resistance to antibiotics are: (1) intrinsic resistance,
(2) chromosomal mutation, (3} plasmid-mediated, (4) transposon-mediated, (5) integron-
mediated and (6} tolerance.

Intrinsic resistance.

Intrinsic resistance indicates the natural resistance to antibiotics, that a majority of bacteria
possess to certain antibiotics. This type of resistance may be caused by the presence of
a permeability barrier for the antibiotic as has been shown in aminoglycoside-resistant
anaerobes. Alternatively intrinsic resistance may be due to an insensitive target site or the
induction of repressed genes in the presence of antibictics. An example of this latter

mechanism is the production of chromosomally encoded inducible g-lactamases in
Klebsiella.

Chromosomal mutation

Chromosomal mutations are changes in the DNA sequence of bacterial chromosomes
resulting in the synthesis of altered proteins or other molecules, Mutations may also lead
to changes in the amount of protein formed. Mutations have been detected in a large
variety of genes including those encoding penicillin-binding proteins, RNA polymerase,
DNA gyrase, ribosomal proteins and bacterial energy generating systems. -Mutations in
these geres may lead to resistance to specific antibiotics. Often these mutations are
associated with a decrease in virulence. Antibictics commonly provide the selection
pressure for generation of these mutants.



22 Chapter 2

Plasmids

Plasmids are extrachromosomal circular pieces of DNA, that replicate independently of the
host cell chromosome. Resistance plasmids are found in a wide variety of micro-orga-
nisms. They may be classified according to their capacity to coexist in the same host in a
large number of incompatibility groups. The plasmid genome can encode a variety of
proteins important in replication, fertility, resistance to antibiotics, toxic metals or bacteric-
phages, cell adhesion, virulence or other factors. Plasmid DNA may be rapidiy transmitted
between micro-organisms of the same species or different species by means of conjuga-
tion and transformation (see section 2.4).

Transposons

Transposons are linear DNA sequences ranging from 2.5 to 23-kb capable of transferring
from one DNA molecule to another. Transposons differ from plasmids in two important
ways: 1) they cannot replicate independently and must therefore be contained as part of
a plasmid, bacteriophage of host chromosome and 2) transposons do not require
extensive homology in order to insert into a target DNA sequence. Transposons always
contain at their ends inverted or direct terminal repeats or short target site duplications.
Some of these inverted sequences (inserion sequences) are capable of independent
movement. The molecular mechanisms of transposon-mediated transfer of drug resistance
genes and the implications for the spread of drug resistance genes throughout bacterial
populations have been reviewed by Lupski [18].

Integrons

Recently a novel family of potentially mobile elements has been described within some
bacterial chromosomes [28]. These elements called “integrons" lack inverted or direct
terminal repeats at their ends, whereas their genome does not encode the proteins
necessary for transposition. Integrons are characterized by the presence of site-specific
integration functions. They are able to acquire various antibiotic resistance genes and
express these genes by supplying the promoter [28]. Integron elements have been shown
to encode trimethoprim-resistant dihydrofolate reductases and sulfonamide-resistant
dihydropteroate synthetases [28).

Tolerance

Tolerance is defined as a larger than 32 fold ratio between the minimal bactericidal
concentration (MBC) and the minimal inhibitory concentration {MIC). This type of resis-
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tance is characterized by the inhibition of growth of micro-organisms in the absence of
lysis. Tolerance is mainly detected in Gram-positive micro-organisms such as Staphyio-
coccus aureus and may be due to a defect in autolysins. The dlinical importance of this
type of resistance is not yet well established.

2.4 GENETIC TRANSFER OF ANTIBIOTIC RESISTANCE

Four different ways of gene transfer from one micro-organism to another have been
described. These are conjugation, transformation, transduction and transposition.

Conjugation

Conjugation is a process whereby DNA is transferred by cell to cell contact from a donor
micro-organism to a recipient. Antibiotic resistance genes are frequently encoded by
conjugative plasmids or self-transmissable transposons. Conjugative plasmids are wide-
spread in Gram-positive and Gram-negative micro-organisms and may rapidly disseminate
between different bacterfal species. The mechanisms of plasmid-determined resistance to
antimicrobial agents have been reviewed by Davies and Smith [6]. Experimental data on
conjugation as a method of transferring trimethoprim resistance genes in H. influenzae
are described in Chapter 5 of this thesis.

Transformation

Transformation is a process, whereby DNA from a donor micro-organism is taken up by a
recipient and incorporated Into its genome. Micro-organisms such as H. influenzae are
only able to internalize homologous DNA, whereas other bacteria are also capable of
transformation by heterologous DNA. Transformation is a very efficient mechanism of
transfer of antibictic resistance in H. influenzae. This is illustrated by experiments des-
cribed in chapters 5 and 8.

Transduction

Transduction is the process whereby genes are transferred through bacteriophages.
Bacteriophages are small viruses, which replicate as obligate intracellular parasites in
bacteria. Donor and recipient micro-organisms need to express phage-specific cell surface
receptors in order to be able to transfer bacteriophage DNA. Transduction plays an
important role in the transmission of resistance in Staphylococcus aureus and Sirepio-
coccus pyogenes,
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Transpeosition

Transposition is the mechanism by which transposons may transfer genes between
conjugative and non-conjugative plasmids and chromosomes (see also section 2.3).

25 BIOCHEMICAL MECHANISMS OF ANTIBIOTIC RESISTANCE

The seven major mechanisms of antimicrobial resistance have been summarized in Table
2.2 and are discussed in more detail below.

Modification of the target site

Resistance of the antibiotic target site has been reviewed by Reynolds [25]. Penicillin-
binding proteins (PBPs) catalyze reactions in the peptidoglycan cell wall biosynthesis.
Chromosomal mutations in genes encoding PBPs are described in an increasing number
of micro-organisms Including Streptococcus pneumoniae, Staphylococcus aureus,
H. influenzae and Neisseria gonorrhoeae. These mutations may result in resistance io a
variety of g-lactam antibiotics.

DNA gyrase is involved in the introduction of negative supercoils into closed circutar DNA
and is an important enzyme involved in DNA replication. Mutations in DNA gyrase may
lead to resistance to novobiocin or quinolones.

RNA polymerase, the target enzyme of rifampin, is involved in the transcription of DNA to
RNA. Mutations in this enzyme may result in resistance to rifampin.

Bacterial ribosomes consist of 2 subunits each containing RNA and proteins, The 30S
subunit contains 21 proteins and 165 ANA, whereas the 508 subunit contains 32 proteins
and 23S and 55 RNA. Mutations in ribosomal RNA may result in resistance to aminogly-
cosides. Plasmid-mediated production of enzymes, which methylate the 508 ribosomal
subunit may be responsible for the decrease in affinity of ribosomes for macrolide
antibiotics.

Decreased drug accumulation

Antibiotic resistance resulting from decreased drug accumulation has been reviewed by
Chopra [5]. This type of resistance may be intrinsic or acquired. Examples of intrinsic
resistance are the relative inability of hydrophobic antibiotics to diffuse through the porins
of the outer membrane of Gram-negative micro-organisms [22, 23]. Gram-negative micro-
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Table 2.2 Mechanlsms of antibiotic resistance In micro-organisms.

A, Modification of the target site
- penicillin-binding proteins
- DNA gyrase
- RNA polymerase
- ribosome

B. Decreased drug accurnulation
- intrinsic resistance
- acquired resistance: chromosomally mediated
plasmid-mediated

C. Antibiotic inactivation
- f-actamases
- chloramphenicol acetyitransferases
- aminoglycoside modifying enzymes

D. Metabolic bypass
- altered dihydrofolate reductases
- altered dihydropteroate synthetases

E. Inereasing the tevel of enzyme inhibited by the antibiotic
- gene amplification
- mutation in regulatory gene

F. Tolerance
- defect in autalysins

G. Decreasing metabolic requirement for the pathway inhibited by the antibiotic
- thymine auxotrophy

organisms such as Pseudomonas aeruginosa have a markedly reduced permeability of
the outer membrane for hydrophillic antibictics. This is caused by differences in porin
characteristics compared with other Gram-negative micro-organisms such as Escherichia
coli 8, 14]. Acquisition of resistance may be caused by chromosomal mutations or
plasmid-mediated mechanisms. Plasmid-located genes may encode specific membrane-
located proteins (called Tet A, B and C), which promote energy-dependent efflux of
tetracycline. Tetracycline normally inhibits the bacterial protein synthesis by interaction with
the 308 ribosomal subunit. Chromosomal mutations in carrier proteins, porins or
membrane products may also result in decreased permeability of the bacterial cell wall,
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This mechanism has been reported for a varisty of antibiotics including aminoglycosides,
B-lactam antibiotics, chloramphenicol, tetracycline, quinolones and others.

Antibiotic inactivation

A third important mechanism of resistance is the inactivation of antibiotics by enzymes.
Three major groups of enzymes have been described: g-lactamases, chloramphenicol
acetyltransferases and aminoglycoside inactivating enzymes. B-lactamases hydrolyse the
B-actam ring of g-lactam antibiotics thereby destroying their antibacterial activity. Different
schemes have been developed to classify the wide variety of g-lactarmases. These
classifications are based on differences in isoslectric points, substrate profiles, inhibitor
profiles, plasmid or chromosemal location of the genes, immunologic reactivity, amino
acid sequences or molecular structure [4]. In addition the production of g-lactamases may
be at a constant rate (constitutive) or induced by the presence of substrate (inducible). It
has been suggested, that g-lactamases and penicilin-binding proteins have a common,
but distant, evolutionary origin [27]. Plasmid- or transposon-specified g-lactamases are
found in a wide variety of Gram-positive and Gram-negative micro-organisms including
H. influenzae (see Chapters 4 and 8 of this thesis).

Chloramphenicol acetyltransferase (CAT) is a plasmid- or transposon-mediated enzyme,
which catalyzes the diacetylation of chloramphenicol with acetyl coenzyme A, The
resulting compound is not able to inhibit bacterial protein synthesis. CAT produced by
staphylococci is inducible, whereas CAT produced by Gram-negative bacteria is constitu-
tive. CAT-mediated resistance to chloramphenicol is a major problem in many Gram-
negative micro-crganisms including H. influenzae (see chapters 4 and 8).
Aminoglycoside-modifying enzymes are divided into three groups: acetyltransferases,
adenyltransferases and phosphotransierases. Aminoglycosides normally bind to the 30S
and 508 subunits of ribosomes thereby causing translational misreading and inhibition of
elongation of protein chains. Resistance by aminoglycoside-modifying enzymes is caused
by an interplay between the rate of inactivation of aminoglycosides and the rate of drug
transport by the aminoglycoside-fransport system in bacteria [2]. Aminoglycoside-
inactivating enzymes are the major cause of aminoglycoside resistance in a large variety
of Gram-negative micro-organisms including H. influenzae (see also chapters 4 and 8).

Metabolic bypass

Metabolic bypass is the mechanism of resistance characterized by the synthesis of an
alternative target site. This mechanism is the principal cause of resistance to sulfonamides
and trimethoprim. In most cases the enzymes are plasmid-encoded. Sulfonamide
resistance is caused by the production of an altered dihydropteroate synthetase.
Trimethoprim resistance will be discussed in further detail in Chapter 3.
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Tolerance
Tolerance as a mechanism of resistance has been described in section 2.3
Increased enzyme production

An increase in the level of enzymes inhibited by an antimicrobial agent may also lead to
resistance. This mechanism is important in resistance to trimethoprim and will be
described in further detail in Chapters 3, 5, 6 and 7.

Decreased metabholic requirement

A decrease in the metabolic requirement for the pathway inhibited by a drug may also
lead to resistance. This mechanism has been studied in thymidine requiring mutants of
H. influenzae, which do not utilize the tetrahydrofolate pathway [19].

2.6 STRATEGIES FOR REDUCTION OF ANTIBIOTIC RESISTANCE

Artirmicrobial resistance may be subdivided into two major categories termed "positive
function resistance® and "persistence" [3]. This classification has important consecuences
for the strategies, which may be chosen to contain antimicrobial resistance or control an
increase in resistance.

Positive function resistance is the mechanism, whereby an antibiotic acquires additional
gene function(s), which regulate resistance to one or more antibiotics. This type of
resistance generally resuits from the transfer of plasmid or transposon DNA into a
bacterial strain. The control of this type of resistance may be achieved either by infection
control measures or by the development of new antimicrobial compounds, which are
insensitive to or overcome antibiotic resistance. Positive function resistance usually is
present at the onset of therapy and rarely develops during treatment with antibiotics.
Overall control of the dissemination of this type of resistance needs to be focused on a
population basis.

Persistence is a mechanism resulting from mutations in structural or regulatory genes or
from phenotypic changes. This type of resistance only develops during antibiotic
treatment. The genotypic or phenotypic changes leading to antibiotic resistance often
result in deleterious effects on the bacterial metabolism. Once the antibiotic selection
pressure is removed, micro-organisms will commonly revert to their original phenotype or
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genotype. Mechanisms of persistence include changes in outer membrane permeability,
penicillin-binding proteins, mutations in bacterial target enzymes such as DNA gyrase or
RNA polymerase. Strategies to prevent persistence include the use of indlividually
designed drug combinations or rotating drugs with different targets or routes of cellular
entry (3. Persistence may develop as a complication of antibiotic treatment with any type
of antibiotic. The administration of combinations of antibiotics has been proven to prevent
this class of resistance in Myobacterium tuberculosis. Some animal studies also indicate,
that combination therapy may limit the emergence of resistance {8]. However, human data
currently do not support this practice [29].

The emergence of resistant hospital micra-crganisms may be attributed to both "persis-
tence" and “positive function resistance" mechanisms. There is wide agreement among
experts, that resistance may be prevented by a more prudent use of antibiotics [20, 29].
The Infectious Diseases Society of America has published guidelines for improving the
use of antibiotics, and has made suggestions to implement these guidelines [17]. The
effects of implementation of these guidelines should be evaluated in future prospective
studies. In addition a more restrictive application of antibiotics in veterinary use of
antibiotics may reduce the selection and subsequent spread to humans of antibiotic-
resistant micro-organisms {26].
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CHAPTER 3

TRIMETHOPRIM: MODE OF ACTION, CLINICAL USE
AND MECHANISMS OF RESISTANCE

3.4 INTRODUCTION

Trimethoprim, 2,4-diamino-5-(3',4' 5'"-trimethoxybenzyl}-pyrimidine is a synthetic compound
with antibacterial and antiparasitic activity. The chemical structure of trimethoprim {Tmp) is
shown in Figure 3.1. Trimethoprim Is often used in combination with sulfamethoxazole
(Tmp-Smx or co-trimaxazole) In the treatment of a wide variety of aerobic Gram-positive
or Gram-negative infections and in the freatrment of infections caused by Pneumocystis
carinii. Additional indications for the use of co-trimoxazole have been reviewed by Kucers
and Bennet [30].

3.2 MODE OF ACTION OF TRIMETHOPRIM

The mechanism of action of Tmp is by competitive binding to bacterial dihydrofolate
reductase (DHFR} [, 27]. The result of inhibition of DHFR activity is a decrease in the
synthesis of tetrahydrofolate (TH,) (see Figure 3.2). The selective activity of Tmp on
prokaryotic cells is based on a several thousand-fold higher affinity for bacterial DHFRs,
than for mammalian DHFRs. Another difference between the mammalian and eukaryotic

OCH;,
NH;
N CH, OCHs
Figure 3.1 The structure of Trimethoprim [2,4-di- J\\ | OCH;,
amino-s-(S'.4'.5'-trimeth0xylbenzyl)-pyrimidine]. N:H N
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GTP
Hydroxymethylpteridine + pABA
®
Dihydropteroate
Dibydrafolate
(DHFY
NADEH + H+ ~{B)
i D
dUMP NADP+ Figure 3.2 Pathway for the biosynthesis of
N% N"9.methylens THF Tatrah-Fdrofo]atB tetrahydrofolate and for the interference of sul-
Glycina {THF} phamethoxazole (SMX) and trimethoprim (TMP),
t_/' Serlne
Carrier of activated Abbrevigtions: GTP, guanosine triphosphate;
one-carbaon units pABA, p-aminobenzoic acid;
A, dihydropteroate synthetase;
Thymidi?:a (pyrirnidiﬂe) synthesis B, dihydrofalate reductase;
urine synthesis -
Methiorines synthasis C, thymidilate synthetase,

folate metabolism is the inability of eukaryotes to synthesize the pteridine ring of the folic
acid molecule (see Figure 3.3). Folate is hence obtained from diet or from micro-orga-
nisms in the intestinal tract. The activity of Tmp on bacterial DHFR leads o decreased
production of TH, and has subsequently deleterious effects on the biosynthesis of
purines, pyrimidines, methionine and serine (see Figure 3.2). This is a result of the
important rele of TH, at different oxidation levels as a carrier of one-carbon units (Figure
3.2). TH, also serves as an acceptor of one-carbon units in degradative reactions
inciuding the conversion of serine in glycine. 5,10-Methylene TH, may be oxidized to DH,,.
This reaction is catalyzed by the enzyme thymidilate synthetase and involves the
methylation of deoxyuridilate (dUMP) to deoxythymidylate (dTMP) (Figure 3.2). Deoxy-
thymidylate is an important precursor for the synthesis of DNA and depletion of this

OH N \ 0 COH
N T S —GHE——N‘Q*L!—H"—&H: Figure 3.3 The structure of folic acid,
° 10 |
7 CH,

7 Ry | R1indicates the substitution site for

1l 1-carbon groups;

" N , R2 indicates the site for polyglutamatiory;
2-NHz 4-CH-pteridine P-aminobenzoic acld  L-glutarnic acid R3 indicates the positions 5, 6, 7 and 8

L 3

Pteroic acid of reduction of the pyrazine ring of
the pteridine moiety.

Falic acid
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compeound will lead to cell death. Maskell et al. have described Escherichia coli strains
and other bacteria with a mutation in the thymidilate synthetase [34]. These strains are
highly resistant to Tmp. They can not longer synthesize thymidilate from folate and do not
survive in the absence of thymine or thymidine in media. The folate biosynthesis may also
be inhibited by sulfonamides such as sulfamethoxazole (Smx}. Smx competitively inhibits
the enzyme dihydropteroate synthetase which is responsible for the conversion of
hydroxymethyipteridine to dihydroptercate (Figure 3.2). The synergistic activity of Tmp and
Smx may be a result from the cyclic configuration of the iolate pathway [24].

3.3 CLINICAL USE OF TRIMETHOPRIM OR CO-TRIMOXAZOLE IN CHILDPREN

Co-trimoxazole is a first choice agent in the treatment of urinary tract infections, respira-
tory tract infections, otitis media, infections with Safmonefla and Shigella spp., Vibrio
cholerae, enterctoxigenic E. cofi, Nocardia sp. and Pneumocystis carinii [30). Tmp
monotherapy has been used with good therapeutic effect in the treatment of urinary tract
infections, respiratory tract infections and infections with Safmoneila and in the chemopro-
phylaxis against Pneumocystis carinii [30]. The indications for use of Tmp in the treatment
of infections caused by H. influenzae are discussed in chapter 4.

3.4 MECHANISMS AND EPIDEMIOLOGY OF BACTERIAL RESISTANCE TO
TRIMETHOPRIM

Trimethoprim-resistant micro-organisms have been reported since shortly after the
introduction of Tmp in the 1960s. The different mechanisms of resistance have been
reviewed in several publications [3, 9, 29, 48, 48] and are summarized in Table 3.1. The
production of trimethoprim-resistant plasmid-encoded DHFRs has become the most
important mechanism of resistance to Tmp. So far 7 major classes and five further
subgroups of Tmp-resistant DHFRs have been described in Gram-negative micro-
organisms [3]. In Gram-positive bacteria one major class has been described [4].
Classification of DHFRs is based on a large variety of techniques. These include isoelec-
tric point determination, amino acid analysis, sequence analysis, molecular mass determi-
nation, MIC determination, pH profile, Km values for dihydrofolate and NADPH, 50%
inhibitory concentration (ICg,) of Tmp and plasmid or chromosomal location of the altered
gene. The study of the molecular epidemiclogy of Tmp resistance has become a major
tool to detect the evolution and dissemination of different Tmp-resistant DHFHs on a
global scale (3, 18). The overall level of plasmid-mediated Tmp resistance in Enterobac-
feriaceae (especially E. coli isolates from urinary tract infections) has steadily increased
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Table 3.1 Mechanisms of reslstance to lrimethoprlma.

Genetic basis Mechanisms Micro-organisms References
Intrinsic resistance Decreased cell wall P. aeruginosa [52]
permeability
Production of Tmp- Neisseria, Nocardia, [47, 48]
resistant DHFR anaerobes
Chromosamal mutation Decroased cell wall Klebgiella, Enterobacter, [19, 22}
permeability Serratia
Thymine auxotrophy E. coli, Proteus [33]
3. fagcalis
Overproduction of 8. pneumoniae, E. coli [16, 21, 32, 39, 41]
DHFR H. influenzae, S. aureus
Production of Tmp- E. coli [42]

resistant DHFR

Plasmid- or Production of Tmp- 8. aureus, 8. epidermidis, [3, 4, 5, 10, 14, 17,
transposon-mediated resistant DHFR Enterobacteriaceae, 26, 46, 55, 56]
Salmonefla, Shigeila,
Vibro cholerae, P, cepacea

Integron-mediated Production of Tmp- E. coli [43, 44, 45]
resistant DHFR

* Abbreviations: DHFR, dihydrofolate reductase; Tmp, trimethoprim.

during the 1970s and 1980s from less than 10% to 30-40% in many European courtries
with the exception of the United Kingdom (18, 25, 28]. The increase in Tmp resistance is
related to an increase in the consumption of Tmp resulting in a prenounced selection
pressure [3, 28, 40, 50]. The level of Tmp resistance is below 10% in the United Kingdom
and the United States [18]. It is yet unknown if this is a result of decreased selection
pressure. Trimethoprim resistance has become a major problem in developing countries.
The low price, the easy availabilty and the high consumption of Tmp in developing
countries certainly contribute to the epidemic spread of Tmp resistance [2]. The Tmp
resistance rate (strains with MIC > 1000 pg/ml) in urinary tract pathogens in Nigeria and
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India is approximately 55% [31, 54]. A high rate of resistance in Enterobacteriaceae has
also been reported in a study from South-Africa [53]. The selection and subsequent
emergence of high level Tmp resistance in fecal Escherichia coli isolates from travellers to
Mexico, who received daily profylaxis with Tmp or trimethoprim-sulfamethoxazole addi-
tionally supports the strong association between the use of Tmp and development of
resistance [35]. Plasmid-mediated resistance of Shigefla has become a major problem
both in developed and developing countries [1, 7, 15, 20, 23]. Study of the evolution of
plasmid-mediated resistance genes encoding Tmp-resistant DHFRs has indicated, that
some of these plasmids may have spread from an animal reservoir (pigs) to humans [11,
12].

Chromosomal mutations to Tmp resistance are clinically less important, than plasmid-
mediated resistance mechanisms. Nevertheless a variety of mechanisms has been
described (Table 3.1). The regulatory mechanisms responsible for overproduction of
DHFR or production of altered DHFRs have also been studied by in vitro mutagenesis.
Altered DHFR molecules have been generated by in vitro mutations in E. cofi and
S. pneumoniae 6, 13, 36, 37, 38 51]. Overproduction of DHFR caused by promoter
mutations has been described in clinical isolates of E, coli [18]. The in vitro mutagenesis
techniques have greatly contributed toward our understanding of the structure and
function of dihydrofolate reductases.
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4.1 SUMMARY

Invasive and non-invasive infections caused by Haemophilus influenzae are frequently
diagnosed in children below the age of 5 years. The treatment of choice for these
infactions was ampicilin. However, since the early 1970s the increasing prevalence of
resistance to ampicillin and other antibiotics has necessitated major changes in antibiotic
therapy. This article summarizes some of the important clinical features of diseases
caused by H. influenzae. The epidemiclogy, the problems with in vitro susceptibility
testing and the mechanisms of resistance to major antibiotics are reviewed. The conse-
quences of antibiotic resistance for the treatment of diseases caused by H. influenzae are
discussed.

4.2 INTRODUCTION

Haemophilus influenzae (H. influenzae) is an important micro-organism respansible for
numerous infectious diseases such as meningitis, epiglottitis, celiulitis and upper respira-
tory tract Infections with a peak inciderice in children below the age of 5 years. H. influen-
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zge can be classified into eight biotypes according to their metabolic properties [101]. The
major virulence determinant of H. influenzae is the production of capsular polysaccharide
(106). Six different capsular types designated "a to f" have been described. Encapsulated
strains (predominantly type b) are the causative agents of severe invasive infections,
whereas unencapsulated H. influenzae are common pathogens in upper respiratory tract
infections. Other components of the bacterial call membrane such as pili, outer membrane
proteins and lipopolysaccharides are also involved in the pathogenesis of invasive and
non-invasive infections caused by H. influenzae [101].

Infections caused by H. influenzae type b (Hib) represent more than 90% of invasive
diseases in young children [101]. The incidence of invasive Hib disease varies from
52/100,000 to 500/100,000 in children below 5 years of age [157]. Risk factors for Hib
infection, the major diseases caused by Hib and the preferential choice of antibiotics in
the treatment of Hib infections are summarized in Table 4.1.

Unencapsulated H. influenzae are frequently involved in the pathogenesis of otitis media,
sinusitis, conjunctivitis, chronic bronchitis and bronchiectasis. Risk factors for infection
caused by unencapsulated H. influenzae, the major infectious diseases and the preferen-
tial treatment of these infections are summarized in Table 4.2. Unencapsulated H. influen-
zae frequently cause pneumania and concurrent bacteraemia in children in developing
countries [9, 167]. However, encapsulated H. influenzae (serotype b) are more commonly
isolated in sputum and blood cultures from patients with pneuronia 149, 167]. Recently a
specific strain of unencapsulated H. influenzae (Haemophilus aegyptius) has been
identified as the aetiological agent of a new recognized disease, Brazilian purpuric fever
[53, 154]. The clinical presentation of Brazilian purpuric fever is identical to the features of
the Waterhouse Fridericksen syndrome, but blood cultures grow H. aegyptius instead of
Neisseria meningilidis. H. aegyptius was previously known as the cause of outbreaks of
acute conjunctivitis in different parts of the world,

4.3 PREVENTION OF HIB INFECTION

Hib disease may be prevented by immunization with polysaccharide capsule (PRP)
containing vaccines. The results of a large PRP vaccine trial in Finland indicated more
than 90% protective efficacy in children older than 2 years of age [121]. Subseguent
studies with PRP vaccines in different populations showed significantly less efficacy (45%-
88%) 150]. PRP vaccine failures may have been due to differences in age distribution and
genetic background between Finnish and American children of different racial groups [0,
157]. The recent development of polysaccharide conjugate vaccines, which confer protec-
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Table 4.1 Major Invasive diseases caused by encapsulated H. influenzae.

Risk factors Age below 5 years
Genetic predisposition
B-cell deficiency [40, 49, 60, 101, 158]
Complement deficlency
Sickle cell disease
Absence of breast feeding

Diseases Meningitis
Bacteraemia
Epiglottitis
Septic Arthritis [24, 103]
Pneumonia
Osteomyelitis
Pericarditis
Preferential Meningitis Ampicillin‘l
cholce of Cefotaxime [10, 54, 61, 75, 101,
antibiotics Ceftriaxone 116, 122, 135, 139]
Ceftazidime
Pneumonia Ampicillina
Trimethoprim-
sulphamethoxazole [22, 101, 112, 142, 165]
Amoxicillin-
clavulanate
Cefuroxime
Other infections ampigillin® [101]
Cefuroxime

N Ampicillin IV is first choice agent in the treatment of ampicillin-susceptible M. influenzase.

tion to a much younger age, are promising [37]. These vaccines contain a combination of
PRP and carrier proteins such as diphtheria toxoid (PRP-D vaccine), outer membrane
protein of meningococei (PRP-OMP vaccine), tetanus toxoid (PRP-T vaccine) or a variant
of diphtheria toxin (HbOC vaccine) [4, 45, 84, 143]. The combination of carrier proteins and
PRP induces a T-cell dependent immune response, which leads to the production of

protective IgG levels (> 1.0 ug/ml) of PRP antibodies in infants of 6 months and older [67,
145],
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Table 4.2 Diseases caused by unencapsulated H. influenzae.

