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Streptomyces albulus IF014147 produces s-poly-L-lysine, which exhibits antimicrobial
activity. It is necessary for its molecular breeding to develop host-vector systems. We
recently found a novel cryptic plasmid, pNO33, in this strain. As part of a search for a
selectable marker gene for pNO33, we report here the isolation and analysis of the p-
lactamase gene of this strain, which can grow on ampicillin-containing plates. It was
shown that the p-lactamase production in S. albulus was induced by ampicillin. By
introducing a genomic library of S. albulus into Escherichia coli, a 3.6-kbp fragment
was identified as the region involved in ampicillin resistance. It contained three open
reading frames, all of which are highly homologous to the g-lactamase (the blaL prod-
uct) and its regulatory proteins (the blaA and blaB products) of S. cacaoi. The growth
phenotypes and enzyme assaying of E. coli and S. lividans showed that the blaL
homologue (blaSa) encodes a B-lactamase required for ampicillin resistance. The j-
lactamse gene can be utilized as a selectable marker in a cloning vector of S. albulus.
However, the B-lactamase activity was decreased in E. coli and repressed in S. livi-
dans by the blaA and blaB homologues (blaASa and blaBSa). It appears as if the
blaASa product is a repressor of blaSa instead of an activator as in S. cacaoi.

Key words: ampicillin resistance, bla gene, p-lactamase, s-poly-L-lysine, selectable

marker, Streptomyces albulus.

Abbreviations: -PL, e-poly-L-lysine; kbp, kilobase pair; ORF, open reading frame.

e-Poly-L-lysine (¢-PL) is a microbiostatic L-lysine homo-
polymer that consists of 25-30 residues, with a linkage
between the a-carboxyl group and e-amino group, pro-
duced by the actinomycete Streptomyces albulus IFO14147
(1, 2). &-PL exhibits antimicrobial activity toward a wide
spectrum of microbes including Gram-positive and -nega-
tive bacteria (3), as well as antiphage activity (4). Due to
its safety and biodegradability, e-PL has already entered
the commercial market as a food preservative in Japan.
The breeding of e-PL-producing strains has been carried
out by means of conventional mutation and selection
methods. For instance, to improve the productivity of e-
PL, L-lysine analogue S-(2-aminoethyl)-L-cysteine plus
glycine-resistant mutants were isolated from the parent
strain after nitrosoguanidine treatment (5). It is neces-
sary for the molecular breeding of e-PL-overproducing
strains to develop host-vector systems for S. albulus. We
recently found a novel plasmid, pNO33, in S. albulus
IFO14147 (6). This high-molecular-size plasmid (37-kb)
is a cryptic plasmid, as none of its functions yet known,
but it has characteristics desirable in a vector plasmid,
such as a moderate number of copies and several unique
restriction sites. It would be suitable for use as a cloning
vector provided that a selectable marker gene resistant
to antibiotics is introduced into it.

As a result of our search for a suitable marker, we
found that S. albulus IFO14147 can grow on agar plates

"To whom correspondence should be addressed. Tel: +81-776-61-
6000, Fax: +81-776-61-6015, E-mail: hiro@fpu.ac.jp

Vol. 134, No. 3, 2003

containing ampicillin, one of the B-lactam antibiotics.
Many Streptomyces species, such as S. badius, S. fradiae,
S. cacaoi, S. clavuligerus, and S. lavendulae (7, 8), are
reported to produce B-lactamase, which effectively hydro-
lyzes ampicillin. In some bacteria such as Bacillus and
Staphylococcus, this production is regulated at the level
of gene expression (9). Regulation of the B-lactamase
gene (bla) has also been reported in S. cacaoi (10). It was
shown that the S. cacaoi B-lactamase activity is induced
by B-lactam compounds, and that the two B-lactamase
genes (blaL and blalU) are under the control of the same
regulatory system (11).

We report here the isolation and analysis of the -
lactamase gene of e-PL-producing S. albulus IF014147.
Our results show that the B-lactamase production is
induced by ampicillin and that the blaL homologue gene
we isolated encodes a B-lactamase required for ampicillin
resistance. The p-lactamase gene can be utilized as a
selectable marker in a cloning vector of S. albulus
IFO14147. In addition, the possible roles of the putative
regulatory genes found in this strain in B-lactamase
expression will be discussed.

