APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Sept. 1997, p. 3553-3560

0099-2240/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 63, No. 9

Genetic and Biochemical Characterization of a New Extracellular

Lipase from Streptomyces cinnamomeus

PATRICIA SOMMER, CHRISTIANE BORMANN, anp FRIEDRICH GOTZ*
Mikrobielle Genetik, Universitit Tiibingen, D-72076 Tiibingen, Germany

Received 31 March 1997/Accepted 1 July 1997

Streptomyces cinnamomeus Tii89 secretes a 30-kDa esterase and a 50-kDa lipase. The lipase-encoding gene,
lipA, was cloned from genomic DNA into Streptomyces lividans TK23 with plasmid vector pIJ702. Two lipase-
positive clones were identified; each recombinant plasmid had a 5.2-kb Mbol insert that contained the complete
lipA gene. The two plasmids differed in the orientation of the insert and the degree of lipolytic activity produced.
The lipA gene was sequenced; lipA encodes a proprotein of 275 amino acids (29,213 Da) with a pI of 5.35. The
LipA signal peptide is 30 amino acids long, and the mature lipase sequence is 245 amino acids long (26.2 kDa)
and contains six cysteine residues. The conserved catalytic serine residue of LipA is in position 125. Sequence
similarity of the mature lipases (29% identity, 60% similarity) was observed mainly in the N-terminal 104
amino acids with the group II Pseudomonas lipases; no similarity to the two Streptomyces lipase sequences was
found. lipA was also expressed in Escherichia coli under the control of lacZ promoter. In the presence of the
inducer isopropyl-p-p-thiogalactopyranoside (IPTG), growth of the E. coli clone was severely affected, and the
cells lysed in liquid medium. Lipase activity in the E. coli clone was found mainly in the pellet fraction. In
sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis, three additional protein bands of 50, 29,
and 27 kDa were visible. The 27-kDa protein showed lipolytic activity and represents the mature lipase; the 29-
and 50-kDa forms showed no activity and very probably represent the unprocessed form and a dimeric
misfolded form, respectively. For higher expression of lip4 in S. lividans, the gene was cloned next to the strong
aphll promoter. In contrast to the lipA-expressing E. coli clone, S. cinnamomeus and the corresponding S. liv-
idans clone secreted only an active protein of 50 kDa. The lipase showed highest activity with C4 and C,g
triglycerides; no activity was observed with phospholipids, Tween 20, or p-nitrophenylesters. Upstream of lipA
and in the same orientation, an open reading frame, orf4, is found whose deduced protein sequence (519 amino
acids) shows similarity to various membrane-localized transporters. Downstream of /ip4 and in the opposite
orientation, the open reading frame orfB (encoding a 199-amino-acid protein) is found, which shows no con-
spicuous sequence similarity to known proteins, other than an NAD and flavin adenine dinucleotide binding-

site sequence.

Bacterial lipases (triacylglycerol acylhydrolase; EC 3.1.1.3)
catalyze the hydrolysis of triglycerides into diglycerides, mono-
glycerides, glycerol, and fatty acids, and under certain condi-
tions they also catalyze the reverse reaction, esterification,
forming glycerides from glycerol and fatty acids. Some lipases
are also able to catalyze transesterification and enantioselec-
tive hydrolysis reactions.

Interest in lipases has increased in the past decades, espe-
cially with regard to the possible applications of lipases in
industry. The number of bacterial lipases that have been puri-
fied and characterized and whose genes have been sequenced
is increasing (for reviews, see references 10 and 27). For gram-
positive bacteria, the (phospho)lipases of various Staphylococ-
cus, Bacillus, and Streptomyces species have been studied. The
staphylococcal lipases are organized as preproenzymes with a
molecular mass of 70 to 77 kDa. The lipase propeptide is, at
least in Staphylococcus hyicus, extracellularly processed by a
specific protease to the 46-kDa mature form, which contains
the proposed catalytic triad Ser-His-Asp (2, 28). The propep-
tide region is essential for efficient secretion and proteolytic
stabilization of the lipase (15, 37). The S. hyicus and Staphylo-
coccus aureus lipases are Ca*" dependent; they differ, how-
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ever, in their substrate specificity (39, 50, 55). The S. hyicus
lipase prefers phospholipids as the substrates and hydrolyzes
neutral lipids irrespective of their chain length. In contrast, the
S. aureus lipase has a narrow substrate specificity; short-chain
triacylglycerols and acyl esters of both p-nitrophenol and um-
belliferone are readily degraded, whereas medium- and long-
chain lipids and phospholipids are poor substrates.

Bacillus subtilis 168 secretes a very small lipase with a mo-
lecular mass of only 19.4 kDa (14). The enzyme has a prefer-
ence for the 1,3 position and prefers fatty acids with a chain
length of eight carbons. There is a great biotechnological
interest in this enzyme because of its remarkable alkaline sta-
bility (pH 12) and activity (36). Another species, Bacillus thur-
ingiensis, produces a 38-kDa phosphatidylinositol-specific phos-
pholipase C (33, 35). Two Streptomyces lipase sequences have
been published, the 28-kDa lipase of Streptomyces sp. strain
M11 (42) and the similar-sized lipase of S. albus (11); the
lipases exhibit 82% sequence identity and contain two cysteine
residues. Little is known about their substrate specificity.

While lipases (triacylglycerol acyl hydrolases) act preferen-
tially on emulsified substrates with long-chain fatty acids, the
carboxylesterases (EC 3.1.1.1) hydrolyze water-soluble or emul-
sified esters with relatively short fatty acid chains. These hy-
drolases all contain a similar catalytic triad, generally consist-
ing of a nucleophilic serine residue that acts in conjunction
with a histidine residue and an aspartic acid residue (8, 13).