Preferentlal cholce

Risk factors Diseases of antibiotlcs References
Amoxicilin® (5, 13, 35, 38,

Age below 3 years Otitis media Amoxicillin-clavulanate 85, 86, 87, 101,

Familial disposition Sinusitis Trimethoprim- 108, 115, 144, 147,

Elderly people
Chronic bronchitis
Impaired immunity
HIV infection in
young adults
Malnutrition
Social deprivation

Prematurity

Choricamnionitis

Prolonged rupture
of membranas

Cystic fibrosis

Bronchiectasis

Chronic obstructive
pulmonary disease

Recent conjunctivitis

Conjunctivitis

Pneumonija

Neonatal septicaemia

Chranic respiratory

tract infection

Brazilian purpuric
fever

sulphamethoxazale
Cefuroxime

Amoxicillin®
Amoxicillin-clavulanate
Trimethoprim-
sulphamethoxazole
Cefuroxime

Amoxicillin®
Cefataxime

Amoxicilin®

Amoxicillin-clavulanate

Trimethoprim-
suiphamethoxazole

Amaxicillin®
Chloramphenicot

155]

[9, 101, 109, 141,

149, 163, 168]

[41, 109, 164]

[10g]

(53, 154]

Amoxicillin PO or ampicllin IV are first choice agents in the treatment of ampicillin-susceptible

H. influenzae,

4.4 ANTIBIOTIC THERAPY OF H. INFLUENZAE INFECTION

In the early 1970s the treatment of choice for infections caused by H. influenzae was
ampicillin (Ap). The increasing prevalence of antibiotic resistance to Ap and other
antibiotics in both unencapsulated and encapsulated H. influenzae has necessitated
changes in the initial antibiotic treatment of invasive and non-invasive infections (see
Tables 4.1 and 4.2).
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4.5 IN VITRO SUSCEPTIBILITY TESTING

The increasing prevalence of antibiotic resistance in H. influenzae necessitates routine
susceptibility testing for several dlinically important antibiotics [32). However, in vitro
susceptibility testing especially in H. influenzae is complicated because minimum inhibitory
concentration (MIC) values are influenced by the composition, pH and osmolarity of
growth media, the size of the fnoculum used, the percentage of CO, during incubation
and inhibition of certain antibiotics by constituents in media. In addition, in vitro results do
not always correlate with in vivo efficacy. The lack of standardization of in vitro tests is
reflected by the presence of substantial differences between the MIC breakpoints in
recent studies (Table 4.3). Similar difficulties exist in the interpretation of growth end
points in disk diffusion susceptibility testing [31, 104]. The prevalence of resistance to the
antibiotics mentioned in Table 4.3 is discussed in the following sections. Routine MIC
testing may also be useful for second generation cephalosporins such as cefuroxime
which are commonly used in the treatment of H. influenzae infections. In vitro susceptibi-
lity testing of H. influenzae for third generation cephalosporins (including cefotaxime,
ceftazidime and ceftriaxone), the carbapenem imipenem, the monobactam aztreonam, the

Table 4.3 Susceptibllity testing In Haemophilus influenzae.

MIC breakpoints (tg/ml) in different studies

Susceptible Resistant
Antiblotic a b c d a b c d
Ampicillin 2 < 2 2 4 >4 4 4
Chloramphenicol 8§ <2 2 4 32 >8 4 8
Erythromycin 0.5 - 4 0.5 8 - 8 1
Trimethoprim 2 <05 - 0.5 4 >4 - 4
Cefaclor 8 «8 8 8 32 > 32 16 32
Rifampin 2 =<1 - 2 8 =>4 - 8
Tetracycline 4 <2 2 4 i6 =8 4 16

References: a [111]; b [33]; ¢ [81); d [64]
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combination of amoxicillin with clavulanic acid and the oral cephems (e.g. cefixime,
ceftibuten and cefpodoxime) indicates, that these new g-lactams have an excellent in vitro
activity against H. influenzae [8, 18, 29, 32, 73, 103, 126, 151). However, the recent emergence
of Ap-resistant non-g-lactamase producing H. influenzae may also result in an increasing
prevalence of resistance to these p-lactams (see section on cephalosporins).

46  RESISTANCE TO AMPICILLIN (AP)

Ap-resistant H. influenzae strains wers first isolated in 1974 from blood, CSF or pus from
patients with sepsis, meningitis, ofitis media and from nasopharyngeal carriers of
H. influenzae [21, 69, 140, 159, 161]. Since then, Ap resistance in both classified and non-
classified strains of H. influenzae has increased and has become a major problem in
many European countries and the United States of America. Doern et al. reported in a
national collaborative study on antibiotic resistance of H. influenzae a 31.7% prevalence of
Ap resistance in classified strains and a 15.6% prevalence in non-classified strains [33]. A
recent collaborative European study shows large differences in prevalence between
individual countries. The highest prevalence of Ap resistance was found in Spain (30.6%)
and the lowest in the Fecleral Republic of Germany (1.6%) with a mean value of 10% for
all participating countries [81). The percentage of Ap resistance in classified and non-
classified H. influenzae was 14% (range 0%-64%) and 9% (range 2%-26%) respectively
[81].

Ap resistance in H. influenzae is in more than 90% of isolates caused by the production
of a (TEM}type g-lactamase [27). B-lactamase can be detected by a rapid screening test
[180]. The enzyme hydrolyzes penicilins and most of the first generation cephalosporins
(94]. The gene encoding TEM p-lactamase is located on a 8 x 10° dalton sequence of
plasmid DNA, called transpason A (TnA) [57]. The ability of ThA to translocate from one
replicon to another has been extensively characterized [s5, 56). ThA is found on many
different plasmids in Gram-negative bacteria [57]. One might speculate, that TnA derived
from another Gram-negative micro-organism has translocated to cryptic plasmids in
H. influenzae, thus leading to Ap resistance. TEM g-lactamase inducing Ap resistance in
H. influenzae is in most strains encoded on large + 30 x 10° dalton (30 Mda) plasmids
[34, 35, 74, 138). However, some H. influenzae strains only contain small + 3 Mda plasmids,
which may also encode Ap resistance [34, 48, 153]. In addition, Mendelman et al. have
reported, that g-lactamase-mediated Ap resistance in H. influenzae strains isolated from
native Alaskans is primarily due to a common 40 Mda conjugative plasmid [99]. The gene
encoding resistance to Ap in these strains probably also contains TnA.
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Although plasmid-meadiated g-lactamase production is the most common mechanism of
Ap resistance in H. influenzae, chromosomal-mediated resistance to Ap has also been
described. This type of resistance is presumably caused by transfer of g-lactamase genes
from plasmid to chromosome through a process of recombination {146, 168]. In one study
approximately 8% of Ap-resistant g-lactamase producing isolates of H. influenzae was
found to produce a (ROB-1) g-lactamase [27). Rubin et al. were the first to report
production of ROB-1 by an isolate from a patient with meningitis [136]. The gene
encoding this enzyme and the resulting protein are not related to the TEM-1 gene and
enzyme [27, 76, 95]. ROB-1 g-lactamase production in H. influenzae is probably transferred
by small (4.4 Mda) plasmids [27]. Medeiros et al. suggested, that ROB-1 may have
spread from an animal reservoir to humans [95]. The report of Livreli et al. on the
production of ROB-1 g-lactamase in several bovine strains of Pasteurelfa sp. further
supported this hypothesis [80]. Recently the nuclectide sequence of the ROB-1 g-lacta-
mase gene from H. influenzae has been determined f65]. The deduced aminc acid
sequence shares the highest similarity with the class A g-lactamases of Gram-positive
bacteria [65]. This suggests, that the ROB-1 gene may have been acquired from Gram-
positive micro-organisms.

In the last decade non-p-lactamase producing H. influenzae strains with decreased
susceptibility to Ap have been characterized [88, ¢7, 102, 117]. The majority of these
H. influenzae is non-classified {102). Mendelman et al. have shown a large genetic and
phenotypic diversity between these isolates from different countries [t02]. The detection of
these strains has probably been complicated by the fact, that their MICs (1-4 pg/ml) are
only slightly above those of susceptible strains (0.25-0.5 ug/ml) [124, 128} and by the
inadequacy of standard susceptibility testing [100, 104]. The mechanism of this moderate
leve| of resistance to p-lactam antibiotics is a chromosomally mediated alteration in
peniciflin-binding proteins 3A and 3B [97, 119]. The genes encoding this type of resistance
have been cloned [82). It is most likely, that mutations in one or more of these genes lead
to a marked decrease in affinity of penicilin-binding proteins 3A en 3B for different
p-lactam antibiotics. These mutations probably involve different genstic locl since a
substantial variability exists between the MICs of different isolates for Ap and other
B-lactarn antibiotics.

4.7 RESISTANCE TO CEPHALOSPORINS

Cephalosporins are increasingly used in the treatment of invasive and non-invasive
infections caused by H. influenzae. However, the limited susceptibility of H. influenzae for
many first-generation cephalosporins and the poor CSF penetration of these drugs restrict
their application to non-invasive infections. The most active of the older oral cephalospo-
rins is cefaclor {233, 123]. Using the MIC interpretative standards of the National Committee
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America and % 98% from Europe, were susceptible (MIGC < 8 pg/ml) (33, 81]. However,
most of these isolates have relatively high MICs varying between 2 and 8 pg/m! (a3, 81,
123). The in vitro susceptibilty of H. influenzae for second generation cephalosporins
including cefamandole and cefuroxime is adequate [123). Nevertheless, clinical failures with
children developing H. influenzae meningitis, while treated with cefamandole for other
H. influenzae infections have occurred [150]. This may be explained by the insufficient
CSF levels of cefamandole in the presence of meningeal inflammation. In addition, recent
studies have indicated that patients with H. influenzae meningitis treated with cefuroxime
intravenously, show a delayed sterilization of CSF and a higher incidence of neurological
sequelae compared to children treated with third-generation cephalosporins [75, 139].
Third-generation cephalosporins including cefotaxime, ceftazidime, ceftriaxone and
moxalactam are extraordinarily active against H. influenzae with MICs ranging from 0.004
to 0.25 pg/ml {103, 123].

Recently a new group of oral third generation cephalosporins {cephems) including
cefixime, ceftibuten and cefpodoxime has been developed. These agents are highly active
in vitro against H. influenzae whereas their activity is unaffected by g-lactamase [73, 103,
125]. The clinical efficacy of these compounds in the treatment of H. influenzae infections
remains to be shown. Ap-susceptible and Ap-resistant g-lactamase producing H. influen-
zae have approximately equal MICs for the cephalosporins [103, 123]. Decreased suscepti-
bility to cephalosporins is therefore mainly seen in non-g-lactamase producing (NBLP) Ap-
resistant H. influenzae. Currently most of the cephalosporin-resistant H. influenzae are
isolated from the respiratory tract of patients with chronic pulmonary disease e.g. cystic
fibrosis, chronic obstructive pulmenary disease or chronic bronchitis [128]. The prevalence
of NBLP Ap-resistant H. influenzae isolates is unknown, but probably less than 5% [128].
However, the detection of these strains has been complicated by problems with in vitra
susceptibility testing. Doern et al. [31] and Mendelman et al. [100, 104] have recently
reported improved laboratory methods to identify these strains. Powell et al. have
indicated, that the resulting accurate detection of Ap-resistant NBLP H. influenzae gives
an indication of the prevalence of cephalosporin resistance in H. influenzae [128]. The
mechanism of resistance in these isolates is probably identical 1o the mechanism
described in Ap-resistant NBLP H. influenzae, e.g. an alteration in the affinity of peniciliin-
binding proteins for different cephalosporins. The degree of heterogeneity of MICs and
the genetic and phenotypic diversity of these strains suggest that different genetic
mutations may be involved. The increased use of cephalosporing in the therapy of
diseases caused by H. influenzae may easlly lead to an increased selection of these
isolates.
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4.8 RESISTANCE TO CHLORAMPHENICOL

Chloramphenicol (Cm) resistance in H. influenzae was first described in 1976 [83).
Although the prevalence of Cm resistance remains below 1% in the United States of
America and several European countries, Cm resistance has become a major problem in
Spain (24.9%) and Belgium (10.9%) [81]. Cm-resistant strains are often additionally
resistant to Ap, tetracycline (Tc), and the combination of trimethoprim/sulphamethoxazole
(Tmp/Smz} {20, 81, 124, 152, 166]. Om resistance occurs in more than 90% via the produc-
tion of chloramphenicol acetyltransferase (CAT) {14, 131). CAT can be detected by a rapid
screening test [6]. CAT catalyzes the diacetylation of Cm with acetyl-CoA thus preventing
the inhibition of ribosomal protein synthesis. Characterization of CAT from different
H. influenzae strains has shown that despite differences these enzymes belong to the
same unigue group and are related to the type Il enzymes in Escherichia cofi [132). Cm
resistance caused by CAT is encoded on large (30-50 Mda) plasmids, which may be
easily transferred by conjugation and commonly integrate into the chromosome [20, 70, g8,
127]. Cm-resistant H. influenzae strains, which do not produce CAT have been recognized
[14]. However, their prevalence is very low {+ 7%) [14, 123]. The mechanism of Cm
resistance in these strains is a decreased permeability of the bacterial cell wall due to the
loss of an outer membrane protein [14).

4.9 RESISTANCE TO TRIMETHOPRIM

Trimsthoprim (Tmp) is a commonly used antibiotic in the treatment of upper respiratory
tract infections such as ofitis media and sinusitis, often caused by unencapsulated
H. influenzae [38]. Routine susceptibility testing for Tmp in H. influenzae has been
complicated by antagonism of Tmp by thymidine present in many commercial media (12,
30, 32, 63]. This may lead to the erroneous detection of resistant strains. The prevalence of
Tmp resistance in the United Kingdom has increased from 0.2% in 1977 to 4.2% in 1986
[124]. Yogev et al. have shown, that some type b H. influenzae strains colonizing the
nasopharynx, persist after therapy with Tmp/Smz [171]. A proportion of these straine are
susceptible to Tmp/Smz in MIC testing (MIC < 0.03/0.6 ug/ml) but have high minimal
bactericidal concentrations (> 4/76 ug/ml). These H. influesnzae are called ‘“tolerant".
Tolerant isolates were found to produce significantly more capsular polysaccharide than
strains with normal MIC and minimal bactericidal concentration values (susceptible
isolates). Animal studies using both types of isolates indicated that tolerant strains were
pathogenic, whereas susceptible H. influenzae with less polysaccharide capsule coutd not
cause systemic disease. The mechanism of tolerance to the lethal action of Tmp/Smz still
waits to be elucidated.

There is a lack of information on the prevalence of Tmp resistance in H. influenzae in
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many countries, since most studies only report MICs for the combination of Tmp and
Smz. The national collaborative study in the United States of America registered 0.9%
resistant H. influenzae (MIC for Tmp/Smz > 1.0/19 pg/ml). In contrast, resistance to Tmp
is @ major problem in Spain {15, 17, 19]. Tmp resistancs in these Spanish isolates Is
frequently associated with plasmid-encoded resistance to Ap, Cm and kanamycin (Km)
[20]. However, Tmp resistance in these encapsulated strains, but also in unencapsulated
H. influenzae from different geographic areas is chromosomally encoded [51]. The gene
encoding Tmp resistance in H. influsnzae has been cloned and expressed in £. coli [51].
The mechanism of Tmp resistance in H. influenzae is a combination of overproduction of
the target enzyme dihydrofolate reductase and structural and functional differences
between dihydrofolate reductase from susceptible and resistant strains [52].

4,10 RESISTANCE TO ERYTHROMYCIN

The macrolide erythromycin (Em) is commonly used in the treatment of upper respiratory
tract infections. Susceptibility testing of macrolide antibiotics against H. influenzae shows
substantial differences depending on the method employed [39). Using criteria of the
National Committee for Clinical Laboratory Standards Doern et al. reported, that only 50%
of 2811 clinical H. influenzae isolates was susceptible {(MIC breakpoint 8 pg/ml) to Em
[33]. Most strains in this study had MICs varying between 2 and 8 ug/ml [33]. The results
of a European cooperative study in which a different MIG breakpoint (4 ag/ml), different
media and a different inoculum were used, show that Em resistance ranged from 27% of
isalates in The Netherlands to 1.1% in Austria [81]. The data indicate that Em resistance in
H. influenzae is more prevalent in unencapsulated than in encapsulated strains. In
addition, the large number of isolates with relatively high MICs {i-8 ug/ml) suggests a
limited potential for the use of Em in the therapy of H. influenzae infections. Several
studies have indicated, that the combination of Em with different sulfonamides is as
effective as amoxicillin or cefaclor in curing patients with acute otitis media caused by Ap-
susceptible or Ap-resistant H. influenzae [11, 58, 133, 134]. However, amoxicilin and
Tmp/Smz have significantly better penetration irto the middle ear [71]. In addition, the
ratio of mean peak concentration in middle ear fluid to the MIC for H. influenzae is also
much higher when these antibictics are compared with Em. The availability of additional
B-lactams such as amoxicillin-clavulanate (augmentin) and cefuroxime axetil, which are
both very effective against g-lactamase and non-g-lactamase producing H. influenzae,
limits the use of Em in our opinion to those patients with ofitis media whereby g-lactams
or Tmp/Smz are contraindicated (see also discussion). Ringertz and Kronvall reported that
Em resistance is associated with an increased drug consumption [130]. The mechanism of
action of Em is the inhibition of bacterial protein synthesis by blocking the function of the
50S ribosomal subunit. The mechanism of Em resistance in H. influenzae is not known
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and it is still uncertain whether the resistance markers are plasmid- or chromosomally
encoded.

411 RESISTANCE TO TETRACYCLINE

Tetracycline (Tc) is a bacteriostatic antibiotic, which inhibits protein synthesis by binding
to the 308 prokaryotic ribosomal subunit [28). Tc resistance in H. influenzae was first
recognized in 1975 [25]. The prevalence of Tc resistance remains below 5% in the United
States of America and most European countries a3, 81]. Tc resistance is frequently
present in combination with plasmid-encoded resistance to Ap and Cm [18]. Tc resistance
is considerable in Spain (25.4%) and Belgium (17.8%) where multiple-resistant H. influen-
zae are common [81]. Tc resistance is encoded on 30-40 Mda conjugative plasmids [35,
62, 66]. These plasmids contain inverted repeats and DNA sequences largely homologous
with the Tc translocation segment transposon TnTe or Tni10 [e2). Tni0 is found on
plasmids in members of the family Enterobacteriaceae. Four different classes (A, B, C and
D) of plasmid-mediated Tc resistance have been described [105]. McMurry et al. have
shown that the mechanism of Tc resistance in E. coli in each of these classes is an
increase in the energy-dependent efflux system of Te out of the bacterial cell [g3]. Tc
resistance in H. influenzae is predominantly associated with the class B determinant of
Tn1Q [89]. The level of Tc resistance in H. influenzae can be increased by the addition of
Tc to culture media. The constitutive expression of Te resistance has been studied in
H. parainfluenzae and is probably caused by the inactivation of the repressor molecule
for the Tc transmembrane transport pratein [78, 8g).

412 RESISTANCE TO AMINOGLYCOSIDES

The availability of many antibiotics with high in vitro activity against H. influenzae and
refatively minor side-effects has limited the study of . resistance of H. influenzae to
aminoglycosides. The prevalence of resistance to aminoglycosides in H. influenzae is
therefore unknown. Dang Van et al. were the first to report a Km-resistant H. influenzae
[26}. Resistance in this strain could be transferred by conjugation, suggesting that the
mechanism of resistance was plasmid-mediated. We recently showed that resistance to
streptomycin (Sm) and Km in multiple-resistant H. influenzae from different geographic
areas in Spain is common and plasmid-encoded [20]. The mechanism of Km resistance is
medification of the drug by aminoglycoside-phesphotransferase(3’)l.

Levy et al. studied aminoglycoside resistance in clinical isolates from the United States of
America [79]. They suggested that frequent use of aminoglycosides in patients with cystic
fibrosis or chronic respiratory tract infections could select resistant strains. They reported
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that 6 out of 38 strains isolated from lower respiratory tract infections were resistant to a
broad range of aminoglycosides including tobramycin, gentamicin, amikacin, sisomicin
and kanamycin, whereas none of 63 strains isolated from other body sites was resistant,
They investigated the mechanism of resistance and reparted in contrast to Campos et al.
[20], that resistance was chromosomally encoded. Resistance was not caused by
aminoglycoside modifying enzymes but by ribasomal alteration of pratein synthesis.

4.13 RESISTANCE TO QUINOLONES

Quinolones are increasingly used in the treatment of a variety of infections in adults and
have been suggested as useful agents in the treatment of infections caused by H. in-
fluenzae [113]. Studies in the murine model of bacteraemic Hib pneumonia have shown
that quinolones such as encxacin and ofloxacin are effective antibiotics in the intrapulmo-
nary Kiling and treatment of Ap-susceptible and Ap-resistant strains [68). The use of
quinolones in paediatric patients has been limited due to the documented irreversible
damage to cartlage in strained joints of young animals [1]. Bacterial resistance to
H. influenzae is either due to alteration of the target enzyme DNA gyrase (an enzyme
necessary for DNA replication) or due to decreased drug permeation of the bacterial cell
[169]. Quinclone-resistant H. influenzae have not yet been reported.

414 RESISTANCE TO RIFAMPIN

Chemopraphylaxis with rifampin (Rify (20 mg/kg once daily for 4 days) of household
contacts of children with invasive Hib infection is recommended by most experts [129].
Chemoprophylaxis should be used for all household contacts when there-is a child less
than 4 years of age other than the index patient. However, only one prospective study
has evaluated the effect of Rif prophylaxis and the results of this study have been
criticized because of methodological errors [7, 108). Two recent studies indicate, that the
risk of subsequent disease in contacts of patients in day-care facilities is significantly
lower than previously reported and may be similar to the base rate of primary disease in
day-care facilities [110, 118]. Therefore prior recommendations to administer Rif to day-
care contacts of children with invasive disease have become controversial j129]. Rif
eradicates nasopharyngeal carriage of H. influenzae day-care contacts and household
contacts [23, 44]. However, new acquisition of Hib continues to ocour at a low rate among
those, who have received Rif prophylaxis [44]. Nicolle et al. have reported, that prophylac-
tic administration of Rif to children and adults with nasopharyngeal isolates of H. influen-
zae leads to the rapid emergence of resistant strains [114]. These isolates had two levels
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of MIC: intermediate (MIC 1-10 pg/ml) and high (MIC > 128 pg/ml). The in vitro mutation
frequency of H. influenzae to Rif resistance is approximately 10°® jge]. The prevalence of
Rif resistance In clinical isolates is below 1% [33], although one has o be concerned
about the future implications of the high in vitro and in vivo mutation frequency to Rif
resistance. An alternative to the use of Rif could be the combination of Rif and Tmp in the
treatment of carriers of H. influenzae. This combination at a 1:1 ratio is synergistic and
bactericidal [g2]. Rif has seldomly been used for the treatment of invasive or non-invasive
infections by H. influenzae. A recent study reported in vitro synergy against Hib of several
combinations of Rif with cephalosporins [46]. Although these in vitro data suggest a
potential role for Rif in the treatment of some cases of Hib meningitis, we fesl, that future
clinical studies with the combination of Rif and cephalosporins are not warranted in view
of the abundancy of alternative antibiotics (see sections on cephalosporins and quino-
lones} and the high in vitro mutation frequency.

The mechanism of Rif resistance in H. influenzae is unknown. Resistant isolates show
several degrees of sensitivity to Rif, indicating that different mechanisms may be involved.
Most likely a change in the structure of RNA polymerase, which leads to a decreased
binding of the polymerase to Rif, is responsible for resistance [72]. Alternatively a change
in membrane permeability of Rif might be involved [72].

415 MULTIPLE-RESISTANT H. INFLUENZAE

The emergence of Hib resistant to Ap and Cm in patients with meningitis was first
reported in Thailand and California in 1980 [148, 162]. Ap- and Cm-resistant Hib meningitis
in Europe was initially diagnosed in 1983 [42). Campos et al. subseqguently showed, that
multiple-resistant Hib had become a major problem in Spain [15, 18). Approximately 50%
of isolates from patients with invasive disease or from H. influenzae carriers in the
Barcelona area were resistant to multiple antibiotics. The most frequent pattern of
resistance was resistance to Ap, Cm, Tc, Tmp/Smz (94.8%). The prevalence of multiple-
resistant H. influenzae in Spain is currently approximately 25.4%, although considerable
regional differences are detected [81). The same study also reported a high prevalence of
multiple-resistant H. influenzae in Belgium (9.4%) [81]. Multiple-resistant H. influenzae are
less common in other European countries and in the United States of America [33, 81].
The prevalence of resistance to multiple antibiotics is + twice as high in encapsulated
compared to unencapsulated H. influenzae strains [81]. Multiple-resistant H. influenzae
harbour plasmids with molecular sizes of 38-52 Mda [19, 20, 89). These plasmids may be
transferred to recipient H. influenzae by conjugation or transformation f20]. Conjugative
plasmids contain genes encoding resistance to Ap, Cm, Te, Km, Sm and Smz [20). In
contrast, Tmp resistance is not plasmid-mediated, but chromosomally encoded [51]. The
mechanisms of resistance in multiple-resistant H. influenzae are similar to those described



58 Chapter 4

in the previous sections.

Campos et al. questioned whether the dissemination of multiple-resistant Hib in Spain was
caused by a single R-plasmid [19). Their study using isoenzyme analysis, plasmid
restriction endonuclease analysis and determination of outer membrane profiles indicated
that more than one endemic strain of Hib was responsible for the appearance of multiple-
resistant Hib disease in day-care centres. Van Alphen et al. subsequently compared
antibiotic-resistant and -susceptible isclates of Hib from The Netherlands [3). Of the
resistant strains 84%, as compared to 80% of susceptible strains had a similar major
outer membrane profile (subtype 1), biotype {nr 1) and lipopolysaccharide (nr 1) [2, 3].
These results indicate that resistance to antibiotics is not spread through the dissemina-
tion of one clone, but develops at random. It remains to be determined if more appro-
priate use of antibiotics may decrease the random selection of highly resistant H. influen-
zae. However, retrospective analysis of pricr use of Ap and Te in children and adults with
Ap- and muitiple-resistant H. influenzae indicates, that the emergence of resistance is
assoclated with prior use of antibiotics [158, 166].

416 CLINICAL IMPLICATIONS

H. influenzae is stil a major cause of invasive and non-invasive infections in young
children. The widespread use of conjugate vaccines may in the near future lead to the
eradication of invasive disease caused by H. influenzae type b. However, antiblotic
resistance will remain a major problem in unencapsulated strains since the perspective for
vaccination against these isolates is still remote. The emergence of resistance to common
antibiotics e.g. Ap and Cm in many European courtries and the United States of America
has resulted in clinical failures when these antibiotics were used. The increase of Ap-
resistant g-lactamase producing unencapsulated strains causing otitis media has resulted
in an increased application of alternative antibiotics including amoxicillin-clavulanate
(augmentin), erythromycin-sulfisoxazale, trimethoprim-sulphamethoxazole, cefaclor and
cefuroxime axetil [13]. Marchant et al. critically analysed 25 trials on antibacterial therapy
for ofitis media [85]. In 21 of the 25 studies no significant differences were found between
two or more antibiotics. The authors postulated, that methodological problems in study
designs might make trials insensitive. These include the absence of an appropriate
microbiological diagnosis, the application of insensitive outcoms criteria such as persistent
middle ear effusion, the lack of documentation of eradication of micro-organisms from the
middle ear and an insufficient sample size of the study. The evaluation of efficacy of
antibiotics in patients with acute ofitis media is further complicated by the high percentage
of spontanecus recovery due to the contribution of host defences. Four studies have
evaluated the efficacy of cefaclor compared with Tmp/Smz, amoxicilin, augmentin and
cefuroxime in the treatment of acute otitis media [5, 86, 87, 115]. Two of these studies
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showed significantly better eradication of micro-organisms including H. influenzae despite
a failure to detect differences in clinical efficacy [86, 87] The two other studies reported
better clinical efficacy of augmentin and cefuroxime compared to cefaclor [5, 115]. These
results are not surprising in view of the relatively high MIC of H. influenzae and other
pathogens for cefaclor and the poor penetration of cefaclor in middle ear fluid [71]. Also a
marked inoculum effect has been observed in in vitro studies of the antibacterial effect of
cefaclor [77]. With inocula in excess of 10° colony-forming units per ml Hib is neither
inhibited nor killed by cefaclor at concentrations of 400 pg/ml [77]. This may be important
since the Inoculum size in an infected middle ear may be as high as 10° micro-erganisms
per gram of exudate [59]. The use of cefaclor as a first choice or alternative agent in the
treatment of acute ofitis media is not justified in our opinion in view of the superior
bacteriological and clinical efficacy of several other antibiotics e.g. augmentin, cefuroxime
and Tmp/Smz. The use of Em-sulfisoxazole should be restricted to patients with ofitis
media, who can not be treated with g-lactams or Tmp/Smz (see section on Em). The
efficacy of augmentin, cefuroxime and Tmp/Smz in the treatment of Ap-resistant H. in-
fluenzae otitis media and sinusitis needs to be proven in prospective comparative
randomized studies, although these antibictics are efficacious in open trials [36, 144, 155).