MATERIALS AND METHODS

Strains and Plasmids—S. albulus IF014147 was used
as the DNA source for cloning of the bla gene. S. lividans
strain TK21 (SLP1- SLP2-) and plasmid pIJ702 (5.8 kbp)
(supplied by D.A. Hopwood), carrying the thiostrepton
resistance gene, were used to express the bla gene in S.
lividans. Escherichia coli strain JM109 [recAl A(ac-

© 2003 The Japanese Biochemical Society.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

474

proAB) endA1l gyrA96 thi-1 hsdR17 relAl supE44/(F'
traD36 proAB* laclt® ZAM15)] and plasmid pKF3 (2.2
kbp) (Takara Shuzo), carrying the chrolamphenicol
resistance gene, were used for cloning and expression of
the bla gene in E. coli.

Culture Media—S. albulus 1IF014147 was grown in
Luria-Bertani (LB) (12) or ISP.2 (1% malt extract, 0.4%
yeast extract and 0.4% glucose). The E. coli and S. livi-
dans recombinant cells were grown in LB containing
chloramphenicol (100 pg/ml) (Wako Pure Chemicals) and
ISP.2 containing thiostrepton (50 ug/ml) (Sigma), respec-
tively. To examine the induction of the bla gene, ampicil-
lin (Meiji Seika) was added to each medium. If necessary,
2% agar was added to solidify the medium.

DNA Manipulation and Transformation—Genomic DNA
from S. albulus was isolated as described by Takagi et al.
(6). Protoplast preparation and transformation of S. livi-
dans TK21 were carried out by the methods of Hopwood
et al. (13). Protoplasts were prepared from cultures
grown in YEME plus 0.5% glycine (13). Protoplast cells
transformed with recombinant plasmids were placed on
R2YE agar plates and then incubated for 18 h at 30°C
before overlaying with 2.5 ml soft nutrient agar contain-
ing thiostrepton (500 pg/ml) (13). The thiostrepton-resist-
ant colonies were selected after a further 3 d incubation.
Other conventional DNA techniques were used as
described previously (12). The enzymes used for DNA
manipulations were obtained from Takara Shuzo and
were used under the conditions recommended by the sup-
plier.

Cloning of the p-Lactamase Gene—Genomic DNA was
prepared from S. albulus IF014147 and then partially
digested with Sau3Al. The Sau3Al fragments larger
than 5-kbp were ligated into the unique BamHI site of
the pKF3 vector. E. coli JM109 competent cells were
transformed with the ligated DNA, and over 10,000 inde-
pendent chloramphenicol-resistant colonies were then
replica-plated onto LB agar plates containing ampicillin
(50 pg/ml). Two ampicillin-resistant colonies were iso-
lated, the ampicillin resistance being of the plasmid-
dependent phenotype. Two plasmids, pKFbla2.0 and
pKFbla3.6, had 2.0-kbp and 3.6-kbp fragments, respec-
tively, which overlap 2.0-kbp inserts, as judged on DNA
sequence analysis. The nucleotide sequence of the cloned
DNA fragment was confirmed with a model 377 DNA
sequencer (PE Biosystems) by means of the dideoxy
chain termination method.

Construction of Expression Plasmids in S. lividans—
For expression of the B-lactamase gene of S. albulus
IFO14140 in S. lividans, plasmids pKFbla2.0 (4.2 kbp)
and pKFbla3.6 (5.8 kbp) were linearized with Bgl/II, and
then ligated with Bgl/II-digested plJ702 to construct
pldbla2.0 (10.0 kbp) and plJbla3.6 (11.6 kbp), respec-
tively.

Assaying of p-Lactamase Activity—p-Lactamase activ-
ity was measured using the chromogenic substrate
nitrocefin (supplied by Y. Ishii) (14). For the actinomycete
albulus and S. lividans strains, the culture supernatants
were used as enzyme sources. The cell-free extracts of E.
coli strains were prepared by sonic oscillation under cool-
ing, and the supernatants obtained on centrifugation at
10,000 xg for 20 min were used as enzyme sources. The
initial rate of the increase in absorbance at 482 nm of the
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Fig. 1. Time course of p-lactamase production in S. albulus
IF014147. S. albulus 1IF014147 was cultivated in LB medium.
After 12 h of growth, ampicillin (100 pg/ml final) was added to one
of the tubes (solid squares) and no ampicillin was added to the other
tube (solid circles). The B-lactamase activities were assayed in the
culture medium at the times indicated. The data shown are the
means for four independent experiments. The variations in the val-
ues were below 10%.

reaction mixture (final volume, 1 ml) comprising 50 mM
phosphate buffer (pH 7.0), 0.1 mM nitrocefin, and the
enzyme solution was measured at 30°C, and then that
obtained for a solution containing all the materials
except nitrocefin (blank) was subtracted. One unit of
activity was defined as the amount of enzyme required to
hydrolyze 1 pmol of nitrocefin/min at 30°C using an
extinction coefficient for nitrocefin of 15,000 M-! cm.
Protein concentrations were determined with a Bio-Rad
protein assay kit. Bovine serum albumin was used as the
standard protein.

