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A novel approach to produce purified recombinant proteins was established. The target protein is produced
as polyhydroxyalkanoate (PHA) synthase fusion protein, which mediates intracellular formation of PHA
inclusions displaying the target protein. After isolation of the PHA inclusions, the pure target protein was
released by simple enterokinase digestion.

Production of recombinant proteins such as therapeutic an-
tibodies is a continuously growing market (11). However, due
to huge improvements in the production process itself, down-
stream processing by traditional methods, i.e., purification by
chromatography, is increasingly becoming a bottleneck and
preventing cost-effective scale-up (6, 25). For these reasons,
there is an increasing interest in innovative “low-tech” alter-
native methods. Even with increasing numbers of therapeutic
proteins being produced in eukaryotic systems, Escherichia coli
is still an attractive and much-used host (easy and inexpensive
cultivation, high yields, large set of genetic tools) (5, 12). In a
previous study, the generation of antibody-displaying polymer
beads by overproduction of an anti-�-galactosidase single-
chain variable fragment (scFv) fused to the polyhydroxyal-
kanoate (PHA) synthase PhaC was reported (8). These func-
tionalized poly-�-hydroxybutyrate (PHB) beads were successfully
used in immunoassays and for antigen purification, suggesting a
novel application of the PHA biopolyesters in bioseparation (7,
22). Here, the high-density display of functional protein at the
PHB inclusion surface was harnessed for the production of
pure recombinant protein by inserting an enterokinase (EK)
cleavage site and a suitable linker between the PHA synthase and
the target protein. After isolation of the PHB beads displaying the
functional protein of interest as previously described (10, 17)
(which already represents an enrichment of the target protein),
the target protein can be specifically cleaved off by simple EK
digestion, resulting in purified protein. The fluorescent protein
HcRed (9) was chosen as a reporter protein to establish the
method, which was then successfully transferred to produce a
recombinant antibody fragment (14).

Cloning of pET-HcR-EK-PhaC and pET-scFv-EK-PhaC. A
linker sequence encoding TSMDDDDKGATPEDLNQKLSK
GGGGGRTTS (linker 1) was synthesized by GenScript (New
Jersey) and ligated into SpeI-restricted plasmid pCWESpe (16).
In order to fuse HcRed N terminally to the linker 1-PhaC
protein, the SpeI site upstream of the linker 1-PhaC region was
changed to an NdeI site. The gene encoding HcRed was am-
plified from plasmid pHcRed1 (Clontech, California) and li-

gated into the newly obtained NdeI site. For high expression
levels, the XbaI/BamHI fragment containing the hybrid gene
encoding the HcRed-linker 1-PhaC fusion protein was then
subcloned into vector pET14b, resulting in pET-HcR-EK-PhaC.

The gene encoding the anti-�-galactosidase (LacZ) antibody
fragment scFv13R4 (14) was amplified and ligated into the
cloning vector pGEM-T Easy (Promega, Wisconsin) as de-
scribed in a previous publication (8). Linker 2 (providing an
NdeI site) was inserted into this plasmid by using the restric-
tion sites HindIII and ClaI. The DNA fragment encompassing
the scFv gene and linker 2 was then cloned with SpeI-SpeI into
pCWESpe, resulting in pCWESpe-scFv-linker 2-PhaC. Finally,
the scFv region was cloned with XbaI-NdeI into pET-HcR-
EK-PhaC, replacing the DNA fragment encoding HcRed and
resulting in pET-scFv-EK-PhaC.

