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The expression of chromosomal AmpC �-lactamase in Pseudomonas aeruginosa is negatively regulated by the
activity of an amidase, AmpD. In the present study we examined resistant clinical P. aeruginosa strains and
several resistant variants isolated from in vivo and in vitro biofilms for mutations in ampD to find evidence for
the genetic changes leading to high-level expression of chromosomal �-lactamase. A new insertion sequence,
IS1669, was found located in the ampD genes of two clinical P. aeruginosa isolates and several biofilm-isolated
variants. The presence of IS1669 in ampD resulted in the expression of high levels of AmpC �-lactamase.
Complementation of these isolates with ampD from the reference P. aeruginosa strain PAO1 caused a dramatic
decrease in the expression of AmpC �-lactamase and a parallel decrease of the MIC of ceftazidime to a level
comparable to that of PAO1. One highly resistant, constitutive �-lactamase-producing variant contained no
mutations in ampD, but a point mutation was observed in ampR, resulting in an Asp-1353Asn change. An
identical mutation of AmpR in Enterobacter cloacae has been reported to cause a 450-fold higher AmpC
expression. However, in many of the isolates expressing high levels of chromosomal �-lactamase, no changes
were found in either ampD, ampR, or in the promoter region of ampD, ampR, or ampC. Our results suggest that
multiple pathways may exist leading to increased antimicrobial resistance due to chromosomal �-lactamase.

Many bacterial species express a chromosomally encoded
class I �-lactamase, AmpC (2). In the absence of �-lactam
antibiotics AmpC is normally produced at low levels, but in the
presence of inducing �-lactams the expression may increase
100- to 1,000-fold (28). Resistance to �-lactam antibiotics is a
serious problem in chronic Pseudomonas aeruginosa lung in-
fections in cystic fibrosis (CF) patients (5, 10, 30). The resis-
tance to �-lactam antibiotics is frequently a consequence of
constitutive hyperproduction of AmpC �-lactamase (stable de-
repression) (28, 29).

The regulatory mechanisms that underlie the AmpC expres-
sion have been studied in detail in, for example, Enterobacter
cloacae. Similar regulatory mechanisms seem to regulate �-lac-
tamase expression in P. aeruginosa (21, 22, 26–28). Increased
ampC transcription is dependent on AmpR, a positive tran-
scriptional regulator of the LysR family (26, 28). The transcrip-
tional regulatory activity of AmpR is linked to peptidoglycan
recycling (7, 14, 21, 22). Anhydromuropeptides released from
the bacterial peptidoglycan are transported to the cytoplasm
via the transmembrane permease AmpG (6, 28, 31). In the
cytoplasm, muropeptides act as signal molecules modulating
the regulatory activity of AmpR, leading to upregulation of
ampC transcription (25). The cytosolic amidase AmpD is es-
sential in the turnover and recycling of muropeptides. Thus,
AmpD has been shown to be a negative regulator of AmpC

�-lactamase expression (21). However, studies of P. aeruginosa
ampD knockout mutants have only partially elucidated
changes leading from low basal level to high basal level and
constitutive �-lactamase expression (22). Langaee et al.
showed that inactivation of ampD in PAO1 resulted in partially
derepressed AmpC expression and suggested that further ge-
netic changes at another bla locus may be required to achieve
full AmpC derepression (22).

In the present study we report the presence of a new
1,669-bp insertion sequence (IS1669) located in the ampD
gene of several resistant clinical P. aeruginosa isolates with
stable derepressed production of chromosomal �-lactamase.
To study these AmpD-defective isolates, we performed ampD
complementation analyses and phenotypically characterization
of the isolates.

To screen for mutations affecting the expression of chromo-
somal �-lactamase in P. aeruginosa other than the presence of
IS1669, we sequenced ampD, including the promoter region of
several clinical isolates and resistant variants producing high
levels of chromosomal �-lactamase but with no IS1669 inserted
in ampD. In addition, ampR and the promoter region of ampR
and ampC were sequenced.

