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From genomic DNA of the clinical isolate Nocardia farcinica VIC, a 1.6-kb Sau3AlI fragment was cloned and
expressed in Escherichia coli JM109. The recombinant strain expressed a 3-lactamase (pl, 4.6), FAR-1, which
conferred high levels of resistance to amoxicillin, piperacillin, ticarcillin, and cephalothin. The hydrolysis
constants (k_,, K,,, K;, and 50% inhibitory concentration) confirmed the MIC results and showed that FAR-1
activity is inhibited by clavulanic acid and at a low level by tazobactam and sulbactam. Moreover, FAR-1
B-lactamase hydrolyzes aztreonam (at a low level) without significant activity against ceftazidime, cefotaxime
and imipenem. FAR-1 mature protein of molecular mass ca 32 kDa, has less than 60% amino acid identity with
any other class A B-lactamases, being most closely related to PEN-A from Burkholderia cepacia (52%). A
blay,x_,-like gene was found in all studied N. farcinica strains, underlining the constitutive origin of this gene.

B-Lactamases are distributed almost ubiquitously in both
gram-positive and gram-negative bacteria. Based on sequence
analysis, these B-lactamases are divided into four molecular
classes: A, B, C, and D (1, 11). Most of the gram-positive
B-lactamases belong to Ambler class A, especially those de-
rived from filamentous soil bacterial species, such as Strepto-
myces, Actinomadura, Bacillus, and Mycobacterium spp. (39).

Nocardia spp. are soil organisms that are opportunistic
pathogens for humans and animals (4). The strains belonging
to this genus, which includes at least 12 different species, are
responsible for a wide spectrum of clinical diseases, especially
in immunocompromised patients. The number of such isolates
has increased twofold in France over the last 10 years (7). The
isolates belonging to N. farcinica species represent about 25%
of all Nocardia strains isolated in France (8). Moreover, the
frequent presence of this species as a cause of disseminated
human disease, its high virulence compared to the other No-
cardia species, and its high degree of drug resistance warrant
attempts to separate N. farcinica from the N. asteroides com-
plex in clinical laboratories and to study their resistance pro-
files.

Sulfonamides have been the mainstay for nocardiosis treat-
ment (38, 49, 60). Broad-spectrum cephalosporins, such as
cefotaxime and imipenem combined with amikacin, are used to
take potential advantage of these rapidly bactericidal agents
(20, 38, 54). These antibiotics seemed to improve antibacterial
treatment efficacy, although a B-lactamase activity is known to
occur in several nocardiae, such as N. asteroides, N. brasiliensis,
and N. farcinica (4, 20, 23, 54).

Partial biochemical characterizations of B-lactamases have
been reported for N. farcinica strains (52), while no informa-
tion is available concerning the molecular basis of Nocardia
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B-lactamases except for a nonpathogen N. lactamdurans isolate
(16), a species which, in fact, now belongs to the Streptomyces
genus.

In the present study, we have examined the (B-lactamase
activity of the N. farcinica VIC strain. We report the cloning
and the sequence analysis of a novel class A B-lactamase,
named FAR-1, and its distribution in several N. farcinica iso-
lates.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains used in this work are
listed in Table 1. The N. farcinica strains were identified by conventional methods
and by molecular techniques as described previously (34, 52) at the National
Reference Center for Mycosis, Antifungal Therapy and Actinomycetes (Institut
Pasteur, Paris, France).

Antimicrobial agents and MIC determinations. The antimicrobial agents used
in this study were obtained from standard laboratory powders and were used
immediately after their solubilization. The agents and their sources were as
follows: amoxicillin, clavulanic acid, and ticarcillin (Smith Kline Beecham, Nan-
terre, France); aztreonam and cefepime (Bristol-Myers Squibb, Paris-La Dé-
fense, France); ceftazidime (GlaxoWellcome, Paris, France); cephalothin (Eli
Lilly, Saint-Cloud, France); piperacillin and tazobactam (Lederle, Oullins,
France); sulbactam (Pfizer, Orsay, France); benzylpenicillin and cefotaxime
(Hoechst-Roussel, Paris, France); cefoxitin and imipenem (Merck Sharp &
Dohme-Chibret, Paris, France); and meropenem (Zeneca, Paris, France).

MICs were determined by an agar dilution technique on Mueller-Hinton agar
(Sanofi Diagnostics Pasteur, Paris, France) with a Steers multiple inoculator and
an inoculum of 10* CFU (40). All plates were incubated at 37°C for 18 h. The
MICs of B-lactams were determined alone or in combination with a fixed con-
centration of clavulanic acid (2 pg/ml), tazobactam (4 pg/ml), or sulbactam (8
pg/ml).