The increasing prevalence of Ap and Cm resistance in encapsulated H. influenzae and
the documented failure of Ap therapy in patients with invasive infections caused by Ap-
resistant H. influenzae are part[y responsible for the widespread use of broad spectrum
p-lactam antibiotics especially in H. influenzae meningitis. Some patients with Ap-resistant
strains causing epiglottitis, cellulitis, pneumonia and arthritls appear to react to Ap in vivo
(43, 107]. The presence of an in vivo response despite poor in vitro susceptibility may be
explained by factors such as the inoculum effect, the contribution of host deferces to
cure and the possibility, that a high dosage of Ap may gquantitatively overcome g-lacta-
mase levels. However, we advise treatment of infections with Ap-resistant Hib with
B-lactamase stable antibiotics in view of the expected, but not documented superiarity in
clinical and bacteriological efficacy. Both augmentin and cefuroxime appear to be effective
antibiotics in the treatment of lower respiratory tract infections by Ap-susceptible and
-resistant M. influenzae [22, 112, 142, 165]. The efficacy of ceftriaxone and cefotaxime
compared to Ap and Cm in the treatment of meningitis has been established in prospec-
tive randomized studies [10, 61, 116, 122, 139]. Recent studies indicate, that ceftriaxone is
superior to cefuroxime (a second generation cephalosporin) because of a more rapid
sterilization of CSF and a decreased percentage of patients with hearing impairment [7s,
139]. Other g-lactam antibiotics, which show excellent in vitro and in vivo activity in animal
models of experimental H. influenzae meningitis include azitreonam, ceftazidime and
imipenem [90, 91, 137]. The efficacy of ceftazidime in the treatment of meningitis caused by
H. influenzae has been proven in several studies [54, 135]. However, additional study is
necessary to define the role of ceftazidime in meningitis caused by S. preumoniae or
N. meningitidis. The use of imipenem-cilastatin in patients with bacterial meningitis has
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been associated with a high incidence of seizures [170]. The efficacy of aztreonam needs
to be proven in comparative studies of children with meningitis.

Routine susceptibility testing of H. influenzae isolates will remain necessary in order to
detect resistance to clinically important antiblotics. Standardization of in vitro testing may
lead to @& more reliable comparison of the prevalence of antibiotic resistance in different
countries and a more accurate detection of the different types of resistance, especially
resistance to Ap. Ap-resistant H. influenzae, but also intermediate susceptible H. influen-
zae (MIC between 2 and 8 pg/ml) need to be tested for the presence of g-lactamase. The
detection of Ap-resistant NBLP H. influenzae may serve as an indicator for the presence
of decreased susceptibility to g-lactam antibiotics. The current recommendations of the
National Committee for Clinical Laboratory Standards (NCCLS) for susceptibility testing in
H. influenzae have recently been shown to misclassify Ap-resistant NBLP strains as
intermediate or susceptible [104]. In addition, the NCCLS medium did not support the
growth of a substantial number of AP-resistant NBLP H. influenzae [104]. This may partly
be due to the auxotrophic requirements of these strains [102]. The fastidious growth of
especially non-typeable H. influenzae isolates from respiratory sites necessitates the use
of rich media such as Mueller-Hinton chocolate agar for MIC testing. Susceptibility testing
needs to be performed with freshly prepared standard inocula (e.g. 10° CFU) by agar
dilution tests. Disk susceptibility testing for Ap should be performed with 2 pg Kirby-
Bauer Ap disks [104]. The detection of Ap-resistant g-lactamase producing H. influenzae
indicates the presence of R-plasmids, which may also carry other antibiotic resistance
genes (Cm, Te, aminoglycosides). The mechanisms of antibiotic resistance described in
the previous sections have been summarized in Table 4.4.

Plasmid-mediated resistance to Ap and the multiple-resistant H. influenzae strains
containing plasmids encoding resistance to Ap, Cm and Tc will probably become
increasingly prevalent in both children with invasive and non-invasive disease unless
proper measures are taken. Recent outbreaks of multiple-resistant unencapsulated
H. influenzae infections in adult patients with chronic obstructive pulmonary disease, Ap-
resistant encapsulated H. influenzae infactions in geriatric patients and Ap-resistant
unencapsulated H, influenzae infections in an acute medical chest ward have focused
attention on the additional potential of these strains to cause disease in adults [47, 120,
152). We presume, that selection and subsequent spread of resistant isolates may
preferably happen in unencapsulated H. influenzae from patients with chronic respiratory
disease. These patients are recurrently and often treated with antibiotics for prolonged
periods thus increasing the risk for selection of resistant isolates, Wallace et al. have
shown in adults with chronic lung disease, that patients with unencapsulated H. influenzae
resistant to Ap, Cm or Tc were more likely to have received prior antibiotics, than control
subjects [166].
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Table 4.4 Mechanlsms of antiblotlc resistance in Haemophifus influenzae.

R-plasmld- or

Antlblotic Mechanlsms of resistance Chromosomat-mediated
Ampicillin - TEM-1 B-lactamase - 3, 30 or 40 Mda plasmid

- ROB-1 B-lactamase - 4,4 Mda plasmid

- Mutation in penicillin-binding proteins - Chromosomal
Cephalosporins - Mutation in penicillin-binding proteins - Chromosomal
Chloramphenicol - Chlorarnphenico! acetyltransferase - 30-50 Mda plasmid

- Decreased permeability - Chromosomal
Trimethoprim - Overproduction of dihydrofolate reductase - Chromosomal

{DHFR)

- Structural and functional alteration of DHFR

Erythromycin - Probably inhibition of ribosomat protein - Unknown
synthesis
Tetracycline - Prabably inactivation of repressor molecule - 30-40 Mda plasmid

for Te transmembrane transport protein

Aminoglycosides

Kanamycin - Aminoglycoside-phosphotransferase{3"l - Plasmid

Tobramycin

Gentamicin

Amikacin - Ribosomal alteration of protein synthesis - Chromosomal

Sisomicin

Kanamycin

Rifampin - Probably decreased binding of rifampin to RNA - Chromosomal

polymerase or decreased membrane permeability
of rifampin

Chromosomally mediated resistance to Ap is less prevalent and increases more slowly
than plasmid-mediated resistance. As shown before, this type of resistance is caused by
mutations in the penicilin-binding proteins of H. influenzae. As a result, MICs for many
p-lactam antibiotics are significantly increased, which may even result in resistance to
third-generation cephalosporins,
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We suggest, that a future spread of antibiotic resistance in H. influenzae may be halted
or delayed by a more restricted use of antibiotics and continuous epidemiclogical
monitering.
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CHAPTER 5

MOLECULAR CLONING AND MECHANISM
OF TRIMETHOPRIM RESISTANCE
IN HAEMOPHILUS INFLUENZAE

Ronald de Groot'”, José Campos', Steve L. Moseley®® and Arnold L. Smith'?

! Division of Infectious Disease, Children's Hospital and Medical Center,
Seattfs, USA.
Deparrmenr of Pediatrics, University of Washington, Seattle, USA,
Department of Microbiology, University of Washington, Seattle, USA.

5.1 SUMMARY

We studied 10 trimethoprim-resistant (Tmp") Haemophilus influenzae isolates for which
agar dilution MICs were 10 to > 200 pg/mi. Trimethoprim resistance was transferred from
two Tmp' H. influenzae isolates to a Tmp® strain by conjugation or transformation. Wild-
type Tmp' strains and Tmp' transcipients did not contain detectable plasmid DNA. The
trimethoprim resistance gene was cloned into a cosmid vector, and recombinant plasmids
were transduced into Escherichia cofi. A 0.50-kilobase intragenic probe derived from a
12.9-kilobase fragment which encoded trimethoprim resistance hybridized with whole-cell
DNA from Tmp® and Tmp' strains. Southern bilot analysis of restricted DNA from isogenic
Tmp® and Tmp" H. influenzae indicated that acquisition of trimethoprim resistance involved
a rearrangement or change in nucleotide sequence, Hybridizatlon was not seen with DNA
derived from Tmp' E. coli containing dihydrofolate reductase |, I, and Il genes or with
Tmp Neisseria meningitidis, Neisseria gonorrhoeae and Pseudomonas cepacea.
Southern hybridization with 12 multiple-resistant encapsulated H. influenzae strains
confirmed that the trimethoprim resistance gene was chromosomally mediated. Dihydrofo-
late reductase activity was significantly greater in cell sonicate supernatants of Tmp'
strains in comparison with isogenic Tmp® recipients. Differences were not found in the
trimethoprim inhibition profile of dihydrofolate reductase activity in Tmp® and Tmp' strains.
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We conclude that the mechanism of trimethoprim resistance in H. influenzae is overpro-
duction of chromosomally located dihydrofolate reductase.

5.2 INTRODUCTION

Haemophilus influenzae is an important cause of infections, especially in children.
Unencapsulated H. influenzae is a major cause of otitis media, sinusitis, and conjunctivitis,
whereas H. influenzae type b is frequently isolated in invasive disease. Trimethoprim-
sulfamethoxazole is recommended as an effective alternate therapy to ampicillin for ofitis
media and sinusitis [15, 49] and is occasionally used for the treatment of invasive disease
caused by H. influenzae. Trimethoprim interferes with the synthesis of tetrahydrofolate by
inhibition of the enzyme dihydrofolate reductase (DHFR): the subsequent methylation of
uridine to yleld thymidine is inhibited. A survey of antibictic resistance in H. influenzae in
England found that 1.4% of the isolates were Tmp' (MIC > 4 pg/mi) [42). A higher
incidence of trimethoprim resistance in multiple-resistant encapsulated H. influenzae was
found in Spain [10). Data on the mechanism of trimethoprim resistance in H. influenzae
are not available. At least seven mechanisms for trimethoprim resistance have been
described in other genera. Intrinsic resistance can be caused by decreased cell wall
permeability [59) or can be due to the production of a trimethoprim-resistant DHFR [56).
Mutational resistance has been attributed to four different mechanisms: thymine auxo-
trophy [33], overproduction of DHFR [16], production of an altered DHFR with decreased
affinity for trimethoprim {51), and decreased outer membrane permeability (21]. In addition,
R-plasmid-specified resistance has been described 2, 3, 19, 41, 55].

We studied 10 Tmp' H. influenzae strains, testing them by agar dilution on a thymidine-
free medium [111). We investigated the mechanism of resistance in unencapsulated strains
and cloned the gene responsible for trimethoprim resistance. The trimethoprim resistance
gene in H. influenzae was compared with the trimethoprim resistance gene in other
micro-organisms,

5.3 MATERIALS AND METHODS

Bacterial strains

The clinical H. influenzae strains used in this study are listed in Table 5.1. 'Laboratory
strains are listed in Table 5.2. Al isolates of H. influenzae were characterized by an

obligate growth requirement for hemin and g-NAD* when incubated at 37°C in air and by
morphology. All strains were typed by slide agglutination with polyvalent and type b sera
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Table 5.1 Descriptlon of H. influenzae Isolates.

Geographlc Date Reference
Straln Relevant characterlstics” orlgin Isolation site isolated or source
RE48 Tmp' Amp' Cap’ Germany Sputum 1980 [7]
R721 Tmp' Cap’ Sweden Sputum 1979 [61]
R722 Tmpr Ampr Cap Sweden Abscess 1979 [61}
R846 Tmp! Amp' Cap England NAC 1980 N. Datta
R1037 Tmp Cap England Eye 1981 [42]
R1040 Tmp Cap England Eye 1981 [42)
R1041 Tmp Cap Engtand Sputum 1981 [42]
Ri1042 Tmp Cap England Sputum 1981 [42]
R1043 Tmp Cap’ England Eye 1081 [42]
R1047 Tmp Cap England Eye 1981 [42]
R1661, R1664 Tmpr ﬁ\mpr om' Tc' Cap+ Spain Cerebrospinal fluid 1981-1983 [9]
R1680, R1696 Tmp Amp' Cm' Tc' Cap®  Spain Cerebrospinal fluid 19811983 9]
R1707, R1708 Tmp' Amp' Cm' Tc' Cap'  Spain Cercbrospinal fluid ~ 1981-1983 19]
R1715, R1716  Tmp' Amp’ Cm Tc' Cap®  Spain Cerebrospinal flud ~ 1981-1983 19]
R1728, R1730 Tmp Amp' Cm' Tc' Cap”  Spain Cerebrospinal fluid ~ 1981-1983 [9]

8 Abbreviations; Amp, ampicillin; Ca'p, capsule; Cm, chloramphenicol; r, resistant; Rif, rifampin;
s, susceptible; Tc, tetracycline; Tmp, trimethoprim.
NA, Not available,

(Difco Laboratories, Detroit, Mich.). Twenty-seven strains of Neisseria meningitidis for
which MICs of penicilin G were between 0.03 and 0.7 pg/ml and MICs of trimethoprim
were between 10 and 200 pg/ml were also studied. Eight Tmp' Neisseria gonorrhoeae
strains (JSK11, JSK269, A174, K1944, P1, Fi8, F28 and F29) (MICs of trimethoprim were
between 10 and 100 pg/ml) were kindly provided by Rosalyn Rice (University of Washing-
ton, Seattle). Pseudomonas cepacea 725 RN (MIC of trimethoprim, 5 pg/ml), PC 138 (MIC
of trimethoprim, 20 pg/ml), and PC 178 (MIC of trimethoprim, 200 pg/ml) were kindly
provided by Jane L. Burns (University of Washington, Seattle).

Media

The medium for growth of M. influenzae was brain heart infusion agar or broth (Difco)
supplemented with 10 gg of hemin chloride per ml, 10 ug of histidine per ml, and 2 ug of
B-NADY per ml (sBHI). Plates were incubated overnight at 36.5°C in 5% C0O,. Liquid
cultures were incubated at 37°C in air and shaken at 150 rem. The MIC of trimethoprim
was determined on Catlin medium [11] that was solidiffed with 2.5% agarose obtained
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Table 5.2 Laboratory stralns and plasmids.

Reference
Strain Relevant characteristics” or source
Haemophilus influenzae
R906 Ery’ Sm' Spec’ Rif® Cap’ 12]
Goodgal Rec’ Leu Met Hyp Lys Val Ala {38]
Rect Rec, no antibiotic resistance markers {48]
Rac1Rif Reci selected for spontaneous Rif {36)
Eia sm' Cap+ [50]
RSFO07 Ampr, contains 30-megadalton plasmid {47]
RB42 Amp', contains 4.1-kb plasmid [13]
RO06/1042-1 Tmpr sm’ Eryr transcipient of RI0EG and R1042
RO06/1047-1 Tmp' Sm' Ery' transcipient of R906 and R1047
Escherichia coli
HB101 F hsdS20 {5 mg) recA13 ara-14 proA2 lacY1 galk2 rpsL.20 sm’)
xyl-5 mtl-1 supE44 leu thi [5, 8]
P700 K-12, C600{pUC4-12) Tmpr, contains the gene for type Il DHFR 17
PB72 K-12, CB00 Tmpr. contains the type | DHFR structural gene 18]
P1242 K-12, JM83 Tmpr, contains the gene for type Ul DHFR M.E. Fling
pHC79 l-\mpr Tc' Cos region of lambda f24)
pGEM3 !-"«mpr recambinant plasmid containing a pUC18-derived multiple
cloning region [35]

®  Abbreviations: Amp, ampicillin; Cap, capsule; Cm, chloramphenicol; Ery, erythromycin; r, resistant;
Rec, recombination proficiency; Rif, rifampin; s, susceptible; Spec, spectinomycin; Sm, streptomycin;
Te, tetracycline; Tmp, trimethoprim,

from Sigma Chemical Co. (St.Louis, Mo.). LB broth [31] and Mueller-Hinton agar (Difco)
were used to grow Escherichia coli. Gonococcal, meningococeal, and P. cepacea strains
were grown on chocolate agar supplemented with GC base (Difco) containing 5%
lsoVitaleX (BBL Microbiology Systems, Cockeysville, Md.). Gonococecal strains were
incubated for 18 h at 36.5°C in a candle jar. Meningococci were incubated overnight at
36.5°C in 5% CO, and E. coli strains were incubated overnight at 36.5°C in air.

Antibiotics

Trimethoprim was obtained from Sigma. The antibiotic stock solution used for determina-
tion of the MIC was 5 mg/ml {17.24 mM} in 50 mM HCL. Ampicillin, erythromycin, rifampin,
and streptomycin were also purchased from Sigma.
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Other materials

Restriction enzymes and T4 DNA ligase were obtained from Bethesda Research Labora-
taries, Inc, (Gaithersburg, Md.). DHFR, dihydrofolic acid, alkaline phosphatase, and
B-NADPH were obtained from Sigma. Nucleotides ([a-azP]dATP, [a-aaP]dCTP, dTTP and
dGTP) were obtained from New England Nuclear Corp. (Boston, Mass.). Cesium chloride
was purchased from Gallard Schlesinger Chemical Manufacturing Corp. (New York, N.Y.).
Agarose was obtained from Seakem Corp. (Rockport, Maine).

Antimicrobial susceptibility testing

Determinations of the MIC of trimethoprim for 14 H. influenzae strains were performed by
agar dilution f2e]. Bacteria were inoculated with a Steers replicator on Catlin medium [11]
solidified with 2.5% agarose (Catlin agarose) containing trimethoprim at graded concentra-
tions between 0.1 and 200 ug/ml. The inocula tested were 10°, 10°, and 16" CFU. The
MIC was defined as the lowest concentration that completely inhibited visible growth in
comparison with growth on antibiotic-free medium.

Conjugation

Matings between Tmp' wild-type strains and Tmp® recipients (R906, ReciRif) were
performed as described previously [47]. After overnight incubation on micropore filters, the
cells were inoculated in duplicate on Catlin agarose containing 10 zg of trimethoprim per
ml and 250 pg of streptomycin per ml. The conjugation frequency was determined by
dividing the number of transcipients by the number of donor cells plated. The frequency
of mutation to trimethoprim resistance was determined by plating 1 0° bacteria on Catlin
agarose containing trimethoprim (10 ug/ml). The frequency of mutation to rifampin
resistance was determined by plating 10° bacteria on sBHI agar containing rifampin (10
pg/ml). The concentration of trimethoprim and streptomycin inhibiting the growth of
transcipients was determined by the agar dilution technique. Transcipients from matings
between R906 and R1042 and between R906 and R1047 were subsequently mated with
Rec1Rif. Cells from these matings were inoculated in duplicate on Catlin agarose
containing trimethoprim at 20 gg/ml and rifampin at 10 pg/mil.

Transformation to trimethoprim resistance with total DNA

Transformations were performed with H. influenzae Goodgal and Recl as the recipients.
The bacterial cells were made competent by the procedure of Herriott et al, [23]. Whole-
cell lysates of trimethoprim-resistant transcipients R906/1042-1 and R906/1047-1 (Table
5.1) were prepared as described previously 48], Approximately 100 to 1,000 ng of DNA
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150 rpm). After 4 ml of sBHI broth was added, cells were incubated for two additional
hours at 37°C. Micro-organisms were then plated on appropriate antibiotic media and on
sBHI plates to determine bacterial density and verify the lack of contamination. The
antibiotic resistance of transformants was confirmed by growth on Catlin agarose
containing trimethoprim at 10 pg/ml. Colonies were also inoculated on sBHI agar plates
with streptomycin at 250 pg/ml and erythromycin at 20 ag/ml. The transformation
frequency to trimethoprim resistance was determined by the number of Tmp' transformant
colonies divided by the total number of cells plated.

Plasmids

Strains RS08, R1042, and R1047 and 16 transcipient strains derived from matings
between R906 and R1042, R906 and R1047, Recl1Rif and transcipient R906/1042-1, and
Rec1Rif and transcipient R906/1047-1 were examined for the presence of plasmids by five
different techniques {22, 26, 27, 37, 43]. Reference Tmp® H. influenzae strains containing
plasmids were R842 [13} and RSF0Q7 [47]. Large-scale plasmid isolations were performed
by the method of So st al.[52].

Isolation of total DNA from H. influenzae

Isolation of whole-cell DNA was performed by the method of Hull et al. [251. Whole-cell
DNA was isolated by centrifugation in cesium chloride and dialyzed extensively against TE
buffer (10 mM Tris, 1 mM EDTA, pH 8). Dialysis tubing was prepared as described
previously [3t].

Nucleic acid techniques

Restriction enzymeé were used according to the guidelines of the manufacturer, with
buffers prepared as described previously [31]. Plasmid and chromosomal DNAs were
electrophoresed in 0.3 to 1.5% agarose gels. Agarose with a low gelling temperature
(FMC Corp., Marine Colloids Div., Rockland, Maine) was used to isolate DNA fragments
of interest. Ligations, transformations of competent £. coli HB101, and dephosphorylation
of vector DNA with calf intestinal alkaline phosphatase were performed by standard
methods [31]. Gels were stained with ethidium bromide, visualized by UV transilumination,
and photographed with a Polaroid M4 camera. Colony hybridizations were performed as
described previously [31]. Transfer of DNA from agarose gels to Nytran paper (0.45-um
pore size; Schleicher & Schuell, Inc., Keene, N.H.) was performed as previously described
{53]. Hybridizations were performed under stringent conditions. Briefly, filters were
prehybridized for 1 h at 42°C in a buffer containing 50% formamide, 100 pg of sonicated
saimon sperm DNA per ml, 5 x Denhardt solution {1 x Denhardt solution is 0.02%
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polyvinylpyrrolidons, 0.02% bovine serum albumin, and 0.02% Ficoll), and 5 x SSC buifer
(1 x SSC buffer contains 0.15 M sodium chloride plus 0.015 M sodium citrate). The
solution was discarded and replaced with the same buffer containing the probe. Hybridi-
zation was done at 42°C overnight. Filters were washed at room temperature in 2 x S8C-
0.1% sodium dodecyl sulfate for 15 min and then for an additional 15 min in the same
buffer at 65°C. Autoradiography was performed by the method of Wahl et al. [58].

Preparation of cosmid library and screening for trimethoprim gene

A partial digestion of whole-cell DNA of strain R1047 was performed with Sau3Al. The
DNA was banded by gradient centrifugation in cesium chloride, and fragments between
35 and 45 kilobases (kb) were selected. Sau3Al-digested DNA (9 pg) was ligated to 2 pg
of pHC72 digested with BamHI in a volume of 90 ul. The ligated DNA was packaged with
an in vitro packaging mixture obtained from Vector Cloning Systams (San Diego, Ca.)
[24]. Recombinant cosmids were transduced into E. coli HB101, selecting on ampicillin
(100 pg/ml) and trimethoprim (5 pg/ml). The ampicilin and trimethoprim resistance
phenotype was confirmed on Catlin agarose plates containing 100 gg of ampicillin per mi
and 5 pg of trimethoprim per ml. In selected recombinants, the presence of plasmid and
insert was confirmed by electrophoresis in agarose as described previously [4]. Plasmid
DNA from six recombinant clones prepared by the method of Birnboim [4] was tested for
its ability to transform strain Goodgal to trimethoprim resistance. EcoRl-digested pHC79
DNA was used as a negative control.

Subcloning of trimethoprim resistance gene and construction of restriction enzyme
map

Plasmid DNA of pRGS1 (a Tmp' recombinant cosmid) was digested with FcoRl and
electrophoresed. After staining and visualization, nine bands (ranging in size from 12.9 to
< 1 kb) were visualized and excised and the DNA was electroeluted. Each fragment was
tested for its ability to transform competent strain Geodgal to trimethoprim resistance. The
12.8-kby fragment (125 ng), which appeared to contain the trimethoprim resistance gene,
was ligated to 67 ng of dephosphorylated EcoRl-digested pGEMS [85] in a volume of 10
pl. The ligation mixture was transformed into E. cofi HB101, and recombinants were
selected on ampicillin (50 pg/ml) and trimethoprim (5 pg/ml). The presence of a 12.9-kb
insert coding for trimethoprim resistance was confirmed by electrophoresis in agarose.
The DNA of this subclone (pRGS7) was digested with the following restriction enzymes:
Accl, Aval, BamH|, Bgll, Ddel, EcoRl, Hincll, Hindlll, Hinfl, Hpall, Pstl, Sall, Sphl, Xbal, and
Xhol. Single and double digestions with restriction enzymes were performed to obtain a
restriction enzyme map. pRGS7 DNA was digested with each of the above enzymes, and
the resulting iragments were used to transform strain Goodgal to trimethoprim resistance.
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Construction of hybridization probe

A 0.50-kb Xbal-Pstl fragment from pRGS7 was excised after electrophoresis on low-
melting-temperature agarose. The DNA was electroeluted, extracted with phenol-chloro-
form, and ethanol precipitated. This fragment was used as a probe in colony blots and
Southern hybridizations. This fragment was also tested for its ability to transform compe-
tent strain Goodgal to trimethoprim resistance; whole-cell DNA derived from pRGS7, a
2.2-kb Hinfl fragment of pRGS7, and distilled water were used as controls.

The 0.50-kb DNA fragment was labeled by nick translation with [a-SzP]dCTP and
[a-aaP]dATP as described previously [45]. The unincorporated nuclectides were separated
from the probe with a Gene Clean kit (Bio 101, Inc., La Jalla, Ca.). DNA-DNA hybridi-
zations were performed under stringent conditions 31].

Preparation of crude enzyme exiracts

Crude enzyme extracts were prepared as described previously [s5]. After suspension of
the cells in buffer {0.05 M Tris chloride [pH 7.2], 1mM dithiothreitol, 0.05 M potassium
chloride, 1 mM sodium EDTA), the bacteria were sonicated with six cycles of 20 s
duration, at 20 W in a W370 cell disrupter (Heat Systems Ultrasonics) in an ice bath. After
centrifugation of the sonicate at 10,000 x g for 15 min, the supernatants were stored at
-20°C. The protein concentration of the cell exiracts was measured as described before
[30].

DHFR assay

DHFR activity was measured spectrophotometrically as described previously [40]. The
assay was performed with a Beckman model DU 6 spectrophotometer. Enzyme activity
was detected by measuring the decrease in A, with time at a temperature of 30°C,
using cell sonicate supernatants. Samples of cell extracts were incubated for 3 min at
30°C with NADPH (0.1 mmol) with or without trimethoprim in concentrations ranging from
10° to 10° M. Dihydrofolic acid (0.1 mmol} was then added, and the decrease in
absorbance was measured during the initial 30 tot 60 s to estimate the initial velocity, We
defined 50% inhibition as the molar concentration of trimethoprim necessary to inhibit 50%
of enzyme activity.

Outer membrane proteins
Quter membrane proteins were isolated by the lithium chloride extraction technique [34].

Protein concentration of the samples was measured as described previously [30].
Samples of 5 pg were electrophoresed on 8% polyacrylamide gels prepared as described
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previously 31]. Protein bands were identified by the silver staining technique of Wray et
al. [60].

54 RESULTS
MIC

The MIC of trimethoprim for the trimethoprim-resistant H. influenzae clinical isolates varied
from 10 to > 200 pg/ml (Table 5.3). Susceptible strains were defined as those whose
growth was inhibited by trimethoprim at < 0.5 pg/ml. With the exception of R906 and E1a,
all strains were susceptible to streptomycin (MIC, < 25 ug/ml). There was a slight
inoculum effect with the trimethoprim-resistant strains. For example, the MIC of trimetho-
prim for strain R1047 at 10' CFU was 5 pg/ml, at 10° CFU it was 10 pg/mi, and at 10°

CFU it was 40 gg/ml. This phenomenon was not seen with trimethoprim-susceptible cells,
Conjugation

Trimethoprim-resistant strains R1042 and R1047 were mated separately with laboratory
strain R906. Transcipients from these matings were used in additional mating experiments
to retransfer resistance to strain ReciRif. Trimethoprim resistance was transferred at a
frequency ranging from 10° to 10° per denor cell. The spontanecus mutation frequency
to trimethoprim resistance was < 10° with all recipients. The spontaneous mutation
frequency of R906/1042-1 and RY06/1047-1 to rifampin resistance was 10°. Transcipients
R906/1042-1 and RO06/1047-1 were trimethoprim-, streptomycin-, and erythromycin-
resistant. Isolates derived from matings with strain Recl1Rif were trimethoprim- and
rifampin-resistant. However, 90% of 88 Tmp transcipients obtained with ReclRif were
streptomycin-resistant and 61% were erythromycin-resistant.