MATERIALS AND METHODS

Bacterial isolates. The clinical strains of P. aeruginosa PA258, 17107B, and
19676A included in the present study were isolated from the sputum of different
CF patients attending the Danish CF Center every third month, Rigshospitalet,
Copenhagen. J. R. W. Govan, Edinburgh, United Kingdom, kindly provided
strain PAO579. We have previously used these clinical isolates for in vivo (rat
model of chronic lung infection [15, 34]) and in vitro (modified Robbins device
[8, 16]) biofilm models to examine the development of resistance during intensive
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exposure to �-lactams (ceftazidime) (1). From these experiments resistant vari-
ants of 17107B, 19676A, and PAO579 were isolated (1). Pulsed field gel elec-
trophoresis confirmed the variants to be progeny of the clinical strains, express-
ing �-lactamases showing identical pI values and inhibition patterns (1). The
resistance of the variants to ceftazidime was found to be due to increased
expression of chromosomal �-lactamase compared to the clinical isolates (Table
1). However, the genetic regulatory mechanisms leading to increased expression
of chromosomal �-lactamase in these isolates have not been demonstrated pre-
viously. All isolates included in the present study are shown in Table 1. As a
reference strain, we used PAO1. The bacteria were grown in Luria-Bertani (LB)
broth or LB agar containing the appropriate antibiotics.

Plasmids. For the complementation experiments with ampD, the shuttle plas-
mids pNB100 and pNB101 were constructed. Plasmid pNB101 was constructed
by blunt-end cloning of a 1,088-bp PCR product, including gene ampD into the
SmaI site of pNB100. pNB100 was derived from pUCP22 after digestion with
ScaI-XmnI, followed by religation. Excluding this 119-bp ScaI-XmnI fragment
resulted in knockout of the bla gene. A 1,088-bp ampD-coding region of PAO1
was amplified by PCR with the primers D1 (5�-GCTGCGTGTCGGCAGTTG
GGTGGAGATCCAG-3�) and D2 (5�-GAGGGCAGATCCTCGACCAGGCT
CAGCCAG-3�), which annealed 406 bp upstream and 115 bp downstream of
ampD, respectively. The promoter region was included in the upstream sequence
(21, 22). Genomic DNA was extracted by standard procedures and used as a
template in the PCR amplification (36). PCR was performed in a final volume of
100 �l containing 1.5 mM MgCl2, 10 mM Tris-HCl (pH 8.8), 150 mM KCl, 0.1%
Triton X-100, a 250 �M concentration of deoxynucleoside triphosphate, 0.4 �M
concentrations of each primer, ca. 500 ng of genomic DNA, 3% dimethyl sul-
foxide, and 2.5 U of proofreading Pwo DNA polymerase (Roche). After an initial
incubation of 97°C for 10 min, amplification was performed in 35 cycles of 94°C
for 1.5 min, 66°C for 2 min, and 72°C for 2.5 min. The third step in the cycle
(72°C, 2.5 min) was extended 5 s in each cycle. The samples were subsequently
stored at 4°C. PCR products were blunt ended with the Klenow enzyme, phos-
phorylated by using T4 polynucleotide kinase, Microspin column purified, and
finally ligated into pNB100 according to the instructions of the SureClone Liga-
tion Kit (Amersham Pharmacia Biotech). The orientation of the insert was
controlled by restriction fragment length polymorphism after digestion with both
EcoRI and SmaI. The transcriptional orientation of ampD in pNB101 was op-
posite to the transcriptional orientation of the gentamicin marker and LacZ�.
For control experiments without ampD complementation, pNB100 was used.
The Escherichia coli strain used for cloning was JM105 [thi rpsL (Strr) end sbcB15
sbcC hsdR4 (rK

� mK
�) �(lac-proAB)123 F� trad36 lacIq �(lacZ)M15 proA�B�

125]. Plasmid isolation was performed by using QIAprep spin Miniprep kits
(Qiagen).

