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Plasmid-E'ncoded AmpC p-Lactamases: How Far Have
We Gone 10 Years after the Discovery?

Adolf Bauernfeind', Yunsop Chongz, and Kyungwon Lee’

The dogma that ampC genes are located exclusively on the chromosome was dominant until
about 10 years ago. Since 1989 over 15 different plasmid-encoded AmpC B-lactamases have béen
reported from several countries. Most of these enzymes evolved in two clusters. The major cluster
includes several enzymes with a high similarity to CMY-2, which is the closest related chro-
mosomal AmpC enzyme of Citrobacter freundii. A second cluster centers around CMY-1. It is
less homogeneous and not closely related chromosomal AmpC enzymes. Molecular diversification
by amino acid substitutions does not usually translate into a change in the resistance phenotype.
At this time, CMY-2 appears to be the most prevalent and widely distributed. Further global
increase of prevalence and diversity of plasmidic AmpC B-lactamases have to be anticipated in

the next millenium.
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Among gram-negative bacteria, enzymatic resis-
tance to §-lactams is mediated predominantly by two
major types of B-lactamases; chromosomally-en-
coded enzymes produced in high quantity either
constitutively or after induction (Ambler class C,
e.g. in Citrobacter (Lindberg and Normark 1986),
Enterobacter (Galleni et al. 1988), Serratia (Nomura
and Yoshida, 1990), Morganella morganii (Barnaud
et al. 1997), Yersinia enterocolitica (Seoane et al.
1992), Pseudomonas aeruginosa (Lodge et al. 1990)
or plasmid-encoded enzymes of Ambler class A
detected mainly in Escherichia coli, Klebsiella pneu-
moniae, Salmonella spp., and Shigella spp. These
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species usually do not produce AmpC B-lactamases
in amounts high enough to reach clinical resistance.
The dogma that ampC genes are located exclusively
on the chromosome was dominant until about 10
years ago. At that time two novel plasmidic bla
genes emerged independently at two widely distant
parts of the world, namely in Providence, R.I., USA
(Papanicolau et al. 1990) and in Seoul, South Korea
(Bauernfeind et al 1989). For the first time
AmpC-type bla genes were found to reside on
transmissible plasmids. There was no apparent link
between these two events and the nucleotide se-
quence of the genes coding for the enzymes are
highly dissimilar.

Were these discoveries just episodic curiosities
rising and setting at two locations more or less
simultaneously by chance? In fact, these reports
heralded a new evolutionary line in the development
of antibiotic resistance in human pathogens. Looking
back over the past decade tells us that we witnessed
the dawn of a group of B-lactamases which have
since become a clinically relevant factor of antibi-
otic resistance. )
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Fig. 1. Chronology of detection and classification of plasmid-encoded AmpC (-lactamases. Since the late 1980s,
the number of plasmid-encoded AmpC B-lactamases has been increasing continuously by 1 to 2 new enzymes

per year. i}
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Fig. 2. The 1998 cosmos of plasmidic AmpC-genes.
Polycentric constellation: one seven-membered group of
closely related enzymes (CMY-2,-3/4; LAT-1,-2,-3,-4;
BIL-1), one five-membered group of moderately related
enzymes (CMY-1; MOX-1; FOX-1,-2,-3) and three soli-
tary types. The distances are proportional to the number
of amino acid sequence differences.

Chronology of identification and molecular rela-
tionship of plasmid-encoded AmpC B-lactamases

Since the late 1980s, the number of plasmid-
encoded AmpC B-lactamases has been increasing
continuously by 1 to 2 (1.5 on average) new en-

Number 6

MIR-1/ACT-1 family, CMY-1/FOX/MOX family, (1 BIL-1/CMY-2/LAT family, \_} DHA-I,

zymes per year (Fig. 1). The classification of B-
lactamases may rely on phenotypic or genotypic
characters. The presumed amino acid sequence
obtained by translation of the nucleotide sequence is
used for genetic classification. It determines the
molecular fingerprint of the individual enzyme and
allows the analysis of relationships among f-
lactamases (Table 1).

Looking at the emergence of AmpC-type B-
lactamases over time, their evolution appears to pro-
ceed polycentrically around several ancestor en-
zymes (Fig. 2). At least two clusters of closely
related enzymes may be separated. The major cluster
includes enzymes with a high similarity to CMY-2
(Bauernfeind et al. 1996) (between 99.7% and
97.9% identity, that is 1 to 8 amino acids different
from CMY-2). The closest related (95.8% identity,
16 amino acid substitutions) chromosomal AmpC
enzyme is that of C. freundii.

Another cluster is associated to CMY-1. It is less
homogeneous and includes enzymes with amino acid
identities between 96.9% and 89.5% (11 to 38
amino acid exchanges). There is no closely related
chromosomal AmpC enzyme, since the least distant
is AmpC of Pseudomonas aeruginosa which dem-
onstrates only 54.4% identity in amino acid sequence
with CMY-1.
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Table 2. Amino acid exchanges within the CMY-2 family

Type of
B-lactamase

Amino acid at position

Si1 75

77

78

100 139 193 201 202 215 289 296 319
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E

anaoa >
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R S A
R
R

The number of amino acid substitutions indicates
that a direct phylogenetic lineage may exist within
the CMY-2 cluster. The evolution may have proce-
eded in the following sequence: CMY-2 — CMY-
3/-4 (Bret et al. 1998) — LAT-2 (Gazouli et al.
1996) — LAT-1 (Tzouvelekis et al. 1993), LAT-4
(Gazouli et al. 1998) — LAT-3 (Gazouli et al. 1998)
—> BIL-1 (Fosberry et al. 1994). In comparison with
CMY-2, amino acid substitutions are found in 16
positions altogether (plus 1 exchange in the signal
peptide) (Table 2). The number of amino acid
substitutions is between 1 (CMY-3/-4) and 8 (LAT-
3). By this procedure, enzyme-specific fingerprints
within the CMY-2 cluster are demonstrated. There
was no exchange close to the active site serine at
position 64. The closest substitution was found at a
distance of 11 amino acids at position 75. As no
major differences in resistance phenotype between
the enzymes were described, it may be supposed
that these 16 sites do not have a pronounced effect
on the catalytic activity.

