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We have determined the nucleotide sequence (EMBL accession number, Z 21957) of the cloned chromosomal
PER-1 extended-spectrum 13-lactamase gene from a Pseudomonas aeruginosa RNL-1 clinical isolate. blaPER-1
corresponds to a 924-bp open reading frame which encodes a polypeptide of308 amino acids. This open reading
frame is preceded by a -10 and a -35 region consistent with a putative P. aeruginosa promoter. Primer
extension analysis of the PER-1 mRNA start revealed that this promoter was active in P. aeruginosa but not in
Escherichia coli, in which PER-1 expression was driven by vector promoter sequences. N-terminal sequencing
identified the PER-1 26-amino-acid leader peptide and enabled us to calculate the molecular mass (30.8 kDa)
of the PER-1 mature form. Analysis of the percent GC content of blaPER-1 and of its 5' upstream sequences,
as well as the codon usage for blaPERl, indicated that blaPER-l may have been inserted into P. aeruginosa
genomic DNA from a nonpseudomonad bacterium. The PER-1 gene showed very low homology with other
13-lactamase genes at the DNA level. By using computer methods, assessment of the extent of identity between
PER-1 and 10 13-lactamase amino acid sequences indicated that PER-1 is a class A 13-lactamase. PER-1 shares
around 27% amino acid identity with the sequenced extended-spectrum 13-lactamases of the TEM-SHV series
and MEN-1 from Enterobacteriaceae species. The use of parsimony methods showed that PER-1 is not more
closely related to gram-negative than to gram-positive bacterial class A 13-lactamases. Surprisingly, among
class A 13-lactamases, PER-1 was most closely related to the recently reported CFXA from Bacteroides vulgatus,
with which it shared 40%o amino acid identity. This work indicates that non-Enterobacteriaceae species such as
P. aeruginosa may possess class A extended-spectrum 1-lactamase genes possibly resulting from intergeneric
DNA transfer.

Among the known ,-lactamases in Pseudomonas aerugi-
nosa, induced and derepressed Ambler class C chromosomal
cephalosporinases may lead to failure of therapeutic regi-
mens which include extended-spectrum 3-lactam antibiot-
ics such as cefotaxime, ceftazidime, ceftriaxone, and aztre-
onam. In Enterobacteriaceae species, plasmid-mediated
extended-spectrum 1-lactamases (ESbla) have been exten-
sively reported; they hydrolyze extended-spectrum ,B-lac-
tams, and their enzymatic activity is totally or partially
inhibited by 1-lactam inhibitors such as clavulanic acid and
sulbactam (45). These ESbla are Ambler class A 1-lacta-
mases differing from TEM-1, TEM-2, and SHV-1 restricted-
spectrum ,-lactamases by a few amino acids near their
active sites, thus explaining the extension of their hydrolytic
activity (24, 45, 52, 53). ESbla, primarily found in Kiebsiella
pneumoniae, were later reported in most of the Enterobac-
teriaceae species responsible for nosocomial outbreaks of
multiple-resistant strains (45).
We have recently described the presence of an ESbla,

PER-1 ,3-lactamase, in a P. aeruginosa clinical isolate (42).
Cloning of this ESbla gene into an Escherichia coli plasmid
vector isolated it from the chromosomal cephalosporinase
gene of P. aeruginosa and therefore led us to analyze the
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strong hydrolytic activity of this ESbla towards ceftriaxone,
cefotaxime, ceftazidime, and, to a lesser extent, aztreonam
(42). PER-1 activity was inhibited by clavulanic acid, sul-
bactam, and, uncommonly for an ESbla, by moxalactam and
imipenem. Surprisingly, a 1.1-kb internal probe of the cloned
fragment from P. aeruginosa RNL-1 which encoded PER-1
failed to hybridize with plasmids that encode P-lactamases of
the TEM, SHV, OXA, and CARB-PSE types and with the
ampC gene from P. aeruginosa. These negative hybridiza-
tion results suggested that the PER-1 sequence did not
derive from any of the described 3-lactamases in P. aerug-
inosa. We, thus, sequenced the DNA of the chromosomal
PER-1 gene.

This report shows that, although a member of Ambler
class A P-lactamases, the PER-1 protein sequence differs not
only from all sequenced ESbla but also from the class A
1-lactamases found in gram-negative and gram-positive bac-
teria. Moreover, DNA sequence analysis of the PER-1 gene
and of its upstream and downstream DNA sequences sug-
gested that PER-1 gene insertion within P. aeruginosa
genomic DNA may have resulted from an intergeneric gene
transfer.

MATERIALS AND METHODS

Bacterial strains and plasmids. P. aeruginosa RNL-1,
which encodes PER-1 3-lactamase, was isolated from the
urinary tract of a hospital patient in France (42). The
recombinant plasmid pPZ1 has previously been described
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(42) (see Fig. 1). It contains a 2.1-kb Sau3A fragment from
the chromosome of P. aeruginosa RNL-1 cloned into the
BamHI site of pACYC 184 (8). Plasmid pPZ1 in the E. coli
JM109 reference strain expresses a ,-lactamase with hydro-
lytic properties towards extended-spectrum cephalosporins
similar to those described for the Enterobacteriaceae ESbla
(42). As previously described (42), the pRAZ1 recombinant
plasmid was constructed by cloning of a SnaBI fragment
from pPZ1 into SmaI-digested multicopy plasmid pK19 (see
Fig. 1). This construct was used to determine the sequence
of the PER-1 leader peptide. An additional construct,
pRAZ2, was made by using standard molecular techniques
(34) (see Results).
Media and chemicals. Luria-Bertani (LB) broth and agar

and trypticase soy broth and agar were from Diagnostics
Pasteur (Marnes-la-Coquette, France); reverse transcriptase
was from Promega (Madison, Wis.). Restriction enzymes
and T4 DNA ligase were from New England Biolabs (Bev-
erly, Mass.), [32P]dATP and [35 ]dATP were from Amer-
sham (Buckinghamshire, England), and the random primer
DNA labeling kit was from Bio-Rad (Richmond, Calif.).
Routine chemicals were from Merck (Darmstadt, Germany).
Ampicillin (100 ,ug/ml) and chloramphenicol (25 ,ug/ml) were
from Sigma.