Two Streptomyces esterases have been analyzed and cloned:
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the 345-amino-acid esterase from S. scabies and the 326-ami-
no-acid esterase from S. diastatochromogenes (44, 53). The
S. diastatochromogenes esterase hydrolyses p-nitrophenylcapry-
late and has optimum activity at pH 9.0 and 40 to 50°C. The
activity of the esterase is almost completely inhibited by phenyl-
methylsulfonyl fluoride and diisopropyl fluorophosphate but is
unaffected by iodoacetamide, ethylmaleimide, and EDTA. In-
terestingly, the two Streptomyces esterases lack the conserved
motif GXSXG, which carries the active-site serine of hydrolytic
enzymes. A serine modified by [1,3-*H]diisopropyl fluorophos-
phate has been identified by sequencing the amino-terminal
region of the S. diastatochromogenes esterase. The serine is lo-
cated at position 11 of the mature enzyme in the sequence
GDSYT. This finding and results obtained by site-directed
mutagenesis studies suggest that S-11 might be the active-site
nucleophile. Streptomycetes also produce lipase inhibitors.
Most of the inhibitors are active only against some eukaryotic
lipases. Lipstatin, produced by S. toxytricini, irreversibly inhib-
its pancreatic lipase (22, 58). The molecule has a B-lactone
structure, which is necessary for inhibition, incorporated into a
hydrocarbon backbone. An esterase inhibitor, valilactone, pro-
duced by a strain closely related to Streptomyces albolongus,
also has activity against hog pancreatic lipase (31). Tetrahy-
drolipstatin, a reduced form of lipstatin, inhibits a wider range
of eukaryotic lipases but has no effect on the extracellular
lipases from Staphylococcus aureus and Rhizopus arrhizus (6).
Until now, only two very homologous streptomycete lipases
have been genetically characterized.

Here we describe the gene locus, the sequence, the activity
as a dimer and as a monomer, and the substrate specificity of
a new lipase from Streptomyces cinnamomeus. The results sug-
gest that the variability of this class of enzymes is much higher
than expected in this bacterial group.

MATERIALS AND METHODS

Strains and plasmids. S. cinnamomeus Ti89 was obtained from H. Zdhner
(University of Tiibingen, Tiibingen, Germany). S. lividans TK23 was obtained
from D. A. Hopwood (John Innes Institute, Norwich, England) and used as a
host for constructing gene libraries of S. cinnamomeus in plasmid p1J702 (30).
The vectors used for subcloning were pUC19 (60) and pWHMS3, a Streptomyces/
Escherichia coli shuttle vector (56) obtained from C. R. Hutchinson (University
of Wisconsin, Madison, Wis.). Plasmid pJOE865 (3), which contains the 1.3-kb
HindllI-Smal fragment with the aph gene from Tn5, was kindly provided by
J. Altenbuchner (University of Stuttgart, Stuttgart Germany).

Media and culture conditions. Strains of E. coli were grown in Luria-Bertani
(LB) medium (5 g of NaCl, 5 g of yeast extract [Gibco], and 10 g of Bacto-
Tryptone [Difco] per liter) or 2xYT (16 g of Bacto-Tryptone [Difco], 10 g of
yeast-extract [Gibco], and 5 g of NaCl per liter). For plates, LB medium was
solidified with 1.8% (wt/vol) agar. S. lividans was cultivated on HA plates, which
consisted of 0.4% glucose, 1% malt extract, 0.4% yeast extract, and 1.8% agar
(pH 7.2). For preparation of protoplasts and DNA isolation, Streptomyces strains
were grown in CRM (10.3% sucrose, 2% tryptic soy broth, 1% yeast extract [pH
6.6] [43]) liquid medium. For protoplast regeneration, R3 agar plates were used
(49). Thiostrepton was added to solid media at 30 mg/liter and to liquid media
at 10 mg/liter for selective pressure when recombinant strains were grown.
Thiostrepton was a gift from S. J. Lucania (Squibb, Princeton N.J.). Streptomyces
strains were grown at 27°C E. coli strains were grown at 37°C in LB liquid
medium and on LB agar plates (46), both supplemented with ampicillin (100
mg/liter).

Chemicals. Restriction enzymes were obtained from various commercial
sources, and T4 DNA ligase was obtained from Gibco-BRL. All were used as
recommended by the manufacturer. Lipase substrates were obtained from Sigma
(Deisenhofen, Germany); [a->>S]JdATP was purchased from ICN Biomedicals
Inc.

Lipase detection and characterization. Three types of lipase indicator plates
were used. (i) For tricaprylin plates, tricaprylin (1%, vol/vol) was added to 2xYT
agar. Lipase production on these plates was indicated by a zone of clearance
around the colonies. (ii) For Tween 20 plates (for esterase activity), Tween 20
(1%, vol/vol) was added to tributyrin agar. Esterase production on these plates
was indicated by a powder-like zone around the colonies. (iii) For olive oil plates,
olive oil (1%, vol/vol) and rhodamine B (1 wg) were added to 2xYT agar.
Production of lipase on these plates was detectable only after at least 4 days of
incubation and is detected by the formation of a orange-colored fluorescent halo
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(under UV light at 350 nm) around the colonies (adapted from reference 32).
For determination of the substrate specificity, the following compounds were
used: tributyrin (Cy.g), tricaproin (C,), tricaprylin (Cg,), tricaprin (Cyq.g), tri-
laurin (C,5,), trimistyrin (Cy4,), tripalmitin (C,¢,), and triolein [Cyg.1 (cis)-ol-
The substrates were emulsified with Branson 250 Sonifier for 3 min (duty cycle
70%). p-Nitrophenylcaprylate, p-nitrophenyllaurate, and p-nitrophenylpalmitate
(50 mM Tris-HCI [pH 9], 0.1% Triton X-100, 5 mM p-nitrophenyl) were tested.

