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Resistance to oxyimino cephalosporins was originally highlighted by the emergence of
plasmid-encoded extended-spectrum B-lactamases deriving by mutation from TEM-1,
TEM-2 and SHYV type enzymes (class A). The broader spectrum of resistance pro-
duced by these enzymes is related to more amino acid substitutions, but susceptibility
to seven alpha-methoxyimino cephalosporins and carbapenems was preserved until
recently. Clavulanate-sensitive extended-spectrum [-lactamases are distributed
worldwide, mainly among Klebsiella pneumoniae isolates. Novel clavulanate-sensi-
tive extended-spectrum B-lactamases deriving from other class A enzymes (e.g. MEN-1
from pla oxy, 0XA-11in Pseudomonas aeruginosa from PSE-2) have been reported.
Recently, clavulanate-resistant extended-spectrum p-lactamases (class C) were en-
countered amongst single isolates, mostly Klebsiella pneumoniae. These cephalo-
sporinases or cefamycinases (usually chromosomally mediated) have expanded the
spectrum of plasmid-encoded resistance to include seven alpha-methoxyimino cephalo-
sporins. Thus far, only two isolates (1 Pseudomonas aeruginosa, 1 Bacteroides
fragilis), both recovered in Japan, with plasmid-mediated resistance to carbapenems

have been found.

The major mechanism of resistance to B-lactam
antibiotics among clinical gram-negative isolates
is related to the production of B-lactamase. Many
B-lactams, including extended broad-spectrum
cephalosporins, which tolerate the B-lactamases,
have been improved for clinical purposes.

Nevertheless, the development of these highly
stable extended-spectrum cephalosporins at the
beginning of the 1980s was quickly followed by
the emergence of several transmissible extended-
spectrum B-lactamases identified among nosoco-

mial isolates of Klebsiella pneumoniae (review in

1,2). Such B-lactamases became problematic clin-
ically and have been shown to be derived from
SHYV or TEM type B-lactamases by one or more
amino acid substitutions (2). These B-lactamases
effectively hydrolyze broad-spectrum [B-lactam
antibiotics such as penicillins and cephalosporins,
including oxyimino B-lactams (cefotaxime, cefta-
zidime, aztreonam). Fortunately, they do not af-
fect cefamycins or methoxyimino cephalosporins,
carbapenems or penems.

Hapital Saint-Louis, Laboratoire de Bactériologie-Virologie,
1 avenue Claude Vellefaux, 75475 Paris Cedex 10, France.

More recently, several plasmid-mediated so-
called extended-spectrum PB-lactamases (FEC-1,
MEN-1, MIR-1,CMY-1,CMY-2, CMY-M, BIIL-1,
MOX-1, LAT-1 and OXA-11) were reported in
several countries (3-11, A. Bauernfeind et al,,
30th ICAAC, Atlanta, 1990, Abstract no. 190).
Some of them exhibited a wider spectrum of res-
istance including B-lactamase inhibitors and
methoxyimino B-lactams (cefoxitin, cefotetan,
moxalactam). Thus far, plasmid-encoded enzy-
matic resistance to carbapenems has been rare,
reported in only two clinical strains (Pseudo-
monas aeruginosa, Bacteroides fragilis) (12,13).

In view of the obvious differences between
enzymes classified as extended-spectrum B-lacta-
mases, 1.e. those producing resistance at least to
oxyimino B-lactams, there is a need to clearly
define these enzymes, which have received sev-
eral diverse denominations (cefotaximase, cefta-
zidimase, extended broad-spectrum B-lactamase,
methoxyimino pB-lactamase, cefamycinase and
oxyimino cephalosporinase) (2, 9,11). In fact, the
original definition of extended-spectrum B-lacta-
mases referred to all plasmid-mediated enzymes
derived from TEM and SHV types and causing
resistance to extended-spectrum cephalosporins
(1). Nevertheless, two other definitions emerged
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in the literature designating as extended-spec-
trum B-lactamases ail plasmid-encoded B-lacta-
mases that hydrolyze oxyimino B-lactams (2) or
those enzymes that hydrolyze extended broad-
spectrum B-lactams and are strongly inhibited by
clavulanate (14). The former definition includes
the chromosomal f-lactamase produced, even at
low levels, by Klebsiella oxytoca strains. Differen-
tiation of these enzymes is essential because their
spectrum of inactivation and their magnitude dif-
fer according to the group examined.

Keeping in mind the Ambler classification of B-lac-
tamases with class A (penicillinases, broad-spec-
trum enzymes), class B (metalloenzymes), class C
(cephalosporinases) and class D (some oxacillin-
hydrolyzing enzymes) (15, 16), it seems justified
to classify the plasmid-mediated extended-spec-
trum P-lactamases according to the following
scheme: class A, including TEM-3 to TEM-26 and
SHV-2 to SHV-6; class B, with two undesignated
metalloenzymes (MET); class C, with MIR-1,
BIL-1, CMY-2, MOX-1 and LAT-1; and class D,
with one novel example (OXA-11). Some other
extended-spectrum enzymes such as FEC-1,

FPM-1, CMY-1 and CTX-M cannot be placed
into such defined classes in the absence of results
relative to biochemical properties, amino acid or
DNA sequence, and DNA hybridization.