Plasmid DNA preparation. Recombinant plasmid DNA
was obtained from LB broth (500-ml) cultures grown with
ampicillin overnight at 37°C. The DNA plasmids were puri-
fied by alkaline lysis according to the Qiagen protocol
(Diagen, Hilden, Germany).
DNA sequencing and protein analysis. The nucleotide se-

quence was determined by the dideoxy polymerase chain
termination method (49) with the Sequenase Version II
Sequencing Kit (United States Biochemical Corp., Cleve-
land, Ohio). Custom 18-mer oligonucleotide primers were
synthesized at the Biocenter of Basel University (Switzer-
land) with phosphoramidite chemistry on an Applied Biosys-
tems 380B DNA synthesizer. Part of the 2.1-kb cloned
fragment from pPZ1 was sequenced on both complementary
strands. The nucleotide sequence and the deduced protein
sequence were analyzed with GCG software (Biotechnology
Center, University of Wisconsin-Madison, Madison) on a
VAX computer from Digital Corp. (14). The hydrophobicity
profile of the deduced protein was predicted by using the
GCG program Pepplot, which uses the Kyte and Doolittle
method (28). Known DNA and protein sequences were
taken for comparison of ,-lactamase from European Molec-
ular Biology Laboratory and Swiss-Prot data bases. Multiple
alignment of deduced peptide sequences was carried out
with the GCG program Pileup using a simplification of the
progressive alignment method of Feng and Doolittle (15).
This progressive alignment approach utilizes the three-ma-
trix form of the Needleman and Wunsch algorithm (40),
which uses the minimum mutation matrix of Dayhoff in its
scoring. Among the so-far-sequenced class A P-lactamases,
10 were compared with PER-1: SHV-2 and TEM-3 from E.
coli (20, 53), since they are commonly found ESbla from
Enterobacteriaceae species; MEN-1 from E. coli (3), the
first sequenced non-TEM non-SHV ESbla from Enterobac-
teriaceae species; BLA I from Yersinia enterocolitica (50)
and ROB-1 from Haemophilus influenzae (27), whose gram-
negative class A 3-lactamase protein sequences differ signif-
icantly from those of TEM or SHV P-lactamases; PSE-4
from P. aeruginosa (5), a restricted-spectrum P-lactamase
commonly found in P. aeruginosa; BLIP from Bacillus
licheniformis (41), CAKCC from Streptomyces cacaoi (31)
and PC1 from Staphylococcus aureus (6) as representing

gram-positive class A P-lactamases isolated from phyloge-
netically unrelated organisms; and CFXA from Bacteroides
vulgatus (44), since it is the class A P-lactamase with which
PER-1 shows the highest amino acid identity. A dendrogram
was derived from these multiple P-lactamase alignments by a
parsimony method using the phylogeny package PAUP
(Phylogenetic Analysis Using Parsimony) version 3.0 (57).

Determination of the transcription start of blaPER-1 in P.
aeruginosa and E. coli. mRNAs were extracted according to
the modified method from Chomczynski and Saachi (9). E.
coli JM109 harboring pPZ1, pRAZ1, or pRAZ2 (recombinant
plasmids) and P. aeruginosa RNL-1 were grown overnight in
5 ml of ampicillin-containing LB broth. These cultures were
diluted 1:100 and further grown for 6 h in LB containing
ampicillin. Portions (5 ml) of each culture were centrifuged
for 10 min at 5,000 x g, and the pellets were resuspended in
200 ml of solution A made up of 1 volume of 4 M guanidium
thiocyanate, 25 mM sodium citrate (pH 7), 0.5% sarcosyl,
0.1 M 2-mercaptoethanol, 1 volume of saturated phenol in
Tris-EDTA buffer, and 0.1 volume of 2 M sodium acetate
(pH 4). Then, 40 ml of CH3Cl was added and the suspension
was vigorously vortexed for 15 s, placed on ice for 5 min,
and spun down for 15 min at 12,000 x g. The aqueous phase
was transferred to a new tube, and 2 volumes of ethanol was
added; the tubes were then held for 1 h at -70°C and
centrifuged for 15 min at 12,000 x g. The pellets were
suspended in 200 ml of 0.2 NaCl. Two volumes of ethanol
was added, and the tubes were held at -20°C for 30 min and
then spun down for 15 min at 15,000 x g. The pellets were
washed in 70% ethanol, spun down for 10 min, Speed Vac
dried, and kept at -70°C. Primer extension was then carried
out according to the method Geliebter et al. (16). The probe
consisted of a 23-mer oligonucleotide (5'-GGATTGCGCT
GAGGTITCGAATG-3') hybridizing at position 370 to 393
(see Fig. 2).

N-terminal protein sequencing. In order to determine the
size of the PER-1 3-lactamase leader peptide, E. coli JM109
harboring the pRAZ1 recombinant plasmid was grown over-
night at 37°C in 5 ml of ampicillin-containing LB broth. The
suspension was then centrifuged at 5,000 x g for 5 min at
4°C, resuspended in 500 ml of distilled water, and disrupted
by sonication (4 x 20 s at 20 Hz). The suspension was
centrifuged (30 min, 20,000 x g, 4°C), and the supernatant
containing the crude enzyme extracts was isolated. Crude
extracts and marker proteins were subjected to electro-
phoresis in a 12.5% gel (20 mA, 5 h, room temperature) (30).
Proteins were then electrotransferred onto a Problot mem-
brane (Applied Biosystems, Foster City, Calif.) by using the
Mini Protean II transfer cell (8 by 7.3 cm) (Bio-Rad) in
Tris-glycine blotting buffer (25 mM Tris-HCl, 192 mM
glycine, MeOH and H20 in the ratio 10:90 [vol/vol]) at 40 V
(300 mA) for 2 h. The membrane was then stained with a
solution made of 0.1% Coomassie blue, 1% acetic acid, and
40% methanol for 5 min and destained in MeOH and H20
(10:80 [vol/vol]) and acetic acid and H20 (10:80 [vol/vol]).
The protein band corresponding to the only known band
with 1-lactamase activity (42) was then excised with a razor
blade and resuspended overnight in distilled water. The
PER-1 amino-terminal sequence was determined with an
automated Edman sequencer on a model 477A gas phase
sequencer (Applied Biosystems) (19, 35).