Transformation. Transformations of E. coli JM105 with shuttle plasmids
(pUCP22, pNB100, or pNB101) were performed as described by Sambrook et al.,

although slightly modified (36). Competent E. coli JM105 were prepared by
harvesting 60 ml of culture (in LB medium and 10 mM MgCl2) in late logarithmic
phase (optical density at 550 nm [OD550] � 0.5 to 0.6) by centrifugation (750 	
g for 4 min, 4°C), followed by two successive washes with 8 ml of ice-cold FB
buffer (10% [wt/vol] glycerin, 10 mM potassium acetate [pH � 7.5], 0.1 M KCl,
50 mM CaCl2). After the final wash, the bacteria were resuspended in 2 ml of FB
buffer, divided into aliquots, and frozen at �80°C. A 100-�l aliquot of thawed
competent bacteria was mixed with ca. 1 �g of plasmid DNA, loaded into a
microcentrifuge tube, and placed on ice for 10 min. The cells were heated for 45 s
at 42°C and subsequently placed on ice for 5 min. To each tube was added 900
�l of SOC (2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, and 20 mM glucose in
LB medium), and the bacteria were recovered after 1 h of gentle shaking at 37°C.
A total of 300 �l was inoculated onto LB agar containing 25 �g of gentamicin/ml,
followed by incubation at 37°C for 16 h.

Transformation of P. aeruginosa with pNB100 or pNB101 was performed by
electroporation. Electroporation-competent P. aeruginosa isolates were prepared
by pelleting 250 ml of culture in late logarithmic phase (OD600 � 0.5 to 1.0) by
centrifugation (6,000 	 g for 5 min at 4°C). The pellet was washed three times
with 20 ml of ice-cold SMEB (1 mM HEPES [pH 7.0], 300 mM sucrose, 1 mM
MgCl2). The bacteria were then resuspended in 2 ml of SMEB, and aliquots
frozen at �80°C. Then, 100 �l of thawed competent bacteria were mixed with 1
�g of plasmid DNA, loaded into prechilled 2-mm cuvettes, and placed on ice for
1 min. The bacteria were electroporated at 12.5 kV/cm, 200 
, and a capacitance
at 25 �F for ca. 5 ms. Subsequently, 900 �l of SOC was added, and the suspen-
sion was transferred to a microcentrifuge tube and placed on ice for 30 min.
Subsequently, the bacteria were recovered during 1.5 h with gentle shaking at
37°C. Next, 300 �l was inoculated on LB agar containing 400 �g of gentamicin
per ml to select for P. aeruginosa transformants with pNB100 or pNB101, fol-
lowed by incubation at 37°C for 16 h.

Susceptibility test. The MIC was determined by using the E-test system (AB
Biodisk, Sweden) according to the instructions of the manufacturer.

�-Lactamase assay. The basal �-lactamase level, as well as the induced �-lac-
tamase levels after 2.5 h of induction with benzylpenicillin (500 �g/ml), were
measured spectrophotometrically with nitrocefin (51.6 �g/ml) as the substrate as
previously described (10, 32).

PCR amplification and sequencing of amp genes. PCR amplification of
ampDE, ampR, and the promoter region of ampC and ampR were performed as
described above for ampD. Modified annealing temperatures were, however,
used for the specific primers for ampDE, ampR, and the promoter region of
ampC and ampR. ampDE (including the promoter region and the complete
genes of ampD and ampE) was amplified by using the primers DE1 (5�-GTAC
GCCTGCTGGACGATGCCTTGCTGTTCGAC-3�) and DE2 (5�-GGAGTCC
GCTCGGTAGTGGCCTTTCGAAATCATGC-3�), which annealed 234 bp up-
stream of ampD and 91 bp downstream of ampE. The applied annealing

TABLE 1. �-Lactamase expression and MICs of ceftazidime against selected P. aeruginosa isolates before and after complementation with
ampD