PHB granule production and isolation. Escherichia coli
BL21(DE3) (Novagen) and E. coli KRX (Promega, Wiscon-
sin) harboring pMCS69 (containing genes phaA and phaB,
which encode enzymes catalyzing PHB precursor synthesis) (1)
were transformed with pET-HcR-EK-PhaC and pET-scFv-
EK-PhaC, respectively, and cells were cultivated as previously
described (8) with the exception that E. coli KRX was grown in
LB containing 2% glycerol and induced by adding 1 mM iso-
propyl-�-D-thiogalactopyranoside (IPTG) and 0.1% rhamnose.
Functionality of the PHA synthase was confirmed by analyzing
the PHB content of cells using gas chromatography-mass spec-
troscopy as described elsewhere (3). The following PHB con-
tents were determined for the different strains: E. coli
BL21(DE3) with wild-type PhaC, 46.5% � 12.5% of dry
weight of cells; BL21(DE3) with HcRed-EK-PhaC, 51.2% �
1.4% of dry weight of cells; E. coli KRX with wild-type PhaC,
44.2% � 0.6% of dry weight of cells; KRX with scFv-EK-PhaC,
45.7% � 2.4% of dry weight of cells (all measured in tripli-
cate). These results indicated that the in vivo activity of the
PHA synthase was not negatively affected by the fusion part-
ner. PHB inclusions were isolated from disrupted cells using a
glycerol gradient as previously described (17). Proteins at-
tached to isolated granules were analyzed by SDS-PAGE (13,
24), and overproduction of the fusion proteins HcRed-EK-
PhaC and scFv-EK-PhaC was indicated by the presence of a
dominant protein band corresponding to the expected molec-
ular masses of 93 and 94.6 kDa, respectively (Fig. 1A, lane 11,
and Fig. 2, lane 13). The amount of fusion protein relative to
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the amount of total proteins attached to the beads was assessed
using Quantity One software (Bio-Rad Laboratories, Hercules,
CA). Functionality of all fusion partners was confirmed: PhaC by
PHB production (see above), HcRed by fluorescence microscopy,
and scFv by antigen capture assay as previously described (8)
(data not shown). Granules were routinely washed with a series of
buffers, including a low-pH buffer (glycine, pH 2.7) and a high-salt
buffer (50 mM Tris-HCl, pH 7.4, with 500 mM NaCl), to remove
any unspecifically attached proteins and E. coli-derived LacZ.

Release of functional HcRed by EK treatment of PHB in-
clusions. HcRed-displaying beads were digested with recom-
binant EK (rEK) (Novagen) according to the manufacturer’s

instructions. PHB beads corresponding to 1 mg total bead
protein (about 100 �g HcRed) were suspended in 1� EK
cleavage buffer containing 1 U rEK and incubated at 25°C for
16 h. Subsequently, beads and supernatant were separated by
centrifugation and the different fractions were analyzed by
SDS-PAGE, flow cytometry, and fluorescence spectrophotom-
etry. SDS-PAGE analysis of the total EK digestion assay mix-
ture revealed an additional protein band with an apparent
molecular mass corresponding to HcRed (26.7 kDa) (Fig. 1A).
This band was absent if no EK had been added. In accordance
with the appearance of this HcRed protein band, the original
HcRed-EK-PhaC fusion protein band was diminished in inten-

FIG. 1. Enterokinase (EK) digestion of HcRed-displaying beads. (A) SDS-PAGE analysis of proteins released from beads after EK treatment.
Lanes 1 and 6, Fermentas unstained molecular mass marker; lane 10, NEB protein marker, broad range; lane 2, total EK digestion assay mix; lane
3, supernatant of EK digest; lanes 4 and 5, same as lanes 2 and 3 but without EK; lane 7, concentrated supernatant of EK digest; lanes 8 and 9,
same as lanes 2 and 3 but more beads used for EK digestion; lane 11, beads isolated from E. coli BL21(DE3) harboring pET-HcR-EK-PhaC.
Arrows indicate HcRed-EK-PhaC and HcRed at 93 kDa and 26.7 kDa, respectively. Identity of HcRed was confirmed by MALDI-TOF MS (data
not shown). (B) Fluorescence spectra of supernatants after EK digestion of HcRed-displaying beads and release of HcRed. Thin solid line,
supernatant of HcRed-displaying beads; thick solid line, concentrated supernatant; dotted line, buffer control. Excitation wavelength, 545 nm.
(C) Flow cytometry analysis of HcRed-displaying beads before and after EK digestion. After EK digestion, beads were washed and the supernatant
was removed. At least 20,000 events were then collected for each sample using a laser exciting at 532 nm. Fluorescence was detected with a
610-/620-nm filter. Dotted line, control beads not displaying HcRed; dashed line with shaded area, HcRed-displaying beads before EK treatment;
solid line, HcRed-displaying beads after EK treatment. The y axis displays normalized event counts. The figure is based on the first data set in panel
D. (D) Analysis of flow cytometry data. The event count for HcRed beads not treated with EK was set to 100%, and fluorescence for the other
samples was calculated accordingly. The three sets of data represent three different gates.
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sity and an additional band corresponding in size to the re-
maining part of the fusion protein, PhaC (66.3 kDa), appeared.
The supernatant of the EK digest showed only one protein
which was identified as HcRed by matrix-assisted laser desorp-
tion ionization–time of flight (MALDI-TOF) mass spectrom-
etry (MS) analysis of tryptic peptide fragments as previously
described (10) (data not shown). HcRed was concentrated to
confirm its purity (Fig. 1A). Comparative SDS-PAGE analysis
of the total assay mix, supernatant, and sediment showed that
all of the cleaved-off HcRed was in the soluble fraction (data
not shown).

