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Summary

The gene encoding a class A p-lactamase was cloned
from a natural [solate of Mycobacterium fortultum
(blaF) and from a high-level amoxicillln-resistant
mutant that produces large amounts of p-lactamase
(blaF*). The nucleotide sequences of the two genes
differ at 11 positions, Including two in the region
upstream from the coding sequence. Gena fusions to
Escherichia coll lacZ and transcription and expres-
slon analysis of the cloned genes in Mycobacterium
smegmatis Indicated that high-level production of the
B-lactamase in the mutant [s mainly or wholly due to
a single base pair difference In the promoter. These
analyses also showed that transcription and trans-

lation start at the same paosition. A comparison of the .

amino acid sequence of BlaF, as predicted from the
nucleotide sequence, with the determined N-terminal
amino acid sequence Indicated the presence of a
typical signal peptide. The fusion of blaF (or blaF*)
to the E, coff aene phoA resulted in the production
of BlaF-PhoA hybrid proteins that had alkaline

Received 29 October, 1993; revised 8 February, 1934; accepled 10
February, 1994. *For correspondence. Tel. (1) 45688840; Fax (1)
45688843; e-mall: jtimm@pasteur.fr.

phosphatase activity. These results demonstrate that
phoA can be used as a reporter gene for studying pro-
teln export In mycobacteria.

Introduction

The genus Mycobacterium, a highly heterogeneous group
of organisms, can be divided into slow-growing and fast-
growing spacles. The first group comprises pathogens of
man or other animals, and Includes Mycobacterium tuber-
culosis and Mycobacierium laprae. Fast-growing myco-
bacteria are saprophytes, like M. smegmatis, although
some species, e.9. M. foriuitum, have also bsen impli-
cated in human disease (Wallace ef al., 1983). A charac-
teristic feature of most mycobacteria is their natural high-
level resistance to a large number of antibiotics. This is
believed fo be due to the low permeability of the myco-
bacterial cell envelope {Nikaido and Jarlier, 1991}. In addi-
tion o this, other factors, such as antibiotic-modifying
enzymes, may be implicated in high-resistance pheno-
types observed in both clinical and natural isclates,

Among M. tuberculosis strains, high-level antibictic
resistance was shown to be acquired during or after anti-
biotherapy (Kochl et al, 1893). Thess drug-resistant
strains are supposed to carry mutations affecting the
drug targets. Recent observations supporting this idea
are provided by analyses of rifampicin resistance in M.
leprae {Honoré and Cole, 1993) and M. tuberculosis
(Telenti et al, 1993), and of isonlazid resistance In M.
tuberculosis (Zhang ef al, 1992), which are caused by
mutations in ANA polymerase genes and in the catalase-
peroxidase gene, respectively. Except for p-lactamases,
antibiotic-modifying activity has not been identified so far
in M. tuberculosis, but aminoglycoside-modifying activities,
particularly aminoglycoside-acetyltransferases (Udou et al,
1987) and phosphoiransferases (Huli et al, 1984; our
unpublished resulls), have been detected in extracts of
fast-growing mycobacteria. Howevaer, it was not possible
to demonstrate a positive correlation betweasn resistance
levels and the degree of aminoglycoside inactivation in
these bacteria (Udou et al, 1989).

Plasmids and transposons are often respensible for
the dissemination of antibiotic-resistance genes among
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bacteria (Mazodier and Davies, 1991). Plasmids have
been found in varous species of fast-growing mycobac-
teria as well as In organisms of the Mycobacterium
avium—-intracellulare—scrofulaceum complex (Martin et al,
1990a; Crawford and Falkinham lIl, 1990). They have
been shown to confer resistance to copper, mercury and
cadmium In Mycobacterium scrofulaceum, and to carry
DNA restriction—modification determinants in M. avium.
Until now, mycobacterial plasmids have not been associ-
ated with resistance to clinically used antibiotics, but a
transposon, Tné10, carrying a sulphonamide-resistance
gene nearly identical to that found in the Tn21 family of
transposons, was identified in Mycobacterium fortuitum
(Martin et al., 1990b). These observations strongly sug-
gest that horizontal transfer of antibiotic-resistance genes
could oceur in mycobacteria,

Beta-lactamase has been detected in most mycobac-
terial species, Including M. fuberculosis, M. bovis, M.
kansash, M. smegmatis, M. fortuitum, M. phiel, M. avium-
intraceliutare and M. lacticola, but not in M. marinum, of
M. xenopi (Finch, 1986; Kasik, 1979; Stormer and Falkin-
ham IlI, 1989). lis role in the resistance of M. foriultum to
fi-lactams has been recently clarifted by Fattorini and
co-workers. Using a series of mutants of M. fortuitum
exhibiting modulated B-lactamase production, they showed
a positive correlation between [-lactam resistance and
p-tactamase activity. The M. fortuitum enzyme was purified
and shown to be a class A secreted p-lactamase (Amico-
sante et al,, 1990; Faltorini et al., 1991).

In the present study, the isolation and characterization of
the M. fortuitum p-lactamase gens were undertaken to
elucidate the phylegeny, molecular properties, gene regu-
lation, and secretory aspects of the protein. The gene was
cloned from a M. fortuitum mutant that produced unusually
high amounts of B-lactamase {Fattorini ef al., 1989) as well
as from a natural Isolate. The nucleotide sequences of the
gene from the mutant, blaF*, and from the naturai isolale,
blaF, were determined. Expression of these genes in M.
smegmatis was found to confer high-level resistance to
the p-lactam ampicillin. To clarify the role of the sequence
differences in the higher level of resistance conferred by
blaF*, gene fusion experiments, using jacZ and phoA as
reporter genes, and transcriptional analysis were carried
out In M. smegmatis expressing the different blaF alleles.
Our results indicate that high-level production of the
B-lactamase in the mutant Is mainly or wholly due to a
single base pair difference in the promoter.

Resulis

Cloning and sequencing of -lactamase genes from
M. fortuitum

The gene encoding the M. fortuilum B-lactamase was
cloned from one of the overproducing mutants obtained

by Fattorini et al (1989), strain D316, and from a natural
isolate, FC1 (Zaragoza collection), using a combination
of oligonucleotide probing of genomic DNA libraries and
in vitro synthesis by polymerase chain reaction (PCR)
amplification (see the Experimental procedures).