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper will appear in the
EMBL nucleotide data bases under the accession number Z
21957.
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FIG. 1. Restriction endonuclease map of recombinant plasmids
which include blaPERl. pPZ1 is a recombinant plasmid including a
2.1-kb Sau3A fragment from P. aeruginosa RNL-1 cloned into the
BamHI site of pACYC184. From this plasmid, subcloning of a
SnaBI fragment into a SmaI-digested pK19 plasmid was performed,
giving pRAZ1. In addition, for transcription analysis, pRAZ2 was
constructed, resulting from cloning of StuI-SspI from pPZ1 into
AvaI-HindIII-digested pACYC184. The horizontal bar at the bottom
indicates the DNA segment sequenced and shown in Fig. 2.

RESULTS

Subcloning of the PER-1 gene. In order to determine the
transcriptional start for PER-1 mRNA in E. coli from
sources additional to the pPZ1 recombinant plasmid, the
PER-1 gene was subcloned, giving rise to pRAZ2 (Fig. 1).
This plasmid resulted from cloning of the 1.3-kb StuI-SspI
from pPZ1 into a 2.9-kb Aval-HindIII-digested blunt-ended
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pACYC184 vector. This modified cloning vector was made
in order to remove the entire coding region of the tet gene
from pACYC184 but to leave the promoter intact. E. coli
JM109 harboring pRAZ2 or pPZ1 led to PER-1 expression in
E. coli JM109, as indicated by antibiotic disc susceptibility
testing (data not shown). However, insertion of the 1.3-kb
StuI-SspI fragment into the pACYC184 derivative vector
could be obtained in only one direction (StuI side in front of
the HindIII site from pACYC184), giving rise to a recombi-
nant plasmid encoding the 13-lactam resistance phenotype.

Sequence analysis of P. aeruginosa blaPER-l. The deter-
mined nucleotide sequence, which included the PER-1 struc-
tural gene and flanking sequences, was 1,519 bp and is
shown in Fig. 2. This sequence was included within the
2.1-kb Sau3A fragment from P. aeruginosa RNL-1 cloned
into the BamHI site of pACYC184 (pPZ1). Analysis of the
1,519-bp sequence for coding regions revealed a sufficiently
long 924-bp open reading frame which encoded a 308-amino-
acid protein, which corresponded in size to a 33.5-kDa
protein. Within this protein, a serine-threonine-valine-lysine
tetrad (S-V-F-K) (underlined in Fig. 2) was found; it included
the conserved serine and lysine amino acid residues charac-
teristic of ,B-lactamases possessing a serine active site (25).
In this open reading frame, two possible ATG initiation
codons were found at positions 309 to 311 and 354 to 356
(Fig. 2). No typical E. coli consensus promoter sequences
were found upstream of these initiation codons. However, a
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FIG. 2. Nucleotide sequence of the 1,519-bp fragment of pPZ1 containing the PER-1 coding region. The nucleotide sequence is numbered
throughout. The deduced PER-1 amino acid sequence is designated in single-letter code below the nucleotide sequence. The PER-1
transcription start in P. aeruginosa RNL-1 is indicated by + 1. The derived promoter sequence is represented by -10 and -35 regions. RBS
indicates a potential ribosome binding site. The dotted underlined sequences indicate restriction endonuclease recognition sites. Reversed
arrows indicate inverted repeat sequences (al-a2 and bl-b2) acting as possible Rho-independent terminators. The PER-1 signal peptide
extends from amino acid residues 1 to 26, and the proposed cleavage site is indicated by a vertical arrow. The conserved residues in serine
,-lactamases (S-V-F-K) are underlined. The blaPER-l stop codon is indicated with three asterisks. The underlined nucleotide sequence (370
to 392) corresponds to the primer-annealing region for mRNA primer extension analysis.
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FIG. 3. Mapping of the 5' end of blaPER-1 by primer extension
analysis according to a modified method from Geliebter et al. (16).
The primer extension products were analyzed on a sequencing gel.
(A) Lane 1 corresponds to the mRNA extracted and extended from
P. aeruginosa RNL-1, and lane 2 corresponds to that from E. coli
harboring pRAZ2, which contained the cloned blaPER-l gene. The
nucleotide sequence on the left corresponds to that of the comple-
mentary strand, which has been deduced from the sequencing
reaction obtained by using the same primer as this for mRNA
extension and by using pPZ1 as template. The star on this nucleotide
sequence indicates (corresponding to nucleotide 196, Fig. 2) the
mRNA 5' end of PER-1 as determined in P. aeruginosa RNL-1. (B)
Lane RT (RNA template) corresponds to the same reaction as that
described for lane 2 in panel A. The sequencing reaction was

performed with the same primer for mRNA extension and with
pRAZ2 as template. The nucleotide sequence on the right corre-

sponds to the complementary strand. The star indicates the mRNA
start of PER-1, V stands for vector sequence, and I stands for insert
sequence. At the horizontal dotted line, the nucleotide sequence of
the insert at position 125 (Fig. 2) starts. On the left of the V and I
signs (vertical dotted line), the filling region which has occurred
during the cloning experiment to obtain the pRAZ2 recombinant
plasmid is shown. The sequencing gel shows a clear compression
zone which did not interfere with the mRNA start determination.

purine-rich sequence of six nucleotides (AAGGAC) up-

stream from the first ATG codon may correspond to a

putative ribosome binding site, designated RBS in Fig. 2
(51). The open reading frame was preceded by a region
consistent with a -10 region (GAGCTGA) and a -35 region
(AGCTGGCCC) of a putative P. aeruginosa promoter (Fig.
2). This promoter may correspond to the consensus se-

quence YTGCTTR, RRNTGGGCAT, of the rpoN promoter
type from P. aeruginosa (47). As shown in Fig. 3A, primer
extension analysis indicated that the proposed -10 and -35
promoter regions were the active promoter sequences in P.
aeruginosa RNL-1. However, the mRNA start for PER-1
P-lactamase, as found in E. coli JM109 harboring the pPZ1
recombinant plasmid, did not correspond to the base pair
designated + 1 in Fig. 2. In this case, the transcriptional start
could not be precisely mapped because it was too far away
from the extension primer oligonucleotide fixation site,
located on the pACYC184 sequence (Fig. 3A) (data not
shown). In order to find the location of this promoter,
pRAZ2 mRNA was analyzed and its transcription start was
located upstream of the base pair designated +1 in Fig. 2
(Fig. 3A). The PER-1 mRNA start in pRAZ2 was exactly
located 70 bp upstream from the + 1 position in Fig. 2 within
the tet gene promoter sequence (Fig. 3B). Similarly, with
pRAZ1 which resulted from cloning of a SnaBI fragment

