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A novel strategy for in vivo immobilization of enzymes on the surfaces of inclusion bodies has been
established. It relies on expression in Escherichia coli of the polyhydroxybutyrate synthase PhaC from Cupria-
vidus necator, which carries at its amino terminus an engineered negatively charged a-helical coil (Ecoil) and
forms inclusion bodies upon high-level expression. Coexpression in the same cell of galactose oxidase (GOase)
from Fusarium spp. carrying a carboxy-terminal positively charged coil (lysine-rich coil [Kcoil]) sequence
results in heterodimeric coiled-coil formation ir vivo and in the capture of the enzyme in active form on the
surface of the inclusion body particle. These round-shaped enzyme-decorated microparticles, with sizes of
approximately 0.7 pm, can be isolated from lysed cells simply by centrifugation. The cost-effective one-step
generation and isolation of enzymes immobilized on inclusion body particles may become useful for various
applications in bioprocessing and biotransformation.

In recent years, significant advances were made in enzyme-
mediated synthesis of bulk and fine chemicals. In particular,
for the synthesis of compounds having one or more stereo
centers, enzymes are the catalysts of choice due to their un-
precedented stereoselectivity and substrate specificity (14, 30,
35). For numerous biotransformations, immobilized enzymes
that are conjugated to inert carrier particles are used. This
strategy has several advantages over direct usage of the bio-
catalyst, as follows. Rather often, but not always, the enzyme
becomes stabilized by surface immobilization, and the activity
is retained. Moreover, the enzyme can be removed after the
biotransformation reaction and reused. However, enzyme pu-
rification and enzyme immobilization remain the main techno-
logical hurdles, also in terms of cost efficiency for the devel-
opment of commercially viable biocatalysts (23). Whole-cell
biotransformation is considered to be a viable alternative (13)
but has some other intrinsic disadvantages, such as, for exam-
ple, unwanted side reactions performed by enzymes of the
microbial producer, the need to purify the product from mi-
crobial metabolites and macromolecules, or permeability is-
sues for the substrate or reaction product with respect to the
microbial cell membrane (7).

As a consequence, it would be desirable to have a method
available in which the enzyme of interest is synthesized by a
microbial host and becomes intracellularly immobilized di-
rectly to the surface of a microparticle that is produced by the
same cell. The enzyme-decorated particle could then be iso-
lated simply by cell lysis and centrifugation and used for a
desired biotransformation process.

Several examples which put that concept into practice that
rely on the synthesis of proteins as in-frame fusions to phasins,
which are attached to the surfaces of intracellular polymer
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polyhydroxybutyrate (PHB) granules, have been described re-
cently. By this approach, model proteins could be sequestered
to the surfaces of PHB granules (2, 8, 10). A similar approach
that also relies on PHB particle synthesis is the C-terminal
fusion of the protein of interest to the enzyme PHB synthase
PhaC from Cupriavidus necator that is responsible for the po-
lymerization of 3-hydroxyacyl-coenzyme A (CoA) to PHB
granules, a process that requires coexpression of two other
enzymes, PhaA and PhaB (21). PhaC has been found not only
to catalyze polymer synthesis but also to remain covalently
attached to the polymer core. It has been demonstrated that
various functional proteins can be displayed on the polymer
surface and that these protein-decorated polymer beads can be
isolated from Escherichia coli and stably maintained outside
the cell (1, 11, 15, 17-19, 21-22). However, isolation of PHB
particles from E. coli cell lysates is somewhat technically de-
manding since it requires ultracentrifugation through a glyc-
erol gradient (20) to strip the surface layers of the granules of
contaminating proteins and phospholipids.

