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Abstract Functional expression of lipase from Burk-
holderia sp. C20 (Lip) in various cellular compartments of
Escherichia coli was explored. The poor expression in the
cytoplasm of E. coli was improved by several strategies,
including coexpression of the cytoplasmic chaperone
GroEL/ES, using a mutant E. coli host strain with an oxi-
dative cytoplasm, and protein fusion technology. Fusing
Lip with the N-terminal peptide tags of T7PK, DsbA, and
DsbC was effective in enhancing the solubility and bio-
logical activity. Non-fused Lip or Lip fusions heterolo-
gously expressed in the periplasm of E. coli formed
insoluble aggregates with a minimum activity. Biologically
active and intact Lip was obtained upon the secretion into
the extracellular medium using the native signal peptide
and the expression performance was further improved by
coexpression of the periplasmic chaperon Skp. The extra-
cellular expression was even more effective when Lip was
secreted as a Lip—HIyA fusion via the «-hemolysin trans-
porter. Finally, Lip could be functionally displayed on the
E. coli cell surface when fused with the carrier EstA.

Keywords Burkholderia - Chaperon - Escherichia coli -
Fusion - Lipase - Recombinant protein

Introduction

Lipases are an important biocatalyst for industrial appli-

cations [1]. Microbial cells including bacteria, fungi, and
yeasts are the major sources of lipases with various
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enzymatic activities (e.g., hydrolysis, esterification, transe-
sterification, alcoholysis, acidolysis, and chemo, regio,
enantio-selective synthesis), enzyme properties (e.g., pH
and temperature stability), and substrate specificities [2].
Recent interest in lipases arises particularly from their
applications as a potential biocatalyst for biodiesel pro-
duction [3]. Many microbial lipases have been isolated,
sequenced, and expressed [4-8]. Among them, Burk-
holderia lipases have certain features of thermal stability,
alkaline pH and organic solvent tolerance, transesterifica-
tion activity, and high substrate selectivity, making them an
attractive industrial enzyme [9-11]. Hence, there is a
motivation in developing an economically feasible bio-
process for their overproduction.

The Gram-negative bacterium Escherichia coli is still
recognized as the most popular host for high-level pro-
duction of recombinant proteins from both prokaryotic and
eukaryotic sources [12]. While the major expression steps
of transcription and translation have to be effective to
achieve high-level production, it is not uncommon that the
recombinant protein yield is limited by posttranslational
events, such as disulfide bond formation, solubility, mis-
folding, proteolysis, and even the toxicity to host cells [13].
The expressed recombinant protein can be targeted in
various intracellular compartments including the cytoplasm
and periplasm, displayed on the cell surface, or secreted
into the extracellular medium. The oxidative environment
of the extracytoplasmic compartments is conducive for
disulfide bond formation [14]. Extracellular secretion often
yields recombinant proteins in the culture medium with
minimum contamination from host cell proteins [15]. On
the other hand, recombinant proteins can be displayed on
the E. coli cell surface for specific applications, such as
whole-cell biocatalysts and high throughput peptide library
screening [16].



Mol Biotechnol (2011) 47:130-143

131

Table 1 Strains, plasmids, and oligonucleotides

Strain Relevant genotype Source and reference
E. coli
BL21(DE3) F~ompT dem lon hsdSg(rg, mg) gal A(DE3[lacl indl samT nin5 lacUV5-T7 gene 1]) Novagen [49]
DH5a F (¢80 dlac A(lacZ)M15) A(lacZYA-argF)U169 deoR recAl endAl hsdR17 (rx, mg) Lab stock [50]
phoA supE44 lambda-thi-1 gyrA96 relAl)
IM109 recAl supE44 endAl hsdR17 gyrA96 relAl thi-1 mcrA Alac-proAB) F'[traD36 proAB* Lab stock [51]

Origami B(DE3)
Burkholderia

Burkholderia sp. C20

Plasmid
PAR3GRO
PAR3KJ
pARDegP
PARDsbA
PARDsbC
pARFkpA
PARIIDsbA
PARIIDsbC
pARSkp
PARSurA
pDest-555
pDest-556
pHisperiMBP
pDsbALipll
pDsbCLipll
pETM-50
pETM-52
pETM-80
pETM-82
pENTR4
pENTRLIpll
pEHLYA2-SD
pEHLYALipll
pESTYFP
pESTLipll
pET20b(+)
pETLipll
pG-KIJES
pG-TF3
pGGWA
pGSTLipll
pHisperiMBPLipll
pHNGWA
pHisNusALipll
plIDsbALipll
plIDsbCLipll
pPMGWA
pMBPLipll

lacl? lacZAM15]

F ompT hsdSg(rg mg) gal dem lacY1 ahpC (DE3) gor522::Tnl0 (Tc®) trxB (Kn®)

Isolated from the food waste of a food processing plant

P u5::groEL/ES, Cm®
Pap::dnaK/J::grpE, CmR

P up::degP, CmR

Puasi:dsbA, CmR

P,,.5:dsbC, Cm®

PyraniifkpA, Cm®

Pz 11dsbA, CmR

P, up::11dsbC, CmR

Puap::skp, Cm®

P upiisurA, Cm®

P,ue::6 X his:: T7PK, ApR

Piyc:6x his::skp, ApR

Pjuc::6 X his::mbp, ApR
Pr7::dsbA::6x his::lipll, ApR
Pr7::dsbC::6 x his::lipll, KnR
Pr::dsbA::6xhis, ApR
Py::ldsbA::6 x his, ApR
Pr7::dsbC::6 x his, ApR
Pr7:dsbC::6 x his, ApR

Entry vector, attL.1-rrNB-attL.2, Kn®
lipll gene containing entry vector, Kn®
Pruci:hlyA, ApR

Piuci:lip:hlyA, ApR
Piac::phoAignar::yfp::estA, Cm®
Piac::phoAignar:lipll::estA, Cm®
Prs::pelB, ApR

Pryi:pelB::lipll, ApR
Pap::dnak/i::grpE, P, ,::groEL/ES, CmR®
Pusiitig, PepypiigroEL/ES, Cm®
Py gst::6x his, ApN
Priigst:lipll, ApR
Pouc::6 X his::mbp::lipll, Ap®
Pr7::6 X his::nusA, ApR