from pPZ1 into SmaI-digested plasmid, the PER-1 mRNA
start was located within the lacZ promoter sequence (data
not shown). Thus, the promoter of the proposed -10 and
-35 regions was active in P. aeruginosa but not in E. coli
with all the recombinant plasmids used. Analysis of the
downstream regions of blaPER-1 revealed two palindromic
sequences (designated al-a2 and bl-b2 in Fig. 2) (48). These
palindromic sequences may form weak mRNA hairpin loops
corresponding to possible Rho-independent transcription
terminator signals. The AG values for the al-a2 and bl-b2
putative terminators were -13 kcal/mol (ca. -54 kJ/mol) and
-21 kcal/mol (ca. -88 kJ/mol), respectively.
The overall GC content of blaPER lwas 45%, whereas the

GC content of P. aeruginosa genes (except for pilin genes)
ranged from 60.1 to 69.5% (59). Moreover, the pattern of
codon usage for blaPER lwas not typical of P. aeruginosa
(Table 1). Usually, P. aeruginosa genes exhibit a strong bias
for cytosine or guanine in the wobble position; NNC codons
are used 54.5% of the time, NNG codons are used 34.2% of
the time, NNT codons are used 6% of the time, and NNA
codons are used 5.3% of the time. In blapER-1, the corre-
sponding values were NNC, 15.3%; NNG, 28.5%; NNT,
29%; and NNA, 15%. In addition, 26 codons have been
reported as being used rarely, if at all, by P. aeruginosa
genes and as representing less than 10% of the codons
chosen from a specific synonymous codon group (59).
Among them, GGA, GTA, GCA, GTT, GCT, TCA, TCT,
AAT, ATA, ATT, ACT, TTG, TTA, TITl, CCA, and CCT
were widely used in blaPER-1 (Table 1). Moreover, the
translation stop codon of blaPER1 (TAA) corresponded to
that usually found in E. coli and not in P. aeruginosa (which
has TAG). The codon usage in blaPER lwas more closely
related to that of E. coli genes than to that of P. aeruginosa
genes (Table 1). The GC content of the 308-bp upstream
sequence from blaPER-1 was 63% and that of the 200-bp
downstream sequence was 42%, a value similar to that found
for blaPERl-l
From the sequencing data, one would expect the first 26

amino acids, which contain numerous hydrophobic residues
(MNVIIKAVVTASTLLMVSFSSFETSA) as found by hy-
drophobicity analysis, to be the leader peptide. As indicated
by N-terminal protein sequence analysis of the mature
PER-1 1-lactamase isolated from E. coli JM109 harboring
pRAZi, this was indeed the case (Fig. 2). Edman analysis (9
cycles) determined the N-terminal sequence of PER-1 ma-
ture protein as being XXPLLKEQ, in which X represents
unidentified amino acid residues due to protein contamina-
tion. The cleavage site was therefore deduced to be just after
the arginine residue in the ETSA-QSPLLKEQ amino acid
sequence (Fig. 2).
Homology with other ,-lactamases. The nucleotide se-

quence of the PER-1 structural gene has less than 20% DNA
identity with other known ,B-lactamase genes. However,
comparison of deduced amino acid sequences using gaps to
maximize alignment revealed that PER-1 belonged to Am-
bler class A 3-lactamases. Sequence alignment was per-
formed with 10 class A ,-lactamases representative of the
different subgroups of these 3-lactamases including ESbla.
The seven canonical boxes described by Joris et al. (25) were
found in PER-1 as well as relatively well-conserved regions
(Fig. 4). However, PER-1 showed 7 different amino acid
residues among the 25 residues which are known to be highly
conserved among class A 1-lactamases (11). Pairwise com-
parison with 10 class A ,B-lactamases showed that PER-1 has
only 30 and 26% amino acid identity with PSE-4 and TEM-3,
respectively (Table 2). PER-1 shows very low amino acid
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TABLE 1. Codon usage of blaPERl, P. aeruginosa genes (59), and E. coli genes (58)

Codon usage in:

Amino acid Codon bla PER-1 P. aeruginosa genes E. coli genes

No.' No./1,000 codonsb Fractionc No./1,000 codonsb Fractionc No./1,000 codonse Fractionc

Ala GCG 6 19.4 0.19 33 0.31 32 0.28
GCA 4 12.9 0.13 3.3 0.03 21 0.27
GCT 13 42.2 0.42 7.5 0.07 17 0.18
GCC 8 25.9 0.26 32.3 0.59 23 0.27

Arg AGG 1 3.2 0.25 2.2 0.03 1.5 0.05
AGA 0 0 0 0.5 0.01 2.5 0.12
CGG 2 6.49 0.50 8.6 0.14 4.5 0.10
CGA 1 3.25 0.25 2 0.03 3.12 0.10
CGT 0 0 0 6 0.10 24.4 0.30
CGC 0 0 0 41.5 0.68 21.5 0.32

Asp GAT 9 29.2 0.69 8.1 0.14 32.8 0.58
GAC 4 12.9 0.31 51.9 0.84 22.8 0.41

Asn AAT 8 25.9 0.73 3.1 0.08 16.4 0.50
AAC 3 9.7 0.27 35.6 0.92 25.5 0.50

Cys TGT 1 3.25 1 0.7 0.05 4.7 0.52
TGC 0 0 0 12.7 0.95 6.3 0.48

Gly GGG 1 3.2 0.06 5.4 0.06 9.3 0.15
GGA 7 22.7 0.41 3.1 0.04 6.9 0.11
GGT 8 25.9 0.47 10.2 0.11 28.2 0.26
GGC 1 3.2 0.06 70.8 0.79 30 0.48