According to their main properties, the plasmid-
mediated extended-spectrum f-lactamases can
be divided in several groups, as outlined below.

Clavulanate-Sensitive TEM and SHV Type Beta-
Lactamases (Class A)

The majority of the plasmid-encoded B-lacta-
mases belong to class A and have been grouped as
TEM- or SHV-derived B-lactamases on the basis
of their substrate and inhibition profiles, isoelec-
tric points, DNA hybridization and amino acid se-
quences (1, 2, 17, 18). At least 25 different
enzymes have been characterized (TEM-3 to
TEM-26, SHV-2 to SHV-6). These modified B-lac-
tamases are derived by mutation from the well
known plasmid-encoded [-lactamases TEM-1
and TEM-2 and also from SHV-1 or other SHV

Table 1: Molecular basis of extended-spectrum beta-lactamases (class A).

Position (amino acid substitution)*

Beta-lactamase Resistance
37 102 162 203 235 236 237 261 phenotype
TEM-1 Gin Gilu Arg Gin Ala Gly Giu Thr
TEM-101° Gln Ser CAZa
TEM-12 (CAZ-3) Gin Ser CAZa
TEM-10 Gln Ser Lys CAZb
TEM-19(CTX-2) Gln Ser CTX
TEM-4 Gln Lys Ser Met CTX
TEM-9(RHH-1) Gin Lys Ser Met CAZb
TEM-5(CAZ-1) Gln Ser Thr Lys CAZb
TEM-6 Gln Lys His CAZb
TEM-2 Lys Glu Arg Gln Ala Gly Glu Thr
TEM-14 Lys Lys Met
TEM-3(CTX-1) Lys Lys Ser CTX
TEM-7 Lys Ser CAZa
TEM-8 (CAZ-2) Lys Lys Ser Ser CAZa
TEM-24 (CAZ-6) Lys Lys Ser Thr Lys CAZb
TEM-18 Lys Lys CTX
TEM-11 Lys His CAZa
TEM-16 (CAZ-T) Lys Lys His CAZb
SHV-1 Gln Asp Arg Arg Ala Gly Glu Leu
SHV-2 Gln Ser CTX
SHV-5(CAZ-4) Gin Ser Lys CAZb
SHV-3 Gln Leu Ser CTX
SHV-4(CAZ-5) Gin Leu Ser Lys CAZb

2 Amino acid residues are numbered as described by Sutcliffe for TEM-1, and should be numbered two less for SHV types

(review in 1, 2).
In vitro mutant (43).
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type B-lactamases of Klebsiella pneumoniae (16,
19-24).

Table 1 shows several examples of amino acid
substitutions for TEM-1, TEM-2 and SHYV type
derived enzymes. These changes occurred in posi-
tions close to the active site of enzyme, resulting
in a better affinity of the modified enzyme for -lac-
tams, including oxyimino B-lactams (cefotaxime,
ceftazidime, aztreonam). Several major features
are noteworthy.

Based on the number of substitutions, it is
possible to characterize different levels of resist-
ance, which explains some of the original names
of the extended-spectrum B-lactamases (e.g.
CTX-1 or CTX-2 for cefotaxime; CAZ-1, indicat-
ing greater resistance to ceftazidime than to cefo-
taxime) (20, 25-28), At least four resistance
phenotypes (CTX, CAZa, CAZb and ATM) have
been characterized, based on the number and po-
sition of amino acid substitutions (Table 2).

One single mutation resulted in a significant level
of resistance to ceftazidime when located in posi-
tion 162 (numbered as described by Sutcliffe for
TEM-1), for example TEM-12 and TEM-7

(CAZa phenotype) (Table 2). When located in
position 236 (serine instead of glycine), the resist-
ance phenotype is named CTX, Beta-lactamases
with this phenotype, such as TEM-3, SHV-2 and
SHV-3, have a low level of resistance to cefo-
taxime, ceftazidime, ceftriaxone and aztreonam. A
high level of resistance to ceftazidime, cefotaxime
and aztreonam simultaneously (CAZb pheno-
type) is related to a greater number of amino acid
substitutions, such as for TEM-10, SHV-4 and
SHV-5 (Table 2).

