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From whole-cell DNA of a clinical isolate of the enterobacterial species Rahnella aquatilis, a �-lactamase gene
was cloned that encoded a chromosomally encoded Ambler class A enzyme, RAHN-1. RAHN-1, with a pI of 7.2,
shares 76, 73, and 71% amino acid identity with the extended-spectrum �-lactamase of chromosomal origin
from Serratia fonticola and with the plasmid-mediated �-lactamases CTX-M-2 and CTX-M-1, respectively. The
hydrolysis spectrum of the clavulanic acid-inhibited RAHN-1 was expanded to cephalosporins such as cefu-
roxime, cefotaxime, and ceftriaxone, but not to ceftazidime. Its expression was not inducible.

Rahnella aquatilis is an enterobacterial species (11) that is
widely distributed in water and soils as well as in foods (26). It
is an opportunistic pathogen that predominantly causes bacte-
remia and septicemia, as well as endocarditis, urinary tract
infections, and wound infections, mostly in immunocompro-
mised patients (7, 14, 17, 26).

A recent study investigated the antibiotic susceptibility pat-
terns of 72 R. aquatilis strains of clinical and environmental
origins (26). It showed that R. aquatilis is resistant to amoxi-
cillin, ticarcillin, cefuroxime, and cephalothin; is of intermedi-
ate susceptibility to cefotaxime and ceftriaxone; and is suscep-
tible to ceftazidime and imipenem. R. aquatilis is susceptible to
�-lactam combinations such as amoxicillin-clavulanic acid and
piperacillin-tazobactam. This �-lactam susceptibility pattern
suggested the presence of a clavulanic acid-inhibited Ambler
class A �-lactamase (26).

In this work, we report on characterization of a novel class A
�-lactamase with an extended-spectrum hydrolysis profile from
R. aquatilis.

Bacterial strains, plasmid analysis, and conjugation. R. aqua-
tilis clinical strain DON-1 was isolated from a central venous
catheter of a 48-year-old patient hospitalized in the neurosur-
gery unit of the Hôpital Bicêtre (France) in September 2000. It
was identified by the API 20-E system (bioMérieux, Marcy-
L’Etoile, France). R. aquatilis reference strain CIP 103.904 was
from the Institut Pasteur strain collection (Paris). Plasmid
DNA extractions, performed as described previously (24),
failed to identify plasmids in R. aquatilis DON-1. Direct trans-
fer of an amoxicillin resistance marker from R. aquatilis DON-
1 to rifampin-resistant Escherichia coli JM109 also failed (24).

Cloning and sequence analysis of the �-lactamase gene from
R. aquatilis DON-1. Whole-cell DNA of R. aquatilis DON-1
was extracted as described previously (23). It was partially

digested with Sau3AI and ligated into the BamHI site of the
pBK-CMV phagemid (Stratagene, Amsterdam, The Nether-
lands) as described previously (23). The ligation products were
electroporated into electrocompetent E. coli DH10B (Bio-
Rad, Ivry-sur-Seine, France). E. coli DH10B cells harboring
recombinant plasmids were selected on kanamycin (30 �g/ml)-
and amoxicillin (20 �g/ml)-containing Trypticase soy agar
plates. The sizes of the inserts were determined by double
restriction analysis (25).

Fifteen E. coli DH10B recombinant clones were obtained.
One of the recombinant plasmids that had the shortest insert
was retained for further analysis (pRAHN-1). The 5.6-kb DNA
insert of recombinant plasmid pRAHN-1 was sequenced on
both strands by using an ABI 377 sequencer (Applied Bio-
systems, Foster City, Calif.). The nucleotide and the deduced
protein sequences were analyzed with software available over
the internet at the National Center for Biotechnology Infor-
mation web site (http://www.ncbi.nlm.nih.gov). An open read-
ing frame (ORF) of 888 bp was identified (data not shown).
The G�C content of this ORF was 55.7%, which lies within
the G�C ratio of enterobacterial genes. Within the deduced
protein of this ORF (295 amino acids), named RAHN-1, a
serine-threonine-phenylalanine-lysine tetrad was found in
amino acid positions 70 to 73 (Fig. 1) according to the desig-
nation of Ambler et al. (1). This tetrad included the conserved
serine and lysine amino acid residues characteristic of �-lacta-
mases possessing a serine active site or penicillin-binding pro-
teins (13). Three other structural elements were also found:
serine-aspartic acid-asparagine (S-D-N) in positions 130 to
132, glutamate-X-X-leucine-asparagine (E-X-X-L-N) in posi-
tion 166 to 170, which is part of the so-called omega loop of
class A �-lactamases, and lysine-threonine-glycine (K-T-G) in
positions 234 to 236 (Fig. 1).