Cloning experiments and analysis of recombinant plasmids. Genomic DNA
of N. farcinica VIC was extracted as previously described (46). Restriction en-
zymes and other enzymes used in cloning experiments were from Amersham
Pharmacia Biotech (Orsay, France). Fragments from Sau3AlI partially digested
genomic DNA were ligated into BamHI-restricted phagemid pBK-CMV (Strat-
agene, La Jolla, Calif.). Ligation was performed at a 1:2 vector/insert ratio at a
final concentration of 200 ng of DNA in a ligation mixture containing 1 U of T4
DNA ligase at 4°C for 18 h. Recombinant plasmids were transformed by elec-
troporation (Bio-Rad Gene Pulser II; Bio-Rad, Ivry-sur-Seine, France) into
Escherichia coli JIM109 electrocompetent cells. Antibiotic-resistant colonies were
selected onto Trypticase soy (TS) agar plates containing amoxicillin (50 pg/ml)
and kanamycin (30 pg/ml).
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype or phenotype

Source or reference

E. coli IM109
proAB™ traA36)

Neomycin" and kanamycin"

The studied B-lactamase

Common susceptibility phenotype®

pBK-CMV phagemid
N. farcinica VIC

N. farcinica 94.0250
N. farcinica 94.0664
N. farcinica 95.0288
N. farcinica 95.0684
N. farcinica 96.0027
N. farcinica 96.0087
N. farcinica 96.0624
N. farcinica 96.0691
N. farcinica 96.0994
N. farcinica 96.1087
N. farcinica 97.0244
N. farcinica 3318
R. equi ATCC 6939

Common susceptibility phenotype
Common susceptibility phenotype

Common susceptibility phenotype
Common susceptibility phenotype
Common susceptibility phenotype
No B-lactamase producer

endAl hsdR17 gyrA96 A(lac proA) recABI relA supE44 thi F' (lacl? lacZAM15

Common susceptibility phenotype and AMC intermediate
Common susceptibility phenotype and AMC intermediate
Common susceptibility phenotype and AMC intermediate
Common susceptibility phenotype and AMC intermediate
Common susceptibility phenotype and AMC intermediate

Common susceptibility phenotype and IMP resistant

Laboratory collection

Stratagene
This study
CIP®

CIP

CIP

CIP

CIP

CIP

CIP

CIP

CIP

CIP

CIP
ATCC*
ATCC

“ A “common susceptibility phenotype” is amoxicillin, ticarcillin, piperacillin, ceftriaxone, and cefotaxime resistant and amoxicillin-clavulanate (AMC) and imipenem

(IMP) susceptible.
b CIP, Institut Pasteur Collection, Paris, France.
¢ ATCC, American Type Culture Collection, Rockville, Md.

Recombinant plasmid DNA was obtained from 100 ml of TS broth overnight
cultures grown in the presence of amoxicillin (100 pg/ml) at 37°C. The recom-
binant plasmid conferring resistance to amoxicillin was named pFAR-1. Plasmid
DNAs were obtained by using Qiagen columns (Qiagen, Courtaboeuf, France).
Plasmid mapping was performed after double restriction analysis. Fragment sizes
were estimated according to the 1-kb and 100-bp molecular-weight DNA ladders
(Amersham Pharmacia Biotech).

DNA sequencing and protein analysis. The 1,543-bp cloned DNA fragment
from pFAR-1 was sequenced on both strands by using an Applied Biosystems
sequencer (ABI377). The nucleotide sequence and the deduced protein se-
quence were analyzed by using the software available over the internet at the
National Center of Biotechnology Information website (41) and at Pedro’s Bio-
molecular Research Tools website (45). The Signalp program was used to screen
for putative signal peptide within the deduced protein sequence of FAR-1 B-lac-
tamase. Multiple protein sequence alignments were carried over the internet at
the University of Cambridge by using the program CLUSTALW. The B-lacta-
mases from the following strains were used for comparisons: Streptomyces cla-
vuligerus (Scla) (46), Actinomadura sp. strain R39 (AR39) (27), Burkholderia
cepacia (PEN-A) (56), Streptomyces lactamdurans (Slac) (17), Streptomyces ba-
dius (Sbad) (21), Mycobacterium tuberculosis (Mtub) (24), Mycobacterium fortui-
tum (blaF) (55), Bacillus licheniformis (Blip) (42), B. cereus (Bcer) (36), B.
amyloliquefaciens (Bamy) (57), Klebsiella oxytoca (KOXY) (22), Pseudomonas
aeruginosa (PER-1) (43), Staphylococcus aureus (PC-1) (15), and E. coli (TEM-1)
(13).