It seems that the introduction of cefotaxime was
followed in Europe by the selection of the CTX
phenotype, i.e. SHV-2, SHV-3 and TEM-3 (28,
29). Use of ceftazidime followed with the emer-
gence of other types (2, 25). In the absence of
ceftazidime, no CAZ-type enzymes were re-
covered in Tunisia (30). The fact that one single
mutation produces a low level of resistance to
ceftazidime alone (CAZa) or to ceftazidime,
cefotaxime, ceftriaxone and aztreonam simultan-
eously (CTX phenotype) (MICs usually between
1 and 2 pg/ml) is important because the emer-
gence of the lowest level of resistance would not

Table 2: Resistance phenotypes among Escherichia coli derivatives producing extended-spectrum beta-lactamases,

MIC (Lg/ml)
Beta-lactamase CAZ CAZ ATM Resistance
CTX CAZ ATM phenotype
CTX ATM CTX
Derived from TEM-1
TEM-101 (TEM-12) 0.06 4 0.25 66 16 4 CAZa
TEM-12 (CAZ-3) 0.5 32 2 64 16 4 CAZa
TEM-10 1 64 32 64 2 32 CAZb
TEM-19 (CTX-2) 2 1 0.5 0.5 0.5 0.25 CTX
TEM-4 8 16 2 2 8 0.25 CTX .
TEM-9 (RHH-1) 2 128 128 64 1 64 CAZb
TEM-5(CAZ-1) 8 128 8 16 16 1 CAZa
TEM-6 2 512 32 256 16 16 CAZb
Derived from TEM-2
TEM-7 0.5 64 2 128 32 4 CAZa
TEM-8 (CAZ-2) 2 128 8 64 16 4 CAZa
TEM-24 (CAZ-6) 8 512 128 64 4 16 CAZb
TEM-14 4 8 4 2 2 1 CTX
TEM-3(CTX-1) 8 16 8 2 2 1 CTX
TEM-18 2 4 2 2 2 1 CTX
TEM-16 (CAZ-7) H 128 16 128 16 16 CAZb
TEM-22 4 8 128 2 0.06 32 ATM
Derived from SHV types
SHV-2 2 2 0.5 1 4 0.25 CTX
SHV-5(CAZ-4) 4 32 32 8 4 8 CAZb
SHV-3 4 2 1 0.5 0.5 0.25 crX
SHV-4 (CAZ-5) 4 64 32 16 2 16 CAZb

CTX = cefotaxime; CAZ = ceftazidime; ATM = aztreonam.
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be detected (inadequate breakpoint). Isolates
producing such enzymes are highly resistant to
penicillins (amino-, carboxy- and ureidopenicil-
lins) and cephalosporins (e.g. cephalothin, cefa-
mandole, cefuroxime) (1,2,31,32). Infact,in clin-
ical practice the determination of MICs must be
performed either as initially proposed, with a high
inoculum in broth medium (27) or, more easily, by
using the double synergy test (29, 30, 33-35) ap-
plied to strains with a low level of resistance to
oxyimino cephalosporins.

Most of the strains initially appeared to be sus-
ceptible to oxyimino B-lactams such as cefo-
taxime, as demonstrated either by the determina-
tion of MICs (usually between 1 and 2 pg/ml) or
by the distribution of diameters of inhibition zone
sizes. These enzymes are highly sensitive to B-lac-
tamase inhibitors such as clavulanic acid (1-2, 17,
18,25,27,29,33,36-38). We strongly recommend
using the double-disk synergy test to detect iso-
lates producing these enzymes: whatever the res-
istance phenotype and the type of enzyme, a
highly synergistic effect has been demonstrated
between a disk containing a combination of 20 pg
amoxicillin and 10 pg clavulanic acid and a 30 ug
disk of ceftazidime, aztreonam, cefotaxime or
ceftriaxone.

In a few cases it is impossible to observe this type
of synergy for modified enzymes derived from
SHYV types (SHV-2, SHV-3, SHV-4) because an
adequate level of resistance is obtained only
when B-lactamase is overproduced by amplifica-
tion (M.H. Nicolas et al., 30th ICAAC, Atlanta,
1990, Abstract no. 276). In such cases of negative
synergy, cefuroxime was found to be the B-lactam
of choice for detection of these enzymes (unpub-
lished results). For a high level of resistance re-
lated to high synthesis of B-lactamase by IS inser-
tion (39), the synergy test may be negative.

A probable evolution between extended-spec-
trum types can be deduced from an observation in
a hospital in which originally the SHV-3 type was
found and later the SHV-4 (33). A similar obser-
vation was reported in a patient during a 24 h in-
terval treatment (TEM-12 and TEM-23 with the
same amino acid substitutions as those of TEM-
10) (40).

Considering the worldwide distribution and the
prevalence of enterobacteria producing TEM-1
B-lactamase, e.g. about 50 % of Escherichia coli
isolates, the selection of mutants with one amino
acid substitution will be easy, as demonstrated in
patients treated with ceftazidime (40—42). It was
recently suggested that selection is particularly

facilitated in patients treated with ceftazidime
monotherapy (42). It appears that the selection
pressure is less for cefotaxime than for cefta-
zidime when examined in Escherichia coli pro-
ducing TEM-1 or TEM-2 (23, 43). The actual
emergence of some CAZ resistance phenotypes
(TEM-12 and TEM-10, which derived from
TEM-1) following monotherapy could explain
the worldwide distribution of such B-lactamase
producing isolates. Furthermore, in the absence
of rules of designation, some enzymes not proven
to be unique, such as MGH-1, MGH-2, MRH-1,
YOU-1 and YOU-2, were observed more re-
cently in several areas, but some others did not re-
ceive a denomination (2).