Py 6xhis::nusA::lipll, ApR
Py ldsbA::6 x his::lip, ApR
Pr7::1ldsbA::6 x his::lip, Kn®
Pry:mbp, ApR

Prmbp::lipll, ApR

Novagen

[23]

Lab stock [52]

Lab stock [52]

Lab stock [53]

Lab stock [54]

Lab stock [54]

Lab stock [55]

Lab stock [8]

Lab stock [8]

Lab stock [42]

Lab stock

Chatterjee and Esposito [34]
Chatterjee and Esposito [34]
Waugh and co-workers [56]
This study

This study

EMBL

EMBL

EMBL [57]

EMBL [57]

Invitrogen

This study

Luis Angel [46]

This study

Lab stock [42]

This study

Lab stock

This study

Yura and co-workers [58]
Yura and co-workers [58]
Busso et al. [59]

This study

This study

Busso et al. [59]

This study

This study

This study

Busso et al. [59]

This study
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Table 1 continued

Strain Relevant genotype Source and reference
pPCRscriptAmp PCR cloning vector, Ap® Stratagene
SK(+)
pPCRscriptLip PCR cloning of lip, Ap® This study
pSkpLipll Pyiskp::lip, ApR This study
pT7PKLipll Py, T7PK::lipll, Ap® This study
pTF16 Purapiitig, Cm® Yura and co-workers [58]
pTrcLip P,.::lip, ApR This study
pTrcLipll P,..:lipll, Ap® This study
pTRXLipll Py trx::lipll, Ap® This study
PXGWA Pr7iitrx, ApR Busso et al. [59]

Oligonucleotides
P1 5'-ATGGCCAGATCGATGCGTTCCAGGGTGGTG-3' This study
P2 5'-TCAGACGCCCGCGAGCTTCAACCGGTTCGC-3' This study
P20 5'-CCGCCCATGGCCAGATCGATGCGTTCCAGG-3' This study
P21 5'-GCGGCCGGAATTCACCCGCCCGCGAGCTTC-3 This study
P25 5'-CTGGAGCTCCACCGCGGCCCCCGAGGCCCTAGC CCCGCCCGCGA This study

GCTT-3
P27 5'-CACCGCGGTGGCGGGAGCTCAAGCCCCGCC-3' This study
P58 5'-GCGGCAACCGCCATGGCCGACGACTATGCG-3' This study
P59 5'-GCGGCAACCCTCGAGGCCGACGACTATGCG-3' This study
P131 5'-ACGCACGCGGCGATGGCCCAGCCGGCCATGGCC GACGACTATGC This study
GACG-3%

Italic mutated nucleotides, underline restriction site

E. coli has several folding modulators to assist the
folding of nascent polypeptides, particularly during stress-
ful conditions. These folding modulators, including trigger
factor, DnaK/J-GrpE, and GroEL/ES in the cytoplasm and
Dsb-family chaperones, DegP, FkpA, Skp, and SurA in the
periplasm, can be potentially useful for developing their
bioactive conformation upon the high-level production of
heterologous proteins [17]. Alternatively, fusion tags,
originally developed for protein purification with affinity
chromatography, are another effective tool to enhance the
functional expression, solubility, bioactivity, and stability
of the partner protein [18]. The N-terminal tags can
potentially enhance the translational initiation and, there-
fore, are more popular than the C-terminal ones [19].
Several solubility-enhancing tags have been successfully
used to produce hard-to-express recombinant proteins in
E. coli [20].

Despite the recognized industrial applicability of Burk-
holderia lipase, there are very few reports associated with
its production so far. One of them is the cloning and het-
erologous expression of the Burkholderia cepacia lipase
gene in E. coli [21]. However, the recombinant lipase was
predominantly expressed as insoluble inclusion bodies
even with the coexpression of lipase-specific foldase (Lif)
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which is a natural lipase folding modulator. Another study
reported that the mutagenesis and screening approach to
obtain soluble variants of Burkholderia lipase for func-
tional expression [22]. In this study, we explored various
genetic strategies for the functional expression of a lipase
from Burkholderia sp. C20 (Lip) in E. coli. The Burk-
holderia strain was originally isolated from the food waste
and could potentially have a novel lipase(s) with the
transesterification activity for biodiesel production [23].

Materials and Methods
Bacterial Strains and Plasmids

Bacterial strains, plasmids, and oligonucleotides used in this
study are summarized in Table 1. DH5« was used as the host
strain for molecular cloning. JM109, BL21(DE3), and Ori-
gami B(DE3) were used as the host strain for Lip expression.
Molecular cloning was performed according to standard
protocols [24]. Restriction enzymes were purchased from
New England Biolabs (Beverly, MA, USA). Polymerase
chain reaction (PCR) was conducted in an automated ther-
mal cycler (GeneAmp Thermocycler, Applied Biosystems,
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A 1-6 complete
NC_010805-1 (1)

1-6 _complete
NC_010805-1 (51)

1-6 complete
NC_010805-1 (101)

1-6 complete
NC_010805-1 (151)

1-6_complete
NC_010805-1 (201)

1-6_complete
NC_010805-1 (251)

1-6_complete
NC_010805-1 (301)

1-6_complete
NC 010805-1 (351)

1-6_complete
NC_010805-1 (401)

1-6_complete
NC_010805-1 (451)

1-6_complete
NC_010805-1 (501)

1-6 _complete
NC_010805-1 (551)

1-6 complete
NC_010805-1 (601)

1-6_complete
NC_010805-1 (651)

1-6_complete
NC_010805-1 (701)

1-6_complete
NC_010805-1 (751)

1-6_complete
NC_010805-1 (801)

1-6_complete
NC _010805-1 (851)

1-6_complete
NC_010805-1 (901)

1-6 complete
NC_010805-1 (951)

1-6_complete
NC_010805-1 (1001)

1-6_complete
NC_010805-1  (1051)

