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a b s t r a c t

Overexpression of Paenibacillus polymyxa PoxB in Escherichia coli induced the formation of inclusion
bodies. An enzyme assay showed that the inclusion bodies exhibited PoxB activity, indicating that they
were biologically active. Fusion of GFP and Bacillus subtilis AmyE to the C-terminus of the PoxB also
induced the formation of biologically active aggregates when they were overexpressed in E. coli. There-
fore, P. polymyxa PoxB can be used as a fusion partner to promote the formation of active inclusion bodies
in E. coli.

� 2012 Elsevier Inc. All rights reserved.

Escherichia coli is the most widely used host to produce recom-
binant proteins. However, overexpressed recombinant proteins of-
ten accumulate as insoluble aggregates called inclusion bodies
(IBs). It is generally believed that IBs are clusters of misfolded pro-
teins and are biologically inactive [1]. However, recent reports indi-
cate that enzymes trapped in the IBs could be still biologically
active [2]. Several fusion protein partners inducing active IB forma-
tion of target proteins have been reported, such as foot-and-mouse
disease virus capsid protein VP1 [3], human b-amyloid peptide
Ab42 [3], a maltose-binding protein mutant [4], the cellulose-bind-
ing domain of Clostridium cellulovorans [5], and an ionic self
-assembling peptide, ELK16 [6]. The biologically active IBs have
commercial advantages to save costs for IB solubilization and
refolding.

Many cells in an excess glucose environment produce and ex-
crete acetate through the central metabolic pathway. Acetate pro-
duction is mediated by the ackA–pta pathway in which acetyl-CoA
is converted to acetyl phosphate by AckA, and then acetyl phosphate
is converted to acetate by Pta. The other pathway is mediated by
pyruvate oxidase (PoxB), which converts pyruvate directly to ace-
tate in E. coli [7].

We found a poxB homolog gene (poxBpp) [8] in the Paenibacillus
polymyxa E681 genome sequence. PoxBpp is a 574-amino-acid poly-
peptide and its amino acid sequence has 58% identity with that of
E. coli. The calculated molecular weight and isoelectric point of

PoxBpp are 62.4 kDa and 5.4, respectively. To characterize PoxBpp,
the poxBpp gene was amplified by the polymerase chain reaction
(PCR) with poxB-hind (50-AAGCTTCTAGACAGGAGGAACATCTATG-
30) and poxB-bam (50-GGATCCTAACAGGCAGGACGAATGGG-30)
primers from the genomic DNA of strain E681 and cloned into
pUC19 at the BamHI and HindIII sites. The resulting pUC-pox plas-
mid contained the poxB gene under the control of the lacZ promoter.
The pUC-pox plasmid was introduced into E. coli wild-type strain
BW25113 [9] and the poxB mutant strain JW0855 [10]. When the
E. coli strains harboring pUC-pox were cultured on LB agar plates
without isopropyl-b-D-1-thiogalactopyranoside at 37 �C for 2 days,
large IBs were observed under phase-contrast microscopy
(Fig. 1A). E. coli cells were scraped from agar plates to analyze pyru-
vate oxidase activity of the IBs and resuspended in 1 ml of phos-
phate-buffered saline (PBS) buffer at an OD600 nm of 10. After 1 h
incubation with lysozyme (1 mg/ml) at 37 �C, the resuspended cells
were disrupted by sonication (Branson sonifier 450; pulsed three
times with 30% duty cycle, output control of 4 for 20- and 10-s inter-
vals). The disrupted cells were centrifuged at 13,000g for 15 min,
and the insoluble fraction was resuspended in 1 ml of PBS buffer
containing 1% Triton X-100, for 30 min on ice. After that, the insol-
uble pellets were washed two times with 1 ml of PBS buffer contain-
ing 1% Triton X-114. Finally, the Triton X-114-treated pellets were
washed two times with PBS buffer and then resuspended in 1 ml
of PBS buffer. Each soluble and insoluble fraction (100 ll) was used
for the PoxB assay by a method based on the reduction of ferricya-
nide as reported previously [11]. Microscopic observation con-
firmed that the insoluble fraction contained only the IBs. The PoxB
activity was represented by decreasing absorbance at 450 nm
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Fig.1. (A) Phase-contrast micrograph of E. coli BW25113 harboring the pUC-pox plasmid, which was cultured on LB agar at 37 �C for 2 days. (B) PoxB activities of wild-type
E. coli (BW25113) and the poxB mutant JW0855 (poxB) were measured by the decreasing value at 450 nm as a result of reducing ferricyanide. poxB(pUC-pox)-sol and
poxB(pUC-pox)-insol indicate PoxB activity of soluble and insoluble fractions, respectively, of the JW0855 strain harboring the pUC-pox plasmid. The arrows indicate
inclusion bodies.
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Fig.2. Phase-contrast micrographs of E. coli BW25113 harboring the (A) pSG-poxB and (C) pSG-poxamy plasmids and a (B) fluorescence micrograph of BW25113 harboring
the pSG-poxB plasmid, which were cultured on LB agar at 37 �C for 2 days. (D) Amylase activity and (E) SDS–PAGE analysis of BW25113 containing plasmid pSG-amyE (Amy)
or pSG-poxamy (Pox-Amy). Sol and insol indicate soluble and insoluble fractions of the strains obtained after lysozyme (1 mg/ml) treatment followed by ultrasonication. The
addition of xylose (1%) as an inducer to the culture medium is represented by the plus sign. The arrows in (A) and (C) indicate inclusion bodies, and the arrow in (E) indicates
PoxB–AmyE fusion protein.
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resulting from ferricyanide reduction. Each soluble and insoluble
sample (100 ll) was incubated with 900 ll reaction buffer contain-
ing 8 mM Na3Fe(CN)6, 12.5 mM MgCl2, 250 mM sodium pyruvate,
and 0.125 mM sodium thiamine pyrophosphate for 3 h. The assay
results of the soluble fraction showed that introducing poxBpp into
the E. coli poxB mutant restored PoxB activity, indicating that PoxBpp

