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A rapid increase in the prevalence of b-lactamase-producingMoraxella (Branhamella) catarrhalis strains has
been noticed during the last decades. Today, more than 80% of strains isolated worldwide produce b-lactamase.
To investigate b-lactamase(s) of M. catarrhalis at the molecular level, the BRO-1 b-lactamase gene (bla) was
isolated as part of a 4,223-bp HindIII fragment. Sequence analysis indicated that bla encodes a polypeptide of
314 amino acid residues. Insertional inactivation of bla in M. catarrhalis resulted in complete abrogation of b-
lactamase production and ampicillin resistance, demonstrating that bla is solely responsible for b-lactam
resistance. Comparison with other b-lactamases suggested that M. catarrhalis b-lactamase is a unique enzyme
with conserved residues at the active sites. The presence of a signal sequence for lipoproteins suggested that
it is lipid modified at its N terminus. In keeping with this assumption was the observation that 10% of
b-lactamase activity was found in the membrane compartment ofM. catarrhalis.M. catarrhalis strains produce
two types of b-lactamase, BRO-1 and BRO-2, which differ in their isoelectric points. The BRO-1 and BRO-2
genes from two ATCC strains of M. catarrhalis were sequenced, and only one amino acid difference was found
between the predicted products. However, there was a 21-bp deletion in the promoter region of the BRO-2 gene,
possibly explaining the lower level of production of BRO-2. The G1C content of bla (31%) was significantly
lower than those of the flanking genes (47 and 50%), and the overall G1C content of theM. catarrhalis genome
(41%). These results indicate that bla was acquired by horizontal gene transfer from another, still unknown
species.

Moraxella (Branhamella) catarrhalis is a gram-negative dip-
lococcus previously considered to be a harmless commensal.
However, in recent years it has become evident that this bac-
terium can indeed be pathogenic. It is the third most common
cause of upper respiratory tract infections in children and,
particularly in adults with chronic obstructive pulmonary dis-
ease, of lower respiratory tract disease (7, 10, 18, 30).
An important feature of M. catarrhalis is the production of

b-lactamase, which was first reported in 1977 (27, 33). Today,
more than 90% of the strains isolated worldwide produce
b-lactamase (12, 16, 31, 34). Apart from protecting the pro-
ducing bacteria against b-lactam antibiotics, the b-lactamase of
M. catarrhalis can also have indirect pathogenic effects by
blocking antibiotic therapy of concomitant infections with
more dangerous respiratory pathogens such as pneumococci,
as suggested by Wardle (41) and as experimentally confirmed
by Hol et al. (21).
The b-lactamases of M. catarrhalis can be divided into two

closely related types based on isoelectric focusing patterns
(40). The commoner pattern has been designated BRO-1 (pre-
viously Ravasio type [15]) and can be found in approximately
90% of the b-lactamase-producing strains in both Europe and
the United States (16, 31, 34). The remaining 10% has a dif-
ferent isoelectric focusing pattern, referred to as BRO-2. A
possible third type (BRO-3), only detectable on isoelectric
focusing gels after mild papain treatment of cell extracts, has

been described by Christensen et al. (11). However, Steingrube
et al. (37) considered this to be a membrane-bound precursor
molecule rather than a different enzyme. Isolates producing
the BRO-1 enzyme have been shown to be consistently more
resistant to ampicillin than strains of the BRO-2 type (16, 26).
This difference in MICs correlates well with the observation
that BRO-1 is produced at a level two to three times higher
than that of BRO-2 (39, 40).
While much is known about the biochemical properties of

the BRO enzymes, not much data concerning molecular as-
pects of the BRO genes are available. Although initial reports
suggested the presence of plasmid-encoded BRO-1 (13, 23), it
is currently believed that the genes encoding BRO-1 and
BRO-2 are located on the chromosome (14, 40). At present, it
is unclear whether BRO-1 and BRO-2 are the product of one
gene or are encoded by separate genes. We report here the
cloning, analysis, and insertional inactivation of the b-lacta-
mase gene from anM. catarrhalis patient isolate. Furthermore,
the BRO-1 and BRO-2 genes from ATCC strains 43618 and
43617 were sequenced, and differences observed in coding and
regulatory regions are discussed. Finally, our results strongly
suggest that the BRO genes were acquired by interspecies gene
transfer.

