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This study demonstrated that engineered polyhydroxyalkanoate (PHA) synthases can be employed as
molecular tools to covalently immobilize enzymes at the PHA granule surface. The �-galactosidase was fused
to the N terminus of the class II PHA synthase from Pseudomonas aeruginosa. The open reading frame was
confirmed to encode the complete fusion protein by T7 promoter-dependent overexpression. Restoration of
PHA biosynthesis in the PHA-negative mutant of P. aeruginosa PAO1 showed a PHA synthase function of the
fusion protein. PHA granules were isolated and showed �-galactosidase activity. PHA granule attached
proteins were analyzed and confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
matrix-assisted laser desorption ionization–time of flight mass spectrometry. Surprisingly, the �-galacto-
sidase–PHA synthase fusion protein was detectable at a high copy number at the PHA granule, compared with
PHA synthase alone, which was barely detectable at PHA granules. Localization of the �-galactosidase at the
PHA granule surface was confirmed by enzyme-linked immunosorbent assay using anti-�-galactosidase anti-
bodies. Treatment of these �-galactosidase–PHA granules with urea suggested a covalent binding of the
�-galactosidase–PHA synthase to the PHA granule. The immobilized �-galactosidase was enzymologically
characterized, suggesting a Michaelis-Menten reaction kinetics. A Km of 630 �M and a Vmax of 17.6 nmol/min
for orthonitrophenyl-�-D-galactopyranoside as a substrate was obtained. The immobilized �-galactosidase was
stable for at least several months under various storage conditions. This study demonstrated that protein
engineering of PHA synthase enables the manufacture of PHA granules with covalently attached enzymes,
suggesting an application in recycling of biocatalysts, such as in fine-chemical production.

Polyhydroxyalkanoate (PHA) granules (biopolyester parti-
cles) are formed inside bacterial cells based on the activities
and biochemical properties of PHA synthases. PHA synthases
are the key enzymes of PHA biosynthesis and PHA granule
formation. These enzymes catalyze the stereoselective poly-
merization of (R)-3-hydroxyacyl coenzyme A to PHA while
concomitantly releasing coenzyme A-SH (17). Biologically,
PHA serves as a carbon and energy reserve polymer.

The core of the PHA granules is composed of high-molecular-
weight PHA, for which more than 150 constituents have been
identified. PHA granules are surrounded by a phospholipid mem-
brane with embedded or attached proteins consisting of PHA
synthase, intracellular PHA depolymerase, amphiphilic phasin
proteins, PHA-specific regulator proteins, and additional proteins
with yet-unknown functions (for a review, see references 17 and
19). Among these proteins, only PHA synthase is required for
PHA granule formation and only PHA synthase was suggested
to be covalently attached to the PHA granule core (5). Phasin
proteins have recently been subjected to protein engineering in
order to enable purification of proteins fused to these proteins,
which hydrophobically attach to the preformed PHA granules
(3, 4). A previous study showed that the fusion of green fluo-
rescent protein (GFP) to the N terminus of PHA synthase did
not interfere with PHA granule formation (14). In this study,
we targeted PHA synthase with respect to immobilization of an
enzyme at the PHA granule surface. Only PHA synthase is

supposed to mediate covalent attachment to the PHA granule
surface and hence would enable the design of a robust particle-
based recycling system for biocatalysts (20, 21).

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains, plasmids, and
oligonucleotides used in this study are listed in Table 1. Escherichia coli
BL21(DE3) strains were grown in LB medium at 30°C. All other E. coli strains
were grown at 37°C. When required, antibiotics were used at the following
concentrations: ampicillin, 75 �g/ml; gentamicin (Gm), 10 �g/ml; and chloram-
phenicol, 50 �g/ml. Pseudomonas aeruginosa PAO1 strains were grown in min-
eral salt medium (MSM) (23) at 37°C and, if required, antibiotics were added to
appropriate concentrations. The antibiotic concentrations used for P. aerugi-
nosa strains were as follows: gentamicin, 150 �g/ml; carbenicillin, 300 �g/ml.
To achieve PHA granule formation in P. aeruginosa strains, nitrogen-depen-
dent regulation of substrate provision was used (8). Cells were grown in MSM
with sodium gluconate as a carbon source under nitrogen limitation with
0.05% (wt/vol) NH4Cl. All chemicals were purchased from Sigma-Aldrich (St.
Louis, Mo.).