Isolate Sourcea ampD
genotypeb

Ceftazidime MIC (�g/ml)
before/afterc ampD
complementation

�-Lactamase activity (mU) before/afterc

ampD complementation

Basal Induced

PAO1 Reference � 0.064/0.064 24/22 218/152
PA258 Clinical � 64/1.00 10,100/27 12,000/1,500
17107B Clinical � 100/0.25 504/10 947/345
17107B-1 Variant, in vivo � �256/0.75 1,090/14 4,120/521
17107B-2 Variant, in vivo � �256/0.38 1,560/2.4 2,260/223
17107B-3 Variant, in vivo � �256/8 9,160/34 7,950/177
17107B-4 Variant, in vivo � �256/1.00 12,000/9 12,600/288
19676A Clinical � 50/� 38/� 957/�
19676A-1 Variant, in vitro � 200/� 687/� 2,200/�
19676A-2 Variant, in vivo � 96/96 11,000/7,810 12,700/11,400
19676A-3 Variant, in vivo � �256/�256 17,300/13,500 16,700/16,000
PAO579 Clinical � 0.8/� 19/� 550/�
PAO579-1 Variant, in vivo � 12.5/� 114/� 275/�
PAO579-2 Variant, in vitro � 200/� 984/� 627/�
PAO579-3 Variant, in vitro � 200/� 1,130/� 647/�

a Variants from in vivo and in vitro biofilm experiments have previously been published (1).
b �, ampD gene present; �, ampD gene interrupted by insertion of IS1669.
c Before, isolates transformed with pNB100; after, isolates transformed with pNB101. A “�” sign indicates no transformation was performed with pNB101. One

milliunit of �-lactamase is defined as 1 nmol of nitrocefin hydrolyzed per min per mg of protein.
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temperature was 65°C. Amplification of ampR (the complete gene), including the
promoter regions of both ampR and ampC and a 117-bp sequence of ampC (117
bp downstream of the translational start codon) were performed by using the
primers RC1 (GTCGACCAGTGCCTTCAGGCGATCC) and RC2 (CTCGAG
AGCGAGATCGTTGCGGCACG) and an annealing temperature of 63°C.

Sequencing was performed on the ABI Prism 377 DNA Sequencer (Perkin-
Elmer Applied Biosystems) by using the ABI Prism BigDye terminator cycle
sequencing ready reaction kit as outlined by the manufacturer.

RESULTS

Identification of a new insertion sequence (IS1669). Se-
quencing of the ampD gene in the two clinical strains PA258
and 17107B and in the four independent resistant biofilm-
variants 17107B-1, 17107B-2, 17107B-3, and 17107B-4 showed
the presence of a new 1,669-bp insertion sequence (Fig. 1). In
all isolates, the nucleotide sequence indicated insertion at the
same position in ampD, 74 bp downstream of the start codon.
The insertion sequence was not present in ampD in the refer-
ence strain PAO1. The insertion sequence located in ampD
was found to be 100% identical in the two clinical strains and
in the four resistant biofilm variants. The new insertion se-
quence was named IS1669 due to the size of the IS element.
IS1669 was found to contain 17-bp inverted terminal repeats,
although imperfect with a single mismatch at the terminal 6
position. In connection to the insertion sequence a 4-bp target
DNA duplication was found, although imperfect as GTCC was
duplicated as GGCC. The GC content of IS1669 was 58.1%
compared to an overall GC content of 66.6% in the complete
sequence of PAO1 (http://www.pseudomonas.com). An open
reading frame in IS1669 from nucleotides 71 to 1,501 was
found to encode a 476-amino-acid protein, probably a trans-
posase, having 46% similarity to the transposase of the inser-
tion sequence IS1194 from Streptococcus thermophilus (Gen-
Bank accession no. Y13626). IS1669 was found to show 77%
identity to a genomic sequence in the published PAO1 (http://
www.pseudomonas.com, PA sequence range from 1482826 to
1481163 of the updated sequence database, PAO1-2001-09).
This sequence includes a hypothetical, unclassified, unknown
protein (confidence level 4) annotated PA1368. BLAST anal-
ysis of PA1368 to the 1,431-bp open reading frame of IS1669
showed 80% identity.