MATERIALS AND METHODS

Bacterial strains and plasmids. The M. catarrhalis strains used were 78301
(patient isolate, b-lactamase positive), 3.21S (carrier isolate, b-lactamase nega-
tive) (22), and ATCC strains 43617 (BRO-2) and 43618 (BRO-1). Escherichia
coli DH5a was used as the host strain for cloning and further analysis of the
b-lactamase gene in plasmid pUK21 (kanamycin resistant [38]). Plasmid pAlter-1
(tetracycline resistant; Promega Corporation, Madison, Wis.) was used for the
mutagenesis of the b-lactamase gene.
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Culture conditions. M. catarrhalis strains were grown by overnight incubation
at 378C on blood agar plates or in brain heart infusion medium (Difco Labora-
tories, Detroit, Mich.). E. coli strains were cultured in NZ broth or on NZ agar
(Bio 101 Inc., La Jolla, Calif.). Antibiotics were added as required at the follow-
ing concentrations: ampicillin, 10 mg/ml; kanamycin, 50 mg/ml; and tetracycline,
12.5 mg/ml.
DNA techniques. Unless otherwise mentioned, DNA techniques were per-

formed according to the protocols described by Ausubel et al. (3). Electrocom-
petent M. catarrhalis cells were prepared as described by Helminen et al. (20),
except that cells were stored at 2708C in 10% glycerol until use. Electroporation
was performed with a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond,
Calif.) set at a field strength of 12.5 kV/cm, with a pulse time of 5 ms (i.e., a
resistance value of 200 V). The capacity was held constant at 25 mF.
Cloning, mapping, and sequencing of the b-lactamase gene. Chromosomal

DNA from M. catarrhalis 78301 was digested with HindIII and was ligated to
HindIII-digested pUK21. The ligation products were transformed to E. coli, and
clones harboring the bla gene were selected for on plates containing both kana-
mycin and ampicillin. Five recombinants were obtained, all with the same 4.2-kb
insert as confirmed by restriction analysis and Southern blotting (not shown).
One clone, pMC100, was used for further characterization. To localize the bla
gene within the HindIII fragment, subclones with deletions on either side of the
HindIII fragment were generated with the Erase-a-base kit (Promega). DNA
sequencing was performed with an ABI 373A DNA sequencer according to the
instructions provided by the manufacturer (Applied Biosystems, Foster City,
Calif.). Both strands were sequenced with either the M13-sequencing primers or
primers deduced from the newly sequenced DNA.
Sequence analysis. For initial similarity searches, DNA and protein sequences

were compared with sequences in the GenBank and EMBL libraries by using the
BLAST algorithm (1). Further analysis of sequence data was performed with the
PC/Gene package (IntelliGenetics Inc., Mountain View, Calif.).
Insertional mutagenesis of the b-lactamase gene. A HindIII-EcoRV fragment

containing the bla gene (see Fig. 1) was subcloned into the pAlter-1 vector
digested with HindIII and SmaI, resulting in plasmid pMC200. Subsequently, a
kanamycin cassette was inserted into the unique restriction site BstXI located
within the bla gene as follows. After digestion of pMC200 with BstXI, the DNA
was treated with T4 polymerase to create blunt ends. The kanamycin cassette
(1.4 kb) was excised from plasmid pKan (5) by cleavage with HindII and was
subsequently ligated to the linearized pMC200. Recombinants were selected
for on tetracycline- and kanamycin-containing plates. One clone, designated
pMC200K, was used for further experiments. Proper insertion of the kanamycin
cassette into the BstXI site was verified by sequence analysis. The bla gene in M.
catarrhalis 78301 was inactivated as follows. Plasmid pMC200K was linearized by
digestion with EcoRV, which cuts once in the vector but not in the insert (the
EcoRV site used to clone the insert containing the bla gene was changed into a
hybrid EcoRV-SmaI site and was therefore lost). A 20-ml portion of electrocom-
petent M. catarrhalis cells was mixed with 0.5 to 1.0 mg of linear DNA in 5 ml of
distilled water in an electroporation cuvette (Bio-Rad Laboratories). Immedi-
ately after electroporation, the cells were added to 1.5 ml of brain heart infusion
broth and incubated at 378C for 6 h. The suspension was then plated on brain
heart infusion agar containing kanamycin. Several kanamycin-resistant M. ca-
tarrhalis clones were obtained, six of which were analyzed by Southern blotting.
All M. catarrhalis clones were found to be sensitive to tetracycline and did not
contain plasmid DNA, indicating that the kanamycin resistance gene was inte-
grated into the chromosome.
Southern blot analysis. Chromosomal DNA was digested with HindIII, sepa-

