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A B S T R A C T
ŒROMOSOMAL ß-LACTAMASES IN ENTEROBACTERIA AND IN VIVO EVOLUTION 
OF ß-LACTAM RESISTANCE
Sven Bergstrom, Department of Microbiology, University of Umeå, S-901 87 
Umeå, Sweden.
The ß-lactam antibiotics are the most important antibacterial agents in the 
treatment of infectious diseases. A severe problem in ß-lactam therapy is 
the emergence of ß-lactam resistant bacteria. Clinical ß-lactam resistance 
is most often due to the production of ß-lactamases. ß-lactamase genes resi
de either on plasmids or on the chromosome. The aim of this study was to 
acquire an understanding of organisation and regulation of chromosomal ß- 
lactamase genes in different Gram negative species and to elucidate the 
mechanisms for ampC hyperproduction in the in vivo situation.
By DNA hybridization with an ampC probe from Escherichia coli K-12 it was 
shown that other Gram negative bacteria contained an artpC like chromosomal 
gene, suggesting a common evolutionary origin. Furthermore, the preceding 
frd operon that overlaps the ampC gene in E. coli K-12 was found to be much 
more conserved than the ampC gene in the bacterial species investigated.
The ampC and frd opérons in Shigella sonnei and Citrobacter freundii were 
cloned and characterized by physical mapping. The respective maps were com
pared to the ampC and frd region in E. coli K-12. The physical map of Sh. 
sonnei was almost identical to the E. coli K-12 map, whereas in C. freundii 
only the frd region exhibited any considerable homology. Moreover, in C. 
freundii, the anpC and frd regions were separated by 1100 basepairs. It is 
suggested that this DNA is involved in the induction of ß-lactamase 
production in this organism. A hypothesis for the evolution of the anpC 
operon in enterobacteria is presented.
By isolating and characterizing six ß-lactam resistant clinica], isolates of 
E. coli hyperproducing the dhrcmosomal ß-lactamase, genetic mechanisms for 
in vivo evolved resistance was aimed at. These isolates exhibited a 24-48 
fold increase in ß-lactamase production. The ß-lactamase produced was found 
to be biochemically and immunologically identical to the ß-lactamase produ
ced by JL_ coli K-12. The ampC control region of these six E. coli isolates 
was DNA-seqenced. The cause of ß-lactamase hyperproduction in five of the 
clinical E. coli isolates, identical in the DNA segment sequenced, was due 
to a strong novel ampC promoter displaced 5 bp upstream of the ampC promoter 
defined in E. coli K-12. The ß-lactamase hyperproduction in the sixth cli
nical isolate was shown to be caused by two mutations affecting both the 
promoter and the attenuator in the regulatory region defined by E. coli K- 
12. The obtained changes were sufficient to explain the increase in ampC ß- 
1 act ama se expression exhibited in these clinical E. coli isolates.
Sequence analysis of the ampC control region in Sh. sonnei revealed that it 
was, with one exception, identical to the one found in the five clinical E. 
coli ß-lactamase hyperproducers. The only difference was in a position that 
creates the strong novel ampC promoter in the E. coli hyperproducers. By 
isolating spontaneous Sh. sonnei mutants with a 40-fold increase in ß-lacta
mase production carrying the same novel ampC promoter as the clinical E. 
coli isolates it was concluded that this DNA segment has been transferred in 
vivo frcm Shigella to E. coli across the species barrier.
Key words: Gram negative bacteria / ß-lactamase genes / divergence of

neighbouring cperons / ß-lactamase hyperproduction / evolution of 
control sequences
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A. IOTRODUCTION

Al. ß-lactam antibiotics and their mode of action

The discovery of penicillin was one of the most important mile
stones in medicine and caused a breakthrough in the therapy of a 
number of infectious diseases. Fleming has been associated with 
the discovery of penicillin. He noticed in 1929, the antibacterial 
effect of a substance produced by the fungus Pénicillium notatum 
on growing Bacillus influenzae (Fleming, 1929). However, the first 
person who really discovered penicillin was Ernest Duchesne, a 
French medical student, who, in 1896, apparently discovered the 
antibacterial properties and lew toxicity of extracts frem Péni
cillium glaucum (Science and the Citizien, Sci. Pm, 1978 239: 
81A-81B). Penicillins have been used in the therapy of infectious 
disease since World War II. During the 40 years that have elapsed 
since the introduction of penicillin therapy, a large number of 
semisynthetic penicillins have been produced with the aim of 
creating more effective antibacterial agents. The discovery of 
cephalosporin C (Newton and Abraham, 1955), produced by the fungus 
Cephalosporium accremonium, has made available another valuable 
family of antibiotics. The key structural feature of penicillins 
and cephalosporins is the presence of a ß-lactam ring, a four-mem- 
bered ring in which a carbonyl and a nitrogen are joined in an 
amide linkage. The general structure of penicillin and cephalo
sporin is shown in Fig. 1. Referring to the common structure, the 
ß-lactam ring, these compounds have been called ß-lactam antibio
tics. The most important feature of ß-lactam antibiotics as 

chemotherapeutic agents is their low toxicity to eucaryotic cells.
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Fig.l The chemical structure of ß-lactam antibiotics (peni
cillins and cephalosporins). The arrows indicate the 
bonds broken by A, penicillin ainidases; B, acetyleste- 
rases; C, B-lactamases. R and indicate groups diffe

ring among different B-lactam antibiotics.
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This in caribination with their bacteriocidal effect at low concen
trations have caused their success, ß-lactam antibiotics now re
present 60% of the total world sale of antibiotics (Bucourt,
1981).

The antibacterial activity and mode of action of ß-lactam antibio
tics have been thoroughly studied during the last two decades. 
Furthermore, the ß-lactams have been used as tools in elucidating 
the structure and biosynthesis of the bacterial cell wall. An 
understanding of the latter has been essential for unravelling the 
mechanism of ß-lactam action. Early it was shown that the cell 
wall in bacteria is a ccmplex macromolecule built of peptidoglycan 
(Ghuysen and Schockman, 1973). The bacterial peptidoglycans con
tain long polysaccharide chains of alternating N-acetyl-glucos- 
amine and N-acetylmuramic acid, interlinked in a giant network by 
short peptide side chains. The role of the peptidoglycan in bac
teria is to withstand the high intracellular osmotic pressure and 
to determine the bacterial shape.

In 1965, it was shown that penicillin specifically and irrever
sibly inhibits the final step of peptidoglycan synthesis, that is, 
the cross linking of linear peptidoglycan strands (Wise and Park, 
1965; Tipper and Strcminger, 1965). The cross linking of the pep
tidoglycan is performed by a transpeptidase reaction. By in vitro 
synthesis of peptidoglycan from membranes of E. coli it was shown 
that the crosslinking transpeptidase and not the sugar polymeriz
ing activity was inhibited by penicillin (Izaki et al., 1966).
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However, .it was also shewn that not only the transpeptidase hut 
also a D-alanine carboxypeptidase was sensitive to penicillin 
(Izaki et al., 1966? Izaki and Strcminger, 1968; Izaki and 
Straninger, 1968a). The latter enzyme hydrolyzes specifically the 
terminal D-alanine fron cell wall precursor or fran nascent pepti- 
doglycan. Spratt and Pardee (1975) showed that radioactively la
belled penicillin bound to a set of membrane bound proteins, which 
were designated penicillin binding proteins (PBP's). Seme of these 
proteins exibit transpeptidase and carboxypeptidase activity* The 
affinity for a specific ß-lactam varies greatly among the PBPs, 
and different ß-lactams might kill a particular bacterium by bind
ing to different subsets of the PBPs (Blumberg and Strcminger, 
1974; Spratt and Pardee, 1975; Spratt and Strcminger, 1976). The 
mechanism of ß-lactam action on bacteria has shown to be more 
complicated than was first anticipated. Certainly, ß-lactams have 
effects on specific proteins which are involved in the cross link
ing step of cell wall synthesis, including transpeptidases and D- 
alanine carboxypeptidases (Yocum et al., 1980). However, pep- 
tidoglycan hydrolases (autolysins) must he actively involved in 
penicillin induced cell lysis. Under normal conditions hydrolase 
action is controlled such that it is only present in specific cell 
areas and at a given stage in the cell cycle. Penicillin has no 
direct effect on autolysins, but in the presence of penicillin, 
autolytic activity increases, resulting in cell lysis (Tornasz and 
Holt je, 1977). It is not clear if the inhibition of PBP's and 
activation of autolytic enzymes are enough to cause bacterial 
killing, or if additional mechanisms have to be considered to
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fully explain the molecular mechanisms behind bacterial death 
caused by ß-lactams action.

A2. ß-lactam resistance mechanisms

A development of antibiotic resistance has been observed for most 
antibiotics and has become an increasing clinical problem. The re
sistance mechanisms that evolve are based on genetic changes that 
alter or induce specific proteins, and can be separated biochemi
cally into seven different categories as follows (Davis and Maas, 
1952: Koch, 1981; Ogawara, 1981): (1) a bypass mechanism, i.e., a 
replacement for the metabolic step that is inhibited by the anti
biotic; (2) production of a metabolite that can antagonize the 
inhibitory effect of the antibiotic ; (3) an increase in the 
amount of the enzyme inhibited by the antibiotic; (4) a decrease 
in the cell’s metabolic requirement for the reaction inhibited by 
the antibiotic; (5) detoxification or inactivation of the antibio
tic; (6) a change in the target site; and (7) blockage of the 
transport of the antibiotic into the cell.

