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SUMMARY

A 4.9-kb DNA fragment containing the bla gene for the extracellular §-lactamase (BLA) of Streptomyces albus
G was cloned in Streptomyces lividans using the conjugative, low-copy-number plasmid plJ61 as vector. No
expression of bla was observed when this DNA fragment was introduced into Escherichia coli HB101 on a
plasmid vector. A 1.5-kb PstI-Ss¢tI fragment containing the bla gene was cloned in S. /ividans on the non-
conjugative, high-copy-number plasmid pIJ702. A tenfold higher yield of BLA was obtained from S. lividans
carrying this plasmid than from S. albus G grown under optimal production conditions. The BLA from the
clone reacts with -iodopenicillanate according to a branched pathway which is characteristic of the original
S. albus G BLA enzyme.

INTRODUCTION These enzymes, which recognize the f-lactam fused

ring system, are valuable models to study the mode

Streptomyces spp. secrete during growth DD-pep-
tidases of varying sensitivity to f-lactam compounds
(Leyh-Bouille et al., 1971; 1972) and B-lactamases
(BLA) of varying specificity profile (Johnson et al.,
1973; Duez etal., 1981; Ogawara etal., 1981).

* This paper is part of a dissertation of P.D. presented as partial
fulfilment for a Ph.D. thesis, at the University of Liége.

** To whom correspondence and reprint requests should be
addressed.

Abbreviations: Ap, ampicillin; BLA, p-lactamase; bla, gene
“coding for BLA; bp, base pair(s); branched pathway, see

of action of S-lactam antibiotics at the molecular
level (Ghuysen et al., 1984). In particular the Zn*
pD-peptidase of S. albus G (of known sequence;
Joris et al., 1983) and the serine DD-peptidase of
Streptomyces R61 have been crystallized and the

RESULTS AND DISCUSSION, section¢ and Frére etal
(1982); pp-peptidase, D-alanyl-D-alanine-cleaving carboxypep-
tidase; kb, 1000 bp; MM, YEME, sece MATERIALS AND
METHODS, section b;"Nm, neomycin; Pollk, Klenow (large)
fragment of E. coli DNA polymerase I; ¥, resistant; R2YE, proto-
plast regeneration medium; S, sensitive; SDS, sodium dodecyl
sulfate; Tc, tetracycline; Thio, thiostrepton.
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unravelling of their three-dimensional structure by
X-ray diffraction at high resolution is in progress
(Dideberget al., 1982; Kelly et al., 1985). A practical
limitation of these studies, however, is the low level
at which these extracellular enzymes are produced.
Thus, for example, the yields of purified protein per
litre of culture filtrate are 67 ug of S. R61 DD-pep-
tidase (Fossati et al., 1978) and 3 ug of S. albus G
BLA (Duez et al., 1981), starting from 15000 and
500 litres of culture, respectively. This paper de-
scribes the cloning and amplified expression of the
S. albus G bla gene in a derivative of S. lividans via
the high-copy-number plasmid pIJ702.

MATERIALS AND METHODS
(a) Bacterial strains and plasmids

E. coliHB101 was used as host. S. albus G and S.
R61 were from the Microbiology Department of the
University of Liége and Streptomyces coelicolor A3(2)
and S. lividans TK24 (str-6) and TK23 (spc-1), both
cured of the natural plasmids SLP2 and SLP3
(Hopwood et al., 1983), were from the John Innes
Institute collection. Streptomyces cacaoi KCC-
S0O352 was a gift from Dr. A. Seino, Kaken Chemi-
cal Company Ltd., Tokyo (Japan).

Streptomyces plasmid vectors pIJ702 and plJ61
were described by Katz et al. (1983) and Thompson
et al. (1982), respectively.

(b) Growth conditions and media

Growth of Streptomyces cultures at 28°C was in
Oxoid tryptone soya broth or yeast extract-malt
extract (YEME) medium (Chater et al., 1982) with
vigorous orbital shaking. The following liquid media
were also used for special purposes: (i) P medium
(Okanishi et al., 1974) supplemented with 0.5%
yeast extract; (it) Difco brain-heart broth; (iii) Oxoid
Mueller—Hinton broth; (iv) Merck peptone medium
[as described by Leyh-Bouille et al. (1971), except
that Merck peptone No. 7213 was used]; (v) Lennox
(1955) broth, and (vi) E9 medium (containing per
litre, NaNO; 4 g; K,HPO, 2 g; MgSO, 0.5 g; KCl
0.3 g; CaCO, 1 g; glycerol 10 g; yeast extract 10 g;
pancreatic peptone 10 g). Agar R2YE medium and
agar minimal medium (MM) (Chater etal., 1982;

Hopwood, 1967) were also used. E. coli HB101 was
grown at 37°C in Luria-Bertani or M9 media
(Maniatis et al., 1982) with vigorous shaking.