Because of the lower prevalence of TEM-2
among strains of enterobacteria such as Klebsiella
prneumoniae and Escherichia coli instead of Pro-
teus mirabilis, the extended-spectrum enzymes
derived from TEM-2, such as TEM-3, were in-
itially infrequent and limited in certain areas (2).
TEM-22, which derived from TEM-3 by addi-
tional mutation (P. Courvalin, personal communi-
cation), exists in a single isolate (18). A similar
limited distribution has also been observed for
SHV-3 and, subsequently SHV-4. This is in con-
trast to SHV-2 and SHV-5, both of which derive
from SHV-1, which is produced mostly by Kleb-
siella pnewmoniae isolates (1,2, 30).

Extended-spectrum (-lactamase producing strains
of Klebsiella pneumoniae have been reported in
many countries from several continents, includ-
ing Europe, Africa, Australia, Asia and Central,

Table 3: Prevalence of resistance to oxyimino cephalosporins
in Klebsiella pneumoniae.

Country  Year No. of No.(%) Reference
hospitals ofisolates
France 1988 20 590 (11) 44
France 1988 12 977 (11.5) 45
France 1991 268 676 (10.2) b
France 1991 39 229 (38) -°
Senegal 1987-88 2 45 (74.6) 46
Greece 1986-89 1 353 (7.4) 47
Turkey 1992 1 (25) 48
UK 1991 1 70(14.3) 49
USA 1988 26 353 (7.4) -d
Morocco  1988-90 1 330(21) -°

4Non university hospitals.
F. Goldstein, personal communication.

€ Multicentre ICU survey, Merck Sharpe and Dohme.

dA A, Medeiros et al., 29th ICAAC, Houston, 1989, Abstract
no. 670.

©A. Benouda et al., 11th Interdisciplinary Meeting on Anti-
Infectious Chemotherapy, Paris, 1991, Abstract no. 334/P20.
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North and South America. Table 3 reports some
frequencies of extended-spectrum [-lactamase
producing strains for this bacterial species (44-49,
A.A. Medeiros et al. 29th ICAAC, Houston,
1989, Abstract no. 670; A, Benouda et al. 11th In-
terdisciplinary Meeting on Anti-Infectious Chemo-
therapy, Paris, 1991, Abstract no. 334/P20), the
highest being observed among isolates obtained
from intensive care units, as shown by a recent
French multicentre survey (MSD ICU multi-
centre survey). Klebsiella pneumoniae is the most
common [-lactamase producing organism (> 80 %
of enterobacteria examined), followed by other
enterobacteria such as Escherichia coli and, to a
lesser extent, Citrobacter freundii and Enterobac-
ter cloacae (28, 30, 34, 44, 45, 48). More recently,
Proteus mirabilis was implicated in one outbreak
(P. Nordmann, personal communication). Salmo-
nella isolates appeared more frequently among
neonates or infants and particularly in developing
countries (26, 30). One Salmonella typhi isolate
producing SHV-2 was also recovered (J.F. Vieu et
al., unpublished results).

Blahomologies
40 % B. vulgatus®

72 % K. oxytoca
>99 % PSE-2%

Sequence

No.

263 amino acids

798 bp
924 bp

Markers
SmTc

Tc Tmp Su
AmGmTm

74-78 MDa

85kb
160kb

Mass
100MDa

If Klebsiella pneumoniae is a preferential host,
this feature was not related to virulence factors
among isolates: 3.7 % produced aerobactin, 7 %
a mucoid phenotype and 2 % both factors, unre-
lated to the type of extended-spectrum [B-lacta-
mase produced (50). R-plasmid-encoded ad-
hesive factor was also found in some isolates (51).
Investigations with the double-disk synergy test
revealed the majority of the extended-spectrum
B-lactamases to be SHV types in France (35, 44)
while TEM types predominated in the USA (2,
A.A. Medeiros et al., 29th ICAAC, Houston,
1989, Abstract no. 670). The B-lactamase distribu-
tion varied from country to country (1, 2) and ac-
cording to the method used, such as oligotyping
with only TEM probes (52). In France, the TEM-3,
SHV-3 and SHV-4 types were predominant, un-
like findings observed in other countries, where
the types detected have been predominantly
SHV-2 and SHV-5 among isolates of Klebsiella
preumoniae. Since its discovery in West Germany
(53, 54), SHV-2 has been reported in various
countries such as Argentina, Australia, Chile,
China, France, Greece, Senegal, Spain, Switzer-
land, Tunisia, Turkey and the USA (29, 36, 38, 46,
49,53-57).