Samples of the beads before and after EK digestion were
analyzed by flow cytometry (Fig. 1C). A BD LSR II flow
cytometer (BD Biosciences, New Jersey) with a laser exciting
at 532 nm was used to collect at least 20,000 events for each
sample. Fluorescence was detected with a 610-/620-nm filter,
and data were analyzed using FlowJo software v7.6.3 (Treestar,
Oregon). When fluorescence of HcRed-displaying beads be-
fore EK digestion was set to 100%, between 31.6% and 61.7%
of fluorescence was detected after EK digestion (Fig. 1D),
indicating that about half (40 to 70%) of the fluorescent
HcRed had been removed from the beads. The presence of
functional HcRed in the supernatant after EK digestion was
confirmed by fluorescence spectrophotometry using a Perkin-
Elmer LS 50B luminescence spectrometer (Fig. 1B). Accord-
ing to the literature, the excitation and emission maxima of
HcRed are 588 nm and 618 nm, respectively. In this case,
maximum excitation was obtained at 545 nm and an emission
peak at 610 nm was detected for the supernatant containing
HcRed but not for buffer only, indicating that the supernatant
contained functional fluorescent HcRed. Protein concentra-
tions in the supernatant were measured using the Qubit pro-
tein assay kit (Invitrogen, California), and approximate yields
were calculated. About 20% of the HcRed-EK-PhaC fusion
protein present on the bead surface was cleaved off and recov-
ered. Thus, fusion protein cleavage varied from 20 to 70%
depending on the detection method. Although a potentially
higher yield was indicated by the flow cytometry results, one
has to keep in mind that flow cytometry measures fluorescence

remaining on the beads, whereas the actual yield calculation is
based on quantification of proteins in SDS-PAGE gels and in
solution, i.e., the actual measurement of how much HcRed
protein was recovered after cleavage. About 2 mg of purified
HcRed was obtained from 1 liter of culture.

Production of functional scFv. After successful production
of the reporter protein, HcRed, was achieved, the general
applicability of this protein production and purification
method was assessed by including an anti-�-galactosidase scFv
as target protein. ScFv-displaying beads were subjected to EK
digestion in order to obtain purified scFv. EK treatment was
carried out as described above for HcRed. After separation of
the different fractions by centrifugation, they were first ana-
lyzed by SDS-PAGE and the supernatant was then tested for
scFv functionality. Compared to the control without EK, an
additional band corresponding in size to the molecular mass of
the scFv (28.3 kDa) was detected in the total EK digestion
assay mixture (and as described for HcRed, there was less of
the original fusion protein and an additional PhaC band) (Fig.
2). This protein band was not visible if no EK was added to
scFv-displaying beads or if EK was added to control beads
displaying an scFv-PhaC fusion protein without the EK recog-
nition motif (DDDDK). The putative scFv was the only protein
present in the supernatant, and its identity was confirmed by
tryptic peptide fingerprint analysis using MALDI-TOF MS
(data not shown). Like the purified HcRed, the scFv could also
be concentrated, and its purity was shown by SDS-PAGE anal-
ysis (Fig. 2). However, unlike HcRed, not all of the cleaved-off
scFv was present in the soluble fraction (data not shown).

