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First Characterization of Inhibitor-Resistant TEM (IRT)
B-Lactamases in Klebsiella pneumoniae Strains
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Two clinical strains of Klebsiella pneumoniae, TP 01 and TP 02, presented resistance to amoxicillin-clavu-
lanate and were fully susceptible to cephalothin. These strains produced two 3-lactamases, SHV-1 and a TEM
enzyme with a pI of 5.2. The previously described changes Arg-244—Cys and Arg-244—Ser in IRT-1 and IRT-2
(A. Belaaouaj, C. Lapoumeroulie, M. M. Canica, G. Vedel, P. Nevot, R. Krishnamoorthy, and G. Paul, FEMS
Microbiol. Lett. 120:75-80, 1994) were found in TEM enzymes from the TP 01 and TP 02 strains, respectively.
This is the first report of inhibitor-resistant TEM (IRT) in species other than Escherichia coli from the family

Enterobacteriaceae.

Most Klebsiella pneumoniae strains are moderately resistant
to amino- and carboxy-penicillins by synthesis of a class A
chromosomally mediated penicillinase (SHV-1), and clavu-
lanic acid has a synergistic effect when associated with these
penicillins. These strains are generally susceptible to cephalo-
thin and all other cephalosporins. Some K. pneumoniae isolates
which are highly resistant to penicillins because of the produc-
tion of plasmid-mediated TEM-like penicillinases also have
reduced susceptibility to cephalosporins.

Previous reports have established that the susceptibility of
Escherichia coli to B-lactamase inhibitors can be affected by the
overproduction of TEM-1 B-lactamase (14, 18). In K. pneu-
moniae, overproduction of either TEM-1 or SHV-1 increased
resistance to amoxicillin-clavulanic acid and to cephalothin
(16).

In this report, we describe the characterization of the B-lac-
tamases produced by two clinical isolates of K. pneumoniae
that exhibited high-level resistance to amoxicillin-clavulanate
and susceptibility to cephalothin.

K pneumoniae TP 01 and TP 02 were isolated from the urine
and respiratory tracts of patients hospitalized in the geriatric
and pneumology services, respectively, of a teaching hospital in
Toulouse. The MICs of amoxicillin, amoxicillin-clavulanate,
ticarcillin, ticarcillin-clavulanate, piperacillin, piperacillin-ta-
zobactam (clavulanic acid and tazobactam were at fixed con-
centrations of 2 ug/ml and 4 pg/ml, respectively), and ceph-
alothin were determined by dilution in Mueller-Hinton agar
(Sanofi Diagnostics Pasteur, Marnes-la-Coquette, France)
with an inoculum of 10* CFU per spot.

A K pneumoniae strain (CF 004) producing only the chro-
mosomal SHV-1 enzyme, a K pneumoniae strain (CF 014)
producing both SHV-1 and TEM-1, and a K pneumoniae
strain (CF 024) producing SHV-1 enzyme at a high level were
studied as comparisons for the MIC determinations (Table 1).

K. pneumoniae CF 004 (SHV-1) was characterized by sus-
ceptibility to all B-lactams tested except for amoxicillin and
ticarcillin. The MIC for both of these drugs was 128 pg/ml. The
resistance patterns of K. pneumoniae TP 01 and TP 02 were
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characterized by high MICs of amoxicillin-clavulanate (with
clavulanate at a fixed concentration of 2 pg/ml) of 256 and 512
pg/ml, respectively, while that for TEM-1-producing strain CF
014 is only 32 wg/ml. MICs of ticarcillin-clavulanate for inhib-
itor-resistant TEM (IRT)-producing strains TP 01 and TP 02
(32 to 64 pg/ml) and the TEM-1-producing strain (32 pg/ml)
were similar.

Susceptibility to piperacillin is less reduced for IRT-produc-
ing strains (MICs, 8 and 32 pg/ml) than for the TEM-1-pro-
ducing strain (MIC, 64 pg/ml). Susceptibilities to the combi-
nation of piperacillin and tazobactam were similar for IRT-
and TEM-producing strains (MICs, 2 to 4 pg/ml).