(¢) Enzymes

Restriction endonucleases were from Bethesda
Research  Laboratories  (Gaithersburg, MD,
U.S.A.), New England Biolabs (Beverly, MA,
U.S.A)), Boehringer (Mannheim, F.R.G.) or The
Radiochemical Centre (Amersham, U.K.). Pollk,
calf intestinal alkaline phosphatase and T4 DNA
ligase were from Boehringer (Mannheim, F.R.G.).
Bacterial alkaline phosphatase was from The Radio-
chemical Centre (Amersham, U.K.) and lysozyme
was from Sigma (St. Louis, MO, U.S.A.).

(d) p-Lactam compounds and other antibiotics

The chromogenic S-lactam nitrocefin was from
BBL Microbiology Systems (Cockeysville, MD,
U.S.A.). p-Iodopenicillanate was a gift from Dr. J.
Kemp (Pfizer Central Research, Sandwich, Kent,
U.K.). Ap was from Bristol Benelux (Brussels,
Belgium); Nm, spectinomycin, streptomycin and Tc
were from Sigma (St. Louis, MO, U.S.A.). Thio was
a gift from Dr. R.B. Sykes (E.R. Squibb and Sons,
New Brunswick, NJ, U.S.A.).

(e) BLA activity

Nitrocefin was used as substrate. (i) The BLA
activity of Streptomyces liquid culture supernatants
or in cell-free extracts of washed and sonicated
mycelium was estimated by the method of
O’Callaghan et al. (1972). (i)) BLA-producing Strep-
tomyces colonies grown on R2YE agar plates and
overlaid with 200 M nitrocefin in 50 mM sodium
phosphate buffer pH 7.0 developed a red halo within
a few minutes at room temperature. (iii) When
applied to BLA-producing E. coli colonies grown on
nitrocellulose membranes, the same procedure
resulted in the development of a pink coloration of
the colonies themselves.

(f) Recombinant DNA techniques

Preparation of Streptomyces chromosomal and
plasmid DNA and transformation of Streptomyces



protoplasts were according to Chater et al. (1982).
Digestion with the restriction endonucleases or
alkaline phosphatases, treatment with Pollk and
ligation experiments were carried out using standard
procedures (Maniatis et al., 1982). The digested pro-
ducts were separated by agarose gel electrophoresis
(Maniatis et al., 1982) and DNA fragments were
eluted from the gels as described in Dretzen et al.
(1981). Plasmid DNA was radioactively >*P-labelled
by nick translation (Maniatis et al., 1975). Hybrid-
ization was performed on digested DNAs after
transfer to nitrocellulose filters (Southern, 1975).

RESULTS AND DISCUSSION
(a) Shotgun cloning of the S. albus G bla gene

Attempts to clone the S. albus G bla gene using the
Bglll, Sphl or Sst1 sites of the high-copy-number
Streptomyces plasmid pIJ702 did not succeed. How-
ever, six BLA™ colonies were found among
5000 Nm® Thio® S. lividans TK24 transformants
obtained in a PstI-mediated cloning experiment with
plJ61 as vector. Five of the clones were lost after the
first subculture, but one survived.