IS1669 was not found in ampD of 19676A, in PAO579, or in
the ampD gene of any of the resistant 19676 and PAO579
variants (Table 1). The nucleotide sequences of ampD and the
201-bp upstream regions of the 19676A variants and the
PAO579 variants were identical to those of the mother strains.
The ampD sequence of PAO579 and the variants were identi-
cal to the published sequence of PAO1, whereas ampD of
19676A and its three variants contained several base substitu-
tions. The nucleotide sequence relative to the start codon of
ampD differed in position 32 (G-to-T substitution), position
102 (T-to-C substitution), position 144 (T-to-C substitution),
position 443 (G-to-C substitution), and position 547 (G-to-T
substitution). These nucleotide substitutions caused amino
acid substitutions in position 11 (Arg to Leu), position 148 (Gly
to Ala), and position 183 (Asp to Tyr).

The sequence of ampD in our PAO1 strain was identical to
the gene in the published sequenced PAO1 genome.

Chromosomal �-lactamase activity. The isolates containing
IS1669 in ampD were all producing either moderate to high

FIG. 1. Total sequence of the new insertion sequence, IS1669. The
shaded 17-bp sequences in the upstream and downstream parts of
IS1669 represent the “left inverted repeated sequence” and the “right
inverted repeated sequence,” respectively. The inverted repeated se-
quences were imperfect in one nucleotide position (underlined). The
amino acid composition of a probably 476-amino-acid transposase is
shown.
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basal levels that could be further induced (17107B, 17107B-1,
and 17107B-2) or stable derepressed levels (PA258, 17107B-3,
and 17107B-4) (Table 1). Thus, the lack of AmpD activity
correlated with high levels of chromosomal �-lactamase activ-
ity of the isolates. However, although the clinical strain 17107B
expressed no functional AmpD, its variants could increase
their production of chromosomal �-lactamase to a stable de-
repressed level exceeding 10,000 mU (17107B-4).

Basal and induced �-lactamase production of the 19676 vari-
ants and the PAO579 variants were increased compared to the
mother strains. 19676A-2 and 19676A-3 produced high dere-
pressed levels, higher levels compared to the other 19676 and
PAO579 variants, which expressed moderate basal inducible
levels. The mother strains produced low basal levels, which
could be induced to higher levels. The basal level of �-lacta-
mase expression in PAO1 was low and could be induced nine-
fold to 218 U (Table 1).

Complementation with wild-type ampD. The pNB101 plas-
mid (carrying the wild-type ampD from P. aeruginosa PAO1)
was transformed into the control strain PAO1, the clinical
isolates PA258 and 17107B, and the resistant 17107 variants
(Table 1). As a control of no ampD complementation, all
isolates were transformed with the plasmid pNB100. Experi-
ments with or without ampD complementation in the control
strain PAO1 resulted in similarly low levels of basal and in-
duced specific �-lactamase activity, as well as a low ceftazidime
MIC (Table 1 and Fig. 2). However, in all isolates with a
defective ampD gene caused by IS1669, the complementation
with ampD resulted in low levels of both basal and induced
specific �-lactamase activity that were comparable to the level
of PAO1. To examine the effect of the three amino acid sub-
stitutions identified in ampD gene of the 19676 isolates, the
two variants 19676A-2 and 19676A-3 were complemented with
ampD from PAO1. However, no decreases in specific �-lacta-
mase activity were observed.

The phenotypic effect of the ampD complementation on
17107B-2, 19676A-2, and PAO1 is illustrated in Fig. 2, showing
the ceftazidime MIC as determined by the E-test system. As
seen by the inhibition zones, the complementation only af-
fected the MIC of ceftazidime against the AmpD-defective
isolate 17107B-2. The MICs for 19676A-2 and PAO1 were
unaffected. As expected, ampD complementation of strains
PA258 and 17107B and the resistant 17107 variants resulted in
changes in the MIC (Table 1). The results indicated a pro-
nounced effect of the ampD complementation on the isolates,
which harbored a nonfunctional ampD gene due to the inser-
tion of IS1669.

