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Isolation of B-Lactamase Inhibitory Protein from Streptomyces
exfoliatus SMF19 and Cloning of the Corresponding Gene

PARK, HYEON-UNG AND KYE JOON LEE*

Department of Microbiology, College of Natural Science, and
Research Centre for Molecular Microbiology, Seoul National University, Seoul 151-742, Korea

The B-lactamase inhibitory protein (BLIP) produced by Streptomyces exfoliatus SMF19 was purified
(33 kDa) and the N-terminal amino acid sequence was determined as NH2-ATSVVAWGGNND. Genom-
ic DNA library of S. exfoliatus SMF19 was constructed in pWE1S and recombinants harbouring the cor-
responding gene were selected by colony hybridization to the mixture of 36-mer oligomucleotide design-
ed from the N-terminal amino acid sequence. The corresponding gene (bliX) was isolated on a 4-kb Apal
fragment of S. exfoliatus SMF19 chromosomal DNA and then sequenced. The bliX consisting of 1,119
bp encoded a mature protein with a deduced amino acid sequence of 342 residues and also encoded a 40-
amino-acid signal sequence. No significant sequence similarity to biX was found by pairwise com-

parison using various protein and nucleotide sequences.

Resistance of pathogenic bacteria to the [-lactam
antibiotics is usally due to the production of various B-
lactamases, which cleave the B-lactam ring of B-lactam
antibiotics (1). Resistant bacteria have frequently been
isolated from the places where the antibiotics were wide-
ly used or disposed. Analysis of such results have sug-
gested that the ability to produce B-lactamases has been
aquired by horizontal gene transfer (15).

Chemical modifications of the [B-lactam antibiotics
have contributed to improvement of the therapeutic
effects against pathogenic bacteria producing P-lactamases.
In addition, useful B-lactamase inhibitors from microbial
metabolites have been developed. f-lactamase inhibitors of
low molecular weight, such as clavulanic acid, olivanic
acid, thienamycin, and their derivatives have been clinically
used. A proteinaceous B-lactamase inhibitor that inhibits B-
lactamase from Staphylococcus aureus was first isolated
from Streptomyces gedanensis (9). Later, a B-lactamase in-
hibitory protein (BLIP) produced by S. clavuligerus was
characterized and the comresponding gene, bli, was sequenc-
ed (8). Transcriptional analysis and heterologous expression
of the gene encoding BLIP in S. /ividans were also reported
(17). The 3-dimensional structure of BLIP was determined
by X-ray crystallography (24).

We have purified and characterized B-lactamase in-
hibitory proteins produced extracellularly by S. ex-
foliatus SMF19 (11, 12). Here, we present on the clon-
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ing and sequencing of the gene encoding one of them.
MATERIALS AND METHODS

Bacterial Strains, Cosmid, and Plasmids

Streptomyces exfoliatus SMF19 (11, 12) was used as a
source of genomic DNA. Escherichia coli DH50 was
used for the propagation of the recombinant cosmid and
plasmids. E. coli ToplOF' (Invitrogen, San Diego, CA)
was used as the host for pZero-2 (Invitrogen). pWE15
(25), a broad-host-range cosmid vector, was used for the
construction of the genomic librariy of S. exfoliatus SMF
19. Subcloning experiments were performed with the
vectors pBluscript KS(+) (Stratagene Inc., La Jolla, CA,
U.S.A)), pZero-2, and pUC18 (26).

Culture Conditions

S. exfoliatus SMF19 was maintained on a slope of R
2YE agar medium and spores formed on the medium
were stored at -20°C in a 20% glycerol. For the pre-
paration of vegetative mycelium, the strain was cul-
tivated in tryptic soy broth (Difco Laboratories, Detroit,
MI) at 28°C on a rotary shaker (150 rpm). All E. coli
strains were grown in LB medium (20). Ampicillin (60
pg-ml") or kanamycin (50 pg-ml') was added to LB for
the stable maintenance of plasmid or cosmid DNA.

Purification of BLIP from S. exfoliatus SMF19

The purification of BLIP was conducted as described
previously (12). N-terminal amino acid sequence of the
BLIP was determined by a modified phenylthiohydan-
toin method (14), using the Milligen/Biosearch 6600
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Prosequencer (Millipore).