The nucleotide seguences of the gene from the mutant,
biaF*, and from the natural isolate, blaF, as well as their
flanking reglons (Fig. 1 and data not shown) were deler-
mined. They are identical except for 11 base pair substi-
tutlons. They carry an open reading frame (ORF} that
extends from a putative ATG start codon at position 1275
to a TGA at position 2157, encoding & polypeptide of 294
amino acids. The N-terminal 32 amino acids of this poly-
peplide resemble a typical amino-terminal signal peptide,
with a charged domain (Arg-6, Arg-7), followed by a hydro-
phobic core, tum-inducing amino acids (Gly-25, Gly-26,
Pro-29), and an ‘Ala-X-Ala' box (Ala-30, Ala-32) that
could be a typical signal peptidase cleavage site
(Pugsley, 1993). This segment is followed by an amino
acid sequence identical to that reported for the N-terminal
region of mature M, foriuitum f-lactamase (Amicosante
et al,, 1990). Further computer searches in the GenBank
data base revealed homology between the primary
structure of this polypeptide and those of other class A
f-lactamases (Fig. 2). Notably, all the structural slements
characteristic of p-laclamases whose sequences are
known (Joris et al., 1991) are present in BlaF,

Promoter analysis

Among the 11 sequence differences identified between the
blaF and blaF * fragments, two are localed upstream of the
putative start codon, at positions 848 and 1265 (Fig. 1). To
investigate whether these sequence differences had an
effect on transcription, RNA from M. smegmatis (plPd47)
and from M. smegmatis (pIPJ47+) was subjected to
Northern analysis using a 3" extremity PCR fragment of
blaF as a probe. plPJ47* is an Escherichia coli-mycobac-
teria shutile plasmid that contains a hybrid gene composed
of the putalive regutatory sequences and N-terminal
coding segment of blaF* fused lo the C-terminal encod-
ing segment of blaF (see the Experimental procedures).
plPJ47 contains sequences derived uniquely from bfaF.
Thus these plasmidg differ only at two nucleolides
within the coding sequence, in addition to those located
upstream of the putative initiation codon, As a nagative
control, we used RNA from M. smegmatis harbouring the
E. coli-mycobacteria shuttle plasmid pRR3 (Ranes et al,,
1990). These experiments showed that the level of tran-
scription of blaF* was considerably higher than that of
blaF. We therefore used high-resolution S1 mapping to
show that transcription of both genes starts at the same
site (Fig. 3). These experiments revealed that the 5"-end
of bolh mRNAs corresponds to the first base of the
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TGCTCGGCGEGE  ACTCCGGGTG GTCACTGAGT ACATCCCGTC GGTGCGTTCG GCATCGGTCG 60
GGGTGTGGGT GGGTGTCGGC TCCCGCGACG AAGGACGAAG CGTCGCGGGT GCCGCCCACT 120
TCTTGGAGCA TCTGCTGTTC AAGGCCACCC CGACGCGCAC GOGGTCGACA TCOCGCAGGC 180
TGTCGATGCC GTCGGCGGETG AGCTGAACGC GTTCACCACGE CGCGAGCACA CCTGTTACTA 240
CGCGCATGTG CTCGACTCCG ACCTGGAGCT CGCGGTCGAC CTGETECGECC  GATGTCGTGT 300
TGCETEGGCG TTGETGCCACC GAGGATGTCG AAGTGGAGCG CGACGTCGTC CTCGAGGAGA 360
TCGCCATGCG TGACGACGAT CCCGAGGACA GCCTCGGCGA CGTGTTCCTC TCGGCGATGT 420
TCEGCGATCA CCCGGTGEGGA CGTCCGGTGA TCGGCAGCGT CGAGTCGATC GAGACCATGA 480
CGCGTGCACA GCTGCATTCG TTCCACGTCC GGCGTTACAC ACCCGAACGGE ATGATCGTEG 540
CGGTGGCCGGE CARACGTCGAC CACGACGTGT GGTGTCGTTG GTCCGAGAGE ATTTCGGCCC 600
COGGCTGGAG  GCOGACGTTC CGCGGTGGCT CCCCGTAAGG CTCGGGACGG GTCGETGGTA 660
AGCCATCGCT GCTCGTGGTC GACCGCGACG GGGAACAGTC CCATGTCTCG CTGGRGCGTTC 720
GCACGCCCGG CCCGCACTGG GAGCACCGGT GGGCCCTGTC GGTGTTGAAC ACCGCGCTGG 780
GAGGCGGGCT CAGTTCTPCGT CTGTTCCAAC AGATTCGCGA GTCCCGCGGC CTGGCCTACC 849
TCGGTGTACT CGBACCGTGGA CCACTTCGCGE ACAGCGGGGC TCTGTCGGTG TATGCGGGAT 940
: GTCAGCTGGA ACGTTTCGAC GAAGTGGTGC GGGTGACCAC CGAAGTT(CTG GAAGGTGTTG 260
i T
} CCAGAGACGG GATCACCGCC GACGAATGCC GRATCGCCAA AGGCTCGTTG CGUGGTGGEGC 1020
) TGGTGCTCGG CCTGGAGGAT TCCGGATCAC GTATGCACCG GATCGGCCGT AGCGAGCTCA 1980
Xbal
ATTACGGTGA GCACCGGACC ATCGACCACA CGCTGGCCCA GATCGAGGCA GTCACTCTAG 1140
AAGAGGTCAA CGCCGTCGCT CACCAGTTGC GTGTCGCGGG ACTACGGETGC CGCCGTACTC 1200
GGTCCCTATA GTTCGAAAAA GGCGCTGCAC AACAGCTTCA AACTATCGCC GGCTGACCCG 1260
CTACGCTGGG TCCA ATG ACC GGA CTA TCG CGA CGC AAC GTT CTG ATC 1307
A Met Thr Gly Leu Ser Arg Arg Asn Val Leu Ile
GGT TCG CTC GTG GCG GCA GCT GCC GTC GGC GCC GGC GTC GGT GGC 1352
Gly Ser Leu Val Ala Ala Ala Ala VvVal Gly Ala Gly Val Gly Gly
GCC GCA CCG GCA TPTC GCG GCA CCG ATC GAT GAC CAG CTG GCG GAA 1397
Ala Ala Pro Ala Phe Ala Ala Pro Ile Aap Asp Gln Leu Ala Glu
CTG GAG CGT CGG GAC AAC GTC CTG ATC GGC TTG TAC GCA GCC  AAT 1442
Leu Glu Arg Arg Asp Asn Val Leu Ile Gly Leu Tyr Ala Ala Agn
CTG CAG TCT GGG CGG AGG ATC ACG CAC CGT CIC GAC GAG ATG TTIC 1487
Leu Gln Ser Gly Arg Arg Ile Thr His Arg ¢ Asp Glu Met Phe
Leu
Pro
GCG ATG TGC TCG ACG TTC AAG GGC TAC GCC GCT GCG CGG GTG CTG 1532
Ala Met Cys Ser Thr Phe Lys Gly Tyr T Ala Ala Arg Val Leu
Ala
val
: BglII
CAG ATG GCC GAG CAC GGC GAG _ATC TCA 1559
Gin Met Ala Glu His Gly Glu Ile Ser
Fig. 1. Nucleotide sequences of 5 exiremities of blaF and blaF* and their flanking regions. The nucleotide sequences of blaF and ils flankling
regions were determined from plPJ39. blaF* and Its flanking reglons were sequenced from pBF1 and pIPJ71. The deduced amino acid
; sequence of BlaF is given below the DNA sequence. The base pair substitutions found In blaF*, and the corresponding amino acid changes,
ara shown in Halics. The amino acld sequence of the N-terminus of BlaF, datemnined by Amicosante ef al. {1990), Is In bold characters. The
complele sequence dala, including the sequence 3' to thoss shown here, appear in the EMBL/GenBank/DDB.J Nuclgotide Sequsnce Libraries