Here we describe an alternative route to the intracellular
production of enzyme-decorated microparticles that relies on
the simultaneous synthesis of insoluble protein inclusion bod-
ies and of the enzyme of choice, which becomes tightly at-
tached to the particle surface in multiple copies.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids used in
this study are listed in Table 1. Escherichia coli strains were grown in double yeast
tryptone (dYT) medium at 37°C, with chloramphenicol (25 pg/ml) and/or am-
picillin (100 wg/ml) added to preserve maintenance of plasmids. Cells were
grown for 3 h in the presence of 1 mM IPTG (isopropyl-p-p-thiogalactopyrano-
side) for the induction of inclusion body synthesis. Then, enzyme synthesis was
induced by addition of 2 wg/ml anhydrotetracycline, and cell growth was contin-
ued at 28°C for another 12 to 16 h.

Vector constructions. The PhaC coding sequence was amplified from plasmid
pIM9131 (2), using PCR primers that also introduce a myc epitope coding
sequence, and introduced into pET-22b (Novagen) to give pET22b-MycPhaC.
The resulting Myc-PhaC fusion was extended by an engineered negatively
charged a-helical coil (Ecoil) coding sequence by PCR and introduced into
pACYCDuet-1 (Novagen) to give pACYC-MEP. Vector pASK75-GKE is a
derivate of pASK75 (24), which carries the gene for the galactose oxidase
(GOase) variant M1 (28), amino-terminally fused to a decahistidine tag and
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype or phenotype

Source or reference

E. coli strains
BL21(DE3)

F~ ompT gal dem lon hsdSg(rg~ mg~) N(DE [lacl lacUV5-T7 gene 26
1 ind1 sam7 nin5])

BL21(DE3)(pACYC-MEP) Myc-Ecoil-PhaC (cat) This study
BL21(DE3)(pASK75-GKE) His,,-GOase-Kcoil-Etag (bla) This study
BL21(DE3)(pACYC-MEP, pASK75-GKE) Myc-Ecoil-PhaC His,,-GOase-Kcoil-Etag (cat bla) This study
BL21(DE3)(pJM9131) PhaA PhaB PhaC (Kan") This study
BL21(DE3)(pET22b-MycPhaC) Myc-PhaC (bla) This study
Plasmids

pIM9131 ColE1 ori 87° prom PhaA PhaB PhaC Km" 31

pET22b-MycPhaC ColE1 ori T7 prom Myc-PhaC Ap" This study
pACYC-MEP P15A ori T7 prom Myc-Ecoil-PhaC Cm" This study
pASK75-GKE ColEl1 ori tetA prom His,-GOase-Kcoil-Etag Ap" This study

carboxy-terminally fused to an E epitope (GAPVPYPDPLEPR) and a lysine-
rich coil (Kcoil) coding sequence. Vector sequences are available upon request.

Isolation of inclusion bodies. Inclusion bodies were isolated from 1 liter of
bacterial liquid culture after mechanical French press disruption of cells and
centrifugation at 18,000 X g for 30 min. The precipitated inclusion bodies were
resuspended in 30 ml phosphate-buffered saline (PBS) and, after recentrifuga-
tion, again suspended in 10 ml phosphate-buffered saline.

Determination of galactose oxidase activity. An aliquot of 10 pl inclusion body
suspension was added to 140 pl of reaction buffer [phosphate-buffered saline,
100 mM a-D-galactose, 1 U/ml horseradish peroxidase, and 10 mM 2,2’-azino-
bis(3-ethylbenzthiazoline)-6-sulfoninc acid (ABTS)]. Development of the green
color was followed by measurement of absorption at 405 nm (9).