In addition to amoxicillin-clavulanate resistance, the two
IRT-producing strains exhibited a susceptibility to cephalothin
(MIC, 4 pg/ml) similar to that observed for the SHV-1-pro-
ducing strain. The MIC of cephalothin for the TEM-1-produc-
ing strain is higher (8 pg/ml).

Strain CF 024 producing SHV-1 at a high level was charac-
terized by increased MICs of all the B-lactams listed in Table
1 for this strain.

The five K. pneumoniae strains presented similar suscepti-
bilities to cefoxitin (MICs, 2 to 8 pg/ml), cefotaxime (MICs,
0.03 to 0.06 pg/ml), and imipenem (MICs, 0.06 to 0.5 pg/ml).

Mating experiments for strains TP 01 and TP 02 were per-
formed with recipient E. coli HB101. Transconjugants were
selected on agar containing rifampin (100 pwg/ml) and amoxi-
cillin (100 pg/ml) or tetracycline (10 pwg/ml).

The blargy genes were transferred from strains TP 01 and
TP 02 to E. coli HB101 at a low frequency (=~107°). They were
located on a very large plasmid with a size of >180 kb which is
alone in the two wild strains (data not shown). The B-lactam
resistance phenotypes of the E. coli transconjugants obtained
(Table 1) were similar to those reported for the E. coli clinical
strains SAL and GUER, which produce IRT-1 and IRT-2,
respectively (25).

Isoelectric focusing performed with polyacrylamide gels con-
taining ampholines with a pH range of 3.5 to 10.0 (22) showed
that the B-lactamases produced by the two strains focused at a
pl of 5.2.

Single-stranded DNA templates for sequencing were gener-
ated by PCR performed at an asymmetric ratio of amplification
primers A and B (5, 19). The dideoxynucleotide chain termi-
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TABLE 1. MICs of B-lactams for different K. pneumoniae strains and E. coli transconjugants
MIC (pg/ml)
Species and strain (enzyme) Amoxicillin Ticarcillin Piperacillin '
Al With clavulanic With clavulanic With Cephalothin
one i Alone i Alone b
acid! acid tazobactam
K. pneumoniae®
TP 01 (IRT-1) 512 256 128 32 8 4 4
TP 02 (IRT-2) >1,024 512 256 64 32 4 4
CF 014 (TEM-1) >1,024 32 >1,024 32 64 2 8
CF 024 (high-level SHV-1) >1,024 128 >1,024 256 >256 >64 64
CF 004 (SHV-1) 128 2 128 4 4 2 4
E. coli¢
CF 01 (IRT-1) 128 64 16 8 1 1 4
CF 02 (IRT-2) 1,024 512 256 32 16 1 4

“ At a fixed concentration of 2 pg/ml.
b At a fixed concentration of 4 wg/ml.

¢ All K. pneumoniae strains also produced the chromosomally encoded SHV-1 B-lactamase.

4 E. coli HB101 transconjugants.

nation method of Sanger et al. (20) was applied to purified
PCR products with the Sequenase version 2.0 kit (Amersham-
France, Les Ulis, France) as previously described (5). Com-
plete sequencing of the TEM genes of K. pneumoniae TP 01
and TP 02 was performed.

The nucleotide substitutions relative to those in other blagy,
genes and the deduced amino acid changes observed in the
TEM B-lactamases from TP 01 and TP 02 were compared to
those in IRT-1 and IRT-2 (Table 2). The deduced amino acid
sequence of strain TP 01 showed an amino acid replacement
with respect to the TEM-1 sequence (1): Arg-244—Cys, cor-
responding to nucleotide change C—T at position 929. In
strain TP 02, the replacement observed at the same position is
Arg-244—Ser, corresponding to nucleotide change C—A at
the same position, 929. Analysis of the nucleotide sequences
revealed some silent substitutions relative to the blarpyqa
sequence at known positions: 226, 346, 436, 604, 682, and 925.
Positions 346, 604, 682, and 925 differed between the two
genes, with mutation Arg-244—Cys encoding IRT-1 enzymes
and mutation Arg-244—Ser encoding the IRT-2 enzymes.