under the accesslon number L25634.

presumed translation initiation codon (position 1275).
Moreover, the intensity of the signal observed with the
.- Same. amount of total RNA was approximately 10-fold
higher- for-the blaF* product, as measured using a
-PDQUEST ge! analyser.
To demon_str_ate that only the mismatch located at posi-
265 had an effect on promoter aclivity, we created
; ns.using a truncated /acZ gene as a reporter
1g. 4). Fragments containing the upsiream region and

BN L

)

the presumed start codan from blaF or from blaF* were
synthesized in vitro by PCR amplification and cloned into
the promoter-probe vector pJEM13 (our unpublished
data), resulting in plasmids plPJ66 and plPJS6*. By
replacing a BamHI—-Xbal fragment in plPJ66 with that
from plPJB6*, we generated a new plasmid (pIPJ75)
that differed from plPJ86 only at position 1265. Soni-
cated extracts of M. smegmatis camying pIPJ6&*,
pIPJ66 or pIPJ75, contained 897, 135, and 158 units of
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40 50 60 0 80  Fig. 2. Alignment of the sequence of the
s. fr. EGRLRALERT HDARLGAFAY DTGTGRTVAY RADERFPIAS MFKPIAvAAy M- forfuitum Plactamase (M. fo) with thosa
S. la. LROLRALEQE HSARLGVYAR DTATGRTVLH RAEERFPMCS VFKTLAvAaav  Of other class A f-lactamases. The analysis
s. al, ERRLAGLERA SGARLGVYAY DTGSGRTVAY RADELFPMCS VFKTLSSAAv  was performed using sequences of 22
B, 1li. KDDFAKLEEQ FDAKLGIFAL DTGTNRTVAY RPDERFAFAS TIKALTVGVL  [-lactamases and methods described by Joris
M. fo. DDOLAELERR DNVLIGLYAA NLOSGRRITH RLDEMFAMCS TFKGYAAARYV ¢! al (1991). Only the sequences of enzymes
Consensus e..laaLEr. hdarlGvyAy dtgtgRtvay RadErFpmcS .fEKtlavaav giving the bes! scores are shown. These are:
90 100 110 Sireptomyces fradiae (8. fr, score 49), Strep-
120
s. fr. LRDLDRDGEV LARRVHYTAD ...YVKRSGY SPVTGLPENV A.NGMTvApI, [0MYces lavandulae (S.la, score 48), Slreplo-
3. la. LRDLDRDGEF LATRLFYTEQ ...EVKDSGF GPVTGLPENL A.AGMTVERL  ‘M¥ces albus G (8. al, score 49), and Bacillus
s. al. LRDLDRNGEF LSRRILYTQD D.VEQAD.GR APETGKPQNL ANAQLTVEEL  ficheniformis (B. i, score 45). The scores
B. 1i. LQQ. .KSIED LNQRITYTRD DLV.....NY NPIT...EKH VDTGMPLKEL  versus the varicus B-lactamase famities were
M. fo. LOMAEHGEIS LDNRVEVDAD ALV.....PN SPVT...EAR AGAEMTLAEL  as follows: Gram-negalive, 41.8+1.9; bacilll
Consensus Lrdldrdgef LarR.f;ftad WVaa...gy sSPYTg,.pen. a.agmTv.el 41,8+2.1; streplomycetes |, 43+0.8; strepto-
mycstes Il, 47 £3.4. In the consensus
130 140 . 150 160 170 .
8. fr. CEATLTRSDN TAANLLLRDL GGPTAVTRFC RSVGDHVTRL DRWEPELNsA  Seguence, the striclly conserved residues are
8. la. CAAAICOQSDN AAANLLLREL GGPEAVTRFC RSVGDRTTRL DRWEDELNsA  [n bold characters. The ABL numbering
s. al. CEVSITASDN CAANLMLREL GGPAAVTRFV RSLGDRVTRL DRWEPELNsa  {Ambler ef al, 1981} is used. The aclive Ser
B. 1i. ADASLRYSDN AAQNLILKQI GGPESLKKEL RKIGDEVTNP ERFEPELNEV  residue Is marked by an asterisk.
M. fo. COAALQRSDN TAANLLLKTI GGPAAVTAFA RSVGDERTRL DRWEVELNSA
Consensus cea.ltrSDN .AaNLlLrel GGP.avirfc RsvGD.vTrl dRWEpELNsa
180 190 200 210 220
8. fr. EPGRVTDTTS PRAIGRTYGR LILGDLLAAH DRERLTRWML DNRTSDERFR
s, la, EPGRETDTTT PRAIGATYGE LVLGDALAPR DRERLTGWLL ANTTSTERFR
5. al. EPGRVTDTTS PRAITRTYGR LVLGDALNPR DRRLLTSWLL ANTTSGDRFR
B. 1i, NPGETQDTST ARALVTSLRA FALEDKLPSE KRELLIDWMK RNTTGDALIR
M. fo. IPGDPRDTST AAALAVGYRA ILAGDALSPP ORGLLEDWMR ANQTSS,.MR
Consensus ePGrvtDTEL prAaigrtyg. lvligDaLapr dRelLidWml aNtTsderfR
230 240 250 260 276
s. fr. KGLPADWLLA DKTGGGDYGT NNDAGVAWEP GRPPVVLAVQ TTRFTPDAEA
5. la. KGLPADWTLG DRTGGGAYGT NNDAGVTWPP HRPPVVMVVL TTHDRPDAVA
S. al. AGLPDDWTLG DKTGAGRYGT NNDAGVTWPP GRAPIVLTVL TAKTEQDAAR
B. 1i. AGVPDGWEVA DKTGAASYGT RNDIAIIWPP KGDPVVLAVL SSRDKKDAKY
M. fo. AGLPEGWITA DKTGSGDYGS TNDAGIAFGP DGORLLLVMM TRSQAHDPKA
Consensus aGlP.dwtla DRTG.gd¥Gt nNDagv.wpP grppvvl.vl ttrd.pDaka
280
s. fr. DNV..LVAEA ARL
8. la. DN..PLVAKT AAL
s. al. DD. .GLVADA ARV
B. 1i. DDK..LIAEA TKV
M. fo. ENLRPLIGEL TATL
Consensus dn,..Lvaea a,l .