Hybridization experiments. Genomic DNAs from Actinomycetes strains were
extracted as previously described (33). Extracted DNAs were heat denatured for
5 min in boiling water and then chilled on ice. Two microliters (corresponding to
about 2 pg of DNA) of denatured DNAs was applied to a nylon membrane

Hinc 11

pBK-CMV

(Hybond N™"; Amersham, Courtaboeuf, France) and UV cross-linked for 2 min.
The membrane was incubated for 1 h at 42°C in a prehybridization solution
containing 100 pg of salmon sperm DNA per ml, 5X Denhardt solution, 0.5%
sodium dodecyl sulfate (SDS), 3 X SSC and 30% formamide. The DNA probe
consisting of the 700-bp HincIl-Smal fragment from recombinant plasmid
pFAR-1 (Fig. 1) was radiolabelled with [**P]dATP and [*P]dCTP with a ran-
dom-primer DNA labeling kit (Boehringer Mannheim, Meylan, France). Hy-
bridizations were performed at 42°C overnight in a Hybaid oven (Hybaid, Ted-
dington, United Kingdom). Then, two washes were performed successively in the
following two solutions: 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.5% SDS for 15 min at 50°C and 1X SSC-0.5% SDS for 15 min at 50°C.
Autoradiography was achieved by exposing the membranes to Kodak films at
—80°C for 18 h with intensifying screens.

Isoelectric focusing. Cultures of E. coli (pFAR-1) were grown overnight at
37°C in 100 ml of TS broth containing amoxicillin (100 pg/ml) and kanamycin (30
pg/ml). N. farcinica cultures were grown in TS broth at 35°C for 72 h in an
aerobic atmosphere. Bacterial suspensions were disrupted by sonification (two
times for 20 s at 20 Hz; Vibra Cell 300 Phospholyser; Bioblock, Illkirch, France)
and centrifuged (30 min, 10,000 X g, 4°C). The supernatants containing the
enzyme extract were subjected to isoelectric focusing (IEF) on a pH 3.5 to 9.5
ampholin polyacrylamide gel (Amersham Pharmacia Biotech) for 36 h at 10 W
of constant power on a flatbed apparatus (FBE-3000; Amersham Pharmacia
Biotech). The focused B-lactamases were detected by overlaying the gel with 1
mM nitrocefin (Oxoid, Paris, France) in 100 wM phosphate buffer (pH 7.0). The
pI values were determined and compared to those of known B-lactamases.

B-Lactamase purification. A 1-liter culture of E. coli IM109(pFAR-1) was
grown overnight. The bacteria were harvested for 10 min at 6,000 X g, and the
bacterial pellet was resuspended in 15 ml of 20 mM Bis-Tris {[bis(2-hydroxyethyl

100 bp
Bam HI

Sall

bla gAR-1

)

FIG. 1. Restriction endonuclease schematic map of the recombinant plasmid pFAR-1, which codes the B-lactamase FAR-1 from N. farcinica VIC. The thin line
represents the cloned insert from N. farcinica VIC; the dotted lines indicate vector pBK-CMYV, and the thick line represents the studied B-lactamase gene, with the arrow

indicating its translational orientation.
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imino]tris(hydroxymethyl) methane}, pH 5.5, at 4°C. The bacterial cells were
disrupted by ultrasonic treatment as described above. Residual cells and debris
were removed by centrifugation (48,000 X g for 30 min at 4°C). Nucleic acids
were precipitated by the addition of 0.2 M (7% [vol/vol]) spermin and centrifu-
gation at 100,000 X g for 60 min at 4°C. The supernatant was dialyzed overnight
at 4°C against 2 liters of 50 mM Bis-Tris buffer (pH 6.0) and was loaded onto a
column (1.6 cm by 5 cm) of Q-Sepharose Fast Flow (Amersham Pharmacia
Biotech) equilibrated in the Bis-Tris buffer. The B-lactamase was eluted with a
linear NaCl gradient (0 to 500 mM). Fractions containing activity, which was
detected with nitrocefin, were obtained after 40 min at 0.3 ml/min at an NaCl
concentration of 250 mM. The most active fractions were pooled, dialyzed
against 100 mM phosphate buffer (pH 7.0), concentrated (Centrisart-C30 micro-
centrifuge filters; Sartorius, Goettingen, Germany), and stored at 4°C until en-
zymatic testing. Purity was assessed by electrophoresis on an SDS-12% poly-
acrylamide gel stained with Coomassie blue R-250 (Sigma Chemical Co., St.
Louis, Mo.). The total protein concentration was estimated with the Bio-Rad
protein assay.

Kinetic measurements. All kinetic measurements were performed at 30°C in
100 mM sodium phosphate (pH 7.0). The initial rates of hydrolysis were deter-
mined spectrophotometrically with a Pharmacia UV2000 spectrophotometer.
The following wavelengths and absorption coefficients were used: for benzylpen-
icillin and amoxicillin, 232 nm (Ae = 1,100 M~' ecm™"); for ticarcillin, 235 nm
(Ae = 1,050 M~! em™"); for piperacillin, 235 nm (Ae = 1,070 M~! cm™1); for
cephalothin, 262 nm (Ae = 7,960 M~' cm™'); for cephaloridin, 255 nm (Ae =
9,360 M~! ecm™'); for ceftazidime, 260 nm (Ae = 8,660 M~! cm™1); for cefu-
roxime, 262 nm (Ae = 7,800 M~ ! ecm™1); for cefotaxime, 365 nm (Ae = 6,260
M~ em™); and for aztreonam, 318 nm (Ae = 640 M~' cm ™). Kinetic param-
eters were determined by recording the initial rates at different substrate con-
centrations and by analyzing the results with the regression analysis program
LEONARA written by Cornish-Bowden (17). The k., and K,, values were
estimated by using a nonlinear least-squares regression method with dynamic
weights (17). The K; and the 50% inhibitory concentration (ICs,) were deter-
mined, the latter value referring to the clavulanate, tazobactam, and sulbactam
concentrations that reduced the hydrolysis rate of 100 uM benzylpenicillin by
50% under conditions in which the enzyme was preincubated with various con-
centrations of inhibitor for 5 min at 30°C before addition of the substrate.