Flow cytometry. For flow cytometric analysis, inclusion bodies were pelleted by
centrifugation in a tabletop centrifuge for 3 min and, after resuspension in 10 pl
PBS containing 0.1 mg/ml of the respective antibody (anti-myc antibody [Abcam]
or anti-E antibody [Abcam]), they were incubated for 10 min on ice. After
addition of 190 pl of PBS, inclusion bodies were centrifuged for 3 min and
resuspended in 10 wl PBS containing 1:10-diluted biotinylated goat anti-mouse
antibody (for myc epitope staining) or fluorescein-coupled goat-anti rabbit an-
tibody (for E epitope staining), followed by incubation for 10 min on ice. After
addition of 190 pl of PBS, inclusion bodies were pelleted by centrifugation and
resuspended in PBS buffer for flow cytometry. For myc epitope staining, inclu-
sion bodies were resuspended in 10 pl PBS containing streptavidin R-phyco-
erythrin conjugate (0.1 mg/ml; Invitrogen), followed by incubation for 10 min on
ice, addition of 190 pl of PBS, and recentrifugation. Finally, inclusion bodies
were resuspended in PBS for flow cytometric analysis. A total of 50,000 to
100,000 events were collected on a Cytomation MoFlo cell sorter. Parameters
were set as follows: forward scatter, side scatter, 600 (LIN mode, amplification
factor 6); FL1 (fluorescein), 600 (LOG mode); FL2 (phycoerythrin), 600 (LOG
mode); trigger parameter, side scatter. The sample flow rate was adjusted to an
event rate of approximately 10,000 s~

Nile red staining of inclusion bodies and PHB particles. E. coli BL21(DE3)
strains harboring pJM9131 or pACYC-MEP were grown at 37°C in dYT con-
taining 780 pM Nile red (3, 25) Gene expression from the pha operon in
pIM9131 and the myc-Ecoil gene-phaC fusion in pACYC-MEP was induced by
addition of 1 mM IPTG at an optical density (OD) of 0.5. After 16 h of growth,
cells from a 100-pl aliquot were harvested by centrifugation and washed three
times by addition of 200 pl PBS. Cells were analyzed by flow cytometry. A total
of 100,000 events were collected in a Cytomation MoFlo cell sorter.

SDS-PAGE. Protein samples were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). To this end, 12-pl samples were
mixed with 5 pl solubilization buffer (8 M urea, 200 mM Tris, 200 mM dithio-
threitol [DTT], 2% [wt/vol] SDS) and incubated at 99°C for 10 min. Samples
were loaded onto a 12.5% SDS-polyacrylamide gel. Gels were stained with
Coomassie brilliant blue R-250.

Transmission electron microscopy. PHB synthase inclusion bodies were re-
suspended in phosphate-buffered saline (PBS). Copper grids (400-mesh carbon
coated or Formvar coated) were dipped in the inclusion body suspension for 1
min. Excess liquid was removed with filter paper. Samples were observed in a
Zeiss EM109 electron microscope. Images were recorded on 70-mm film using a
trans-fiber-optic photography (TFP) camera or a Gatan MultiScan 600W camera

attached to the microscope. The microscope was operated at an 80-kV acceler-
ating voltage and a total magnification of X7,000 to 200,000 on the camera.

Fluorescence microscopy. E. coli BL21(DE3) harboring pACYC-MEP and
pASK75-GKE was grown at 37°C in dYT containing 780 wM Nile red. Gene
expression of Myc-Ecoil-PhaC was induced by addition of 1 mM IPTG at an
optical density of 0.5. After 3 h of growth, gene expression of GOase-Kcoil-(E
epitope tag) Etag was induced by addition of 0.2 pg/ml anhydrotetracycline.
After 16 h of growth, cells were washed with PBS and used for fluorescence
microscopy analysis that was performed with an iMic fluorescence microscope
(TILL Photonics).

Production and purification of GOase. His-tagged GOase-Kcoil-Etag was
isolated from 1 liter of bacterial liquid culture after mechanical French press
disruption of cells and centrifugation at 18,000 X g for 30 min. GOase enzyme
was purified from the supernatant via immobilized metal-ion affinity chromatog-
raphy and dialyzed in phosphate-buffered saline (PBS).