Plasmid DNA detection

Using different plasmid isofation techniques, we were unable fo detect plasmid DNA in
two trimethoprim-resistant wild strains (R1042 and R1047) and in 16 frimethoprim-
resistant transcipients. We were, however, successful in visualizing plasmids in the strains
RSFO07 and R342,

Transformation

DNA derived from transcipient strains RO06/1042-1 and R906/1047-1 transferred trimetho-
prim resistance to H. infiuenzae Goodgal {recombination proficient) by transformation at a



88 Chapter 5

Table 53 Antiblotic susceptibility.

Straln MIC of trimethoprim MIC of streptomycin
(eg/mh)® {ug/m)

R648 10 5
R721 100 5
R722 40 5
Ra46 10 5
RO0S 0.5 > 250
R1037 40 &
R1040 40 25
R1041 40 25
R1042 > 200 25
R1043 20 25
Ri047 40 5
Ela 0.5 > 250
Rec1 05 5
Goodgal 0.5 5
ReciRif 0.5 5
HB101 0.5 > 250

® Determined by agar dilution with an inoculum of 105 CFU.

frequency of 1 x 10° to 2 x 10°. Transfer of resistance to H. influenzae Rec1 occurred at
a much jower frequency (1.5 x 10° to 1 x 10'?). Fiity transformant colonies derived from
strain Goodgal grew on trimethoprim at 10 gg/mi, but did not grow on erythromycin at 20
pg/mil. Of 50 transformants, 1 was resistant to streptomycin at 250 pg/ml; the other 49 did
not grow on streptomycin at 250 gg/ml.

Cloning of trimethoprim resistance gene

A cosmid library was prepared from the trimethoprim-resistant strain R1047 and screened
in £. coli HB101. Recombinant clones were selected on L agiar containing ampiciffine (100
pg/mly and trimethoprim (5 gg/ml).

The phenotype (Tmp' Amp'} of six recombinant cosmid clones (PRGS1 to pRGSHE) was
confirmed, and the presence of inserts was shown by an increase in the apparent
plasmid mass relative to pHC79. Transformations of competent strain Goodgal with
plasmid DNA from these clones yielded Tmp' transformants at high frequencies (10"’).
Transformation with EcoR1-digested pHC79 as a control did not yield Tmp' strains
(frequency < 10'9). A 12.9-kb EcoR1 fragment derived from pRGS1 transformed strain
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Goodgal to trimethoprim resistance at high frequency (~10'3). This fragment was ligated
into pGEM3, and the ligation mixture was transformed into HB1901. The recombinant
plasmid (pRGS7) was confirmed to confer trimethoprim resistance,

Construction of restriction enzyme map

Plasmid pRGS7 containing the trimethoprim resistance gene was subjected to restriction
analysis, and a map was constructed (Figure 5.1). Transformation to trimethoprim
resistance was not possible with Pstl- or Xbal-digested fragments, indicating an intragenic
site for both enzymes. Transformation to Tmp' after digestion with the other enzymes
listed in Figure 5.1 was observed at high frequency (10'4). Transformation of strain
Goodgal to Tmp' with a 0.50-kb Xbal-Pstl fragment of pRGS7 (Figure 5.1) was not
detected, whereas transformation with a 2.2-kb Hinil fragment which contained the

0.50-kb fragment produced Tmp' colonies at a frequency of 10™. These data indicate that
the 0.50-kb Xbal-Pstl fragment is intragenic.

Screening for trimethoprim resistance by colony hybridization

On colony blots, the 0.50-kb Pstl-Xbal probe hybridized to all unencapsulated trimetho-
prim-resistant H. influenzae strains shown in Table 5.1 and to transcipients R806/1042-1
and R906/1047-1. However, the probe also hybridized with trimethoprim-susceptible
strains R906 (unencapsulated) and Eta (encapsulated). Colony blots with 10 multiple-
resistant encapsulated H. influenzae strains from Spain and 10 Tmp® Amp' Cm' Tc¢'
transcipients in RY06 all produced a prominent signal. Hybridization of the probe with
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Figure 5.1 Restriction endonuclease map of PRGS?. The remaining 2.4-kb fragment from pGEMS is not
included.
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20— DNA restriction enzyme digests from trimetho-
prim-susceptible (R90B) (lanes &) and trimetho-
prim-resistant (R906/1047-1) (lanes b) isogenic
0.87— H. influenzae strains. The fragments were sepa-

rated by agarose gel electrophoresis, trans-
ferred onto Nytran paper, and probed with 3QP-
labeled Xbal-Pstl probe (500 base pairs). Lanes
represent restriction enzyme digests: 1, EcoRi,
2, Ddel; 3, Hpall; 4, Xbal; 5, Pstl; 6, Hinfl.

E. coli P700, P872, and P1242 was not detected, indicating the absence of homology
between the type |, Il, and Il DHFR genes in E. coli and the trimethoprim resistance gene
in H. influenzae. The probe hybridized with E. coff HB101 {pRGS2) and HB101 (pRGS3)
(both containing the trimethoprim resistance gene from R1047 cloned into pHC79) and
with E. coli HB101 (pRGS7). Colony hybridizations with the 0.5-kb probe with E. cofi
HB101 containing pGEM3 and with E. coli HB101 did not reveal homology. Hybridization
with lysed colonies of 8 N. gonorrhoeae strains, 27 N. meningitidis strains, and 3
P. cepacea strains with varicus levels of trimethoprim resistance did not reveal homology.

Southern blot analysis

Colony hybridizations with Tmp' and Tmp® M. influenzae suggested homology between
the cloned gene encoding trimethoprim-susceptible strains. We performed Southern blot
analysis of DNA from isogenic trimethoprim-susceptible and trimethoprim-resistant strains
(R906 and R906/1047-1). Total DNA from each strain was digested with different restric-
tion enzymes and then hybridized with the 0.50-kb probe (Figure 5.2). Digestions with
Ddel and Hinfl showed hybridization with fragments of different molecular size in the two
strains. To confirm that trimethoprim resistance in H. influenzae is encoded chromoso-
mally, we performed Southern blot analysis on agarose gels with separated plasmid and
chromosomal DNA from four multiple-resistant H. influenzae strains from Spain and four
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Flgure 5.3 Agarose gel electrophoresis of
plasmid and chromosomal DNA (A) and Sou-
thern hybridization with the 32P-I'.:tt:oeler:i Xbal-Pstl
probe (B). H. influenzae strains: lane 1, R1680;
lane 2, R1707; lane 3, R1715; and lane 4, B
R1716. Trimethoprim-resistant transcipients of
above strains and RS06 are represented in
lanes 5, 6, 7 and 8, respectively., Trimethoprim-
susceptible transcipients of the above strains in
R906 are presented in lanes 9, 10, 11 and 12,
respectively.

trimethoprim-susceptible and multiple-resistant transcipients resulting from matings of the
wild strains with R806. The probe hybridized in all eight strains with total DNA, but not
with plasmid DNA (Figure 5.3). In addition, four Tmp' transcipients resulting from the
mating of R8068 with multiple-resistant encapsulated H. influenzae were tested. The
0.50-kb probe hybridized only with the total DNA band.

Analysis of DHFR activity in crude enzyme extracts

Measurements of DHFR activity were performed on extracts derived from strains R908,
R906/1042-1, and RS06/1047-1. All experiments were done in duplicate, Strain
R306/1042-1 (inhibited by trimethoprim at 100 ug/ml} had five to six times more DHFR
activity per milligram of protein (0.05 and 0.02 U/mg} than the trimethoprim-susceptible
recipient, R906 (0.01 and 0.0056 U/mg). Extracts from strain R906/1047-1 (MIC, 40 pg/ml)
had three to four times greater activity {0.08 and 0.04 U/mg) than extracts from R908.
These data suppert the notion that overproduction of DHFR is the mechanism of
trimethoprim resistance in the study strains. The trimethoprim inhibition profiles of the
DHFR activity in the three different extracts indicated that 50% inhibition occurred at a
trimethoprim concentration of 10 M with all three cell extracts, suggesting that there was
no structural difference in DHFRs of resistant and susceptible strains,
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Quter membrane proteins

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of outer membrane prepara-
tions from isogenic strains (R906, R906/1042-1 and RI06/1047-1) showed no difference in
the number or relative mobility of the proteins in any of the strains. All strains contained 7
maijor and 13 minor outer membrane proteins.

5.5 DISCUSSION

The incidence of ampicillin-resistant H. influenzae in the United States has increased to
20% [14]. Trimethoprim combined with sulfamethoxazole is an effective alternative drug in
the treatment of otitis media and sinusitis. However, avajlable data on susceptibility of
H. influenzae to trimethoprim are inadequate owing to the antagonism of trimethoprim by
thymidine in present commercial media [28]. The National Committee for Clinical Labora-
tory Standards recommends determining trimethoprim susceptibility by agar dilution with
Mueller-Hinton agar containing 5% lysed horse blood [39]. Unpublished data from our
laboratory show that trimethoprim susceptibility testing on this medium is not reliable;
many strains are erroneously identified as resistant. The MICs of trimethoprim for the
resistant strains ranged from 10 to < 200 pg/ml. In other species such intermediate levels
of resistance appear to be chromosomally encoded [20]. The growth of Tmp® strains was
inhibited by concentrations of < 0.5 pg/ml. The bimodal trimethoprim susceptibility curve
of H. influenzae strains (susceptible strains for which MICs were < 0.5 pg/mi and
resistant strains for which MICs were » 10 pg/ml indicates that trimethoprim resistance in
H. influenzae s not intrinsic, as in certain Neisseria or Bacteroides species [57) but is
acquired. We could not localize the trimethoprim resistance gene to plasmids in the
H. influenzae strains, although it was possible to transfer trimethoprim resistance by
conjugation. Albritton et al. [1] have previously shown that exchange of chromosomal
markers can occur during matings of H. influenzae and that the mechanism of transfer is
different from classical transformation or conjugation. Gene transfer during conjugation
conditions indicates that the trimethoprim resistance gene is linked to the streptomycin
and erythromycin resistance genes in H. influenzae. Streptomycin and erythromycin both
transferred with trimethaprim in conjugation experiments in the absence of selective
antibiotic pressure.

We were able to show by cloning the trimethoprim resistance gene and developing a
0.50-kb intragenic probe that considerable homology exists between the gene encoding
for trimethoprim resistance and DNA of Tmp® H. influenzae, Southern blot analysis with
isogenic Tmp® and Tmp' strains showed that the probe hybridized with two Hinfl and
Ddel fragments of different molecular size in the resistant isolate. This indicates that
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acquisition of trimethoprim resistance involves some sort of rearrangement or change in
nuclectide sequence. Southern blot analysis of separated plasmid and chromosomal DNA
derived from multiple-resistant H. influenzae confirmed that the trimethoprim resistance
gene was chromosomally encoded, in contrast to the plasmid-encoded genes for
ampicillin, chloramphenicol, and tetracycline resistance. It is of interest that both chromo-
some- and plasmid-encoded antibiotic resistance evolved in the same strains. The
trimethoprim resistance gene in H. influenzae appears tc be different from the plasmid-
encoded DHFR |1, I, and Il genes of E. coli and from genes encoding for intrinsic
trimethoprim resistance of N. meningitidis and N. gonorrhoeae. Colony hybridization with
Tmp' P. cepacea strains also showed no homology with the gene encoding for trimetho-
prim resistance in these sirains. The absence of detectable homology between the
trimethoprim resistance gene in H. influenzae and genes coding for trimethoprim
resistance in other micro-organisms is not surprising, since comparative biochemical and
genetic studies of plasmid- and chromosome-encoded DHFRs have shown substantial
differences in gene structure, amino acid sequence, and trimethoprim inhibition profiles [8,
18, 54, 62].

Our data suggest that the mechanism of trimethoprim resistance in H. influenzae is
chromosomally mediated overproduction of DHFR. Outer membrane profiles and
trimethoprim uptake studies (not reported) of isogenic Tmp® and Tmp' H. influenzae
strains showed no differences. This indicates that trimethoprim resistance in H. influenzae
is not caused by decreased penstration of the antibiotic into the cell. Characterization of
trimethoprim inhibition profiles in isogenic susceptible and resistant strains further showed
a similar 50% inhibition for both susceptible and resistant strains. These data are
consistent with the notion that overproduction of DHFR is responsible for trimethoprim
resistance but do not exclude the possibility of concomitant synthesis of a trimethoprim-
insensitive DHFR. Overproduction of DHFR in other bacterial species and in eukaryotic
cells can be caused by gene duplication in the presence of selective trimethoprim
pressure [32, 44]. Southern blot analyses do not support this mechanism in H. influenzae.
Promoter mutation or mutation in a positive or negative regulator gene could lead to
increased rates of expression of the DHFR gene in Tmp' H. influenzae. Molecular genstic
analysis of the trimethoprim resistance gene in H. influenzae will further clarify the genstic
basis of resistance in these strains.
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TRIMETHOPRIM RESISTANCE
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6.1 SUMMARY

We characterized a highly purified preparation of the chromosomally encoded dihydrofo-
fate reductase (DHFR) from a trimethoprim-susceptible (Tmp®; strain MAP) and two
trimethoprim-resistant (Tmp") strains (MAP/47 and MAP/42) of Haemophilus influenzae.
The enzymes were purified between 650- and 3000-fold by gel-filtration and dye-ligand
chromatography. The apparent rmolecular mass of the three proteins was 18400 Da by
PAGE under denaturing and non-denaturing conditions. Total enzyme activity was greater
in alt fractions from the Tmp' strains compared with the Tmp® isolate. The three enzymes
had a similar K, for dihydrofolate (7, @ and 5 yM) and NADPH (2, 5 and 6 uM). However,
the Tmp IC;, (the concentration necessary for 50% inhibition of DHFR activity) for the
Tmp® strain MAP was 0.001 £M, whereas DHFR from the Tmp' strains MAP/47 and
MAP/42 had values of 0.1 gM and 0.3 M respectively. The methotrexate IC,, of the
MAP/42 DHFR was 0.06 M in comparison with the enzyme from MAP (0.008 gM) and
MAP/47 (0.007uM). Isoelectric focusing indicated that the DHFR from MAP/42 had a
different isoelectric point (pl 7.6) compared with the enzymes from MAP and MAP/47 (pl
7.3). Peptide mapping after digestion with trypsin revealed one major peptide fragment
(7.9 kDa} in the DHFR of MAP and MAP/47 and three major tryptic fragments (7.9, 9.6
and 125 kDa} in DHFR from MAP/42. We conclude that trimethoprim resistance in
H. influenzae resulis from overproduction of structurally altered DHFR(s).
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6.2 INTRODUCTION

Bacterial resistance to trimethoprim (Tmp) is commeonly due to resistance plasmids which
encode (a) dihydrofolate reductase(s) [DHFR({s)] with lower affinity for Tmp. There are six
classes of R-plasmid-encoded DHFRs in Gram-negative micro-organisms [11, 26, 30, 33, 37,
38] and one class in Gram-positive bacteria [1]. Additional mechanisms of resistance
include chromosomal mutation leading to overproduction of DHFR [10, 32}, a decreased
outer-membrane permeability to Tmp [14, 35] or thymine auxotrophy [21].

DHFRs from several bacteria, e.g., Neisseria gonorrhoeae, Streptococeus faecium,
Staphylococcus aureus, Escherichia coli and Sireptococcus pneumoniae, have been
partially purified and characterized [2, 23, 24, 29, 38]. The amino acid sequence of these
enzymes shows considerable inter- and intra-species differences [2, 12, 31}, even though
they may possess common kinetic properties.

We previously reported, that Tmp resistance in Haemophilus influenzae was chromoso-
mally mediated and associated with increased DHFR activity in sonicated cells [13]. We
describe here the partial purification and properties of DHFR from three strains, two of
which are trimethoprim-resistant. All are isogenic, except for the Tmp' determinant, Al
three enzymes have a molecular mass of approx. 18400 Da, but have structural and
functional differences.

6.3 MATERIALS AND METHODS
Bacterial strains

Strain MAP [6) (previously described as strain R906 (13)) is Tmp® (minimal inhibitory
concentration (MIC) 0.5 pg/ml). It was used as a recipient for transformation with DNA
derived from Tmp' strains R1047 (MIC 30 pg/mi) and R1042 (MIC 100 pg/mi) [13]. In the
present study, two trimethoprim- and streptomycin-resistant transformants shown to be
erythromycin-resistant were identified as MAP/1047-1 and MAP/1042-1 respectively [13].
These previously described isogenic Haemophifus influenzae strains were used in the
present study: a Tmp® strain [MAP (MIC 0.5 ug/ml)], a low-level Tmp' strain [MAP/1047-1
(MIC 30 pgfml), called MAP/47 here] and a high-level Tmp' strain {MAP/1042-1 (MIC 100
ugfmi, called MAP/42 here)].

Media

Haemophilus Influenzae were grown in brain/heart-infusion agar or broth (Difco) supple-
mented with 10 pg of haemin chloride/ml, 10 pg of histidine/mi, and 2 pg of B-NAD/ml
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(sBHI [13]. Solid media were incubated overnight at 36.5°C in 5% CO,, whereas liquid
cultures were incubated at 37°C in air and shaken at 150 rev./min.

Materials

Dihydrofolic acid (DHF}, Bg-NADPH, 3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltstrazolium
bromide (MTT), phenylmethane sulphonyl fluoride, dithiothreitol, Tmp and methotrexate
were obtained from Sigma Chemical Co. (St Louis, Mo, U.S.A). The antibiotic stock
soluticn of Tmp used for determination of the 50%-inhibitary constant (iCg,) was 5 mg/mi
(17.24 mM) in 50 mM-HCI. The stock sclution of methotrexate was 4.55 mg/10 ml of
distiled water (ImM). They were stored at 4°C. Sephadex G-75 was supplied by
Pharmacia, Uppsala, Sweden. Matrix Gel Green A, uitrafiliration cell and YM 10 membra- -
nes were purchased from Amicon Corporation (Lexington, Ma, U.S.A.}. Ampholines (pH 5-
8) were obtained from LKB (Bromma, Sweden). Seguencing-grade trypsin was obtained
from Boehringer-Mannheim (Indianapolis, i, U.S.A). Protein molecular-mass standards,
ultrapure glycerol and (NH,),S0, were supplied by BRL (Gaithersburg, Md, U.S.A).
Bradford protein assay mixture was purchased from Bio-Rad (Richmond, Ca, U.S.A). All
other chamicals were of reagent grade.

Enzyme purification

Cultures (4 litres) of each strain were grown aerobically overnight to about 10" cells/ml in
sBHI. Cells were pelleted at 10000 g and frozen at -20°C until the subsegquent steps. All
subsequent steps were performed at 4°C. Cell pellets from a total of 12 litres of culture
(approx. 12g of cells) were resuspended in 120 ml of 50 mM-sodium phosphate buffer,
pH 7.4, and pelleted at 10000 g. The pellets were resuspended in 120 ml of phosphate
buffer, pH 7.4, containing 1 mM-dithicthreitol, 1 mM-scdium EDTA, 50 mM-KCl and 0.1
mM-phenylmethane sulphonyl fluoride and sonicated at 20 W at 0-4°C for 30 s ten times
{5 min total) in a W370 cell disruptor (Heat Systems Ultrasonics). After centrifugation of
the sonicated cells at 10000 g for 1 h, the supernatant was collected and DNAase was
added to vield a final concentration of 50 pg/ml. The solution was incubated at room
temperature for 15 min and centrifuged at 10000 g for 3¢ min. Remaining nucleic acids
were precipitated by the addition of 0.1 vol. of 5% (w/v) streptomyein sulphate solution in
50 mM phosphate buffer, pH 7.4.

After centrifugation the supernatant was used for {NH,),SQ, fractionation. The fraction
precipitating between 45 to 80% saturation contained more than 90% of the DHFR
activity. The (NH,},S80, pellet was dissolved in 20 ml of 50 mM-phosphate buifer, pH 7.4,
dialysed avernight against the same buffer and applied o a Sephadex G-75 column (75
cm x 1.25 cm). The sample was eluted with the same buffer containing 20% (v/v) glycerol
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fractions were assayed for DHFR activity. Those with DHFR activity were pooled and
applied to a Matrix Gel Green A column (2.6 ¢m x 40 ocm) equilbrated with 50 mM-
phosphate buffer. The column was washed for a minimum of 24 h with 540 ml of the
same buffer: this effluent did not contain detectable DHFR activity. The samples were then
eluted at 10 mi/h with the same buffer containing 20% (v/v) ultrapure glycerol and a linear
salt gradient (0-2 M-KCI). Fractions with DHFR activity were pooled and concentrated at
345 kPa (50 Ibf/ina) in an Amicon ultrafiltration cell with a YM-10 membrane and stored at
4°C.

Enzyme assay

DHFR activity was measured spectrophotometrically with a Beckman model DU 8
spectrophotometer as described previously [25]. Enzyme activity was detected by
measuring the DHF-dependent decrease in the absorbance at 340 nm with time at 30°C.
The standard enzyme assay contained 0.1 mmol of NADPH, 50 mM-sodium phosphate
buffer, pH 7.4 and 10 pM-mercaptoethanal with or without DHF (0.1 mmol} in a final
volume of 1 ml. The linear decrease in absorbance was measured during the first 30 to
60 s to estimate initial velocity. The decrease in absorbance was corrected for that
oceurring in the absence of DHF and enzyme source. One enzyme unit was defined as
the amount required to reduce 1 gmol of DHF/min, [on the basis of a molar absorption
coefficient of 12,3 x 10° Iitre.mol".cm'1] [17]. Specific activity was expressed by enzyme
units/min per mg of protein. Studies of enzyme kinetics were performed with DHFR eluted
from the Green A matrix gel. Kinetic parameters at different concentrations of substrate,
cofactor or inhibitors were obtained by three to five replicate measurements. The K, for
DHF and NADPH was estimated from the equation:

Vi = (Vi - [S]} /(K + [8D)

in which V; and [8], V., and K are (respectively) initial velocity, substrate concentration,
maximum reaction velocity and Michaelis-Menten constant. The means + S.D. for the
replicates and the P values were calculated by using the methods of Bevingten and Choi
(3 7]. The Michaelis-Menten kinstic analyses were performed by preincubating DHF and
NADPH for 3 min before starting the reaction with enzyme source. ICy, was determined
for all three preparations using different concentrations of Tmp or methotrexate with DHF
and NADPH concentration constant at 0.1 mh.

Tmp and methotrexate 1Cg, values were calculated by using the equation:

v = Vmux - (Vmax S/ (Icso + )

in which v, V__, and [I] are {respectively) observed velocity, maximum reaction velocity
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and concentration of the inhibitor. ICy, values were obtained after preincubation of
NADPH, enzyme source and inhibitor for 3 min. The reaction was then started by adding
DHF. A non-linear least-squares fit was used to determine the values of V. and ICg,.

Protein determination

Protein concentration of samples was measured as described by Bradford [4), with BSA
as the standard.

PAGE

SDS/PAGE was performed on 10-12%-acrylamide separating gels with 4%-acrylamide
stacking gels, using the method of Laemmii [20]. Electrophoresis was continued at 20°C
and 50 V until the Bromophenol Blue marker migrated to the bottom of the gel. Protsins
were detected by using the silver-staining technique of Wray et al. [36]. Non-denaturing
continuous gel electrophoresis was performed on 10%-acrylamide slab gels as described
by Hames [i5]. Enzyme preparations were suspended in 10% (wfv) sucrose/0.2%
Bromophenol Blue/ 10mM Tris/HCI, pH 8.0. Samples were electrophoresed for 16 h at
140 V. DHFR activity in the gel was detected by using the system described by Hiebert et
al. [16]. NADPH (8.3 mg), DHF (2.2 mg), MTT {16.5 mg) and 0.5 M-Tris/HCI, pH 7.4 (5 ml)
were mixed in a total volume of 50 ml. The gels were incubated in this solution for 15 min
at 387°C, at which time blue bands were evident. These bands were cut from the gel and
minced into small pieces. The minced fragments were resuspended in running buffer,
subjected to SDS/12%-FPAGE and silver-stained as described above to estimate molecular
mass.

Isoelectric focusing

Isoelectric focusing was performed under non-denaturing conditions in a tube-gel
electrophoresis system (Bio-Rad model 150A; Bio-Rad, Richmond, Ca, U.S.A). Gels were
prepared as described by Eder [9]. The lower reservoir was filed with 0.05 M-H,SQ, as
anode solution and the upper chamber was filled with 0.03 M-NaOH as the cathode
solution. The gels were prerun at 1 mA/gel for 15 min. Enzyme preparations in 50 mM-
phosfate buffer, pH 7.4, containing 10% sucrose, and 6% Ampholines (pH 5-8) were
loaded, focused for 7 h and DHFR activity detected by the method of Hiebert et al. [16]
described above. The pH gradient was measured by slicing an unstained gel into 0.5 cm
sections, suspending each section in 1 ml of deionized water, equillbrating at 21°C for
1 h and measuring the pH. Bands with DHFR activity were excised from the gel, minced
into small pieces, and subjected to SDS/12%-PAGE; proteins were detected by silver stain
as described above,
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Peptide mapping

Peptide mapping was performed as described by Cleveland et al. [8]. After Green A
matrix gel chromatography, fractions with DHFR activity derived from strains MAP, MAP/47
and MAP/42 were electrophoresed on SDS/15%-PAGE minigels. The predominant 18.4
kDa band was excised from the gel after revealing protein bands with Ponceau S stain
[27]. The gel fragments were placed in 0.125 M-Tris/HCI (pH 8.0)/0.1% SDS/1mM-EDTA
and electroeluted in a Bio-Rad model-422 slectroeluter using 50 mM-NH,HCO, (pH
8.0)/0.1% SDS. Elution was performed at 10 mA/sample for 4 h. Each sample was freeze-
dried in a Speed-Vac (Savant Instruments), and 100 mg of trypsin in 1 ml of 1 MM-HC!
was added to each sample. A gel fragment not containing detectable protein was
processed as a control. Digestion was continued for 18 h at 38°C. Samples wers then
dried and stored at 4°C. The tryptic digests were resuspended in 50 pl of 0.1M-sodium
phosphate, pH 7.4, and radiciodinated with Na'™| by the chloramine-T procedure [22].
) jabelled samples and molecular-mass standards were electrophoresed overnight on a
SDS/15%-PAGE gel. The gel was dried after fixing in methanol/acetic acic/water (9:2:9, by
vol} for 1 hour. Autoradiographs were made after 20 min, 30 min, 1 h, 4.5 h and 18 h of
exposure, with a screen between gel and film to intensify the bands.

6.4 RESULTS
Enzyme purification

Initial attempts at purification of DHFR were associated with loss of enzyme activity in the
steps after (NH,),S0O, fractionation. This problem was solved by the addition of 20% (viv)
glycera| during gel-filtration steps. The purification scheme for DHFR from the three strains
is summarized in Table 6.1, These data are the average of three replicate purifications
using frozen cells from a total of 12 1-itre cultures of each strain. Total enzyme activity
was calculated after correction for DHF-independent NADPH oxidase activity. This activity
was considerable in the first two steps of the purification procedure, but present in minute
guantities after (NH,),S0, precipitation, and not detectable after the gel-filtration steps.
Total enzyme activity of the final electrophoretically pure preparations from MAP/47 and
MAF/42 was 6-10-fold higher than those derived from MAP. The specific activity of DHFR
derived from these strains was 8-fold the specific activity of DHFR from MAP in the initial
fractions, but became similar as the enzyme was purified. Purification for the three
enzymes varied between 650- to more than 3000-fold, with recovery of total activity
between 16 and 29%.
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Table 6.1 Purlfication of DHFR from Isogenic H. influenzae stralns.
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Strain Fraction” Total

Total Speclfic Purlfication Yletd
enzyme activity Protein Activity
(unitsb) {mg) {units/mg) {fold) {%)

MAP 1 6016 2693 22 1 100
2 5691 2537 22 1 95

3 5285 1441 37 1.3 88

4 2195 9 243.9 103 36

5 1220 0.2 60g97.5 3183 20

MAP/47 1 49024 3174 15.5 1 100
2 49024 3050 16.1 1 100

3 48862 834 58.6 3.8 100

4 43252 23 1880.5 120 85

5 13984 0.8 17479.6 1132 29

MAP/42 1 47642 2856 16,7 1 100
2 57480 2644 21.8 1.3 121

3 56179 1045 53.8 3.1 118

4 18211 40 455.3 27 38

5 7724 0.9 8581.8 648 16

Fractions are identffied as follows: 1, cell lysate; 2, after streptomycin sulfate treatment; 3, after

umol of tetrahydrofolate produced/min from dihydrofolate and NADPH [17].