It is known that resistance to ß-lactams can evolve through mecha
nism 5, 6 or 7. Changes or a decrease in the affinity for diffe
rent PBPs to ß-lactam antibiotics have been found both in clin
ically isolated and laboratory isolated resistant bacterial mu- 
tants (Spratt, 1978; Buchanan and Strominger, 1976; Hakenbeck et 
al., 1980; Percheson and Bryan, 1980; Zighelboim and Tomasz,
1980). The outer membrane in bacteria serves as a permeability
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barrier for antibiotics (Richmond and Curtis, 1974; Ziirmerman and 
Rosselets, 1977). Hydrophilic substances sudi as ß lactams pas s 
through this membrane via protein lined pores. The efficiency 
of diffusion is dependent on the charge, the degree of hydrcphobi- 
city, and the size of the substance (Nakae, 1975; Nikaido, 1979). 
Mutations leading to a decreased diffusion rate affect the resis
tance of bacteria towards ß-lactam antibiotics. For example, peni
cillin resistance due to a changed permeability has been described 
for gonococci (Guymon et al., 1978; Rodriguez ard Saz, 1978).
The presence of a penetration barrier is certainly the major fac
tor causing the observed intrinsic resistance of many enterobacte- 
ria and related species. The most common mechanism of ß-lactam 
resistance is detoxification of the drug, ß-lactam detoxification 
can be obtained by three different groups of enzymes (Fig. 1). One 
is penicillin amidase (penicillin acylase), an enzyms found not 
only in microorganisms (Vandamme and Voets, 1974; Vandamme, 1977), 
but also in mammals (Cole, 1964). Amidases do not significantly 
contribute to ß-lactam resistance in bacteria. The secord enzyme 
is an acetylesterase, which hydrolyzes the acetylgroup at C3 on 
the dihydrothiazine ring of cephalosporins. This enzyme is found 
in bacteria (Nishida et al., 1968) as well as in human serum 
(Binderup et al., 1971). Like amidases, acetylesterases do not 
play any important role in the resistance of bacteria to ß-lactam 
antibiotics. The third group of enzymes, ß-lactamases, are clini
cally the most important ones. These enzymes catalyze the hydro
lysis of the ß-lactam ring of penicillins ard cephalosporins 
(Hamilton-Miller, 1979).
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A3, ß-lactamases

ß-lactamase activity was first demonstrated by Abraham and Chain 
in 1940, when they showed that cell extracts fron E. coli contain
ed penicillin-inactivating capacity. The ß-lactamases (EC 3.5.2.6) 
are widely distributed in both Gram-positive and Gram-negative 
bacteria, and have been thoroughly studied because of their clini
cal importance and their biochemical, ecological and evolutionary 
interest. Different classification schemes for ß-lactamases have 
been proposed, which are mainly based on substrate profiles, sen
sitivity to various inhibitors, isoelectric point, molecular 
weight, inducibility, and genetic origin (plasmid encoded or chro- 
moscmally encoded), (Richmond and Sykes, 1973: Sykes and Matthew, 
1976). The ß-lactamases can be divided into four main groups based 
on their respective substrate profile: (i) penicillinases, with a 
specificity for penicillins (ii) cephalosporinases, with a speci
ficity for cephalosporins; (iii) ß-lactamases with a broad range 
of specificity; and (iv) ß-lactamases with specificity towards 
certain ß-lactams (e.g. cloxacillin or carbenicillin ) (Sykes and 
Matthew, 1976). A recent classification system is based on amino 
acid sequence analysis, and fran that three distinct classes of ß- 
lactamases have been proposed (Ambler, 1980; Jaurin and Grund
strän, 1981 ). By amino acid sequence comparison of the ß-lactama
ses frcm Staphylococcus aureus PCI (Ambler, 1975), Bacillus liche
ni formis 749/C (Meadway, 1969; Yamamoto and Lampen, 1976); E. 
coli/ R6K, R-Tm (Ambler and Scott, 1978) and B. cereus 569/H 
(Thatcher, 1975; Ambler, 1980), it was found that these enzymes
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showed significant sequence homologies with each other. All of 
them show substrate specificity for penicillins (Citri, 1971) and 
have a molecular weight around 29,000 (Waxman and Strcminger,
1980). The degree of similarity is so great that divergence of 
these genes from a single ancestral gene is the most reasonable 
explanation. Enzymes of this sequence type are proposed to be 
called Class A ß-lactamases (Ambler, 1980). Furthermore, these ß-
I act amas es showed homology with sequenced regions of D-alanine 
carboxypeptidases from B. stearothermophilus and B. subtilis (Wax
man and Strominger, 1980), also indicating that these enzymes have 
a related evolutionary origin. By use of affinity-labelling, the 
active site has been determined for three penicillinases and two 
carboxypeptidases. The affinity reagent reacts with a serine resi
due in each enzyme. Such ß-lactamases have then been referred to 
as "serine"-enzymes (Waxman and Strcminger, 1980; Knott-Hunziker 
et al., 1979? Fischer et al., 1980? Cartwright and Coul-
son, 1980? and Yocum et al., 1979). The B. cereus fì-lactamase
II (Kuwabara and Abraham, 1967) was found to differ frcm the class 
A enzymes in so many features that it has been assigned its cwn 
class, Class B ß-lactamase (Ambler, 1980). So far this enzyme has 
only been found in B. cereus and related bacteria. The enzyme lias 
a molecular weight of about 23,000 and is therefore slightly 
smaller than the Class A enzymes. Furthermore, it is the only ß- 
lactamase which requires a metal cofactor for activity, Normally 
Zn2+, seems to be the cofactor but other ions can substitute 
(Davies and Abraham, 1974) • Frcm partial amino acid sequence ana
lysis of this enzyme no sequence similarity with the Class A ß- 
lactamases was detected (Ambler? 1980).
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The complete amino acid sequence of the chromosomal ß-lactamase 
fram E. coli K-12 has been predicted from the DNA sequence of the 
entire gene ( Jaurin and Grundström, 1981 ). This ß-lactamase has a 
molecular weight of 39,600 and a substrate specificity for cepha
losporins. No sequence homology was found between this enzyme and 
the Class A ß-lactamases, Class B ß-lactamase or the D-alanine 
carboxypeptidases (Jaurin and Grundström, 1981). However, active 
sites studies by Knott-Hunziker et al., (1982) on the chromo
somal ß-lactamases of E. coli K-12 and Pseudomonas aeruginosa 
revealed that an active site fragment from P. aeruginosa had an 
eleven out of fourteen amino acid long sequence homology with the 
region around serine-80 in the E. coli K-12 ß-lactamase. The se
quences are different from those around the active site serine in 
the Class A ß-lactamase (Jaurin and Grundström, 1981; Knott- 
Hunziker et al., 1982). Based on these data, it is suggested 
that these ß-lactamases constitute a new group of "serine"-ß-lac
tamases, the Class C ß-lactamases.
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A. 3a Plasmid encoded ß-lactamases

Plasmid encoded ß-lactamases are found in both Gram positive and 
Gram negative bacteria (Ogawara, 1981; Matthew, 1979). Among Gram 
positive bacteria, genes for Q-lactamases are found in the Staphy
lococcus and Bacillus species. In the case of Bacillus the genetic 
determinant is poorly characterized. The Bacillus ß-lactamases 
will be considered as chromosomal in this thesis. In S. aureus a 
large proportion of ß-lactam-resistant strains are indebted to ß̂- 
lactamase for their resistance. All four serotypes of ß-lactamase 
(A, B, C and D) found in S. aureus have been shown to be mediated 
by genes on PC plasmids (Dyke and Richmond 1970; Lacey, 1975; 
Novick, 1967; and Novick et al., 1979). The properties of the 
serotypes A, B, and C are extremely similar as judged by sedimen
tation coefficient, amino acid analysis, and kinetics of hydroly
sis of several penicillins (Richmond, 1965). Moreover, the entire 
amino acid sequence of a serotype A ß-lactamase lias been determin
ed (Ambler, 1975) and compared to the amino acid composition of 
the B and C variants of the Staphylococcus enzymes (Richmond, 
1965). The comparison showed that these three variants differ in 
only a few amino acid residues (Richmond, 1965), indicating that 
the enzymes are very closely related.
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The ß-lactamase gene in S. aureus is most often found on plasmids 
together with several other resistance genes (e.g. specifying 
resistance to erythromycin, kanarnycin, fusidic acid, ethidium 
bromide, and a Whole range of metal ions) (Lacey, 1975). The ß- 
lactamase gene has occasionally been found on the chromosome 
(Asheshov, 1966; Poston, 1966; and Sweeney and Cohen, 1968). In 
1969, Asheshov showed that the ß-lactamase gene on the chromosome 
could be integrated into a mercury ion-resistance plasmid (Ashe
shov, 1969). This occurred by duplication of the ß-lactamase gene, 
with one copy being retained on the chromosome and the second 
being incorporated into the plasmid. Both of the genes were found 
to be expressed simultaneously (Asheshov and Dyke, 1968). The 
opposite has also been found, that is, integration of PC plasmid 
DMA into the chromosome (Richmond and Johnston, 1969; Johnston 
and Dyke, 1974; Schwesinger and Novick, 1975). The mechanism be
hind this integration process has been clarified by Patee et 
al., (1977). They found that several PC plasmids, that are tem
perature sensitive for replication, frequently insert at a site 
near to the prophage 011. Two different sites of integration were 
found for a fragment of the PC plasmid and it was reported that 
this fragment can transpose to additional sites on the chromosome 
(Patee et al., 1977, Novick et al., 1979). Thus, a move
ment of the ß-lactamase gene in S. aureus may occur not only 
between chromosomes and plasmids but also within chromosomes and 
plasmids at high frequencies. Such a transposition must be regar
ded as a powerful mechanism for the spread of ß-lactam resistance.
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A large number of antibiotic resistance genes, e.g. plasmid encod
ed ß-lactam resistance have been located to a discrete DNA sequen
ce, called a tranposon. The discovery of the process of transposi
tion explains a puzzling phenomenon in bacterial evolution that 
has serious implications for public health, i. e. the rapid spread 
of antibiotic resistance to different plasmids among bacteria. 
Transposons are able to translocate from one replicon to another 
in the absence of the bacterial recA gene function. The molecular 
mechanisms behind transposition have been elucidated, and in a 
recent review (Calos and Miller, 1980), the events in both proca
ryotes and eucaryotes are presented. The process of transposition 
results in a repetition of a few base pairs in the target sequence 
such that the inserted element is flanked by direct repeats of 
five to eleven base pairs originally present in the target, sug
gesting that a step in the insertion process involves staggered 
cleavage of opposite DNA strands at the target site for transposi
tion. The filling in of the single strand segments following such 
cleavage would require the synthesis of short single strand 
stretches of complementary DNA and would result in the nucleotide 
sequence duplication. Transposons also encode the synthesis of a 
transposase, an enzyme required for the transposition, and a re
pressor substance which regulate both its own synthesis as well as 
the transcription of the transposase gene (Gill et al., 1979, 
Dougan et al., 1979, Calos and Miller, 1980).