ATGGCCAGATCGATGCGTTCCAGGGTAATGGCAGGGGCAGTGGCATGCGC
ATGGCCAGATCGATGCGTTCCAGGGTGGTGGCAGCAGCAGTGGCGTGCGC

GATGAGCGTCGCGCCGTTCGCGGGGACGACCGCGCTGACGACGCTCGCGA
GATGAGCGCCGCGCCGTTCGCGGGAACGACCGCGTTGATGACGCTCGCGA

CGACGCACGCGGCGATGGCGGCAACCGCGCCCGCCGACGACTATGCGACG
CGACGCGCACGGCGCTICGCCGCGATTGCGCCGGCCGACGATTACGCGGLG

ACGCGCTATCCGATCATTCTCGTGCACGGGTTGACCGGCACCGACAAGTA
ACGCGCTATCCGATCGTCCTCGTGCACGGGCTCACGGGCACCGACAAGTA

CGCGGGCGTACTCGATTACTGGTACGGCATCCAGGAAGACCTGCAACAGC
CGCGGGCGTGCTCGAGTACTGGTACGGCATCCAGGAAGACCTGCAGCGGC

ATGGCGCGACCGTCTACGTCGCGAACCTGTCGGGCTTCCAGAGCGACGAC
ACGGTGCGACGGTGTATGTCGCGAACCTGTCGGGATTCCAGAGCGACGAC

GGCCCGAACGGGCGCGGCGAACAGCTGCTGGCTTACGTGAAGACGGTGCT
GGTCCGAACGGACGCGGCGAACAGCTGCTCGCATACGTGAAGCAGGTGCT

CGCCGCGACCGGCGCGACCAAGGTCAATCTCGTCGGTCACAGCCAGGGCG
GGCCGCGACCGGCGCGACGAAGGTCAATCTGATCGGTCATAGCCAGGGCG

GGCTGACGTCGCGCTATGTCGCGGCCGTCGCGCCCGATCTCGTCGCGTCG
GTCTCACGTCGCGCTACGTGGCGGCCGTCGCGCCGGATCTCGTCGCGTCG

GTGACGACGATCGGCACGCCGCATCGCGGCTCCGAGTTCGCCGACTTCGT
GTGACGACGATCGGCACTCCGCATCGCGGCTCGGAGTTCGCGGACTTCGT

GCAGGACGTGCTCGCGTACGATCCGACCGGACTGTCGTCGACGGTGATCG
GCAGAGCGTGCTTGCGTACGACCCGACCGGGTTGTCGTCGTCGGTGATCG

CCGCGTTCGTCAATGTATTCGGAATCCTGACGAGCAGCAGCCACAACACG
CCGCGTTCGTCAATGTGTTCGGCATCCTGACGAGCAGCAGCCACAACACG

AACCAGGACGCACTCGCGTCGCTGAAGACGCTGACGACCGCGCAGGCCGC
AACCAGGACGCGCTCGCCGCACTGACGACGCTGACGACCGCGCAGGCCGC

CACCTACAACCAGAACTATCCGAGCGCGGGCCTCGGCGCTCCCGGCAGTT
GACCTACAACCGGAACTTTCCGAGCGCGGGTCTCGGTGCACCGGGCAGCT

GCCAGACCGGCGCGCCGACGGAAACCGTCGGCGGCAACACGCATCTGCTG
GCACGACCGGTGCGTCGACGGAAACCGTCGGCGGCAATACGCATCTGCTG

TATTCGTGGGCCGGCACGGCGATCCAGCCGACGCTGTCGCTGTTCGGCGT
TACTCGTGGGCCGGCACCGCGATTCAGCCGACGAATTCGGCGTTCGGCGT

GACGGGGGCGACGGATACGAGCACCGTTCCGGTCGTCGATCCGGCGAACG
CACGGGCGCGAGCGACACGAGCACGATTCCGGTCATCGATCCGGCCAATG

TGCTCGACCTGTCGACGCTCGCGCTGTTCGGCACGGGCACGGTGATGATC
CACTCGATGCGTCGACGCTCGCGCTGCTCGGCACGGGCACCGTGATGATC

AACCGCGGTTCGGGCGAGAACGACGGGCTCGTGTCGAAGTGCAGCGCGCT
AATCGCGGCTCGGGGCAGAACGACGGACTCGTGTCGAAGTGCAGCGCGCT

GTACGGCAAGGTGCTGAGCACGCGCTACAAGTGGAACCATATCGACGAGA
GTACGGACAGGTGCTCGGCACGCACTTCAAATGGAATCATCTCGACGAGA

TCAACCAGCTGCTCGGCGTGCGCGGCGCGTATGCGGAAGACCCGGTCGCG
TCAATCAGTTGCTCGGCGTGCGCGGTGCGTATGCGGAAGATCCGGTCGCG

GTGATCCGCACGCATGCGAACCGGTTGAAGCTCGCGGGCGGGTGA
ATGATCCGCACGCACGCGAACCGGTTGAAGCTCGCGGGCGTCTGA

Foster City, CA, USA). Burkholderia sp. C20 chromosomal out using an electroporator (Bio-Rad, Hercules, CA, USA)
DNA was extracted using DNeasy tissue kit (Qiagen, or a chemical method according to Chung and Miller [25].
Valencia, CA, USA). Purification of plasmid DNA was The lip gene was PCR-amplified using the primer pair
performed using a spin-column kit purchased from Qiagen  P1 and P2, and Burkholderia sp. C20 chromosomal DNA
(Valencia, CA, USA). Plasmid transformation was carried  as the template. The primer pair P1 and P2 was designed
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<« Fig. 1 Panel a nucleotide sequence analysis of the open reading