Determination of inclusion body loading capacity. Inclusion bodies (0.25 mg
and 0.125 mg [wet weight]) were incubated with 120 ul GOase (1.43 uM) in a
final volume of 150 pl. After 2-fold centrifugation and being washed, the enzyme
load was determined by measuring the GOase activity of 10 wl of a 1:100 dilution
of the inclusion body suspension in a total of 150 wl PBS. The specific activity of
soluble GOase was determined by measuring the velocity of generation of H,O,
in a coupled assay, using peroxidase and ABTS as substrates (9) and various
concentrations of GOase, and compared to the velocity of ABTS oxidation
mediated by immobilized GOase. The relative specific activity, expressed as
AOD,s/min - pg enzyme, where OD,5 is the optical density at 405 nm, was
determined to be 2.5 for soluble GOase. The 0.25-mg and 0.125-mg samples of
inclusion bodies displayed the same total volume activity, measured to be 130
AOD,ys/min, which corresponds to approximately 50 g enzyme. The overall
surface load with GOase was calculated to be in the range of 0.2 mg/mg inclusion
bodies for the 0.25-mg sample of inclusion bodies and 0.4 mg/mg for the
0.125-mg sample. Since identical GOase activities were measured for both
amounts of inclusion bodies, it was concluded that saturation of enzyme binding
to inclusion body particles has not been reached yet.

RESULTS

PhaC inclusion body formation. In a attempt to immobilize
galactose oxidase on the surface of PHB granules via fusion to
PHB synthase PhaC, we made the serendipitous finding that
expression under the control of the strong T7 promoter of a
modified PhaC that contained an amino-terminal myc epitope
tag resulted in the formation of inclusion bodies. These intra-
cellular deposits were undistinguishable by light microscopy
from PHB granules generated by simultaneous expression of
the entire pha operon encoding PhaA, PhaB, and PhaC from
plasmid pJM9131 (data not shown). IPTG-induced E. coli cells
transformed with pJM9131 or pET22b-MycPhaC (which en-
codes a PHB synthase with an amino-terminal myc epitope



VoL. 76, 2010

-

FIG. 1. SDS-PAGE of intracellular particles. Particles from over-
night cultures of E. coli BL21(DE3) harboring plasmid pJM9131 (lane
1), pET22b-MycPhaC and pJM9131 (lane 2), or pET22b-MycPhaC
(lane 3) were solubilized in urea-SDS buffer and analyzed by SDS-
PAGE. M, molecular mass standard, with sizes indicated.

tag) as well as cells transformed with both plasmids were lysed,
and particles were collected by centrifugation and subjected to
SDS-gel electrophoresis (Fig. 1). Particles resulting from Myc-
PhaC expression alone could be completely dissolved in 8 M
urea, which was not the case for PHB granules that remained
largely refractive to urea solubilization. While no observable
amounts of PhaC protein were detected upon urea-SDS solu-
bilization of PHB granules, large amounts of protein with the
expected molecular mass of 65,000 for PhaC accumulated
upon expression of Myc-PhaC from pET22b-MycPhaC, both in
the presence and in the absence of pJM9131.

Expression in BL21(DE3) of a Myc-PhaC variant with an
amino-terminal extension by a glutamic acid-rich coil sequence
from medium-copy-number plasmid pACYC-MEP also re-
sulted in the intracellular accumulation of spherical particles
with narrow size distribution and diameters of approximately
0.7 pm (Fig. 2).

These data indicate that the particles formed upon expres-
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FIG. 3. Fluorescence-activated cell sorter (FACS) histogram of
Nile red-stained BL21(DE3) cells harboring pACYC-MEP (peak 1) or
pIMOI131 (peak 2).

sion of Myc-PhaC are the result of inclusion body formation
rather than of the production of PHB granules staining. E. coli
cells producing Myc-PhaC-derived inclusion bodies are indis-
tinguishable from cells containing PHB granules by light mi-
croscopy and hard to distinguish by fluorescence microscopy
after Nile red staining. However, flow cytometric analysis re-
vealed that the red fluorescent dye Nile red that is commonly
used for the staining of PHB granules accumulated to a higher
extent in E. coli cells synthesizing PHB granules than in cells
producing Myc-PhaC (Fig. 3). Moreover, a PhaC variant was
generated that contained a cysteine-to-alanine exchange of the
active-site cysteine that is known to be required for catalytic
function of the enzyme (22). Compared to wild-type PhaC, this
variant displayed no changes in particle accumulation in E.
coli, neither with respect to the number of particles per cell nor
to particle size or morphology (data not shown). Hence, we
conclude that the observed particles are the result of the for-
mation of insoluble inclusion bodies that consist mainly of the
PhaC protein.

