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Bacterial inclusion bodies are aggregations of mostly inactive and misfolded proteins. However, previously the in vivo self-as-
sembly of green fluorescent protein (GFP) fusions into fluorescent particles which displayed specific binding sites suitable for
applications in bioseparation and diagnostics was demonstrated. Here, the suitability of GFP particles for enzyme immobiliza-
tion was assessed. The enzymes tested were a thermostable �-amylase from Bacillus licheniformis, N-acetyl-D-neuraminic acid
aldolase (NanA) from Escherichia coli, and organophosphohydrolase (OpdA) from Agrobacterium radiobacter. Respective GFP
particles were isolated and could be stably maintained outside the cell. These enzyme-bearing GFP particles exhibited consider-
able stability across a range of temperature, pH, and storage conditions and could be recycled. The �-amylase-bearing particles
retained activity after treatments at 4 to 85°C and at pHs 4 to 10, were stable for 3 months at 4°C, and could be recycled up to
three times. OpdA-bearing particles retained degradation activity after treatments at 4 to 45°C and at pHs 5 to 10 and were able
to be recycled up to four times. In contrast, the performance of NanA-bearing particles rapidly declined (>50% loss) after each
recycling step and 3 months storage at 4°C. However, they were still able to convert N-acetylmannosamine and pyruvate to N-
acetylneuraminic acid after treatment at 4 to 85°C and at pHs 4 to 11. Fluorescent GFP fusion particles represent a novel method
for the immobilization and display of enzymes. Potential applications include diagnostic assays, biomass conversion, pharma-
ceutical production, and bioremediation.

Awide range of industries currently use enzymes in their pro-
cesses, including food production, detergent manufacture,

agriculture, chemical and pharmaceutical manufacture, textiles,
leather, paper, diagnostics, medicine, and bioremediation (1, 2).
Although the demand for enzymes is increasing, the equipment
and reagents required for their isolation and purification are ex-
pensive. To counter this, various immobilization methods have
been developed that enhance the utility of enzymes in a wider
range of environments, including nonaqueous media, as well as
improve enzyme performance via improved stability and reuse
(3–5). Examples of enzymes immobilized to particulate support
materials include cross-linked enzyme aggregates, cross-linked
enzyme crystals, and Spherezymes (6–8). However, of particular
interest are the methods that employ recombinant DNA tech-
nology to allow the production, purification, and immobiliza-
tion of the enzyme(s) of interest in a single step. Examples
include enzyme-bearing nanotubes, fibrils, and polyhydroxy-
alkanoate (PHA) granules (9–13).

In this study, the design and recombinant production of green
fluorescent protein (GFP) particles were investigated in view of
their potential to display active enzymes. Previously, GFP particles
were engineered to display functional binding proteins including
maltose binding protein (MalE), the IgG binding domain of pro-
tein A (ZZ), and the IgG binding domain of protein G (GB1) (14).
These functional GFP particles exhibited binding activity and in
many cases outperformed commercially available bead-based bio-
separation resins. The formation of GFP particles is triggered by a
short N-terminal extension of GFP (AVTS, LAVG, or FHKP) and
the presence of a large protein linker (C-terminal GFP extension)
as the central domain of the fusion protein while a desirable pro-
tein function is fused to the C terminus of the overall fusion pro-
tein (14). This modular arrangement enables the customization of
GFP particles that exhibit different properties via the C terminus

of the respective fusion protein. The ability to immobilize active
enzyme on GFP particles would present an alternative enzyme
immobilization method that is potentially more efficient, cost-
effective, and easier to use than current methods.

To demonstrate the ability of GFP particles to display active
enzymes exhibiting different quaternary structures, a mono-
meric thermostable �-amylase (BLA) variant (Termamyl) from
Bacillus licheniformis (EC 3.2.1.1), a homotetrameric N-acetyl-D-
neuraminic acid aldolase (NanA) from Escherichia coli (EC
4.1.3.3), and a dimeric organophosphohydrolase (OpdA) from
Agrobacterium radiobacter were fused to the C termini of engi-
neered GFP fusion proteins, respectively. Respective fusion pro-
teins self-assembled to fluorescent GFP particles inside Escherichia
coli BL21(DE3) cells. These particles were isolated and assessed for
activity, stability, and reusability.