frame (ORF) of the /ip gene amplified by PCR using the genomic
DNA of Burkholderia sp. C20 as the template and the primer pair of
P1 and P2 (denoted as “1-6”). The sequences of the primers P1 and
P2 were determined based on terminal sequences of the 1095-bp
lipase gene (lipA) on the chromosome 2 of Burkholderia multivorans
ATCC 17616 (NCBI accession number NC_010805, region
699394-700488). The sequences of lip [1-6] and lipA (denoted as
“NC_010805") have been aligned to share a sequence similarity of
87.9%. The stop codon “TGA” at the 3’ end of 1-6 in the figure was
originally “GCT” in the amplified DNA, which was replaced with a
“STOP” codon for further cloning experiments. Panel b the trans-
lated amino acid sequences of the /ip gene (denoted as “translation
of 1-6 complete”) and lipA gene (depicted as “translation of
NC-010805_1") have been aligned to share a sequence identity of
85.6% and a sequence consensus of 89.5%. The 1-364 amino acid
sequence of lip gene [1-6] was subjected to the BLAST query
(www.ncbi.nlm.nih.gov). A sequence identity of 99% (362/364) and
100% positive (364/364) was observed with a potential lipase gene
(NCBI accession number YP_002233567) identified from the
genomic sequence of Burkholderia cenocepacia J2315. Further
DNA sequence analysis of the two ORFs showed 100% similarity (4
nucleotides being different and no gap), confirming the missing of a
“STOP” codon in the original PCR product of /ip [1-6]. Lipase genes
from other Burkholderia sp. shared 70-96% sequence identity with
lip [1-6]. It may be noted that lip [1-6] shared only 92 and 93%
sequence similarity to two other species of Burkholderia cenocepacia.
The arrow represents the predicted cleavage site associated with
the signal peptide (40 amino acids) using the SignalP 3.0 server
(www.cbs.dtu.dk/services/SignalP/). However, the extracellular lipase
purified from Burkholderia sp. HY-10 [11] was determined to have
the N-terminal amino acid sequence of “ADTYAATRYPIILVHG
LTGTDKYAG” which is similar to the underlined amino acid
sequence of “ADDYATTRYPIILVHGLTGTDKYAG”. This was
determined as the N-terminal sequence of mature Lip for the sub-
sequent cloning of the /ip gene without its native signal peptide
coding sequence (/I-lip)

based on the sequence of the lipA gene of Burkholderia
multivorans (NCBI Accession number NC_010805-1). The
amplified lip gene was cloned to pPCRscriptSK(+4) to
obtain pPCRscriptLip and the DNA sequencing result is
given in Fig. la. The lip gene with the native signal peptide
was PCR-amplified using P20/P21 primer pairs on pPCR-
scriptLip template, digested with Ncol/EcoRI and ligated
to similarly digested pTrc99A to obtain pTrcLip. The
leaderless(1l) /ip gene (without the native signal peptide)
was PCR-amplified using the primers P58/P21 and
pPCRscriptLip template, digested with Ncol/EcoRI and
ligated to similarly digested pTrc99A to obtain the plasmid
pTrcLipll. In addition, PCR was performed using pPCR-
scriptLip as the template and the primer pairs of P131/P27,
P58/P27, and P58/P59, respectively. The PCR products
were digested, respectively, with Sfil, Ncol/Sfil, and Ncol/
Sacl and ligated to similarly digested pESTYFP, pEHLY A2-
SD, and pETMS80/pETMS82 to construct pESTLipll,
pEHLYALIpll, and plIDsbCLipll/pDsbCLipll. The Ncol/
EcoRI DNA fragment from pTrcLipll was subcloned
into pET20b(4+) and pENTR4 to obtain pETLipll and
pENTRLIipll, respectively. The [ip-containing DNA in
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B1 50
Translation of 1-6 complete (1)
MARSMRSRVMAGAVACAMSVAPFAGTTALTTLATTHAAMAATAPADDYAT

Translation of NC_010805-1 (1)
MARSMRSRVMABAVACAMSAAPFAGTTALMTLATTRTABAATAPADDYAA
51 100
Translation of 1-6 complete (51)
TRYPIMLVHGLTGTDKYAGVLEYWYGIQEDLQQHGATVYVANLSGFQSDD

Translation of NC 010805-1 (51)
TRYPIMLVHGLTGTDKYAGVLEYWYGIQEDLQRHGATVYVANLSGFQSDD
101 150

Translation of 1-6 complete (101)
GPNGRGEQLLAYVKTVLAATGATKVNLMGHSQGGLTSRYVAAVAPDLVAS
Translation of NC 010805-1 (101)
GPNGRGEQLILAYVKQVLAATGATKVNLEGHSQGGLT SRYVAAVAPDLVAS
151 200
Translation of 1-6 complete (151)
VTTIGTPHRGSEFADFVQDVLAYDPTGLSSEVIAAFVNVFGILTSSSHNT
Translation of NC 010805-1 (151)
VTTIGTPHRGSEFADEFVQSVLAYDPTGLSSEVIAAFVNVFGILTSSSHNT

201 250
Translation of 1-6 complete (201)
NODALASLKTLTTAQAATYNQONMPSAGLGAPGSCQTGAPTETVGGNTHLL

Translation of NC 010805-1 (201)
NODALAALTTLTTAQAATYNRNEPSAGLGAPGSCTTGASTETVGGNTHLL
251 300
Translation of 1-6 complete (251)
YSWAGTAIQPTLSLFGVTGAEDTSTMPVMDPANVLDLSTLALFGTGTVMI

Translation of NC 010805-1 (251)
YSWAGTAIQPTNSAFGVTGASDTSTHPVEDPANALDASTLALLGTGTVMI
301 350
Translation of 1-6 complete (301)
NRGSGENDGLVSKCSALYGKVLS TREKWNHEDE INQLLGVRGAYAEDPVA

Translation of NC_010805-1 (301)
NRGSGQONDGLVSKCSALYGQVLGTHEKWNHEDE INQLLGVRGAYAEDPVA
351 363

Translation of 1-6 complete (351)
MIRTHANRLKLAGG

Translation of NC 010805-1 (351
MIRTHANRLKLAGV-——-—————————————

Fig. 1 continued

pENTRLipll was subcloned into pGGWA, pMGWA,
pHNGWA, pXGWA, pDest-555, pDest-556, pETM-50, and
pETM-52 using the Gateway cloning technology (Invitro-
gen); resulting in pGSTLipll, pMBPLipll, pHisNusALipll,
pTRXLipll, pT7PKLipll, pSkpLipll, pDsbALipll, and
plIDsbALipll, respectively. The plasmids pAR3GRO,
pARDegP, pARDsbA, pARDsbC, pARFkpA, pARIIDsbA,
pARIIDsbC, pARSurA, and pARSkp, respectively, contain
the groEL/ES, degP, dsbA, dsbC, fkpA, lldsbA, lldsbC, surA,
and skp genes whose expression was under the regulation of
the araB promoter. The plasmid pG-KJES8 contains the
dnaK/J-grpE and groEL/ES genes, respectively, fused with
araB and zt-Ip promoters. pG-TF3 contains the tig and
groEL/ES genes, respectively, fused with araB and zt-Ip
promoters. All chaperone gene(s)-expression plasmids
contain a chloramphenicol-resistant (CmR) marker and,
therefore, are compatible with all Lip-expression vectors
containing an ampicillin-resistant (Ap®) marker.