B-galactosidase aclivity, respectively. These results proved
the base difference at position 948 (C in blaF, T In blaF¥)
has no effect on transcription. Since lacZ was efficlently
exprassed in these constructs, we inferred that translation
does indeed start at ATG position 1275,

Expression analysis

The level of B-lactamase production in M. smegmalis
harbouring either piPJ47{blaF), or piPJ47%(blaF*), or
pRR3, was analysed by measuring the minimal inhibitory
concentration (MIC} of ampicillin {Table 1), by measuring
f-lactamase activity in culture supematants (Table 1)
and by Immunobiot analysis using anti-BlaF antibodies
(Fig. 5). These results showed that the M. forluitum
BlaF was synthesized and secreled in an active form in
M. smegmatis, thereby conferring high-level ampicillin
resistance. Beta-lactamase assays and immuncblot analy-
sls confirmed that these high levels of ampicillin resistance

resulted from the production of the M. fortuitum anzyme,
although the endogenous M. smegmalis B-laciamase
was also produced and could be visualized as a faint
band in the immuncblot (lane 5 in Fig. 5, and data
not shown). These analyses also demonstrated that
M. smegmalis canylng plPJ47* was more resistant to
ampicillin and produced more B-lactamase than the strain
carrying piPJ47.

Table 1. MIC and B-lactamase activity of M. smegmalis clones
expressing blaF or blaF*,

MIC of ampicillin
Plasmld (pgmi™h p-lactamase activity®
pRR3 10 20
piPJ4T7* 100 450
piPJ47 30 180

s

a, B-lactamase activily Is expressed in arbilrary units calculated as
described In the Expermental procedures.
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Fig. 3. 51 mapping of the biaF and blaF* mRNA. Lana 1, product of the reaction performed with RNA extracted from M. smegmatis (pIPJ47*);
2, labelled probe; 3, product of the reaction parformed with RINA extracted from M, smegmalis-pIPJ47. The 5" ends of the mRNAs are indicated
by asterisks. The sequences shown are the iranscribed strands of blaF* (fefi-hand) and bfaF {right-hand). The base pair substilulion found in
blaF* Is Indicated by an italicized lotter. The right-hand part of the autoradiography was overexposed to enable visualizalion of the faint slgnal,
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Expression analysis using phoA gene fusions

In order to quantify the expression of biaF and blaF*, a
truncated phoA gene (Gutiermez and Devedjian, 1989)
was cloned into the Bglll site of plasmids plPJ47 and
plPJ47#, resuling in plasmids piPJ49 and piPJ49*
respectively (Fig. 4). phoA was chosen as a reporter
gene because lhe encoded protein, alkaline phospha-
tase, is a periplasmic enzyme from E. coli and thus is
capable of crossing a bacterial cytoplasmic membrane
(Hoffman and Wright, 1985). Moreover, its activity can be
easlly assayed (Brockman and Hepel, 1968}, and the
‘anzyme usually possess a high aclivity only when it is
exported. Transformation of M. smegmalis with these
plasmids by electroporation followed by plating on 7H10
plates containing the chromogenic phosphatase indicator
5-bromo-4-chloro-3-indoxyl phosphate (XP) resulted in

12345\678 B

PhoA* (blus) colonies within 4d when plPJ49* was
used, and within 5d with pIPJ49. Sonicated extracts of
M. smegmatis harbouring pIPJ49 or pIPJ49* contained
11 and 34 units of alkaline phosphatase activity, respec-
tively, compared with 0.3 units In extracts of control cells
harbouring pRR3. immunoblot analysis of culture super-
natants and sonlcated extracts of strains expressing
the gene fusions using anti-PhoA antibodies (Fig. 6)
unexpectedly revealed that almost all of the p-lacta-
mase—alkaline phosphatase (BlaF-PhoA} hybrid was
present In the sonicated extracts (lanes 2 and 3), with
small amounts of a protein with the same M, as PhoA
present In the culture supernatants {fanes 7 and 8). From
these data, it was Inferred that BlaF—PhoA, which was
translocated across the cytoplasmic membrane, remained
attached to the surface. Cleavage of BlaF—PhoA hybrid
by endogenous proteases presumably resulted in the

Fig. 5. Analysis of BlaF expression in

M. smegmatis.

A. 8DS-12% polyacrylamide gel stained with
Coomassie brilliant blue.

B. Immunoblot using polyclonal anti-Bla anti-
bodies. Lane 1, prestained molecular mass
standards; 2, 1 g of purified BlaF; 3, super-
natant of a M, smegmatis{plPJ47) culture; 4,
supematant of a M. smegmalis(pIPJ47*)
culture; 5, supemalant of a M., smegma-
lis(pRA3) cullurs; 6, sonlcate extract of

M. smegmallsiplPJ47); 7, sonlcate extract of
M. smegmalis{plPJ47*); 8, sonicate extract of
M. smegmalis{pRRA3). Twenty-five micrograms
of TCA-precipitated proteins from cullure
supematants, and 50 pg of sonicated cell
exiracts were loaded on to the gels.
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Fig. 6. Immunoblot analysis of production of BlaF—PhoA hybrids in
M. smegmalis. Immunoblet using polycional ant-PhoA antibodies.
Lane t, exiract of M, smegmalis(pRR3); 2, extract of M. smegma-
tis(plPJ6B); 3, exiract of M. smegmatis(plPJ49); 4, extract of

M. smegmalis(plPJ49*); 5, supemalant of a M. smegmaltis(pRR3}
culture; B, supernatant of a M. smagmalis(pIPJ68) culture; 7, super-
natant of & M. smagmalis{plP48) culture; 8, supematant of a

M. smegmalis{pIPJ48*) cullure; 9, 3 g of purified PhoA; 10,
prestained molecular mass standards. Fifty micrograms of
TCA-precipitated protelns from culture supsmalants, and 100 ug

of sonicated cell extracts were loaded on to the gels.

accumulation of the PhoA segment of the hybrid detected
on the immunoblet shown in Fig. 6. Proteclysis of the
surface-anchored hybrid could have allowed the release
of small amounts of the PhoA segment into the medium,
but most of it remained cell associated.