General DNA techniques. Recombinant DNA techniques in Streptomyces spp.
were performed as described by Hopwood et al. (24). Total DNA from Strepto-
myces was isolated by the large-scale method reported by Hunter (25). Standard
procedures were used for E. coli (46). E. coli cells were transformed (17) with the
Gene Pulser Apparatus (Bio-Rad, Munich, Germany). Plasmid DNA was iso-
lated on Nucleobond AX100 columns (Macherey-Nagel, Diiren, Germany).
DNA fragments were isolated from agarose gels with GeneClean (Bio 101). To
clone a lipase-encoding gene from S. cinnamomeus, total DNA was partially
digested with Mbol, and 5- to 10-kb fragments were ligated to the multicopy
plasmid pIJ702, which was cleaved at the unique Bg/II site within the mel gene.
The ligation mixture was used to transform S. lividans TK23. Thiostrepton-
resistant Mel™ transformants were grown for 48 h on tricaprylin plates. Colonies
that hydrolyzed tricaprylin produced halos around the colonies.

The nucleotide sequence was determined by the dideoxy chain termination
method (47) with the T7 sequencing kit, deaza-dGTP reaction mixtures (Phar-
macia), and [**S]dATP or with the AutoRead Sequencing kit (Pharmacia) for
automated sequencing with the A.L.F. Sequencer (Pharmacia). A combination
of subclones constructed in pUC19 (60) with the M13/pUC universal and reverse
primer and synthetic oligonucleotide primers were used. The DNA and deduced
amino acid sequence were analyzed with the sequence analysis software package
of the Genetics Computer Group, University of Wisconsin, Madison (16), and
MacDNAsis Pro (Hitachi Software Engineering, San Bruno Calif.). The similar-
ity of the deduced amino acid sequence from lip4A to those of proteins in
databases (PDP, SwissProt, SPupdate, PIR, GenPept, GPupdate, release 145)
was determined with the FASTA (41) and BLASTP (1) programs.

General protein techniques. Proteins were analyzed by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) with a 12% polyacryl-
amide resolving gel and a 4% polyacrylamide stacking gel (34). Molecular mass
markers were obtained from Bio-Rad and Sigma: carbonic anhydrase (29 kDa),
ovalbumin (45 kDa), bovine serum albumin (66 kDa), phosphorylase b (97.4
kDa), B-galactosidase (116 kDa), and myosin (205 kDa). Proteins were visualized
in the gels by staining with Coomassie brilliant blue. When activity staining was
performed, the sample applied to the gel was not boiled, and after electrophore-
sis, SDS was removed by washing the gel once for 20 min with 20% isopropanol
and twice for 10 min with distilled water.

For lipase activity detection, the gel was transferred to a 1.3% agar plate
containing 1% tributyrin or tricaprylin, 25 mM Tris-HCI (pH 8.0), and 5 mM
CaCly; for esterase activity, 1% Tween 20-25 mM Tris-HCI (pH 8.0) was used as
a substrate. After incubation for about 1 to 3 h at 37°C, lipase activity was
visualized by clearing bands of tributyrin or tricaprylin hydrolysis, and esterase
activity was seen as bands of precipitated fatty acids.

To assay the extracellular lipase and esterase activity of the Streptomyces
clones, the proteins of 20-ml culture supernatants were concentrated by acetone
precipitation at 4°C. The precipitate was dissolved in 1.0 ml of 10 mM Tris-HCl
(pH 8.0).

With E. coli(pUPS7), the proteins (also of inclusion bodies) were solubilized
essentially as described in the pET system manual (Novagen). The cells were
cultivated overnight in 50 ml of LB medium (without isopropyl-B-p-thiogalacto-
pyranoside [IPTG]) centrifuged, and the pellet was resuspended in 1/10 volume
of 50 mM Tris-HCI (pH 8)-0.2 mM EDTA. After addition of lysozyme (100
mg/ml) and 1/10 volume of 1% Triton X-100, the cell suspension was incubated
at 30°C for 15 min. Subsequently, the cell suspension was cooled to 4°C and
centrifuged at 12,000 X g for 15 min. The supernatant contained the soluble
proteins, and the pellet contained the insoluble cell fractions. Lipase activity was
found essentially in the pellet fraction. The soluble fraction was concentrated
approximately 50-fold before being subjected to SDS-PAGE, and the pellet was
resuspended in 1 ml of sample buffer.

Protein concentrations were measured by the method of Bradford (7) with
bovine serum albumin as a standard. For N-terminal sequencing of proteins
separated by SDS-PAGE, proteins were transferred onto a polyvinylidene diflu-
oride membrane (Immobilon P; Millipore) and sequenced in a model 477A
pulsed-liquid protein sequencer (Applied Biosystems) equipped with a model
120A on-line phenylthiohydantoin amino acid analyzer.

Nucleotide sequence accession number. The nucleotide sequence of the
3,768-bp sequence of S. cinnamomeus Ti89 encoding lipA, orfA, orfB, and the
truncated orfX is U80063.