Cultivation

Cells were revived by streaking the stock culture stored at
—80°C on an LB agar plate (5 g/l NaCl, 5 g/l Bacto yeast
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extract, 10 g/l Bacto tryptone, and 15 g/l Bacto agar). The
plate was incubated at 37°C for approximately 15 h. An
isolated single colony was picked to inoculate 25 ml of LB
medium, which was then incubated at 37°C in a rotary
shaker at 200 rpm for approximately 15 h. The medium
was supplemented with 50 pg/ml ampicillin (Ap) when
necessary. Erlenmeyer flasks containing 25-ml LB medium
were inoculated with the seed culture and were shaken in a
rotary shaker at 28°C and 200 rpm. When the cell density
reached approximately 0.5 ODgqg, the culture was supple-
mented with 0.1-mM isopropyl f-p-thiogalactopyranoside
(IPTG) for induction. After induction, the Erlenmeyer
flasks were further shaken at the same conditions for
another 4 h at 28°C, or 24 h at 15°C. All the shaker-flask
cultivations were conducted at least in duplicate.

Analytical Methods

The culture sample was appropriately diluted with saline
solution for measuring cell density in ODgq, with a spec-
trophotometer (DU®520, Beckman Coulter, Fullerton, CA,
USA). For the preparation of cell extract, cells at an
amount of 20 ODggg units (defined as “ODggg x ml”)
were centrifuged at 2°C and 6000xg for 10 min. The
supernatant containing extracellular proteins was analyzed
for secreted Lip. The cell pellet was resuspended in
0.75 ml of sodium phosphate buffer (0.05 M, pH 7.5). The
cell suspension was sonicated for 4 min using an ultrasonic
processor (Misonix, Farmingdale, NY, USA) and then
centrifuged at 4°C and 12,000x g for 15 min. The super-
natant containing soluble proteins was assayed for the
intracellular Lip activity. The pellet containing insoluble
proteins and cell debris was washed with phosphate buffer,
resuspended in TE/SDS buffer (10-mM Tris HCI, pH 8.0,
1-mM EDTA, 1% SDS), and heated to 100°C for 5 min.
The protein content of the pellet was analyzed as the
insoluble fraction.

Lipase activity was qualitatively evaluated by the area
and transparency of the halo formed on 1% tributyrin agar
plates. To conduct this, soluble fractions and extracellular
fractions of 50-pl were loaded on the plate and incubated at
37°C overnight. On the other hand, Lipase enzyme assay
was conducted using a pH stat (Brinkman Metrohm 842
Titrando, FL, USA). An appropriate volume of the soluble
fraction of cell lysates was added to 5 ml of 2% olive oil
emulsion in water at 55°C [23] and the reaction solution
was maintained at pH 9.0 by controlled addition of 0.02 N
NaOH [26]. One unit of enzyme activity is defined as the
amount of enzyme required to liberate 1 pmol of fatty acid
per min.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed in a Mini-PROTEIN®III electrophoresis

cell (Bio-Rad) using a 12.5% polyacrylamide separating
gel stacked with a 4% polyacrylamide stacking gel. Protein
samples of the cell extract from cells of 0.016 ODgq units
for the soluble fraction and 0.2 ODggg units for insoluble
fractions, respectively, were used. Electrophoresis was
conducted under a constant voltage of 120 V for 120 min.
The gel was stained with coommassie blue, dried, and
scanned.

Results

Seven scenarios (i.e., Al, A2, B, C, D, E, and F summa-
rized in Fig. 2) for the functional expression and targeting
of a lipase from Burkholderia sp. C20 (Lip) in E. coli are
compared. The culture performance of Lip expression
using JM109 (pTrcLip) (i.e., scenario Al) is summarized in
Fig. 3. Visible halos were observed on tributyrin plates
(data not shown) for the extracellular medium samples of
the IPTG-induced culture with the lipase activity up to
55 U/l (expression system 1 in Fig. 3b), but not for the
soluble intracellular fraction. The results imply that bio-
active Lip was expressed and secreted into the extracellular
medium under the direction of the native signal peptide
which is recognized by E. coli. The extracellular expres-
sion posed no adverse physiological impact on the bacterial
cell growth (Fig. 3a). Since Burkholderia lipase is trans-
located across the inner membrane while being unfolded
via the Sec secretion system prior to the secretion into the
extracellular medium [27], folding factors in the cell
envelope were coexpressed to investigate their effect on
Lip expression and the results are summarized in Fig. 3 as
well. Among the folding factors investigated, Skp signifi-
cantly increased the lipase activity by 36% to 75 U/l (#7 in
Fig. 3b); whereas DegP had an adverse effect with neither
halos being present on tributyrin plates nor a measurable
lipase activity (#6 in Fig. 3b).