MATERIALS AND METHODS
Strains, plasmids, and primers. The bacterial strains, plasmids, and
primers used in this study are listed in Table S1 in the supplemental ma-
terial.

Cultivation conditions. E. coli XL1-Blue was grown in Luria-Bertani
medium at 37°C and 200 rpm for 16 h. E. coli BL21(DE3) was grown at
25°C and 200 rpm for 48 h supplemented with 1% (wt/vol) glucose. Am-
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picillin (75 �g/ml) and chloramphenicol (50 �g/ml) were added as re-
quired.

Plasmid construction. General cloning procedures and DNA isola-
tion were performed as described elsewhere (15). Primers were purchased
from Integrated DNA Technologies (Coraville, IA) while Taq and Plati-
num Pfx polymerases were purchased from Invitrogen (Carlsbad, CA).
The nanA gene was synthesized by Genscript Corporation (Piscataway,
NJ) and inserted in pUC57 vectors with flanking restriction endonuclease
sites for subsequent cloning.

The construction of the plasmids pET14b-ext(AVTS)gfp-phaC(C319A)-
linker-nanA (pET14b-GiCLN) and pET14b-ext(AVTS)gfp-nanA-linker-
nanA (pET14b-GNLN) was based upon the plasmids pET14b-ext
(AVTS)gfp-phaC(C319A)-linker-ZZ (pET14b-GiCLZ) and pET14b-ext
(AVTS)gfp-nanA-linker-ZZ (pET14b-GNLZ) as described previously
(14). It must be noted that the abbreviation ext(AVTS)gfp is used to
describe the N-terminal extension of the enhanced gfp gene using bases
encoding the amino acids alanine, valine, threonine, and serine. The plas-
mids were hydrolyzed with XhoI and BamHI restriction enzymes, cleav-
ing the zz region from the vector. The resulting backbones were indepen-
dently ligated to the purified nanA fragment creating the two new
plasmids. The protein linker sequence is VLAVIDKRGGGGG (14, 16).

The construction of pET14b-ext(AVTS)gfp-phaC(C319A)-linker-
opdA (pET14b-GiCLO) (where GiCLO indicates GiCL fused with OpdA)
was similarly based upon pET14b-GiCLZ. The opdA gene was hydrolyzed
using XhoI and BamHI restriction enzymes from the plasmid pET14b-
phaC-linker-opdA (10), purified, and ligated into the hydrolyzed pET14b-
ext(AVTS)gfp-phaC(C319A)-linker-backbone. Bla(�ss) (where �ss indi-
cates the absence of the signal sequence) was obtained from the plasmid
pET14b-bla(�ss)-phaC (13) using PCR to amplify the fragment of inter-
est with the addition of XhoI and BamHI restriction sites. It was then
purified and ligated into the hydrolyzed pET14b-ext(AVTS)gfp-
phaC(C319A)-linker-backbone to yield the plasmid pET14b-ext(AVTS)
gfp-phaC(C319A)-linker-bla(�ss) (pET14b-GiCLB) (where GiCLB in-
dicates GiCL fused to BLA).

Protein particle isolation. Expression of GFP fusion proteins was in-
duced in E. coli BL21(DE3) with the addition of 1 mM isopropyl-�-D-
thiogalactopyranoside (IPTG) at an optical density at 600 nm (OD600) of
0.3 to 0.4. After a 48-h cultivation at 25°C, cell pellets (6,000 � g at 4°C for
20 min) were washed with 50 mM potassium phosphate buffer (pH 7.5)
and mechanically disrupted at 20,000 lb/in2 using a Z Plus 1.1-kW Bench-
top Cell Disrupter (Constant Cell Disruption Systems, United Kingdom).
GFP particles in the lysate were recovered by centrifugation (8,000 � g at
4°C for 20 min). Final separation of the particles from bacterial lysate was
performed using ultracentrifugation (150,000 � g at 10°C for 2 h) on a
WX Ultra 80 ultracentrifuge (Thermofisher Scientific, USA) and employ-
ing a gradient with layers of 49.75% and 99.5% glycerol. Recovered par-
ticles were washed with 50 mM potassium phosphate buffer (pH 7.5) to
remove glycerol and stored at 4°C in aliquots supplemented with 20%
ethanol until required.