The existence of plasmids conferring resistance to ß-lactam anti
biotics in Gram negative bacteria was first recognized by Datta
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and Kontomichalou (1965). Plasmid mediated ß-lactamases are often 
produced in large amounts, and they act mainly as penicillinases. 
These plasmid encoded ß-lactamase genes are often located on 
transposons, that easily can be transferred frcm one replicon to 
another. Eleven different plasmid encoded ß-lactamases exist among 
Gram negative bacteria. The properties of these enzymes have been 
reviewed by Matthew (1979). Of these enzymes, the TEM type, parti
cularly TEM-1, occurs most frequently and with the widest distri
bution. The TEM-1 enzyme can be distinguished frcm TEM-2 by a 
difference in isoelectric point. A group of plasmid-mediated ß- 
lactamases with the ability to hydrolyse isoxazoyl ß-lactams and 
methicillin has also been found (Dale and Smith, 1974). These are 
the OXA-1, OXA-2, and OXA-3, ß-lactamases, which are less frequent 
than the TEM-ß-lactamases. Oxa-1 has a molecular weight of about 
24,000 and high activity against methicillin. Qxa-2 and Oxa-3 have 
a molecular weight of about 40,000 and exhibit low activity 
against methicillin. The ß-lactamase activity of these enzymes has 
also been found to be resistant to inhibition by p-chlorcmercuri- 
benzoate (pCMB) as well as cloxacillin, whereas it is sensitive to 
inhibition by chloride ions (Yamagishi, 1969). Two other plasmid- 
mediated ß-lactamases found in enterobacteria are SHV-1 (Pitton, 
1972) and EISM—1 (Matthew et al., 1979). SHV—1 has a substrate 
profile similar to the TEM-ß-lactamase, but shows a higher rate of 
hydrolysis of ampicillin. A peculiar feature of the SIiV-1 enzyme 
is the differential inhibition of its activity by pCMB. Blocking



19

of one sulphydryl group by pCMP inhibited hydrolysis of cephalori- 
dine but not penicillin. This suggested that SHV-1 has at least 
two different biding sites for different ß-lactam antibiotics. 
(Matthew et al., 1979). The HSM-1 enzyme has a substrate pro
file resembling that of SHV-1 but it is sensitive to pCMB, inde
pendent of whether the substrate is penicillin or cephaloridine 
(Matthew et al., 1979). Four different ß-lactamases determined 
by plasmids, PSE-1, PSE-2, PSE-3 and PSE-4 have been found in 
Pseudomonas species (Hedges and Matthew, 1979) but they are much 
less common than the TEM-ß-lactamases in this species. The PSE- 
enzymes are normally confined to Pseudomonas, although they can 
also be transferred into E. coli and function efficiently in this 
host (Hedges and Matthew, 1979).

A.3.b Chrcmosanally encoded ß-lactamases

ß-lactamases encoded by the chromosome are found in nearly all 
bacteria investigated (Sykes and Matthew, 1976). These enzymes are 
found to be specific for genus, species and subspecies (Matthew 
and Harris, 1976). It has been suggested that ß-lactamases even 
could be used for taxonomic classification of bacteria (Matthew 
and Harris, 1976). The ß-lactamases of Gram negative bacteria have 
been thoroughly reviewed , with respect to properties and classi
fication, by Sykes and Matthews (1976). Different mycobacterial 
species have also been found to produce ß-lactamases with a broad 
spectrum of activity and ß-lactamases seem to play a significant 
role in bacterial resistance towards ß-lactam antibiotics among 
these species (Kasik, 1979).
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Bacillus is the nost studied Gram positive organism with respect 
to the chromosomal ß-lactamases. Bacillus cereus has been found to 
produce two types of ß-lactamases, ß-lactamase I and ß-lactamase
II. The properties and classification of these enzymes were dis
cussed above. B. cereus also seems to produce a cell bound peni
cillinase y-penicillinase (Pollock, 1956), but the structural 
status of this enzyme has not yet been clarified. It has been 
suggested that this y-penicillinase is a conformational iscmer of 
ß-lactamase I (Citri and Kalkstein, 1967). In Bacillus lichenifor
rais there exist two main types of ß-lactamases which show diffe
rences in specificity and other enzymatic properties, but which 
are very similar at the amino acid sequence level. The cell-bound 
enzyme, the exoenzyme, is a stable protein with a molecular weight 
of about 29,000 daltons. The other type of ß-lactamase, the mem
brane penicillinase, differs from the exopenicillinase by the 
presence of a phospholipopeptide chain of 25 amino acids at its 
NH^terminus (Yamamoto and Lampen, 1975, 1976). These 25 amino

acids are very hydrophobic and therefore thought to anchor the 
enzyme in the plasma membrane. The 25 amino acid long residue is 
built up of a less polar segment (residues 1-18) and a more polar 
segment (residues 19-25). Under normal growth conditions, about 
half of the ß-lactamase synthesised is found free in the medium, 
and the remainder is bound to the cell membrane in an active form 
(Sargent et al., 1968). The function of the phospholipopeptide 
segment, and the processing of the B. licheniformis ß-lactamase 
has been elucidated by Lampen and his group. A model for the syn
thesis, secretion and release of ß-lactamase in B. licheniformis
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has been presented (Lampen, 1978), This nodel involves synthesis 
of the enzyme on membrane bound ribosomes, extrusion of the pro
duct into the membrane and a final processing while it is still 
membrane bound. The same structural gene codes for both types of 
ß-lactamase. Thus, the membrane bound enzyme is clearly the pre
cursor to the exoenzyme.

A.3.C Inducible chromosomal ß-lactamases

There exist both plasmid encoded and chromosome encoded ß-lacta
mase determinants that have the interesting feature of being able 
to increase the production of ß-lactamase when presented to va
rious ß-lactam antibiotics. In this section I will only discuss 
the inducibility of certain chromosome encoded ß-lactamases. The 
induction of plasmid mediated staphylococcal ß-lactamase has been 
comprehensively reviewed (Collins, 1971). In the case of inducible 
chromosomal ß-lactamases, two systems have been studied, namely 
the induction in Bacillus (B. licheniformis and B. cereus) and 
Pseudomonas aeruginosa. The Gram positive organisms B. licheni- 
formis and B. cereus are induced by ß-lactam antibiotic in a simi
lar manner, ß-lactam antibiotics are of course the most potent 
inducers for the ß-lactamase, but the inducing capacity differ for 
different penicillin and cephalosporin derivatives. Benzylpeni
cillin is the most effective inducer among the more widely used ß- 
lactams. Even a concentration as low as 1 }jg/ml causes a 25-fold 
increase in ß-lactamase content 90 min after induction (Collins, 
1979). However, a number of other compounds also have been shown 
to act as inducers (Collins, 1979), i.e. inorganic ions, clavu-



22

lanic acid, carbodiimides and bacitracin. The mechanism of action 
of the non-ß-lactam inducers is not known but presumably they must 
in sane way react with the same specific target in the membranes 
that the ß-lactams do. The current model for Bacillus ß-lactamase 
induction implies a regulatory system that can sense the synthesis 
of cell wall polymers, and can control the supply of cell wall 
synthetic enzymes. Disturbance of the compartments in the cell 
wall synthesis by penicillin or other inducers affects the ß-lac
tamase system by a derepression of the ß-lactamase gene (Collins, 
1979). In this model, only a repressor would have a specific role 
to play in the ß-lactamase induction. The other components could 
be part of the cell wall regulatory system (Collins, 1979).

The majority of ß-lactamases in Gram negative bacteria have a 
substrate specificity for cephalosporins. The production of ß- 
lactamase is often low, and therefore, this enzyme activity seldom 
contributes significantly to the ß-lactam resistance level. How
ever, the chromosome mediated ß-lactamases are inducible in many 
Gram negative genera, including Citrobacter spp., Enterobacter 
spp., Proteus spp., Providencia spp., Ps. aeruginosa, Yersinia 
enterocolitica (enzyme B) (Sykes and Matthew, 1976), Serratia 
marcescens (Takata et al., 1981) and Chromobacterium violaceum 
(Farrar and O'Dell, 1976). The induction of the chromosomal ß-lac
tamase in Ps. aeruginosa has been studied by Nordstrom and Sykes 
(1974, 1974a). They found that the induction was very similar to 
the induction of ß-galactosidase by the lac operon in Escherichia 
coli K-12. However, a distinct discrepancy between these two sys-
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teras was the long time lag in the ß-lactaraase induction, although 
the lag decreased with increasing concentrations of the inducer. 
The efficiency of different ß-lactams in Pseudomonas ß-lactaraase 
induction may he expressed as an induction ratio, that is, the 
ratio of activity after and before induction. The induction ratio 
differs between different ß-lactams, with the highest ratios 
found for aminopenicillanic acid (1000) and benzylpenicillin 
(200). There are clear differences between the induction mecha
nism in Bacillus and Pseudomonas. The peak of ß-lactaraase activity 
in Bacillus is fixed and occurs, about 90 rain after induction 
independently of the concentration of the inducer. Furthermore, 
non ß-lactam inducers can be used in the induction of Bacillus in 
contrast to the Pseudomonas ß-lactamase. In both organisms, 
however, the induction of ß-lactamase production is an important 
way for these organisms to overcome the deleterious effect of ß- 
lactam antibiotics. In bacteria which produce the ß-lactaraase 
constitutively other mechanisms have to cone into play in order to 
overcame the ß-lactam effect, as will be discussed in this thesis 
( see be lew).

A.4. Clinical importance of ß-lactamases

There are numerous examples of the clinical importance of ß-lacta
mases . The spread of penicillin resistance among £. aureus, an 
organism found in 50% of all nosocomial infections, has increased 
dramatically over the last 40 years. In 1946 only about 14% of the
S. aureus isolated in hospitals were found to be resistant to
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penicillins, whereas 20 years later as many as 80% were penicillin 
resistant (Smith et al., 1969). The same trend has been found 
in enterobacteria due to the spread of resistance plasmids between 
different species with varying degree of pathogenicity. In the 
mid-seventies penicillin resistant and ß-lactamase producing 
Neisseria gonorrhoeae and Haemophilus influenzae were identified. 
Resistant organisms of these species were found to produce a TEM- 
type ß-lactamase (Bergström et al., 1978, Roberts et al.,
1977; Eickhoff et cil., 1976) coded for by resistance plasmids 
containing parts of a Tn3 like transposon. This suggests an ente
ric origin of the ß-lactam resistance found in these organisms.
The sudden occurrence of ß-lactam resistance in pathogenic bacte
ria, which always have been looked upon as susceptible to peni
cillin treatment, makes it evident that there has been a powerful 
selection pressure on the bacterial world during the last 40 years 
since penicillin started to be used as an antimicrobial drug.

A.5. General molecular mechanisms of the cell

During the last three decades much research has focused on the 
basic molecular mechanisms of cellular life. The bacterium Esche
richia coli has been a major model organism in these intensive 
studies. The genetic information of all cells is stored in the 
DNA, which is built up of repetitive sequences of four different 
bases, adenine (A), guanine (G), cytosine (C), and thymine (T).
The DNA could either be replicated to a new copy of the DNA or
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transcribed to RNA. Part of this RNA, the mRNA, is then translated 
to protein as determined by the RNA base sequence. This flew of 
information was postulated by Francis Crick in the central dogma 
(1958).