RAHN-1 is related to class A �-lactamases. The highest
percentages of identity were found with the plasmid-mediated
extended-spectrum �-lactamase (ESBL) SFO-1 (75.9%),
which originated from Serratia fonticola (18, 20), and with the
plasmid-mediated extended-spectrum �-lactamases CTX-
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M-2 (73.2%) and CTX-M-1 (71.5%) (3, 4). CTX-M-2 �-lacta-
mase has been recently reported as being related to the chro-
mosomally encoded class A �-lactamase from Kluyvera
ascorbata (GenBank accession no. AJ 272538). RAHN-1
shared 69, 65, and 62% amino acid identity with the chromo-
somally encoded class A �-lactamases from Klebsiella oxytoca
(2), Citrobacter diversus (22), and Proteus vulgaris (21), respec-
tively.

Upstream of the ORF coding for RAHN-1, no putative
LysR-type regulator gene was identified, while such chromo-
some-encoded AmpR regulators were divergently transcribed
usptream of the �-lactamase genes coding for the class A
�-lactamases of C. diversus, P. vulgaris, and S. fonticola (9, 12,
18). However, 126 bp upstream of blaRAHN-1, a stop codon of
a 1,664-bp ORF was identified that encoded a putative protein
sharing 50% identity with a methyl-accepting chemotaxis pro-
tein of E. coli (5). Further upstream, another 996-bp ORF was
identified that encoded a putative protein that shared 36%
amino acid identity with an ATP-binding protein of E. coli
(10). Downstream of blaRAHN-1, no ORF could have been
identified, since the end of the 5.6-kb insert of pRAHN-1 was
located 2 bp downstream of the stop codon of blaRAHN-1. A
Southern transfer (25) was performed with a PCR-obtained
861-bp internal fragment of blaRAHN-1 as a labeled probe (23)
and whole-cell DNAs of R. aquatilis DON-1 and the CIP
103.904 reference strain. In both cases, a positive signal was
detected at the chromosome migration position, further indi-
cating the chromosomal origin of blaRAHN-1 (data not shown).

Susceptibility testing. MICs of selected �-lactams were de-
termined by an agar dilution technique on Mueller-Hinton
plates as described previously (24) and interpreted according
to the guidelines of the National Committee for Clinical Lab-
oratory Standards (19). R. aquatilis DON-1 was resistant to
amoxicillin, ticarcillin, cephalothin, and cefuroxime (Table 1).
It was of intermediate susceptibility to piperacillin, cefotaxime,
ceftriaxone, cefepime, and aztreonam and remained suscepti-
ble to ceftazidime and imipenem (Table 1). This pattern of
�-lactam susceptibility corresponded to that described pre-
viously for R. aquatilis strains and R. aquatilis reference
strain CIP 103.904 (Table 1) (26). Once cloned in pBK-CMV
(pRAHN-1) and expressed in E. coli DH10B (Table 1), the
same antibiotic resistance pattern was obtained, thus showing
the contribution of RAHN-1 to the natural �-lactam resistance
phenotype of R. aquatilis DON-1. Addition of clavulanic acid
and tazobactam decreased the MICs of �-lactams, especially
those of cefotaxime and ceftriaxone, thus showing that RAHN-
1 is a clavulanic acid-inhibited ESBL.

The �-lactam resistance pattern of R. aquatilis was similar
to that of S. fonticola (20). Moreover, R. aquatilis strains,
like C. diversus and P. vulgaris strains, are of intermediate
susceptibility or resistance to cefuroxime. In contrast to K. oxy-
toca, which overproduces its chromosomally encoded class A
�-lactamase (8), R. aquatilis was not resistant to aztreonam.