rated on a 1% agarose gel, and transferred to a Hybond N1 membrane (Amer-
sham, ’s-Hertogenbosch, The Netherlands). The probes were purified by gel
electrophoresis and were labelled with horseradish peroxidase with the enhanced
chemiluminescence (ECL) system (Amersham). Hybridization and detection of
hybridizing bands were performed under conditions indicated by the manufac-
turer of the ECL system (Amersham). A 1-kb DNA ladder (Gibco BRL, Life
Technologies B.V., Breda, The Netherlands) was used as a DNA size reference.
Detection of b-lactamase activity. To detect b-lactamase activity, a commer-

cially available chromogenic cephalosporin disk b-lactamase assay was used,
containing nitrocefin as substrate (Cefinase disks; BBL Microbiology Systems,
Cockeysville, Md.). The disks were examined for a yellow-to-red change as
evidence of a positive reaction. The amount of b-lactamase produced was quan-
titated according to the spectrophotometric method, by measuring the degrada-
tion of nitrocefin (25 mM; Oxoid Limited, Basingstoke, Hampshire, United
Kingdom) at 486 nm essentially as described by O’Callaghan et al. (32). All
measurements were performed at room temperature in phosphate (10 mM)-
buffered saline (PBS; pH 7.3) and repeated at least three times. b-Lactamase
activities were expressed as changes in absorbance (DA) per minute per milli-
gram of total protein present in cell extract (CFE), measured in the linear
portion of the hydrolysis curve.
Enzyme preparation and subcellular localization of b-lactamase. Overnight

cultures of bacteria were washed once with PBS and resuspended in the same
buffer. The suspension was subjected to sonication for fives times each for 1 min
at 48C in a Sonifier B-12 (Branson Sonic Power Co, Danbury, Conn.) sonicator,
after which it was centrifuged three times for 15 min at 3,000 3 g to remove
unbroken cells. The total protein content of the CFE obtained in this way was
measured by the Bio-Rad assay with bovine serum albumin as a reference and

was subsequently adjusted to 50 mg/ml. b-Lactamase activity was determined as
described above with 1 ml of CFE at this concentration. For fractionation
experiments, the CFE was centrifuged for 60 min at 150,000 3 g to separate
membranes from soluble proteins. The pelleted membrane fraction was washed
once with PBS–10% (vol/vol) glycerol before reconstitution to its original volume
in PBS. b-Lactamase activities for all fractions were determined as described
above.
PCR amplification and sequencing of BRO-1 and BRO-2. Chromosomal DNA

(10 ng/ml) of M. catarrhalis ATCC 43617 and ATCC 43618 was used for PCR
amplification of the BRO-2 and BRO-1 genes, respectively. Amplification was
performed in 25-ml reaction volumes containing 5 pmol of each primer, 0.1 U of
SuperTth DNA polymerase (HT Biotechnology Ltd, Cambridge, United King-
dom), and standard amounts of amplification reagents (200 mM each de-
oxynucleoside triphosphate, 50 mM Tris-HCl [pH 9.0], 50 mM KCl, 1.5 mM
MgCl2, 0.01% gelatin, 0.1% Triton X-100). Primers at positions 1494 (3F; 59-
CTTGGCGATGTCTACACC-39) and 2958 (3R; 59-AAGTTTGGCATTGAC
ACG-39) in the HindIII fragment were used for 25 cycles of amplification (30 s
at 958C, 1 min at 558C, and 1 min at 728C) with a ThermoCycler (Perkin-Elmer
Cetus, Gouda, The Netherlands). Sequencing of both strands was performed
with the same primers as well as with primers located within the amplified
product.
Nucleotide sequence accession numbers. The sequences reported in this study

are available under EMBL accession numbers Z54180 (BRO-1) and Z54181
(BRO-2).