B-Lactamase Inhibition Assay

B-lactamase activity was estimated at pH 7.0 and 30°C
by the modified iodometric assay method (22). B-lac-
tamase inhibition activity was calculated as follows: -
lactamase inhibition activity (%)=[{(A-B)/A]x 100, where A
is the B-lactamase activity without the inhibitor and B is
the B-lactamase activity with the inhibitor. One unit of B-
lactamase inhibitory activity was defined as the amount
of inhibitor needed for 50% inhibition of 0.96 unit of B-
lactamase (Bacto-penase from Difco).

Preparation of Recombinant DNA

DNA manipulations for Streptomyces species were
performed as described by Hopwood et al. (10). The
large-scale purification of cosmid and plasmid was
achieved by the alkaline lysis method (20). Small-scale
preparation of plasmid DNA, transformation of E. coli,
and construction of recombinant cosmid and plasmids
were followed the established standard techniques (20).
A library of S. exfoliatus SMF19 was constructed in the
cosmid vector pWE15 as follows. One hundred micro-
grams of S. exfoliatus SMF19 chromosomal DNA was
partially digested with Sau3Al (Poscochem, Sungnam,
Korea) to produce an average fragment size of appro-
ximately 50 kb. The reaction was stopped by phenol
extraction, and the mixture was applied to a 50 ml
10%-40% sucrose gradient and then centrifuged for 20 h
at 26,000 rpm in a Beckman SW28 rotor. Fractions (1.0
ml) containing DNA fragments of 40-60 kb were pooled
and concentrated by ethanol precipitation. 500 ng of the
size-fractionated DNA was then ligated in a total volume
of 20 ul with 1.4 ng of BamHI-digested pWE15 that had
been treated with calf intestinal alkaline phosphatase
(Poscochem) to prevent recircularization. After 12 h of
ligation at 16°C, the ligated DNA was packaged in bac-
teriophage lambda particles by using the Giga Pack II kit
(Stratagene) and was introduced into E. coli DH50 by
transduction.

A collection of E. coli colonies containing recombinant
cosmids was screened by colony hybridization under
highly stringent condition. The biased mixture of 36-mer
oligonucleotide was synthesized in Genosys, Woodland,
Texas. The hybridization probe was labelled by using
ECL 3'-oligolabelling and detection sytems (Amersham,
Buckinghamshire, England). Southern biot hybridization
and colony hybridization were performed by the stan-
dard techniques (20). Physical mapping of the selected re-
combinant plasmid was conducted by an analysis of the
products of single and double-restriction enzyme diges-
tion and consideration of the results of corresponding hy-
bridization experiments (20).

DNA Sequence Determination

DNA sequencing was conducted by the dideoxy method
of Sanger et al. (21), using Sequenase™ 2 and utilizing 7-
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deaza-GTP in place of dGTP in oder to relieve com-
pressions in the banding pattern on DNA sequencing gels.
The DNA sequence of each fragment was determined re-
peatedly in oder to provide unequivocal results in the re-
gions of high G+C content which are characteristic of Strep-
fomyces DNA and difficult to sequence. For this purpose,
DNA fragments of various sizes were generated by use of
an exonuclease IIl kit. The entire sequence was assembled
from overlapping clones analysis using either the DNASIS
(Hitachi, Japan) or Macframe (13).

The nucleotide sequence data were analyzed for the
presence of restriction sites, regions of dyad symmetry,
RNA secondary structure, and codon usage by using the
DNASIS and PC-Gene programs (Intelligenetics Corp.,
Mountan View, CA, U.S.A)). The corresponding protein
sequence was examined by using the FASTP protein se-
quence analysis programs (18) and their accompanying
protein sequence data banks.

RESULTS

Purification of BLIP and Determination of N-Ter-
minal Amino Acid Sequencing of the Protein

BLIP was purified from culture filtrate of S. exfoliatus
SMF19 as described previously (12). The molecular
weight was determined as 33 kDa by SDS-PAGE (Fig.

1).

kDa

97.4

21.5

Fig. 1. Analysis of BLIPs by SDS-PAGE.
Lane 1, molecular markers; lane 2, pooled fraction after DEAE-
Sephadex A-50 chromatography; lane 3, pooled fraction of FPLC with
Superdex (Pharmacia). The arrow indicates BLIPgyy)s.
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The N-terminal amino acid sequence was determined
as: NH,-Ala-Thr-Ser-Val-Val-Ala-Trp-Gly-Gly-Asn-Asn-
Asp. The protein was named as BILPgygy.