Gln CAG 14 45.4 0.64 37 0.86 29 0.64
CAA 8 25.9 0.36 6 0.14 12.7 0.36

Glu GAG 7 22.7 0.41 37 0.62 18.9 0.42
GAA 10 32.4 0.59 23 0.38 43.6 0.58

His CAT 4 12.9 0.67 5.6 0.22 11.5 0.69
CAC 2 6.4 0.33 19.6 0.78 10.7 0.31

Ile ATA 4 12.9 0.25 0.35 0.01 4 0.13
ATT 6 19.4 0.38 2.3 0.06 26.9 0.50
ATC 6 19.4 0.38 38.6 0.94 26.6 0.38

Leu TTG 10 32.4 0.29 8.3 0.08 11 0.10
TTA 10 32.4 0.29 0.5 0.01 10 0.15
CTG 12 38.9 0.34 61.4 0.64 52.4 0.43
CTA 2 6.49 0.06 0.88 0.01 3 0.05
CTIT 1 3.25 0.03 2.1 0.02 10 0.15
CTC 0 0 0 23.1 0.24 9.5 0.14

Lys AAG 6 19.4 0.27 34.6 0.89 12 0.37
AAA 16 51.9 0.73 4.4 0.11 38.2 0.63

Met ATG 1 29.2 1 21 1 25.6 1

Pro CCG 1 3.2 0.08 30.2 0.62 23.5 0.38
CCA 7 22.7 0.54 1.2 0.03 8.3 0.23
CCT 4 12.9 0.31 8 0.03 6.7 0.29
CCC 1 3.2 0.08 15.7 0.32 4.2 0.18

Phe 'lf 8 25.9 0.80 0.9 0.03 18.5 0.62
TTC 2 6.4 0.20 31.1 0.97 17.9 0.38

Ser AGT 3 9.7 0.14 2.1 0.04 7.3 0.18
AGC 3 9.7 0.14 23.8 0.40 15.4 0.14
TCG 6 91.4 0.27 15.7 0.27 7.7 0.23
TCA 4 12.9 0.18 0.5 0.01 6.8 0.16
TCT 4 12.9 0.18 0.5 0.01 10.7 0.15
TCC 2 6.4 0.09 16.4 0.28 9.6 0.14

Continued on followingpage
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TABLE 1-Continued

Codon usage in:

Amino acid Codon bla PER-1 P. aeruginosa genes E. coli genes

NO.' No./1,000 codonsb Fractionc No./1,000 codonsb Fractionc No./1,000 codonsb Fractionc

Thr ACG 1 3.2 0.05 5.8 0.13 12.7 0.28
ACA 2 6.4 0.10 0.7 0.02 6.8 0.11
ACT 8 25.9 0.40 1.6 0.03 11.6 0.20
ACC 9 29.2 0.45 38.5 0.83 24 0.40

Trp TGG 5 16.2 1 11.8 1 13.4 1

Tyr TAT 4 12.9 0.80 5.4 0.16 16.2 0.64
TAC 1 3.25 0.20 28.6 0.84 14.1 0.36

Val GTG 7 22.7 0.41 30 0.62 23.8 0.42
GTA 6 19.4 0.21 5 0.07 12 0.21
GTT 10 32.4 0.34 3.1 0.04 20 0.29
GTC 6 19.4 0.21 33.2 0.47 11 0.22

End TAG 0 0 0 0.2 0.07 0.2 0.09
TAA 1 3 1 0.3 0.13 2 0.62
TGA 0 0 0 2.1 0.80 0.2 0.30

a The number of times a codon occurred in blaPER-l-
b The number of times a specific codon would occur per 1,000 codons.
c The ratio of the number of occurrences of a specific codon to the number of occurrences of all codons in the same synonymous codon group.

identity with class D oxacillin-hydrolyzing P-lactamases
(17% for OXA-5) or class C AmpC cephalosporinase from P.
aeruginosa (20%), which are other P-lactamases found in
P. aeruginosa. PER-1 differed from the plasmid-mediated
ESbla of the TEM-SHV series found in Enterobactenaceae
species and from the recently described MEN-1 in E. coli
(3). Surprisingly, PER-1 had 40% amino acid identity with
the recently reported CFXA isolated from Bacteroides vulg-
atus (Table 2) (44). Like CFXA, PER-1 possessed additional
amino acid residues at several positions compared with other
class A ,B-lactamases aligned according to class A P-lacta-
mase classification (ABL [1]): downstream from position
ABL 103 (Q-N), downstream from position ABL 115 (E-F),
and downstream from position ABL 238 (G-I-K-A) (Fig. 4).
PER-1 possessed, like CFXA, a deleted amino acid residue
at position ABL 251. Moreover, among the 7 amino acids
found in PER-1 which differ from the highly conserved 25
amino acids of class A 1-lactamases, 4 were identical to
those in CFXA at positions ABL 37, 169, 179, and 233. As
described by Couture et al. (11), a dendrogram was con-
structed to relate PER-1 to the other class A P-lactamases
(Fig. 5). PER-1 was not more closely related to gram-
negative than to gram-positive bacterial class A 1-lacta-
mases. PER-1 was mostly related to CFXA, with which it
formed a novel class A P-lactamase subgroup.

DISCUSSION

Several interesting features emerged from the analysis of
the nucleotide sequence and the deduced amino acid se-
quence of PER-1, an ESbla isolated from a P. aeruginosa
clinical isolate.
Analyses of percent GC and codon usage of the PER-1

gene suggested that it may not be of pseudomonad origin.
The 5' upstream sequence of PER-1 reveals a GC content of
67%, typical of P. aeruginosa, as well as the presence of a
promoter which fits the rpoN promoter consensus sequence
of some P. aeruginosa genes. Moreover, analysis of the