RESULTS

Isolation and mapping of the M. catarrhalis b-lactamase
gene. Although the bla gene conferred only low levels of am-
picillin resistance (MIC for strain 78301, 4 mg/ml) to M. ca-
tarrhalis, we anticipated that insertion of the gene into a mul-
ticopy plasmid would result in significantly higher levels of
ampicillin resistance. Indeed, when a gene bank ofM. catarrha-
lis 78301, consisting of HindIII fragments in the multicopy
plasmid pUK21, was transformed to E. coli, five clones with
high levels of ampicillin resistance were obtained (MIC, .50
mg/ml). All clones analyzed contained vector DNA with an
apparently identical 4.2-kb HindIII insert. One of the recom-
binants, designated pMC100, was used for further analysis.
The insert consisting of 4,223 bp was sequenced on both
strands. The DNA sequence revealed the presence of three
open reading frames (ORFs), all in the same orientation (Fig.
1). To map the b-lactamase gene, deletion derivatives of plas-
mid pMC100 were generated by exonuclease III treatment and
were tested for their ability to confer ampicillin resistance and
nitrocefin conversion. Analysis of the deletion derivatives of
pMC100 (i.e. pMC097, pMC096, pMC105, and pMC106 [Fig.
1]) indicated that ORF2 constituted the gene coding for theM.
catarrhalis b-lactamase (designated bla). Sequence comparison
of the translated ORF2 to other b-lactamases confirmed this
assumption. Similarity searches indicated that ORF1 (493
amino acids) was homologous to Rhodococcus enantiomer-
selective amidase (28) (34.4% identical amino acid residues),
whereas ORF3 showed surprising similarity to PET112, a Sac-
charomyces cerevisiae nuclear gene product (29), i.e., 29%
identical amino acid residues. It has been suggested that the
PET112 protein is involved in the expression of mitochondrial
genes at the level of translation. Furthermore, ORF3 showed
significant similarity to hypothetical proteins found in Chla-
mydia trachomatis (24) and Mycoplasma genitalium (accession
number U01799).
Structure of the bla gene and its product. The nucleotide

sequence of the b-lactamase gene and its deduced amino acid
sequence are shown in Fig. 2. The bla gene encodes a polypep-
tide of 314 amino acid residues. A putative ribosome-binding
site (AAGGAG) is located 9 bp upstream of the first initiation
codon. Putative promoter sequences were found 29 bp up-
stream of the initiation codon. The potential 210 sequence
(AATAAT) begins at position 1732, with a possible 235 se-
quence (ATGATA) located 17 bp upstream of the 210 se-
quence, which is a spacing consistent with that described for
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E. coli promoters. The overall G1C content of the bla gene
was 31%, which is significantly lower than those of the flanking
ORFs (ORF1, 50.4%; ORF3, 46.8%) and of the reported
G1C content (41%) for the entire M. catarrhalis genome (10).
The amino acid sequence at positions 24 to 27 (LTGC) re-

sembles the consensus sequence of a prokaryotic membrane
lipoprotein lipid attachment site (19), suggesting that the M.
catarrhalis b-lactamase is a lipoprotein and is membrane bound
rather than periplasmic. Taking into account this potential sig-
nal peptidase II cleavage site, the proposed mature b-lacta-
mase would have an estimated relative molecular mass (Mr) of
32,504.
The motifs involved in the formation of the active site of

serine b-lactamases (17) could all be traced in the predicted
amino acid sequence of bla. In the ABL numbering scheme for
class A b-lactamases (2), the S of the S/XXK motif is at posi-
tion 70, the S of the (S/Y)DN motif is at position 130, the E of
the E/D motif is at position 166, and the K of the (K/H)(T/S)G
motif is at position 234. Taking into account the potential
signal sequence of 26 amino acids, for bla the S of the STIK
sequence is at position 65, the S of the SDN motif is at position
127, the E of the E/D motif is at position 162, and the K of the
KTG sequence is at position 230 (Fig. 2), which is in good
agreement with the ABL numbering mentioned above.
Comparison of the M. catarrhalis b-lactamase to other

b-lactamases. The nucleotide sequence of the bla gene did not
show significant sequence similarity to those of any known
b-lactamase genes. However, amino acid sequence comparison
did reveal a similarity of the bla product to other b-lactamases,
especially class A b-lactamases. Sequence alignment of bla to
five other b-lactamases (Fig. 3) revealed the presence of the
highly conserved serine active-site motifs at a similar location
within the amino acid sequence. The closest similarity of M.
catarrhalis b-lactamase was found with b-lactamase from Ly-
sobacter enzymogenes, a gram-negative, nonpathogenic soil
bacterium (6), i.e., 32% identity and 45% overall similarity.
The percentages of identical amino acid residues with the
other b-lactamases varied between 26 and 29%. No clear in-
dication as to the possible origin of the M. catarrhalis b-lacta-
mase could be obtained from these comparisons.
Generation of isogenic bla disruption mutants. To confirm

that the cloned gene is the only determinant of b-lactamase
and ampicillin resistance in M. catarrhalis, isogenic mutants
were generated by insertional inactivation of the bla gene.
b-Lactamase-negative mutants were constructed by allelic ex-

change with a cloned copy of the bla gene which was inacti-
vated by the insertion of a kanamycin cassette into the BstXI
site (Fig. 1). The inactivated b-lactamase gene was introduced
into M. catarrhalis 78301 by electroporation. To confirm that