Isolation, analysis, and manipulation of DNA. General cloning procedures
were performed as described previously (22). DNA primers, deoxynucleoside
triphosphate, and Taq and Platinum Pfx polymerases were purchased from In-
vitrogen (CA). The DNA sequences of new plasmid constructs were confirmed
by DNA sequencing according to the chain termination method using the model
ABI310 automatic sequencer. The plasmids used in this study are listed in Table
1. The plasmids used to produce a LacZ-PhaC1 (�-galactosidase–PHA synthase)
fusions were constructed as follows. A SpeI site-containing adaptor, encoding the
linker region, was generated by hybridization of the oligonucleotides adaptor and
adaptor reverse (Table 1). The adaptor was inserted into the NdeI site of pBHR80.
The SpeI site was used to insert the lacZ gene in frame with the respective PHA
synthase gene. The lacZ gene coding region was amplified by PCR from genomic
DNA of E. coli S17-1 using the oligonucleotides 5�-lacZ-SpeI and 3�-lacZ-SpeI,
which provided SpeI sites. To investigate LacZ-PHA synthase in the natural host,
a broad-host-range construct was generated by subcloning the XbaI/BamHI
DNA fragment from pBHR80AlacZ into the respective sites of pBBR1JO-5
(14), resulting in plasmid pBBR1JO5-lacZphaC1. To achieve overexpression of
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LacZ-PhaC1 and PhaC1, the XbaI/BamHI DNA fragments from pBHR80 and
pBHR80AlacZ were subcloned into the respective sites of pET14b and trans-
formed into strain BL21(DE3)/pLysS.

Overexpression of phaC1 and lacZ-phaC1. Cells of E. coli BL21(DE3)/pLysS
were transformed with plasmids pET14b-phaC1 and pET14b-lacZphaC1. The
transformants were grown at 30°C to an optical density at 600 nm (OD600) of 0.6
and then induced by adding isopropyl-�-D-thiogalactopyranoside (IPTG) to a
final concentration of 0.5 mM. After growth for an additional 5 h, the cells were
harvested by centrifugation and stored at �80°C.

Excision of the Gm cassette. P. aeruginosa �phaC1-Z-C2 contained a Gm
cassette inserted into the PHA biosynthesis gene cluster. The Gm cassete was
removed to avoid polar effects on other genes involved in PHA granule forma-
tion. E. coli S17-1 was used to transfer the Flp recombinase-encoding vector
pFLP2 (7) into P. aeruginosa �phaC1-Z-C2 strains, and after 24 h of cultivation
on MSM containing 5% (wt/vol) sucrose, gentamicin- and carbenicillin-sensitive
cells were analyzed by PCR for loss of the Gm resistance cassette.

Complementation of an isogenic-marker-free P. aeruginosa �phaC1-Z-C2
mutant. For complementation of the PHA-negative mutant, plasmid pBBR1JO5-
lacZphaC1 was transferred into P. aeruginosa �phaC1-Z-C2, and transconjugants
were selected on MSM containing 150 �g/ml gentamicin (6). The cells were then
grown under PHA-accumulating conditions, and the PHA content was determined
by gas chromatography/mass spectrometry (GC/MS) analysis.

Determination of PHA synthase functionality. The functionality of PHA syn-
thase was investigated by analyzing the PHA contents of the respective bacterial
cells. The amount of accumulated PHA corresponds to the functionality of PHA
synthase. The PHA contents were qualitatively and quantitatively determined by
GC/MS after conversion of the PHA into 3-hydroxymethylester by acid-catalyzed
methanolysis.