. In order to test for the requirement of the BlaF segment
of the hybrid in the production of active alkaline phospha-
tase and for the release of the PhoA segment into the cul-
ture medium, the truncated phoA gene was fused directly
to blaF* start codon to give plPJ68 (Fig. 4). M. smegmatis
iransformed with this plasmid only gave rise to white colo-
nies on XP 7H10 plates. The PhoA polypeptide produced
by these cells was detected only in the sonicated extracts
and not in the medium (Fig. 6, lanes 2 and 8). These
results demonstrated the need for the N-terminal region
of BlaF for PhoA export and aclivity in M. smegmalis,
and supported our hypothesis concerning the surface loca-
tion of the BlaF—PhoA hybrid in cells carrying plPJ49 or
plPJ49%,

Discussion

M. fortuftum strain D316 was derdved from strain
ATCC19452 by nitrosoguanidine ireatment followed by
selection for Increased resistance to the B-lactam anti-
biotic amoxicillin (Fattorini ef al, 1988). The nuclsatide
sequence of the coding and flanking regions of the biaF
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gene from strain D316 (referred to herein as blaF*) dif-
fered at 11 positions from that of the corresponding
regions (blaF) from a natural, low-level resistant M. fortui-
tum isolate, FC1. We speculated that some of these
sequence differences could explain the higher B-lactam
resistance of strain D316, aithough others could have
resulted from natural genetic drift without affecting the
level of resistance (Galiieni ef al., 1988).

The seven sequence differences downstream from the
Bglll site in the coding regicn of blaF{blaF*) {see EMBL
entry L 25634 for complete sequence) are mostly silent or
conservative changes thal probably have little if any
influence on p-lactarmase production or activity. Among
the four sequence differences in the 5 ragion upstream
from the Bglll sile, those at positions 67 (Leu In blaF,
Pro in blaF*) and 81 (Ala or Val) (Fig. 1} did not affect
BlaF activity (data not shown). Thus, the mismatches con-
sidered most likely to explain the higher level of resistance
of D316 were those upsiream of the presumad start
codon: G or A at position 948 and C or T at position 1265.
To test this, we expressed blaF and a blaF*/blaF fusion
that differad from blaF only at the four positions upstream
from the Bgfll site {see Fig. 1 and Fig. 9later}in M. smeg-
matis. Both genes conferred high-lavel ampicillin resis-
tance, with the strain carrying the blaF*/blaF fusion
being more resistant and containing correspondingiy
more B-lactamase activity and BlaF protein. Furthermore,
expression of blaF—phoA and blaF-lacZ gene fusions in
M. smegmatis resulted in the production of higher levels
of alkaline phosphatase or B-galactosidase activities,
respeciively, when the gene {usions included ¥
sequances derived from biaF*. These data confim that
f-laclamase could play a significant role in resistance to
f-lactams in a mycobacterial species, as reporied by
Fattorini ef al. (1991), and that sequence differences
wilhin the regulatory regions of the two genes could
explain the higher level of resistance conferred by blaF*,

The higher level of BlaF production in strains carrying
blaF* Is apparenily due to a higher lave! of transcription.
Northern biot analysis and St mapping experiments
showed that the corresponding messenger RNA is
approximately 10-limes more abundant in M. smegmatis
clanes containing blaF* sequences than In those contain-

ing blaF, Transcripiion of both forms of the gene staris at

the same nucleotide, which is also the translational
Initiation codon. Translation of leader-less mRNA has
already been observed for 11 other aclinomycele genes,
for the bacteriophage lambda ¢l gene transcribed from
the prm promoter, for the tetR gene in transposon
Tn1721, for bacteriorhodopsin-related genes In Halobac-
terium halobium, and for the pofA gene of Streptococcus
pneumoniae (Strohl, 1992).

The bases at position --10 (from the transcription/
translation start site} in blaF* and blaF are A and G,
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Fig. 7. Alignment of mycobacterial promoters.

Promoter -35 tss The iranscriptional start sites (iss) as well as
hexamers with the highest homology to the E.

P2hspb0 GCTTCTTGCACTCGGCATAGGCGAGTGC TAAGAATAACGTIG eoli Ea™ consensus are underined,

PAN GTGAATCGACAGGTACACACAGCCGCCATACACTTCGCTTCA

PBlar AGCTTCAAACTATCGCCGGCTGACCCGCTACGCTGGGTCCAA

PBlaF * TACACT

Streptomyces Bo?0-like TIGAC(Pu) (¥7bp) TAG(Pu){Pu)T

COnsensus

E. coli Ea'0 consensus TIGACA (17 bp) TATAAT

respectively. Sludies with blaF-lacZ gene fusions indi-
cated that the enhanced transcription of blaF* was due
to this single difference, while the other difference
upstream from the coding sequences of blaF and blaF*,
C or T respeclively at position 948, did not influence
Poare activity. Several ‘up’ mutations in promoters in
entercbacteriaceae and coliphages result from substitu-
tlons in their — 10 regions that increase their similarity to
the E. coli s'® —10 consensus (Youderian et al, 1982).
Thus, the sequence of the — 10 hexamer of Pygrs, which
is identical to that found In Py (Murray et al., 1992), may
be closer to that of a consensus mycobacterial promoter
than the Py, hexamer.

Only three mycobacterial promoters have hitherto been
located on the basis of ranscription start site mapping,
namely M. bovis BCG hsp60 P1 and P2 (Stover et al,
1991), and Pan. The first two control the groEL2 gene
encoding a 65kDa heat-shock protein, while P4y drives
the expression of a gene of unknown function (ORF2)
carrfed by 1S900 isolated from Mycobacteriurn paraluber-
culosis. Tha nucleotides to which the mycobacterial RNA
polymerase binds in these promoter regions have not
been identified. Nevertheless, it is reasonable to assume
that the mycebacterial RNA polymerases, like those from
other bacteria, interact mainly in the —10 and —35
reglons when associated with their vegelative sigma
factor (the equivalent of ¢™® in E. coli; McClure, 1985).
An alignment of the hsp80 P2 and P4y sequences with
those of Pgar and Paae+ is shown in Flg. 7. BCG hsp60
P1 was not Incfuded in this alignment as It was shown
not to be recognized by the RNA polymeraéé from non
heat-shocked cells of M. smegmalis (Levine and Hatfull,
19883). On the conirary BCG hsp60 P2 Is recognized by
this enzyme, although it has several unusual fealures.
Both Pay and Puar (Poars) are active in M. smegmalis
grown at 37°C, and thus are likely to be transcribed by
a o’%type RNA polymerase. —10 and —35 hexamers
homologous to the consensus sequence of those in
promoters recognized by E. coli o® (Harey and
Reynolds, 1987) and the Sireptomyces vegetative RNA
polymerases (Strohl, 1992) were readily identified in all