FIG. 1. Physical and genetic map of theM. catarrhalis HindIII fragment contained in pUK21. Boxes represent ORFs; the b-lactamase gene (bla) is indicated by the
hatched boxes. The production of b-lactamase by pMC100 and its deletion derivatives (pMC097, pMC096, pMC105, and pMC106) is indicated on the right. Only
relevant restriction sites are shown.

FIG. 2. DNA sequence of the M. catarrhalis b-lactamase gene and the pre-
dicted amino acid sequence of its product. Nucleotide numbering is according to
the position in the 4,223-bp HindIII insert and is indicated on the left. Amino acid
numbering is presented on the right. The putative ribosome binding site (RBS) and
promoter sequences (210 and235) are underlined. The stop codon is marked by an
asterisk. The potential lipid attachment site (amino acids 24 to 27) is indicated by
boldface letters, and the signal peptidase II cleavage site is indicated by an arrow.
The serine active-site motifs SXXK, (S/Y)XN, E/D, and (K/H)(T/S)G as defined by
Ghuysen (17) are shown in boldface type and are underlined. The amino acid
residues constituting the end of ORF1 and the start of ORF3, respectively,
depicted at the beginning and end of the sequence, are indicated by small letters.
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the proper allelic exchange had occurred, Southern blot anal-
ysis of the resulting kanamycin-resistant M. catarrhalis clones
was performed. Chromosomal DNAs from the wild-type M.
catarrhalis strain 78301 and from two mutant derivatives were
digested with HindIII and were probed with the kanamycin
cassette. Since the bla gene is located on a 4,223-bp HindIII
fragment and the kanamycin cassette (1,400 bp) contains an
additional HindIII site, two DNA fragments (2,200 and 3,400
bp) were expected to hybridize with the kanamycin probe.
Indeed, these bands were observed in the mutant strains,
whereas no hybridizing bands were detected in the parental
strain (Fig. 4, left panel). When these same HindIII digests
were probed with a 1,900-bp BglI fragment containing the bla
gene (Fig. 1), the same bands hybridized in the mutant strains
and the expected 4.2-kb HindIII band reacted in the wild-type
strain (Fig. 4, right panel). These results suggest that an allelic
exchange has occurred in the mutant strains; the mutated bla
gene containing the 1.4-kb kanamycin cassette replaces the
wild-type allele.

b-Lactamase production by the wild-type and bla mutant
strains. To determine whether the wild-type strain 78301 was
able to produce more than one b-lactamase, b-lactamase pro-
duction by the mutant derivatives was measured with a quan-
titative spectrophotometric assay. CFEs of wild-type strain
78301, two mutant strains, and one strain which did not contain

the bla gene (3.21S) were prepared by sonication. The b-lac-
tamase activities observed in these extracts are listed in Table
1, clearly showing the absence of any b-lactamase production
in the mutant strains and the isolate (3.21S) lacking the bla
gene. Even when a 203 excess of CFE was used, no b-lacta-
mase activity could be observed in these strains. In contrast,
the wild-type strain 78301 showed a high level of b-lactamase
activity. Therefore, it appears that M. catarrhalis 78301 con-
tains only b-lactamase determinant.
Subcellular localization of b-lactamase activity. As men-

tioned before, a putative prokaryotic lipoprotein lipid attach-
ment site was observed in the amino acid sequence of M.
catarrhalis b-lactamase. Such sequences are lipid modified and
recognized by a distinct signal peptidase (i.e., type II). Further-
more, lipoproteins are membrane associated through their
lipid moiety. To determine the subcellular location of M. ca-
tarrhalis b-lactamase, we purified the membrane fraction from
the CFEs of three strains. Apart fromM. catarrhalis 78301, two
E. coli strains were used: one harboring the M. catarrhalis bla
gene on plasmid pMC100 and one with the gene for the
periplasmic E. coli TEM enzyme on plasmid pUC18. In E. coli,
44% of M. catarrhalis b-lactamase appeared to be membrane
bound (Fig. 5, upper panel; Table 2), in contrast to the
periplasmic TEM enzyme, of which only a negligible amount
(0.2%) was detected in the membrane fraction (Fig. 5, middle
panel; Table 2). InM. catarrhalis (Fig. 5, lower panel; Table 2),
10% of b-lactamase was found to be associated with the mem-