Biochemical properties of �-lactamase RAHN-1. Cultures of
E. coli DH10B(pRAHN-1) were grown overnight at 37°C in 4
liters of Trypticase soy broth containing amoxicillin (30 �g/ml)

FIG. 1. Alignment of the RAHN-1 amino acid sequence with those of the most closely related enzymes, SFO-1, CTX-M-1, and CTX-M-2.
Numbering is according to that of Ambler et al. (1). Dots indicate identical amino acid residues, and dashes indicate gaps introduced to optimize
the alignment. The vertical arrow is the putative cleavage site of the leader peptide of RAHN-1 �-lactamase. Four structural elements
characteristic of class A �-lactamases are boxed in gray.
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and kanamycin (30 �g/ml). The �-lactamase extract was ob-
tained after sonification as described previously (24). It was
loaded onto a preequilibrated Q-Sepharose column (Amer-
sham Pharmacia Biotech). The enzyme was eluted with a linear
NaCl gradient (0 to 1 M) in Tris-HCl buffer (pH 9.0). The
�-lactamase was eluted at a concentration of 100 to 150 mM
NaCl. Fractions containing �-lactamase activity were loaded
onto the same preequilibrated Q-Sepharose column in the
same buffer and eluted with a linear NaCl gradient (0 to 200
mM) in the same Tris-HCl buffer at a concentration of 100 mM
NaCl. Fractions containing �-lactamase activity were pooled
and dialyzed overnight against 100 mM phosphate buffer (pH
7.0) and then concentrated 10-fold with Centrisart-C30 spin
column (Sartorius, Goettingen, Germany). The specific activity
of the purified RAHN-1 enzyme was 15,100 mU mg of pro-
tein�1, determined with 100 �M cephalothin as a substrate
with a 35-fold purification. Its purity was estimated to be 80%
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (25).

Purified RAHN-1 �-lactamase was used for kinetic measure-
ments performed at 30°C in 100 mM sodium phosphate (pH
7.0). The initial rates of hydrolysis were determined with an
ULTROSPEC 2000 UV spectrophotometer (Amersham Phar-
macia Biotech) as described previously (24). The 50% inhibi-
tory concentrations (IC50s) were determined for clavulanic
acid and tazobactam as reported previously (24).

RAHN-1 had a strong activity against benzylpenicillin, pip-
eracillin, cephalothin, cefuroxime, and ceftriaxone (Table 2). A
significant hydrolytic activity against cefotaxime was also ob-

served, while no activity against ceftazidime was detectable.
The activity against cefuroxime is shared by the �-lactamases
of C. diversus, P. vulgaris, and S. fonticola (9, 15, 16, 20, 21).
RAHN-1 affinity for cefepime, cefpirome, and aztreonam was
low (high Km values) (Table 2). Inhibition studies showed that
the IC50s of clavulanic acid and tazobactam (0.4 and 0.06 �M,
respectively) were similar to those of TEM-1 �-lactamase.
These results showed that the RAHN-1 enzyme is a �-lacta-
mase that may belong to the group 2be �-lactamases of the
Bush-Jacoby-Medeiros classification (6).

Analytic isoelectric focusing, performed as previously re-
ported (24), showed that cultures of R. aquatilis DON-1 and
E. coli DH10B(pRAHN-1) gave a �-lactamase with a pI of 7.2.
The expected cleavage site of the peptide leader was between
an alanine residue and a glutamine residue (between the S-
W-A and Q-T motifs [Fig. 1]). The same pI was found for
culture of R. aquatilis reference strain CIP 103.904. The rela-
tive molecular mass of RAHN-1, determined with purified
enzyme by SDS-PAGE as described previously (24), was ca. 29
kDa (data not shown). This value corresponds to those re-
ported for class A �-lactamases (6).

Induction studies with 0.5 �g of cefoxitin per ml as a �-lac-
tam inducer (23) and 100 �M benzylpenicillin as a substrate
failed to detect induction of�-lactamase with cultures of R. aqua-
tilis DON-1 and CIP 103.904. These results, although different
from those reported previously (14), are consistent with the
lack of a LysR-type regulator gene located just upstream of
blaRAHN-1. The chromosomally encoded class A �-lactamase
of R. aquatilis is not inducible, as opposed to the naturally
occurring class A enzymes of P. vulgaris, S. fonticola, and
C. diversus.