Data Deposition—The GenBank™ accession numbers
for the cloned 3.6-kbp DNA fragment including the bla
gene of S. albulus IFO14147, S. cacaoi blaL, and its regu-
latory genes (blaA and blaB) are AB112742, D90201, and
X63780, respectively.

RESULTS

p-Lactamase Production in S. albulus IFO14147 Is
Induced by Ampicillin—S. albulus 1F014147 showed
greater ampicillin resistance than S. lividans TK24,
which is a B-lactamase—negative strain (data not shown).
To examine the mechanism of ampicillin resistance, S.
albulus TFO14147 was cultivated in LB medium in the
presence or absence of ampicillin. Fig. 1 shows the course
of B-lactamase production in the culture medium. The
activity increased rapidly after the addition of 100 pg/ml
ampicillin and reached the maximum level at 36 h after
addition. However, no detectable activity was observed in
the absence of amipicillin, presumably due to repression
of enzyme synthesis. These results indicate that S. albu-
lus IFO14147 produces an extracellular B-lactamase and
that the production is induced by ampicillin, in a manner
similar to its production by S. cacaoi (10, 15).

S. alublus IFO14147 Has a p-Lactamase Gene That Is
Homologous to That of S. cacaoi—As described under
“MATERIALS AND METHODS,” a genomic library of S. albu-
lus IFO14147 was constructed in a high-copy-number
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Fig. 2. Schematic organization of the cloned 3.6-kbp DNA
fragment in pKFbla2.0 and pKFbla3.6. The two plasmids had
an overlapping 2.0-kbp Sau3Al insert (black box). Three ORF's were
revealed on DNA sequencing of the fragment. The predicted sizes
and transcriptional orientations of the ORFs (the blaSa, blaASa,
and blaBSa products) are indicated by open arrows. Amino acid
identity analysis of each ORF was performed with the S. cacaoi B-
lactamase (blaL product) and regulatory proteins (blaA and blaB
products).

plasmid, pKF3. From two dependent ampicillin-resistant
transformants, two plasmids (pKFbla2.0 and pKFbla3.6)
were isolated and discovered to have an overlapping 2.0-
kbp fragment insert (Fig. 2). Computer-assisted frame
analysis (16) of the sequenced region revealed three pos-
sible open reading frames (ORFs) (positions 957 to 55,
1859 to 954, and 2001 to 2924) encoding 300, 301, and
307 amino acids, respectively. The DNA fragment had a
G+C content of 66.8%, which is almost the same as that
of the total DNA (69 to 78 mol%) isolated from strepto-
mycetes (17).

On comparison of the amino acid sequence of each ORF
to entries in protein databases (SwissProt, PIR, and PRF),
the protein sequences within the overall region were
found to be clearly homologous to those of the B-lactamase
and regulatory proteins of S. cacaoi (18, 19). The
sequences of the three ORFs, encoding 300, 301, and 307
amino acids, exhibited 67%, 58%, and 49% identity to the
blaB, blaA, and blaL gene products of S. cacaoi, respec-
tively. S. cacaoi possesses two different unlinked B-lacta-
mase genes: blaL and blaU, the products of which are 49%
identical (20). Two adjacent genes, blaA and blaB, located

A +Amp

just upstream of blaL, were required not only for induc-
tion but also for basal expression of blaL (15). Therefore,
the three putative genes isolated from S. albulus
IF014147 were designated as blaBSa, blaASa, and blaSa,
respectively (Fig. 2). As shown in Fig. 1, the B-lactamase of
S. albulus IF014147 is excreted into the growth medium.
It is unlikely that cell lysis is caused by the production of
active B-lactamase, because a putative signal sequence is
present in the amino terminal region of blaSa, as is evi-
dent from the hydropathy plot (data not shown).

The stop codon of the blaASa product overlaps with the
putative start codon of the blaBSa product (S4ATGA%7),
suggesting translational coupling. It is likely that the
blaASa and blaBSa genes are transcribed as a polycis-
tronic mRNA. The start codons for individual ORF's were
preceded by possible ribosome-binding sites (%°GGT-
GGT%4 BBTIAGAATG866 and 1989GGAGGT4). Strohl (17)
suggested that the majority of streptomycete promoters
fall into two basic groups: (i) those with sequences simi-
lar to E. coli Ec™-like promoters; and (ii) those with a
wide diversity of sequences. We found canonical sequences
of E. coli-like promoters upstream of the blaSa and
blaASa products (YSTTGGACY?! and 1931GAACAT96,
IOTTCGGA and YW"TCAAAGY72, respectively).