These enzymes were originally recovered from
patients hospitalized in intensive care units (28,
29, 53), The B-lactamase producing isolates were
obtained mostly from urine (about 50 % of iso-
lates) but also fromblood (around 15 %), pus and
wounds (30). In one instance they spread through

Plasmid
Recipient

E. coliA15
P aeruginosa PU21

E. coliCSH2
E. coliCSH2
E. coliCe00
P aeruginosa

yes

Transferred by
conjugation
yes
ye
ye
yes
n

Name
82 pFCXi1
72 pPM-1

8.4
6.4 pLMH-52

89 pMVP-3
5.4

pl

Species
P, aeruginosa

E.coli

P. mirabilis
E.coli
E.coli

P, aeruginosa

1988 (R)
1990 (R)
1991
1991

reported (R)
1986
1989

Year
isolated or
-2 by two amino acid substitutions: position 143 (serine for asparagine) and 157 (aspartate for glycine) (5).

Chromosomal location, no transposable element yet demonstrated (70, 72).

Country
Japan
Japan
France
Turkey
France

1.1 kb SnaB1 probe did not hybridize with TEM, SHV, PSE, ampC P. aeruginosa, L1 and L2 Xanthomonas maltophilia enzymes.

Am, amikacin; Gm, gentamicin; Tm, tobramycin; Sm, streptomycin; Su, sulphonamides; Tc, tetracycline; Tmp, trimethoprim.

Table 4 Otherextended-spectrum clavulanate-sensitive beta-lactamases (classes A and D orunknown).

3 Derived from PSE

b

Beta-

lactamase

FEC-1

FPM-1

MEN-1

CTX-M  Germany
OXA-11

PER-1°
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Table 5: In vitro susceptibility of Escherichia coli derivates (clavulanate-sensitive beta-lactamases) to antimicrobial agents,

MIC pg/ml
Beta-
lactamase Ampi- Cepha-  Cefur- Cefta- Cefo- Cefti- Aztre- Cefox- Moxa- Imi-
cillin lothin oxime zidime  taxime  zoxime onam itin factam penem.
FEC-1 >400 > 4007 > 400 12.5 200 1.56 25 1.56 0.39 0.78
FPM-1 400 400 400 3.13 100 0.78 - 0.78> - -
MEN-1 - - - 32 128 - - 4 1 0.5
CTX-M 128 - 1024 -2 16 0.25 8 4 - 0.03
OXA-11 >512 - - 32 0.25 - 32 2 0.5 0.25
PER-1 >512¢ 128 - 256 - 128 8 0.5 <0.03
4 Cephaloridine.
Cefmetazole.
¢ Amoxicillin.
Table 6: Enzymatic properties of clavulanate-sensitive extended-spectrum beta-lactamases.
Beta-lactamase
FEC-1 FPM-1 MEN -1 OXA-11 PER-1
Molecular mass 48kDa 26kDa 28kDa 27.5kDa 29kDa
Substrate profile (Vmax rel)
Benzylpenicillin - - 100 100 100
Ampicillin 17 29 - 72 1742
Oxacillin - - - 529 -
Carbenicillin - 8.2 8.2 38 75
Cephalothin 198 240 1300 - 473
Cephaloridine 100 100 - 0.6 356
Cefotaxime 23 20 170 1 1510
Ceftazidime 0.13 0.26 i 0.6 2470
Aztreonam - - 6.5 - 1
Cefoperazone 2.6 39 - - -
Cefoxitin - 0.01¢ - <0.1 <05
Imipenem - - - <0.1 0.5
Inhibition profile
Clavulanate 0.0093puMd  0.15uM4 0.1 pg/ml® 4.5uMe sensitive
Cloxacillin - 44 M resistant > 100puM resistant
Imipenem 0.41 uM 0.63uM - - sensitive

2 Amoxicillin.
Carbenicillin or ticarcillin.
€ Cefoxitin or cefmetazole.

dConcentration for 50 % inhibition of nitrocefin (150s).
€ Concentration for 50 % inhibition of benzylpenicillin (I50s).

a hospital, causing outbreaks, often in intensive
care units such as surgical, neurology or medical
wards (28, 29). Several types of outbreaks have
been reported involving different epidemiologi-
cal features, such as the spread of a conjugative
plasmid (58) and the spread of a Klebsiella pneu-
moniae strain (serovar K25) harbouring a large
conjugative plasmid among units of the same hos-
pital or among different hospitals (37, 59).

More recently, several outbreaks indicated a
broader dissemination among neonates, elderly
patients and even outpatients (60-66). Imported
cases have also been reported in the UK, Egypt
(67) and France as well as in several other Euro-
pean and African countries (unpublished results,
and V. Jarlier, personal communication). These
enzymes are usually encoded by transmissible
multiresistant plasmids (55, 58, 68). The genes
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conferring resistance to f-lactams are usually co-
transferred with other resistance markers such as
aminoglycosides, including netilmicin and ami-
kacin.

Other Clavulanate-Sensitive Beta-lactamases (Clas-
ses A, D or Unknown)

The above group of extended-spectrum p-lacta-
mases is distributed worldwide, however several
other enzymes from clinical isolates other than
Klebsiella pneumoniae, such as Escherichia coli,
Proteus mirabilis and Pseudomonas aeruginosa,
were recently reported in several countries
(Table 4) (2, 4, 5, 7, 69, 70). These enzymes are
plasmid-mediated, unlike PER-1. Nevertheless,
B-lactamases such as PSE-4 could be located on
the chromosome of Pseudomonas aeruginosa be-
cause of its transposable nature.