Determination of relative molecular mass. The relative molecular mass of
pFAR-1 plasmid B-lactamase was estimated by SDS-PAGE analysis. Crude
extracts and marker proteins were boiled for 10 min in a 1% SDS-3% mercap-
toethanol solution and then subjected to electrophoresis on a 12% gel (200 V,
4 h, room temperature) (32). Renaturation of B-lactamase activity after the
denaturing electrophoresis was performed as described previously (37).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported here will appear in the GenBank nucleotide database under accession
number AF024601.

RESULTS

Strain isolation. N. farcinica VIC isolate was recovered from
a brain abscess of a 53-year-old patient hospitalized in 1997 at
the Hospital Bicétre, Le Kremlin-Bicétre, France. Prior to
strain isolation, the patient had received empiric treatment
with amoxicillin and gentamicin followed by treatment with
imipenem, amikacin, and trimethoprim-sulfamethoxazole. Tri-
methoprim-sulfamethoxazole was continued for 6 months.
Based on the preliminary results of disk diffusion agar assays,
N. farcinica VIC was found to be resistant to penicillin, amoxi-
cillin, ticarcillin, and piperacillin; to piperacillin plus tazobac-
tam; to all cephalosporins (including ceftazidime and cefo-
taxime); and to aztreonam. It was susceptible to clavulanic acid
plus either amoxicillin or ticarcillin and to imipenem. This
clinical strain was also resistant to all aminoglycosides except
amikacin and to macrolides but remained susceptible to sul-
fonamides, trimethoprim-sulfamethoxazole, and ciprofloxacin.

Cloning of the B-lactamase gene. Partially Sau3Al-digested
DNA from N. farcinica VIC was cloned into the BamHI site of
pBK-CMV. Recombinant E. coli strains were selected onto
amoxicillin- and kanamycin-containing TS agar plates. Only
two recombinant E. coli strains were obtained from which
plasmids were extracted and analyzed. The inserts were esti-
mated to be of similar size (ca. 1.6 kb). A restriction map was
generated for one of them, pFAR-1 (Fig. 1).

B-Lactam resistance phenotype of E. coli harboring pFAR-1.
Using a double-disk diffusion assay, E. coli JIM109(pFAR-1)
revealed a moderate synergy between aztreonam and clavu-
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TABLE 2. MICs of B-lactams for N. farcinica VIC, E. coli JM109
harboring recombinant plasmid pFAR-1, and reference strain E.
coli IM109

B-Lactam MIC (pg/ml) for:

B-Lactam(s)*

N. farcinica E. coli E. coli
VIC IM109(pFAR-1)  JM109
Benzylpenicillin 512 ND? ND
Benzylpenicillin + CLA 8 ND ND
Benzylpenicillin + TZB 128 ND ND
Benzylpenicillin + SUL 256 ND ND
Amoxicillin 64 256 2
Amoxicillin + CLA 1 8 2
Amoxicillin + TZB 64 256 2
Amoxicillin + SUL 64 128 2
Ticarcillin 256 512 2
Ticarcillin + CLA 8 16 1
Ticarcillin + TZB 128 512 1
Ticarcillin + SUL 256 256 2
Piperacillin 512 32 1
Piperacillin + CLA 32 2 0.5
Piperacillin + TZB 256 32 0.5
Piperacillin + SUL 256 16 0.5
Cephalothin 128 8 4
Cephalothin + CLA 64 8 2
Cephalothin + TZB 128 4 2
Cephalothin + SUL 128 4 2
Cefoxitin 128 4 4
Cefoxitin + CLA 64 4 4
Cefoxitin + TZB 64 4 4
Cefoxitin + SUL 64 4 4
Ceftazidime >512 0.25 0.25
Ceftazidime + CLA >512 0.25 0.25
Ceftazidime + TZB >512 0.25 0.25
Ceftazidime + SUL >512 0.25 0.25
Cefotaxime 256 0.06 0.06
Cefotaxime + CLA 128 0.06 0.06
Cefotaxime + TZB 128 0.06 0.06
Cefotaxime + SUL 256 0.06 0.06
Aztreonam >512 1 0.12
Aztreonam + CLA 512 0.12 0.06
Aztreonam + TZB 512 1 0.06
Aztreonam + SUL 512 0.5 0.06
Cefepime 128 0.12 0.06
Cefepime + CLA 64 <0.06 0.06
Cefepime + TZB 128 <0.06 0.06
Cefepime + SUL 128 <0.06 0.06
Imipenem 1 0.06 0.06
Imipenem + CLA 1 0.06 0.06
Imipenem + TZB 1 0.06 0.06
Imipenem + SUL 1 0.06 0.06
Meropenem 0.25 <0.06 <0.06
Meropenem + CLA 0.25 <0.06 <0.06
Meropenem + TZB 0.25 <0.06 <0.06
Meropenem + SUL 0.25 <0.06 <0.06