A.5.a Transcription and translation

The transcriptional process involves a transfer of genetic infor
mation frcm DNA to RNA. The transcription is catalyzed by DNA 
dependent RNA polymerase. This enzyme recognizes and binds to spe
cific sites on the DNA, defined as promoter sites. The RNA polyme
rase holoenzyme consists of five subunits, ß, ß', «2 and a* The °

subunit is important for recognition of the promoter site (Burgess 
et al., 1969), whereas the other subunits make up the core 
enzyræ which catalyzes the formation of the phosphodi ester bonds 
between the nucleotide bases. The DNA sequence of more than 60 
different promoters have been determined and compared. Two highly 
conserved regions, denoted the -10 region (the Pribncw box) and 
the -35 region were found that have the sequences -TATAAT- and 
-TTGACA-, respectively (Pribncw, 1975: Schal 1er et al., 1975; 
Maniatis et al, 1975; Gilbert, 1976: Siebenlist et al.,
1980). These regions are located about 10 and 35 base pairs (bp) 
upstream from the transcriptional initiation site. The distance 
between these regions is 16 to 19 bp with 17 bp being the most 
frequently observed. The strength of a promoter, i.e. FNA chain 
intiation frequency, is very much dependent on the DNA sequence in
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the -10 region, the -35 region and the spacing between these two 
blocks (Stefano and Gralla, 1982). Transcription starts at a point 
located 4 to 8 bp downstream frcm the sixth nucleotide (T in all 
promoters investigated) in the-10 region (Siebenlist et al.,
1980). The starting nucleotide is usually a purine with A being 
the predominant one. Other regulatory elements can also interfer 
with the action of RNA polymerase. These elements may act either 
in a negative or a positive manner (Jacob and Monod, 1961 ). The 
transcriptional process ends at a specific terminator sequence, 
which induces the stop of RNA synthesis and release of RNA polyme
rase. A large number of transcriptional terminators has been found 
and by comparing the nucleotide sequence of those terminators the 
following common features were determined; (i ) a dyad symmetry 
preceeding the termination site; (ii) a terminal stretch of four 
to eight consecutive U residues; and (iii) a G-C rich sequence 
preceeding the termination site (Rosenberg and Court, 1979). The 
GC-rich dyad symmetry causes the transcribed RNA to form a" hair
pin-like" stem and loop structure. G-C base pairs enhance stabi
lity of RNA-DNA hybrids. If such hybrids form during transcrip
tion, the G-C pairs may aid in termination by impeding RNA polyme
rase movement on the template (Gilbert, 1976). Termination occurs 
16 to 24 bp beyond the center of the dyad symmetry, ending with a 
row of U residues. Transcription seldom ends at a specific site 
but usually stutters over several adjacent bases (Rosenberg and 
Court, 1979). There exist two distinct types of terminators, one 
type which demands the rho-factor for termination, and the other 
type that terminates without rho. The exact mechanism for the
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rho-factor mediated termination has not yet been elucidated, but 
it appears to enhance the release of RNA frcm a stepped or transi
ently paused RNA polymerase-RNA-DNA complex (Darlix and Horaist, 
1975).

The translational process, i.e. protein synthesis, can be divided 
into three different parts: initiation, elongation and termina
tion. In general, translation starts at the codons AUG or GUG, 
with a predominance for AUG (more than 90% of studied mRNAs) ;
Gold et al, 1981; Steitz, 1979). Furthermore, the initiation 
sequence also contains a region complementary with the 3* end of 
16S rRNA (^AUUCCUCCACUAG-). This sequence called the Shine and

Dalgarno sequence (1974), with the prototype sequence -AAGGAGGU-, 
is located about 6 to 8 bases upstream the 5 ' end of the AUG start 
codon (Godson et al., 1978; Steitz, 1979). Secondary structu
re formation of the mRNA may include the Shine and Dalgarno region 
and thereby influence the binding to 16S FNA and affect the effi
ciency of translation (Roberts et al., 1979; Iserentant and 
Fiers, 1980). Peptide chain termination is directed by one of 
three specific codons, UAA (ochre), UAG (amber) and UGA (cpal). 
This event results in the release of the completed peptide frcm 
ribosomal RNA (Caskey, 1980).
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A.5.b. Regulation of transcription and translation

Within a given cell there is a need for regulatory systems that 
can ensure a balanced synthesis of all of the cell components. 
These systems must regulate and sense the amount or need of diffe
rent molecules in the cell. The growth rate of bacteria during 
exponential growth is dependent on the medium composition. In 
steady state growth all components accumulate in a proportional 
manner (Maal^e, 1979). Although, the control of the growth rate 
involves a number of factors and control systems, it is the pro
tein synthesizing capacity in the cell which is the ultimate regu
latory device. This is because protein comprises the bulk of the 
cell dry weight and is the constituent of the cellular enzymes 
that are the catalytic units for growth. However, the KNA compo
nents of the protein-forming system, i.e., rRNA and tRNA, are cen
tral to regulation of growth. The protein synthetic capacity is 
very well adjusted in growing bacteria and the polypeptide chain 
growth rate is almost independent of the growth rate (Coffman et 
al,1971), except at very low growth rates. During protein syn
thesis, a high and constant fraction of all ribosomes are engaged 
(Forchammer and Lindahl, 1971) and the content of ribosomes is 
proportional to the growth rate (Maal^e, 1979). A large number of 
proteins in a cell increase with increasing growth rate (seventy 
percent of 140 tested)(Pedersen et al., 1978). An increase with 
growth rate is also found for rKNA and ribosomal proteins.
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A passive mechanism for gene regulation has been proposed by 
Maaloe. He suggests the genes in the protein synthesizing system 
are indirectly controlled (Maaloe, 1969, 1979). This indirect 
effect is supposed to be due to a shut down of repressible opérons 
during faster growth rates, thereby increasing the relative amount 
of RNA polymerase molecules that are free to transcribe constitu
tive opérons. Such passive mechanisms could influence the overall 
patterns of gene expression, but evidence has emerged suggesting 
that passive mechanisms can not solely explain growth rate depen
dent regulation (Wanner et al., 1977; Jaurin et al.,
1981).

Gene expression is partly controlled at the transcriptional level, 
but there also exists evidence for control systems within the 
translational process. Regulation of transcription involves mecha
nisms that can change the interaction between the RNA polymerase 
and the specific transcriptional signals determined by the promo
ter and terminator. A number of effector molecules are known 
which can positively or negatively influence this interaction bet
ween RNA polymerase and DNA. Many of these effector molecules can 
also recognize nucleotide sequences apart from the site of RNA 
polymerase action. Thus, this active mechanism could directly 
affect the transcription either at regulatory sites on DNA or 
through effects on RNA polymerase. The sites of positive activa
tion (i.e. CAP-cAMP binding site) for the lac and gal promoters 
have been well characterized (Gilbert, 1976; Reznikoff and Abel- 
son, 1978).
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Regulation of gene expression at the level of transcriptional 
termination is performed by a control system which changes the 
strength of the terminator, and consequently alters the transcrip
tional read-through at the terminator site. This so called anti
termination of transcription is observed in various phages and 
bacterial opérons, where rho-dependent terminators regulate the 
transcription so that genes close to the promoter are transcribed 
at higher levels than promoter distal genes (Roberts, 1976; Adhaya 
and Gottesman, 1978). These terminator signals are not functioning 
under normal conditions, but act only when translation is inhibi
ted in the promoter proximal region of the cperon. Another type 
of a coupled transcriptional and translational regulatory mecha
nism is exerted at attenautor sites, as in some of the biosyn
thetic amino acid opérons (Kasai, 1974; Bertrand et al., 1975). A 
model proposed by Lee and Yanofsky (1977) explains this type of 
regulation. A leader mRNA, with the potential to form several 
different secondary structures, is synthesized. Translation of the 
leader mRNA directs the formation of secondary mRNA structures.
The leader peptide contains two or more codons for the amino acid 
that regulates the operon. In the absence of the charged cognate 
tRNA the ribosome will slew dewn at the corresponding codons allo
wing the formation of an alternative secondary structure of the 
mFNA. When this new FNA stem structure is formed no termination 
occurs, and the operon can be transcribed. Alternatively, with an 
excess of the charged cognate tRNA(s), an efficient translation of 
the leader peptide occurs that enables the terminator stem to be 
formed, thus inhibiting transcription.
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Finally, a third mRNA structure can be formed that also allows 
formation of the mRNA. structure that results in termination of 
transcription. This occurs during amino acid starvation When 
translation of the transcript is stopped early in the leader 
region (Keller and Kalvo, 1979). Another type of attenuator regu
lation is found in the ampC control region (see A.7.c). Finally a 
third type of antitermination mechanism is found in lartbda phages. 
A phage encoded protein, the N protein, allows the RNA polymerase 
to read through a variety of termination signals (Roberts, 1969; 
Franklin and Yanofsky, 1976; Adhaya et al., 1976). Although 
the mechanism by Which the N protein acts to antiterminate 
transcription is not kncwn, it is clear that N can suppress both 
rho-dependent and rho-independent termination of either phage or 
bacterial origin (Adhaya and Gottesman, 1978).

Control mechanisms at the translational level also exist, in vhich 
newly synthesized proteins interfere with the translational appa
ratus and thereby regulate the output frcm certain opérons. The 
synthesis of sane ribosomal proteins (r-proteins) have been shown 
to be autogeneously regulated, Where certain free r-proteins act 
as feed back inhibitors of the translation of their cwn rnRNAs 
(Yates et al., 1980, Lindahl and Zengel, 1982). It is believed 
that the regulation occurs at specific regions on the mRNA, i.e. 
the initiation region, thereby preventing an efficient transla
tion. The critical parameter in this autogeneous regulation seems 
to be tlie free pool of regulatory r-proteins in the cell. Since 
the pools of free r-proteins are very small, even very modest
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changes in the synthesis or consumption of an r-protein would lead 
to substantial changes in the free pool. As the regulatory r-pro- 
teins are incorporated into ribosomes in equiirolar amount with 
other r-proteins and rRNA, the ribosome asseirbly process could 
provide the mechanism for coordinating the expression of the 
various r-protein opérons (Lindahl and Zengel, 1982). The autoge- 
neous regulation of the gene 32 protein of phage T4 has also been 
shown to occur at the translational level (Gold et al., 1976; 
Lemaire et ail., 1978). In that system the gene 32 protein 
binds preferentially to all single stranded DMA and when all 
single-stranded DNA is ccmplexed, free gene 32 protein represses 
its own synthesis.