The culture performance for Lip expression in the
cytoplasm of E. coli (i.e., scenario D) is described in
Fig. 4. Among the three hosts investigated, i.e., JM109,
BL21(DE3), and Origami B(DE3), the halo associated with
tributyrin hydrolysis was visualized only for the culture
sample of recombinant Origami B(DE3) and the lipase
activity appeared to be extremely low (data not shown).
However, neither lipase activity was measurable by pH stat
nor the protein band corresponding to Lip overexpression
was identifiable by SDS-PAGE (data not shown) for all the
culture samples grown at 15 or 28°C. The results suggest
two possible expression issues, i.e., ineffective translation
or protein degradation. Several cytoplasmic chaperones
including GroEL/ES, Trigger factor, DnaK/J-GrpE, and
the Dsb-chaperones were coexpressed to investigate their
possible effect on the cytoplasmic expression of Lip.
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Fig. 2 Various expression strategies adopted in this study for the
production and targeting of Lip in E. coli. Al secretion of Lip into the
extracellular medium: The lip gene containing the native signal
peptide is expressed under the regulation of the trc¢ promoter. The
native signal peptide is responsible for the extracellular secretion of
Lip (denoted as Lipa). A2 secretion of Lip into the periplasm: The lip
gene without its native signal peptide coding sequence (//-lip) is fused
with the pelB signal sequence and the pelB::ll-lip fusion is expressed
under the regulation of the T7 promoter. The PelB signal peptide is
responsible for the translocation of Lip to the periplasm (denoted as
Lipas). B Periplasmic expression of Lip fusions: Lip is N-terminally
fused with various expression enhancing tags (i.e., DsbA, DsbC, and
HisperiMBP) and the Fu::ll-lip gene fusions are expressed under the
regulation of the T7 or fac promoter. The signal peptides of DsbA,
DsbC, and MBP are, respectively, responsible for the translocation of
Fu-Lip to the periplasm (denoted as Fu-Lipg). C surface display of
Lip: Lip is C-terminally fused with an inactive variant of EstA from
Pseudomonas aeruginosa and the [l-lip::estA fusion is expressed
under the regulation of the lac promoter. The signal peptide of PhoA
is responsible for exporting Lip-Fu (denoted as Fu-Lipc). D cytoplas-
mic expression of Lip: The //-lip gene is expressed in the cytoplasm
under the regulation of trc promoter (denoted as Lipp). E Cytoplasmic
expression of Lip with an N-terminal fusion tag: Lip is N-terminally
fused with various expression enhancing tags (i.e., DsbA, DsbC, GST,
MBP, NusA, Skp, T7PK, and TRX) and the Fu::ll-lip gene fusions are
expressed in the cytoplasm under the regulation of the T7/tac
promoter (denoted as Fu-Lipg). F secretion of a Lip fusion into the
extracellular medium: Lip is C-terminally fused with HlyA and the
ll-lip::hlyA gene fusion is expressed under the regulation of the lac
promoter. Lip—HIyA is extracellularly secreted via the o-hemolysin
transporter (denoted as Lip-Fug)

Visible halos developed on tributyrin agar plates were
slightly visible only for BL21(DE3) (pTrcLipll, pAR3-
GRO) and BL21(DE3) (pTrcLipll, pG-KJES), but however
not for recombinant Origami B(DE3) (data not shown).
Again, the lipase activity was not measurable by pH stat
and the Lip band was not identifiable by SDS-PAGE (data
not shown).

The culture performance for Lip expression in the per-
iplasm of E. coli (i.e., scenario A2) is summarized in
Fig. 5. Using the cell lysate of the BL21(DE3) (pETLipll)
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culture sample with IPTG induction, a halo was visualized
on tributyrin agar plates (data not shown) and a lipase
activity up to 50 U/l was measured (Fig. 5b). A protein
band corresponding to Lip at 35 kDa were visualized upon
the SDS-PAGE analysis, but most of the expressed Lip
existed in insoluble fraction (Fig. 5c), implying a potential
expression issue of protein misfolding. Neither lowering
the cultivation temperature to 15°C nor the coexpression of
periplasmic chaperones improved the solubility or lipase
activity (data not shown).

Given the poor culture performance for the cytoplasmic
expression of Lip, eight N-terminal fusion tags, i.e., DsbA,
DsbC, GST, MBP, HisNusA, Skp, T7PK, and TRX, were
used to construct various translational fusions with Lip for
their respective expression in the cytoplasm (i.e., scenario
E). The culture performance for the expression of these Lip
fusions in BL21(DE3) and Origami B(DE3) is summarized
in Fig. 6. In general, 28°C appeared to be a better culti-
vation temperature than 15°C. Halos with a higher intensity
were observed for T7PK-Lip, DsbA-Lip, and DsbC-Lip
fusions using BL21(DE3) as the expression host and for
T7PK-Lip, Skp-Lip, MBP-Lip, and HisNusA-Lip using
Origami (DE3) as the expression host. GST-Lip fusion
hardly had any lipase activity no matter which host was
selected (data not shown). The majority of the overex-
pressed Lip fusions aggregated as insoluble inclusion
bodies (insoluble fraction in Fig. 6¢, f). In general, the
lipase activity assayed by pH stat in general correlated with
the solubility of Lip fusion proteins. Among the eight
fusion tags investigated in recombinant BL21(DE3), T7PK,
DsbA, and DsbC were effective in solubilizing Lip (lanes
1, 7, and 8 in the soluble fraction of Fig. 6¢) and the Lip
activities of T7PK-Lip, DsbA-Lip, and DsbC-Lip fusions
were assayed to be 105, 135, and 85 U/l, respectively
(Fig. 6b). On the other hand, both lipase activity (Fig. 6b)
and protein bands corresponding to TRX-Lip, GST-Lip,
Skp-Lip, and MBP-Lip (lanes 2, 3, 4, and 5 in Fig. 6¢)
were minimally detected in the soluble fraction even
though halos can be slightly visualized on tributyrin plates
for TRX-Lip and Skp-Lip (data not shown). Though
HisNusA-Lip fusion had a visible protein band in the sol-
uble fraction (lane 6 in Fig. 6¢) and showed a faint halo on
the tributyrin plate (data not shown), its lipase activity was
hardly detected by pH stat (Fig. 6b). Among the seven
fusion tags investigated in recombinant Origami B(DE3),
the lipase activities of T7PK-Lip, Skp-Lip, MBP-Lip,
HisNusA-Lip fusion proteins were assayed to be 92, 55,
25, and 35 U/l (Fig. 6e), respectively, whereas the other
fusions had no detectable lipase activities with faint halos
on tributyrin plates. Note that the lipase activity of Skp-Lip
was detected by both pH stat and a visible halo on the
tributyrin plate though the protein band corresponding to
Skp-Lip was hardly detectable (lane 4 in Fig. 6f). In
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Fig. 4 Culture performance of Lip expression (scenario D) using (1)
IM109 (pTrcLipll), (2) Origami B(DE3) (pTrcLipll), (3) BL21(DE3)
(pTrcLipll), (4) BL21(DE3) (pTrcLipll, pAR3GRO), (5) BL21(DE3)
(pTrcLipll, pG-KJES). Panel cell density