Isolation of PHA granules. Cells were harvested by centrifugation for 15 min
at 5,000 � g and 4°C. The sediment was washed and suspended in 3 volumes of
50 mM phosphate buffer (pH 7.5). The cells were passed through a French press
three times at 8,000 lb/in2, and 0.8 ml of the cell lysate was loaded onto a glycerol
gradient (88% and 44% [vol/vol] glycerol in phosphate buffer). After ultra-
centrifugation for 2 h at 100,000 � g and 4°C, granules could be isolated from a
white layer above the 88% glycerol layer. The PHA granules were washed with
10 volumes phosphate buffer (50 mM; pH 7.5) and centrifuged at 100,000 � g for
30 min at 4°C. The sediment containing the PHA granules was suspended in
phosphate buffer and stored at 4°C.

�-Galactosidase activity assays. �-Galactosidase enzymatic assays were per-
formed as described elsewhere (12). �-Galactosidase activity is given in Miller
units (MU) (12) by using the OD600 of a PHA granule suspension instead of
calculating the cell density. To measure the activity of �-galactosidase at isolated
PHA granules, the PHA granule suspension was diluted to an OD600 between 0.3
and 0.4. The results are given as average values of at least three independent
experiments.

Kinetics of �-galactosidase–PHA synthase fusion protein. A PHA granule
suspension with an overall protein concentration of 3.7 �g/ml was used to
analyze the enzyme kinetics of LacZ-PhaC1. One unit of �-galactosidase activity
corresponds to the conversion of 1 �mol orthonitrophenyl-�-D-galactopyranoside
(ONPG) to orthonitrophenol per min at 20°C.

ELISA. For enzyme-linked immunosorbent assay (ELISA), the wells of mi-
crotiter plates were coated with 200 �l of a PHA granule suspension and incu-
bated overnight at 4°C. After being blocked with 3% (wt/vol) bovine serum
albumin for 1 h, each well was incubated with polyclonal anti-�-galactosidase
antibody conjugated to horseradish peroxidase (Abcam Inc., MA). After each
step, the wells were washed several times with phosphate-buffered saline. As a
substrate, 200 �l of an o-phenylenediamine solution (Abbott Diagnostics, IL)
was added to each well, and after 30 min, the reaction was stopped by adding 0.5
volume of 3 N H2SO4. The amount of substrate conversion was measured at a
wavelength of 405 nm using a microtiter plate reader.

SDS-PAGE. Protein samples were routinely analyzed by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) as described elsewhere
(11). The gels were stained with Coomassie brilliant blue G250. Protein bands of
interest were cut off the gel and analyzed by matrix-assisted laser desorption
ionization–time of flight mass spectrometry (MALDI-TOF MS).

MALDI-TOF mass spectrometry. Mass spectrometric analyses of tryptic pep-
tides were carried out on a MALDI VOYAGER DE-PRO time of flight mass
spectrometer from PerSeptive BioSystems (Framingham, MA) utilizing a nitro-
gen laser emitting at 337 nm and an accelerating voltage of 25 kV. Measurements
were performed in the delayed-extraction mode using a low mass gate of 2,000.
The mass spectrometer was used in the positive ion detection and linear mode.
Samples of the digestion mixture were placed directly on a 100-position sample
plate and allowed to air dry after the addition of an equal volume of saturated
solution of 3,5-dimethoxy-4-hydroxycinnaminic acid (sinapinic acid) in 50% aceto-
nitrile and 0.3% trifluoroacetic acid.