FIG. 3. Alignment of theM. catarrhalis b-lactamase with other b-lactamases.
Amino acid residues conserved in all sequences are indicated by asterisks. Se-
quence identity with M. catarrhalis b-lactamase is represented by dots. Dashes
indicate gaps introduced to maximize alignment. The serine active-site motifs are
shown in boldface type and are underlined in the bla sequence. Mcbla, M. catar-
rhalis b-lactamase; Lebla, L. enzymogenes b-lactamase (6); Rcbla, Rhodobacter
capsulatus b-lactamase (9); CARB-3, Pseudomonas aeruginosa b-lactamase (25);
BlaP, Proteus mirabilis b-lactamase (35); SHV-1, Klebsiella pneumoniae b-lacta-
mase (4).

FIG. 4. Southern blot analysis of wild-type and mutant strains. HindIII-di-
gested chromosomal DNAs from M. catarrhalis wild-type strain 78301 (lane B)
and two isogenic mutants (lanes A and C) were probed with either the kanamycin
cassette (left panel) or a 1.9-kb BglI-fragment containing the bla gene (right
panel). Molecular size markers in kilobases are indicated to the left.

TABLE 1. b-Lactamase production by M. catarrhalis
strains and knockout mutants

Strain b-Lactamase
type

b-Lactamase
activitya

% of BRO-1
activityb

78301 BRO-1 0.83 6 0.06 93
bla mutant 1 Knock out Not detectable Not detectablec

bla mutant 6 Knock out Not detectable Not detectablec

3.21S None Not detectable Not detectablec

ATCC 43618 BRO-1 0.896 0.22 100
ATCC 43617 BRO-2 0.276 0.04 30

a Expressed as DA per minute per milligram of protein 6 standard errors of
the means.
b Relative to strain ATCC 43618.
c ,0.1%.
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brane fraction. Therefore, it appears that the mature M. ca-
tarrhalis b-lactamase is, at least partly, produced as a mem-
brane-bound protein, suggesting that it is lipid modified.
Comparison of the BRO-1 and BRO-2 b-lactamase genes.

Two types of b-lactamase, designated BRO-1 and BRO-2,
have been described for M. catarrhalis. They differ in their
isoelectric focusing patterns (40). In addition, the BRO-1 en-
zyme is produced at levels higher than those for the BRO-2
enzyme (39, 40). To determine the molecular basis of these
differences, we sequenced the bla gene derived from two
ATCC strains (43618 and 43617, respectively) producing either
BRO-1 or BRO-2 b-lactamase. PCR amplification of the
BRO-1 and BRO-2 genes, with primers flanking the bla gene
derived from strain 78301, yielded a product of the expected
size (1.4 kb) from both ATCC strains. Both strands of the two
products were sequenced and compared with each other and to
the gene cloned from strain 78301. The sequence of the BRO-1
gene (strain 43618) appeared to be the same as that of the
cloned b-lactamase gene (Fig. 2). When the coding sequence
of BRO-1 and BRO-2 were compared, five base differences
were observed (not shown). However, only one (an A3G
substitution at position 2644 in Fig. 2) resulted in a difference
in amino acid composition between BRO-1 and BRO-2: a
glycine instead of an aspartic acid residue at position 294.
Alignment of the upstream regions of both BRO genes, how-
ever, did show some major differences (Fig. 6). First, a base
change in the putative ribosome-binding site was observed.
The most prominent differences were the two substitutions of
five and four consecutive bases and the 21-bp deletion ob-

FIG. 5. b-Lactamase activity in subcellular fractions. CFEs (closed circles)
from E. coli harboring either pMC100 (upper panel) or pUC18 (middle panel)
and from M. catarrhalis 78301 (lower panel) were fractionated into membranes
(open triangles) and soluble proteins (open squares) by ultracentrifugation.
Nitrocefin conversion was measured for 40 min at 486 nm.