NiH,4) SO, fractionation; 4, after Sephadex G-75; 5, after Green A Matrix chromatography.
)22 P g

Molecular mass

The molecular masses of the native enzymes were estimated by gel-filiration on Sephadex
G-75 in comparisen with reference proteins. DHFR activity was eluted as a single activity
peak corresponding to a molecular mass of approximately 18000 Da. SDS/PAGE of
fractions with high specific activity indicated a protein with a relative mobility equivalent to
18.4 kDa (Figure 6.1). When the same enzyme fractions were analyzed by non-denaturing
gel electrophoresis, we detected DHFR activity in the lanes containing extract of MAP and
MAP/47, but not from MAP/42. Bands with DHFR activity were electroeluted from the ge!
and analyzed by SDS/PAGE; each contained a single protein with a mobility equivalent to

18.4 kDa.
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Flgure 6,1 SDS/PAGE analysis of purified
MAP, MAP/47 and MAP/42 DHFR.

e .

Molecular-size standards are shown in the
i extreme left and right lanes. Lane A, 2,8 g
. . of protein from MAP/42; B, 2.8 fig of protein
‘ from MAP/47; and lane C, 2.8 pg of protein
of partially purified DHFR from strain MAP.

Isoelectric focusing

Fraction 5 derived from the strains was subjected to isoelectric focusing and DHFR
activity was detected in the gel as described above. Fraction 5 from MAP and MAP/47
had a different p! compared with MAP/42 (Figure 6.2). A major band corresponding with
a pl of 7.6 was seen with MAP/42, whereas a pl of 7.3 was found with the fractions from
MAP and MAP/47. When fraction 3 of each strain was subjected to isoelectric focusing, a
faint band with a pl of 7.1 could be seen in fractions from MAP and MAP/47. The
apparent molecular mass of the fraction containing most of the DHFR activity was
confirmed by elution from the isoelectric-focusing gel followed by SDS/PAGE; the protein
had a relative mobility equivalent to 18.4 kDa.
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Figure 6.2 Isoslsctric focusing of
single fractions and combinations of
DHFR from strains MAP, MAP/47 and
MAP/42,

DHFR was detectad as described in
the text. MAP samples contained 1.75
units of DHFR and 8.75 fg of protein;
the MAP/47 sample contained 11.2
units of DHFR and 2,15 fig of protein;
and the MAP/42 sample contained
11.0 units of DHFR and 12 pg of
protein, Lane A, MAP and MAP/47; B,
MAP; C, MAP/47, D, MAP/47 and
MAP/42, E, MAP/42; F, MAP and
MAP/42,

Enzyme kinetics

The kinetics of fraction 5 of each DMFR were studied to determine whether functional
differences existed, Kinetic parameters including K, for DHF, K. for NADPH and IC,, for
Tmp and methotrexate are summarized in Table 6.2 and depicted in Figure 6.3. Statistical
analysis using the Aspen-Welch test [7] showed significant differences in K, for DHF
between MAP and MAP/42 (< 0.05), whereas those between MAP and MAP/47 were not
significantly different (p > 0.1). In addition, significant differences in K, for NADPH were
found between MAP and MAP/47 {(p < 0.05) and MAP and MAP/42 P < 0.025).
However, K, values for DHF and NADPH showed less than a 3-fold difierence between
the three strains. In contrast, approx. 100- and 200-fold differences were measured
between the Tmp IC,, values of MAP and MAP/47 (p < 0.0005) and MAP and MAP/42
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Table 6.2 Comparison of kinetic pn:>|:|erth'=-.%El of varlous H. influenzae DHFRs.

Straln K, DHF Ko NADPH Trimethoprim IC5, Methotrexate 1C;,
(M) (M) M) (un)
MAP 671 = 114 201 = 0,19 0.0013 = 0.0002 0.0066 = 00018
MAPR/47 8,60 = 0.64 5.05 = 0.85 0.i4  *+ 0.005 0.0083 = 0.001
MAP/42 475 % 0.81 6.00 = 0.68 026 =+ 0.03 0062 =+ 0.001

a .
Results are means = 8.D. for three or four replicates.

{p < 0.005) respectively. In addition, a 9-fold difference was found between the metho-
trexate ICg, values of MAP and MAP/42 (p < 0.0005), whereas no significant difference
was observed between the methotrexate 1Cg, values of MAP and MAP/47.

Peptide mapping

Proteolytic digestion of fraction & from the three strains resulted in the generation of one
major peptide of 7.9 kDa in DHFR from strains MAP and MAP/47 and three major
peptides (7.9, 8.6 and 12.5 kDa) from strain MAP/42. In addition, an 18.4 kDa band and a
22 kDa trypsin band were seen on the autoradiographs.

6.5 PISCUSSION

Assaying crude cell lysates, we suggested that the mechanism of Tmp resistance in
H. influenzae was overproduction of chromosomally encoded DHFR [13]. In the present
study, DHFRs from an isogenic Tmp® and two Tmp' H. influenzae strains were highly
purified. The purification scheme involving gel-filtration and dye-ligand chromatography
was similar to that used for DHFR from E. coli R483 [24]. A high degree of purification
{650-3000-fold) was obtained, with total recovery of enzyme activity varying between 16
and 29%. The relative instability of DHFR was eliminated by adding 20% glycerol to the
phosphate buffer. Total DHFR activity recovered from the strains was 6-10-fold higher in
preparations from Tmp' strains compared with the Tmps strain. Chromosomal mutations
resulting in overproduction of DHFR have previously been described in Sireptococcus
pneumoniae, Neisseria gonorrhoeae and Escherichia coli [2, 28, 29].
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Figure 6.3 Kinetic parameters of DHFR from MAP, MAP/47 and MAP/42,

(A, B) Initial velocity in the presence of different concentrations of DHF (A) and NADPH (B). For details,
see the Materials and methods section. Strains: o—oc, MAP; A—A, MAP/47; «—e, MAP/42, (C, D) Inhibi-

tion of DHFR from MAP (o~—o), MAP/47 (A—A) and MAP/42 {s—s) by Tmp (C) and methotrexate (D). For
details, see the Materials and methods section,

The K, and V,,,, for DHF and NADFH of the three DHFRs varied by 2-3-fold, a difference
we considered to be physiologically unimportant. In contrast, the Tmp ICsp for the
enzymes from MAP/47 and MAP/42 Tmp' strains was 100- and 200-fold higher than the
Tmp IC,, for the DHFR from Tmp® MAP. The methotrexate ICy, for MAP/42 was approx.
104ald higher than the 1C,, values for MAP and MAP/47. These data suggest that Tmp
resistance in H. influenzae is caused not only by overproduction of DHFR, but also by
changes in enzyme structure, resulting in a lower affinity of DHFR for antifolates. Compari-
son of the kinetic parameters from a variety of chromosomally and plasmid-encoded
DHFRs (Table 6.3) shows that the values of H. influenzae DHFR K, far DHF and NADPH
are similar to those found with chromosomally and plasmid-mediated DHFR in £. coli and
N. gonorrhoeae. Similarly, the trimethoprim ICs, of Tmp® H. influenzae is in the same
range as Tmp® E. coli. The trimethoprim ICsy values for DHFR derived from Tmp'
H. influenzae are intermediate between those from Tmp® E. coli DHFR and that of the
plasmid-encoded DHFR from Tmp' £ cofi. This is not surprising in view of the relatively
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Table 6.2 Michaells-Menten and Inhibition constants of DHFRs In varlous micro-organisms”.

Micro-organism Straln ~ Source  MIC DHF K NADPH K, Tmp IC5, MTX ICg, Reference
(wg/ml) (bt (M) (M) (M)

H. influenzae  MAP c 0.5 &7 2.0 0.001 0.007 [13]
MAP/47 C 30 8.6 5.1 0.1 0.008 {13}
MAPf4a2 C 100 4.8 6.1 0.3 0.06 [13]

E. coll J5 c 02 12 7.0 0.02-0.007 0.004 [26]
Ra83 P > 1000 56 123-17.3 3.8-57 0.34.4 [24, 26, 34]
R&7 P > 2000 4.1 6.4 70,000 1000 [26, 34]
pAZ1 P 64 0.4 N.D. 2.1 N.D. £19]
puKiiz3 P 160 a7 N.D. a2 0.02 [38]

N. gonorrhoeae F62 c 48 2.1 13 MN.D. 0.0002 [2)
Ta7 c 1200 286 10 N.D. 0,0002 i2]

*  Abbreviations: MIC, minimal inhibitory concentration; DHF, dihydrofolic acid; Tmp, trimethoprim; MTX,
methotrexate; ND, not determined; C, chromosome; P, plasmid.

low Tmp MICs of Tmp' H. influenzae strains (30 pg/ml and 100 ug/ml) compared with the
higher MICs {> 1000 pg/ml} of certain plasmid-encoded enzymes from Tmp' E. cofi.

The apparent molecular mass of all these H, influenzae enzymes was 18000 Da. This is
similar to the molecular mass of chromesomally and plasmid-mediated DHFR derived
from other Gram-positive and Gram-negative micro-organisms [2, 19, 26, 34]. Isoslectric
focusing confirmed that the pl of MAP/42 DHFR was different (7.6) from those of MAP
and MAP/47 DHFRs (7.3). These values are substantially higher than the pl of DHFR from
chromosomal £. coli (4.4), but in the same range as the pl of certain plasmid-encoded
DHFRs from Tmp' E. coli [5, 18, 26]. When crude fractions from MAP and MAP/47 were
allowed to react longer, or more protein was applied to the gel, an additional band
corresponding to a pls of 7.1 could be seen (Figure 6.2). We speculate that this second
band might be an artefact, as was shown by Baccanari et al. (1984) with DHFR from
N. gonorrhoeae (2). Alternatively the endogenous DHFR might be detected. The presence
of structural differences between DHFRs from MAP/42 and the other strains was suppor-
ted by the peptide maps. Only one major tryptic peptide fragment was seen in DHFRs
from MAP and MAP/47, whereas three major fragments were observed in DHFR from
MAP/42,
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Using DHFR preparations purified 600-3000-fold, we found structural and functional
differences between the DHFR of the three strains. We suggest that the genetic basis for
these changes may be similar to those encountered in regulatory mutants of DHFR in
E. coli K12 28]. Studies by Smith & Calvo [31] revealed that the genetic basis of Tmp'
induced by mutagenesis was a mutation in the *fol' gene, resulting in a DHFR with lower
affinity for Tmp, and a second mutation in the promoter, resulting in an increased
synthesis of DHFR-specific mRNA.
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7.1 SUMMARY

Trimethoprim resistance in Haemophilus influenzae (H. influenzae) is due to overproduc-
tion of aftered dihydrofolate reductase(s) (DHFR(s)). The nuclectide sequence of a 1144
bp H. influenzae DNA fragment, which confers resistance to trimethoprim was determined.
An open reading frame (ORF) of 480 bp was identified, which encoded a polypeptide
with a predicted molecular mass of 17760 Da. The deduced amino acid sequence shows
significant homelogy with several prokaryotic and eukaryotic DHFRs. The upstreah region
contains sequences homelogous to prokaryctic promoters and has a putative ribosome
binding site. The nuclectide sequence §' of the DHFR gene contains a 561 bp ORF
without a termination codon. The gene encoded is transcribed in the opposite direction
and the deduced protein has 62.9% homolagy with the N-terminal sequence of the E. coli
proBA region encoding y-glutamyl-kinase,
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7.2 INTRODUCTION

Dihydrofolate reductase (tetrahydrofolate dehydrogenase; 5,8,7,8-tetrahydrofolate; NADP*
oxidoreductase, EC 1.5.1.3) catalyzes the NADPH-dependent reduction of dihydrofolate to
tetrahydrofolate. Tetrahydrofolate serves at different oxidation levels as a carrier of one-
carbon units for the biosynthesis of purines, pyrimidines, methionine and serine [6).
Several folate analogues including the antibiotic trimethoprim (Tmp) and the antineoplastic
drug methotrexate competitively  inhibit prokaryotic andfor eukaryotic dihydrofolate
reductase (DHFR) resulting in cessation of growth followed by cell death. The selective
activity of Tmp [2,4-diamino-5-(8",4",5™-trimethoxybenzyl) pyrimidine] on prokaryotic cells is
based on a several thousand-fold higher affinity of Tmp for bacterial DHFRs, than for
mammalian DHFRs [8]. X-ray diffraction studies indicate, that binding of folate analogues
to the catalytic site of DHFR occurs in a hydrophobkic binding pocket, which contains 4
amino acid residue regions [24, 26].

Trimethoprim-resistant bacteria were reported shortly after its introduction in the 1960s.
The major mechanism of resistance is based upon production of plasmid-encoded altsred
DHFRs [1]. Resistance due to decreased cell wall permeability, thymine auxotrophy,
chromosomal mutations in promoter sequences, ribosome binding sites or the structural
gene for DHFR (*fol") leading to overproduction of DHFR or a decreased substrate affinity
are less common.

We previously reported the molecular cloning of a trimethoprim resistance (Tmp") gene
from H. influenzae (16]. Southern blots using an intragenic probe indicated, that the Tmp'
gene in H. influenzae showed no homology with Tmp' encoding genes in a variety of
Gram-negative bacteria {16]. Investigation of Tmp" H. influenzae isolates subsequently
indicated, that the mechanism of resistance in these strains is caused by overproduction
of structurally altered DHFRs [17]. In order to clarify the genetic basis of Tmp resistance
we decided to subclone and sequence the gene encoding Tmp resistance of H. influen-
zae in strain R1047. We here report the nucleotide sequence of a 1144 bp H. influenzae
fragment, which confers resistance to Tmp. Two open reading frames (ORFs) of respec-
tively 480 and 561 bp were identified. The 480 bp ORF specified a protein with a
predicted molecular mass of 17760 Da. The nucleotide and promoter sequences and the
ribosome binding site showed significant homology with several Tmp® and Tmp' DHFR
seqguences from both eukaryotes and prokaryotes. The nucleotide sequence &' of the
DHFR gene contains an ORF with 62.9% homology with the E. cofi proBA operon
encoding y-glutamyl-kinase. The proBA gene is transcribed in the opposite direction and
preceded by putative promoter and ribosome binding sites.
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7.3 MATERIALS AND METHODS
Bacterial strains, DNA cloning vectors and growth conditions

The E. coli K12 strain HB101 [7] was used as a host for the pGEM3 derivative pRGS7,
which carries a 12.9-kb insert coding for Tmp resistance [16]. Plasmid subcloning was
accomplished using pTZ18 or 19 plasmids [27]. £. coli strains were grown aerobically at
37°C, either in Luria broth [32] with shaking {200 r.p.m.) or on Luria agar [Luria broth
plus 1.5% Bacto-agar (Difco Laboratories, Detroit, Mich)] or 1.5% Agar technical (Oxoid,
Basingstoke, U.K.). Unless otherwise stated, Tmp (obtained from Sigma Chemical Co., St.
Louis, Mo) and ampicilin (purchased from Gist-Brocades, Delft, The Netherlands) were
added to broth or solid media at a final concentration of 5 pg/mi and 100 tg/ml respec-
tively.

Antimicrobial susceptibility

Determinations of the MIC of Tmp for pRGS12 and PTZ18/19 were performed by agar
dilution [25]. Bacteria were inoculated on Haemophilus test medium [23] plus 0.2 units
thymidine phosphorylase/ml containing Tmp at graded concentrations between 0.12 and
128 pg/ml. The inocula tested were 10" and 10° CFU. The MIC was defined as the lowest
concentration, which completely inhibited visible growth in comparison with growth on
antibiotic-free medium.

PNA techniques

Small-scale plasmid DNA was prepared as described by Birnboim and Doly [5]. The
methods of restriction endonuclease digestion, DNA fragment ligation and transformation
of plasmid DNA into E£. coli were carried out by standard procedures [32]. DNA was
digested and electrophoresed on low-melting-temperature agarose gels for preparation of
fragments. DNA fragments were stained with ethidiumbromids, visualized by UV light and
the bands of interest were excised. Fragments were puriffed by means of a Geneclean kit
(BIO 101, La Jolla, Ca) and subsequently used for figation. All restriction endonucleases,
ATP and T4 DNA ligase were obtained from Boehringer GmbH {(Mannheim, FRG) and
used in accordance with the instructions of the manufacturers. Recombinant plasmids
containing DNA fragments from pRGS7 in pTZ18 or 19 were detected on piates contai-
ning 5-bromo-4-chloro-3-indolyl-D-galactoside  (X-gal, supplied by Sigma) and 5mM
isopropyl-g-D-thiogalactopyranoside (IPTG, obtained from Sigma). Five restriction enzyme
fragments were subcloned from pRGS7 [16]. These subclones are all derived from a
2.2-kb Xbai-EcoRl fragment, which was previously shown in transformation experiments to
contain the gene encoding Tmp resistance.
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Nucleotide sequencing and oligonuclectide synthesis

Nucleotide sequencing of an approximately 1.6-kb Xbal-EcoR! fragment of pRGS7 in
pTZ18 and 19, which confers Tmp resistance in £. coli HB101, was carried out on both
strands by the dideoxy nucleotide chain termination method [33]. For optimal results T7
DNA polymerase (Promega, Leiden, The Netherlands) was used in combination with the
Sequenase kit of US Biochemicals {Cleveland, Ch, USA). The Taq DNA polymerase kit
from Promega was used to overcome band compressions. Double stranded closed
circular plasmid templates were usad as described by Chen et al. [11]. Nicktranslation of
plasmid DNA was performed with [cz-SSS]dATP (Amersham, United Kingdom). Universal
primers (17 mer) or oligonucleotide internal primers (20 mer) were used for priming the
dideoxy chain-termination reactions. Oligonucleotide primers were synthesized on an
Applied Biosystems 381A DNA synthesizer using the pg-cyanoethyl phosphoramidite
method. Computer analysis of nucleic acid sequences was carried out using a Microgenie
software package {Beckman, Palo Alto, Ca) on a Tulip Compact 2 computer. Compa-
risons between different nucleotide and amino acid sequences were performed using the
Fasta program from caosf/camm and the facilities of the Depariment of Genetics, Erasmus
University, Rotterdam.

Nucleotide sequence accession number

A 1144 bp region encoding trimethoprim-resistant dihydrofolate reductase from strain
R1047 is EMBL accession number X59128.

7.4 RESULTS AND DISCUSSION
Identification of a DNA fragment containing the dihydrofolate reductase (DHFR) gene

The Tmp' E. coli strain HB101 containing plasmid pRGS7 was used for subcloning [16).
Previous experiments indicated, that transformation to Tmp resistance with a 2.2-kb Hinfl
fragment of pRGS7 was possible at high frequencies. However, Tmp°® H. influenzae
isolates could not be transformed to Tmp resistance with a 0.50-kb Xbal-Pstl fragment,
which is internal to the Hinfl DNA fragment. Five subclones were obtained as indicated in
Figure 7.1, The potential expression of Tmp resistance of the subclones (PRGSS, 8, 10,
11 and 12) in E. coli HB101 was confirmed on Iso-Sensitest agar plates containing a Tmp
concentration of 5 pg/ml. Strains containing pRGS8 and pRGS12 encoded Tmp resis-
tance, whereas the other three isolates (pRGS8, 10 and 11) were Tmp-susceptible. This
confirmed our previous findings, that the gene encoding Tmp resistance is predominantly
iccated on the 0.50-kb Xbal-Pstl fragment. The agar dilution MIC of pRGS12 was 128
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Flgure 7.1 Restriction endonuclease map of pRGS7 [16] and five subclones in pTZ18(19,

Abbreviations: r indicates expression of resistance to trimethopsim, s indicates susceptibility to trimetho-
prim. The open bars in pRGSSE, 11 and 12 represent a subcloned sequence from pGEM3.

pg/mi, which is significantly higher than the MIC of strain R1047 (40 ug/ml), from which
the cloned H. influenzae DNA was derived. The higher MIC may be caused through
overproduction of DHFR by multiple copies of pRGS12 in E. coli HB101.

DNA sequence analysis of the 1144 bp fragment

The approximately 1.6-kb subclone pRGS12 was completely sequenced on both strands
using universal and several synthetic oligonucleotide primers. The first 383 nucleotides 5'
from the EcoRl site were identical to the pGEMS3 sequence, which was used for subclo-
ning. The remaining 1144 bp sequence contained two ORFs shown in Figure 7.2. The
first ORF (Figure 7.2a) starting at nuclectide 634, encodes a protein of 160 amino acid
residues, and terminates at TAA (nucleotides 1114 to 1116). The start codon is preceded
by a potential ribosome binding site [35] and by -10 [28] and -35 [29] promotér regions.
The ORF encodes a protein with a predicted molecular mass of 17.760 kDa.

The second ORF is situated on the complementary DNA strand in an orientation opposite
to the first ORF and has a start codon at position 523. This ORF does not contain a
termination codon indicating that only the N-terminal sequence of the gene has been
cloned. Its translational initiation codon and expected putative promoter and ribosome
binding sites are indicated in Figure 7.2b.
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WACTATCAAATMACCTTGTTGATCAGTTMTMATMAETTETTCCGCTTGAACAAGAATAGCGACTMTGCAGATMAYTGTCATTATEGECMC 100
TTTAATTTCTGCGET TGCCACCGCATCATTTYCAT TAATCACAGGAATAATATGGT TATCTAAAAGTGCATGTAAAGTATCTCGCGCAT TTAAAARACGT 200
TCGCGATCTECAATATCAGCACGAGT TAATAARAGTTGTCCGATGTGAATATCATAAATAGCAARTAATTTTTCCCAAGCCTGAATTAATTGGLTCTGAC 300
CAACTGETGCAAGCAGTTGCTT TGAAGCAAYAGY GEGTGGTARTTGAGGATGATTTAAATAATGGCGACCCGCAGLAATGGCACCAGAAGTCACGATCAC 400
TATACGAAATCCATCATTATGCAGT TGTGCAAT ¥ TGACGAACGATTTCCATCATGTGCGGTGAATTTAGTTTTGGTGAACCCTGTRTTAGAGTACTTGTA 500
CCAAATTTCACTACGATTGTTTTCTTGTTCATAGYCGT TTCCAAAGTTCT TAAAAT TGACAT TAACGTTATCACTAAATCAATGACAAATCACTTAATAT &00
CAGGTATAGTAACGGCAAATTTTAGGGGGACTT  ATG ACA TTT AGT TTA ATT GTA GCG ACG ACA TTA AAT AGT GTA ATT GGT 581
.« sne s rnetpglt'l;' phe ser leu ile val ala thr thr Leu asn ser val ile gly
AAA GAT AAC CAA ATY CCT TGG CAC TVG CCT GCA GAT TTA GCT TGG TTT CGT CAG AAC ACC ACT GGT AARA CCT GTC il
lys asp asn gin ile pro trp his leu pro ala asp Leu ala trp phe arg gln asn thr thr aly lys pro val

ATT ATG GGG CGT AAA ACC TTT GAA AGT ATT GGT CGT GCA CTA CCT AAA CGT ACC AAT ATC GTA CTT TCT CGC CAG 831
ile met gly arg lys thr phe glu ser ile gly arg ata leu pro lys arg thr asn ile vat leu ser arg gln

CTT TTT GAA CAC GAA GGT GTG ATA TGG AAA GAT AGC TTT GAA AGT GCG GTC AAT TTT GTC AGA GAT TTT GAT GAA P06
lew phe glu his glu gly val ile trp lys asp ser phe glu ser ala val asn phe val arg asp phe asp glu

ATT ATG TTG CTT GGT GGG GGA GAG TTA TTC AAA CAA TAT TTA CCC AAA GCA GAT AAG TTA TAC CTT ACT CAA ATT 281
ile met leu leu gly gly gly glu leu phe lys gln tyr leu pro lys ala asp lys leu tyr leu thr gln ile

CAA ACA GAA CTA GAT GGT GAT ACT TTT TTC CCT CAA TTG AAT TGG GAG GAG TGG GAA ATT GAA TTT GAT GAA TAT 1056
gln thr glu leu asp gly asp thr phe phe pro gln leu asn trp glu glu trp glu ile glu phe asp gtu tyr

CGT AAG GCG GAT GAA CAA AAT CGC TAT GAT TGC CGA TYT TTA ATT CTT ACC CGA AAA TAA ATCAAATAAATGAAACAATA 11356
argxéys[i ata asp glu gln asn arg tyr asp cys arg phe leu ile leu thr arg lys *»*

a8
CTTCTAGA 1144

Figure 7.2a Nucleotide sequence of the 1144 bp DNA fragment containing the DHFR gene from
H. influenzae R1047, The sequence is written in the 5' - 3' direction of the coding strand with the deduced
amino acid sequence of the DHFR gene below, Potential -10 and -35 promoter sequences are underlined.
Homology between the putative ribosome binding site and the consensus E. colf 165 rANA polymerase
sequence is indicated with dots, The intragenic Pstl site is marked.

Identification of the gene encoding dihydrofolate reductase

Computer analysis of the nucleotide and deduced amino acid sequences from the first
ORF revealed significant homology with prokaryotic and eukaryotic DHFRs. The 160
amino acid DHFR from H. influenzae strain R1047 showed 51.3% homology in an overlap
of 158 amino acids with the DHFR from £. coli K12 [87]. The molecular mass of H. in-
fluenzae DHFR (17.760 kDa} was similar to the molecular mass of other prokaryotic
DHFRs (approximately 18 kDa) and approximates the calculated Mr of purified DHFR [17].
The homology with other prokaryotic Tmp® and Tmp' DHFRs varied between 34.9% and
49.1% (Figure 7.3). As expected, homology with eukaryotic DHFRs was significantly less
and mainly present in the first 68 sequences of the N-erminal site of the protein.
Comparison between the Tmp" DHFR from H. influenzae R1047 and DHFRs from Tmp®
and Tmp' prokaryotes was performed using the alignment of aminc acid sequences
based on structural information from X-ray crystallography [45]. Fifteen amino acid
residues are highly conserved among all Tmp' and Tmp® DHFRs (Figure 7.3). These
residues are predominantly located in the region of the enzyme forming the hydrophobic
binding pocket [24] which has been implicated in the interaction of DHFR with its cofactor
andfor inhibitors [45]. The structural and functional differences between DHFR from Tmp'
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Té?:éAAGTATTGT TTCATTTATTTGATTTATTTTCGGGTAAGAATTARARATCGGCAATCATAGCGATTTTGTTCATCCGCCTTACGATATTCATCAAA 1045
TVCAATTTCCCACTCCTCCCAATTCAATTGAGGGAAAAAAGTATCACCATCTAGTTCTGTTTGAATTTGAGTAAGGTATAACTTATCTGCTT TGGGTAAA 945
TATTGTTTGAATAACTCTCCCCCACCAAGCAACATAAT TTCATCAAAATCTCTGACAAAAT TGACCGEACT TTCAAAGETATCYTYCCATATCACACTTY 845
CGTGTTCMAAAGCTGGCGAGAMGTACGATATTGGTACGTTTAGGTAGI‘EEAEEACCM?AETTTCMAGGTTTTACGCCCCATMTGACAGGTTTACC 745
AGTGGTGTTCTGACGAAACEMGCTAAATCTGEAEEEAAETGCCMGGAATTTEET TATCTTTACCAATTACACTATTTAATGTCGTCGCTACAATTAAA 645
CTAMTGTCATMGTCCECETMAATTTEL‘.EETTAI:TATAI:I:TEATATTAAGTGATTTGTCATTGATTTAGTGATMCGTTMTGTCAATTTTAAGMCT 545

TTGGAAACGACT ATG AAC AAG AAA ACA ATC GTA GTG AAA TTT GGT ACA AGT ACT CTA ACA CAG GGT TCA CCA AAA CTA 467
met asn lys lys thr ile val val lys phe gly thr ser thr leu thr gln gly ser pro lys leu

AAT TCA CCG CAC ATG ATG GAA ATC GTT CGT CAA ATT GCA CAA CYG CAT AAT GAT GGA TTT CGT ATA GIG ATC GTG 392
ash ser pro his met met glu ile val arg gln ile ala gln leu his asn asp gly phe arg ile val iie val

ACT TCT GGT GCC ATT GCT GCG GGT CGC CAT TAT TTA AAT CAT CCT CAA TTA CCA CCC ACT ATT GCT TCA AAG CAA 317
thr ser gly ala ile ala ala gly arg his tyr leu ash his pro gln leuw pro pro thr ile als ser lys gln

CTG CTT GCA GCA GTT GGT CAG AGC CAA TTA ATT CAG GCT TGG GAA AAA TTA TTT GCT ATT TAT GAT ATT CAC ATC 242
leu leu ata ala val gly gln ser gln leu ite gln ala trp glu lys leu phe ala ile tyr asp ile his ile

GGA CAA CTT TTA TTA ACT CGT GCT GAT ATT GAA GAT CGC GAA CGT TTT YTA AAT GLG CGA GAT ACT TTA CAT GCA 167
gly gln leu leu leu thr arg ala asp ile glu asp arg glu arg phe leu asnh ala arg asp thr leu his ala

CTT TTA GAT AAC CAT ATT ATT CCT GTG ATT AAT GAA AAT GAT GCG GTG GCA ACC GCA GAA ATT AAA GYT GGC GAT 92
leu leu asp asn his ile ile pro val ile asn glu asn asp ala val ele thr ala glu ile lys val gly asp
RAT GAC AAT TTA TCT GCA TTA GTC GCY ATY CTT GTT CAA GCG GAA CAA CTT TAT TTA TTA ACT GAT CAA CAA GGT 17
asn asp asn Leu ser aka leu val ala ile leu val gln ala glu gin leu tyr leu leu thr asp gln gin gly
TTA TYT GAT AGT GAT C 1

leu phe asp ser asp

Figure 7.2b Nucleotide sequence of 1144 bp sequence above on the complementary strand with the
reading frame in the opposite direction. The deduced amino acid sequence of the N-terminal site of the
T-glutamyi-kinase gene is indicated below. Potential -10 and -35 promoter sequences are underlined.
Homology between the putative ribosome binding site and the consensus E.coli 165 rRNA polymerase
sequence is indicated with dots,

and Tmp® M. influenzae strains suggest the presence of {a) mutation(s) in the “fol" gene.
Several studies have indicated, that a single nucleotide change in conserved sequences
of the structural "fol* gene may result in major changes in inhibitor binding and kinetic
properties of DHFR [2, 10, 22, 39, 44]. Comparison between H. influenzae R1047 DHFR and
other DHFRs indicates, that the highly conserved glutamate residue in Tmp® DHFR at
position 121 may have converted into aspartate. The significance of the substitution at this
position needs to be confirmed by comparison with the DHFR sequence from Tmps
H. influenzae.