A.6. Regulation of antibiotic resistance

The regulatory mechanisms of resistance to certain antibiotics 
have been thoroughly investigated. In a previous section the regu
latory mechanisms of ß~lactam resistance in Bacillus were review
ed. The regulation of the airpC ß-lactamase gene of B. coli has 
been studied by Jaurin and coworkers (see below A.7.c) arri is a 
part of this thesis. Herein, two other regulatory systems, namely 
tetracycline resistance and erythromycin resistance, will be dis
cussed. The antibiotic tetracycline (Tc) inhibits growth of a 
broad range of bacteria by blocking translation at the level of 
the binding of aminoacyl tFNA to the ribosome (Laskin and Chan, 
1964). The mechanism of resistance involves an active efflux 
system which transports tetracycline out of the cell (McMurray
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et al., 1980). Moreover, an intracellular component is also 
involved in resistance by antagonizing the ability of tetracycline 
to inhibit translation (Yang et al., 1976). The genetic region 
in the transposon TnlO conferring resistance to tetracycline lies 
within a 2,700 basepair DNA fragment generated by digestion of 
TnlO DNA with the restriction endonuclease Hpal. This fragment 
contains the tetracycline repressor gene and the structural gene 
for the TET protein (Wray et al., 1981). Complementation tests 
and recombination analysis also revealed that an additional gene 
is required for the expression of the Tcr determinant of transpo
son TnlO (Curiale and Levy, 1982). The repressor gene codes for a 
protein with a molecular weight of 23,000. This repressor acts as 
a negative regulator of both its own synthesis and that of the TET 
protein. A subirihibitory concentration of tetracycline induces the 
synthesis of the TET protein by an inactivation of the repressor 
protein. The TET protein is believed to be one of the components 
in the efflux system (McMurray et al, 1980).

Erythromycin resistance, or more precisely Macro 1 ide-Lincosamide- 
Streptogramin B (MLS) resistance, is regulated in a completely 
different way from the tetracycline resistance. The mechanism of 
resistance to these inhibitors of protein synthesis is associated 
with the presence of additional methyl groups on 23S rRNA. Plasmid 
mediated erythromycin resistance is often found among clinically 
isolatei strains of Staphylococcus and Streptococcus. These plas
mids contain an ermC gene, which codes for a ribosomal methylase,
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a protein with a molecular weight of 29,000 dalton (Dubnau et 
al., 1981 ). This enzyme causes méthylation of rFNA resulting in 
reduced affinity of MLS antibiotics for the riboscme. The synthe
sis of this ribosomal ræthylase is enhanced by subinhibitory con
centrations of erythrcrnycin. This induction of the ermC gene 
product is mediated posttranscriptionally. The entire ermC gene 
has been DNA sequenced (Gryczan et al., 1980), and found to 
contain an open reading frame for a 28,947 molecular weight pro
tein with a 141 base leader sequence. In addition, two possible 
ribosomal binding sites (i.e. Shine and Dalgamo sequences) deno
ted SDÌ and SD2, each with correctly-situated ATG codons, were 
found as potential translation-initiating sites for a 19 amino 
acid polypeptide and for the ribosomal methylase, respectively. 
Furthermore, the leader region contains six complementary segments 
which permit folding into several possible stem and loop structu
res. The variation in secondary structure is a prerequisite for 
the regulation of the ermC gene and for the induction by erythro
mycin. The attenuation model of ermC regulation proposed by Dubnau 
et al., (1981), suggests that erythromycin, by binding to the 
riboscme, causes riboscme stalling during translation of the 19 
amino acid peptide. This permits refolding of the already complet
ed transcript into another secondary configuration with the SD2 
sequence cpen for ribosome binding and results in translation of 
the ribosomal methylase enzyme.
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A.?. The ampC ß-lactamase system

During the last two decades a considerable amount of research con
cerning the chromosomal ampC ß-lactamase in E. coli K-12 has been 
carried out at the department of microbiology in Umeâ. This work 
was initiated in the early sixties and the outcome of the work 
during this twenty-year period has shed light on a number of 
different parameters, such as genetic location, enzymatic proper
ties, gene organisation, and regulation of gene expression.

A .7.a General topics

The ampC ß-lactamase is located in the periplasmic space. This 
enzyme was purified to homogeneity and characterized biochemically 
by Lindström et al, (1970). The nolecular weight was deter
mined by gel filtration to be about 29,000 dalton. Moreover, the 
amino acid composition was elucidated arrì the N-terminal residue 
found to be alanine.

The structural gene for this enzyme was denoted ampC (Bcman et 
al, 1974), and located at 93.8 min on the revised genomic nap of 
E.coli (Eriksson-Grenriberg, 1968; Bachman and Low, 1980). Chromo
somal ß-lactamase is produced in a lew amount in E coli and does 
not significantly contribute to the ß-lactam resistance, which is 
in the order of 1-2 pg of ampicillin per ml. Furthermore, there is 
a proportionality between the amount of ampC ß-lactamase produced 
and the ampicillin resistance as well as a proportionality between
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the anpC copy nurrber in a certain strain and ß-lactamase produc
tion (Normark and Burman, 1977; Normark et al., 1977). These 
characteristics have made it possible to isolate different ampC ß- 
lactamase overproducing mutants.

A. 7. b Organisation

Mutants of E. coli K-12 resistant to about 20 pg per ml were iso
lated at an incidence of 10™^ per viable cell (Burman et al., 
1973; Eriksson-Grennberg, 1968). The gene involved in this altera
tion was designated ampA. One mutant carrying the ampAl allele 
showed a 15-fold increase in ß-lactamase production, but showed 
no differences in enzymatic properties as compared to the ß-lacta
mase produced in a wild type strain. From an ampA mutant, ampicil- 
lin sensitive mutants were isolated that were defective in ß-lac
tamase production or showed biochemical alterations of the enzyme. 
These mutations were thought to have occurred in the structural 
gene ampC for chromosomal ß-lactamase (Lindström, et al.,
1970; Burman et al, 1973). Nòrmark and Burman (1977) showed 
by conventional genetic procedures that ampC mapped very close to 
ampA, and the gene order on the E. coli K-12 chromosome was found 
to be ampC-ampA-purA. Dominance studies also revealed that the 
anpAl mutation was dominant in cis but not in trans. Taken to
gether, these data suggested that ampA was the regulatory locus 
for the ampC ß-lactamase gene.
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Fran a ColEl hybrid plasmid collection (Clarke arri Carbon, 1976), 
clones were isolated that carried the arrpC ß-lactamase gene. By 
further subcloning arri restriction errionuclease napping it was 
shown that the arapC gene arri the control region for ampC were 
present on a 1.370 base pair DNA segment (Edlund et al., 1979; 
Grundström et al., 1980). Jaurin arri Grundström (1981) have 
DNA sequenced the entire structural ß-lactamase gene ampC and 
determined the amino terminal erri of the enzyme. They found that 
the ampC ß-lactamase consists of 385 amino acids with a molecular 
weight of 39.600. Furthermore, it was also established that the 
translational product carried a signal peptide of 19 amino acids 
at the N-terminus. The regulatory region, ampA, was found to 
contain a pranoter arri an attenuator (Fig. 5). In the promoter 
region the conserved -35 and -10 boxes were identified, arri both 
regions were found to possess a five out of six sequence homology 
to the consensus -35 arri -10 sequences of promoters described by 
Siebenlist et al. (1980). The interblock distance in the ampC 
promoter was found to be 16 bp, which is one less than the 
proposed optimal distance of 17 bp found in most promoters. The 
ampC attenuator, vhich has all the features of a terminator of 
transcription, consists of a 9 bp long dyad symmetry sequence, 
between nucleotide positions +17 to +25 arri +29 to +37 (Fig. 5), 
followed by a stretch of four T residues on the non-coding 
strand.

Recently is has been shown that the airrpC operon is physically 
connected with the preceeding frd operon (Grundström arri Jaurin,
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1982). The frd operon consists of four genes: frdA, frdB, frdC and 
frdD. The twelve C-terminal amino acids of the frdD protein are 
encoded by a sequence that is also a part of the airpC promoter 
(Fig. 3). Furthermore/ the ampC attenuator serves as a transcrip
tional terminator for the preceeding frd cperon. This compact 
genomic organisation is an example of the efficient use of DNA 
available in the bacterial genome, vhich also has been demonstra
ted in certain bacteriophages as well as in the cheA gene on the 
— • coli chromosome (Smith and Parkinson, 1980).

A .7.c. Regulation

The chromsomal ß-lactamase in E. coli is constitutively synthesiz
ed, that is, no effectors or inducer molecules have been demon
strated to affect the expression of the enzyme. However, the rela
tive synthesis of the anpC ß-lactamase increases with growth rate. 
Jaurin and Normark (1979) showed that the ampC ß-lactamase expres
sion was not influenced by the relA gene product in contrast to 
the relA dependence shown for a number of components of the trans
lational apparatus that also show growth rate dependence. The 
growth rate dependent response was absent in ampC attenuator mu
tants, suggesting that the regulation is exerted at the level of 
antitermination of transcription. In vitro transcription from a 
TOA fragment carrying the ampC gene lead to the synthesis of two 
transcripts, one short 41 base long transcript and one long so 
called run off transcript. The short transcript does not code for 
a leader peptide and has no ability to form alternative secondary
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structures affecting formation of the terminator stem. These fea
tures are in contrast to attenuators found in the amino acid bio
synthetic cperons Which are regulated by the amount of the cognate 
charged tRNA in a way that modulates the efficiency of translation 
of a leader peptide. As a consequence mutually exclusive secondary 
mRNA structures can be formed. Therefore, the ampC ß-lactamase 
attenuator must exert its regulation in a different way. The 
current hypothesis by Jaurin et al., (1981) proposes that it 
is the concentration of ribosomes that regulates the degree of 
antitermination at the aitpC attenuator. This is based on the 
finding that the three first bases in the ampC leader RNA are 
complementary to a sequence near the 3' end of 16S rRNA. More
over, at bases 8 to 13 there is an intiation codon (AUG) directly 
followed by a stop codon (UAA). Thus, the amp leader RNA has the 
capacity to bind a ribosome and form a translation initiation 
complex. This binding of a ribosome to the ampC leader would pre
vent the formation of the terminator stem and loop structure and 
thereby allow transcriptional read-through. The amount of ribo
somes per cell mass increases with growth rate. In support of this 
hypothesis Grundström and Normark have recently shown that a muta
tion in the initiation codon abolishes anti terminât ion leading to 
a lew growth rate independent expression of anpC (Grundström and 
Normark, to be published).
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A.7.d Mutations affecting the airpC egression

Three different genetic mechanisms have been described which cause 
increased production of arrpC ß-lactamase : (i) gene amplification; 
(ii) attenuator mutations; and (iii) promoter mutations.