TABLE 1. Bacterial strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or
oligonucleotide Descriptiona Source or reference

Strains
P. aeruginosa

PAO1 Prototrophic wild-type strain 9
�phaC1-Z-C2 Pseudomonas aeruginosa PAO1 �phaC1-phaZ-phaC2::GM; Gm cassette excised; PHA negative 15

E. coli
BL21(DE3) pLysS F� ompT hsdSB(rB

� mB
�) gal dcm (DE3) pLysS (Camr) Invitrogen, CA

S17-1 thi-1 proA hsdR17 (rK
�, mK

�) recA1; tra gene of plasmid RP4 integrated in chromosome 24
XL1-Blue E. coli cloning strain Stratagene

Plasmids
pBBR1JO-5 Gmr; Broad-host-range vector; P(lac) 14
pBHR80 NdeI-BamHI fragment comprising gene phaC1 (with translationally fused 6-His tag) 16
pET14b Apr; T7 promotor Novagen, WI
pBBR1JO5-lacZphaC1 XbaI-BamHI fragment comprising gene lacZ-phaC1 inserted into vector pBBR1JO-5 This study
pBHR80A pBHR80 containing SpeI adaptor in NdeI site This study
pBHR80AlacZ pBHR80A containing SpeI-inserted lacZ gene derived from genomic DNA of E. coli S17-1

by PCR
This study

pET14b-lacZphaC1 pET14b containing XbaI-BamHI fragment comprising gene lacZ-phaC1 This study
pET14b-phaC1 pET14b containing XbaI-BamHI fragment comprising gene lacZ-phaC1 This study

Oligonucleotides
5�-lacZ-SpeI 5�-GGACTAGTATGACCATGATTACGGATTCACTGG-3� This study
3�-lacZ-SpeI 5�-CAACTAGTTTTTTGACACCAGACCAACTGGTAATTG-3� This study
Adaptor 5�-P-TATGGCTCTGCACTAGTCACTGC-CA-3� This study
Adaptor reverse 5�-P-TATGGCAGTGACTAGTGCAGAG-CA-3� This study

a Restriction enzyme recognition sites are underlined.
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RESULTS

Construction of plasmids mediating production of func-
tional LacZ-PhaC1. The lacZ gene from E. coli S17-1 was in-
serted in frame upstream of the phaC1 gene from P. aeruginosa
PAO1 under lac promoter control, resulting in plasmid
pBHR80AlacZ (see Materials and Methods) (Fig. 1). This
in-frame gene fusion should enable production of LacZ fused
to the N terminus of the PHA synthase separated by a linker
plus six histidine residues, which should facilitate independent
and functional folding of the two protein domains. The hybrid
gene was subcloned into overexpression vector pET14b down-
stream of the strong T7 promoter in order to investigate the
expression of the hybrid gene encoding the fusion protein. The
hybrid gene was also subcloned into the broad-host-range vec-
tor pBBR1JO-5 in order to investigate functional production
of the fusion protein, i.e., enzymatic activity of LacZ, as well as
the PHA synthase function (Table 1).

Overexpression of phaC1 and lacZ-phaC1. To investigate
whether the entire open reading frame encoding the fusion
protein could be efficiently expressed, the plasmids pET14b-
phaC1 and pET14b-lacZphaC1 were transformed into E. coli
BL21(DE3)/pLysS. Proteins of whole-cell extracts were ana-
lyzed by SDS-PAGE (Fig. 2). PhaC1 plus the N terminal six
histidine residues has a predicted molecular mass of 63.3 kDa
and appeared to be the predominant protein (Fig. 2). The
identity of this protein was confirmed by peptide fingerprinting
using MALDI-TOF MS (Table 2). In crude extracts of cells
harboring pET14b-lacZphaC1, an additional major protein
with an apparent molecular mass of 180 kDa could be de-

tected. The predicted molecular mass of LacZ-PhaC1 is 180.9
kDa. This protein was subjected to MALDI-TOF MS analysis,
which confirmed that it represented the fusion protein LacZ-
PhaC1 (Table 2). Thus, both open reading frames could be
efficiently and completely expressed in E. coli. LacZ-PhaC1
could also be detected in whole-cell lysates of E. coli XL1-Blue
harboring plasmid pBHR80ALacZ when produced under lac
promoter control (Fig. 2).