Nucleotide sequencing of ampR and the ampR-ampC inter-
genic region. To examine whether high-level �-lactamase ex-
pression could be due to mutations in the transcriptional reg-
ulator protein AmpR, the entire ampR gene was sequenced.
The clustered ampC and ampR genes are divergently tran-
scriped and, hence, the 148-bp intergenic region contains both
the ampR and the ampC promoters (3, 26, 27). The ampR-
ampC intergenic region of strain PA258 has been sequenced
previously, and no nucleotide changes were observed (3). In
the present study, the ampR-ampC intergenic region, ampR,
and the 5� part of ampC (117 nucleotides) of all of the isolates
presented in Table 1, except for strains PA258 and 17107B-1,
were sequenced and compared to the PAO1 genome sequence.

All of the isolates, except 19676A-3, showed 100% identity in
the ampC-ampR intergenic region, in ampR, and in the 177-bp
5� region of ampC. In 19676A-3 one mutation was found in
ampR since the guanine in position 402 (relative to the ampR
start codon) was changed to an adenine, causing an amino acid
substitution in position 135, as aspartic acid was changed to
asparagine. This point mutation was confirmed by a second
sequencing of a new PCR product of ampR. In addition,
19676A-3 was found to be the most resistant variant, producing
the highest level of chromosomal �-lactamase.

FIG. 2. Results of E-test measurements for the MIC of ceftazidime
for three P. aeruginosa isolates with or without ampD complementa-
tion. The isolate 17107B-2 was AmpD defective since IS1669 was
found in ampD. This was not the case for strains 19676A-2 or PAO1.
ampD from PAO1 was used for complementation on the plasmid
pNB101. Control (no complementation) was performed by transform-
ing the isolates with pNB100 containing no ampD.
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DISCUSSION

The location of the new insertion sequence IS1669 in ampD
caused disruption of the reading frame of ampD and produc-
tion of a nonfunctional AmpD protein. All isolates containing
IS1669 in ampD produced high levels of chromosomal �-lac-
tamase. In accordance with this, it has previously been
reported that AmpD defects cause increased expression of
chromosomal �-lactamase from P. aeruginosa, E. cloacae,
Citrobacter freundii, and some other species (7, 17, 19, 22, 23).
The present study emphasized the importance of AmpD, since
ampD complementation caused all of the Amp-defective iso-
lates to express the same low basal levels of chromosomal
�-lactamase activity, as well as induced levels of �-lactamase
comparable to the levels found for the reference strain PAO1.
The AmpD-defective 17107 variants were more resistant and
expressed increased levels of chromosomal �-lactamase activ-
ity compared to the isogenic (as determined by pulsed-field gel
electrophoresis) mother strain 17107B. This must be due to
unidentified changes at genetic loci other than ampD. There-
fore, it was remarkable that the ampD-complemented isolates
all produced the same low level of chromosomal �-lactamase
activity. Whatever the genetic changes in addition to the
AmpD defect that caused the high-level expression of chromo-
somal �-lactamase, it was overruled when complemented with
ampD.

Since no changes were found in ampD, including the pro-
moter region of 19676A, in PAO579, or in any of the variants
derived from these strains, the increased �-lactamase activity
of these variants must be due to unidentified changes at genetic
loci other than ampD. The identified amino acid changes of
ampD from the 19676 isolates compared to the ampD gene
from PAO1 did not have any effect on the �-lactamase activity,
as shown by complementation. In addition, the results indi-
cated that the increased copy number of ampD, corresponding
to the copy number of the vector (pNB101), did not affect the
expression of chromosomal �-lactamase. Thus, our results
showed that AmpD defects are not essential for the develop-
ment of resistance due to chromosomal �-lactamase activity,
since the observed resistance development of all of the variants
compared to the mother strains could not be explained by
changes in ampD. In E. cloacae, on the other hand, it has been
found that altered �-lactamase expression is commonly asso-
ciated with mutations in ampD (9, 17, 24). However, in the
present study it was obvious to look for changes in other amp
genes, since this may explain the observed high-level expres-
sion of �-lactamase.