Cloning of Gene Encoding BLIP, ., .

A 36-mer, mixed-oligonucleotide probe was designed
from the N-terminal amino acid sequence as 5-GC(G/C)
AC(G/CO)TC(G/C)GT(G/C)GTCGCGTGGGGCGGCA-
ACAACGAC-3' considering the biased codon usage of
Streptomyces sp. A library of S. exfoliatus SMF19 chro-
mosomal DNA fragments was constructed in the cosmid
vector pWE15 and forteen recombinants highly hy-
bridizing with the probe were obtained in a population of
about 8,000 colonies.

Apal digests of the forteen hybridizing cosmids and
the chromosomal DNA of S. exfoliatus SMF19 were
separated by agarose gel electrophoresis and hybridized
with the pool of 36-mer oligonucleotide. A 4-kb Apal
fragment was detected in chromosomal DNA of S.
exfoliatus SMF19 and in cosmid DNA isolated from
three recombinants. The fragment (4 kb) isolated from
the cosmid DNA was subcloned into a positive selection
vector (pZero-2) and the plasmid was designated as
pSMF251. The position of the gene encoding BLIPggo
determined by hybridization of the uligonucleotide probe
to a Southern blot of Sacl, Sacll, Sall, or BamHI-dig-
ested pSMF251 DNA are shown in Fig. 2 and Fig. 3.
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Fig. 2. Southern analysis of pSMF251.

The pSMF251 DNA was digested with the several restriction enzymes,
separated by 1% agarose gel electrophoresis for southern analysis (A),
and hybridized to the biased mixture of 36-mer oligonucleotide (B).
Lane 1, 16, MHindlIl size markers; lane 2, BamHI; lane 3, Bcll; lane 4,
Bgll; lane 5, Clal; lane 6, EcoRI; lane 7, EcoRV; lane 8, Kpnl; lane 9,
Ncol; lane 10, Pstl; lane 11, Sacl; lane 12, Sacll; lane 13, Sall; lane 14,
Smal; lane 15, Xhol.
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Nucleotide Sequence of the Gene Encoding BLIPg,,

To determine the nucleotide sequence of the gene en-
coding BLIPgyg,,, the two Sa/l-Sacll fragments (about 0.7
kb and 0.9 kb) prepared from pSMF251 were subcloned
into pBluescript KS(+) and one BamHI-Apal fragment
(about 1.0 kb) obtained from pSMF251 was subcloned
into pZero-2.

The nucleotide sequence of the gene encoding
BLIPg,;s was determined from the fragments prepared
and through the strategy given in Fig. 3.

The sequence are shown in Fig. 4 and the G+C con-
tent of the entire sequenced region as a function of co-
don position was analyzed by using the Macframe pro-
gram. An open reading frame (ORF) was initially re-
cognized by the presence of a DNA sequence which cor-
responded precisely to the N-terminal 12-amino-acid se-
quence of the BLIPg,. Further analysis by DNASIS
program revealed three unique ORFs starting at an ATG
codon (nucleotide 476), a GTG codon (nucleotide 521),
and an ATG (nucleotide 524). Among them, the ATG co-
don (nucleotide 476) was adopted because it is preceded
by a potential ribosome-binding site (4) and a typical
leader peptide sequence (underlined in Fig. 4) that has
been observed in other Streptomyces sp. (8) was found
after the codon.

The ORF terminated at a TAG translation stop codon
adjacent to an inverted repeat sequence (underlined ar-
rows in Fig. 4) which was thought to encode the stable
RNA stem-loop structure (AG=-9.70 kcal-mol™ [27)).
The overall mean G+C content of this ORF was 73%;
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Fig. 3. Sequencing strategy for the BLIPguwo of S. exfoliatus
SMF19.