The blaSa Gene Encodes a p-Lactamase—To further
examine the function of the blaL homologue in S. albulus
IF014147 (blaSa), we examined the growth of the E. coli
transformants on LB agar plates containing ampicillin
(Fig. 3A). The E. coli cells carrying pKFbla2.0, which
bears only blaSa, were capable of growing on ampicillin-
containing plates, whereas the vector-harboring cells
were sensitive to ampicillin. Table 1 summarizes the -
lactamase activities in E. coli cell extracts on cultivation
in LB medium. A high level of activity was detected in the
cells carrying pKFbla2.0, regardless of whether or not
ampicillin had been added to the medium. This indicates
that the blaSa gene encodes a B-lactamase required for
ampicillin resistance. Although the crude extracts ob-
tained from sonicated cells were assayed without further
fractionation, the B-lactamases produced presumably ac-
cumulated in the periplasmic space of E. coli.

Similar results were obtained for the transformed S.
lividans cells. The S. lividans cells carrying pldbla2.0,

Fig. 3. The growth phenotypes on ampicillin-
containing medium of E. coli and S. lividans

E. coli IM109 - Amp

pKFbla2.0

25 pg/ml

pKFbla3.6

PKF3

B +Amp

50 pg/ml

cells carrying the indicated plasmid. Approxi-
mately 108 cells of each strain and serial dilutions of
107! to 10 (from left to right) were spotted onto LB
plates for E. coli (A) and ISP.2 plates for S. lividans
(B) in the absence (—Amp) and presence of ampicillin
(+Amp). The plates were incubated at 37°C for 1 d.

- Amp

8. lividans TK21 50 ng/ml

plibla2.0

plJbla3.6
plJ702
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Table 1. p-Lactamase activities of the E. coli and S. lividans strains.

Strain Plasmid Insert B-Lactamase activity (mU/mg)

+ ampicillin — ampicillin
E. coli JM109 pKFbla2.0 blaSa 1,400 1,200
pKFbla3.6 blaSa, blaASa, blaBSa 140 110
pKF3 (vector) NT 0
S. lividans TK21 plJbla2.0 blaSa 104 98
plJbla3.6 blaSa, blaASa, blaBSa NT 0
pIJ702 (vector) NT 0

Assays were performed using cell-free extracts of E. coli strains and culture supernatants of S. lividans strains as
enzyme sources. The data shown are the means for three independent experiments. The variations in the values

were below 5%. NT, not tested.

which has only blaSa, acquired an ampicillin-resistant
phenotype (Fig. 3B). Table 1 also shows the B-lactamase
activity in the culture medium when S. lividans cells
were grown in ISP.2 medium. The cells carrying
pldbla2.0 were found to produce B-lactamase independ-
ent of ampicillin, which is similar to the pattern observed
for E. coli. We also infer that the B-lactamase signal
sequence of S. albulus is functional in S. lividans. These
results indicate that the blaSa gene, which encodes a p-
lactamase, is expressed in both E. coli and S. lividans
under its own promoter.

The blaA and blaB Homologues (blaASa and blaBSa)
Reduced or Repressed f-Lactamase Activity—On the other
hand, E. coli cells carrying pKFbla3.6, which has the
whole fragment including blaSa, blaASa, and blaBSa,
showed significantly lower ampicillin resistance than that
of pKFbla2.0 (Fig. 3A). It is noteworthy that the cells car-
rying pKFbla3.6 exhibited greatly reduced B-lactamase
activity (approximately 10% of that of the cells carrying
pKFbla2.0) regardless of the presence or absence of ampi-
cillin (Table 1). These results suggest that the putative
regulatory genes blaASa and blaBSa lowered the B-lacta-
mase activity in E. coli.

It is probable that the gene expression system, at the
level of transcriptional activation or repression, is signif-
icantly different between bacteria such as E. coli and
actinomycetes such as Streptomyces species. Interest-
ingly, S. lividans cells carrying plJbla3.6, which has the
blaSa, blaASa, and blaBSa genes, showed no growth at
all on ampicillin-containing plates, similar to the vector-
harboring cells (Fig. 3B). Furthermore, no p-lactamase
activity was detected in cells carrying pIlJbla3.6 (Table 1).
These results suggest that blaSa expression in S. livi-
dans is fully repressed by the putative regulatory genes
blaASa and blaBSa.