By a gene amplification mechanism at least 40 copies of the anpC 
gene could be generated (Normark et al., 1977, Edlund et 
al., 1979). The gene amplification process occurs in several 
steps of Which the first is a frequency limiting initial tandem 
duplication. This duplication is followed by an amplification, in 
Which multiple copies of the ampC gene are generated. The amplifi
cation apparently occurs by successive unequal recaribi nation bet
ween homologous stretches of DNA within the duplicated DNA. The 
transition to multiple copies from a duplication occurs at a high 
frequency. Moreover, the gain of one copy occurs at roughly the 
same frequency as the loss of one ccpy. There is a simultaneous 
gain and loss of repetitive DNA during the unequal homologous 
recombination process (Normark et al., 1977; Edlund et al.,
1979). DNA sequencing revealed that in one duplicated ampC mutant 
two 12 bp perfect homologies 9.8 kb apart had recombined to create 
a novel joint. This suggests that amp duplication may be formed by 
unequal recombination between homologies 12 to 13 bp in length 
(Edlund and Normark, 1981). Moreover, mutants with multiple ampC 
copies are very unstable in a Rec+ background and they tend to 
segregate into intermediate resistance classes due to the loss of 
repetitive amp DNA (Edlund et al., 1979; Normark et al.,
1977).
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As described above (see A.7c) mutations in the anpC attenuator 
stem abolished the growth rate dependent regulation. Two such 
mutants have been characterized and mapped to the same 370 bp DNA 
segment as the ampAl mutation. These mutants where stable and 
occurred with a freqency of 10-8 to 10~8. One mutant, isolated 
fran E. coli K—12 wild type cells, had obtained a deletion of a 
G:C base pair at position +32 in the attenuator (Jaurin, thesis, 
1981, and Fig. 5). The other mutation was isolated frcm an anpAl 
carrying strain, in which a transversion fran a C-G basepair to an 
A-T basepair at position +35 had occurred (Jaurin et al.,
1981, Fig. 5). Both mutations decreased the thermodynamic 
stability of the KNA stem, due to a loss of perfect G-C base 
pairing in the postulated terminator. These attenuator mutations 
cause an increase in transcriptional read through and give a 
fourfold increase in ampC ß-lactamase synthesis. An additional 
attenuator mutant obtained from a clinically isolated E. coli is 
described in this thesis (paper IV). Several different up-promoter 
mutations have been isolated in the anpC gene of E. coli. These 
mutations change the anp promoter to a higher degree of fitness 
with the consensus E. coli promoter (Jaurin et al., 1982). Thus, 
a mutation in the -35 promoter region frcm TTGTCA to the consensus 
sequence TTGACA gives a 21-fold increase in promoter strength 
compared with the wild type. Mutation of the -10 region frcm 
TACAAT to the consensus sequence TATAAT creates a promoter seven 
times stronger than ampC wild type promoter. Moreover, the 
spacing between the -10 and -35 regions has recently been shown to 
be functionally important, and has even
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been classified as the third region of a promoter (Stefano and 
Gralla, 1982). The interblock distance in the wild type ampC pro
moter is only 16 bp, and is one base pair less than the most com
mon interregion distance of 17 bp. The ampA.1 up-promoter mutation 
was found to possess a G-C insertion between the -10 and the -35 
region. This mutation increased the ampC expression fifteen fold 
(Jaurin et al., 1981). Moreover, a new class of ampC promoter 
mutations has been demonstrated (Jaurin and Nbrmark, 1982,) in 
which an insertion of the insertion sequence IS2 in position II 
into the -10 region of the ampC promoter created an up-promoter 
exhibiting a 20-fold increase of ß-lactamase production. This 
novel promoter retained the -10 region from the E. coli ampC pro
moter but had acquired the -35 region and the 17 bp long spacing 
segment between the two consensus sequences from the IS2 element.
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B. THE M M  OF THIS STUDY 

The purpose of this work was:

a) to elucidate the mechanisms for ampC hyperproduction in the in 
vivo situation and

b) to aquire an understanding of organisation ani regulation of 
chromosomal ß-lactamase genes in different Gramnegative species 
The aims of rty thesis work can be formulated by the following 
questions :

1. What is the clinical significance of the chromosomal ß-lacta
mase in E, coli?
Can ß-lactam resistant E. coli isolates be found that produces 
elevated amounts of the chromosomally mediated ß-lactamase?
If so, v\hich are the molecular mechanisms that can lead to ß- 
lactamase hyperproduction in vivo?

2. Do other Gramnegative enterobacteria contain a similar ß- 
lactamase gene as the ampC gene of E. eoli Kl2?
If so, are ß-lactamase genes from other Gramnegative species 
also physically connected with the frd operon as is the case 
for E. coli KL2?
Have these two opérons diverged during the evolution?
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3. Is there any difference in the gene organization between 
constitutive arri inducible ß-lactamases?
If so, can such differences present evidence for how inducible 
ß-lactamases are regulated?
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C. RESULTS AND DISCUSSION

The importance of ß-lactam antibiotics in the treatment of infec
tious diseases is undisputable. One of the greatest problems in ß-
lactam therapy is the emergence of ß-lactam resistant bacteria.
Clinical ß-lactam resistance is most often due to the production 
of ß-lactamases. These enzymes cleave the ß-lactam ring of the 
penicillin or cephalosporin rtolecule thereby inactivating their 
antibacterial activity, ß-lactamase genes reside either on plas
mids or on the chromosome. This thesis will focuse on chromosomal 
ß-lactamase genes and on mechanisms that increases expression from 
such genes.

Below I will summarize and discuss the results presented in the 
five accompanying articles (I - V).

Cl. Chromosomal ß-lactamase genes among Gram negative bacteria.

Recent studies by Jaurin and Grundstrcm, (1981) revealed that the 
chromosomal ß-lactamase of E. coli Kl2 belongs to a new class of 
ß-lactamases, the class C-enzymes. Only the chromosomal ß-lactama
se from Ps. aeruginosa showed enough resemblance to the E. coli 
Kl2 ampC ß-lactamase that it could be grouped into the same class 
(Knott-Hurziker et al., 1982). It was therefore of particular 
interest to investigate and try to classify ß-lactamases from other 
Gram negative bacteria. This was done at the DNA-level, by DNArDNA 
hybridization (paper II and V). 32 P-labelled DNA. fragments enco
ding different parts of the E. coli Kl2 chromosomal anpC ß-lacta
mase gene were used as hybridization probes for homologous DNA
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sequences in other Gram negative bacteria. In paper II the experi
ments were performed at "medium" stringency (50% formamide and low 
terrperature), Which is supposed to allow detection of 50-60% DNA- 
homology. These experiments indicated that sequences homologous to 
the ampC gene of E. coli Kl2 were present in clinical isolates of
E. coli, as well as in Sh. flexneri, Sh. sonnei, K. pneumoniae,
S. marsescens, Ps. aeruginosa and S. typhimurium. In paper V it 
was shown that also E. cloacae and C. freundii exhibited DNA 
sequences homologous to the E. coli Kl2 anpC ENA. However, in the 
case of Ŝ. typhimurium later experiments (paper V) indicated that 
this species (at least S. typhimurium LT2) does not contain DNA 
homologous to the E. coli ß-lactamase gene. It has become clear 
that the homologous band depicted in Fig. 3, lane 2 (paper II)
could be due to contaminating DNA in that particular experiment.
This experiment was therefore repeated, using the same procedure 
as described in paper V. In Fig. 2A a Southern blotting analysis 
of EcoRI digested chromosomal DNA from E. coli Kl2 and S. typhi- 
murium LI2 is shown. The probe used for detecting homology was as 
described in paper V (probe 3). The chromosomal DNA from S. 
typhimurium showed no detectable horology to the ampC probe, con
firming the suggestion that S_. typhimurium does not contain any 
chromosomal ampC gene. This suggestion is further strengthened by 
a comparison of the E. coli Kl2 and £>. typhimurium chromosomal 
maps (Riley and Anilionis, 1978). This comparison reveals that a 
deletion/insertion of genetic material has occured in the ampC 
region. The changes during evolution is a consequence of either an 
addition of arrpC containing DNA in E. coli or a deletion of an
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Fig. 2 Southern blotting analysis of EcoRI chromosomal digests 
from E. coli Kl2 and S. typhinurium LT2, using a *̂2p- 
labeled (A) frd and (B) ampC probe fron E. coli Kl2. (The 
probes are as described in paper V ).



48

ampC segment in S. typhinurium. Moreover, it has never been pos
sible to obtain ß-lactam resistant S. typhimurium mutants pro
ducing detectable amounts of chromosomal ß-lactamase. As yet we 
have no sequence information supporting the view that S. typhi
murium LT2 is lacking an arqpC gene. If this is proven, this will 
be the first indication that the ampC gene is not fulfilling a 
vital role in enterobacteria. Among the Gram negative species 
tested at least Sh. sonnei, Sh. flexneri, K. pneumoniae, S. 
marcescens, E. cloacae, C. freundii and Ps. aeruginosa all have 
a DNA region which at medium stringency shows homology to the 
chromosomal ampC ß-lactamase gene of E. coli Kl2. The two Shigella 
species showed a very high degree of homology and their respective 
ß-lactamases showed immunological identity to the E. coli Kl2 ß- 
lactamase. This was not the case for the ß-lactamases fron any of 
the other species tested. When a specific ampC probe was used in 
hybridizations at a very high stringency it was only possible to 
obtain signals from Sh. sonnei, Sh. flexneri, C. freundii, E. 
cloacae and V. cholerae out of twelve species tested. When an 
anpC probe from C. freundii was used under identical conditions a 
signal was only obtained fran E. cloacae (data not shown). These 
data clearly suggest that the ampC gene has undergone a conside
rable sequence divergency. In fact, it might be possible to use 
species specific ampC probes as a tool for bacterial diagnostics.