Complementation of the isogenic-marker-free �phaC1-Z-�C2
deletion mutant of P. aeruginosa PAO1. To investigate whether
the PHA synthase PhaC1 from P. aeruginosa PAO1 N termi-
nally fused to the C terminus of LacZ retains its enzymatic
activity, as well as its capability to form PHA granules, the
broad-host-range plasmid pBBR1JO5-lacZphaC1 carrying the
gene coding for LacZ-PhaC1 was transferred into PHA-nega-
tive P. aeruginosa �phaC1-Z-C2. The functionality of the PHA
synthase was determined by analyzing the PHA content of
dried cells using GC/MS, which indicated a PHA content of
70.5% compared with the wild type. The PHA composition
showed an increased molar fraction of 3-hydroxydecanoic acid
amounting to an additional 15.5 mol% (data not shown).

Localization and display of LacZ at the PHA granule sur-
face. Since the current model of PHA granule formation sug-
gests that the PHA synthase stays covalently attached to the
emerging polyester granule (6, 17), LacZ is presumably ex-
posed at the surface of the PHA granule. To localize LacZ at
the PHA granule surface, PHA granules of P. aeruginosa
�phaC1-Z-C2 harboring plasmid pBBR1JO5-lacZphaC1 and
PHA granules produced by the wild-type P. aeruginosa PAO1

FIG. 1. Construction of plasmid pBHR80AlacZ.
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were isolated and used for ELISA. Specific binding of anti-
LacZ antibodies to PHA granules isolated from P. aeruginosa
�phaC1-Z-C2 harboring pBBR1JO5-lacZphaC1 was suggested
by a twofold increase in absorption at a wavelength of 405 nm
compared to the wild-type PHA granules. PHA granules
formed via LacZ-PhaC1 and PhaC1 mediated absorbances of
0.21 � 0.015 and 0.1 � 0.008, respectively.

�-Galactosidase activity assays. The LacZ activity was ana-
lyzed in order to determine whether LacZ remains active when
fused with its C terminus to the N terminus of the PHA syn-
thase and immobilized at the PHA granule surface. LacZ ac-
tivity could be detected and showed an average of 68,000 MU.

Determination of kinetic parameters of �-galactosidase im-
mobilized at the PHA granule surface. In order to determine
enzyme kinetics, the �-galactosidase activities of isolated PHA
granules were monitored for 10 min (data not shown). The
ONPG concentrations ranged from 50 �M to 500 �M. The
correlation of reaction velocity with the substrate concentra-
tion could be fitted to Michaelis-Menten kinetics with the aid
of nonlinear regression analysis (Sigma Plot enzyme kinetics;
systat software, Inc.). A Km of 630 �M and a Vmax of 17.6
nmol/min could be derived.

FIG. 2. SDS-PAGE analysis of overproduced PhaC1 and LacZ-
PhaC1 in E. coli BL21(DE3). Lane 1, molecular mass standard (New
England Biolabs, United Kingdom); lane 2, whole-cell lysate of E. coli
BL21(DE3) harboring pET14b-lacZphaC1; lane 3, whole-cell lysate of
E. coli BL21(DE3) harboring pET14b-phaC1; lane 4, whole-cell lysate
of E. coli XL1-Blue harboring pBHR80ALacZ; lane 5, molecular mass
standard (New England Biolabs, United Kingdom). The arrows indi-
cate proteins confirmed by peptide mass fingerprinting using MALDI-
TOF MS (Table 3).

FIG. 3. SDS-PAGE analysis of PHA granules. Lane 1, molecular
mass standard (New England Biolabs, United Kingdom); lane 2, PHA
granules from wild-type P. aeruginosa PAO1; lane 3, PHA granules
from P. aeruginosa �phaC1-Z-C2(pBBR1JO5-lacZphaC1). The arrows
indicate proteins confirmed by peptide mass fingerprinting using
MALDI-TOF MS (Table 3).