The most striking feature is that some of these
enzymes could be derived from class A [-lacta-
mases other than TEM and SHYV types, such as
the chromosomally mediated OXY type in Kleb-
siella oxytoca (71) and OXA-11, by two amino
acid substitutions from PSE-2 (Table 4) (5). The
progenitor of PER-1 could be derived from the
chromosomal B-lactamase CFXA of Bacteroides
vulgatus (72).

As indicated in Tables 5 and 6, these enzymes
mediated resistance to broad-spectrum penicil-
lins such as ampicillin, ticarcillin and piperacillin
as well as to some extended-spectrum cephalo-
sporins (cefotaxime, ceftazidime, cefuroxime)
and aztreonam. Nevertheless, the methoxyimino
cephalosporins (cefoxitin, moxalactam, cefmeta-
zole) and the carbapenems were highly stable. Fi-
nally, the effects of B-lactamase inhibitors were
variable, as expressed by the MICs or inhibition
profiles in terms of respective inhibitory concen-
trations (150s).

FEC-1 and FPM-1, identified as type I oxyimino
cephalosporinases, did not confer resistance to
ceftizoxime or ceftazidime. Both were highly sen-
sitive to clavulanate (0.0093 and 0.15 uM, respect-
ively) (7, 11). For MEN-1 and CTX-M, high
synergy was obtained between clavulanate
(2 pg/ml) and cefotaxime (from 32-fold to 256-
fold) (4, 69). For two extended-spectrum types
observed in a single Pseudomonas aeruginosa iso-
late, the synergistic effect with clavulanate (re-
spectively 4 and 2 pg/ml) combined with cefta-
zidime was 32-fold in Escherichia coli transconju-

Table 7: Extended-spectrum clavulanate-resistant beta-lactamases (class AmpC).

Sequence

Plasmid

pl

Year isolated or Species

Country

Beta-

AmpC homologies

No.

Markers

Mass

Transferred  Recipient

by conjugation

Name

reported (R)

lactamase

150bp  90.0 % E. cloacae

Hg

kb

44

E. coli C600

no

pMG230

1988 K. pneumoniae 84

UsAa

MIR-1

CmTc

80MDa

E. coli153-2
K. oxytoca

E.coli 8.8 yes

1989

Pakistan

BIL-1

E. cloacae

AmTm

E.coli A15 96 MDa

yes

pMVP-1

8.0

K. pneumoniae

South Korea 1989 (R)

CMY-1

Cm TcSu

93.6 % C. freundii

3020 bp

8.1 pMVP-2 yes E.coli 170kb

K. pneumoniae

1990

1991
1993 (R)

Greece

CMY-2

33amino 54.4 % P. aeruginosa

180kb Tc

E. coliCSH2
E. coli C600

yes

pRMOX1
pHP15

8.9
9.4

K. pneumoniae

Japan

MOX-1

acids

53MDa

no

K. pneumoniae

Greece

LAT-1

Am, amikacin; Cm, chloramphenicol; Hg, mercury; Tm, tobramycin; Tc, tetracycline; Su, sulphonamides.
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Table 8: In vitro susceptibility of Escherichia coli derivatives (class C beta-lactamases) to antimicrobial agents.

MIC (pg/ml)
Beta-
lactamase Ampi- Ampicillin+ Carben- Cepha- Cefo- Cefta- Cefox-  Moxa- Aztre- Imi-
cillin clavulanate  icillin lothin®  taxime  zidime itin® lactam onam penem
MIR-1 1000 >256 - - 64 128 >64 64 128 1
BIL-1 >128 R 128 >128 8 16 - - 4 -
CMY-1 2048 128 128¢ >1024 64 4 256 8 16 0.25
CMY-2 - - - - 32 128 256 2 64 0.25
MOX-1 >512 - - 512 >512 16 >512 >512 16 0.5
LAT-1 >128 64 128 - 128 64 64 ~ 64 1
A Cephalothin or cefazolin or cephaloridine.
Cefoxin or cefotetan,
¢ Piperacillin.
R = resistant.
Table 9: Enzymatic properties of class C beta-lactamases.
Beta-lactamase
MIR-1 BIL-1 MOX-1 LAT-1
Inducibility - - -
Substrate profile (Vmax rel)
Ampicillin 1 <1 40 1
Carbenicillin <1 <1 - <1
Cephalothin 122 1.2 - 130
Cephaloridine 100 100 100 100
Cefoxitin <1 - - <1
Cefotaxime 10 <1 201 <1
Ceftazidime 3 <1 1.5 1
Moxalactam ~ - 2.4 -
Aztreonam - - 80 -
Inhibition profileb
Clavulanate 210nM 362 uM 5.6 uM 800nM
Cloxacillin® 5nM 8.5uM 0.35uM 1nM
Aztreonam 0.4nM - - 0.2nM
Cefoxitin 6-10nM 4.1uM - 6.3nM
AVmax/Km.