Enzyme immobilization on inclusion body particles. To in-
vestigate whether an enzyme can be immobilized on the sur-
face of PhaC inclusion bodies via coiled-coil formation through
association with charged a-helical extensions, experiments
were conducted using galactose oxidase from Fusarium as a
model enzyme. Galactose oxidase M1 has been widely used by
others for genetic engineering purposes aimed at optimizing

FIG. 2. Fluorescence and electron microscopy of PhaC particles. (A) Fluorescence microscopy of IPTG-induced cells of BL21(DE3) harboring
PACYC-MEP and pASK75-GKE stained with Nile red. (B) Electron microscopy of isolated PhaC particles.
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FIG. 4. Galactose oxidase display on PhaC inclusion bodies. (A) Schematic outline of expression vectors pACYC-MEP and pASK75-GKE. lacl,
gene encoding the lac repressor; M, myc epitope encoding sequence (EQKLISEEDL); PhaC, gene encoding phasin synthase; cat, chloramphenicol
resistance gene; GOase, galactose oxidase M1 gene; K, Kcoil-encoding sequence (KVSALKE)s; E, E epitope tag (GAPVPYPDPLEPR); bla,
ampicillin resistance gene; fetR, gene encoding the fet repressor. Restriction sites that were used for cloning purposes are indicated. (B) Scheme
for immobilization of GOase on the surface of PhaC inclusion bodies via intracellular coexpression and leucine zipper formation.

stability and substrate specificity (9, 27-28). To immobilize the
enzyme on the surface of the PhaC protein, the protein was
endowed with a coiled-coil sequence containing glutamic acid
(Ecoil) or lysine residues (Kcoil), which are known to form
tight heterodimers with estimated K, (equilibrium dissociation
constant) values of 1 nM (6). The Ecoil sequence (EVSAL
EK)s was fused to the amino terminus of PhaC, and the Kcoil
sequence (KVSALKE); was fused to the carboxy terminus of
galactose oxidase. Both variant genes were placed under the
control of independently inducible promoters and introduced
into two different, mutually compatible plasmids to ensure
maximal experimental flexibility (Fig. 4). Vector pACYC-MEP
contains a medium-copy-number p15A origin and the modified
PhaC-encoding sequence fused to an Ecoil under T7 promoter
control. Plasmid pASK75-GKE contains a ColE1 replication
origin and encodes galactose oxidase M1 with a C-terminally
fused E epitope tag and a Kcoil sequence under tet4A promoter
control. Both plasmids can be maintained simultaneously in E.
coli due to compatible origins and different resistance markers.

Expression of Myc-Ecoil-PhaC was induced with IPTG to
allow for inclusion body formation, and 3 h later, anhydrotet-
racycline was added to induce synthesis of the GOase-Kcoil-
Etag fusion protein, followed by overnight growth in the pres-
ence of both inducers. Cells continued to grow after induction
of PhaC and GOase expression. After cell lysis, inclusion bod-
ies and supernatant were investigated by SDS-PAGE. As
shown in Fig. 5A, in the inclusion body, a fraction of cells
coexpressing two PhaC and GOase protein bands appeared
that corresponded to the expected molecular weights of both
proteins. The band with an M, of 78,000, indicative of the
expression and accumulation of GOase on inclusion bodies,
was absent in cells lacking the GOase expression plasmid. Only
minor amounts of PhaC and no GOase were detected in the
soluble fraction, which indicated that GOase was nearly com-
pletely captured into the PhaC inclusion bodies. However,
when produced from pASK75-GKE without coexpression of

Myc-Ecoil-PhaC, GOase was found exclusively in the solu-
ble fraction, and no inclusion body formation was detected
(Fig. 5B).