C.2 Divergence of the overlapping frd and ampC opérons in Gram- 
negative bacteria

It has recently been shown by Grundstrcm and Jaurin (1982) that 
the ampC and frd opérons of E. coli Kl2 overlap (Fig. 3). The frd
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qperon consists of four genes, frdA, frdB, frdC and frdD, coding 
for four polypeptides with the rrolecular weights of 72.000,
27.000, 15.000 and 13.100 respectively. The two larger subunits 
make up the native fumarate reductase enzyme which is the terminal 
electron transfer enzyme when E. coli is growing anaerobically 
with fumarate as electron acceptor. The two smaller polypeptides 
are very hydrophobic and act as an anchor for the native enzyme to 
the cytoplasmic membrane (Lemire et al., 1982). The twelve C- 
terminal aml.no acids of the frdD protein are encoded by a sequence 
that is also a part of the ampC promoter. Moreover, the anpC atte
nuator serves as a transcriptional terminator for the proceeding 
frd operon (Grundström, and Jaurin, 1982). It was therefore of 
particular interest to see if these opérons were closely linked 
together also in other Gram negative bacteria. ^2p_^a]r)ê ^e^ 
coli Kl 2 frd and ampC probes were used to look for sequence homo
logy in 12 different species. This revealed that the frd and ampC 
regions showed the same general pattern of divergence. However, 
the ampC gene seems to have undergone a much larger sequence di
vergence in Gram negative bacteria than has the frd operon. A 
probe covering the sequence overlap between ampC and frd showed 
the same hybridization intensity pattern as an internal ampC probe. 
Thus, the frd operon except possibly for its 3' end is much no re 
conserved than the ampC gene within these Gram negative bacteria.
It was particularly interesting to note that S. typhimurium LT2 

showed a high degree of homology with the E. coli frdA/frdB probe 
(Fig 2B and Fig 3A paper V), despite the fact that no signal was 
obtained with the ampC probe. My hypotes is is that an ampC dele
tion has occured in S. typhimurium LT2 that has not affected the 
frd operon. This possibility is currently under investigation.
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The frd and ampC region of Sh. sonnei and C. freundii were cloned 
and characterized by physical napping. This analysis revealed that 
these two cperons were closely connected in both organisms. The 
frd and ampC regions from these two species were compared with the 
corresponding region from E. coli Kl2. The restriction endo
nuclease maps indicated a very high degree of homology over the 
entire frd - anpC region. Por C. freundii, however, only the frd 
operon region showed similarity in restriction enzyme pattern with 
E. coli Kl 2.

Moreover, by DNA:DNA hybridization it was shown that the distance 
from the frdD gene to the ampC gene is enlarged by approximately 
1.100 bp in C. freundii as compared to E. coli Kl2. Since the 
chromosomal ß-lactamase of C. freundii, unlike the ampC ß-lacta
mase in E. coli, is inducible, it is tempting to speculate that 
this additional DMA segment is involved in ß-lactam induction. In 
a miniceli experiment it has been possible to induce ß-lactamase 
production from a hybrid plasmid carrying the frd and ampC region 
of C. freundii (F. Lindberg, personal ccnmunication). This 
suggests that the 1.100 bp segment between frd and anpC may code 
for a regulatory protein involved in induction.

The data presented so far may give us a hint on the pathway of 
ampC ß-lactamase evolution. It is possible that in Gram negative 
soil bacteria there was, and still is, a need for an inducible ß- 
lactamase in the defense against ß-lactam producing fungi. How
ever, when some bacterial species adapted to the environment pre
sent in the marrmalian intestine there was no apparent need for an 
inducible ß-lactamase. In E. coli and Shigella I envisage that a 

deletion has occured between the frd and the ampC operon dele-
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ting the inducibility region. By this deletion the frd operon was 
fused to the arrpC operon in such a way that the frd terminator has 
become an attenuator for ampC. In Salmonella I propose that the 
deletion might have been more extensive so that the entire ampC 
gene has been deleted out. Apparently, such a pathway could indi
cate that the amp ß- lactamase primarily evolved as a consequence 
of the presence of ß-lactams in the environment. Whether or not 
the ampC ß-lactamase fulfills a physiological function in the 
bacterial cell is still unknown.

C.3 Hyperproduction of the chromosomal ß-lactamase in ß-lactam 
resistant clinical isolates of E. coli

In order to evaluate the clinical significance of the chromosomal 
ß-lactamase of E. coli, urine samples from patients with urinary 
tract infection were screened for E. coli isolates that produced 
elevated levels of the ampC-med i a ted ß-lactamase. Out of 109 ce
phalosporin resistant clinical isolates, six were found to have 
higher specific ß-lactamase activity towards cephalothin than 
towards benzylpenicillin (paper I). These six isolates were 
further investigated and their respective ß-lactamase were compa
red to that of the ampC mediated ß-lactamase of E. coli Kl2. The 
clinically isolated E. coli strains produced a ß-lactamase with 
the same molecular weight, isoelectric point and substrate profile 
as the ampC ß-lactamase of E. coli Kl.2. Moreover, ß-lactamases 
fram the clinical E. coli isolates showed immunological identity 
to the E. coli Kl2 ß-lactamase (Paper I). However, the resistance 
levels towards a number of ß-lactams were for five of the isolates 
considerably higher than that of E. coli Kl2 derivatives expres
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sing the same amount of ß-lactamase (Fig 2, paper I). One expla
nation for this finding could be that the diffusion rate of ß- 
lactams through the outer menbrane of these highly resistant cli
nical isolates is lower than in E. coli k12. This is consistent 
with the fact that pathogenic E. coli strains usually possess 
O-antigens vshich may affect the permeability properties of the 
outer membrane.

04. Molecular mechanisms behind the enhanced ß-lactamase 
production in E. coli selected for in vivo

ln E. coli Kl2, elevated production of chrcmosanal ß-lactamase may 
be caused by i) gene amplification, ii) attenuator mutations, arri 
iii) promoter mutations (see A.7.d.). The genetic mechanism of ß- 
lactamase hyperproduction in the six clinical E. coli isolates 
Cil, C13, C14, C15, C16, and C17 was therefore investigated.
Early experiments (Paper I) indicated that part of the elevated ß- 
lactamase production in these isolates was due to gene amplifica
tion. ffowever, the observed segregation to lower resistance, 
found for seme of the isolates, occurred at very lew frequency and 
the reduction of anpicillin resistance in these revertants were 
found to be very low. Thus, this behaviour is not in accordance 
with the high segregation rate to different resistance classes 
found in E. coli KL2 amplified for the ampC region of the chromo
some (Normark et al., 1977). To mare directly test if ampC ENA 
was amplified, isolated chromosomal DNA prepared from the six 
clinical E. coli isolates were cleaved with Xhol, v\hich cleaves
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the airpC gene 348 bp downstream the transcriptional start point 
(Fig 3), The presence of amplified DNA. in anpC amplified mutants 
can be seen in such chromosomal digests as a distinct band on an 
agarose gel with a size corresponding to the amplified repeat 
(Edlund et al., 1981). No such amplified fragment appeared in 
digests from any of the clinical isolates (data not shown). In 
order to further rule out ampli fiction as a resistance mechanism, 
the chromosomal DNAs were digested with EcoRl and blotted to a 
nitrocellulose filter and hybridized to a nick-translated Xhol- 
PvuII fragment covering 960 bases of the anpC gene. If the clini
cal E . coli isolates contained amplified DNA the airpC probe would 
hybridize to two fragments, one corresponding to the original 
ampC, EcoRl fragment, and one to the amplified novel joint EcoRl 
fragment. However, this was not the case for any of the clinical 
isolates. In Fig 4, a comparison between an E. coli Kl2 ampC 
amplified strain (TE01), (Normark, et al., 1977) and one clini
cal isolate (Cll ) is shown. This experiment demonstrates that the 
ampC gene is amplified in strain TE01 but not in the clinical 
isolate Cll. Similar analysis with all of the clinical isolates 
gave results identical to that exemplified by the clinical isolate 
Cll in Fig. 4. Hence, the increased ß-lactamase production in 
the clinical E. coli strains is not due to ampC amplification. 
Consequently other genetic events must have caused increased ex
pression from their respective ampC gene.

To investigate the genetic basis for the elevated ampC expression 
in these six clinical E. coli isolates a 6,1 kb EcoRl fragment
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Fig. 4 Southern blotting analysis of EcoRI digests frcm E. coli 
K12 TE01 and E. coli Cll, using a 1.06O-bp Xhol/Kpnl anpC 
probe (described in paper II. The arrow indicates the 
position for the amplified novel joint fragment.
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covering the entire ampC gene of 1,536 bp was cloned, A 931 bp 
fragment covering the ampC control region was isolated and reclon
ed into a Ml3 phage cloning vector, and a 449 bp fragment covering 
the arrpC control region fran the six clinical isolates, Cil, C13, 
C14, C15, C16 and C17, was DNA-sequenced (paper III and IV) using 
the dideoxy method of Sanger et al (1977). The obtained DNA- 
sequences were compared to the corresponding sequence in E. coli 
K12 (Jaurin and Grundstrcm, 1981). Five out of the six isolates 
(CU, C14, C15, C16 and C17) had an identical DNA-sequence in the 
region determined. Eight single base pair differences were found 
when comparing this sequence to the corresponding sequence in E. 
coli K12. Four of these differences occurred in the promoter and 
leader region of the ampC gene. By using the E. coli Kl2 tran
scriptional start base as a reference point these four differences 
mapped at positions -42, -18, -1 and +58. None of these changes 
affected the consensus sequences of the -35 and the -10 regions in 
the E. coli Kl2 ampC promoter. The change at position -42 was from 
a C to a T 7 bp upstream of the -35 region and the change at posi
tion -18 was from a G to an A, 5 bp upstream of the -10 region 
(Fig. 5, Fig. 3 paper III, Fig. 2 paper IV). The sequencing data 
suggested that the latter two basepair changes had created a new 
ampC promoter with a consensus -35 sequence (positions -45 to -37) 
and a 4 out of 6 bp homology with the consensus for -10 regions 
(positions -19 to -14) (papers III and IV). These two boxes are 
situated 17 bp apart instead of 16 bp as in the E. coli K12 ampC 
promoter. The size of the spacing region has been found to be very 
important for promoter strength in E. coli. The optimal distance
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for RNA polymerase promoter interaction seems to be 17 or 18 Ip 
(Stefano, and Gralla, 1982). Thus, the potential novel ampC promo
ter in these E. coli isolates matches better to the consensus 
procaryotic promoters than the ampC promoter in E. coli Kl2, and 
was therefore expected to be a stronger promoter. To verify these 
assumptions a 931 bp fragment from one of the E. coli isolates 
(C16) was isolated. Ihis fragment carries the ampC promoter and 
terminates 340 bp downstream of the E. coli Kl2 transcriptional 
startpoint. This fragment was tested in an in vitro transcrip
tion system and compared to a fragment carrying the E. coli KL2 
promoter (paper III). This experiment showed that in E. coli C16 
the transcriptional initiation point had changed (Fig 4, paper 
III), and resulted in transcripts that started 4 and 5 bases 
upstream the transcriptional startpoint defined in E. coli K12. 
From this it is apparent that the novel promoter is functional, at 
least in vitro.