The alignment between the promoter region of H. influenzae R1047 DHER and the
consensus E. coli promoter indicates, that the -10 sequence is completely homologous to
the E. coli K12 DHFR promoter sequence [TATAGT, 29], whereas the -35 sequence is
identical in 4 of 6 nuclectides to the -35 region of E. cofi K12 DHFR [TGGAGA, 37]. The -35
sequence is identical in 5 of 6 nucleoticles to the -35 region of E. coli 1810 DHFR
[TTGACA], which overproduces DHFR several hundredfold [i2). The conseguences of
changes in the -35 region for overproduction of DHFR have also been reported by Smith
et al. [39], who showed that a C to T transversion in position -34 may increase the
synthesis of "fol' mMRNA by 12 to 15-fold. This leve! of overproduction is in a similar range
as the overproduction of DHFR in Tmp’ DHFR. We therefore speculate, that changes in
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Figure 7.

[45]. Abbreviations: SA s, Staphylococcus aureus

The sequences are aligned as described by Volz et al.

BS, Bacilius subtilis [22], EC 483,

Streptococcus faecium [15],

SF
E.coli type 1 DHFR [3B], EC500, E. cofi 500 mutant strain [42), EC AZ1, E.coli type Il DHFR [13], EC 020,

Kiz [37]

Escharichia coli

[19], EC,

E.coli type V DHFR [43], SAS1 Staphylococcus aureus type | DHFR [30], LC Lactobacillus casei [14], NG,

Neisseria gonorrhoeae [3], HI, Haemophilus influenzae R1047. Symbels: A NADPH-binding site, = inhibitor-

binding site. The regions of the enzyme forming the hydrophobic binding pocket are underlined. Positions
at which the A, infiuenzae enzyme are identical to six or more amino acids of the other DHFRs are boxed.
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the -35 and/or -10 region similar to those seen in £. cofi mutant strains may be respon-
sible for overproduction of H. influenzae DHFR in strain R1047. It would be interesting to
assess by oligonuclectide site-directed mutagenesis if a conversion from A to T in the -35
position of H. influenzae R1047 DHFR resulting in a complete homology with the TTG
sequence, characteristic for strong Gram-negative promoters [18], will result in a further
significant increase in the overproduction of DHFR. Chang st al. and Flensburg et al, have
shown, that the efficiency of translation is also strongly affected by the extent of homo-
logy of the translational control region with the 3' end of 165 rRNA and by the distance
between the protein start codon and the ribosome binding sequence (RBS) in mRNA [8,
12]. Further analysis of the RBS from the Tmp® and highly Tmp' H. influenzae DHFRs will
be performed to determine if significant changes in these sequences may also contribute
to the overproduction of DHFR in Tmp' H. influenzae,

Identification of the gene encoding y-glutamyl-kinase

The ORF &' of the DHFR gene on the complementary strand is transcribed in the
opposite direction and contains 581 nuclectides (Figure 7.2b). Computer analysis of this
ORF indicated 62.9% identity with the first 187 amino acids of the N-terminal sequence of
the E. coli proBA region. The proB gene encodes y-glutamyl-kinase (ATP:L-glutamate-
5-phosphotransferase, EC 2.7.2.11), which activates the y-carboxyl group of glutamate to
v-glutamyl-phosphate [40]. The proA gene, which is part of the same operon in E. coli
encodes NADPH-dependent glutamate semialdehyde dehydrogenase, which catalyzes
7-glutamyl-phosphate intc glutamate y-semialdehyde {20]. It has been suggested, that
these two enzymes function as an enzyme complex [24], which catalyzes the first steps in
the pathway from glutamate to proline. Proline has an important role in bacterial protein
synthesis and serves as a carbon and nitrogen source. It may also act as a protectant
against osmotic stress, Mutations in the proBA operon may lead to overproduction of
proline and osmotic tolerance due to a decreased allosteric feedback inhibition of
y-glutamyl-kinase by proline [31, 41]. It is interesting, that the proBA map position in £.
col {at 6 min) is far removed from the DHFR "fol A" gene (at 1 min) [4], whereas these
two genes are clustered in the H. influenzae genome. Analysis of the region upstream
from the 5'-terminus of the proB gene indicates the presence of a putative RBS and -10
and -35 promoter sequences (Figure 7.2b).
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8.1 SUMMARY

Antimicrobial resistance determinants and plasmids present in 10 multiple antibiotic-
resistant strains of Haemophilus influenzae isolated from patients in different geographic
regions of Spain were characterized. Conjugative plasmids with molecular sizes of 38-50
MDa encoded resistance to ampicilin, chloramphenicol, kanamycin, streptomyain,
sulfamethoxazole, and tetracycline. Trimethoprim resistance was not linked to the other
antibiotic resistance determinants and trimethoprim-resistant transconjugants and
transformants lacked detectable plasmid DNA, suggesting that this determinant is
chromosomal. Restriction endonuclease analysis revealed similarities among the plasmids,
but several restriction patterns could be distinguished. Three hybridization patterns were
found with DNA probes coding for H. parainfiuenzae g-lactamase and chloramphenicol-
acetyltransferase. Resistance to kanamycin was due to drug modification by aminoglyco-
side-phosphotransferase(3)1. In Spain, it appears that multiple antibiotic resistance
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phenotypes in H. influenzae did not arise from acquisition of a single R-plasmid; rather,
both plasmid and chromosomal resistance evolved indspendently from several sources.

8.2 INTRODUCTION

Strains of Haemophilus influenzae type b resistant to ampicilin and chloramphenicol have
been reported since 1979 [1, 17, 22, 81, 37]. We have previously shown that strains
resistant 1o these antibiotics and tetracycline, with or without resistance to trimethoprim,
kanamycin, sulfamethoxazole, and streptomycin, are prevalent in Spain [3, 4. The genes
encoding resistance to ampicilin and chloramphenicol are present on high-molecular-
weight conjugative plasmids [19, 22, 30, 31, 34]. However, it is not clear whether the
R-plasmids in these multiple-resistant isolates rose independently or were due to the
dissemination of a single plasmid clone. Further, it was not known whether the antibiotic-
resistant genes were identical or dissimilar. We, therefore, characterized the genetic basis
of the muitiple antimicrobial resistance determinants present in H. influenzae isolated in
Spain.

8.3 MATERIALS AND METHODS
Bacterial strains.

Ten multiple-resistant strains were studied that were isolated in different geographic areas
of Spain (Table 8.1}. No epidemiologic link could be established between the strains [3,
4). H. influenzae was identified by standard methods [18]; eight were type b by slide
agglutination with Difco Laboratories (Detroit) antisera, whereas two were untypeable with
Difco polyvalent antisera. Strain MAP was derived by single-step resistance to strepto-
mycin at 250 gg/ml [7].

Media.

Either brain-heart infusion (BHI) agar or broth (Difco) was used for growth, supplemented
with 10 pg/mi of haemin chloride, 10 pg/ml of L-histidine and 2 ug/ml of 8-NAD" (sBHI)
{30]. Plate cultures were incubated at 36°C in 5% CO,; liquid cultures were incubated at
37°C in air and shaken at 150 rpm.
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Table 8.1 Description of multlple-resistant Spanish Haemophilus influenzae stralns

H. influerizae Isolation  Capsule Spanish

straln” year type geographic areas Resistance Source
R1661 1984 b Northeast Ap-Cm-Km-Tp This study
R1664 1985 u North Ap-Cm-Km-Su-Te-Tp This study
R1680 1985 1] Central Ap-Cm-St-Su-Te-Tp This study
R1696 1983 b North Ap-Cm-Km-St-8u-Te-Tp  This study
R1707 1984 b North Cm-Te-Tp This study
R1708 1985 b Nartheast Ap-Crm-Km-Te-Tp This study
R1715 1982 b Northeast Ap-Cm-Km-Sm-Te-Tp This study
R1718 1984 b South Ap-Cm-Km-Sm-Te-Tp This study
R1728 1982 b Northeast Ap-Cm-Km-Srm-Te-Tp This study
R1730 1983 b Northeast Ap-Cm-Te-Tp This study

MAP 1972 u NA Em-Km-Sm-Sp [8]

A8 1969 u NA 23]

Abbreviations: Ap, ampicillin; Cm, chloramphernicol; Em, erythromycin; Km, kanamycin; Sm, streptomycin;

Sp, spectinomycin hydrochloride; Su, sulfamethoxazele; Te, tetracyeline; Tp, trimethoprim; u, nontypeable,

NA, not applicable.

® Swains R1661, R1664 and R1680 were isolated from ear; R1696, R1708, R1716 and R 1730 from
cerebrospinal fluid; R1707, R1715, and R1728 from blood.

Chemicals and biochemicals.

Restriction enzymes were purchased from Bethesda Research Laboratories (Gaithersburg,

Md) and used according to manufacturer's directions. Organic chemicals were purchased
from Sigma (St. Louis).

Antimicrobial susceptibility studies.

Antimicrobial susceptibility testing was performed using the disk diffusion method with
Mueller-Hinton agar supplemented with 1% haemin (Oxoid Laboratories, Basingstoke, UK)
and 1% lso-Vitalex (BBL, Cockeysville, Md). Trimethoprim and suffamethoxazole disk
susceptibility tests were performed on Iso-Sensitest agar (Oxoid Laboratories) supplemen-
ted with 5% lysed horse blood and 1% Iso-Vitalex. The strains were identified as
susceptible or resistant according to National Committee for Clinical Laboratory Standards
guidelines [26]. The minimal inhibitory concentrations {MICs) of ampicillin, chloramphenicol,
tetracycline, streptomycin, kanamycin, trimethoprim and sulfamethoxazole were determined
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by the agar dilution method using an inoculum of 10° colony-forming units {cfu) [5]. The
strains were considered resistant if the MICs were equal or higher than the following
concentrations: ampicilin, 4 pg/ml; chioramphenicol, 4 gg/ml; tetracyciine, 8 pgfml;
kanamycin, 10 pg/mi, streptomycin, 10 pg/ml; trimethoprim, 5 pg/ml; and sulfamethoxa-
zole, 200 pg/ml [6]. Trimethoprim and sulfamethoxazole resistance was confirmed by
determination of the MIC on chemically defined medium [8] supplemented with haemin
chloride and g-NAD, each at 10 pg/ml.

Enzymatic studies.

Rapid tests for g-lactamase and chloramphenicol acetyliransferase (CAT) were performed
as previously described [2, 27]. Aminoglycoside phosphotransferase (APH) activity in
bacterial cell sonicate supernatants was assayed by the method of Davies [10]. Strains
were grown overnight in sBHI broth and pelleted by centrifugation at 15,000 g for 15 min
at 4°C. Cells were resuspended in 1:10 volume of 20mM Tris Cl, 10 mM magnesium
acetate, 25 mM NH,Cl, and 0.6 mM 2-mercaptoethancl, pH 7.8, and sanified for 2 min at
50 W in 30-sec bursts with a Heat Systems (Plainview, NY) model W370 sonifier. After
centrifugation at 20,000 g for 10 min at 4°C, the cell-free supernatant was used as a
source of APH activity. The sonicate supernatant was assayed for APH activity after
5,10,15,30, and 60 min of incubation at 37°C using 25 mM kanamycin (final concentra-
tion) as the substrate and {SZP]ATP 0.12 pM. The amount of kanamycin-dependent
product phosphorylated with time was plotted and the initial velocity calculated. Protein
content of the cell extract was determined by a modification of the method of Lowry et al.
as described [28]: APH specific activity was calculated from the initial velocity and protein
content. Characterization of g-lactamases was carried out by analytic isoslectric focusing
136].

Isolation of plasmid DNA.

Cleared lysates of bacterial strains were prepared and subjected to agarose gel electro-
phoresis as described by Meyers et al. (25], Plasmids were also sought using the
procedure of Kado and Liu [16]. The size of the plasmids was determined using Escheri-
chia coli plasmids as molecular weight standards [25]. Purification of plasmid DNA was
carried out in CsCl-ethidium gradients by the large-scale method of Portnoy et al. [29].
The piasmids were banded twice in CsCl-ethidium bromide before analysis.

Probe preparation and hybridization methods.

Three different DNA probes were used. Plasmid pDM2 [21] containing an H. parainfluen-
zae p-lactamase was digested by Bg/l and BamH| and electrophoresed in 1% agarose. A
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tamase. Plasmid pGH54 encoding APH {31 [40] was digested with Aval and electropho-
resed in agarose. A 270-bp intragenic fragment was eluted, nicktranslated, and used as a
probe for that gene. Plasmid pJRA1707, isolated as part of this study (Table 8.2}, was
digested with Sstl-Xmal and the gene for CAT cloned into the Sstl-Xmal site of pUC18
(39]. In vitro deletions vyielded a 1.2-kilobase (kb) fragment, which encoded CAT and
conferred low-level (25 ug/mit) chloramphenicol resistance in the E. cofi strain DH5a ([13];
unpublished data). This 1.2-kb fragment was used as a probe for CAT. Purified plasmid
DNA isolated from 10 representative transconjugants by CsCl-ethidium bromide gradient
centrifugation was digested with EcoRl or Sacl and electrophoresed in 0.7% agarose gels.
The DNA was then transferred to Nytran (Schleicher and Schuell, Keene, NH) by the
method of Southern [33] as medified for bidirectional blotting by Smith and Summers [32].
Each probe was hybridized separately as described [38]. The filters were placed at -70°C
for 48 h in a film holder with an intensifying screen and Kodak XAR-Z X-ray film.

Mating procedures.
Strain MAP (Table 8.1) was used as a recipient for the conjugation experiments. All 10

wild H. influenzae strains were mated separately with strain MAP by the filter paper

Table 8.2 Molecular sizes of plasmlds and conjugation frequency of resistant Haemophilus influenzae
after selection on 5tg/ml of chioramphenicol and 20 jig/mi of erythromyeln.

Unselected
markers (%)
Size Frequency of

Plasmid” {Pa x 106) conjugation Ap Te Su
pJRA166 42 2% 10" 100 np np
pJRA1664 48 3x10° 94 05 np
DJRA1680 48 2x10° 100 95 o5
pJRA1696 50 7x10° 100 100 100
pJRA1707 a8 1 x 10" np 100 np
pJRA1708 45 2x10° 100 np np
pJRA1715 50 6x10° 100 95 np
pJRA1716 50 ix10° 100 98 np
pJRA1728 50 8x 10" 100 100 np
pJRA1730 42 ox10° 100 100 np

Abbreviations: Ap, ampicillin; Te, tetracycline; Su, suffamethoxazole; np, resistance determinant not present
in donar, Trimethoprim resistance was not detected in any of the transconjugants.
Plasmid numbers correspond to numbers of donor strains.
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technique as previously described [30]. Transconjugants were selected on two media:
sBHI containing 5 pg/mi of chloramphenicol and 20 pg/ml of erythromycin and defined
media [5] supplemented with hasmin and g-NAD containing 5 gg/ml of trimethoprim and
20 pg/ml of erythromycin. The conjugation frequency of each strain was calculated by
dividing the number of transconjugants by the number of donor cells plated. The
spontaneous mutation frequency to erythromycin resistance was determined for all 10
donor strains by plating 10° bacteria on sBHI agar plates containing 20 ug/ml of erythro-
mycin. One hundred representative transconjugants of each mating were plated on sBHI
agar containing 50 pg/ml of spectinomycin hydrochloride and incubated overnight. Only
straing growing on spectinomycin hydrochloride were identified as transconjugants and
tested for other antibiotic resistance determinants.

Transformation,

Strain A8 [23] was rendered competent by the method of Herriott et al, [t4] as modified
by Stuy [35] with the addition of 32% glycerol. Purified plasmid DNA derived from a
transconjugant of strain R1696 isalated on chloramphenicol- and erythromycin-containing
media was used for transformation; transformants were selected on sBHI containing
chloramphericol at 3 pg/ml. Transformation to trimethoprim resistance was performed with
whole-cell DNA (prepared by the method of Hull et al, [15]) derived from transconjugants
of strains R1680, R1707, R1715, and R1716, which had been selected on sBHI agar
containing chioramphenicol or trimethoprim. Strain MAP {7], rendered competent by the
method of Herriott et al. [14), was used as a recipient. Transformants were selected on
defined medium (8] supplemented with haemin and g-NAD* containing 5 pg/ml of
trimethoprim. About 0.1 pg of DNA was added to aliquots of competent strain MAP. The
transformation frequency was calculated by dividing the observed number of transfor-
mants by the number of competent cells used,

8.4 RESULTS
Transfer of resistance by conjugation.

All 10 wildype strains (Table 8.1) transferred multiple drug resistance phenotypes by
conjugation. When selection was performed on media containing chloramphenicol, the
conjugation frequency ranged from 107 to 10° transconjugants per donor cell, All of the
transconjugants examined contained plasmids (Figure 8.1). Resistance to ampicillin,
tetracycline, and sulfamethoxazole was cotransferred with frequencies of 95% or higher,
suggesting linkage. Concomitant transfer of resistance to trimethoprim was not detected
in any of the strains tested, suggesting that linkage did not exist (Table 8.2). Transconju-
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Flgure 8.1 Cleared lysates of multiple-resistant Haemophilus influenzae transconjugants were electro-
phoresed in 0.7% agarose and stained with ethidium bromide. Transconjugants were derived from matings

with strains designated as per plasmids. Molecular weight standards were derived from Eschetichia coli
(10y.

gants could not be tested for resistance to streptomycin and kanamycin as the recipient
strain MAP was resistant to these antibiotics. All of the transconjugants produced CAT,
and all except those obtained from strain R1707 produced TEM-1 plactamase (data not
shown) as determined by isoelectric focusing (36]. Transconjugants selected on chloram-
phenicol and erythromycin were examined for kanamycin phosphotransferase activity.
Specific activity {expressed as pmol Pifmin per mg protein) ranged from 6.4 x 10° to 3.7
x 10, E. coli PS 1328-24 harboring pGH54 [40], whose activity was 1.7 x 10°, was used
as a positive control. The H. influenzae recipient strain MAP, which is thought to contain a
ribosomal mutation conferring kanamycin resistance, had barely detectable phosphotrans-
ferase activity: the specific activity was 8-50 times less than that of the plasmid-containing
transconjugants. The mutation frequency for resistance to 20 pg/ml erythromycin was
undetectable (< 10'9) for all 10 donor strains.

After filter mating and selection on media containing trimethoprim and erythromycin,
putative transconjugants were found at a frequency of 10°10°, The frequency of mutation
of strain MAP to trimethoprim resistance was undetectable (< 10°). Putative trimethoprim-
resistant transconjugants were susceptible to chloramphenicol, ampicillin, and tetracycline.
These strains did not contain detectable plasmids when analyzed by the techniques of

Meyers et al. [25] or of Kado and Liu [18]. The transconjugants yielded plasmids by both
methods (Table 8.2).
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Figure 8.2 Purified plasmids from
strain  R1661 (lane 1), R1664
{lane 2), R1680 (fane 3), R1696
(lane 4), R1707 (lane 5), R1708
(lane B), R1715 (lane 7), R1716
flane 8), Ri728 (lane 9), and
R1730 (lane 10) were digested to
completion with EcoRl, electro-
phoresed in 0,7% agarose, and
visualized with ethidium bromide,

Lysis and electrophoresis of the 10 wild-type strains by the two methods used [16,25] did
not consistently reveal plasmid DNA. Faint fluorescent bands could be seen in some
lysates of wild-type strains. However, all 10 transconjugants selected on chloramphenicol-
containing media harbered plasmids whose mass ranged from 38 to 50 MDa (Figure 8.1).
These plasmids were detected with both methods of lysis. As noted, representative
transconjugants from individual matings selected on trimsthoprim did not contain
detectable plasmid DNA when examined by the methods of Meyers et al. [25] or Kado
and Liu [16]. In contrast, plasmid DNA was easily detected after lysis and electrophoresis
of transconjugants selected on chloramphenicol.
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Transformation with chromosomal and plasmid DNA.

The frequency of transformation to trimethoprim resistance was 10° with DNA isolated
from putative transconjugants selected on trimethoprim and was undetectable (< 10'9)
with DNA from transconjugants selected on chloramphenicol. To confirm that multipie
resistance to other than trimethoprim was associated with plasmid DNA, we rendered
strain A8 competent and transformed it with the 50-MDa plasmid isolated from a
transconjugant of strain R1696. Transformation was detectable at a frequency of 2 x 10°%
transformants were resistant to ampicillin, chloramphenicol, tetracycline, streptomycin,
kanamycin and sulfamethoxazole. The transformant had B-lactamase and CAT activity and
harbored plasmids with a mass identical to pJRA1696; all individual transformants were
trimethoprim-susceptible.
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Restriction endonuclease digestion.

Restriction endonuclease analysis revealed similarities among the plasmids isolated from
strains from different geographic regions. Some degree of diversity was also found, as
expected, by the different combinations of multiple resistance. More differences were seen
after digestion with EcoRl than with Sacl (Figure 8.2 and 8.8). EcoRl and Sacl restriction
fragments from R1715 and R1716 appeared identical even though the strains were
isolated in two different regions; no other common patterns were found with EcoRl
(Figure 8.2). Sacl restriction fragments appeared to be similar, if not identical, in plasmids
isclated from transconjugants derived from matings with strains R1661, R1664, R1698,
R1715, R1716 and R1728 (Figure 8.3); however, these varied in capsulation status and
geographic site of isolation. Two additional individual restriction patterns, represented by
strains R1680 and R1730, respectively, were also found.

DNA-DNA hybridization.

To determine the genetic relatedness of the plasmids from different geographic regions,
we used three antimicrobial resistarice gene probes to examine R-factors. EcoRl-digested
plasmids (Figure 8.2) were hybridized with a %Pp.labelled 900-bp DNA fragment that codes
for the TEM g-lactamase. Three different patterns of homology were seen (Figure 8.4).
Plasmid pJRA1730 isclated in northeast Spain (Catalan region) had a hybridization pattern
distinct from plasmids pJRA1728, pJRA1718, pJRA1715, pJRA1696 and pJRA1680
isolated in different regions of Spain (Table 8.1). As expected, plasmid pJC1707, isolated
from an ampicilin-susceptible strain, showed no homology. Ampicillin-resistant plasmids
pJRA1661, pJRA1664 and pJRA1708 showed weak homology. Sacl-digested plasmids
were hybridized with a *P-labelled 270-bp DNA fragment from within the open reading
frame of the APM(3')l gene. Only one homology pattern was seen (Figure 8.5). Kana-
mycin-susceptible plasmids pJRA1730 and pJRA1708 showed no homology. Plasmid

Flgure 8.4 Southern analysis of
EcoRl restricted plasmids using
p-lactamase probe (see Materials
and methods). Purified plasmids
were derived from strains R1661
(fane 1), R1664 (lane 2), R1680
lane 3), Ri1696 (lane 4), R1707
(lane 5), R1708 (lane &), R1715
(lane 7), R1716 (lane 8), R1728
{lane 9), and R1730 (lane 10).
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Flgure 8,5 Southern analysis of Sacl restricted
plasmids using the probe for aminoglycoside-
phosphotransferase(3')l. Strains by lane are: lane
1, R1661; lane 2, R1664; lane 3, R168C, lane 4,
R1696; lane 5, R1707; lane 6, R1708; lane 7,
R1715; lane 8, R1716, lane 9, R1728; and lane
10, R1730,

PJRA1708 (lane 6) showed weak homology, although the strain was kanamycin-resistant
and had kanamycin phosphotransferase activity.

Probing EcoRl-digested plasmids with the 1.2-kb fragment coding for CAT ylelded a
uriform pattern of hybridization. All plasmids contained a single homolegous fragment
(Figure 8.6, top). The signal was less intense with plasmids pJRA1661, pJRA1696,
pJRA1708, pJRA1715 and pJRA1730. However, prohing the Sacl digest revealed three
different hybridization patterns (Figure 8.6, bottom). The hybridization pattern of the probe
with the plasmid from which it was derived {(Figure 8.6, bottom, lane 5) was also found
with plasmids pJRA1664, pJRA1708 and pJRA1728 (Figure 8.8, bottom, lanes 2, 6 and
10). The most common hybridization pattern was seen with plasmids pJRA1661,

Flgure 8.6 Plasmids purified from transconjugants of strains R1661 {lane 1), R1664 (lane 2), R1630 (lane
3), R1696 (lane 4), R1707 (lane 5), R1708 (lane 6), R1715 {jlane 7), R1716 (lane 8), R1728 (lane 9), and
R1730 (fane 10) were digested with EcoRlI (top panel) or Sacl {bottom), electrophoresed in 0.7% agarose,
and transferred to Nytran filters. A probe for chloramphenicol acetyltransferase was used.
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pPJRA1680, pJRA1696 pJRA1715 and pJRA1716 (Figure 8.8, lanes 1, 3, 4, 7 and 8).
Plasmid pJRA1728 had a unique hybridization pattern (Figure 8.6, bottom, lane 9). Table
8.3 summarizes the relationship of the restriction analysis to the Southern analysis with
the three probes with the 10 plasmids.

8.5 DISCUSSION

Resistance to multiple antibiotics is present in most clinically significant strains of
H. influenzae isclated in Spain [34]. Although we could not consistently demonstrate
plasmids in the wild-type strains, after filter-mating with an extensively passed H. influen-
zae strain (MAP) and selection for chloramphenicol resistance, plasmids of 38-50 MDa
could be demonstrated in the transconjugants. This phenomenon has also been reported
by others [24]. R-plasmids in these H. influsnzae strains appeared to mediate resistance
to ampicillin, chloramphenicel, tetracycline, sulfamethoxazole, and kanamycin but not
trimethoprim. Trimethoprim resistance was present in all strains tested and could be
mobilized with overnight filter mating but was not mediated by detectable plasmids. We
previously have shown that the genetic basis of trimethoprim resistance in these and
other strains is due to a chromosomal mutation; this has been found in a variety of
H. influenzae [11]. Others have also noted the mobilization of H. influenzae chromosomal
genes by cell-to-cell contact [1).