PER-1 mRNA transcription start indicated that this pro-
moter was active in the original P. aeruginosa RNL-1 strain.
Comparison of mRNA analysis of PER-1 from pPZ1 in E.
coli and in P. aeruginosa RNL-1 revealed that PER-1 was
not transcribed in E. coli from its own promoter. Once
cloned into the pACYC184 or the pK19 vectors, PER-1 gene
expression was driven by vector promoter sequences. In
pRAZ2, which resulted from cloning of PER-1 into a deriv-
ative pACYC184 vector, PER-1 gene expression was driven
by tet gene promoter sequences. As previously reported,
many cloned genes from P. aeruginosa are expressed poorly
in E. coli (47). As suggested, this may be due to E. coli RNA
polymerase activity, which has a much higher stringency
requirement for promoter consensus sequences than
Pseudomonas RNA polymerase (47). As reported for a few
P. aeruginosa genes cloned into E. coli, a promoter within
the cloning vector may serve as an effective promoter for
expression of blaPER lonce cloned and expressed in E. coli
(47). Comparison with promoters of other ,B-lactamase genes
of the OXA and PSE series found in P. aeruginosa cannot be
made, as their characterization has been rarely reported (5,
12, 21, 22, 39). However, promoters of blaOXA2 and of
blaPSE4 are likely to be typical of Enterobacteriaceae (5,
12). The PER-1 gene may have been inserted into P. aerug-
inosa genomic DNA under the control of an active promoter.
We are currently performing an extended epidemiological
study to detect blaPER-1 among other gram-negative bacte-
ria. The mechanism of PER-1 gene insertion into P. aerug-
inosa and the origin of the inserted gene are unknown. This
insertion very likely occurred within P. aeruginosa RNL-1
genomic DNA, as no plasmid was found to carry or transfer
the PER-1 gene and a blaPER lprobe gave a positive signal in
hybridization experiments at the position of P. aeruginosa
RNL-1 chromosomal DNA migration (42). Transposition has
been extensively described in P. aeruginosa as a source of
genetic plasticity. Most of the oxacillin-hydrolyzing 3-lacta-
mases and the carbenicillin-hydrolyzing P-lactamase genes
isolated from P. aeruginosa have been described as being
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ABL 1 10 20 30 40

SHV-2 .......... .................... MRYIRLCIIS LLATLPLAVH ASPQPLEQ.I EL QLSGR
TEM-3 .......... ..........M........MS IQHFRVALIP FFAAFCLPVF AHPETLVK.V D ELGAR
PSE-4 .......... .................... . MKFLLAFSL LIPSVVFASS SKFQQVEQDV LSAR
MEN-1 .............................. .................... .QTADVQQKL AE SGGR
YENT M KHL..MSSL LLLAGITLPL VSFALPAWAN ALPASVDKQL GR
BLIP ... MLWFST L. KLK KAAAVLLFSC VALAGCANNQ TNASQPAEKN E.KTEMKDDF QFDAK
ROB-1 .MLNKLKIGT L...... LLL TLTAC..... SP NSVHSVTSNP QPASAPVQQS ATQATFQQTL YQAR
CAKCC MLHTRIRRAT LGAVAALSLV PVMACG)ESS ADAAEPAGSA PSSSAAAHKP GEVEPYAAEL EFDVR
PC-i.. MKE... MLIFL IVIALVLSAC NSNSSHA ............. ....... KEL ND
CFXA.. .. EKNRKKQ IVVLSIALVC IFILVFSLFH KSATKDSANP PLTNVLTDSI SQIVSACPGE
PER-1 ................. MN VIIKAVVTAS TLLMV.SF.. SSFETSAQS PL.... LKEQI ESIVIGKKAT

ABL 50 60 70 80 90 100 110
+ I ~~~I+ + + I+I I +I

SHV-2 .I4:).S GRTLTAWRAD VDAGDEQLER KIHYRQQDLV ..D
TEM-3 N ( YIEI]INS GKILESFRPE R VDAGQEQLGR RIHYSQNDLV .. PVT
PSE-4 1 GEYWD . YNGN TIA AEQGKVNPNS TVEIKKADLV . . T PVI
MEN-1 I I1AL ,1D NSQI.LYRAD TSK VM SESEPNLLNQ RVEIKKSDLV .N NPLI
YENT It AM f GN GTKI .LYRAA 5REECTFK SQSQPNLLNK HINYHESDLL . . SY1PITR}
BLIP F T NRTV.AYRPD TIK AL SIED. .LNQ RITYTRDDLV .. I
ROB-1I T GHSL.SYRAD TFK S LPEKD..LNR TISYSQKDLV ..S PET
CAKCC A S GREV.AYRDG TFALE K HTDRE..MDR VVKYSEDDLV ..D PVT
PC-I GKEV.KFNSD TS AIM VPYNK..LNK KVHINKDDIV ..AY P
CFXA VtVMN RDTV.KVNNK VFIi FDNKGISLDT LVNINRDLD PEW P
PER-1 VWGPDD LEPL.LINPFII Q VDQGKLDLNQ TVIVNRAKVL ON I

> < > t I
Box I Box II Box III Box IV

ABL 120 130 140 150 160 170
+++ + + + ++ ++ +l

SHV-2 HLAD..GMTV GELCAAAITM D AANLLL ATVGG LT AFLRQ T. TE GDAR
TEM-3 HLTD..GMTV RELCSAAITM D AANLLL TTIGGI T T. F PNDER
PSE-4 QVGQ..AITL DDACFATMTT D AAIIL SA GVT DFLRQ T. D ELGDLR
MEN-1 HVDG. . TMSL AELSAAALQY D I S A AFARQ T F. T AIPGDPR
YENT NLAH. .(GtTV SELCAATIQY D AANLLI EELGG VN QFARS F. D NDPR
BLIP HVDT. .GMTL KELADASLRY D L KQIGG LK EELRK T.NP E GETQ
ROB-1 YVGK. . GMTI AQLCEAAVRF D ATMLLL QYQ RILRQ T .1 D NDIR
CAKCC HVED. .GMTL TALCDAAVRY D AANLLFETVGSKR
PC-1 YVGK..DITL KALIEASMTY D ANNKII KEIGG QRLE . E SPKSKK
CFXA YSGPVISLTV RDLLRYTLTQ D NLM QTD SFIATLIPRS SFQIA E HNKAYS
PER-1 YQGDEFSVPV QQLLQYSVSH D ELV H DYIQSIEKE T.A DQVQYQ

BOX V

ABL 180 190 200 210 220 230 240
++ I +l + I I ++ + I

SHV-2 TT MEA TLRKLLTSQR A RSQR DRVAG PL AE
TEm-3 D TMTLRKLLTGEL ARQIID EDKGPL$IA.......................... IA4:RGA|E.:R
PSE-4 TT TLNKFLFGSA L G .....G.F

MEN-1 TTS Q TLRNLTLGKA S ASI ..... D.Y
YEN{T D TTIASMNRVLGDA LRARCIk\Z GTGATl"...................................P wqKGSD.Y