RESULTS

Cloning and sequencing of the S. cinnamomeus lipase gene
(lip4). DNA from S. cinnamomeus Ti89 was partially cleaved
with Mbol, and the resulting DNA fragments (5 to 10 kb) were
inserted into the Bg/II site (located within the mel gene) of
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FIG. 1. Lipase activity on tricaprylin plates. S. lividans(pPS2), S. lividans
(pPS8), and, as a negative control, S. lividans(plJ486) were cultivated for 72 h.
Lipolytic activity is indicated by a halo around the colony.

plJ702 and transformed into S. lividans TK23. Transformants
were selected on thiostrepton-containing agar plates; DNA
insertion was indicated by white colonies. The colonies were
transferred to olive oil-rhodamine B plates. Of 3,000 clones
tested, 2 (containing plasmid pPS2 or pPS8) showed weak
lipolytic activity, indicated by the formation of a fluorescent
halo around the colonies. Both lipase-positive clones lost lipase
activity with a high frequency when cultivated on 2xYT agar
plates in the presence of olive oil-rhodamine B; after overnight
cultivation, the plasmids suffered deletions in 20% of more
than 100 clones analyzed. The deletions were of different sizes,
but the lipase-negative phenotype suggests that the lipA gene
was always affected. However, no instability was observed when
the clones were cultivated on tributyrin or tricaprylin plates or
in medium with no lipase substrate. On tricaprylin plates, the
two clones differed in the degree of lipolysis: the pPS8-con-
taining S. lividans clone was less active than the clone with
pPS2 (Fig. 1).

Both plasmids contained a 5.2-kb insert in different orienta-
tion (Fig. 2A). A 2.6-kb (Pvull-KpnI) fragment which was
common to both plasmids and which most probably contained
lipA was subcloned in E. coli by using the Smal site of pUCI18,
forming pUPS6 and pUPSS5; in plasmid pUPS6, lipA was in-

A)pPS8 (11.4 kb)
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frame with lacZ, and in pUPSS, lipA was in the opposite di-
rection. E. coli containing either plasmid showed no lipolytic
activity, very probably because the lip4 promoter is not recog-
nized, and /ipA is flanked by a putative transcription termina-
tion sequences.

The DNA insert was sequenced; the lip4-containing DNA
and protein sequences are shown in Fig. 3. The reading frame
of lipA contains 825 bp (70.3 mol% G+C), which encodes a
protein of 275 amino acids with a theoretical mass of 29,213 Da
and a pl of 5.35. There is a putative signal sequence of 30
amino acids and a characteristic signal peptidase-processing
site, Ala-X-Ala*°. For the 245-amino-acid processed lipase, a
molecular mass of 26.2 kDa is predicted.

A comparison of the LipA sequence with known lipases
revealed high similarity around the proposed catalytic serine-
G-(H)-S'*-(Q)-G-, which is highly conserved among lipases
and esterases (9, 10, 28). A good sequence similarity was ob-
served with the group II Pseudomonas lipases, which are in a
similar size range of 280 to 290 amino acids (27). A comparison
of the LipA sequence with lipases from three different Pseudo-
monas species revealed an identity of 29% and a similarity of
60% within the first 104 N-terminal amino acids, which contain
the active-site serine (Fig. 4). Cloned Streptomyces lipase genes
of other origins showed no or only little overall similarity.

A putative ribosome binding site with good complementarity
to the 3’ end of the 16S rRNA of S. lividans (51) is found 7 bp
upstream from the /ip4 start codon. A sequence that matches
the -35 consensus sequence of Streptomyces promoters (TTG
ACQG) is found 116 bp upstream of the start codon; no se-
quences with similarity to the -10 promoter region were found
(51).

Expression of lip4 in E. coli. As mentioned above, the pres-
ence of the plasmids pUPS5 and pUPS6 in E. coli did not lead
to a lipolytic activity with or without induction by IPTG. This
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FIG. 2. Genetic organization of lip4 in plasmids pPS8 and pPS2 (A) and pWPS3 (B). In pWPS3, lipA is under the transcriptional control of the aphII promoter.
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—Bstl
1 CTGCAGATCGCCTCGEGCGTCGGCGCGETGETCCTGCTGGCGACGGCGGTCGCCGCCTGG
L ¢ I AS8SGVGAVVILLATAYVAAMW