The sites used for cloning of DNA fragments obtained by digestion
with restriction enzymes and deletion by S1 exonuclease are indicated
by arrows whose length and direction indicate the extent of sequence
determination from these sites. The thick arrow shows the coding re-
gion of the putative BLIPsyr;; gene product.
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TIG O3C ASS CBT GAC GBC AAG G6CT CTC OST OCT CTC TOS (BC CO5 663 TIG GCT GAA TAA CIC OOC CIG (GA G633 036 GC5 TIG
TAT TTG GAT GGT GAT CAC ACA (536 CTT CCT AGA (A CCT TGC GAG GOT TGA TOC ATG COG AAC G3A ATC GIC CGA CTC CAT O

TIC GB5 605 606 CTS GG ATG AGC GaC CTC CT6 TOC 605 CT8 T 800 &C
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M P N G I V R L R
O @66 GTIC 605 B0C GAA OB TOC TXC TCA
F 6 A A L VvV M s 6 [ L S A L S A A P G V A A E P S S S
Gmecs*az;mmmmwm@s@smm&cmwmwzmmwwms&wm GIC
V A AT S V V AR GBS G NNDVW G EATUV P AEAQQS v
GAC 605 ATC G0C GGC GGG TAC TIC CAC GGT CTG GOC CTG AAG GGC GGC AAS GTA CTG GSC T66 663 GOG AAC CT6 AAC CAG
D A I AG 6 Y FHG L ALIK®SG G K VLG WG ANTILN Q
CT6 ACG ATG OCC 60C GCB ACG CAG TCC GGG GTG GAC GCB ATC 606G GCC GGG AAC TAT CAC AGC CTG G605 CIC AAG GAC GAG
L T M P A AT QS G V D AI A AG NY H S L ALIKTD E
GIC ATC GOC T6G GGC GGC AAC GAG GAC GGT CAG ACG ACC GIB (0 GCC GAS GCC (BT TCC GGG GTG GAC GCG ATA GG GC
VIAWG G N EDOGQTTV P AEA RRSG VY DATIARA G
GCA TGG G0G AGT TAC G5 CTG AAG GAC GBC AAG GTC ATC GCC TGG GGC GAC GAC AGT GAC GGC CAG ACC KX GT5 (L€ GAG
A W A S Y AL K DG XK VI AWEGEGDDSDEGEGQ@TTVEP E
GOC CAG TG GGC GIC ACC GOG CTG GAC GGG GGC GIC TAC ACC 606 CIC GCC GIG AAG AAC GGC GGG GTG ATC 6T T6G GAC
A Q@ s 6 VTALUDOGSGVY Y TALAVYVY XK NG G VI AW D
AAC TAC TIC GGC CAG ACC ACG GTT COC 6CC GAG GCG CAS TCC GGC BTG GAC GAC GIC GOG GGC GGC ATC TIC CAC ASC eet)
N Y F 6 QT TV P A E A Q S & V DDV A G G I F H S A
CIG AAG GAC GGC ARG GIC ATC GOC TGG GOC GAC AAC CGT TAC AAS CAG ACC ACG GIG CCC ACC GAS 60C CIG TCC GGG e,
L X D6 K VI A W6 DNURYIEXKQTTUVPTEATLSGG S
GG ATC GOC TCOC GGC GAS 1G5 TAC AGC CTG GC5 CTC AAG AAC GGC AAG GIC ATC GCC TG GGC AGT TCC 053 A5 GCT AC
A I A S 6 E WY S L ALYIEKIEKSESGI KT VTIAWEGSSRTA s
TCC GIG CAG TCC GGT GIC AGC TCA CAT CGA GGC GGG GCC GAA OGC GBC CTA (8C COCT GAA G5G CTG AGG ACC &5 (BA e
s vVa s 6 Yy S S HRG G AERUGILU RUEPETGTLTZ RTRAHR A
GO0 OOC GGT GAG TCC GGA GGC G680 TGC (A GGC GGT GAA GGG GGA G056 S0C BOC TAT TCG CAS G0G ACC (05 TOS (05 ece]
A PG ES B B B CRG 6 EBGB G A AR Y S Q ATP S P R
TCC A5 TG GAT 05 TAC 005 GGG TCC CCT O3G T6G ATG 666 608 GCT OCC 605 GCC 055 ACG GOG GIG CAS TI6 G5 GAG
S R WDUPYPG S PR W MG A AP A ARTAV QL A
GIG CT6 CCT OB (06 GI6 GAS 008 C0G CIC GAG CTT O06 OCC GAA CTC (0G CCC GAA GAA 006G (U5 CTC GAA O0G GAT
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Fig. 4. DNA sequence of region encompassing S. exfoliatus SMF19 BLIPg\ro gene.