More restriction pafterns were seen with EcoRl than with Sacl, as only plasmids
PJRAT715 and pJRA1716 had the same patterns with EcoRl (Figure 8.2). These two
plasmids, isolated from strains in northeast and southern Spain, respectively, appeared
identical with all the genetic characteristics analyzed (Table 8.3); plasmid pJRA1696
isolated in northern Spain also showed the same pattern with Sacl and g-lactamase, APH
(3, and CAT probes but the FcoRl restriction pattern was different. All three strains
harbored plasmids with a mass of 50 MDa. Plasmid pJRA1730 appeared to be distinct
from the rest. Plasmid pJRA1708 showed weak homology with the p-lactamase and
AFPH(3')! probes, suggesting that more than one gene encoding each of these two
enzymes may be present in Spain (Table 8.3). According to the restriction map published
for pDM2 [21], the 900-bp Bgl/l-BamHI fragment is the structural gene for g-lactamase. We
have found that this fragment encodes for g-lactamase in E. coli when cloned into a
vector derived from pUC19 (unpublished data). This gene appears to be a partial or
complete copy of the transposon Tn2, as both have three Hincll sites (unpublished data),
However, a portion of Tn2 is not present in the bla gene of pDM2 as Tn2 does not have
a Bgll site. Using the g-lactamase gene probe from pDM2 we found three patterns of
hybridization (Figure 8.3).

Most kanamycin-resistant strains contained plasmids that hybridized with the internal
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Table 8.3 Genelic relatedness of 10 plasmlids Isolated from multiple-resistant Haemophilus influerzae

Restriction DNA hybridization
pattern pattern
Plasmid EcoRl Szel Blac APH(3)I CAT
pJRATEET A a 1 1 o
pJRA1E64 B alike 1 1 ¥
pJRA1680 C b 2 1 B
pJRATE96 D alike 2 1 B
RpJRAT707 E c NA NA 14
pJRAT708 F c ? ? o
pJRA1715 G alike 2 1 A
pJRAI716 G alike 2 1 B
pJRA1728 H a-like 2 1 o
pJRAT730 ! a-like 3 NA, B

Abbreviations: flac, f-lactamase; APH(3)l, 3-aminoglycoside-phosphotransferase |1 CAT, chloram-
phenicol-acetyltransferase; NA, not applicable: strain was susceptible to kanamycin or ampicillin; ?, signal
an Southern blot analysis too weak for reliable interpretation. Restriction or hybridization patterns were
placed in arbitrary groupings so that plasmids could be compared and groupings analyzed.

probe for APH(3)l, an enzyme for which a structural gene is present in strains of the
family of Enterobacteriaceae [40}. However, only one restriction enzyme was used {Sach
because the probe contained EcoRl and Pstl sites. The presence of APH(3)l in these
H. influenzae differs from the findings reported by Levy et al. [20]: resistance to kana-
mycin and other 2-deoxystreptamine antibiotics in US H. influenzae isolates was neither
mediated by R-plasmids nor by drug inactivation. The strains described in our report may
be similar to the H. influenzae strain isolated in France [9]. Although multiple-resistant
H. influenzae appear to have emerged suddenly in Spain, the hybridization pattern seen
with probes for antibiotic resistance genes indicates that there was no dissemination of a
single R-plasmid. Instead, it appears that a resident Haemophilus core plasmid acquired
the bfa and cat genes from various other bacteria; kanamycin resistance seems due to
APH(3') in most of the strains. These strains are also unique in that R-plasmid-mediatad
and chromosomal resistance occur in the same strains.
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CHAPTER 9

SUMMARY AND CONCLUSIONS

This thesis was undertaken in order to investigate selected mechanisms of antibictic
resistance in Haemophilus influenzae (H. influenzae), As outlined in chapter 1, H. influen-
zae is a Gram-negative micro-organism responsible for a large variety of invasive and
non-invasive infections in children and adults. Morbidity and mortality caused by encapsu-
lated H. Influenzae remain considerable especially in children below the age of five years.
The important contribution of unencapsulated H. influenzae in the pathogenesis of
childhood otitis media and respiratory tract infections has been well decumented. The role
of unencapsulated strains as causative agenis of neonatal septicaemia and Brazilian
purpuric fever is only recently documented. The choice of an adequate antibiotic therapy
of H. influenzae infections has become complicated due to a significant increase in the
prevalence of resistance to commonly used antibiotics such as ampicillin. The increased
prevalence of antibictic resistance in H. influenzae is not an Isolated phenomenon, but it
forms part of the global problem of antibiotic resistance in bacteria.

Chapter 2 discusses the basis of antibiotic resistance in micro-arganisms. The available
data on the evolution of worldwide prevalence of antibictic resistance in the last decade
indicate, that an overall increase is seen in resistance to trimethoprim, ampicilin and
gentamicin [4]. Nevertheless, large differences exist in the levels of antibiotic resistance
between different parts of the world or different regions. These differences may also
depend on the characteristics of the sample collection and laboratory techniques. The
highest levels of resistance are reporied from developing countries. A survey of the
prevalence of antimicrobial resistance performed by the Dutch National Institute of Public
Health and Environmental Protection in 1989 and 1990 indicates, that the level of
resistance to ampicillin, trimethoprim and gentamicin in the Netherlands is lower, than in
most other countries. Some preliminary data from this study were kindily provided by Dr.
B. van Klingeren. The results obtained from MIC-determination of thousands of bacterial
isolates indicate that resistance of Enferobacteriaceae to gentamicin is below 5%.
Trimethoprim resistance in E. cofi and K. pneumoniae appears to be stable at approxi-
mately 25%, which is substantially less, than the Tmp resistance rates reported from
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several developing and developed countries (see chapter 3). Tmp resistance in S. aureus
is below 3%. B-lactamase-mediated resistance to ampicilin in £. coli and Proteus spp.
remains stable at approximately 30 respectively 12% after an initial increass in the 1970s.
B-lactamase producing H. influenzae comprise approximately 7% of the total number of
isolates.

One of the major factors involved in the increased prevalence of resistant hospital micro-
organisms is the selection pressure exerted by the administration of antibiotics. The
impact of veterinary use of antibiotics on the emergence of resistance in bacteria causing
disease in man is still uncertain [7]. The potential effects of selection of antibiotic-resistant
micro-organisms in veterinary medicine and the rapid spread to a human reservoir may
be illustrated by recent data from Dr. H.Ph. Endtz (personal communication). Studies with
Campylobacter spp. isclated from humans show, that the level of resistance to the
quinolone enrofloxacin, which is exclusively used in domestic animals, has increased from
almost 0 to 20% In the tast three years, The presence of a mechanism for intensive
exchange of antibiotic resistance genes between bacteria pathogenic for humans and
animals, including H. influenzae, has been well documented. It has also becoms evident
that infections caused by resistant micro-organisms are associated with a higher risk for
morbidity and mortality.

One of the most striking characteristics of antibiotic resistance in bacterla is the enormous
heterogeneity in the melecular regulation, the transfer mechanisms of resistance genes,
and the biochemical mechanisms of resistance. Six major genetic mechanisms of
resistance to antibiotics are described. Four of these, namely intrinsic resistance,
chromosormal mutation to resistance, plasmid-mediated resistance and transposon-
mediated resistance are commonly found in H. influenzae as described in chapters 4 until
8. Antibiotic resistance genes may be transferred from one micro-organism to another by
means of conjugation, transformation, transduction and transposition. The experiments in
chapters 5 and 8 delineate the importance of conjugation and transformation as tools for
the study of antbiotic resistance genes in H. influenzae. Transposition of antibiotic
resistance genes is also extensively characterized in H. influenzae (see chapter 4).
Although many H. influenzae isolates contain bacteriophages, antibictic resistance due to
transduction has to our knowledge not been described. The biochemical mechanisms of
antibiotic resistance in micro-organisms may be classified in seven groups (Table 2.2,
chapter 2). The potential of H. influenzae strains to develop different bicchemical
mechanisms of resistance is remarkable, since six of these seven mechanisms have been
detected (see chapter 4). The division of anfimicrobial resistance inta two major catego-
ries termed "positive function resistance" and "persistence" may also be applied to
antibiotic resistance in H. influenzae. Examples of positive function resistance are the
plasmid-mediated resistance mechanisms in H. influenzae to ampicilin, chloramphenical,
tetracycline and aminoglycosides, which are described in chapter 4. The control of
dissemination of this type of resistance should be directed to the development of new
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antibiotics, to a decrease in the use of antibiotics in the population at large and to an
effective policy of prevention of dissemination of these plasmids in the hospital environ-
ment by appropriate isolation measures.

Examples of persistence as a second mechanism of resistance in H. influenzae include
chromosomal mutations in penicillin-binding proteins, decreased permeability of H. influen-
zae for chloramphenicol and thymine auxotrophy (see chapter 3). The clinical isolates with
these types of resistance are commonly cultured during antibiotic treatment of chronic
respiratory infections as shown in chapter § of this thesis. Auxotroph studies indicated,
that these strains are additionally altered in their requirement for different amino acids. It
has been shown, that a removal of the antibiotic selection pressure in these isolates often
leads to a reversal to the initial phenotype andfor genctype. Prevention of persistence
may include the use of more than 1 antibiotic, the application of antibiotics with different
mechanisms of action, and a more critical selection of antibictics in the individual patient.

Chapter 3 summarizes the mode of action and the clinical use of trimethoprim or co-
trimoxazole in the treatment of infections caused by Gram-positive and Gram-negative
micre-organisms. The mechanisms of resistance to trimethoprim in micro-organisms are
reviewed. The major mechanisms are plasmid- or transposon-encoded production of a
trimethoprim-resistant dihydrofolate reductase (DHFR) or overproduction of BHFR. The
heterogeneity between the different altered DHFRs in Gram-positive and Gram-negative
micro-organisms is striking. The study of the molecular regulation and the biochemical
characteristics of DHFRs has provided new insight into the evolution and spread of
antibiotic resistance genes. The rapid emergence of trimethoprim resistance in Enterobac-
teriaceae, Salmonella and Shigella has become a major problem, especially in developing
countries, in the management of infections caused by these micro-organisms. Trimetho-
prim is also an important antibiotic in the treatment of upper and lower respiratory fract
infections caused by H. influenzae. This formed the rationale for the studies reported in
chapters 5, 6 and 7 of this thesis on the genstic basis and the biochemical mechanisms
of resistance to trimethoprim in H. influenzae.

Chapter 4 briefly discusses the risk factors, the diseases and the preferential choice of
antibiotics in infections caused by encapsulated and unencapsulated H. influenzae. The
problems with in vitro susceptibility testing of H. influenzae and the necessity of standardi-
zation of MIC testing are emphasized. Reliable MIC determinations are irfluenced by
factors such as differences in the composition of growth media, the size of the bacterial
inoculumn, and the inhibition of certain antibictics by constituents in media. This has
particularly complicated the accurate detection of ampicilin-resistant non-g-lactamase
producing H. influenzae and of trimethoprim-resistant isolates.

The epidemiology and the genetic and biochemical mechanisms of resistance to a large
variety of antibiotics are discussed. These include resistance to clinically important
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compounds such as ampicilin and various other g-lactam antibiotics, chloramphenicol,
trimethoprim and resistance to multiple antibictics. The major mechanism of resistance to
ampicillin is the production of a TEM g-lactamase, which is located on a 3 x 10° dalton
sequence of DNA, called transposon A (TnA). TnA is probably derived from plasmids in
other Gram-negative micro-organismms, TEM g-lactamase is also the cause of ampicillin
resistance in the multiple-resistant H. influenzae strains In chapter 8. Non g-lactamase
producing ampicillin-resistant H. influenzae are increasingly reported. The mechanism of
resistance in these strains is a mutation in the penicillin-binding proteins resulting in a
decrease in affinity for different g-lactam antibiotics. Resistance to chloramphenicol is
mainly caused by the plasmid-mediated production of chloramphenicol acetyltransferase
as alse shown in chapter 8. The molecular and biochemical mechanisms of trimethoprim
resistance form the subject of the studies in chapters 5, 6 and 7.

The clinical impfications of the increasing prevalence of antibiotic resistance in H. influen-
zae are discussed. In addition, the preferential choice of antibiotics in infections caused
by unencapsulated and encapsulated H. influsnzae is reviewed and summarized in Tables
4.1 and 4.2. The first choice agent in the treatment of susceptible H. influenzae remains
ampicillin. Meningitis may alternatively be treated with several third-generation cephalospo-
rins. Other effective antibiotics in the treatment of pneumonia, otitis media, sinusitis and
chronic respiratory tract infections include amoxicillin-clavulanate, cefuroxime and
trimethoprim-sulphamethoxazole.

Chapter 5 reports the molecular cloning and prefiminary characierization of the mecha-
nism of trimethoprim resistance in H. influenzae. Ten trimethoprim-resistant  (Tmp')
unencapsulated H. influenzae isolates were detected by agar dilution MICs on a thymi-
dine-free medium. The MICs of these strains varied between 10 gg/ml to > 200 pg/mi,
Susceptible strains had a MIC of < 0.5 pg/ml. Trimethoprim resistance could be transfer-
red at high frequencies in both comjugation and transformation experiments. Although the
transfer of resistance geres in the conjugation experiments suggests the presence of
plasmids, we could not detect plasmids in wild-type Tmp' strains and Tmp' transcon-
jugants. We therefore concluded, that trimethoprim resistance in H. influenzae is chromo-
somally encoded and that transfer of resistance genes in mating expsriments may find
place through a yet urknown cell-to-cell contact mechanism. Albritton et al. have
previously published similar experiments supporting the presence of this mechanism 1}
The trimethoprim resistance gene from strain R1047 (MIC 40 pg/ml) was cloned into a
cosmid vector and recombinant plasmids were transduced into E.cofi HB101. Six
recombinant cosmid clones resistant to both ampicillin and trimethoprim were selected on
L agar plates. Transformation experiments with plasmid DNA from these clones yielded
Tmp' transformants at a frequency of 1 x 10°. A 12.9-kb EcoRI fragment of one of the
plasmids was subcioned into pGEM3. This plasmid was called pRGS7 and still conferred
trimethoprim resistance. A restriction enzyme map of pRGS7 was generated (Figure 5.1),
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Additional transformation experiments with whole-cell restriction enzyme digested DNA
from Tmp' strains and with different restriction enzyme fragments from pRGS7 indicated
the approximate location of the gene encoding trimethoprim resistance. A 500 basepair
Xbal-Pstl intragenic DNA fragment was labeled with ®p and used as a prabe in both
colony-hybridization and Southern blot experiments. On colony blots the probe hybridized
to a variety of unencapsulated and encapsulated Tmp' H. influenzae strains. However, the
probe also hybridized with capsulated and unencapsulated trimethoprim-susceptible
strains. Hybridization was not seen with DNA from Tmp' Escherichia coli containing
dihydrofolate reductase 1, Il and Il genes or with Tmp' Neisseria meningitidis, Neisseria
gonorrhoeae and Pseudomonas cepacea. These data suggested that the genes
encoding trimethoprim resistance in these micro-organisms are substantially different from
the trimethoprim resistance gene in H. influenzae. This Is not surprising considering the
major differences between bacterial DHFRs in amino acid sequence and nucleotide
sequence (see chapter 3), Southem blot analysis with restriction enzyme digested DNA
from isogenic trimethoprim-susceptible and trimethoprim-resistant strains using the 500
basepair Xbal-Pstl probe showed, that the probe hybridized with fragments of different
size in DNA restricted with Ddel and Hinfl. It was concluded from these data, that the
acquisition of trimethoprim resistance involved a rearrangement or change in nucleotide
sequence. The **p_jabeled Xbal-Pstl probe was subsequently used in Southern blot
experiments to answer the question if resistance to trimethoprim was indeed chromoso-
mally encoded. Plasmid and chromosomal DNA from multiple-resistant H. influenzae
isolates from Spain and from Tmp' transconjugants of these strains (both extensively
characterized in chapter 8 of this thesis) was hybridized with the Xbal-Pstl probe. The
probe hybridized with the chromosomal DNA from all Tmp' strains and showed no
homology with plasmid DNA from trimethoprim-resistant transconjugants, thus supporting
the notion, that trimethoprim resistance is chromosomally encoded.

We subsequently investigated the mechanism of resistance to trimethopeim in H. influen-
zae. Analysis of outer membrane protein profiles and trimethoprim uptake experiments
(both not reported) showed no differences between trimethoprim-susceptible and
-resistant H. influenzae. However, measurement of DHFR activity in the cell sonicate
supernatant of trimethoprim resistance strains showed significantly greater activity in
comparison with DHFR activity in trimethoprim-suscepiible strains. From these data it was
concluded, that trimethoprim resistance in H. influenzae was caused by an overproduc-
tion of DHFR. Preliminary investigation of the trimethoprim inhibition profiles in isogenic-
susceptible and -resistant strains showed a similar 50% trimethoprim inhibition constant.
However, these experiments on crude enzyme extracts did not exclude the ‘possibility,
that additional structural or functional differences existed between the DHFRs in trimetho
prim-susceptible and trimethoprim-resistant strains. We therefore decided to purify and
characterize the DHFRs from these strains in order to answer this question.
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Chapter & describes the partial purification and characterization of DHER from a
trimethoprim-susceptible (Tmp® strain MAP) and two trimethoprim-resistant (Tmp' strains
MAP/47 and MAP/42) of H. influenzae. The enzymes were purified between 650- and
3000-fold by a combination of ammonium-sulphate fractionation, size separation on a
Sephadex G-75 column and affinity chromatography on a Matrix Gel Green A column.
Total enzyme activity of the final electrophoretically pure preparations from MAP/47 and
MAP/42 was 8-10-fold higher than those derived from MAP, whereas the specific activity
in units/mg protein was approximately similar at the end of the purification procedure.,
This confirmed our previous conclusion in chapter 5 that trimethoprim resistance in
H. influenzae is caused by overproduction of chromosomally encoded DHFR. Estimation
of the molecular mass of the three DHFRs by SDS/PAGE indicated a protein with a
relative mobility equivalent to 18.4 kDa. Michaslis-Menten kinetic analyses with highly
purified DHFR fractions showed, that the Km for dihydrofolate (7, 9 and 5 pM) and
NADPH (2, 5 and 6 pM) was also similar in all three enzymes. However, significant
differences were found between the trimethoprim ICs (the concentration necessary for
50% inhibition of DHFR activity) from the Tmp® strain MAP (0.001 #M) and the Tmp ICg,
values from MAP/47 and MAP/42 (0.1 sM and 0.3 gM respectively). The methotrexate ICs,
of MAP/42 DHFR was also higher (0.06 gM) in comparison with the enzymes from MAP
(0.008 pM) and MAP/47 (0.007 pM). These results suggested that trimethoprim resistance
in H. influenzae was not exclusively caused by overproduction of DHFR, but also by
structural alterations in the DHFRs from Tmp' strains. Additional support for these data
was derived from Isoelectric focusing experiments with the three DHFR fractions. DHFR
from MAP/47 had a different isoelectric point (pl 7.6) compared with the enzymes from
MAP and MAP/47 (pl 7.3). In addition, peptide mapping after digestion with trypsin
revealed one major peptide fragment (7.9 kDa) in the DHFR of MAP and MAP/47 and
three major tryptic fragments (7.9, 9.6 and 12.5 kDa) in DHFR from MAP/42. One may
conclude from these data, that structural and functional differences exist between DHFRs
from each of the three Tmp® and Tmp' strains. We hypothesized, that the genetic basis of
trimethoprim resistance in H. influenzae was similar to the one described in regulatory
mutants of DHFR in Escherichia cofi K12 [5]. Smith & Calvo studied the molecular basis
of trimethoprim resistance in Escherichia coli mutants selected by in vitro mutagenesis
experiments [6]. They revealed, that overproduction of DHFR in these isolates was caused
by a mutation in the promoter, whereas the decreased affinity for trimethoprim could be
explained by a mutation in the "fol* gene. We decided to investigate the genetic basis of
trimethoprim resistance in H. influenzae by subcloning, sequencing and determination of
the protein product and the promoter regions of the gene encoding trimethoprim
resistance in strain R1047 [cloned into pGEM3 (pRGS7) see chapter 5].

Chapter 7 describes the subcloning and nuclectide sequence of a 1144 basepair (bp)
DNA fragment from H. influenzae strain R1047, that confers resistance to trimethoprim.
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The DNA seguence has two open reading frames (ORFs} which contain respectively 480
and 561 bp.

The first ORF specifies a protein with a predicted molecular mass of 17760 Da. The
deduced amino acid sequence has 51.3% homology in an overlap of 158 amino acids
with DHFR from E. coli K12. Homology with other prokaryctic Tmp® and Tmp' DHFRs
varied between 34.9% and 48.1%. The molecular mass of this DHFR is similar to the
calculated 18400 Da. of purified DHFR as reported in chapter 6. We questioned if the
overproduction of altered DHFR in H. influenzae strain R1047 could be caused by
mutational changes in the structural "fol' gene and the promoter region. The extensive
structural dissimilariies between H. influenzae R1047 DHFR and other DHFRs make it
difficult to assess, if changes in binding site(s) reflect functional changes in DHFR or if
they are a consequence of normal variability between DHFRs from different micro-
organisms. Therefore definitive conclusions concerning the nature of these changes wil
need to wait until sequence data are available from the Tmp® strain R906 and the highly
Tmp-resistant H. influenzae isolate R1042. However, comparison of the structural “fol"
gene and the 5 upstream regulatory sequences from R1047 DHFR with DHFR "fol" and
promoter sequences from several Gram-positive and Gram-negative micro-organisms
shows some interesting points. The amino acid residues which are part of the hydropho-
bic binding pocket of DHFR or ‘which have been implicated in the interaction of DHFR
with NADPH or folate antagonists are - as expected - highly conserved in H. influenzae
R1047 DHFR (Figure 7.3, chapter 7). It has been shown, that the substitution of a single
amino acid residue in one of the regions mentioned above may lead to major changes in
inhibitor binding and kinetic properties of DHFR. Such a change may have occurred in
the highly conserved glutamate residue at position 121, resulting in a replacement by
aspartate.

Comparison between the promoter region of the R1047 “fol' gene and several other
DHFR promoter sequences indicates, that the -10 sequence is completely identical o the
-10 sequence from E. coli K12, whereas the -35 sequence is identical in 5 of 6 nucleot-
des to the -35 region of E. coli 1810, which overproduces DHFR several hundredfold. The
presence of a T in position -34 of the -35 sequence may also be important, since it has
been reported, that a C to T conversion at this position results in a 12- to 15-fold
increased synthesis of "fol' mRNA in mutant £. coli strains. We speculate that changes in
the -35 andfor -10 region similar to those seen in E£. cofi mutant strains may be respon-
sible for the overproduction of DHFR in H. influenzae R1047. We intend to study the gene
regulation of R1047 "fol' in further detail by oligonuclectide site-directed mutagenesis. In
future experiments we aim to replace the A at position -35 in a T, which will result in a
TTG sequence. It has previously been shown, that this sequence is characteristic for
strong Gram-negative promoters and we therefore expect, that the conversion indicated
above will result in a further significant increase in DHFR production. In addition, study of



160 Chapter 9

the ribosome binding site {RBS) from Tmp' and Tmp® "fol' genes will elucidate if the
position of the RBS in relation to the ATG start codon and the amount of homology with
the 3’ end of 165 rRNA may also contribute towards overproduction of DHFR in Tmp'
H. influenzae. We therefore intend to sequence the DHFR gene and the regulatory
sequences from Tmp' strain R1042 and Tmp® strain R206. The genome of interest will be
amplified by means of the polymerase chain reaction (PCR) using primers from 5'
upstream and 3’ downstream sequences of the "fol' gene from R1047. EcoRl sites will be
incorporated into the primers to be able to clone the PCR product into a commercial
vector,

The second ORF 5' of the DHFR gene on the complementary strand is transcribed in the
opposite direction and contains 561 nuclectides. Analysis of the ORF indicates 62.9%
identity with the first 187 amino acids of the N-terminal sequence of the E. cofi proBA
region. The region upstream from the 5'-terminus of the proB gene contains a putative
ribosome binding site and -10 and -35 promoter sequences (Figure 8.2b}. The proB gene
encodes ~-glutamyl kinase, which activates glutamate to ~-glutamyl phosphate. The
second step in this pathway from glutamate to proline is the conversion of ¥-glutamyl
phosphate into glutamate y-semialdehyde by the enzyme glutamate semialdehyde
dehydrogenase. This enzyme is encoded by the proA gene, which forms part of the
ProBA operon. Proline has an important role in bacterial protein synthesis and serves as
a carbon and nitrogen source. It is interesting, that the proBA map position in £. coli (at
& min) is far distanced from the DHFR "fol A" gene (at 1 min), whereas these two genes
are clustered in the H. influenzae genome. It is yet unclear if this clustering has any
functional significance.

The subject of chapter 8 is the study of the genetic relatedness of antibiotic resistance
determinants in multiple-resistant Haemophilus influenzae. H. influenzae isolates, which
are resistant to ampicillin, chloramphenicol, and tetracycline with or without resistance to
trimethoprim, kanamycin, sulfamethoxazole and streptomycin have become a major
problem in Spain and some other European countries [2, 3. Ten multiple-resistant
H. influenzae isolates were studied in order to answer two guestions: 1) are multiple-
resistant H. influenzae from different geographic regions due to one single plasmid clone
or from polyclonal origin and 2) are the antibiotic resistance genes identical or dissimilar.
Antibiotic resistance to ampicillin, chloramphenicol, tetracycline, kanamycin, streptomycin
and suffamethoxazole was encoded by conjugative plasmids with molecular masses of
38-50 MDa. In contrast, resistance to trimethoprim, which could be transferred in both
conjugation and transformaticn experiments, was not plasmid-encoded but chromosomally
mediated (see also chapter 5). Enzymatic studies to reveal the mechanism of resistance
to ampicillin, chlaramphenicol and kanamycin in transconjugant strains included rapid
tests for p-lactamases and chloramphenicol acetyltransferase (CAT) and analysis of
aminogiycoside phosphotransferase in cell sonicate supernatants. All of the transcon-
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jugant strains produced CAT and all except one produced TEM-1 g-lactamase. Transcon-
jugants selected on chloramphenicol and erythromycin all had 8-50 times more kanamysin
phosphotransferase activity than the kanamycin susceptible recipient strain MAP.
Restriction endonuclease digestion of the isolated plasmids revealed similarities, but also
some degree of heterogensity depending on the restriction enzyme used. Southern blot
analysis of these plasmids digested with different restriction enzymes and hybridized with
antimicrobial resistance gene probes, for TEM-1 g-lactamase, chloramphenicol acetyltrans-
ferase (CAT) and kanamycin phosphotransferase indicated that 10 plasmids had different
combinations of hybridization patterns. These experiments further supported the notion,
that multiple antibiotic resistance phenotypes in M. influenzae do not arise from acquisi-
tion of a single R-plasmid. It may be concluded that both plasmid resistance (to ampicillin,
chloramphenicol and kanamycin) and chromosomal resistance (to trimethoprim) evolved
independently from several strains.
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SAMENVATTING EN CONCLUSIES

in dit proefschrift wordt verslag gedaan van een onderzoek naar mechanismen die een
rol spelen bij het ontstaan van resistentis tegen antibiotica in Haemophilus influenzae
{H. influenzae). Zoals in hoofdstuk 1 geschetst, is H. influenzae een Gram-negatief micro-
organisme dat verantwoordelijk is voor een grote verscheidenheid aan infecties. Ziekte- en
sterfgevallen als gevolg van gekapselde H. influenzae komen vooral voor bif kinderen
onder de viif jaar. Niet-gekapselde H. influenzae zijn een belangrike oorzaak van mid-
denoorontsteking en infecties van de onderste en bovenste luchtwegen. Sinds kort is
bekend dat niet-gekapselde stammen tevens sepsis bij pasgeborenen en "Brazilian
purpuric fever' kunnen veroorzaken. Het instellen van een adequate behandeling tegen
H. influenzae wordt echter bemoeilijikt door de toenemende resistentie tegen vesl
gebruikte antibiotica zoals ampiciline. Deze resistentie is niet een op zichzelf staand
verschijnsel, doch vormt een onderdeel van het over de gehele wereld bestaande
probleem van bacterigle resistentie tegen antibiotica.