61 TTCCTGCTGCGCGRGCAGOGGCTGGAGGGCGGCEGGCACTEAGGCTCCCCEGCEGAGTCG
FLLRGO QRTLEGG GG H * (end of orfa)

121 GAACATCACGCGAACCGTCACGCGGACC(X}AGC})\ACAZGCTCCGGTCCGCGTGACGTTTT

181 CGTGAACAAAAGTGTCTTGACGGGGTCCTTATGCGCGCGGARACATCGTGGTTACCGRTC
—————— >
-35

241 GGTRTTCCCGAACAhLbL1thbb;blblk&uuA1GACGAUJ1lkbbACGAGAGTCCCGT

301 GCCTCGAAGGAATCCCCCATGCCTCTGCGTAGAACAGTCCGGTTCCTGATCGCCGCCGCG
rbs (IlMd M R L R R T V R PFL I A AA 14

361 GCCACCGCCGCGCTCAGCCTCACCGGTCTCTCGGCCCCEECCGECOGCETCGETGCTCGAC
A TAAULGILTTGUL $ AP AAARS VLD 34

421 GTCCCGCCCGGCGGCGCCAACGACTGGTCCTGCAAGCCGGATTCGGCCCACCCGCAGCCC
Yy P PG GANDWSUCIKPDS®AHZPAQFP 54

481 GTCGTGCTGGTCAACGGCACGTTCAAGCTGATGGCGGAGAACTGGTCCAAGCTCTCGCCC
VVLVDNGTTFI XLMAENUWSTZ KTLS P 74

541 AAGCTGAAGGAGGCGGGTTACTGCGTCTTOGCCTTCAACTACGGGCACTTCGAGACCGAC
K L KEAGYCVF FATFNYGHTFTETD 94

601 CCGATCCCGGAGTCOGGCCGCCGAACTGCGGGACTTCGTCGAGGCCGTGCGEGGCGCEACG
P I PESAAETLT RIDTFVEA AVRERSGA AT 114

661 GGGEGCCGOGAAGGTCGACATCGTCGGCCACAGCCAGGGCEECATGCTGCCGCGCTACTAC
G AAKVDIVGHS S QGOGMILZPRY Y 134

721 GTGAAGTTCCTCGGCGGCGCCGACAAGGTGGACGACCTCGTCGGCATCGTCCCCTCCAAC
VKFLGGADI KV VDDILVGIVUPSN 154

781 CACGGCACGAAGAACCCCCTCGCGATCCCCGCGEGCTGRACCTTCTGCCCGTCCTGCRTG
H¢TEXKNPULATIPAGWTTFTCTPSCV 174

841 GACCAGCAGGCCGGCTCCGAGCTGCTGCAGAAGCTCAACGCCGGTGACGAGACCCCGGCC
D ¢ QAaG S ELTLGQI KTLDNA AGTDETTDPA 194

901 GGACCGGACTACACGGTCATCACCACGCGCTACGACGAGGTCGTCATCCCGTATGCGAGE
G PDYTVITTRYDEVVYVIUPYAS 214

961 GCGCTGCTCACCGGGGACAAGGAGCACCTCACCAACGTCGTECTCCAGGACAAGTGCCCG
AL L TGDI KEHTLTNVVULQDIZ KTCUP 234

1021 CTCGACCTCTACATGCACGACCAGGCGACCAAGGACCCGGTCGTCGCCCAGTGGGTCCTC
L DLYMHEDIGQATIEKTDZPVVAQWV L 25

1081 GACGCCCTGGCGCECAAGGECCCEGCCEACCOGEECTTCCAGCOGOGCTECCTCCROGEG
D ALARIEKGPADEPGTFOQPR RCGCLGSG 274

1141 GOGTAGGCGCACCACCRCTOCROGGCAGTGTCCTCACACGCARACGCCEGACSERCTRTC.
A+ e s >

1201 ATCAGCCCGTCCGGCGTTTGCGGACGCGGCCCGCAGGGCGCTCGCCGCCGCAGGCGGCAG

1261 ACGGGGCCCGTCGCCGAAGGCCCGCCGCCETCAGGCGACCTGGCGTGCCTTGRTCGCGTA

1321 CATGTCGACGTACTCCTGACCCGACAGCCGCATGACGTCCCTCATGACCTCCTCGETGAC

1381 GGCCCGCAGGACGTAGCGGTCGCGGTCCATECCCTCGTAGOGGGAGRAGTCCAGCGGCTC
BstEI1

1441 GCCGAAGCGCACGGTCACC

FIG. 3. Nucleotide sequence of the 1,459-bp Pst1-BstEII fragment and amino
acid sequence of LipA. The potential -35 promoter region and the ribosomal
binding site (rbs) of LipA are indicated. The first amino acids of the mature LipA
are underlined (single line), and the conserved active-site serine region is un-
derlined (double line). Direct and inverted repeats are indicated by arrows.
Upstream of lipA is the end of orfA. Both orfA and lipA have transcription
terminator-like structures downstream of the gene.

is not surprising, since /ipA in both orientations is flanked by a
transcription terminator-like structure (Fig. 5). We therefore
inserted the lipA-containing BstEII fragment into the Smal site
of pUCI1Y, thereby forming pUPS7 and pUPSS. In plasmid
pUPS7, lipA was in-frame with lacZ, and in pUPSS, lipA was
inserted in the opposite direction. Only E. coli(pUPS7) showed
lipolytic activity on tricaprylin agar (not shown). Lipolytic ac-
tivity was observed without induction; however, in the presence
of IPTG, cell growth was severely affected, and the cells lysed
in liquid culture. For the isolation of LipA, E. coli(pUPS7) was
cultivated in LB medium without inducer. The proteins were
solubilized essentially as specified for the pET-System, where
the supernatant contained the soluble proteins and the pellet
contained the insoluble cell fractions. Lipase activity was found
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LIPA SVLDVPPGGANDWSCKPDSAHPQPVVLVNG----- TFKLMAENWSKLSPK 45
PSESS_LIP Ammms e DGYAATRYPIILVHGLSGTDKYAGVVEYWYGIQED 36
BURCE_LIP ---AGYAATRYPIILVHGLSGTDKYAGVLEYWYGIQED 36
PSEGL_LIP  A---------————- DTYAATRYPVILVHGLAGTDKFANVVDYWYGIQSD 36
* *, %% ® *
ryPviLVhG
LIPA LKEAGYCVFAFNYGHFETDPIPESAAE-LRDFVEAVRGATGAAKVDIVGH 94
PSESS_LIP LOONGATVYVANLSGFQSDDGANGRGEQLLAYVKTVLAATGATKVNLVGH 86
BURCE_LIP LOONGATVYVANLSGFQSDDGPNGRGEQLLAYVKTVLAATGATKVNLVGH 86
PSEGL_LIP LQOSHGAKVYVANLSGFQSDDGPNGRGEQLLAYVKQVLAATGATKVNLIGH 86
*. > *..oF L K N L P N L L 54
ATGAtKVnlvGH
LIPA SQGGMLPRYY 104
PSESS5_LIP SQGGLTSRYV 96
BURCE_LIP SQGGLSSRYV 96
PSEGL_LIP SQGGLTSRYV 96