“ CLA, clavulanic acid at a fixed concentration of 2 wg/ml; TZB, tazobactam
at a fixed concentration of 4 pg/ml; SUL, sulbactam at a fixed concentration of
8 pg/ml.

? ND, not determined.

lanic acid disks that was not observed with aztreonam combi-
nations containing tazobactam or sulbactam.

MICs of the B-lactams for E. coli IM109(pFAR-1) were
compared to those for N. farcinica VIC and for E. coli IM109
(Table 2). MIC values were consistent with the results obtained
from the disk diffusion assay. Aztreonam, as opposed to the
extended-spectrum cephalosporins, had decreased MICs for E.
coli IM109(pFAR-1). All B-lactams which had increased MICs
for E. coli IM109(pFAR-1) compared to E. coli IM109 had



VoL. 43, 1999

13
93
173

253

313

B-LACTAMASE FROM N. FARCINICA

GATCTCCTCGGC
CGGGCCGAACTCGCCGGCGEACGTGCCCCACCAGCCCTACAACAGGTCGATCGAACTGTCGACGGTCATCGGCAACTCCT
TCAGCCCCCGAGAATTACTGTGTGGCAGATTCACACTAATGAGCGGGGTGCTGCCGCGGACGGAATCGCGTGGTTCTGTG

ACAACGCTCCGGACCGCCGCGACCGCETCTGTGAGTGCTCACAGCECTCGCGTTGCGCGGCGETGEEGCGTCGGCCGAAG

ATG CCA GGC QTG GAT ATT TCC TTC CTG AAG AAA TCT GGT CGC CGG ACG ATG GCG GCC GCC
M P G v D I s F L K K s G R R T M A A A

GCG GCG ATC GCG CTA CTG GGC GGC TGC GGC GCG GAC GCG GGT TCC GAG CCC GCC ACC ACC
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A D A_['G s E P A T T

21 A A I A L L G G [ G
373 GCG GCG AGC ACG ACC GCG CCG AGC ACG GCC ACC GAC GCG GCG ACC GCC GAG TTC GCC GCA
41 A A s T T A P s T A T D A A T A E F A A
433 CTG GAA CAG CGA TCC GGC GCG CGG CTG GGC GTC TAC GCG GTC GAC ACG ACC AGC GGC GCC
61 L E Q R s G A R L G v b4 A v D T T s G A
493 GAG GTC GCC TAC CGG GCG GAC GAG CGG TTC GGC ATG GCC TCC ACC TTC AAG GGC CTG GCC
81 E v A Y R A D E R F G M A s T F K G L A
69
553 TGC GGC GCG CTG CTG CGC GAG CAC CCG CTG TCG TCC GGC TAT TTC GAC CAG GTC GTC CGC
101 ¢ G A L L R E H P L s 8 G Y F D Q v v R
613 TAC TCC CGC GAG GAG GTG GTG TCC TAT TCG CCG GTC ACC GAG ACC CGC GTG GAC ACC GGG
121 Y s R E E v v S Y 8 P v T E T R v D T G
104
673 ATG ACC GTC GCC GAA CTG TGC CAC GCC ACG ATC ACC GTC AGC GAC AAC ACC GCG GGC AAC
141 M T v A E L Cc H A T I T v s D N T A G N
733 CAG ATC CTG AARA CTG CTC GGC GGC CCC GCC GGT TTC ACC GCC TTC CTG CGC TCG CTC GGC
161 Q I L K L L G ¢} P A G F T A F L R s L G
793 GAC GAG GTG AGC CGG CTG GAC CGC TGG GAG ACC GAA CTC AAC GAG GTG CCG CCC GGC GAG
181 D E \% 8 R L D R W E T E L N E v P P G E
853 GAA CGC GAC ACC ACC ACC CCC GCC GCC GTG GCG GCG AAC TAC CGC GCG CTG GTG CTC GGT
201 E R D T T T P A A v A A N Y R A L v L G
182
913 GAC GTG CTC GCC GAG CCC GAG CGC GCC CAG TTG CGG GAC TGG CTG GTC GCC AAC ACC ACC
221 D v L A E P E R A Q L R D w L v A N T T
973 GGC GAC CAG CGC ATC CGT GCG GGC GTG CCC GCG GGC TGG ACG GTC GGC GAC AAG ACC GGC
241 6 D Q R I R A G v P A G W T v G D K T G
1033 GGC GGC AGC CAC GGC GGC AAC BRAC GAC GTG GCC GTG GCC TGG ACC GAG ACC GGC GAC CCG
261 G G s H (¢} G N N D v A v A w T E T G D P
238 240 244
1093 ATC GTC ATC GCC CTG CTC TCG CAC CGC ACC GAC CCC GCC GCC AAG GCC GAC AAC GCC CTG
281 I v I A L L s H R T D P A A K A D N A L
275
1153 CTC GCC GAG GCG ACC CGG GCG GTG GTC ACC GCC CTG CGA TGA GACGATCTGGATGCTGCACGAA
301 L A E A T R A v v T A L R *