(b) Characterization of plasmid pDML1

After retransformation of S. lividans TK24 with
plasmid DNA of the single remaining Bla™ clone or
conjugal transfer of the plasmid to S. lividans TK23,
609, or 309, respectively, of the resulting Thio®
colonies were Bla*. This demonstrated that the
BLA activity was plasmid-dependent but the clone
was either mixed or unstable. The relevant plasmid
was designated pDML1 and the initial strain bearing
it was called S. lividans PD1. When PD1 was propa-
gated on Thio-containing agar plates, the resulting
spore population contained only 10-70% Bla™
colonies. When grown in flasks (50 ml cultures)
containing the same Thio-supplemented YEME
medium, 4 out of 5 culture supernatants were Bla .
Plasmids isolated from the non-producing cultures
lacked PstI sites and were smaller than plJ61. The
level of enzyme production in the single Bla™* culture
was about four times that obtained with S. albus G
grown under identical conditions.
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Fig. 1. Construction of plasmid pDML3. pDML3 is a derivative
of pBR322. First the pBR322 bla gene (Ap®) was inactivated by
deleting the Pvul + EcoRI fragment (pBR322 was restricted by
Pyul + EcoRI and the large fragment was recovered by elution
from agarose gel electrophoresis, filtered through a small
Sephadex G-50 column in 20 mM Tris buffer pH 9 containing
1 mM EDTA and 100 mM NaCl, precipitated with ethanol and
redissolved. The extremities were transformed into blunt ends by
treatment with Pollk and religated). The resulting plasmid,
pDML2, was then digested with Ps¢l, treated with bacterial
alkaline phosphatase and ligated to the 4.9-kb Pst1 fragment from
pDMLI1. TcR transformants of E.coli strain HB101 were
selected and screened for the presence of plasmids containing a
4.9-kb insert. The insert has no sites for BamHI, BgllIl, Clal,
EcoRI, HindIll, Hpal, Ndel, Sphl and Xbal, and unmapped sites
for Apal, BstEIl and Smal. The S. albus G bla gene was located
in the hatched segment of the insert.

For unknown reasons, pDML1 gained stability on
conjugal transfer to S. lividans TK23 (109, loss only
after one round of sporulation). After extraction
from TK23, pDMLI was found to contain a 4.9-kb
Pst1 fragment which presumably contained the
S. albus G bla gene. This fragment was inserted into
the Pstl site of pDML2, a derivative of pBR322
lacking the Pwul-EcoRI sequence (Fig. 1, legend).
The resulting plasmid, pDML3, shown in Fig. 1,
gave no detectable (nitrocefin test) BLA activity in
E. coli HB101, consistent with the general lack of
expression of Streptomyces genes subcloned into
E. coli vectors (Bibb and Cohen, 1982; Horinouchi
et al., 1980; Schupp et al., 1983; Gil and Hopwood,
1983).

pDML3 was 3?P-labelled by nick translation and
used as probe in hybridization experiments involving
Pst] digests of pDML1 and chromosomal DNAs
from the Bla™ strains S. albus G, S. cacaoi and
S. coelicolor A3(2) and the non- or very low-pro-
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ducing strains S. lividans TK24 and S. R61. Hybrid-
ization occurred only with the 4.9-kb insert of
pDML1 and a fragment of the restricted S. albus G
chromosomal DNA. The hybridizing S. albus G Pstl
fragment (11 kb) was larger than the Ps¢I fragment
cloned in pDMLI1 and pDML3 suggesting that the
cloned fragment contained a deletion. The occur-
rence of this deletion, the failure to clone bla* in the
high-copy-number vector and the loss of five out of
six primary clones in pIJ61 all suggest the occurrence
of a sequence close to gene bla that interferes with
growth of the clones in S. lividans.

The 4.9-kb fragment of pDML3 and the 3.4-kb
and 1.5-kb subfragments derived from it by SszI
digestion were separately ligated to appropriately
cleaved plJ702 and used to transform S. /ividans
TK?24. BLA production was found in Thio® colonies
containing the 4.9-kb fragment (pDML4) or the
1.5-kb subfragment (pDML6). pDML6 was 1009,
stable in S. lividans TK24 and as shown below, the
resulting strain, PD6, was an excellent producer of
extracellular BLA.

(c) Properties of the extracellular BLA of S. lividans
PD6

S. lividans PD6 and S. albus G were grown at
28°C in various liquid media and the BLA activity
in the culture filtrates was estimated as a function of
time (Table I; Fig.2). Comparable, low levels of
enzyme excretion by the two strains was observed in
YEME medium, with 229 of the PD6 activity being
intracellular. In contrast, in both brain-heart and
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Fig. 2. Time course of BLA excretion by S. lividans PD6 (A) and
S. albus G (B) grown in Lennox medium at 28°C. For definition
of unit, see Table I, footnote a.