LS Y

SQGGLltsRY

FIG. 4. Alignment of the first 104 amino acids of the mature S. cinnamomeus
LipA and three Pseudomonas lipases. LIPA, lipase from S. cinnamomeus Ti89
(this work); PSES5_LIP, lipase from Pseudomonas sp. (26); BURCE_LIP, lipase
from Burkholderia cepacia (Pseudomonas cepacia) (29); PSEGL_LIP, lipase from
Pseudomonas glumae (20). The conserved amino acids around the active serine
site are in boldface type. Identical amino acids are indicated by an asterisk, and
similar amino acids are indicated by a dot.

essentially in the pellet fraction, which suggested that the
lipase is associated with the cell wall fraction or that inclusion
bodies were formed.

The samples were treated with sample buffer, boiled, and
subjected to SDS-PAGE. While the soluble fraction revealed
no additional protein bands compared to the control, the pellet
fraction revealed three additional major protein bands of 50,
29, and 27 kDa (Fig. 6). Some of the proteins (also in the
control) did not enter the gel; they may represent membrane-
associated and/or aggregated proteins. Since a molecular mass
of 26.2 kDa was calculated for the mature lipase, we expected
that the 27-kDa form was the mature lipase. We isolated the
50-, 29-, and 27-kDa proteins by the polyvinylidene difluoride
membrane technique and tried to obtain N-terminal se-
quences. No sequence was obtained with the 50- and 29-kDa
proteins. The 27-kDa protein revealed an N-terminal sequence
of SVLDVPPG, which corresponded to amino acid positions
31 to 39 of LipA (underlined sequence in Fig. 3). This indicates
that the sequence AAA®° represents the signal peptidase pro-
cessing site. The 29-kDa protein very probably represents the
unprocessed form, and the 50-kDa protein form very probably
represents a dimeric aggregate.

Expression of lipA in S. lividans. To express lipA in S. livi-
dans, we inserted the lipA-containing BstEIl fragment in the
EcoRI (made blunt ended) site of the shuttle plasmid pWHM3.
We then inserted the HindIII-Bg/ll fragment of pJOES65,
which contains the aphll promoter of the aminoglycoside phos-
photransferase gene of transposon TnJ, into the HindIII-
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FIG. 5. Genetic organization of the regions flanking lip4. Upstream is the
1,556-bp orfA, which shows sequence similarity to certain membrane-localized
transporters; downstream is the 795-bp orfB, whose function is unknown, and the
truncated orfX. Q, transcription terminator-like structure.
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FIG. 6. Coomassie blue-stained SDS-polyacrylamide gel after electrophore-
sis of the pellet (insoluble) fraction of an E. coli clone. Lanes: 1, marker proteins;
2, negative control E. coli(pUC19); 3, E. coli(pUPS7). 27 m, 29 up, and 50 most prob-
ably represent the 27-kDa mature lipase, the 29-kDa unprocessed lipase, and the
50-kDa dimer, respectively. Only the 27-kDa form shows lipolytic activity.

BamHLI sites. In the resulting plasmid, pWPS3, lip4 is under
transcriptional control of the strong aphlIl promoter (Fig. 2B).

To investigate the lipolytic activity, S. cinnamomeus Tu89,
S. lividans(pWHM3), and S. lividans(pWPS3) were cultivated
in CRM liquid medium for 72 h. The proteins in the culture
supernatant were concentrated by acetone precipitation and
subjected, together with the insoluble protein fraction of E. coli
(pUPS7) and E. coli(pUC18), to SDS-PAGE. The SDS-poly-
acrylamide gel was washed, laid onto CaCl,-containing tribu-
tyrin agar, and incubated for 12 h at 37°C. As shown in Fig. 7,
the culture supernatants of S. cinnamomeus Ti89 and S. livi-
dans(pWPS3) revealed a band with lipolytic activity at 50 kDa,
which is in contrast to the E. coli(pUPS7) pellet extract, where
the 27-kDa protein represents the active form. So far, we have
been unsuccessful in determining the N-terminal amino acid
sequence of the extracellular active 50-kDa protein of S. cin-
namomeus Tii89; this form probably represents a dimer. We do
not know whether the dimer is held together by disulfide
bridges (LipA contains six cysteine residues) or other forces.
We only have observed that after boiling in sample buffer
(under reducing conditions), the 50-kDa form of S. lividans
(pWPS3) is still present. The inactive 50-kDa form in E. coli
might be generated by misfolding in inclusion bodies.

In Fig. 7 (lane 7), the separated proteins of S. cinnamomeus
Tii89 were also tested on Tween 20 (a substrate for esterases)-
containing agar plates. An activity band of 30 kDa was visible,
which indicated that this strain produced not only the lipase
but also an esterase. Lipases and esterases frequently contain
one or two cysteine residues near other cysteine residues that
are involved in disulfide bridging (13). Recently, the crystal
structure of the S. scabies esterase was determined and re-
vealed that the esterase is stabilized by three disulfide bridges
formed between the six cysteines of the protein by linking two
subsequent residues (57).