The clinical isolate, Cl3, showed seven single base differences in 
the 449 bp segment When compared to E. coli Kl2. However, this 
strain has eleven differences relative to the other five clinical 
F- coli lactamase hyperproducers in this DNA segment. At +17 in 
the ampC attenuator this strain has a T instead of a C, and at 
position -32, there was an A creating a perfect -35 region (51- 
TTGACA-3 ' ) in the promoter defined by E. coli Kl2. Thus, this 
strain had, in contrast to the other five clinical isolates, ob
tained basepair differences in the ampC promoter and attenuator 
region defined by E. coli Kl2.
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Consequently, the ß-lactamase hyperproduction seen in these six 
clinical E. coli isolates is due to differences in the anpC con
trol region. The differences are sufficent to explain the increase 
in ß-lactamase production and ß-lactam resistance levels.

The level of anpC ß-lactamase increases with growth rate in wild- 
type E. coli Kl2 and in anpC promoter mutants of E. coli Kl2 
(Jaurin and Normark, 1982). This metabolic regulation of anpC is 
abolished in attenuator mutants (Jaurin et al., 1981). The 
growth rate effect on the six clinical E. coli isolates was in
vestigated and compared to E. coli Kl2 (Fig, 5, paper III; Fig 1, 
paper IV). The amount of ß-lactamase in the five isolates Cll,
C14, C15, C16 and C17 increased with growth rate in a similar 
manner. However, the growth rate effect on ampC expression was 
much more pronounced in the clinical isolates as compared to E. 
coli Kl2. Apparently, the growth rate dependent anti-termination 
of transcription was more efficient in the E. coli isolates Cll, 
C14, C15, C16 and C17. The explanation for this could be that the 
5' ends of the transcripts from these five isolates show a better 
homology to the 3' end of 16S rFNA (Scherer et al., 1981) than 
does the 5' end of the E. coli Kl2 ampC transcript (Fig. 7, paper 
II). This suggests that the ampC mRNA in these clinical strains 
acts as a stronger ribosomal binding site and thereby prevents 
formation of the terminator hairpin structure in a more efficient 
way. These findings are in good agreement with and strengthens the 
model for growth rate dependent regulation presented by Jaurin 
et al (1981).
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Strain C13 exhibited no growth rate dependent regulation. This 
effect is possibly due to the base pair change at position +17 in 
the ampC attenuator. The change fram a C to a T at this position 
results in a reduction of the thermodynamic strength of the puta
tive hairpin loop fron G (25°C) = -29,4 kcal as calculated for 
the E. coli Kl2 ampC attenuator (Jaurin et al., 1981) to G 
(25°C) = -26,2 kcal. This moderate decrease in thermodynamic 
strength of the terminator stem seems to be enough to abolish the 
growth rate dependent regulation in vivo. However, in vitro a 41 
bases long attenuated ampC leader transcript can be detected 
(paper IV) • The reason for this discrepancy is not known. One 
explanation could be that ampC attenuator mutations that do affect 
transcription termination from the preceeding frd operon are 
selected against under anaerobic conditions (e.g. under in vivo 
intestinal conditions).

C.5. Evolution of ampC control sequences
The observed differences in the anpC control region of the six Q- 
lactamase hyperproducing clinical E. coli isolates revealed that 
two entirely different control sequences had evolved. A novel 
strong promoter had evolved in E. coli Cil, C14, C15, C16 and C17 
whereas E. coli C13 had an improved E. coli Kl2 promoter. A 
number of mutations have been obtained in the ampC control region 
of E. coli K 12. The effect on anpC expression is summarized
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in Fig. 5. An insertion of a G C bp in the spacer region between 
position -15 and -16 increased ampC expression and ß-lactam re
sistance 15-fold, a T:A to A:T transversion at position -32 in
creased ampC expression by a factor of about 20, and a C:G to T:A 
transition at position -8 increased the expression sevenfold.
These three types of uppranoter mutations all increased the homo
logy of the anpC prcnoter to the E. coli Kl2 consensus prcmoter 
sequence. The previously described attenuator mutants (see A.7 d) 
lead to an approximately fourfold increase in anpC expression. 
Thus, it seems not possible to increase expression fran the E. 
coli K-12 anpC gene more than 21 times by one single mutational 
event. However, in the clinically isolated E. coli strains the 
ampC gene expression had increased to a higher level. Such an 
increase in expression can only evolve by multiple alterations of 
the E. coli K-12 ampC control region. In order to elucidate the 
evolutionary origin of the different ampC control regions in these 
clinical isolates two other clinical E. coli strains as well as 
one Sh. sonnei strain were included in this study. These three 
bacterial strains showed the same production level of aitpC ß-lac
tamase as a wild type E. coli K-12 strain. The DNA sequence of 
the control region from the two E. coli isolates showed a close 
resemblance to the ß-lactamase hyperproducing strain Cl 3, whereas 
the Sh. sonnei strain had, with one exception, an identical DNA 
sequence to the five clinical hyperproducers Cil, C14, C15, C16, 
and C17 (Fig. 1, paper IV). The only difference found was in a 
position that is part of the -35 consensus region in the displaced 
ampC promoter present in these isolates.
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Fig. 5 The effect on ampC expression fron different changes in 
tJle fjffPÇ control region. I, DNA sequence of the airpC control re
gion. Above the DISIA strand is indicated the relative expression 
obtained from different up-prcmoter mutations in E. coli Kl2 
(modified from Jaurin et al, 1982 and Jaurin and Normark, 1982 
Cell, In press). Below the DMA strand is the relative expression 
obtained in the clinical E. coli hyperproducers Cll, Cl3, C14,
CIS, C16 and C17 described in the text. The anpC expression value 
for wild-type E. coli ICI2 was taken to 1.0. The -35 and -10 pro
moter regions are marked by thick lines. The -35 and -10 promoter 
regions in the clinical isolates Cll, C14-C17 are marked by dotted 
lines. The stem and loop structure of the ampC attenuater is 
marked by horizontal arrows. II. Mutational changes in the ampC 
attenuator at the mENA level. The additional mutation, G inser
tion between +18 and +19, is from Sh. sonnei attenuator mutant 
OS106. This mutant is described in paper V.
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isolates. Thus, it is tempting to suggest that the control region 
found in these five hyperprcducing isolates had originated frcm a 
Shigella species. This hypothesis was strengthened by the isola
tion of ampicillin resistant mutants of Sh. sonnei. It turned out 
that in two highly resistant Shigella mutants the same G:C to T:A 
bp change had occured as was found in the five E. coli isolates. 
This mutation leads to a consensus -35 region and results in the 
formation of a strong novel promoter. Such a mutation has never 
been found among ampicillin resistant mutants of E. coli K 12. It 
is therefore suggested that a T:A bp instead of a G:C bp at posi
tion -8 is required in order to generate this strong promoter. It 
is well known that horizontal transfer of DNA can occur in vitro 
between related species and both conjugation, transduction and 
transformation has been used for DNA transfer between E. coli and 
Shigella species. However, Shigella species is not normally found 
in humans, and Shigella has only rarely been isolated from in
habitants of the northern part of Sweden v̂ here the ß- lactam re
sistant E. coli isolates were collected. Thus, it is tempting to 
speculate that the transfer of Shigella DNA to E. coli has 
occurred in areas where Shigellosis is endemic. Such a transfer 
could then generate an E. coli subpopulation in man carrying the 
Sh. sonnei wild type arnpC control region. When demanded, that is, 
during ß-lactam therapy, -35 region mutations are selected within 
this subpopulation that mediate a 40 times higher ß-lactamase 
production by a one step mutational event.

It is also possible that the sequence overlap between frdD and 
arnpC may cause restrictions on what kind of promoter mutations 
that can evolve in vivo. Mutations in the E. coli K-12 promoter
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region could seriously affect the frdD protein, therdsy making the 
bacteria unable to grew in an anaerobic environment. All up-prato- 
ter mutations found in the E. coli Kl2 airpC promoter will affect 
the frdD protein. On the other hand, the three basepair differen
ces found in the Sh. sonnei wild type frdD sequence as compared to
E. coli K-12 have only a marginal effect on the predicted amino 
acid sequence of the frdD gene product. Two of these differences 
results in a wobble base change, whereas the third changes a vali
ne to an isoleucine residue in the Sh. sonnei strain. It is likely 
that these two hydrophobic amino acids are functionally inter
changeable. Moreover, the up-prcmoter mutation at position -42 in 
the Shigella arrpC sequence, which also is found in the five clini- 
cal E. coli hyperproducers (Cil, C14, C15, C16, and C17) is at a 
wobble position of a leucine codon. This fact strengthens the 
prediction that the Shigella anpC control region is more suited 
than the E. coli K12 region to generate hyperproduction of the 
ampC ß-lactamase in vivo.
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D. CONCLUSION

As discussed under paragraph B the purpose of my work has mainly 
been to understand bow ampC ß-lactamase hyperproduction evolves in 
vivo and to analyze the occurence of ampC chrcmosanal ß-lactamase 
genes in different gram negative bacteria. The following 
conclusions summarize the main findings of this work.

1. Chranoscmal ß-lactamase genes in Gram negative enterobacteria 
and related species have a cannon evolutionary origin.

2. The ampC ß-lactamase gene has undergone a greater sequence 
divergence in these species than has the preceding arxl gene
tically linked frd operon.

3. The ampC and frd opérons are separated by an approximately
1100 bp long DNA segment in C. freundii, a bacterial species
producing an inducible ß-lactamase. It is suggested that this 
DNA could be involved in ß-lactam induction.

4. It is suggested that the sequence overlap between the frd and
anpC genes in E. coli and Sh. sonnei has been generated by a
deletion fran an ancestral inducible operon. In S. typhi-
murium a more extensive deletion encanpassing the ampC struc
tural gene has taken place. The main evolutionary role of 
chromosomal ß-lactamase is therefore thought to be a defense 
against naturally occuring B-lactam antibiotics in the soil.
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 ̂• —  Y.ìy.9- resistance in E . coli against ß-lactam antibiotics
may be caused by hyperproduction of anpC ß-lactamase.

6. In five out of six clinical E. coli isolates, ampC hyperpro
duction was caused by the occurence of a strong novel ampC 
promoter overlapping the promoter defined in E. coli KL2. In 
the remaining isolate resistance was caused by an improvement 
of the E. coli Kl2 ampC promoter, and by an ampC attenuator 
mutation increasing transcriptional readthrough.

7. The novel ampC promoter in E. coli was generated by a single 
up-premoter mutation in an anpC control region emanating 
from a Shigella species.

8 . The sequence overlap between frd and anpC is thought to cause 
constraints on the kind of anpC promoter structure that may 
evolve in vitro in E. coli.
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