FIG. 4. SDS-PAGE analysis of PHA granules before and after
treatment with 8 M urea. Lane 1, PHA granules from P. aeruginosa
�phaC1-Z-C2(pBBR1JO5-lacZphaC1) before treatment with 8 M
urea; lane 2, PHA granules (insoluble fraction) after treatment with
urea; lane 3, proteins (soluble fraction) released from PHA granules
after treatment with 8 M urea; lane 4, molecular mass standard
(New England Biolabs, United Kingdom). The arrows indicate pro-
teins confirmed by peptide mass fingerprinting using MALDI-TOF
MS (Table 3).

TABLE 2. Identified peptide fragments of proteins analyzed by
MALDI-TOF MS

Protein Peptide fragments

LacZ-PhaC1.................L33-R43, L173-R184, V262-R288, L299-R316,
I343-R358, H628-R636, L637-R651, Q684-
R705, V706-R727, Q781-R792, T854-R863,
V906-R915, W924-R944, Q1052-R1067,
L1444-K1457, S1458-K1477

LacZ..............................M1-R20, D21-R32, L173-R184, V262-R288,
I343-R358, D453-R479, T618-R636, L637-
R651, Q684-R705, Q781-R792, E949-R967

PhaC1 ...........................Q18-K35, N68-R84, N192-R203, F234-R247,
S424-K443, T550-R565
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Mode of protein-PHA granule interaction. A typical protein
profile of PHA granules isolated from the wild-type P. aerugi-
nosa PAO1 is shown in Fig. 3. In contrast, the protein profile
of PHA granules produced by P. aeruginosa �phaC1-Z-C2
harboring pBBR1JO5-lacZphaC1 shows an additional major
protein with an apparent molecular mass of 180 kDa. MALDI-
TOF MS analysis of derived peptides of this 180-kDa protein
enabled the identification of LacZ-PhaC1 (Table 2). Interest-
ingly, an additional protein occurred at 116 kDa, which was
identified as LacZ by MALDI-TOF MS analysis (Table 2). The
nonfused PhaC1 could be detected as a minor protein, which
was confirmed by MALDI-TOF MS analysis (Fig. 3). Consis-
tent with previous studies, the PHA synthase attached to PHA
granules from wild-type P. aeruginosa PAO1 is only present at
low copy numbers and could not be detected as a distinct
protein band in SDS-PAGE analysis (10) (Fig. 3). Thorough
washing with phosphate buffer containing 0.1% to 1% SDS
(wt/vol) did not alter the amount of LacZ attached to PHA
granules (data not shown). Harsh conditions (8 M urea, 10 mM
dithiothreitol [DTT]) were applied to remove all noncovalently
attached proteins. Figure 4 shows an SDS-PAGE analysis of
PHA granules produced by P. aeruginosa �phaC1-Z-C2 har-
boring pBBR1JO5-lacZphaC1, which were subjected to solu-
bilization using 8 M urea and 10 mM DTT. LacZ, as well as
other noncovalently attached proteins, was completely re-

moved from the PHA granules, while about 50% of LacZ-
PhaC1 was still attached to the PHA granules.

Enzyme stability. The stability of LacZ immobilized at PHA
granules under various storage conditions was investigated.
LacZ activity was monitored over a period of 12 weeks. The
PHA granule suspension was stored at 4°C either with added
protease inhibitor cocktail (Roche Diagnostics, IN) or with
protease inhibitor cocktail plus 20% (vol/vol) glycerol. The
addition of 20% (vol/vol) glycerol resulted in the best storage
stability, with 91% of the initial activity after 4 weeks. No
addition of 20% (vol/vol) glycerol resulted after 4 weeks in a
reduction of LacZ activity to 84% of the initially determined
activity (Table 3). Interestingly, after 12 weeks, 87% of the
initial activity was still detectable in the PHA granule suspen-
sion containing glycerol, while the LacZ activity of the PHA
granule suspension without glycerol already showed a reduced
activity of 75% of the initial LacZ activity (Table 3).