Hoofdstuk 2 is gewijd aan de bespreking van resistentie tegen antibiotica in micro-
organismen. De beschikbare gegevens wijzen op een toceneming van de resistentie tegen
trimethoprim, ampiciline en gentamicine [4]. Er bestaan echter grote verschilien tussen
verschillende werelddelen, en ook tussen diverse regio’s in de mate van resistentie tegen
antibiotica. Deze verschillen kunnen mede vercorzaskt worden door variaties in de selec-
tiemethoden bij het afmemen van monsters en door het gebruik van verschifende
laboratoriumtechnieken. Het hoogste resistentie-niveau wordi gemeld uit ortwikkelings-
landen. Uit een onderzoek van het Rijksinstituut voor Volksgezondheid en Milieuhygiéne,
uitgevoerd in 1982 en 1990, blijkt dat in Nederland het niveau van resistentie tegen
ampiciline, trimethoprim en gentamicine lager is dan in vele andere landen. Dr. B. van
Klingeren was bereid enige voorlopige gegevens uit dit onderzoek voor publicatie hier
beschikbaar te stellen. Gevoeligheidsbepalingen van duizenden bacterién tonén, dat de
resistentie tegen gentamicine in Enterobacteriaceae minder dan 5% bedraagt. Resistentie
tegen trimethoprim (Tmp) in £. coli en K. pneumoniae lijkt stabiel te zijn (ca. 25%). Dit is
aanzienlifk lager dan gerapporteerd wordt (speciaal met betrekking tot Tmp-resistentie) uit
verscheidene andere landen, zowel in de Derde als in de Westerse Wereld {zie hoofdstuk
3). Tmp-resistentie in S. aureus blikt onder de 3% te liggen. De resistentie tegen
ampicilline in E. coli en Proteus spp., die wordt veroorzaakt door g-lactamase, blijft stabiel
rond de 30, respectievelik 12% na aanvankelik toegenomen te zijn in de jaren *70. Zeven
procent van in Nederland geisoleerde M. influenzae-stammen vormt g-lactamase.



164 Samenvatting

Eén van de belangrikste oorzaken van de toeneming van het aantal resistente micro-
organismen in ziekenhuizen is selectie van resistente bacterién tijdens het gebruik van
antibiotica, De causale relatie tussen het veterinaire gebruik van antibiotica en het
ontstaan van resistentie in bepaalde micro-organismen die ziekte bij mensen veroorzaken,
is nog niet volledig bewezen [6]. De mogelijke gevolgen van selectie van resistente micro-
organismen in de diergeneeskunde en de snelle verspreiding van deze bacterién naar de
mens worden echter geiliustreerd door gegevens van Dr. H.Ph. Endtz (persooniike
mededeling). Studies met Campylobacter spp., geiscleerd bij mensen, tonen aan dat het
niveau van resistentie tegen het quinolone enrofloxacin, dat uitsluitend bij vee gebruikt
wordt, is toegenomen van @ tot 20% gedurende de afgelopen vijf jaar. De uitwisseling van
antibiotische resistentie-genen tussen micro-organismen voorkomend bij mens en dier is
ook voor andere bacteri®n beschreven. Infecties, veroorzaakt door resistente micro-
organismen brengen daarnaast een hoger risico voor ziekte en overlijden met zich mes.
Opvallend bij de resistentie tegen antibiotica in bacterién is de zeer grote heterogeniteit in
de moleculaire regulatie, in de wize van overdracht van resistentie-genen en in de
verschillende mechanismen van resistentie. De zes bekende genetische mechanismen van
resistentie tegen antibiotica worden hieronder genoemd. Vier van deze, nl. intrinsieke
resistentie, chromosomale mutaties, door plasmiden en door transposon gecodeerde
resistentie, treft men vaak aan bij H. influenzae, zoals beschreven in de hoofdstukken 4
t/m 8, Antibiotische resistentie-genen kunnen van het ene micro-organisme naar het
andere overgebracht worden door middel van conjugatie, transformatie, transductie en
transpositie. Dat cenjugatie en transformatie belangrik ziin voor de studie van antibicti-
sche resistentie-genen in H. influenzae; wordt aangetoond aan de hand van experimenten
die beschreven zijn in de hoofdstukken 5 en 8. Transpositie van antibiotische resistentie-
genen in H. influenzae wordt cok uitgebreid beschreven (zie hoofdstuk 4). Resistentie
tegen antibiotica als gevolg van transductie is, voor zover ons bekend, ock door anderen
niet beschreven, hoewel vele H. influenzae-isclaten bacteriofagen bevatten.

De bicchemische mechanismen van antibiotische resistentie in micro-organismen kunnen
in zeven rubrieken ondergebracht worden (tabel 2.2, hoofdstuk 2). De verscheidenhsid
aan antibiotische resistentie-mechanismen in H. influenzae is groot, zoals geillustreerd
wordt door het feit dat zes van de zeven mechanismen beschreven zijn (zie hoofdstuk 4).
De splitsing van antimicrobiéle resistentie in twee hoofdgroepen, gencemd "positieve
functie-resistentie” en "persistentie” is ook van toepassing op de antibiotische resistentie in
H. influenzae. Voorbeelden van positieve functie-resistentie zijn: door plasmiden over-
gedragen resistentie-mechanismen in H. influenzae tegen ampiciline, chloramphenicol,
tetracycline en aminoglycosiden (beschreven in hoofdstuk 4). Om verspreiding van deze
vorm van resistentie te voorkomen, zou men zich moeten richten op de ontwikkeling van
nieuwe antibiotica, op vermindering van het toedienen van antibiotica in het algemeen en
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op een effectief beleid ter voorkoming van verspreiding van deze plasmiden in het
ziekenhuismilieu.

Voorbeelden van persistentie als een resistentie-mechanisme in H. influenzae zijn:
chromosomale mutaties in peniciline-bindende eiwitten, verminderde permeabiliteit van
H. influenzae voor chloramphenicol en thymine-auxotrophie (zie hoofdstuk 3). Klinische
isolaten met deze vorm van resistentie worden vaak gekweekt gedurende behandeling
met antibiotica bij patiénten met luchtweginfecties. Aangetoond is dat staken van de
toediening van antibiotica via wegvallen van de selectiedruk bij deze isolaten dikwijls Ieict
iot een terugkeer naar het aanvankelijke pheno- enfof genotype. Persistentie kan b.v,
voorkomen worden door het gebruik van meer dan één antibioticum, de toediening van
antibiotica met een verschillend werkingsspectrum en een meer kritische keuze van
antibiotica bij de individuele patiént.

In hoofdstuk 3 wordt een samenvatting gegeven van de werkzaamheid en het klinische
gebruik van trimethoprim en/of co-trimoxazol bij de behandeling van infecties, veroorzaakt
door zowel Gram-positieve als Gram-negatieve micro-organismen, Ook wordt een

overzicht gegeven van de resistentie-mechanismen tegen trimethoprim. De voornaamste
mechanismen zijn:

1. productie van een structureel veranderd dihydrofolaat reductase (DHFR), dat
resistent is tegen trimethoprim.
2. overproductie van DHFR.

Opvallend is de diversiteit in DHFRs van Gram-positieve en Gram-negatieve micro-
organismen. Bestudering van de moleculaire regulering en de biochemische eigenschap-
pen van DHFRs heeft geleid tot nieuwe inzichten in de ontwikkeling en verspreiding van
antibiotische resistentie-genen. De ontwikkeling van resistentie tegen trimethoprim in
Enterobacteriaceae, Salmonella en Shigella is een groot probleem, speciaal in ontwikke-
lingsianden. Trimethoprim is cok een befangrijk antibioticum bij de behandeling van door
H. influenzae veroorzaakte luchtweginfecties. Dit was de reden onderzoek te doen naar
de geretische basis van en de biochemische resistentie-mechanismen tegen trimethoprim
in H. influenzae (zie hoofdstukken 5, 6 en 7).

In hoofdstuk 4 wordt een overzicht gegeven van de risicofactoren, de ziekten en de
keuze van antibiotica bij infecties veroorzaakt door H. influenzae. De problemen bij de
uitvoering van gevoeligheidsbepalingen van H. /nfluenzae en de noodzaak om tot
standaardisatie van MIC-bepalingen te komen, worden besproken. Verschillen in de
samensteling van de voedingsbodems en het bacterigle inoculum en het feit dat
bepaalde antibiotica door bestanddelen in de voedingsbodems geinhibeerd worden, zijn
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van invioed op de betrouwbaarheid van MIC-bepalingen. Nauwkeurige opsporing van
tegen ampicilline resistents, non-g-lactamase-producerende H. influenzae en van bac-
terién, resistent tegen trimesthoprim, wordt hierdoor bemoetlijkt.

De genetische en biochemische resistentis-mechanismen tegen vele antibictica worden
besproken. Hierbij komen aan de orde: resistentie tegen klinisch belangrijke antibictica als
ampiciline en verscheidene anders g-lactams, chloramphenicol en trimethoprim, alsmede
resistentie tegen combinaties van antibiotica, Het voornaamste resistentie-mechanisme
tegen ampiciline is de productie van een TEM-g-lactamase, dat zich bevindt op een 3 x
10° dalton sequentie van DNA [transposon A(TnA)]. TnA is waarschijnlijk afkomstig van
plasmiden in andere Gram-negatieve micro-organismen. TEM-g-lactamase is ook de
oorzaak van resistentie tegen ampiciline in meervoudig-resistente H. influenzae-stammen
{zls hoofdstuk 8). Non-g-lactamase-producerende H. influenzae, die resistent zijn tegen
ampicilline, worden steeds meer gerapporteerd. Het resistentie-mechanisme bijj deze
stammen wordt gevormd door een mutatie in de peniciline-bindende eiwitten, die een
afnemends affiniteit voor verschillende g-lactam antibictica tot gevolg heeft. De door een
plasmide bewerkstelligde productie van chloramphenicol acetyltransferase (CAT) is de
voornaamste oorzaak van resistentie tegen chloramphenicol (zie hoofdstuk 8). Maleculaire
en biochemische mechanismen van trimethoprim-resistentie worden in de hoofdstukken 5,
6 en 7 behandeld.

De kKinische gevolgen van het toenemende percentage antibiotische resistentie in
H. influenzae worden besproken. De keuze van antibictica bjj de behandeling van
infecties, vercorzaakt door H. influenzae, wordt toegelicht in de tabellen 4.1 en 4.2.
Ampicilline biifft de eerste keus bij de behandeling van voor dit antibioticum gevoelige
H. influenzae. Als alternatief voor de behandeling van meningitis kunnen 3e-generatie
cephalosporines toegepast worden. Andere effectieve antibiotica voor de behandeling van
longontsteking, middencorontsteking, sinusitis en chronische Iuchtweginfecties  zijn:
amoxiciline-clavulanaat, cefuroxim en trimethoprim-sulfamethoxazol.

In hoofdstuk 5 wordt verslag gedaan van het klonen van het gen, dat codeert voor
resistentie tegen trimethoprim in H. influenzae en van een voorlopige karakterisering van
het resistentie-mechanisme. Tien ongekapselde, tegen trimethoprim resistente (Tmp",
H. influenzae-isolaten werden ontdekt. De MICs van deze stammen varieerden tussen de
10 pg/ml en > 200 wpg/ml; gevoelige stammen hadden een MIC van < 0.5 pg/mil.
Trimethoprim-resistentie kon zowel in conjugatie- als transformatie-experimenten overge-
dragen worden. Ofschoon de overdracht van resistentie in conjugatie-experimenten de
aanwezigheid van plasmiden suggereerde, konden deze in de oorspronkelijke Tmp"
stammen en in Tmp-transconjuganten niet aangetoond worden. Hieruit werd de conclusie
getrokken, dat resistentie tegen trimethoprim in H. influenzae chromosomaal gecodeerd is
en dat overdracht van resistentie-genen in conjugatie-experimenten tot stand komt via een
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tot nog toe onbekend mechanisme. Over soortgelike experimenten, die deze theorie
ondersteunen, is al eerder gepubliceerd door Albritton et al. [1). Het trimethoprim-
resistentie-gen van stam R1047 (MIC 40 pg/ml) werd gekloond in een cosmide en
recombinante plasmiden werden getransduceerd in E. cofi HB101. Zes recombinante
cosmide-klonen, die zowel resistent waren tegen ampiciline als tegen trimethoprim,
werden op L-agar voedingsbodems geselecteerd. Transformatie-experimenten met
plasmide-DNA leverden Tmp'-transformanten op in een frequentie van 1 x 10°. Een 12,9
kb EcoRl fragment van één van de plasmiden werd gekloond in pGEMS. Het resulterende
plasmide - pRGS7 genocemd - vercorzaakie nog steeds resistentie tegen trirethoprim.
Een restrictie-enzym-map van pRGS7 werd ontwikkeld (figuur 5.1). Door middel van
transformatie-experimenten met door restrictie-enzymen geknipt DNA van Tmp'—stammen
en met verschillende restrictie-enzym-fragmenten uit pRGS7, werd de positie bepaald van
het gen, dat codeert voor resistentie tegen Tmp.

Een intragene Xbal-Pstl-probe werd gebruikt bij kolonie-hybridisatie en bij Scuthern-blot
experimenten. De probe hybridiseerde zowel met gekapselde en ongekapselde Tmp'
H. influenzae-stammen alsook met gekapselde en ongekapselde trimethoprim-gevoelige
(Tmp®) H. influenzae-stammen. Er werd geen hybridisatie waargenomen met DNA van
Tmp' Escherichia coli dat ditydrofolaat reductase |, Il en Il genen bevatte, of met Tmp'
Neisseria meningitidis, Neisseria gonorrhoeae en Pseudomonas cepacea. Hieruit kan
geconcludeerd worden dat de genen die voor resistentie tegen trimethoprim in deze
micro-organismen coderen, in grote mate verschillen van het resistentie-gen tegen
trimethoprim in H. influenzae. Dit is begrijpelik, gezien de aanmerkelijke verschillen tussen
bacteriéle DHFRs in de aminozuur-sequentie en de nucleotide-sequentie (zie hoofdstuk 3).
Southern-blot analyse met door middel van verschillende restrictie-enzymen geknipt DNA
van isogene, Tmp®- en Tmp'-stammen toonde aan, dat de probe hybridiseerde met DNA-
fragmenten van verschillende grootte bij gebruikmaking van Ddel en Hinfl. Uit deze
gegevens werd geconcludeerd dat het verwerven van resistentie veroorzaakt wordt door
een herschikking of een verandering in de nucleotiden-sequentie. De Xbal-Pstl-probe werd
gebruikt in Southern-blot experimenten, om een antwoord te vinden op de vraag of de
resistentie tegen trimethoprim chromosomaal gecodeerd is. Plasmide en chromosomaal
DNA van meervoudig-resistente H. influenzae-isolaten uit Spanje, en van Tmp'-transconju-
ganten van deze stammen (beide beschreven in hoofdstuk 8), werden gehybridiseerd met
de Xbal-Pstl-probe. De probe hybridiseerde met het chromosomale DNA van alle Tmp™-
en Tmp'-stammen en bleek geen overeenkomst te vertonen met plasmide DNA van Tmp'-
transconjuganten. Hierdoor werd de theorie, dat resistentie tegen trimethoprim chromo-
somaal gecodeerd is, ondersteund.

Vervolgens werd onderzoek gedaan naar het trimethoprim-resistentie-mechanisme in
H. influenzae. Analyse van buitenmembraan eiwitprofielen en experimenten om vast te
stellen in hoeverre trimethoprim in de bacterie penetreert, toonden geen verschillen aan
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tussen Tmp® en Tmp' H. influenzae.

Metingen van DHFR-activiteit in het supernatant van het cel-sonicaat van Trp“-bacterién,
toonden aanzienlijk grotere activiteit dan metingen van DHFR-activiteit in Tmp®-stammen.
Uit deze gegevens kon geconcludeerd worden dat resistentie tegen trimethoprim in
H. influenzae veroorzaakt wordt door overproductie van DHFR.

In hoofdstuk & wordt de gedeeltelijke zuivering en karakterisering van DHFR uit een veor
trimethoprim gevoelige stam (Tmp°; stam MAP) en twee tegen trimethoprim resistente
stammen (Tmp';stammen MAP/47 en MAP/42) van H. influenzae beschreven. De enzymen
werden 650-3000-voudig gezuiverd door middel van een combinatie van ammonium-
sulphaat fractionering, verdeling naar molecuul-grootte op een Sephadex G-75 kolom en
affiniteit-chromatografie op een Matrix Gel Green A kolom. De totale enzym-activiteit van
de electrophoretisch gezuiverde preparaten van MAP/47 en MAP/42 was zes- tot
tienvoudig groter dan die verkregen uit MAP, terwil de specifieke activiteit in eenhe-
den/mg eiwit ongeveer gelijk was aan het eind van het zuiveringsproces. Dit bevestigde
onze eerdere conclusie (hoofdstuk 5), dat resistentie tegen trimethoprim in H. influenzae
veroorzaakt wordt door overproductie van chromosomaal gecodeerd DHFR.

De bepaling van de molecuul-grootte van de drie DHFRs door middel van SDS/PAGE
toonde een eiwit met een molecuul-massa van 18.4 kDa. Michaelis-Menten-analyses met
gezuiverde DHFR-fracties listen zien dat de Km voor dihydrofolaat (7, 9 en 5 gM) en
NADPH (2, 5 en 6 pM) voor alle drie enzymen gelijk was. Aanzienlijke verschiflen werden
echter ontdekt tussen de ICy, (de concentratie die nodig is voor een 50% remming van
DHFR-activiteit) door trimethoprim van de Tmp®-stam MAP (0.001 M) en die van MAP/47
en MAP/42 (respectievelijk 0.1 4M en 0.3 yM). De ICs, door methotrexaat van MAP/42
DHFR was ook hoger (0.06 pM), vergeleken met de enzymen van MAP {0.008 uM) en
MAP/47 (0.007 pM). Deze resultaten leken te bevestigen dat Tmp-resistentie in H. influen-
zae niet uitsluitend door overproductie van DHFR veroorzaakt wordt, maar ook door
structurele veranderingen in de DHFRs van Tmp'-stammen. Iso-electrische focusing-
experimenten met de drie DHFR-fracties ondersteunden deze gegevens. DHFR van
MAP/42 had namelijk een isc-electrisch punt (pl 7.6) dat verschilend was van de
enzymen van MAP en MAP/47 (pl 7.3). "Peptide-mapping", gebruik makend van trypsine,
toonde éen peptide-fragment (7.9 kDa) in DHFR van MAP en MAP/47 en drie fragmenten
(7.8, 9.6 en 125 kDa) in DHFR van MAP/42. Hieruit kan worden geconcludeerd dat er
structurele en functionele verschillen bestaan tussen DHFRs in elke van de drie Tmp®- en
Tmp'-stammen. Wij veronderstellen dat de genetische basis van resistentie tegen
trimethoprim in H. influenzae overeenkomt met die, zoals beschreven bij mutanten van
PHFR in Escherichia cofi K12 [5]. Smith & Calvo hebben de moleculaire basis van
resistentie tegen trimethoprim in mutanten van Escherichia coli bestudeerd [6]. Zij
ontdekten dat de overproductie van DHFR in deze bacterién verocrzaakt werd door gen
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mutatie in de promotor. Een mutatie in het structurele "fol"-gen was verantwoordelijk voor
de verminderde affiniteit voor trimethoprim.

Hoofdstuk 7 behandelt het subklonen en de nuclectide-sequentie van een 1144 "base-
pair" (bp) DNA-fragment van de H. influenzae-stam R1047, die resistent is tegen trimetho-
prim. Deze DNA-sequentie bevat twee genen die, respectievelijk, 480 en 561 bp bevatten.
Het eerste gen codeert voor een eiwit met een molecuul-grootte van 17760 Da. De
aminozuursequentie is voor 51.3% homoloog met DHFR van E. cofi Ki2. De over-
eenkomst met andere prokaryotische DHFRs - zowel gevoelig voor als resistent tegen
trimethoprim - varieerde tussen 34.2 en 49.1%. De molecuul-grootte van R1047 DHFR
komt overeen met de berekende 18400 Da van gezuiverd DHFR (zie hoofdstuk 6). We
vroegen ons af of de overproductie van veranderd DHFR in stam R1047 verocrzaakt kon
ziin door rutaties in het structurele “folgen en in het promotorgebied. De grote
verschillen tussen DHFR van H. influenzae R1047 en andere DHFRs maken het echter
moeiljfk om vast te stellen of veranderingen in het structurele gen functionele verande-
ringen in DHFR weergeven of dat ze een gevolg zijn van normale variabiliteit tussen
DHFRs van verschillende micro-organismen.

De vergeliking van het structurele gen en het daarbij behorende promotorgebied van
R1047 DHFR met DHFR-sequenties van andere micro-organismen - zowel Gram-positieve
als Gram-negatieve - toont enkele interessante aspecten. De aminozuren die betrokken
ziin bij de interactie van DHFR met NADPH of met foliumzuur antagonisten, ziin zeer goed
geconserveerd in H. influenzae R1047 DHFR zoals gebruikelik is bif andere prokaryo-
tische DHFR-sequenties (figuur 7.3, hoofdstuk 7). De vervanging van een enkel aminozuur
in één van de bovengencemde gebieden, kan tot belangrike wizigingen leiden in de
binding van foliumzuur antagonisten en in de kinetische eigenschappen van DHFR. Een
dergelike verandering heeft mogelijk plaats gevonden op positie 121 van het DHFR-gen.
Bij vergelijking van het promotorgebied van het R1047 “fol'-gen en verscheidene andere
DHFR-promotor-sequenties blijkt de -10 sequentie volledig identiek te zijin aan de -10
sequentie in £. cofi K12, terwijl de -35 sequentie in 5 van de & nuclectiden identiek is aan
het -35 gebied in E. coli 1810, die een sterke overproductic van DHFR te zien geeft. De
aanwezigheid van een T in positie -34 van de -35 sequentie kan belangrijk zijn, aangezien
beschreven is, dat een conversie van C naar T op deze plaats kan resulteren in een
twaali- tot vijftienvoudig toegenomen synthese van "fol' mRNA in gemuteerde E. coli-
stammen. Vergelikbare veranderingen in het -35 enfof -10 gebied kunnen verantwoor-
delik ziin voor de overproductie van DHFR in H. influenzae R1047.

Het is onze bedoeling in de toekomst de gen-regulering van R1047 “fol' nader te
bestuderen door middel van mutagenese-experimeriten. Daartoe willen wij de A op positie
-35 door een T vervangen, hetgeen resulteert in een TTG-sequentie. Aangetoond is, dat



170 Samanvatting

deze sequentie karakteristiek is voor krachtig werkende Gram-negatieve promotors.
Derhalve valt te verwachten dat deze omzetting zal resuiteren in een aanzienlijke toene-
ming van DHFR. Tevens willen we de sequentie analyseren van het DHFR-gen en van het
promotorgebied van de Tmp'-stam R1042 en de Tmp°-stam R908. Hierbij zal gebruik
gemaakt worden van de polymerase kettingreactie (polymerase chain reaction, PCR).

Het tweede gen op de complementaire streng bevat 561 nucleotiden. Een analyse van
het structurele gen toont 62.9% overeerkomst met de eerste 187 aminozuren van de
N-terminale sequentie van het proBA-gen. Het gebied 5' van het proB-gen bevat een
‘ribosome binding site", en -10 en -35-promotor-sequenties (figuur 8.2B). Het proB-gen
codeert voor y-glutamyl-kinase. Dit enzym speelt een belangrike rol bij de bacterigle
proling-syrthese, Proline is betrokken bij de bacteriéle eiwit-synthese en dient als bron
van koolstof en stikstof. Het is interessant dat de proBA-positie op de genmap van E. coli
{op 6 min) ver verwiiderd is van het DHFR “fol A"-gen (op 1 min), terwijl deze twee genen
naast elkaar liggen in het H. influenzae-gencom. Onduideliik is vooralsrog of dit enige
functionele betekenis heeft,

Het onderwerp van hoofdstuk 8 is de genetische verwantschap van de determinanten,
verantwoordelijk voor resistentie tegen antibiotica in meervoudig resistente H. influenzae.
Resistentie van H. influenzae-bacterién tegen ampicilline, chloramphenicol en tetracyciine,
al dan niet gepaard gaand met resistentie tegen trimethoprim, kanamycine, sulfamethoxa-
zole en streptomycine, is uitgegroeid tot een groot probleem in Spanje en enkele andere
Europese landen [2, 3]. Tien meervoudig-resistente H. influenzae-isolaten werden onder-
zocht, teneinde een antwoord te krijgen op twee vragen: 1) wordt meervoudige resistentie
in H. influenzae uit verschillende geografische gebieden veroorzaakt door één enkele
plasmide of meerdere plasmiden en 2} zijn de antibiotische resistentie-genen uit verachil-
lende geografische gebieden gelijk of verschillend. Antibiotische resistentie tegen
ampiciline, chloramphenicol, tetracycline, kanamycine en sulfamesthoxazole wordt
gecodeerd door conjugatieve plasmiden met moleculaire massa’s van 38-50 MDa. In
tegenstelling hiermee was de resistentie tegen trimethoprim niet gecodeerd door
plasmiden, maar chromosomaal bepaald (zie ook hoofdstuk 5). Door alle transconjugante
stammen werd chloramphenicol acetyltransferase (CAT) geproduceerd en op &&n na alle
stammen produceerden TEM-1 g-lactamase. Transconjuganten die geselecteerd waren op
chloramphenicol en erythromycine vertoonden alle 8-50 maal meer kanamycine-phospho-
transferase-activiteit dan de voor kanamycine gevoelige stam MAP, Restrictie-enzym
digestie van de gelsoleerde plasmiden bracht punten van oversenkomst aan het licht,
maar er bleek ook een zekere mate van heterogeniteit, afhankelijk van het gebruikte
restrictie-enzym. Southern-blot analyse van deze plasmiden, met gebruik van diverse
antibiotische resistentie-probes, list verschillende combinaties van hybridisatie-patronen
zien, afhankelik van het gebruikte restrictie-enzym. De theorie dat resistentie tegen
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meerdere antibiotica in H. influenzae niet ontstaat door de verwerving van een enkele
R-plasmide, werd door deze experimenten ondersteund. Uit dit onderzoek kan worden
geconcludeerd dat plasmide-resistentie (tegen ampicilline, chloramphenical en kanamy-
cine) en chromosomale resistentie (tegen trimethoprim) van verschillende herkomst zijn.
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It doesn't take big bucks to do science,
not everything has been discovered,
and it's important to have fun.
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Overdracht van resistentie tegen trimethoprim in Haemophilus influenzae via
conjugatie-experimenten wordt niet gemedieerd door plasmiden.

Resistentie tegen trimethoprim in Haemophilus influenzae wordt veroorzaakt door
overproductie van structureel en functicneel veranderde dihydrofolaat reductase(s).

Overproductie van dihydrofolaat reductase in voor trimethoprim resistente
Haemophilus influenzae wordt waarschijnlijk vercorzaakt door mutaties in het -35
promotorgebied.

Het veterinaire gebruik van antibiotica dient sterk te worden beperkt.

De snelle klaring van geneesmiddelen bij patiénten met cystic fibrosis wordt
veroorzaakt door gegeneraliseerde inductic van enzymen in lever en nier.

Dosering van geneesmiddelen met een lage serumeiwit binding dient bij preterme
pasgeborenen gebaseerd te zijn op meting van de glomerulaire filtratiesnetheid.

Het gebruik van de Swan-Ganz catheter in de pediatrische intensive care is niet in
het belang van de individuele patiént.

In ongeveer 0,25% van alle ziekenhuisopnamen leidt medisch laakbaar handelen tot
de doed.
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Medisch handelen dient te worden gevalideerd; dit geldt ook voor bedrust.

De kwaliteit van klinisch wetenschappelijk onderzoek in Nederland zal verbeteren als
men meer plaats inruimt voor researchverpleegkundigen,

Routine laboratoriumonderzoek is niet geindiceerd.

Op het gebied van de foetale fysiologie kan de mens nog veel van de zeehond
leren.

Het is zowel culinair als chirurgisch verwerpelijk de tafel voortijdig te verlaten.

Koolstofatomen kunmen zich niet alleen vormen tot diamanten en grafiet, doch ook
tot buckybalis.
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