BLIP TST VT SLRAFALEDKTGD AL
..... S.Y

ROB-1 TS QM
NLNAYLLGNT LET NNATGN

PL .....
SG

K.Y

CAKCC TS AK DLRAYVLGDV TGD GL ....... SYY
PC-1 ,T AGTLNPMIANGK LKENMU& x SGDTLIKq..F. ......................P DKKSG .... ITY
CFXA S LMNRLFTEGL IDDEKQSFIK CKTGV D D E NGVL
PER-1 S GAK ILKKFEQKTQ 1ETSQAIP TTTGP ERLEG . AG G TIEA.GKT

Box VI Box VII

ABL 250 260 270 280 290 300
1 1 1

SHV-2 GARG PNNKAERIV. VIYLRDTPAS MAERNQQIAG IGAALIEHWQ R........
TEM-3 GSRGI PDGKPSRIV. VIYTTGSQAT MDERNRQIAE IGASLIKW..........
PSE-4 GARSI SEHQAPIIV. SIYLAQTQAS MEERNDAIVK IGHSIFDVYT SQSR.....
MEN-1 GTTND W PK.DRAPLIL VTYFTQPQPK AESRRDVLAS AAKIVL..........
YENT GTTND W PT.KGAPIVL VVYFTQRD AKPRRDVLAS VTKIILSQIS .........
BLIP GTRND IW P.PKGDPVVL AVLSSRDKKD AKYDDELIAE ATKVVMKLN MNGK.....
ROB-1 GVRND I.PNRKPIVM AIMSTQFTEE AKFNNKLVED AAKQVFHTLQ LN.......
CAKCC GRND R.PDGRPLVL NVMVHGHTKD AELDSELIAR ATEVVADRLG .........
PC-1 ASPNDKPGQSEPIVL VIFTNKDNKS DKENDELISE TAKSVMF..........
CFXA CLPNNISYTL AVFVEDFKKGN KSQASQYVAH ISAVVYSL . L MQTSVKS..
PER-1 AATNDLGII. LLPDGRPLLV AVFVKDSAES SRTNEAIIAQ VAQTAYQFEL KELSALSPN

FIG. 4. Alignment of the amino acid sequence of PER-1 (this study) compared with those of 10 class A P-lactamases. Dots indicate gaps
inserted within the alignment. The standard numbering scheme of class A P-lactamase is done according to Ambler et al. (1). Roman
numbering designates boxes described by Joris et al. (26): box I, positions ABL 45 to 50; box II, ABL 70 to 73; box III, ABL 105; box IV,
ABL 111; box V, ABL 166; box VI, ABL 210; box VII, ABL 234 to 236. The 1-lactamases included in the alignment are SHV-2 from E. coli
(20), TEM-3 from E. coli (53), MEN-1 from E. coli (3), PSE-4 from P. aeruginosa (5), BLA I from Y enterocolitica (YENT) (50), BLIP from
Bacillus licheniformis (41), ROB-1 from H. influenzae (26), CAKCC from Streptomyces cacaoi (31), PC-1 from S. aureus (6), and CFXA from
Bacteroides vulgatus (44). Plus signs indicate the 25 highly conserved amino acid residues in all the class A P-lactamases, and boxed areas
represent relatively well-conserved areas (11).
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TABLE 2. Percent pairwise identities between 11 class A ,1-lactamase amino acid sequenceS

% Identity with 3-lactamase of indicated type'
13-Lactamase type

SHV-2 TEM-3 PSE-4 MEN-1 YENT BLIP ROB-1 CAKCC PC-i CFXA

SHV-2
TEM-3 68
PSE-4 49 45
MEN-1 40 41 40
YENT 41 42 36 60
BLIP 38 39 34 48 44
ROB-1 39 41 36 43 43 48
CAKCC 39 41 37 45 43 51 46
PC-i 32 36 38 36 37 49 42 41
CFXA 26 24 26 25 26 24 25 21 25
PER-1 27 26 30 28 26 23 25 24 26 40

a The 13-lactamase abbreviations and references used are as indicated in the legend to Fig. 4.
b Percent identities calculated with entire proteins represent the number of perfect matches divided by the length of the shorter sequence excluding the gaps,

according to the progressive alignment method of Feng and Doolittle (15).

part of Tn2l transposon derivatives (32). These 1-lactam
resistance genes are usually associated with sulfonamide,
aminoglycoside, and mercuric resistance genes which may
be present in P. aeruginosa RNLi as suggested by pheno-
typic analysis of its antibiotic resistance pattern. Therefore,
the presence of a transposon carrying blaPER-l cannot be

53 SHV-2

65 TEM-3

106 PSE-4

96 MN-1
47

71
YENT

96
87 BLIP

84
21 5

135

63
P-

74 90 ROB-1
86 5

87 CAXCC

154 CFXA
154

139 PER-1
FIG. 5. Dendrogram for 11 class A 3-lactamases according to

parsimony (57). This graph was performed by using the amino acid
sequence of the P-lactamases from position ABL 26 to 302, as the
leader peptide of MEN-1 is unknown. Branch lengths are to scale
and proportional to the number of amino acid changes. The percent-
age at branching points refers to the number of times a particular
nod was found in 100 bootstrap replications (boldface number; the
stars indicate uncertainty of nodes with bootstrap values of less than
50%). The distance along the vertical axis has no significance.
Abbreviations for 1-lactamases are given in the legend of Fig. 4.

ruled out, and we are currently trying to identify such a
potential transposon. However, typical sequences of an
integron, which could by itself integrate foreign DNA within
a transposon, were not found in the upstream or downstream
sequences of blaPER1, contrary to other ,B-lactamase genes
isolated from P. aeruginosa such as OXA and PSE deriva-
tives (43, 55). Analysis of the GC content (45%) of the
blaPERl downstream sequences indicated that these se-
quences may have been inserted into P. aeruginosa RNL-1
along with blaPER-l-