Our results demonstrated that the ampC-ampR intergenic
region, as well as the 177-bp 5� region of ampC, was conserved
in all of the isolates, indicating that mutations in these regions
are probably not typical causes of high-level expression of
chromosomal �-lactamase in P. aeruginosa. In accordance with
this, Campbell et al. screened clinical isolates of P. aeruginosa
from CF patients for changes in ampC and in the ampC-ampR
intergenic region but screened as well for the presence of
duplications of ampC in the genome (3). No ampC duplica-
tions were detected, no indications of changes in ampC were
found, and no mutations in the ampC-ampR intergenic region
could account for high-level AmpC expression (3). The results

for P. aeruginosa thus contradict the findings from E. coli, since
mutations in the ampC promoter region are numerous and
have been shown to cause �100-fold changes in the AmpC
expression (4).

Since we did not find mutations in the ampC promoter
region or in ampC in the present study, it was of interest to
examine whether the high level of �-lactamase expression was
caused by changes in AmpR. Our results showed that the
sequence of ampR was well conserved in almost all of the
isolates. Only one isolate, 19676A-3, was found to have a single
point mutation in ampR. It was remarkable that 19676A-3
expressed a constitutively very high level of chromosomal
�-lactamase, a level considerably higher than with the other
isolates examined here. It has not been demonstrated previ-
ously that mutations in ampR of P. aeruginosa may be linked to
high-level expression of chromosomal �-lactamase. However,
in E. cloacae specific mutations in AmpR have been shown to
cause considerably increase in chromosomal �-lactamase ac-
tivity (20). The AmpR amino acid sequences of E. cloacae and
P. aeruginosa are very similar, and the amino acid identity is
more than 60% (26). The amino acid identity of residues 127
to 157 is �90% (26). Amino acids 128 to 135 in AmpR from P.
aeruginosa, E. cloacae, C. freundii, and Yersinia enterolitica are
100% identical (26). Kuga et al. found an aspartic acid-to-
asparagine substitution in position 135 that caused a 450-fold
increase in class C �-lactamase activity of E. cloacae (20). Our
finding of the same amino acid substitution in position 135 of
AmpR from strain 19676A-3 supports the possibility that this
point mutation could be responsible for the high level of �-lac-
tamase activity.

For E. cloacae it has been reported that specific mutations in
ampR seem to be required to improve the effect of AmpR as a
positve regulator on AmpC (20). However, it seems more
likely that mutations in AmpD cause high-level expression of
chromosomal �-lactamase, since specific mutations are not
needed to knock out the function of AmpD. Thus, numerous
studies have shown the impact of AmpD knockout on �-lac-
tamase production, and this was confirmed in our study as well
(11, 12, 19, 21, 23, 35, 37). However, the present results have
also pointed to other mechanisms, other than AmpD defects,
that are involved in the increased expression of chromosomal
�-lactamase, as shown in the resistant variants of clinical
strains.

Little is known about the transcriptional regulation of ampD
or the permease gene ampG, both of which are essential for
the recycling of muropeptides (18, 31, 33). Changes in the
transcriptional regulation of these genes may affect the con-
centrations of the muropeptides, which affect the activity of
AmpR. Thus, decreased expression of AmpD or increased
expression of AmpG may affect the concentration of the mu-
ropeptides (primary anhMurNac-tripeptides) that induces
AmpR to an activator of ampC expression (13). Experiments
involving DNA arrays are now in progress to study AmpC
regulating genes. We are also in the process of screening PA-
isolates from CF patients for the presence of IS1669, since a
mobile insertion sequence could be important for the ability of
P. aeruginosa to adapt in the complex lung environment of CF
patients.
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