Substrate specificity of LipA. We investigated the hydrolytic
activity of S. cinnamomeus Tu89, S. lividans(pWHM3), and
S. lividans(pWPS3) by using various substrates. With the chro-
mogenic substrates p-nitrophenylcaprylate, p-nitrophenyllau-
rate, and p-nitrophenylpalmitate, activity was observed only
with S. cinnamomeus Ti89; this indicated that this hydrolytic
activity very probably comes from the esterase, which also
shows activity with Tween 20.

In the plate assay, we tested the following compounds: the tri-
glycerides tributyrin (C,.,), tricaproin (Cg.), tricaprylin (Cy.,),
tricaprin (C,.), trilaurin (C,,,,), trimistyrin (C,,.,), tripalmitin
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(Ci6:0), and triolein [Cg. (.)0] and the monolaurate Tween
20 (Fig. 8). S. cinnamomeus Tu89 showed good activity with all
substrates; the highest activities were obtained with C,, C, Cg,
C,s, and Tween 20 as substrates. S. lividans(pWHM3) showed
only a weak activity with tributyrin. S. lividans(pWPS3) re-
vealed the highest activity with C, and C,, followed by Cg and
C,. With the C,, and C,, triglycerides, only small halos were
formed. The lowest activity was observed with C,, and C,, as
substrates (data not shown); with Tween 20, no activity was
detectable. The lipA clones also showed no activity with phos-
pholipids in the agar plate assay with lecithin as the substrate
or in the colorimetric assay with 2-hexadecanoylthiopropane
1-phosphocholine (50) as the substrate.

The broader substrate specificity of S. cinnamomeus Tii89 is
very probably due to the lipase and esterase activity. We can-
not rule out the possibility that there are more hydrolytic
enzymes involved. On the other hand, only one activity band
(50 kDa) with tributyrin and one (30 kDa) with Tween 20 as a
substrate were identified in the SDS-polyacrylamide gel.

lipA-flanking DNA region. (i) orf4. The DNA region flank-
ing lipA was also sequenced. The genetic map of the 4.6-kb
fragment is shown in Fig. 5. Upstream of /ip4, in the same orien-
tation and separated by a transcription terminator-like se-
quence, is orfA (1,556 bp). The derived protein (519 amino
acids) shows sequence similarity to various membrane-local-
ized transporters involved in the transport of antibiotics, sug-
ars, and other substances (21). Among the compared transport-
ers with sequence similarity are the methyl viologen resistance
protein of Salmonella typhimurium (accession no. P37549 [23]),
the transport protein for intercalating substances from Staph-
ylococcus aureus (P23215 [45]), the multidrug resistance pro-
tein from Streptomyces pristinaespiralis (X84072 [5]), the actino-
rhodin-resistance protein from Streptomyces coelicolor (S18539
[18]), and the proton antiporter efflux pump (LfrA) of Myco-
bacterium smegmatis (U40487: [52]). The identity of OrfA to
these transporters was 38% (mean value). The highest identity
(45%) was observed with the LfrA of Mycobacterium smegma-
tis. Furthermore, with the program SOAP (PC/GENE), it was
predicted that OrfA contains 12 transmembrane helices.

(ii) orfB. Downstream of /ipA, in the opposite orientation
and separated by a transcription terminator-like sequence, is
the 597-bp orfB (Fig. 5). The derived protein (199 amino acids,
pI 10.02) shows no significant sequence similarity to proteins in
the data bank. The only sequence similarity found was to a
conserved nucleotide-binding domain (GXGXXG) in the N-
terminal portion, which represents the first Baf unit in the
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FIG. 7. Lipase activity staining after SDS-PAGE. Lanes: 1, marker proteins;
2, culture supernatant of S. cinnamomeus Tu89; 3, S. lividans(pWHM3); 4,
S. lividans(pWPS3); 5, E. coli(pUC19); 6, E. coli(pUPS7); 7, S. cinnamomeus
Tu89. In lanes 1 to 6, tributyrin was used as a substrate; in lane 7, Tween 20 was
used as a substrate. The gels were incubated for 12 h. The protein samples of the
E. coli clones were from the pellet fraction, and those of the Streptomyces strains
were from the culture supernatant.
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Tween 20

FIG. 8. Lipolytic activity with various substrates of S. cinnamomeus Tii89
(column 1), S. lividans(pWHM3) (column 2), and S. lividans(pWPS3) (column
3). C4 to C18 indicate the triglycerides with the corresponding acyl chain length.
The agar plates (2xYT) contained 1% substrate and were incubated for 2 days.

Rossman folding of NAD and flavin adenine dinucleotide
binding proteins (48).

Upstream of orfB and in the opposite orientation is the
truncated orfX. It is notable that the 290-bp intervening se-
quence between orfB and orfX is distinguished by a relatively
low G+C content (61%) and an accumulation of direct and
indirect repeats.

DISCUSSION

A remarkable observation was that the lip4-containing plas-
mids pPS8 and pPS2 showed only an instability (loss of lipase
activity) in the S. lividans clones when cultivated in the pres-
ence of olive oil-rhodamine B but not when cultivated with
tributyrin or tributyrate or without a lipase substrate. Obvious-
ly, it is not the lipase activity per se or the products of the two
triglycerides that act deleteriously; the instability very probably
comes from the reaction with olive oil-thodamine B. One ex-
planation is that toxic mono- or diglycerides are formed from
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olive oil by lipase activity and that these toxic compounds exert
a selective pressure on lipase-negative variants.