It is interesting to note that for some of the P-lactamase
genes such as blaPSE1, blaPSE-2, blaCARsB3, and blaOXA-2
isolated from P. aeruginosa, the percent GC was not typical
of P. aeruginosa but of Enterobactenaceae species (12, 21,
22, 29, 39). It is also noteworthy that some of these genes are
also found in Enterobactenaceae species. Among the genes
so far sequenced in P. aeruginosa, pilin genes possess a GC
content of 40 to 45%, which is not typical of P. aeruginosa
(59). As suggested for the origin of these genes, the presence
of blaPER-l in P. aeruginosa may also have resulted from an
intergeneric transfer from Enterobactenaceae, Moraxella,
Neissena, or Bacteroides species (59). In addition, codon
usage of blaPERl1 resembled that of E. coli class III genes,
which correspond to genes inherited from horizontal transfer
(such as fimbria or pilin genes) (36).
The second interesting feature of this study is the compar-

ison of PER-1 with other class A ,-lactamases. This 1-lac-
tamase group is the largest so far described. It comprises
,-lactamases found in gram-positive and gram-negative bac-
teria. PER-1 possesses highly conserved amino acid residues
of the active-site serine enzymes that interact with P-lactam
compounds, i.e., boxes I to VII (25, 26). Moreover, PER-1
possesses the highly conserved SDN motif, a structural
block of the active site of class A P-lactamases (23).
Although isolated from P. aeruginosa, PER-1 does not

exhibit common features of class A ,B-lactamases isolated
from gram-negative bacteria. By way of an example, class A
,B-lactamases of the TEM, SHV, and CARB types possess
two cysteine residues at positions ABL 77 and 123. Bio-
chemical (46) and crystallographic studies (56) suggest
strongly that they are in the form of a disulfide bridge. PER-1
has none of these cysteines but, respectively, an alanine and
a leucine residue at these positions. Surprisingly, PER-1
possesses a single cysteine at position ABL 135, close to the
SDN motif (starting at position ABL 130). However, other
class A j-lactamases isolated from gram-negative bacteria
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do not possess the cysteine residues at positions ABL 77 and
123, such as MEN-1 from E. coli (3), Klebsiella oxytoca
E23004 (2), Y. enterocolitica BLA I (50), and CFXA from
Bacteroides vulgatus (44). MEN-1, K oxytoca, and Y.
enterocolitica 1-lactamases all possess a cysteine residue
just before box II (position ABL 69). Moreover, with the
exception of some ESbla, all class A 3-lactamases have an
arginine two places before the box V glutamic acid (i.e.,
R-E, position ABL 164). PER-1 has an alanine in this
position. Concerning box VII, all class A 3-lactamases have
an aspartic acid just before the KS(T)G or RSG [i.e.,
DKS(T)G or DRSG]. PER-1 has a histidine, which is also
observed in CFXA. Surprisingly, this histidine is highly
conserved within class C I-lactamases (33). Although PER-1
is a typical ESbla on the basis of its hydrolytic properties, it
does not derive by point mutations from ESbla genes of the
TEM-SHV series or of the recently described MEN-1.
Although seven boxes are known to be highly conserved in
class A 1-lactamases, boxes III, V, and VII plus the SDN
motif are known to play a critical role in the catalytic activity
of the enzymes (25, 26). This might be explained by inves-
tigation of the X-ray structure of class A ,-lactamases from
S. aureus PC1 (18), Streptomyces albus (13), and Bacillus
licheniformis 749/C (38). All known ESbla have specific
mutations close to these strategic positions (10, 24). Inspec-
tion of the PER-1 amino acid sequence suggests that the
hydrolytic activity towards cefotaxime and ceftazidime may
result from the presence of specific residues.
Concerning box V, we observed in PER-1 an alanine

residue at position ABL 164, instead of an arginine. Few
ESbla have a serine in the corresponding position, as is the
case with TEM-5, TEM-7, TEM-8, TEM-9, TEM-12 (TEM-
101), CAZ-2, and CAZ-6 (7, 10, 53). Other ESbla have a
histidine in this position, as is the case with TEM-6, TEM-
16, and CAZ-7 (7, 10). Moreover, many ESbla have a lysine
at position ABL 104 (PER-1, a threonine), close to box III.
This mutation enhances the effect of serine ABL 164 substi-
tutions on the hydrolytic activity towards extended-spec-
trum cephalosporins (54). Concerning the vicinity of box VII
(starting at position ABL 234), we found a serine residue at
position ABL 238 in PER-1, as in TEM-5, TEM-4, TEM-8,
SHV-2, SHV-3, SHV-4, and SHV-5, whereas the parent
narrow-spectrum ,-lactamases have a glycine (7, 10, 37, 53,
54). Among the amino acid residues which are characteristic
of TEM-SHV ESbla, only serine at position ABL 238 was
present in PER-1.
As suggested by its biochemical properties, PER-1 differs

not only from TEM-SHV and MEN-1 but also from the
following recently reported ESbla isolated from P. aerugi-
nosa. It has been reported that point mutations obtained by
in vitro mutagenesis within blaPSE-4 and blaCARB4 may lead
to extended-spectrum derivatives (4). Similarly, point muta-
tions within blaPSE2 (giving rise to OXA-11, which is, as
PSE-2, an oxacillin-hydrolyzing Ambler class D 1-lacta-
mase) may confer resistance to extended-spectrum ceph-
alosporins in a P. aeruginosa clinical isolate (17). Dendro-
gram analysis revealed that, on the basis of amino acid
pairwise comparison, PER-1 may be part of a special class A
1-lactamase subgroup (Fig. 5). Similarities with CFXA from
Bacteroides vulgatus indicate that these two 3-lactamases
may be derived from a common ancestor. In this regard, a
detailed sequence comparison of PER-1 with CFXA re-
vealed inserted and deleted amino acids at the same posi-
tions compared with the other class A 13-lactamases.
Seoane and Lobo (50), who analyzed protein sequences of

class A P-lactamases, classified them into two groups ac-

cording to conserved amino acids at determined positions.
The first subgroup, called the chromosomal branch, includes
Bacillus and Streptomyces class A 3-lactamases, and K
oxytoca E23004, Y enterocolitica BLA I, and S. aureus PC1
enzymes. The second subgroup, called the transposon
branch, includes TEM, SHV, and PSE derivatives as well as
K pneumoniae LEN-1. Only the second group of enzymes
is believed to be located on transposable elements. Analysis
of PER-1 reveals that it cannot be correctly included in any
of the subgroups described.

Finally, although ESbla of the TEM and SHV series are
commonly reported in Enterobactenaceae species, non-
TEM non-SHV ESbla may be isolated from non-Enterobac-
teriaceae gram-negative species of clinical significance such
as P. aeruginosa. Potential integration of such ESbla genes
into P. aeruginosa plasmids may lead to their epidemic
dissemination, as described for Enterobacteriaceae ESbla.
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