Since 1989, TEM-derived B-lactamases which exhibit re-
duced activities against B-lactam antibiotics and resistance to
B-lactamase inhibitors (IRT enzymes) have been reported only
in E. coli strains (24, 9, 10, 22, 24-26).

The frequency of common plasmid-mediated B-lactamase
genes, especially the TEM-1 genes, and their ability to mutate

to code for mutant enzymes led to the supposition that Entero-
bacteriaceae IRT mutants occurred in species of Enterobacte-
riaceae other than E. coli, such as K. pneumoniae, a species
predominantly involved in the production of extended-spec-
trum B-lactamase mutants (17, 21).

In both E. coli and K. pneumoniae, high-level resistance to
amoxicillin-clavulanate associated with susceptibility to ceph-
alothin is an unusual resistance phenotype. However, to dis-
tinguish additional production of a TEM-1 enzyme at various
levels from production of an IRT mutant, it may sometimes be
required to take into account the resistance levels to other
B-lactams, such as piperacillin, cephalothin, or cefamandole
(data not shown), which increase according to the TEM-1
production level. Strains with high levels of SHV-1 enzyme
exhibit increased resistance levels to all penicillins and to ceph-
alothin and reduced susceptibilities to ceftazidime (16). This
phenotype resistance is noticeably different from that con-
ferred by production of an IRT enzyme.

The molecular characterization of the two genes encoding
the B-lactamases revealed a mutation of arginine residue 244,
which participates in the active-site binding of substrates and
clavulanate and plays a specific role in the inactivation process.
Its substitution by cysteine (IRT-1) or serine (IRT-2) removes
the ionic bond to the substrate in the active site, which results
in reduced affinities of these mutant enzymes for clavulanate

TABLE 2. Nucleotides and corresponding amino acid substitutions in the blargy, and bla;x 1 genes

Nucleotide at position (amino acid change)*:

Gene Source or
226 317 346 436 604 682 925 929 reference(s)

blarepan C C A C G T G C 23
blaren s T C A T T T G C 6,8
blarpns c A (Lys) G T G C A C 6,8
blagr ND? C A T T T G T (Cys) 3
blaygrin c c G T G C A T(Cys)  This study
blagr, ND C G T G C A A(Ser) 3
blaygry, C C A T T T G A (Ser) This study
Amino acid in TEM-1  Phe (6) GIn (39) Glu (48) Gly (78)  Ala (134)  Thr (160)  Gly (242)  Arg (244)

(position)©

“ Nucleotide numbering is according to Sutcliffe (23).
> ND, not done.
¢ Numbering according to Ambler et al. (1).
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and reduced efficiency of enzymatic activity for these mutants
(7, 11-13, 15).

In the TP 01 strain, the gene encoding the IRT-1 enzyme
differed from that reported by Belaaouaj et al. (2) by four silent
mutations at positions 346 (A—G), 604 (T—G), 682 (T—C),
and 925 (G—A). These four silent mutations were observed in
the blagy- gene, while at these positions, the IRT-1-encod-
ing gene previously described (2) is identical to the blarpp1p
gene. In the TP 02 strain, the gene encoding the IRT-2 enzyme
differed at the same four positions in the inverse manner from
that previously reported, since blag 1, in K. pneumoniae TP 02
is identical to blargpyqp, €Xcept at position 226 (T—C). We
suggest that the two genes described in this study be designated
blaygr.p, and bla,gy .

The first two IRT enzymes found in K. pneumoniae were the
same as the first two IRT enzymes identified in E. coli. The
IRT-1 (TEM-31) enzyme is rarely detected, since it has been
found in only one strain (strain SAL) (2), while the IRT-2
(TEM-30) enzyme was frequently encountered (~20% of IRT-
producing strains), as demonstrated in a recent study (9). After
this first characterization of IRT in K. pneumoniae strains, we
can expect the emergence of other IRT variants in this species,
in other species of Enterobacteriaceae, and in other TEM-
containing organisms, such as Haemophilus influenzae.
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