three promoters. These sequences are separated by the
optimal 17bp In hsp60 P2 and in Pay, and by the sub-
optimal 19bp In Ppar (Powmr+). The —10 regions of Pay
and Py« have four out of six bases Identical to the E.
coli —10 {67% consensus, whereas the —10 region of
BCG hsp80 P2 is less simifar to the consensus sequence
(three out of six bases identical). However, this promoter
is probably unrepresentative of vegelative promoters of
mycobacleria since the region between its —10 and
—35 sites includes an imperfect palindrome (TTCTTG-
CACTC-9N-GAGTGCTAAGAA) which Is similar to struc-
tures observed in the regulatory regions of chaperone-
encoding genes from various organisms (Guglielmi et al.,
1993; P. Mazodier, parsonal communication). Recently,
Das Gupta ef al. (1993) provided substantial evidence
supporting earlier suggestions that most mycobacterial
promoters are not recognized In E. coli (Clark-Curliss
el al., 1985; Hopwood et al.,, 1988). Py and Puugs {Pemr)
may differ from other mycobacterial promoters in thal they
closely resemble the E. coli 6™ consensus.

Another aspect of mycobacterial gene expression in
E. coll concerns translation efficlency. facZ operon and
gene fusions were recently used by Murray et al. (1992)
to show that P4y is active in E. coli even though ORF2 Is
not translated. E. coff transformed with plasmids bearing
elther of the blaF alletes did not become amplciliin resis-
tant (data not shown). We speculate that blaF mRNA
may be poorly iransiated owing to the absence of a proto-
type ribosome-binding site (RBS). RBS sequence recog-
nition in mycobacteria may be less stringent than In E.
coli, as is the case In Streptomyces (Stroht, 1982). Trun-
cated forms of phoA and lacZ appear to ba very efficiently
expressed when fused directly to blaF (or blaF*) start
codens, i.e. in the absence of a Shine—Dalgamo
sequence, in M. smagmalls and M. bovis BCG (Fig. 4
and unpublished data). Furthermore, the putative Shine—
Dalgamo sequences of 12 recently sequenced M. leprae
genes are located at varying positions with respect to the
transtation start site and exhibit minimal complementarity
to the 3-end of 165 mycobacterial rANA (Honoré et al,, -
1993). .




When M. smegmatis carrying blaF or blaF* was grown
exponentially in shaken cultures in the presence of a deter-
gent (tc avold clumping), BlaF was found malnly in the
cuiture medium. This resuit and those reporled by
Fattorini et al. {1991) with M. fortuitum indicate that myco-
bacterial p-lactamases are exiracellular. The bfaF and
blaF* genes were thersfore fused to the E. coff phoA
gene to siudy the role of the signal peptide in BlaF
secretion. The blaF(blaF*}—-phoA constructs conferred a
PhoA* phenotype on M. smegmatis when phoA was
cloned downstream of the segment coding for the BlaF
signal peptide, but not when phoA was fused to the
blaF* stant codon. Immunoblot analysis showed that
PhoA was exclusively cell associated in the latter,
PhoA~ clones, and both cell-associated and extracellular
in the former, PhoA* clones. Thus, BlaF Is made with a
functional signal peptide which is probably necessary for
transtocation across the membrane. The inefficient exira-
cellular release of the BlaF-PhoA hybrid and of the
PhoA polypeptide, which is probably derived from It by
endogenous protealysis, could be explained by their
entrapment by the cell wall. The possibility that a relatively
large proportion: of this hybrid is not even exported should
also be considered, although the higher level of alkaline
phosphatase activity detected in extracts of strains habour-
ing blaF*-phoA compared to those of sirains carrying
blaF-phoA show that the export pathway is not blocked
by the BlaF~PhoA hybrid. Thus, phoA can be used as a
reporter gene for studying protein export in mycobacteria,
as it has in other bacteria (Slauch and Silhavy, 1991).

Experlmental procedures
Bacterial slrains, plasmids, and culture conditions

Bacterial strains and plasmids used in this study are shown in
Table 2. E. colj strains were grown in L-broth or on L-broth
agar supplemented with the appropriale antiblotic and were
transformed as described (Sambrook ef af., 1988). M. smeg-
malis was lransformed by electroporation {Madin et al,
1990b), and grown in the presence of 25 ugmi ' kanamycin
on one of the following medla (see below): L, Beck (Gheor-
glu, 1988), Middiebrook 7H9, or 7H10 (Difco).

To determine the minimal Inhlbitory concentration {(MIC) of
ampicillin, M, smegmatis was grown on dupficate 7H10 plates
containing appropriate concentrations of the antibiotic. The
MIC was defined as the conceniration resulting in a 90%
reduction In the number of colony-forming units detected
after 48 h incubation at 37°C,

Oligonucleolides and PCR amplifications

The oligonuclectide primers were synthesized on a Cyclone
DNA Synthesizer (Bioresearch). The degenerate oligonucleo-
tide mixes Moligo1 (5-GC{C,G)CC{G,C)ATCGA(C,TIGA-
(C.,T)CAG-3} and Moligo2 (5-AG(C,G)TG(C,G)AAGTTCC-
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(G,C)AT(A,G)CA(G,C)-3") were designed using the preferen-
tial mycobacterial codon usage and corresponded, respec-
tively, to the first six and the last seven amino aclds of the
N-terminal region of BlaF (Amicosante et al, 1990). PCR
amplificalions ware carrfed out In a DNA Thermal Cycler
(Perkin Elmer), using Taq polymerase (Getus} according to
the manufacturers’ recommendations.

Primers used for sequencing were based on previously
determined sequences. The remaining oligonucleotides
used In this study wers BlaO1 (5-CTTGAACGTCGAGCA-
CATCGCGAACAT-3) OBlaF9 (5-TTTGAAGCTGTTGTGG-
CAGCGCTT-3), OBlaFi1 (5-GGGGTACCATTGGACCCA-
GT7G-3), OBlaF12 (5-GGGGTACCATTGGACCCAGCG-3),
OBlaF13 (6"GGGGTACCTCGCCGTGCTCGG-3), OBlaF14
(5-CGGGATCCTGCTCGGCGGACTCC-3) and OBlaFis
{5-GAAGATCTCGAGGCGGACGAGGACAACAT-3).