has pyruvate oxidase activity (Fig. 1B). Interestingly, PoxB activity
was also observed in the insoluble fraction. This result indicated
that the aggregates of the PoxBpp were biologically active IBs.

We speculated that PoxBpp can be used as a fusion partner to
form active IBs in E. coli; thus, green fluorescent protein (GFP) and
Bacillus subtilis AmyE were fused to the C-terminus of PoxBpp. To
do this, the poxBpp was amplified by PCR with the poxBF-apa (50-
AAAGGGCCCATGAAGACAATCGCAGATAC-30) and poxBR-xho (50-
ATATCTCGAGACGAAAGAGATTGGTCTTAG-30) primers from the
strain chromosome, followed by cloning into plasmid pSG1164
[12] using ApaI and XhoI to construct plasmid pSG-poxB containing
a poxB–gfp fusion under control of the xyl promoter. Mature amyE
was amplified with amyF-xho (50-ATATCTCGAGGCACCGTCGAT-
CAAAAGCGG-30) and amyR-spe (50-ATTACTAGTTGTGCCAACACTT-
CACAAAC-30) primers from the B. subtilis 168 chromosome [13], fol-
lowed by cloning into pSG1164 using XhoI and SpeI to construct the
pSG-amyE plasmid. The pSG-poxamy plasmid containing the poxB-
amyE fusion product was constructed by replacing gfp with amyE in
pSG-pox. The resulting plasmids were introduced into E. coli
BW25113. After a 2-day culture of the strains on LB agar, the IBs
were observed in E. coli strains harboring pSG-poxB or pSG-poxamy
(Fig. 2A and C). Fluorescence microscopy observations showed that
the PoxB–GFP fusion aggregates exhibited bright green fluorescence
(Fig. 2B). GFP fluorescence is indicative of both correct folding and
chromophore formation [14]. Thus, this result indicated that the
PoxB–GFP fusion protein was correctly folded in the IBs and that
the IBs were biologically active. An amylase assay was performed
for the PoxB–AmyE IBs using the dinitrosalicylic acid (DNS) method
[15]. PoxB–AmyE IBs were prepared using the same method as for
the PoxB IBs. Most enzyme activity of free AmyE was found in the
soluble fraction. But, significant PoxB–AmyE fusion amylase activity
was found in the insoluble fraction (Fig. 2D), regardless of the pres-
ence of xylose as an inducer. Microscopic observation confirmed
that the insoluble fraction contained only the IBs, and this was sup-
ported by SDS–PAGE analysis in which a single major band was de-
tected in the insoluble fraction containing PoxB–AmyE (130.8 kDa)
IBs (Fig. 2E). The results revealed that the PoxB–AmyE fusion aggre-
gates were also biologically active IBs similar to PoxB–GFP. Taken
together, our results suggest that PoxBpp can be used as a fusion
partner to form biologically active target protein IBs in E. coli.

The advantages of enzyme aggregation or immobilization are
repeated reuse and improvement in enzyme stability during bio-
catalytic processes [16]. The well-known commercial technologies
for enzyme aggregation are cross-linked enzyme crystals [17] and
cross-linked enzyme aggregates [18]. However, these technologies
require laborious enzyme purification and aggregation procedures.
Thus, active IBs made by self-aggregation in the cell may reduce
cost and have commercial benefits.
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