Of the remaining enzymes, DHA-1 (Barnaud et
al. 1998) and ACT-1 (Bradford et al. 1997) de-
monstrate a low percentage of amino acid identity
(56.3%) between one another, DHA-1 is closely
related to AmpC of M. morganii (98.9%), while
ACT-1 is most similar to AmpC of E. cloacae
(87.6%). The recently detected AmpC-type B-lacta-
mase ACC-1 (Bauernfeind et al. 1998) is the most
unique of all. Its maximum amino acid sequence
identity is 52.3% (AmpC of Serratia marcescens) or
46.4% (FOX-2, Bauernfeind et al. 1997b).

Number 6

Relationship between structure and function of
plasmid-encoded AmpC B-lactamases

The process of molecular diversification is trac-
eable by sequencing of the bla-genes. Molecular
diversification by amino acid substitutions does not
usually translate into a change in the resistance
phenotype. To disclose relationships between struc-
ture and function in AmpC [-lactamases, strains
with unusual resistance phenotype are useful as
shown for CMY-1. This enzyme was first detected
in 1989 in Seoul. In 1995/96, the B-lactamase was
still present in isolates from patients in the same
area. The strains demonstrated an identical resis-
tance phenotype, except for MICs of ceftazidime
which was 4 pg/ml in 1989 and 64 pg/ml in 1995.
This finding opened an opportunity to investigate
the structure-activity relationship. So the bla-gene of
the strains from 1995 was sequenced and compared
with the sequence of the 1989 strain. Surprisingly,
99.7% identity in the amino acid sequence was
found, and the divergence was restricted to a single
amino acid exchange, namely from Asn at position
346 to Ile. When the Ile**® was substituted with
site-directed mutagenesis by Asn again, as in the
original strain, susceptibility to ceftazidime was
reconstituted (Bauernfeind et al. 1997a). This
indicated a catalytic function of position 346 in the
structure of AmpC enzymes.

Further extension of the knowledge about the
structure-activity relationship in AmpC enzymes
may be expected from in vitro amino acid sub-
stitutions - a rather laborious procedure, difficult to
focus by selection both of promising sites and amino
acids for exchange - or from clinical isolates ex-
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pressing an unusual resistance phenotype.JThough
the second approach is easier to analyse and to
interpret, its yield relies on the accidental detection
of mutants.

Distribution of plasmid-encoded AmpC B-lacta-
mases

Plasmid-encoded AmpC B-lactamases were found
to be produced by numerous pathogens, e.g. K.
pneumoniae, E. coli, Salmonella spp., P. mirabilis,
and C. freundii. Meanwhile, they were detected in
many countries as compiled in Table 3. At this time,
CMY-2 appears to be the most frequent and widely
distributed type of plasmid-mediated AmpC f-
lactamase.

There is only a rather limited amount of informa-
tion from which predictions for further development
may be deduced. So far, P-lactamases dissimilar
enough from known ones to justify their nomination
as new enzymes have been shown to evolve to
multi-membered families of related enzymes. The
number of amino acid differences may be low
enough to assume a linear evolution between related
enzymes (e.g. within the CMY-2 group). A tentative

Table 3. Global distribution of plasmid-encoded
AmpC B-lactamase

Type of B-lactamase Detected in

MIR-1 (Papanicolaou et al. 1990) USA
CMY-1 (Bauernfeind er al. 1989) Korea

BIL-1 (Fosberry et al. 1994) Pakistan
FOX-1 (Gonzalez Leiza Argentina
et al. 1994)
CMY-2 (Bauernfeind et al. 1996) Greece, Turkey,
Germany, USA
MOX-1 (Horii et al. 1994) Japan
DHA-1 (Barnaud et al. 1998) Saudi Arabia

LAT-1 (Tzouvelekis et al. 1993) Greece

FOX-2 (Bauernfeind et al. 1997b) Guatemala
ACT-1 (Bradford et al. 1997) USA

FOX-3 (Marchese et al. 1998) Italy

LAT-2 (Gazouli et al. 1996) Greece
CMY-3/-4 (Bret et al. 1998) France, Tunisia
ACC-1 (Bauernfeind et al. 1998) Germany

LAT-3 (Gazouli et al. 1998) Greece

LAT-4 (Gazouli et al. 1998) Greece

MOX-2 (Boyer-Mariotte Greece
et al. 1998)
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calibration of the phylogenetic clock might be the
time period between CMY-1a (1989) and CMY-1b
(1995). Assuming that CMY-1b did not appear
before 1995, it would have taken 6 years for one
point mutation. In conclusion we have to anticipate
that the evolution of ampC genes will continue as
the antibiotic selective pressure will persist. This
will result in further global increase of prevalence
and diversity of plasmidic AmpC B-lactamases in
the next millenium.
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