FIG. 6. Comparison of the putative promoter regions of the BRO-1 and
BRO-2 genes. The upstream region of the two BRO genes as well as the se-
quence coding for the first nine amino acids, is aligned. The dashed line indicates
the 21-bp deletion in the upstream region of the BRO-2 gene. The putative
ribosome-binding site (RBS) and promoter sequences (210 and 235) of BRO-1
are shown in boldface type. Potential promoter sequences for BRO-2 are un-
derlined. The numbering of the BRO-1 sequence corresponds to that in Fig. 2.

TABLE 2. b-Lactamase activities in subcellular fractions

Strain Fraction b-Lactamase
activitya

% activity
of CFE

M. catarrhalis 78301 Cell extract 0.83 6 0.06 100
Membranes 0.08 6 0.02 10
Soluble proteins 0.60 6 0.09 73

E. coli pMC100 Cell extract 3.1 6 0.4 100
Membranes 1.4 6 0.1 44
Soluble proteins 1.8 6 0.4 60

E. coli pUC18 Cell extract 31 6 1.9 100
Membranes 0.07 6 0.02 0.21
Soluble proteins 31 6 2.6 97

a Expressed as DA per minute per milligram of protein6 standard error of the
means.

970 BOOTSMA ET AL. ANTIMICROB. AGENTS CHEMOTHER.



served 31 bp upstream of the BRO-2 gene. This deletion strong-
ly affects the putative promoter sequences (210 and 235)
indicated for BRO-1. However, within the upstream sequence
of the BRO-2 gene, other possible promoter sequences could
be identified (Fig. 6). All of these variations might contribute
to the lower level of production of the BRO-2 enzyme. To
confirm that the BRO-1 and BRO-2 enzymes were produced at
different levels, CFEs of ATCC strains 43617 and 43618 were
prepared and b-lactamase activities were measured. The re-
sults (Table 1) clearly demonstrated that BRO-1 was produced
in much higher quantities than BRO-2.

DISCUSSION

The b-lactamase (bla) gene of M. catarrhalis was cloned and
found to be localized on a 4.2-kb HindIII fragment, flanked by
genes sharing sequence similarity with Rhodococcus enanti-
omer-selective amidase (ORF1) and, surprisingly, with S. cer-
evisiae nuclear gene product PET112 (ORF3), which is thought
to be involved in the expression of mitochondrial genes. The
bla gene consists of 945 bp, potentially encoding a polypeptide
of 314 amino acids. This gene seems to be controlled by its own
promoter in E. coli, since b-lactamase production was detected
from clones with inserts in either orientation (not shown).
Promoter sequences consistent with consensus sequences of
E. coli promoters were found in the upstream region of the bla
gene. The product of the bla gene contains the consensus se-
quence of bacterial lipoproteins which is recognized by signal
peptidase II and is modified by the attachment of a lipid group
to the cysteine residue. The unmodified, mature protein of 288
amino acids has a predicted molecular mass of 32,504. Yokota
et al. (42) reported an Mr of 33,000 by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for M. ca-
tarrhalis b-lactamase purified from crude cell extract, while
Eliasson et al. (14) reported Mrs of 28,000 for papain-solubi-
lized BRO-1 and BRO-2, which were also determined by SDS-
PAGE. Moreover, values ranging from 36,500 to 41,000 based
on gel filtration of bands isolated from isoelectric focusing gels
have been described elsewhere (36). This heterogeneity in mo-
lecular mass might be explained by the occurrence of unmod-
ified and lipid-modified forms of the b-lactamase.
The presence of a consensus sequence characteristic for

gram-negative lipoproteins suggests that M. catarrhalis b-lac-
tamase is produced as a membrane-bound enzyme. Fraction-
ation of the b-lactamase activity (Fig. 5; Table 2) showed that
the enzyme is at least partly (10%) associated with membranes
in M. catarrhalis. When expressed in E. coli(pMC100), the
association ofM. catarrhalis b-lactamase to membranes is even
more prominent; about half of the enzyme activity was found
in the membrane fraction. The observation that not all of the
b-lactamase activity is associated with the membrane fraction
may be due to proteolytic removal of the lipid group. This
processing step may be more prominent in M. catarrhalis than
in E. coli, explaining why a smaller fraction of enzyme activity
is associated with membranes in the former. Definite proof
thatM. catarrhalis b-lactamase is a lipoprotein can be obtained
only from experiments showing that it actually contains lipids.
To our knowledge, lipid-modified b-lactamases have been de-
scribed only for gram-positive organisms.
The G1C content (31%) of the bla gene is unusually low