Conclusion. Comparison of the RAHN-1 sequence to those
of other class A ESBLs identified several amino acid residues
that may be involved in its extended spectrum of hydrolysis
(15). This is the case for the serine residue in position 237
found, for example, in �-lactamases of S. fonticola, P. vulgaris,
and CTX-M-type enzymes (20, 21, 27, 28). The hydrolysis
spectrum of RAHN-1 is similar to that of CTX-M-type en-
zymes that do not compromise ceftazidime.

This work identified a novel chromosomally encoded class A

TABLE 1. MICs of �-lactams for R. aquatilis clinical isolate DON-1
and reference strain CIP 103.904 and E. coli DH10B harboring
recombinant plasmid pRAHN-1 and reference strain DH10B

�-Lactam(s)a

MIC (�g/ml) for strain:

R. aquatilis E. coli

DON-1 CIP 103.904 DH10B(pRAHN-1) DH10B

Amoxicillin 256 256 �512 2
Amoxicillin � CLA 2 4 4 2
Ticarcillin �512 �512 �512 1
Ticarcillin � CLA 4 4 8 1
Piperacillin 8 16 16 1
Piperacillin � TZB �1 �1 1 1
Cephalothin 512 512 256 2
Cefuroxime 128 128 256 2
Cefotaxime 4 4 4 �0.06
Cefotaxime � CLA �0.06 0.06 �0.06 �0.06
Cefotaxime � TZB �0.06 �0.06 �0.06 �0.06
Ceftazidime 0.25 0.5 0.25 0.12
Ceftazidime � CLA 0.12 0.12 0.12 �0.06
Ceftazidime � TZB 0.12 0.12 �0.06 �0.06
Ceftriaxone 4 4 4 �0.06
Cefepime 1 0.5 0.25 �0.06
Cefepime � CLA �0.06 0.06 �0.06 �0.06
Cefepime � TZB �0.06 �0.06 �0.06 �0.06
Cefpirome 1 4 4 �0.06
Cefpirome � CLA �0.06 0.06 �0.06 �0.06
Cefpirome � TZB �0.06 �0.06 �0.06 �0.06
Cefoxitin 4 8 4 2
Moxalactam 0.25 0.5 0.25 0.12
Aztreonam 1 1 1 0.06
Meropenem 0.06 0.06 �0.06 �0.06
Imipenem 0.5 0.5 0.5 0.06

a CLA, clavulanic acid at a fixed concentration of 2 �g/ml; TZB, tazobactam
at a fixed concentration of 4 �g/ml.

TABLE 2. Kinetic parameters of purified �-lactamase RAHN-1a

Substrate kcat (s�1) Km (�M) kcat/Km (mM s�1)

Benzylpenicillin 2 10 240
Amoxicillin 0.5 15 40
Ticarcillin 0.2 5 40
Piperacillin 1 10 100
Cephalothin 11 70 160
Cephaloridine 6 130 45
Cefuroxime 1 10 100
Cefoxitin �0.01 NDb ND
Cefotaxime 0.5 10 50
Ceftazidime �0.01 ND ND
Ceftriaxone 0.5 5 120
Cefpirome 7 650 10
Cefepime 5 1400 5
Aztreonam 0.5 340 1
Imipenem �0.01 ND ND

a Standard deviations of the kinetic parameters were within 15%.
b ND, not determined.
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ESBL. The identication of this ESBL should be taken into
account for the choice of �-lactams in treating R. aquatilis
infections, since failure of a cefotaxime-containing regimen has
been reported (17). Finally, �-lactamases from this enterobac-
terial species, R. aquatilis, may be progenitors of plasmid-en-
coded ESBLs, as recently described for the plasmid-encoded
�-lactamases SFO-1 and CTX-M-2 related to the chromo-
somally encoded �-lactamases of S. fonticola and K. ascorbata,
respectively.

Nucleotide sequence accession number. The nucleotide se-
quences of the RAHN-1 gene and the sequence of the 5.6-kb
insert of pRAHN-1 have been assigned to the GenBank nu-
cleotide database under accession no. AF338038.
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