Inclusion bodies from cells containing both expression plas-
mids were separately stained with anti-myc antibody and
anti-E antibody to confirm coexpression of both proteins and
accumulation of GOase on the particle surface. Biotinylated
anti-myc antibody binding to the myc epitope that was fused to
the PhaC N terminus was detected by incubation with strepta-
vidin R-phycoerythrin conjugate (Fig. 6A). Likewise, the E
epitope, which is indicative for the presence of surface-exposed
GOase that is accessible to the antibody, was detected by
successive particle staining using an anti-E antibody and a
fluorescein-labeled second antibody, followed by detection by
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FIG. 5. GOase immobilization on PhaC particles. (A) SDS-PAGE
analysis of inclusion body fractions and soluble fraction of BL21(DE3)
containing expression plasmids, as follows: lane 1, inclusion body frac-
tion of BL21(DE3) containing pACYC-MEP; lane 2, inclusion body
fraction of BL21(DE3) containing both pACYC-1MEP and pASK75-
GKE; lane 3, soluble fraction of BL21(DE3) harboring both pACYC-
MEP and pASK75-GKE. (B) SDS-PAGE analysis of the inclusion
body fraction and soluble fraction of BL21(DE3) containing pASK75-
GKE, as follows: lane 1, inclusion body fraction; lane 2, soluble frac-
tion.
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FIG. 6. FACS histograms of inclusion bodies produced by recombinant BL21(DE3) harboring pACYC-MEP and pASK75-GKE. (A) Cell
staining without (peak 1) and with (peak 2) anti-myc antibody, followed by incubation with biotinylated anti-mouse immunoglobulin and
streptavidin R-phycoerythrin conjugate. (B) Cell staining without (peak 1) and with (peak 2) anti-E antibody, followed by incubation with
fluorescein-conjugated anti-rabbit immunoglobulin. (C) Double staining with both antibodies.

flow cytometry (Fig. 6B). Since a mouse monoclonal antibody
was used for myc epitope staining and a rabbit polyclonal
antibody was used for E epitope staining, both epitopes could
be detected simultaneously without cross-staining, corroborat-
ing the colocalization of the PhaC N-terminal Ecoil and of
GOase Kcoil fusion on the inclusion body surface (Fig. 6C).
Moreover, the isolated inclusion bodies displayed GOase ac-
tivity (Fig. 7).

GOase expression and particle loading capacity. Enzyme
activity of cells producing GOase alone was compared to the
activity of cells synthesizing the enzyme together with inclusion
bodies. Simultaneous synthesis of PhaC inclusion bodies and
GOase resulted in a 35% reduction of GOase activity (data not
shown), which indicates that target enzyme synthesis was
slightly impaired. By measuring the GOase activity of a defined
amount of inclusion bodies that were loaded with saturating
amounts of GOase and under the assumption that the specific
activity of the enzyme remains unchanged upon particle bind-
ing, one can estimate the binding capacity of the particles for
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FIG. 7. GOase activity testing of 6 pg (dry weight) inclusion bodies
produced by recombinant BL21(DE3) harboring pACYC-MEP and
pASK75-GKE. Formation of hydrogen peroxide was detected after
addition of galactose in a coupled reaction followed by the horseradish
peroxidase-mediated oxidation at 405 nm of ABTS by H,O,. Error
bars show the standard deviations from three independent measure-
ments.

GOase to be at least 200 mg (wet weight) of inclusion bodies
per g.

DISCUSSION

We have established a method for the direct immobilization
of an enzyme to inclusion body particles that are formed in E.
coli. Inclusion bodies are widely used for recombinant protein
production. Little is known about the structural features of
proteins that form intracellular deposits. They have been
found to bind amyloid-diagnostic dyes, which indicates a high
level of organized B-sheet structure (5, 32-33). Bacterial inclu-
sion bodies have been found to have some amyloid-like prop-
erties, suggesting that they might contain structures similar to
those contained in amyloid-like fibrils (32).