general, the expressed fusions had a higher protein solu-
bility in Origami B(DE3) than BL21(DE3) (Fig. 6¢ vs. f),
implying that the enhancement in the protein solubility
could be associated with disulfide bond formation.
Similarly, three N-terminal fusion tags, i.e., His-
periMBP, DsbA, and DsbC, were used to construct various
translational fusions with Lip for their respective expression
in the periplasm (i.e., scenario B). The culture performance
for the expression of these Lip fusions in BL21(DE3) is
summarized in Fig. 7. Though visible halos developed on
tributyrin plates for these Lip fusions (data not shown), their
lipase activities were undeterminable by pH stat. Appar-
ently, these fusion tags were incompetent in solubilizing the
expressed Lip since almost all the Lip fusions were detected
in the insoluble fraction as inclusion bodies (Fig. 7b).
Given the above technical limitations associated with
intracellular expression in E. coli and the fact that Lip is an

901

801
70

Lip Activity (U/L)

(pTrcLip, pARSurA), (6) IM109 (pTrcLip, pARDegP), (7) IM109
(pTrcLip, pARSkp). Panel a cell density, panel b lipase activity

extracellular lipase in the original Gram-negative bacte-
rium Burkholderia, extracellular secretion of Lip appears to
be a plausible approach. To do this, a translational fusion of
Lip with the 23-kDa C-terminal of HlyA was constructed
for extracellular secretion of Lip—HlyA via the Hly-trans-
porter (i.e., scenario F). The secretion was assisted by HlyB
and HlyD which were coexpressed from the plasmid
pVDLO9.3. Using JM109 harboring pEHLYALipll and
pVDL9.3, the culture performance for the expression and
secretion of Lip—HlyA is summarized in Fig. 8. Visible
halos were developed on tributyrin agar plates for the
extracellular medium samples (data not shown), but not the
intracellular fractions; indicating that HlyA can mediate
the secretion of bioactive Lip. Lipase activity up to 95 U/l
was obtained in the 24-h IPTG-induced culture sample
without affecting cell growth (Fig. 8b). Note that the
samples of the control cultures without IPTG induction
also developed a visible halo owing to the leaky expression
associated with the lac promoter, but its lipase activity was
very low when compared to that of the IPTG-induced
culture (Fig. 8b). The Hly-transporter appeared to be more
effective than using the native signal peptide of Lip for
achieving functional Lip secretion in the growth medium of
E. coli (95 U/l in Fig. 8c vs. 55 U/l in Fig. 3b). However,
Lip secreted with the use of the native signal peptide is an
intact Lip as opposed to the Lip—HlyA fusion secreted via
the Hly-transporter.

Finally, displaying Lip on the E. coli cell surface using
the carrier protein of EstA*, which is an inactive variant of
esterase from Pseudomonas aeruginosa [28], was explored
(scenario C) and the culture performance of JM109 har-
boring pESTLipll is summarized in Fig. 9. Upon the
qualitative analysis of the lipase activity on tributyrin agar
plates, halos were observed for both the whole cell and the
extracellular fraction, whereas no halo was visible for the
soluble intracellular lysate (data not shown). The presence
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of the lipase activity in the extracellular fraction suggests
Lip detachment from the cell membrane and/or a potential
cell lysis. The whole cells harvested from the IPTG-
induced culture yielded a lipase activity up to 25 U/l upon
conducting the lipase assay by pH stat (Fig. 9b), confirm-
ing the functional display of Lip on the E. coli cell surface.

Discussion

Functional expression of recombinant proteins in E. coli
can be potentially limited by disulfide bond formation.
In this study, it appears that Lip expression in the oxidative
cytoplasm of Origami B(DE3) slightly developed the lipase
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activity, as opposed to the cytoplasmic expression of Lip in
the reductive cytoplasm of BL21(DE3) which has no lipase
activity (Fig. 4). The results suggest certain disulfide
bond(s) could be critical for functional expression of Lip. It
was reported that the Cys190-Cys269/Cys270 disulfide
bridge, which is conserved in lipases from Gram-negative
bacteria, is required for protein stabilization against heat
denaturation and proteolysis [29-31]. Such conserved
cysteine residues of Cys190 and Cys270 exist in the mature
Lip. In addition to disulfide bond formation, ineffective
translation or proteolysis could also contribute to the poor
Lip yield associated with the cytoplasmic expression.
Coexpression of GroEL/ES, which assists the folding of de
novo proteins and the refolding of misfolded proteins
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Fig. 6 Culture performance of Lip expression (scenario E) using an
E. coli host harboring (1) pT7PKLipll, (2) pTRXLipll, (3) pGSTLipll,
(4) pSkpLipll, (5) pMBPLipll, (6) pHisNusALipll, (7) plIDsbALipll,
(8) plIDsbCLipll. Panel a, d cell density, panel b, e lipase activity,
panel ¢, f SDS-PAGE analysis of the soluble and insoluble fractions
of culture samples. Various Lip protein fusions have been indicated.

[32, 33], had a slightly positive effect in developing the
lipase activity in BL21(DE3). The low expression yield
could be partially alleviated with the use of fusion tags and
high-level expression was achieved for all the Lip fusions
except Skp-Lip. Though lipase activity was detected for
several Lip fusions, the majority of the expressed Lip
fusions aggregated as insoluble inclusion bodies in the cell,
implying another expression issue of protein misfolding. It
is interesting to observe that the functional expression of
the Lip fusion with DsbA was achieved in BL21(DE3), but
not in Origami B(DE3); whereas the functional expression
of Lip fusions with MBP, Skp, and HisNusA was achieved
in Origami B(DE3), but not in BL21(DE3). T7PK was
reported to be effective in producing hard-to-express pro-
teins in E. coli [34] and it was the only fusion tag achieving
the functional expression in both BL21(DE3) and Origami
B(DE3).