Concentration for 50 % inhibition of nitrocefin, except for MOX-1 (cephaloridine, Ki).

€ Cloxacillin or ampicillin.

gant producing OXA-11 (5) and 2133-fold for
PER-1 in an Escherichia coli transformant (70).

Cephalosporinases/Cefamycinases (Class C)

A cephalosporinase is usually defined as an
enzyme that hydrolyzes cephalosporins (e.g. cepha-
loridine, cephalothin) four to eight times more ef-
fectively than ampicillin (11). Additionally, such
enzymes are strongly inhibited by ampicillin, car-
benicillin, cloxacillin and aztreonam (inhibition

concentration 50 % or I50s < 1 pM) but not by a
low concentration of clavulanate (I50s 100-fold
higher) (14).

The role of chromosomal enzymes, produced nat-
urally by Enterobacter spp., Citrobacter freundii
and Serratia marcescens isolates, is well docu-
mented. When overproduced, these enzymes
cause the strains to acquire resistance to oxyimino
and methoxy B-lactams (cefamycins) (73, 74).
Fortunately, only a few AmpC-related [3-lacta-
mases mediated by R plasmids have been re-
ported in different countries such as Greece,
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Japan, Pakistan, and the USA (Table 7) (2,3, 6,8,
9,10, 75, A. Bauernfeind et al., 30th ICAAC, At-
lanta, 1990, Abstract no. 190). This minor cluster
of plasmid-mediated B-lactamases recently char-
acterized produced resistance to B-lactams, e.g.
oxyimino and methoxyimino B-lactams, including
cefoxitin, cefotetan, cefmetazole and moxalac-
tam. Their spectrum most closely resembles those
of the chromosomal cephalosporinases (Table 8).
Otherwise, such enzymes were resistant to clavu-
lanate.

These extended-spectrum clavulanate-resistant
B-lactamases, e.g. MIR-1, BIL-1, MOX-1 and
LAT-1, showed the characteristic properties of
cephalosporinases (Table 9), based on molecular
mass (> 35 kDa), plI (alkaline), substrate profile
(preferential hydrolysis of cephalosporins), in-
hibition profile (highly sensitive to cloxacillin
and/or aztreonam) and poor inhibition by clavu-
lanate. It could be suggested that such enzymes
belong to the group of serine B-lactamases, gener-
ally encoded on the chromosome of gram-negat-
ive bacteria. However, such P-lactamases en-
coded by the bacterial chromosome belonging to
class C are usually inducible under the regulation
of AmpD, AmpR and AmpG in gram-negative
bacteria, including Enterobacter cloacae and Ci-
trobacter freundii. Nevertheless, the production
of such novel enzymes was expressed constitu-
tively in Escherichia coli (6, 8,10).

Finally, it was suggested that the total amino acid
sequence of such enzymes may share some homo-
logies with that of known class C enzymes
(Table 7). The B-lactamase MIR-1 showed homo-
logy at the amino acid sequence level with Entero-
bacter cloacae AmpC (8). The CMY-2 enzyme
was found to show a high degree of DNA homo-
logy with the chromosomal AmpC of Citrobacter
freundii (A. Bauernfeind et al., 32nd ICAAC, Ana-
heim, 1992, Abstract no. 1268). MOX-1 showed
significant homology in its N terminal amino acid
sequence with AmpC of Pseudomonas aerugi-

nosa (6). MOX-1 showed a closer relationship to
the chromosomal AmpC of Pseudomonas aerugi-
nosa PAO1 than to those of enteric bacteria, but
the blamox-1 probe did not hybridize with the
chromosomal ampC gene of Pseudomonas aeru-
ginosa PAOL (6).

Other plasmid-encoded f-lactamases (BIL-1,
LAT-1) were considered to be derivatives of
AmpC-type B-lactamase other than that of En-
terobacter cloacae, but no amino acid or nucleo-
tide sequences were reported. Furthermore,
these enzymes do not belong to a TEM- or SHV-
related type. This new aspect of resistance, re-
ported among a few clinical Klebsiella pnewmon-
iae isolates and one Escherichia coli isolate, is not
a major dilemma in hospital-acquired infections
with gram-negative bacteria. Only one outbreak
of MIR-1 was reported (8). However, it remains
unknown why only a few plasmid-mediated
AmpC-type B-lactamases have been found. Such
AmpC enzymes must be clearly differentiated
from other clavulanate-sensitive extended-spec-
trum B-lactamases to provide another therapeutic
choice, and such enzymes were obviously unde-
tectable by the double-disk synergy test (76).