DISCUSSION

We found that a blaSa gene homologous to the S. cacaoi
blaL encodes a B-lactamase, which is required for the
ampicillin resistance of S. albulus IF014147. Sequence
analysis of the cloned fragment showed that two possible
ORF's are located just upstream of blaSa. The protein
sequences were also homologous to S. cacaoi blaA- and
blaB-encoded proteins. In S. cacaoi, the blaA and blaB
genes are reportedly required not only for induction, but
also for basal expression of blaL (15). However, the
growth phenotypes and enzyme assaying of E. coli and S.
lividans showed that the blaA and blaB homologues in S.

albulus TFO14147 (blaASa and blaBSa) greatly reduced
or fully repressed B-lactamase activity, suggesting that
blaASa or blaBSa is a repressor of blaSa, if not both.

In Gram-positive bacteria such as B. licheniformis, p-
lactamase expression can be induced by the addition of
penicillin (21). In contrast, most Streptomyces strains
constitutively secrete B-lactamase into the culture medium
(22-25). However, it is well known that S. cacaoi pos-
sesses two different B-lactamase genes, blaL and blaU,
both of which are induced by B-lactam compounds (10).
To our knowledge, the present study is the second to dem-
onstrate induction of a B-lactamase gene in Streptomyces
species. It has been shown that the blaA-encoded protein,
which interacts with the promoter region (26), is a tran-
scriptional activator belonging to the LysR family (15).
Goethals et al. (27) previously proposed that LysR-like
regulatory proteins, including the blaA product, bind to
T-N;;-A nucleotide sequences centered on an inverted
repeat. Such a motif was also discovered upstream of the
blaSa gene (1873T-1885A) In B. licheniformis, inducible
synthesis of B-lactamase is controlled by two genes, blal
and blaR. The blal gene encodes a repressor (28) whose
expression is autoregulated. Therefore, it is possible that
the blaASa product in S. albulus IFO14147 is a repressor
of blaSa, like blal in B. licheniformis, instead of an acti-
vator as in S. cacaoi.

The biochemical study showed that the 6laB product of
S. cacaoi is an internal membrane-bound protein
attached to the internal face of the cytoplasmic mem-
brane, but does not act as a penicillin-binding protein.
The exact role of the blaB-encoded protein remains to be
elucidated (29). In B. licheniformis, the blaR gene is tran-
scribed together with blal from the blal promoter (30).
The blaR product, which is a membrane-bound penicil-
lin-binding protein, functions as a penicillin sensory
transducer (31, 32). Although the function of the blaBSa
gene in S. albulus IFO14147 remains unknown, it would
be of great interest to isolate a transcriptional activator
or a signal transducer for B-lactamase production in this
strain.

To further such study, we need to examine the roles of
the blaASa and blaBSa genes in B-lactamase induction
by ampicillin in S. albulus cells. However, a method of
transformation for this strain has not been developed yet.
This is probably because the efficiency of regeneration
from protoplast cells is extremely low (Hoshino, Y., et al.,
unpublished observations). Several experiments to intro-
duce plasmid DNA into S.albulus cells are currently in
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progress, as is the case for other Streptomyces species (13,
33).

The metabolic pathway, and the enzymes related to e-
PL synthesis and degradation have not yet been clarified.
Kito et al. recently reported that e-PL-degrading enzymes
were found in both S. albulus and an e-PL-tolerant bacte-
rium, Sphingobacterium, and that the latter enzyme was
a cation-activated aminopeptidase, which catalyzes exo-
type degradation of ¢-PL and thereby releases L-lysine
(34). Taking into account that pNO33 has been found in
only e-PL—producing S. albulus IFO14147, it is probable
that the plasmid encodes the gene(s) in e-PL biosynthesis
or resistance. Host-vector systems for this strain are
essential not only for the study of biosynthesis and regu-
lation of the unique homopolymer ¢-PL, but also for the
molecular breeding of ¢-PL overproducers for industrial
use. For its utilization as a cloning vector for engineered
plasmid pNO33 containing the B-lactamase gene, we will
soon attempt to isolate an ampicillin-sensitive mutant
containing the bla gene mutation (B-lactamase-deficient)
as a host strain. An ampicillin-inducible promoter up-
stream of the blaSa gene would allow us to construct an
inducible expression vector for this strain.

We are grateful to Dr. David A. Hopwood for providing the S.
lividans strain and plasmid. We also thank Dr. Yoshikazu
Ishii for the gift of nitrocefin. This work was supported by a
grant from Chisso Corporation.
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