Inclusion bodies are produced by many different proteins
and differ from each other with respect to size, shape, and
morphology (4, 32). The inclusion bodies described here con-
sist of the PhaC protein from Cupriavidus necator; they are
round shaped and have a narrow size distribution. They can be
easily purified from E. coli cell lysates via centrifugation and
have a low content of contaminating host proteins. They can be
dispersed in aqueous buffers and show no unwanted aggrega-
tion behavior or stickiness to surfaces, which may at least in
part be due to the presence of a large number of acidic coils
that have been introduced via N-terminal fusion to PhaC and
give rise to a charged particle surface. Antibody titration to
detect surface-exposed myc epitopes (34) flanking the coil re-
gion indicates that several hundred thousand coils reside on
the surface of a single particle (data not shown). This acidic
helical structure can be used to capture an enzyme of interest
that is coexpressed in the same host cells and contains a basic
coil fused to its C terminus (6, 29), as exemplified in this study
with the enzyme galactose oxidase. Since both coils of the
heterodimeric a-helical coiled coil are held together both by
hydrophobic interactions of a leucine zipper and by electro-
static interaction of the lysine and glutamate residues of the
helical backbone, a tight interaction results, with a K, in the
nanomolar range (6). Moreover, cysteine residues were placed
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at the C terminus of each coil, aimed at allowing the formation
of an intermolecular disulfide bond in an environment where
oxidizing conditions prevail (36). To what extent these disul-
fide bonds are formed during isolation and storage of inclusion
bodies remains to be determined.

Expression of a protein of interest in a cellular environment,
where large amounts of inclusion bodies are produced, carries
two inherent possible risks. First, the yield of synthesis of the
soluble protein might be strongly reduced in the presence of
concomitant large-scale production of inclusion bodies due to
overload of the cellular protein synthesis machinery. Second,
protein synthesis in the presence of inclusion bodies may result
in unwanted inclusion body formation of the enzyme under
consideration, since the inclusion body-forming unfolded pro-
tein might interact with the newly synthesized enzyme via in-
termolecular hydrophobic interaction and lead to formation of
denatured and aggregated target enzyme. Only a slight reduc-
tion of cellular GOase activity was observed upon coexpression
of PhaC inclusion bodies, which indicates that the enzyme is
produced in active form in the presence of inclusion bodies.
This finding may at least in part be due to the fact that inclu-
sion body production and enzyme synthesis are regulated sep-
arately, since expression of PhaC is under T7 promoter control
and synthesis of GOase is under the control of the tet4 pro-
moter/operator. Hence, synthesis of the target enzyme could
be induced several hours after the start of inclusion body pro-
duction. No efforts have been made yet to optimize the time
points of induction or the offset of induction of expression of
PhaC inclusion bodies and the target enzyme to be captured.

To our knowledge, this is the first description of the usage of
inclusion bodies for intracellular capture of a coexpressed tar-
get enzyme. Other strategies for enzyme display on intracellu-
lar particles, such as, e.g., that used by polyhydroxyalkanoates,
rely on the synthesis of the protein of interest as a fusion
protein with proteins that are members of the PHB synthesis
machinery or attach to the particle surface, which may result in
comparably low surface loads (1, 11, 16). In contrast, the load-
ing capacity of the proteinaceous inclusion body particles used
here for GOase exceeds 200 mg (wet weight) of inclusion
bodies per g. Hence, the formation of particle-immobilized
enzymes may be limited by the expression yield of the enzyme
moiety itself rather than by the binding capacity of the inclu-
sion bodies.

Simple cell disruption and centrifugation are sufficient to
obtain relatively pure enzyme-decorated particle preparations
that may become a cost-efficient alternative to whole-cell bio-
transformation. We have experimental evidence that this en-
zyme-capturing strategy can be extended to other enzymes of
biotechnological relevance, such as, e.g., monoamine oxidases.
It will be interesting to see whether this scheme can be further
expanded to the simultaneous in vivo immobilization of mul-
tiple different enzymes that are commonly being used in whole-
cell biotransformation, such as, e.g., cofactor dependent en-
zymes like ketoreductases, together with enzymes that are
required for cofactor regeneration (12).
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