DNA manipulation

Standard recombinant DNA lechniques were carrled out as
described (Sambrock ef al, 1989), For sequence determi-
nalions, DNA fragments were cloned into M13mp18 and
M13mp19 bacteriophage DNA or into pUC derivatives
(Yanisch-Perron et al,, 1985). The DNA sequence was deter-
mined on both strands using the dideoxy chain-termination
method (Sanger ef al, 1977) and T7 DNA polymerase
(Sequenase, USB; Pharmacia) or Tag DNA polymerase
(Tag Track, Promega). Te avold errors arising during PCR
amplification by Tag DNA polymerase, the biaF fragment
synthesized by PCR was sequenced from two independent
clones.

Construction of the M. fortuitum gene libraries

A genomic DNA llbrary of M. fortuitum strain D316 was pro-
duced by cloning DNA partially digested with Sphl Into
pACYC184 linearized with the same enzyme and dephos-
phorylated with caif intestine alkaline phosphatase. This
library contains approximately 2500 recombinant clones.
The genomic DNA library of M. fortuilum strain FC1 was
obtained as follows: the DNA was lofally digested with
BamHl, and fragmenis betwesn 4 and 10kb ware isolated
from an agarose gel with Gensclean (Bio 101 inc), and
cloned into BamHi-cleaved and dephosphorylated pUC18.
The FC1 library contains aproximately 1600 recombinant
clones.

Cloning of f-lactamase genes from M. fortuitum

With the aim of cloning the B-lactamase gene from M. fortul-
fum, a DNA fragment, BlaM1, encoding the N-terminal region
of the purified protein saquenced by Amicosante and co-work-
ors (1990), was synthesized in vitro by PGR amplification. This
reaction was parformed using the degenerale ofigonucleotide
mixes Moligo1 and Moligo2 as primers, and total DNA from M.
fortujtum FC1 as a template. The product of the PCR reaction
was cloned Into plasmid pUC18 and sequenced. From this
sequence, an oligonucleotide, BlaOt, was designed and
used as a probe o screen a genomic DNA library of M. forlul-
tum D316 by colony hybridization. A clone hybridizing to
BlaC1 was isolated and analysed. This clone carried a
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Table 2. Strains and plasmlds used in this

study. Strain/Plasmld

Relevan! characterstics Source/Reference

M. fortuiturn D316
M. fortultum FC1

E. colf MC1061

E, coli XL1-Biue

E. coli HB101

pACYC184
pucis
pSL1180
pPHO?

pRR3
pBFi

pIPJag
pIPJd2
pIPJ42+
pIPJ46

pIPJ47
piPJ47*

piPJ49
piPJag*
plPJ66
plPJE6*
piPJG8

piPJ71

piPJ75

M. smegmalis mc*155

Fattorini ef al. (1989)
Zaragoza collection
Snapper el al. (1990)

High-BlaF-producing mutant

High-transformation mutant of
M. smegmalis ATCC607

F~ araD319 Aara leu)7698
AlacX74 gall)~ galK— hsr™
hsm™* strA

SUpPE44 hsdR17 recAT endAl
gyrA48 thi relAt lac™ F'lproAB*
lacl® facZAMI15 Tn10{tet")]

supE44 hsdS20 (1~ m™) racA13
ara-14 proA2 lacY1 galk2 mpsl20
xyl-5 mil-1

Cloning vector

Cloning vector

Cloning vestor

pUC derivative carrying a truncated
phoA gense

E. coltmycobacteria shutlle vector

Sambrook et al. {1990)

Sambrook et al. {1980)

Sambrook et al. (1990)

Rose of al. (1988)
Yanish-Perron ef al. (1985)
Brosius ot al. {1989)
Gulierrez et al. {(1988)

Ranes et al. (1990)

pACYC184 derivative camying a This work
truncated blafF*

pUC derivative carrying blaf This work

pUC derivative camying blaf This work

pUC derivative carrying a This work
blaF-blafF* fusion

pSL1180 derivative cairying the This work
ORIMaph cassetls

pUC derivative carrying blaF This work

pUC derivative carrying a4 This work
blaF—blaF* fusion

pUC derivatives canying a This work
blaF—phoA fusion

pUC derivative carrying a This work
blaF*-phoA fusion

pRR3 derivative carying a This work
blaF--lacZ fuslon

pRR3 derivative carrying a This work
blaF*—facZ fusion

pRR3 derivalive carrying a This work
blaF *—phoA fuston

pUC derivative carrying the This work
C-terminal fragment 365bp of
blaF*

pRA3 derivative carnying a This work

blaF—lacZ fusion

recombinant plasmid, pBF1, containing an insert of approxi-
mately 4.7kb. A restriction map of this plasmid was con-
structed and the reglon hybridizing with BlaO1 was shown to

BamH] Yhat

Spl g |Bg;|| Byl |BQ'" - -

BarmHl Kbal
P LA oo

Fig. 8. Alignment of the restriction maps of the inserts in pBF1 and
p!PJ38. The BlaO2 probe (underined region) was prepared from a
Bo!ll--Sphi fragment of 380bp.

be located at one end of the Inseri (Fig. 8). Nucleotide
sequencing of this region revealed the presence of an ORF
encoding a polypeptide homologous to class A B-lacta-
mases. However, this ORF appeared to bs Incomplete
because the encoded polypeptide is smaller than known §-lac-
tamases. ?

in order io isolate the complete gene, another genomic
library, constructed with DNA from M. fortuitum FC1, was
screened with a probe, Bla02, corresponding to an intragenic
fragment of pBF1 (Fig. 8). Three clones hybridizing with
Bla02 were oblained. One of these clonss contained a
plasmid, plPJ39, with an insert of approximately 7kb. This :
clone was selected for further investigation. Analysis of lhe
restriclion map of piPJ39 suggesled that it contained the
entire M. fortultum FC1 B-lactamase gene, blaF, since the_
reglon hybridizing to BlaO2 was at the cenlre of the insert
(Fig. 8). Nucleotide sequencing of this region confirmed 1
prediction. B




For unknown reasons attempts at cloning the missing 3'
axtremity of the M. forfuifum D316 B-lactamase gens, blaF*,
from the corresponding genomic DNA library were unsuccess-
ful. We therefore decided to synthesize this fragment by PCR,
using the D316 genomic DNA preparation as a template and
oligonucleotides hybridizing to the 3 end of bfaF (OblaFg
and 16} as primers. The PCR product was cloned into
pUC18, resulting in piPJ71.