Similarly, the majority of the heterologously expressed
Lip, either non-fused Lip or Lip fusions, in the periplasm
of E. coli formed inclusion bodies though the periplasm
is an oxidative compartment suitable for disulfide bond

Note that panels a—c represent the cultures using BL21(DE3) as the
expression host, and panels d—f represent the cultures using Origami
B(DE3) as the expression host. C and [ represent the cultures
“without induction” and “with IPTG induction,” respectively,
M represents markers

formation. The first step for the secretion of extracellular
lipase in Burkholderia is protein translocation across the
cytoplasmic membrane to the periplasm via the Sec secre-
tion system and the export occurs concurrently with the
removal of the N-terminal signal sequence while main-
taining a partially folded and near native conformation for
the secreted lipase [27]. Further transport of proteins across
the outer membrane into the extracellular medium can be
mediated by the Xcp secreton, which is a complex
machinery comprising of at least 12 different proteins and
well conserved in the Gram-negative bacteria species such
as Pseudomonas and Burkholderia [35]. Though the
expressed Lip was targeted to the periplasm of E. coli via
the Sec secretion system, the presence of insoluble Lip
aggregates, even under the situation with the coexpression
of periplasmic folding factors, suggests that proper folding
of Lip was prevented in the periplasm. Interestingly, the
expression of Lip with its native signal peptide pro-
duced active enzyme in the extracellular medium of E. coli,
implying that extracellular secretion assists the
proper folding of Lip. Apparently, the signal peptide of
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Fig. 6 continued

Burkholderia Lip is recognized by E. coli for the extracel-
lular secretion of Lip even though no Xcp-secreton-like
system has been reported for E. coli. Technically, it will be
interesting to explore the use of the Lip signal peptide for
the extracellular secretion of recombinant proteins since
most of the signal peptides adopted in E. coli are primarily
for the secretion of recombinant proteins into the periplasm
[36-39]. The extracellular expression of Lip was further
improved by Skp coexpression. Skp is a cell envelope
chaperone that helps maintaining an intermediate folded
conformation for outer membrane proteins to be competent
for export and insertion onto the outer membrane [40]. It
was demonstrated to be effective in improving the folding
of recombinant antibody fragments in the periplasm [41]
and the display of recombinant proteins on the cell surface
[42]. The improved extracellular expression of Lip associ-
ated with Skp coexpression might be due to the prevention
of premature Lip folding in the periplasm so that the sub-
sequent export across the outer membrane was facilitated.
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Since extracellular secretion appears to be an effective
approach for the functional expression of Lip, another
strategy of using the a-hemolysin transporter for extracel-
lular secretion was successfully explored in this study. The
extracellular secretion was conducted through the con-
struction of a Lip—HIyA fusion whose translocation across
the inner and outer membranes in E. coli is mediated by an
export conduit which is assembled by the Hly-transport
component proteins of HlyB, HlyD [43], and the outer
membrane protein TolC [44]. No signal peptide is required
for such direct secretion of Lip—HIyA from the cytoplasm
to the cell exterior without a periplasmic intermediate [45].
It was reported that functionally active single chain Fv
antibodies with correct disulfide bonds were secreted via
the Hly-transporter [46], whereas the activity was demol-
ished when an E. coli mutant defective in thioredoxin
reductase was used as the host for the secretion [47];
suggesting that proper disulfide bonds could be formed
during the protein transport through the export conduit or
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Fig. 7 Culture performance of Lip expression (scenario B) using (1)
BL21(DE3) (pDsbA-Lipll), (2) BL21(DE3) (pDsbC-Lipll), (3)
BL21(DE3) (pHisperiMBP-Lipll). Panel a cell density, panel
b lipase activity, panel ¢ SDS-PAGE analysis of the soluble and
insoluble fractions of culture samples. Various Lip protein fusions
have been indicated. C and [ represent the cultures “without
induction” and “with IPTG induction,” respectively, M represents
markers

in the oxidative culture medium. Such a feature might be
helpful in terms of forming the disulfide bridge of Cys190-
Cys270 in Lip—HIyA which is required for stabilizing the
active protein [29]. Comparing the two secretion strategies,

Fig. 8 Culture performance of A 31
Lip expression (scenario F)
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both of them posed a minimum physiological impact on
cell growth, but the one via the Hly-transporter appeared to
produce a higher lipase activity. However, a Lip-HIyA
fusion was produced and, as a result, an additional protein
cleavage step would be required to obtain the native Lip.
On the other hand, the native Lip was produced through the
secretion based on the native signal peptide.

Finally, Lip was functionally expressed on the E. coli
cell surface using EstA*, an inactive variant of EstA from
Pseudomonas aeruginosa, as a carrier protein. EstA has
been shown to be properly localized on the outer mem-
brane upon heterologous expression in E. coli and, as a
result, it can serve as a carrier for the functional display
of several lipolytic enzymes from Fusarium solani,
Bacillus subtilis, and Serratia marcescens on the E. coli
cell surface [28]. Since the N-terminal extracellular
domain of EstA is intact in this design, the passenger
protein fused to the carrier can be relatively large, fully
exposed on top of the carrier protein, and placed far from
the lipopolysaccharide layer as compared to other dis-
playing systems. In this study, whole cells with the
expressed Lip-EstA* were found to have the lipase
activity, implying the functional expression of Lip on the
cell surface. However, the lipase activity was also
detected in the extracellular medium, suggesting some of
the displayed Lip was released. The release of the dis-
played Lip could be possibly due to the proteolytic attack
by certain outer membrane protease, such as OmpT [48],
or the release of the whole Lip-EstA* fusion into the
medium since EstA is not a native E. coli protein and the
integration of EstA with the outer membrane might not be
firm enough. The E. coli cells with bioactive Lip being
expressed on the outer membrane can be used as a whole-
cell biocatalyst though the displaying performance could
be further improved.
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