1217

1296
1375
1454

CGGGAGCGCCGCGCCGCCGAACGCGCGGGCCGGGACCTCGACGCGACCGCGBECACCECCGACGACGCCGCCAAGGCCA

CCCCGGACATGCCGCATCCCGTGCTGACCTTCGCCAAGATCGCGGCGTTGTCGGAACGGGCCAGGCCGTAGGACTGATA
GCCGBGCTTGCCCCCGEGTTCCTGCACGACCGCACCCAGCGGEGTCATCTTCGCGCCETTGACACCGGCCACGACGTAG
GCGAACGGGCCGAAGAACGCCATGTCGACGTTGCCCGCGATGATGCCCTCGACCACGCCCGCGTAGTCGGACGCCTGCA

1533 CGAAGTCGATC 1543

FIG. 2. Nucleotide sequence of the 1,543-bp fragment of pFAR-1 containing the B-lactamase coding region. The deduced amino acid sequence is designated in
single-letter code below the nucleotide sequence. The start and stop codons and the five structural elements characteristic of class A B-lactamases are in boldface.
Additionally, a putative second start site (GTG) is underlined. Inverted repeat sequences are underlined by convergent arrows. The “[” symbol indicates the putative
cleavage site for the leader peptide. The 1,543 bp are numbered successively, and the amino acid numbering is according to the method of Ambler (1). Important amino
acid positions of the deduced protein FAR-1 compared to those of TEM-1 are numbered; Ambler positions 69, 104, 182, 238, 240, 244, and 275.

reduced MICs in the presence of clavulanic acid, whereas
tazobactam and sulbactam failed to inhibit totally the B-lacta-
mase activity.

Sequence analysis of the N. farcinica B-lactamase gene. The
nucleotide sequence of the B-lactamase gene and its deduced
amino acid sequence are shown (Fig. 2). Analysis of the
1,543-bp insert for coding regions revealed a sufficiently large
open reading frame (ORF) of 939 bp from nucleotide 252 to
nucleotide 254. A putative ATG initiation codon at positions
252 to 254 could have been retained but no putative ribosome-
binding site (RBS) was found immediately upstream. Another
putative GTG initiation codon at positions 261 to 263 was

preceded 9 bp upstream by a putative RBS (GAAGA, posi-
tions 249 to 253; Fig. 2). Inverted repeats (positions 1225 to
1230 [CCGCGC] and positions 1238 to 1244 [GCGCGG])
were found downstream from the ORF and may act as a
Rho-dependent transcriptional terminator. Conversely, no pu-
tative sequence for any bacterial promoter was found upstream
from the ORF.

The overall GC content of the ORF was 72.2%, which is
close to the expected range of G+C ratio of the Nocardia
genus (64 to 72%) (35). It results (as in genes from Streptomy-
ces sp. ([21], Actinomadura sp. [27], or Mycobacterium tubercu-
losis [24]) in a highly biased codon usage with a remarkable
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TABLE 3. Steady-state kinetic parameters of the purified
FAR-1 B-lactamase
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TABLE 4. Comparison of ICs, and K; values of B-lactamase
inhibitors for FAR-1 and TEM-1 B-lactamases

Substrate Keae (s71) K, (uM) KeadK,py (WM =571
Benzylpenicillin 165 30 55
Amoxicillin 190 50 3.8
Ticarcillin 49.5 31 1.6
Piperacillin 412 45 9.2
Cephalothin 14 104 0.13
Cephaloridine 131 >500 <0.1
Cefuroxime 33 >500 <4 x 1073
Ceftazidime NH¢ ND” ND
Cefotaxime 5 >500 <6x 1073
Aztreonam 13.2 400 <0.02

“ NH, not hydrolyzable.
> ND, not detectable.

codon preference for guanosine or cytosine at the third posi-
tion (>95%), with NNC codons being used in 59.6% of the
cases, NNG codons being used in 35% of the cases, NNT
codons being used in 2% of the cases, and NNA codons being
used in 3.4% of the cases.