Plasmid constuction

The construction of plPJ39 and pBF1 is described above.
pIPJ46 Is a derivalive of pSL1180, which contains the origin
of replication (EcoRV—Kpn! fragment) of the M. foruilum
plasmid pALECOO {Ranes ef af, 1990} and the kanamycin-
resistance gene from Tn903 (Kanamycin Resislance Gen-
Block (Pharmacia)) inserted between its EcoRV and Kpnl
sites. The construction of piPJ42, piPJ42+, pIPJ47, and
plPJ47* is illustrated In Fig. 9. These plasmids contain
different fragments Inserted into the BamHl site of pUC18,
piPJ48 and pIPJ49* were obtained by cloning the BamHl frag-
ment of pPHO7 {corresponding to the truncated phoA gene)
Into the Bglli site of plPJ47 and piPJ47+, respectively.
pIPJ66, pIPJE6* and piPJE8 conlain the PCR-amplified frag-
ments A and B, corresponding to the regulatory sequences
of blaF (or blaF*) and their start codons {1277 bp), fused to
the Kpnl sites of the truncated lacZ or phoA genes. Frag-
ments A and B were synthesized using the following pair of

BamH! Xpal Sphi

p I P\JSQ L BT RGH N RO BOER I U e BRI T R L

digestion with Bglll
ftors l
Bgll

Bal  agl

BamHI

IR SR G T BT SHRE|
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primers: A (OBlaF11 and 14) and B (OBlaF12 and 14). They
were saquenced to verify the absence of errors arising during
PCR amplification.

RNA manipulation

RNA extraction and transcript mapplng were performed using
methods compiled by Hopwood et af. (1985), with previously
described modifications (Murray et al., 1992). The DNA frag-
ment used as a probe in the 81 mapping experiments was
obtalned by digesting plPJ42 with Bglll, dephosphorylation,
and redigestion with Sphl. The 4.4kb DNA fragment was
isclated from an agarose gel with Genaclean and labelled
with [y-*P}-ATP (3000 Cimmol ™) using T4 polynuclectide
kinase. Unincorporated radioactivity was removed by pas-
sage through a Nick column {Pharmacta). Forty micrograms
of each RNA preparation and 0.1pg of the radiolabelled
probe were used in each experiment,

Enzyme assays

Bela-lactamase activity was assayed by the melhod of
O'Callaghan et al. (1972), with some modifications, using cul-
ture supernatanis of M. smegmatis grown In Beck medium at
37°C for 48h. Briefly, cell cullures were centrifuged at
5000 x g for 10 minutes, and supernatants weré diluted in
26mM Tris HC! buffer (pH7.5) to a final volume of 1 ml. Fifty
microlitres of a nitrocefin solution {200 pgmi~" in 25 mM Tris

BamHl Xbal

SOl gy 8ot Bgn |0 -
I—I—E-I—LU pBFi

l digestion with BgllE

Bgll ' Byl

—

Egation

Bgl"  Bglt BamHi Bolll 8t BamHI
plPJ42 pIPJ42*
digastion with BamH# digestion with BamH)
figation digestion with EcoRV and Hpal tigaton
Bgil’  Bglt BamHl® Hpal" Bgill* Boil " BarHI" Hpat’
biaF aph blaF oriM aph i
- 1

oriM |
p I PJ 47 (1E2I TR TS N DA | 2 3 HE TN | ]

Fig. 9. Schemalic representation of plasmid constructions. Only ths inserts of recombinant plasmids are shown.
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HCI buffer pH 7.5) were added, and the reaction allowed to
proceed at room temperature until terminated by the addition
of 100l of 1% SDS. Units of B-lactamase were calculated
as Agg x 10°pg protein™ T min 1.

For alkaline phosphatase assays, M. smegmatlis was grown
in L-broth, supplemented with 0.05% tylaxopo! (Sigma) at
37°C for 48 h, Alkaline phosphatase activity was assayed by
the method of Brockman and Heppel (1968), with some
modifications, in sonicated exiracts prepared as described
previously (Ranes et al., 1990). Briefly, sonicated cell suspen-
slons wete diluted in distilled water to a final volume of 800 ul.
One-hundred microlitres of a p-nitophenylphosphate solution
{tomgmi~"in 1M Tris HCi pH 9) were added, and ths reac-
tion incubated at 37°C until being terminated by the addition
of 100 i of 10N NaOH, Unlts of alkaline phosphatase were
calculated as Az x 10% pg protein " min -

Besla-galactosidase assays were performed as described
previously (Winter ot al., 1991). The amount of soluble protein
contained In the extracts and supernatants was measured by
using the Blo-Rad Assay {Bio-Rad). Results of the enzyme
assays are the mean values resulting from two independent
experiments.

8DS-polyacrylamide gel electrophoresis and
immunoblots

For SDS-PAGE and immunoblot analysis, M, smegmatis was
grown in Beck medium at 37°C for 48 h. Proteins in culture
supernatants were precipltated with 10% ftrichloroacetic acid
{TCA), and extracts prepared by sonication as describad pre-
viously (Winter ef al,, 1991). SDS-PAGE and immunoblotting
were performed according to Winter of al, (1991).

Antibody preparations

Five-hundred micrograms of chromatographically purified
PhoA (Sigma) was dissolved in 1m! of a phosphate-buffered
saline (PBS)/Freund’s incomplete adjuvant (FIA} {Difco) sus-
pension and injected subcutaneously into two New Zealand
rabbits. The rabbits were boosted with the same amount of
protein in PBS/FIA after 3weeks, and bled after an additional
2weoks. For Immuncblotiing, these polycional anti-PhoA anti-
bodies were used at a 1:1000 dllution.

Polyclonal anti-BlaF was prepared as follows: two New
Zeatand rabbits were inoculated Intravenously on days 0, 7,
14 and 21, with a mixture of 1mg of purifled BlaF in 1mi
PBS, emulsified with 1m! FIA and 2ml of PBS/2% Tween
80. Anlmals were bled on day 28. From this antl-serum, anti-
BlaF antibodies were then semi-puritied on a membrane con-
taining purified BlaF. Briefly, 20 ng of the protein were runona
0.1% SDS~10% polyacrylamide ge! and eleclrotransterred to
an immobilon membrane {Milipore). This membrane was incu-
bated with 200 i of the anti-serum overnight at room tempera-
ture and then washed threa times with PBS/6.1% Tween/0.3%
skimmed milk powder and once with PBS/0.1% Twsen.
Seven-hundred miciolitres of a 0.2M glycine solution
(pH2.3) were added and after 5min on ice, the eluted
anti-BlaF antibodies were removed and neutralized with
40l of 0.3M Tris HCI (pH7). For immunoblotting, these
anti-BlaF antibodies ware used at a 1:250 dilution.
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