The deduced amino acid sequence of the BLIPgyms protein precursor is presented. The leader peptide is underlined and the presumed site of N-terminal
processing of the precursor is indicated by a vertical arrowhead. The nucleotide constituting the putative BLIPsymy ribosome-binding-site and the re-
gion of dyad symmetry presumable encode a transcriptional terminator are bold underlined and underlined with horizontal arrows.

the values for codon positions 1, 2, and 3 were 68%,
59%, and 89%, respectively.

Assuming that the ORF starts at the ATG codon, the
gene encoding BLIPgy,, was determined to be 1,116 bp
in length. The comparison of amino acid sequence deduc-
ed from the ORF with the N-terminal amino acid se-
quence of BLIPg, revealed that the sequence (1,116
bp) might be encoding a precursor protein which in-
cluded a leader peptide consisting of 40 amino acid resi-
dues and the mature protein (BLIPg,). Amino acids
deduced from the ORF is 372, of which 8.2% are acidic,
8.2% are basic, and 62.8% are hydrophobic. The cal-
culated molecular weight of a mature form of BLIPgyy,
is 33,3359 Da. The leader peptide contained three

positively charged amino acid two arginines at positions
7 and 10 and one histidine at position 9, followed by a
long hydrophobic stretch (residues 11-32). These data in-
dicated that the sequence (1,116 bp) is a complete struc-
tural gene encoding BLIPg, and the gene was named
as bliX.

From the analysis of amino acid sequence, very highly
conserved repeats of amino acid sequences were observed
(Fig. 5). One (region L) consisting of 13 amino acids
(SLALKDGKVIAWG) was observed at 116-127, 154-
166, 232-244, and 271-283. The other (region P) con-
sisting of 19 amino acids (GQTTVPAEAQSGVDAIAGG)
was observed at 132-150, 171 -189, 210-228, and 249 -
267.
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(A) » Region L

Consensus SLALKDGKVIAWG
(B) Region P
Consensus GQTTVPAEAQSGVDAIAGG

Fig. 5. Alignment of the repeated amino acid sequences of
bliX.

Two kinds of the repeated amino acid sequence (region L and region P)
was found in the deduced amino acid sequence. Strands are numbered
sequentially from the N terminus of the deduced amino acid sequence
from bliX. Identical residues are shaded. The repeated amino acid se-
quences of region L of 13 amino acid residues (A) and region P of 19
amino acid residues (B) are aligned.

DISCUSSION

The N-terminal amino acid sequence of BLIPgg, was
different from that of the BLIP-II, although the molecular
weight was same (12). The sequence and size were also
different from that of BLIP obtained from S. clavuligerus
(17.5 kDa). Sequence similarity analysis of bliX and
BLIPgyro with the data currently available in the Gen-
Bank and EMBL revealed no significant similarity to
any known amino acid sequence. Furthermore the deduc-
ed products of bliX of S. exfoliatus and bli of S. cla-
vuligerus did not show any similarity (8).

bliX of 8. exfoliatus encoded a 40 amino acid leader
peptide, similar in length and position of the positively
charged and hydrophobic residues to the leader peptides
of other secreted proteins from Streptomyces sp. in-
cluding bli of S. clavuligerus (8). In addition, §. cla-
vuligerus produced a variety of B-lactam antibiotics in-
cluding penicillin N and cephamycin C, BLIP and a
small molecule B-lactamase inhibitor, clavulanic acid,
containing a B-lactam ring (8). However, no antibiotic
activity in the culture filtrate of S. exfoliatus SMF19 was
detected (data not shown). These imply that the biological
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function of BLIPg,, may not resemble to that of S. clu-
vuligerus.

The 3-dimensional structure of BLIP produced in S.
clavuligerus revealed that BLIP had a tandem repeat of a
76-amino acid domain (24). Analysis of amino acid se-
quence of BLIPg, showed several repetition of two
highly conserved sequences (region L and region P). To
investigate the realtionship between the conserved se-
quence, the protein structure, and the active site, site-
specific mutagenesis, heterologous expression, and 3-di-
mensional structure are required.
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