The S. lividans clone with pPS2 showed a much larger halo
on tricaprylin plates than did the clone with pPS8. This obser-
vation was at first astonishing, since both plasmids contained
lipA and the cloned fragments were nearly the same size. How-
ever, in pPS8, lipA is in frame with the plasmid-encoded mel
gene, and an intact open reading frame (orf4) is located up-
stream of lipA. In pPS2, orfA is truncated and /ip4 is in an
orientation opposite to that of mel. In principle, one would
expect that because of transcriptional readthrough, lipA ex-
pression would be higher in the pPS8 clone. Since the opposite
was found, we assumed that the gene product of orf4 exerts a
negative influence on /ipA expression or lipase production,
either directly or indirectly. The /ipA promoter region contains
a number of direct and indirect repeat sequences (Fig. 3),
which may represent potential regulatory motifs. Similar
motifs were found in the gal/Pl promoter region, where they
apparently act as an operator for negative regulation of tran-
scription (38). As mentioned above, OrfA shows sequence
similarity to various membrane-localized transporters involved
in the transport of antibiotics, sugars, or protons. Twelve trans-
membrane helices are predicted based on the amino acid se-
quence. Proton-dependent transport proteins usually consist of
one protein that contains 12 transmembrane helices (4, 21, 45).
The proton-dependent transport proteins studied to date are
distinguished by a conserved cytoplasmic loop, which is pro-
posed to be involved in the proton-dependent change in con-
formation. Besides this conserved loop structure, there are
also four conserved domains in the N-terminal portion of the
proteins, and these domains are also present in OrfA. We there-
fore propose that orf4 encodes a transmembrane, proton-de-
pendent transport protein. Since S. cinnamomeus Ti89 pro-
duces the polyketid antibiotic kirrothricin (54), we speculated
that orfA might be involved in kirrothricin export and probably
in kirrothricin resistance. However, heterologous expression in
S. lividans did not lead to kirrothricin resistance. Since there is
frequently more than one gene involved in antibiotic resistance
(12), we cannot rule out the possibility that orf4 is part of the
kirrothricin gene cluster.

The question remained how orf4 exerts its negative influ-
ence on lipase production. It is unlikely that /ipA4 transcription
is affected by the transcription of orf4, since there is a termi-
nator structure in front of orf4. This terminator functions at
least in E. coli, since no lipase activity was detected in E. coli
(pUPS6), in which lipA is in frame with lacZ. A more likely
explanation of the negative influence of orf4 on lipase produc-
tion is that overexpression (gene dose effect) of orf4 and the
concomitant increased production of a transmembrane protein
are deleterious for the cells. It is well known (although not
much attention is given to this point in the literature) that
overproduction of a membrane protein can affect cell growth
and thus can exert a selective pressure for the loss of the
plasmid, decrease in its copy number, or other events that lead
to a reduction in the expression of the respective gene.

It is surprising that the 275-amino-acid S. cinnamomeus
lipase, LipA, shares no sequence similarity with the available
lipase sequences. The two Streptomyces lipase sequences pub-
lished, the 310-amino-acid lipase of Streptomyces sp. strain
M11 (42) and the 304-amino-acid lipase of S. albus (11), ex-
hibit 82% sequence identity and contain two cysteine residues.
Since the primary structure of S. cinnamomeus LipA differs
from that of the two other Streptomyces lipases, we assume that
the biochemical properties of LipA differ from those of the
other two Streptomyces lipases. LipA also shows no sequence
similarity to the sequences of the esterases of S. scabies and S.
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diastatochromogenes, although these esterases contain six cys-
teine residues like LipA.

Sequence similarity to LipA (29% identity and 60% similar-
ity within the first 104 N-terminal amino acids) was found only
with the group II Pseudomonas lipases, with P. cepacia and
P. glumae lipases as the prototypes (27). These two lipases are
33 kDa in size, have a broad substrate specificity, contain one
disulfide bridge (two cysteine residues present), and require a
helper protein, which acts as a molecular chaperone in assist-
ing proper lipase folding (19, 20, 29). The corresponding
helper protein genes are located immediately downstream of
the lipase genes. The Pseudomonas lipases play an increasing
role in biotechnology, since they are capable of hydrolysis of
triglycerides, of transesterification, and of glycerolysis of fats
and oils, leading to the production of certain monoglycerides
that act as surfactants and are used as emulsifiers (40, 59).

The S. cinnamomeus lipase probably also produces toxic cell
surfactants in the presence of olive oil, thus selecting clones in
which the plasmid-encoded lipA is genetically inactivated or
the plasmid is lost, as mentioned above.

A striking feature of the LipA produced in S. lividans and in
E. coli was that the active form migrated in the S. lividans clone
as a 50-kDa protein (very probably a dimer form) and in the
E. coli clone as a 27-kDa active form. A 50-kDa form in a
stained protein gel was also visible in the E. coli clone; how-
ever, it showed no activity, possibly because it is not correctly
folded. The 27-kDa activity band indicates that LipA either is
active as a monomer or can reassociate in vitro to form an
active dimer.

Since LipA has sequence similarity to the Pseudomonas
group II lipases, which require a chaperone for folding, and
since only an active 50-kDa form of LipA is found in S. cin-
namomeus and the S. lividans clone, it is possible that a chap-
erone is necessary for the correct folding of LipA in Strepto-
myces. The downstream sequence of lipA4-localized orfB could
be a candidate. However, it is unlikely that the orf4 or orfB
gene products aid in LipA folding or secretion, since OrfA has
sequence similarity to proton-dependent transport proteins
and OrfB shows, apart from the NAD and flavin adenine di-
nucleotide binding motif, no significant similarity to other pro-
teins. This study is a basis for further analysis of the biochem-
ical properties of LipA, especially the triglycerol synthesis, to
study the dimerization reaction and secretion of the enzyme.
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