compared with the overall G1C content (41%) for M. ca-
tarrhalis, and even more so compared with those of the two
ORFs flanking the bla gene (50.4 and 46.8%). This could mean
that M. catarrhalis has acquired its b-lactamase gene by hori-
zontal transfer from another species. Comparison of the nu-
cleotide sequence to sequences present in the data base, how-

ever, did not reveal significant similarity with any known
b-lactamase genes. For serine active-site b-lactamases of class
A, four peptide motifs have been defined that are involved in
the formation of the active site (17). The predicted protein
sequence of M. catarrhalis b-lactamase conforms in every re-
spect to these consensus motifs and their distribution in pen-
icillin-interacting proteins (Fig. 3). Comparison of the amino
acid sequence of M. catarrhalis b-lactamase did reveal similar-
ity with other b-lactamases, especially with those of molecular
class A. The highest degree of identity obtained was with L.
enzymogenes b-lactamase (6), i.e., 32.3% identical amino acid
residues. Remarkably, the genes encoding these b-lactamases
must be quite different as judged by their G1C contents: 31%
for bla compared with 71.5% for the L. enzymogenes b-lacta-
mase. In a recent classification scheme based on functional
characteristics described by Bush et al. (8),M. catarrhalis b-lac-
tamases were assigned to group 2c, which are carbenicillin-
hydrolyzing b-lactamases inhibited by clavulanic acid. How-
ever, not all of the b-lactamases presented in Fig. 3 were
placed in this group. Therefore, although the enzymes with
highest similarity to bla all belong to the same molecular class,
the amino acid comparison does not seem to correlate with the
functional classification.
The insertion of a kanamycin cassette into the bla gene ofM.

catarrhalis 78301 resulted in a complete abrogation of b-lacta-
mase production (Table 1). In fact, the level of nitrocefin
degradation and ampicillin resistance (MIC, ,0.5 mg/ml) of
the mutant strains was similar to that of a strain which did not
contain the bla gene. Therefore, the gene described in this
paper does indeed encode the only detectable M. catarrhalis
b-lactamase.
Two types of b-lactamase, BRO-1 and BRO-2, have been

described for M. catarrhalis (40). They can be distinguished by
their isoelectric focusing patterns and by their levels of pro-
duction. To study the molecular basis for these differences, we
sequenced the b-lactamase genes from two ATCC strains
known to produce either BRO-1 or BRO-2. The genes coding
for BRO-1 and BRO-2 displayed only minor differences in the
coding sequence. Most of the nucleotide replacements were
silent, with only one mutation (A3G) resulting in an amino
acid substitution; BRO-2 contains a Gly residue instead of Asp
at position 294 (Fig. 2). Eliasson et al. (14) have described
distinctive isoelectric focusing patterns for papain-solubilized
enzymes with main bands of pI 6.5 for BRO-1 and pI 6.9 for
BRO-2. These differences could be explained by the amino
acid substitution observed: replacement of an acidic amino
acid residue (aspartic acid for BRO-1) by a neutral one (gly-
cine for BRO-2). More pronounced sequence diversity was
observed in the upstream region of the two genes (Fig. 6). The
21-bp deletion in the BRO-2 promoter region is the one most
likely to have a notable effect on promoter activity, affecting
both the potential 210 and the 235 sequence of BRO-1.
However, other putative promoter sequences could be recog-
nized in the BRO-2 upstream region. As suggested by Wallace
et al. (39, 40) and experimentally confirmed by us (Table 1),
BRO-2 is produced in amounts lower than those of BRO-1. On
the basis of the results presented in this paper, it seems that the
differences in MICs and production levels observed for BRO-1
and BRO-2 must be explained by a variation in promoter
sequence, while the enzymes themselves are more or less sim-
ilar in composition and activity.
One intriguing question as to the origin of the b-lactamase

of M. catarrhalis remains, especially since the G1C content of
the gene is not typical for this species. Only since the late 1970s
have b-lactamase-producing strains been reported, while today
the majority of the M. catarrhalis strains isolated are b-lacta-
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mase positive. We found no evidence for a transposon-encod-
ed b-lactamase, suggesting that bla was acquired through nat-
ural transformation. The rapid rise in b-lactamase-positive
strains might be explained by the acquisition of the bla gene by
horizontal gene transfer by a single progenitor strain, which is
followed by clonal expansion of this strain, having an advan-
tage over ampicillin-susceptible strains. Alternatively, many
different strains may have acquired the bla gene more or less
simultaneously. We are currently investigating these two hy-
potheses.
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