Metalloenzymes (Carbapenemases)

Beta-lactamase-mediated resistance to carbape-
nems is still very rare in clinically important
species but may pose a threat in the future (77).
The chromosomally mediated metalloenzymes,
found amonyg isolates of Xanthomonas maltophilia
(L.1), Aeromonas sobria and Bacillus cereus, have
the broadest substrate profile among pB-lacta-
mases. The profile includes penicillins, oxyimino
cephalosporins, methoxyimino cephalosporins
and carbapenems. Furthermore, these enzymes
were resistant to B-lactamase inhibitors such as
clavulanate, sulbactam and tazobactam but inac-

Table 10: Extended-spectrum clavulanate-resistant metallo beta-lactamases (MET).

Beta- Country  Year  Species pl Plasmid
lactamase isolated or
reported Name Transferred Recipient Mass Markers
(R) by conjugation
MET A® Japan 1988 P aeruginosa 9.0 pMS350 yes P. aeruginosa 3i1MDa GmSu
METB  Japan 1992(R)  B. fragilis pBFUKI1 yes B. fragilisTM4000 13.6kb

8MET for metalloenzyme (14),
Gm, gentamicin; Su, sulphonamides.
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g tivated by chelating agents such as EDTA be-
g 2 g cause of an active-site zinc ion (77).
Za Thus far, only two isolates (1 Pseudomonas aeru-
. ginosa, 1 Bacteroides fragilis), both recovered in
g2ld S Japan and obtained by conjugation or a conjuga-
~alT = tion system, have been found to produce this type
of extended-spectrum B-lactamase (type II oxy-
- imino cephalosporinases or CXases) (Table 10)
5|4 (12, 13). As shown in Tables 11 and 12, such plas-
mid-encoded enzymes mediate a broad spectrum
o E of resistance to p-lactams, including oxyimino
55|88 cephalosporins, methoxyimino cephalosporins
=8| A and carbapenems.
Conclusions
:‘; £l 8 .
3= The development of highly stable extended-spec-
trum cephalosporins at the beginning of the 1980s
52| was a major therapeutic advance. Within a few
AR years, however, at least 30 types of transferable
©8 extended-spectrum B-lactamases had been identi-
2 . fied, mainly in nosocomial isolates of Klebsiella
BSEl S preumoniae. These enzymes have been shown to
Slég| be derived from SHV or TEM type p-lactamases
P by one or more amino acid substitutions. Based
2:; g on the level of resistance to cefotaxime, cefta-
N
5208
. .% 2 Table 12: Enzymatic properties of metallo beta-lactamases
g 3+ (MET).
2 o
= - MET A MET B
3 T3los
5 S R==] Molecular weight 28kDa -
3 a|ae
E Substrate profile (Vmax rel)
e 5E | Ampicillin 215 104
= BFleo Carbenicillin 391 -
E Prm o Piperacillin 145
e 5 Cephalothin 113 -
E 5 clo b Cephalqridine 100 100
Z SE(8 c: Cefotaxime 22 . 84
§ SElA g Ceftazidime 20 -
= %3 Cefoxitin 51 7
b + o g5 Moxalactam 193 146
E :_% E "§. g Aztreonam <1 ND
4 CRCANE-S I Imipenem 166 120
= g5 <2 Meropenem 37 146
0 b3 ©“
g <«° S8 -~ ,
8 , g - Inhibition profile
2 ‘E. El, £8 Clavulanate 02 -b
S 28| Sl I¥® EDTA 100* 444D
2 § ‘E. Activation Zn2+ (1 mM) 54 %
= S
5 2 s § T§ ‘;Percent inhibition tested at 100 uM.
o g E - E § .;..‘3 —, no inhibition at 500 pM; +++ excellent inhibition at
,"é 5o (He|lo & 100 pM.
= BE 22| ND, not detected.
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zidime and aztreonam, at least four susceptibility
patterns have been characterized (CTX, CAZa,
CAZb and ATM) in relation to the type and loca-
tion(s) of amino acid substitution. An evolution
of resistance (e.g. TEM-10 to TEM-12, SHV-2 to
SHV-5, SHV-3 to SHV-4) has been related to the
number of amino acid substitutions.

Clavulanate-sensitive enzymes, with an expanded
spectrum of resistance, are distributed worldwide
and their prevalence is highly variable. Within
this group of clavulanate-sensitive enzymes, the
most novel feature is that some of these enzymes
could be derived from class A p-lactamases other
than TEM and SHYV types, such as MEN-1 (from
Klebsiella oxytoca chromosomal enzyme) and
OXA-11 in Pseudomonas aeruginosa (from PSE-
2 by two amino acid substitutions).

In some countries a novel group of plasmid-en-
coded extended-spectrum [-lactamases, includ-
ing clavulanate-resistant cephalosporinases or ce-
famycinases or class C f-lactamases (usually
chromosomally mediated), have been identified
from single clinical isolates since 1988. These
enzymes (MIR-1, BIL-1, CMY-1, CMY-2, MOX-1,
LAT-1) have an extended spectrum of inactiva-
tion which includes methoxyimino cephalo-
sporins but not carbapenems. Carbapenemases
are to be the next generation of B-lactamases (77),
but to date, only two plasmid-encoded metal-
loenzymes have been reported.
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