TABLE I

Maximal level of BLA in the medium supernatant of cultures of
S. lividans PD6 and S. albus G grown at 28°C in various liquid
media

BLA arbitrary units® produced by:

S. lividans PD6 S. albus G
Media® Extracellular  Intracellular  Extracellular
YEME 2 0.7 1.5
P+05% YE 14 nt. n.t.
Brain—heart 134 n.t. 0.3
Mueller-Hinton 2.3 nt. n.t.
Lennox*® 16.5 0.15 0.2
Peptone 7213 12 n.t. n.t.
E9 2 nt. n.t.

2 QOne arbitrary unit was defined as the quantity of enzyme
(BLA) which resulted in an increase of 1 absorbance unit at
482 nm after 1h of incubation at 30°C in 500 ul of 50 mM
sodium phosphate buffer pH 7.0 containing 100 gM nitrocefin
(O’Callaghan et al., 1972). This unit is equivalent to 1/900 inter-
national unit (gmol of hydrolysed nitrocefin x min~'). n.t., not
tested.

® See MATERIALS AND METHODS, section b.

¢ See Fig. 2 for time course.

Lennox media, S. lividans PD6 produced 45- to
80-fold more extracellular BLA than S. a/bus G in
the same medium, with about 19, being intracellular.
The BLA of S. lividans PD6, grown in Lennox broth,
was purified to protein homogeneity using essentially
the procedure described previously for the S. albus G
BLA (Duez etal., 1981). The behaviour of the
enzyme at each step of the purification (which
included various chromatographies and filtrations
on DEAE cellulose, Sephadex G-100, DEAE
Sephadex and DEAE Sephacel) and the M, of the
purified enzyme (30000 as revealed by SDS—poly-
acrylamide gel electrophoresis) were those expected
from the known properties of the original S. albus G
BLA. The yield was 1.35 mg of pure enzyme per litre
of culture filtrate, starting from a volume of 40 litres.
This yield per litre, 450 times higher than that
obtained by Duez et al. (1981), is attributable not
only to overproduction by the strain carrying the
cloned gene but also to the choice of the most
suitable medium (Lennox broth) and a better per-
centage of recovery [11% instead of 3% in Duez
et al. (1981)].



TABLE II

Inactivation of the BLA of S. lividans PD6 and S. albus G by
increasing concentrations of f-iodopenicillanate *

[B-lactam] [B-lactam]/ Enzyme (BLA) activity (%)
(uM) [enzyme]
(molar ratio) S. lividans PD6 S. albus G
0 0 (100) (100)

10 133 74 71

20 266 35 26

40 532 10 6

80 1064 0 0
160 2130 0 0

® The extracellular BLA produced by S. lividans PD6 was com-
pared to the S.albus G enzyme by incubating each enzyme
(75nM) in 50 ul (final volume) of 50 mM sodium phosphate
buffer pH 7.0 containing f-iodopenicillanate (specified as B-lac-
tam in Table II) at concentrations ranging from 0-160 uM (so
that the molar ratios of f-lactam to enzyme varied from 0-2130).
After 10 min of incubation at 22°C, the reaction mixtures were
diluted ten-fold with the buffer and the BLA activity was deter-
mined on 10-ul samples.

Previous studies (Frére et al., 1982) had shown
that in the reaction of the S. albus G BLA with
p-iodopenicillanate turnover of this B-lactam
compound and inactivation of the enzyme occurred
concomitantly. This behaviour has been explained
on the basis of a branched pathway, in which the
acylenzyme intermediate can either rearrange into
irreversibly inactivated enzyme or regenerate free
enzyme through the usual hydrolytic reaction. The
number of hydrolytic turnovers before enzyme in-
activation was about 500 and consequently complete
enzyme inactivation required a molar ratio of
p-iodopenicillanate to enzyme of at least 500, char-
acteristic of the considered enzyme. As shown in
Table 11, a molar ratio of B-lactam to enzyme slightly
above 500 was necessary to achieve complete
inactivation of both enzymes. On incubation of
1 uM S. lividans PD6 BLA with 100 uM g-iodopen-
icillanate (in 250 pl, final volume), the f-lactam was
quantitatively hydrolyzed, yielding a compound
whose absorption spectrum in the near UV was
identical to that of 2,3-dihydro-2,2-dimethyl-1,4-thi-
azine-3,4-dicarboxylate, a compound which was
obtained under the same conditions using the
S. albus G BLA (Frére et al., 1982).

These results confirm that the S. albus G gene for
extracellular BLA was contained in the 1.5-kb sub-
fragment cloned in pDMLG.
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