The deduced protein sequence of the ORF was 313 amino
acids long. A signal peptide with a putative cleavage site lo-
cated between the 33rd and the 34th amino acids was found
(Fig. 2). The resulting protein of 280 amino acids had a theo-
retical molecular mass of 30 kDa and a computed pI value of
4.7 (5, 6), which fits the experimentally determined pl and
molecular mass values of 4.6 and 32 kDa, respectively. More-
over, the amino acid sequence at positions 25 to 29 (LLGGC)
resembled the consensus sequence of an attachment site of a
prokaryotic membrane lipoprotein (26).

Within the mature protein sequence, FAR-1, a serine-thre-
onine-phenylalanine-lysine tetrad (S-T-F-K) was found at
amino acid positions 70 to 73, according to Ambler numbering
(1); this tetrad included the conserved serine and lysine amino
acid residues characteristic of B-lactamases possessing a
serine-active site or penicillin-binding proteins (Fig. 2) (29).
Three structural elements characteristic of class A B-lactama-
ses were found: serine-aspartic acid-asparagine (S-D-N) at po-
sitions 130 to 132, glutamate-X-glutamate-leucine-asparagine
(E-X-E-L-N) at positions 166 to 170, and lysine-threonine-
glycine (K-T-G) at positions 234 to 236 (Fig. 2).

The comparison of FAR-1 indicated a relationship with sev-
eral class A B-lactamases. The highest identities were found
with the B-lactamases from B. cepacia (52%), S. lactamdurans
(51%), Actinomadura sp. strain R39 (50%), M. tuberculosis
(48%), S. clavuligerus (47%), S. badius (45%), B. amylolique-
faciens (44%), B. licheniformis (43%), B. cereus (42%), and K.
oxytoca (43%). The amino acid identity with a B-lactamase of
M. fortuitum was only 37%.

Biochemical properties of FAR-1 B-lactamase. The specific
activity of purified FAR-1 B-lactamase from E. coli JM109 was
6.5 pmol - min ' - mg of protein~ ', determined with 100 pM
benzylpenicillin as the substrate. The overall recovery of
FAR-1 B-lactamase was 90%, with a 30-fold purification. SDS-
PAGE analysis revealed that FAR-1 B-lactamase was very
weakly expressed in E. coli JIM109 harboring pFAR-1. The
kinetic parameters of the B-lactamase FAR-1 revealed its
strong activity against penicillins and early-generation cepha-
losporins (Table 3). Aztreonam was a substrate for FAR-1
even if its affinity and hydrolysis rates were low.

ICs, results with cephaloridine (100 uwM) as the substrate
showed that FAR-1 was less inhibited by the inhibitors than
TEM-1 (Table 4). Its susceptibility to inhibitors was in the

Clavulanic acid Sulbactam Tazobactam

B-Lactamase ICso K ICsy K ICsy K
M) (uM)  (pM) (wM) (+M) (+M)

FAR-1 0.3 1.3 600 180 20 4.3
TEM-1 0.08 0.1 6.1 0.9 0.1 0.01

following decreasing order: clavulanic acid, tazobactam, and
sulbactam.

Distribution of B-lactamase FAR-1. All the studied strains
belonging to N. farcinica species showed the same B-lactam
resistance profile except for amoxicillin-clavulanate, for which
full susceptibility or intermediate levels of resistance were ob-
served (data not shown). Moreover, N. farcinica CIP 96.0994
was resistant to imipenem (MIC, 64 pwg/ml). These strains were
B-lactamase positive as assessed by the positive results of the
nitrocefin test. IEF results showed that all strains produced a
single B-lactamase of pl 4.6 (data not shown). These strains
showed positive dot blot hybridization results when the 700-bp
Hincll-Smal fragment internal to blay,,_; Was used as a probe

(Fig. 3).

DISCUSSION

N. farcinica VIC expresses a novel class A B-lactamase
named FAR-1. The GC content and codon usage of its gene
corresponded to those of actinomycetes or taxonomically re-
lated species. The determined molecular mass of 32 kDa cor-
responds to that of class A B-lactamases. A protein comparison
with other class A B-lactamases showed that FAR-1 had the
greatest percentage of identity with B-lactamases from actino-
mycetes (S. clavuligerus [47%), Actinomadura sp. strain R39
[50%], S. lactamdurans [51%], S. badius [45%], and M. tuber-
culosis [48%]). It was also related to class A B-lactamases from
Bacillus sp. and, surprisingly, from B. cepacia and K. oxytoca.