DISCUSSION

This study elaborated the potential use of PHA synthase to
mediate stable immobilization of an enzyme at the PHA gran-
ule surface via protein engineering. Only PHA synthase, which
can be functionally produced in a wide range of organisms, is
required for the formation of PHA granules. Thus, PHA syn-
thase might serve as a valuable molecular tool to covalently
attach enzymes and/or other protein functions to PHA gran-
ules (20). Previously, it was demonstrated that GFP could be
fused to the N termini of PHA synthases, enabling the produc-
tion of GFP-labeled PHA granules (14).

LacZ was chosen in this study as an example of an enzyme
to be immobilized. The LacZ was fused via a linker region to
the N terminus of the PHA synthase PhaC1 from P. aeruginosa
PAO1, which has been studied in detail (1). Production of the
complete fusion protein was confirmed using T7 promoter-
based overproduction in E. coli and the proper fusion protein,
LacZ-PhaC1, was detected by the apparent molecular mass of
180 kDa and MALDI-TOF MS analysis of the respective tryp-
tic peptides (Fig. 1 and Table 2). The lower expression level of

FIG. 5. Model of in vivo enzyme immobilization using engineered PHA synthase. CoA, coenzyme A.

TABLE 3. Determination of enzyme stability of �-galactosidase
at PHA granule surface

Storage
time (wk)

�-Galactosidase activity
(protease inhibitor)a

(MU)

�-Galactosidase activity
(protease inhibitor-20%

[vol/vol] glycerol)a

(MU)

0 77,400 77,400
3 65,000 68,900
4.5 60,900 70,300

12 58,194 67,287

a Protease inhibitor and 20% (vol/vol) glycerol were added to the PHA granule
suspension at time zero. The PHA granules were stored at 4°C. �-Galactosidase
activity was measured on isolated PHA granules.
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the fusion protein versus PhaC1 could be due to the threefold-
larger molecular mass of the fusion protein and/or reduced
stability of the fusion protein in the absence of PHA granule
formation.

LacZ-PhaC1, produced from plasmid pBBR1JO5-lacZphaC1
under lac promoter control, restored PHA biosynthesis in the
PHA-negative P. aeruginosa �phaC1-Z-C2 (15). GC/MS anal-
ysis indicated that the PHA content was reduced by only about
30% compared with the wild-type PHA synthase, indicating a
PHA synthase function of the fusion protein.

PHA granules, whose formation was mediated by LacZ-
PhaC1 in the PHA-negative P. aeruginosa �phaC1-Z-C2, were
isolated, and LacZ could be localized at the PHA granule
surface by ELISA using anti-LacZ antibodies. These PHA
granules showed LacZ activity, suggesting that LacZ had been
functionally attached to the PHA granule surface. The enzyme
kinetics of immobilized LacZ was analyzed by obtaining the
reaction velocities at various substrate (ONPG) concentra-
tions, which indicated a Michaelis-Menten reaction kinetics.
The Km of 630 �M suggested a high binding affinity, compared
with LacZ covalently attached to gold-coated devices (2).

The protein profile of PHA granules mediated by LacZ-
PhaC1 showed, in comparison with wild-type PHA granules,
three additional prominent proteins, which could be identified
as LacZ-PhaC1, LacZ, and PhaC1. Interestingly, the copy
numbers of LacZ-PhaC1 and PhaC1 were unusually high, par-
ticularly considering that PhaC1 is not detectable by SDS-
PAGE analysis of wild-type PHA granule proteins (Fig. 3).
Normi et al. (13) described a slight increase in PHA synthase
production after introducing a G4D N-terminal mutation in
the Cupriavidus necator PHA synthase, which suggested a role
of the N terminus in controlling the copy number of the PHA
synthase. This study showed that the N-terminal fusion might
have stabilized the protein or that the insertion of the lacZ
gene at the 5� end of the phaC1 gene might have caused
stabilization of the respective mRNA (25). The additional oc-
currence of LacZ and PhaC1 at the PHA granule surface
suggested that the fusion protein might be susceptible to pro-
teolytic digestion in P. aeruginosa (Fig. 3), while the fusion
protein is stable in E. coli (Fig. 2). The large amount of LacZ
attached to the PHA granules could be due to a stable forma-
tion of a functional LacZ heterotetramer with one subunit
contributed by LacZ-PhaC1 and three subunits represented by
LacZ. This ratio has been suggested by SDS-PAGE analysis
(Fig. 3).