Functionality of the purified scFv was assessed using a mod-
ified antibody-mediated enzyme formation (AMEF) LacZ ac-
tivity assay (8). AMEF �-galactosidases are mutant �-galacto-
sidases, which are inactive but can be activated by the binding
of an anti-�-galactosidase antibody (15, 23). Briefly, a culture
of E. coli AMEF6101 was harvested by centrifugation, cells
were resuspended in potassium phosphate buffer, and Bug-
Buster Master Mix (Merck Biosciences) was added. The lysed
AMEF cells were mixed with Z buffer (8) and the scFv-con-
taining supernatant (or buffer for the control), and ONPG

FIG. 2. SDS-PAGE analysis of proteins released from scFv-displaying beads after EK treatment. Lanes 1, 5, and 9, Fermentas unstained
molecular mass marker; lane 14, NEB protein marker, broad range; lane 2, total EK digestion assay mix; lane 3, supernatant of EK digest; lane
4, concentrated supernatant of EK digest; lanes 6 to 8, same as lanes 2 to 4 but without EK; lanes 10 to 12, same as lanes 2 to 4 but using control
beads displaying fusion protein without EK recognition site; lane 13, beads isolated from E. coli KRX harboring pET-scFv-EK-PhaC. Arrows
indicate scFv-EK-PhaC at 94.6 kDa and scFv at 28.3 kDa, respectively. The identity of scFv was confirmed by MALDI-TOF MS (data not shown).
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(2-nitrophenyl-�-D-galactopyranoside) was added. The assay
mixture was incubated at 37°C, and the reaction was stopped
by addition of 1 M Na2CO3. After the samples were centri-
fuged, absorbance of the supernatant at a wavelength of 415
nm was measured. Experiments were conducted in triplicate.
The buffer-only control and supernatant obtained from beads
displaying scFv-PhaC fusion protein without the EK recogni-
tion site showed an absorbance at 415 nm of 0.039 � 0.002 and
0.042 � 0.002, respectively. The high absorbance of 1.557 �
0.027 at 415 nm for the sample obtained from beads displaying
scFv-EK-PhaC indicated an active LacZ and thus binding of
functional scFv. As for HcRed, yields were calculated and
found to be slightly lower: approximately 500 �g of scFv was
obtained from 1 liter of culture and about 5% of the scFv-EK-
PhaC fusion protein present on the bead surface was cleaved
and recovered as purified scFv. The lower yield is at least partly
due to the fact that not all of the cleaved-off scFv was in the
soluble fraction and hence could not be recovered; this could
probably be improved.

This new recombinant protein production method utilizes
the high-density display of proteins covalently attached to the
surface of PHB inclusions, which can be simply separated from
cell debris by fractionated centrifugation. Here, the target pro-
tein is produced not just with a fusion tag but on an insoluble
polymer resin whose formation was catalyzed by the tag (i.e.,
PHA synthase). Subsequent proteolytic hydrolysis of isolated
beads enables enrichment of pure target protein in the soluble
fraction. While the yield of target protein cleaved off the PHB
inclusions does not lend itself to a commercial production
process yet, the proof of concept was established. This new
method has obvious advantages: simplicity, purity, facilitated
folding, scalability, and low production costs. With these prop-
erties, the technology could particularly be suited for either
cost-effective large-scale applications or the production of
high-value difficult-to-purify proteins. An additional advantage
of this technology is that it allows the overproduction of re-
combinant proteins immobilized to a polymer support, which
helps to avoid the formation of inactive protein aggregates.
Consequently, this protein production/purification method ca-
ters in particular for difficult-to-fold proteins or for proteins
which tend to form inclusion bodies—the latter often being
intermediates of commercial recombinant protein production
and requiring tedious refolding steps associated with a loss of
protein. Banki et al. described the use of PHB inclusions for
recombinant protein production by fusing the target protein to
a phasin protein which hydrophobically attaches to formed
PHB inclusions (2). A major disadvantage of this approach
turned out to be that the noncovalently attached fusion protein
leaked off during the various washing steps. In contrast, use of
PHA synthase fusions, which can be strongly overproduced (8,
18, 19) and which remain covalently attached to PHB inclu-
sions (17, 20, 21), allows extensive washing without loss of
fusion protein (4). The use of the PHA synthase as fusion
partner also has the advantage of broader applicability, as the
synthase is bound to emerging PHB inclusions and thus cannot
be displaced by target proteins with a high affinity to PHB, as
observed for phasin fusion proteins (2).
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