The comparison of inhibitor properties of FAR-1 to TEM-1
underlines that clavulanic acid was less active against FAR-1
than against TEM-1 and that sulbactam was the weakest in-
hibitor of FAR-1 activity. Analysis of the three-dimensional
structure of some inhibitor-resistant TEM derivatives high-
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FIG. 3. Dot blot hybridizations of different strains with the radiolabelled
700-bp Hincll-Smal internal probe for blagsg.,. Blots: 1, E. coli JM109 (negative
control); 2, N. farcinica 94.0250; 3, N. farcinica 94.0664; 4, N. farcinica 95.0288;
5, N. farcinica 95.0684; 6, N. farcinica 96.0027; 7, N. farcinica 96.0087; 8, N.
asteroides; 9, N. farcinica 96.0624; 10, R. equi ATCC 6939 (negative control); 11,
N. farcinica 96.0691; 12, N. farcinica 96.0994; 13, N. farcinica 96.1087; 14, N.
farcinica 97.0244; 15, N. farcinica VIC; and 16, E. coli JM109(pFAR-1).
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lights that some amino acids, such as Met69, Met182, Arg244,
Arg275, or Asn276, are important for inhibitor activity (9, 10,
12, 13, 18, 28). Therefore, the amino acid changes found in
FAR-1 compared to TEM-1, i.e., Met69Arg (Met69 changed
to Arg), Met182Thr, Arg244Asn, or Arg275Asp, may explain
its low susceptibility to tazobactam and sulbactam (Fig. 2).
Very few studies show that B-lactamase activity is observed for
all N. farcinica isolates (2, 52). According to Ambaye et al. (2),
N. farcinica strains are always resistant to amoxicillin and sus-
ceptible to amoxicillin-clavulanate. Although the amoxicillin-
clavulanate combination may be used for treating nocardiosis
due to N. farcinica, any other B-lactam combination with ta-
zobactam or sulbactam should be excluded. Sulbactam and
tazobactam weak inhibitor activities against FAR-1 are similar
to those found against a B-lactamase from M. fortuitum (3, 19).
However, both of these enzymes are distantly related to one
another (55).

FAR-1 has specific hydrolysis activity toward aztreonam (at
a low level), while none was found towards ceftazidime, cefo-
taxime, and imipenem. This characteristic is rather specific to
FAR-1 compared to the previously published gram-positive
class A B-lactamases (38, 44). A few substitutions on TEM-
1-derived class A B-lactamases, especially Glul04Lys,
Ala238Gly, and Glu240Lys, have been found to increase hy-
drolytic activity toward aztreonam, ceftazidime, or cefotaxime
(14, 39, 50). FAR-1 contains identical or similar amino acid
substitutions (Glul04Ser, Ala238Gly, and Glu240Ser), which
may explain, in part, the extension of the FAR-1 substrate
profile (Fig. 2). Activity toward aztreonam and not toward
ceftazidime is also found for KOXY from K. oxytoca, with both
enzymes being weakly related (22).

This specific hydrolytic activity of FAR-1 toward the aztreo-
nam remains intriguing, however. It is known that soil actino-
mycetes produce both B-lactams and B-lactamases (16, 31, 39,
53), allowing them to survive in the presence of these antibi-
otics (53). The first example of naturally produced monobac-
tams, named nocardicin A, was extracted from a fermentation
broth of a Nocardia strain (25, 30). Therefore, it may be ex-
pected that N. farcinica VIC produces both FAR-1 and a
monobactam similar to aztreonam.

Additionally, if FAR-1 is cell wall bound and poorly ex-
creted, it may be a convenient protection tool against B-lac-
tams. Indeed, FAR-1 structure analysis reveals a membrane
lipoprotein lipid attachment motif (LLGGC) (26). This agrees
with the findings of Steingrube et al., who have studied B-lac-
tamase preparations of 31 N. farcinica strains (52). These cul-
ture supernatants possessed a [B-lactamase activity 25-fold
lower than those from cell extracts. Similar observations were
recently reported for the B-lactamases of M. fortuitum (58) and
N. asteroides (48).

FAR-1 activity does not, however, explain the entire B-lac-
tam resistance profile of N. farcinica strains, such as the resis-
tance to extended-spectrum cephalosporins (ceftriaxone or ce-
fotaxime). An undetected second B-lactamase could not be
excluded, although only one B-lactamase pl was identified
from N. farcinica cultures. Most likely, as for other gram-
positive organisms, this resistance profile may be due to dif-
ferent penicillin-binding protein affinities.

Our hybridization and IEF analysis showed that all of the
tested N. farcinica isolates possessed a blapr_;-like gene (one
of them, N. farcinica 95.06.84, hybridized only weakly), thus
confirming the homogeneity of the antimicrobial susceptibility
pattern of N. farcinica.

Based on the isolates tested by Provost et al. (47), the inci-
dence of plasmid-bearing strains is significantly higher among
N. farcinica strains than among N. asteroides strains without a
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relationship between plasmid presence and any specific anti-
biotic resistance phenotypes. The chromosomal or plasmid
location of blag,r_, remains to be determined.

Although different B-lactamases have been characterized by
IEF for isolates of N. asteroides sensu stricto (48) and N.
brasiliensis (51, 59), much remains to be known about this
B-lactamase research field. None of these B-lactamases seems
to correspond to FAR-1. Therefore, further work should be
directed toward the identification of the molecular structure of
B-lactamases from other Nocardia spp. and in order to eluci-
date their relation in respect to their B-lactam resistance pro-
file.
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