To investigate how LacZ interacts with LacZ-PhaC1 at the
PHA granule surface, the PHA granules were subjected to
solubilization with 8 M urea in the presence of 10 mM DTT.
The resulting solubilized proteins and PHA granules were an-
alyzed by SDS-PAGE (Fig. 4), which indicated an almost com-
plete removal of LacZ, while about 50% of LacZ-PhaC1 re-
mained attached to the PHA granules. Thus, LacZ might
interact with LacZ-PhaC1 at the PHA granule surface via
protein-protein interaction. These data also suggest that one
subunit of LacZ-PhaC1, which presumably forms a homodimer
(18, 26), remains covalently attached, whereas the other sub-
unit is not covalently attached and can be removed. PHA
granules harboring LacZ-PhaC1 were stored for a few months
in the presence of protease inhibitor plus or minus 20% (vol/
vol) glycerol to investigate the stability of the immobilized

LacZ. LacZ activity only dropped to 87% of the initial activity
in the presence of glycerol, which suggested that LacZ immo-
bilized at the PHA granule surface remains stable for at least
a few months. The purified native LacZ has been described
by various commercial producers as stable at 4°C for up to
6 months (http://www.worthington-biochem.com/BG/default
.html; http://www.merckbiosciences.com/docs/PDS/345788-000
.pdf).

This study demonstrated that protein engineering of PHA
synthase provides a platform technology for efficient covalent
enzyme/protein immobilization. PHA synthase contains all the
inherent properties required for PHA synthesis, as well as
PHA granule formation, and can be produced in a variety of
organisms (17). These unique properties and covalent binding
to the PHA granule make these enzymes ideal tools for func-
tionalization of PHA granules (20) (Fig. 5).
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19. Rehm, B. H. A., and A. Steinbüchel. 1999. Biochemical and genetic analysis
of PHA synthases and other proteins required for PHA synthesis. Int. J. Biol.
Macromol. 25:3–19.

20. Rehm, B. H. A. Biopolyester particles produced by microbes or using poly-
ester synthases: self-assembly and potential applications. In B. H. A. Rehm
(ed.), Microbial bionanotechnology: biological self-assembly systems and

biopolymer-based nanostructures, in press. Horizon Scientific Press,
Wymondham, United Kingdom.

21. Rehm, B. H. A. Genetics and biochemistry of polyhydroxyalkanoate granule
self-assembly: the key role of polyester synthases. Biotechnol. Lett., in press.

22. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

23. Schlegel, H. G., H. Kaltwasser, and G. Gottschalk. 1961. A submersion
method for culture of hydrogen-oxidizing bacteria: growth physiological
studies. Arch. Mikrobiol. 38:209–222.

24. Simon, R., U. Priefer, and A. Pühler. 1983. A broad host range mobilization
system for in vivo genetic engineering: transposon mutagenesis in gram-
negative bacteria. Bio/Technology 1:784–791.

25. Turner, G. J., R. Reusch, A. M. Winter-Vann, L. Martinez, and M. C.
Betlach. 1999. Heterologous gene expression in a membrane-protein-specific
system. Protein Expr. Purif. 17:312–323.

26. Wodzinska, J., K. Snell, A. Rhomberg, A. Sinskey, K. Biemann, and J.
Stubbe. 1996. Polyhydroxybutyrate synthase: evidence for covalent catalysis.
J. Am. Chem. Soc. 118:6319–6320.

VOL. 72, 2006 ENGINEERED PHA SYNTHASE FOR ENZYME IMMOBILIZATION 1783