Fluorescence microscopy. Images of recombinant E. coli BL21(DE3)
cells containing GFP particles and of GFP particles postextraction were
obtained using an Olympus BX51 fluorescent light microscope (Olympus
Optical Co., Ltd., Japan). Images were captured under �100 and �1,000
magnifications using a U-MWIBA2 filter (blue excitation, 460 nm to
490 nm; green emission, 510 nm to 550 nm), an Optronics camera
(Optronics, USA), and MagnaFire, version 2.1C, application software
(Optronics, USA).

Protein analysis. GFP particles and particle-associated proteins were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as described elsewhere (17). Bis-Tris polyacrylamide gels
were used which had acrylamide concentrations of 8% (resolving gel) and
4% (stacking gel). Gels were stained with 0.1% (wt/vol) Coomassie blue
for at least 20 min and destained overnight. Protein concentration was
determined by densitometry after gel staining comparing the GFP fusion
protein to known quantities of bovine serum albumin (BSA). Protein

bands of interest were excised and subjected to tryptic digest and mass
spectrometry.

Neu5Ac production. For the synthesis of N-acetylneuraminic acid
(Neu5Ac), 1 M sodium pyruvate and 200 mM N-acetylmannosamine
(ManNAc) (�98% purity) were reacted with particle slurries containing
25 �g or 50 �g of fusion protein in 50 mM potassium phosphate buffer
(pH 7.5) at 50°C for up to 72 h. The total reaction volume was 0.5 ml.
Following incubation, the samples were centrifuged (16,000 � g for 10
min), and the supernatants were removed. Neu5Ac, ManNAc, and pyru-
vate were quantified by high-performance liquid chromatography
(HPLC).

HPLC for Neu5Ac. Neu5Ac quantification was performed using high-
performance liquid chromatography (HPLC) on a Dionex Ultimate 3000
System (Dionex Softron, Germany) using a Phenomenex Rezex RHM-
Monosaccharide H� column (300 by 7.80 mm). The mobile phase was 6
mM H2SO4 (0.5 ml/min). Column temperature was maintained at 60°C,
the sample injection volume was 25 �l, and the UV detector was set at 205
nm. The software used was Chromeleon Chromatography Management
system, version 6.80 (Dionex, USA).

�-Amylase activity assay. The �-amylase activity was assessed using
as the substrate 1% (wt/vol) starch dissolved in 20 mM Na-phosphate
buffer containing 6.7 mM NaCl (pH 6.9) at 25°C for up to 72 h. The total
reaction volume was 1 ml. The assay measures the release of maltose and
was conducted as previously described (13) utilizing particle slurries con-
taining 50 �g of fusion protein.

OpdA activity. Degradation of 200 �M methyl parathion by OpdA
was assessed in 50 mM HEPES buffer (pH 8.0) containing 20% (vol/vol)
methanol at 25°C as previously described (10). Reactions were conducted
for up to 72 h, and the total volume in each reaction mixture was 1 ml.
Particle slurries containing 50 �g of fusion protein were used. The extinc-
tion coefficient of paranitrophenol was taken as 19,454 M�1 cm�1 (18). It
must be noted that there were difficulties experienced in the dissolution of
methyl parathion in the reaction buffer. Although a concentration of 200
�M was the aim for every assay, the actual concentration of the chemical
fluctuated below this threshold due to various amounts of the chemical
dissolving in the buffer each time the substrate was prepared. This makes
it impossible to compare activity data between different assays as different
batches of methyl parathion substrate were used; however, comparison of
samples within each assay is still possible.

Temperature stability. To assess the temperature stability of enzyme-
bearing PHA beads/GFP particles, samples were preincubated at 4°C and
at 15 to 95°C (at 10°C intervals) for 10 min in a Digital Dry Bath (Labnet
International, Inc., USA). Enzyme activity was then assessed as described
above by monitoring substrate conversion as a function of time.

pH stability. To assess the stability of enzyme-bearing PHA beads/
GFP particles at different pH values, samples were preincubated for 10
min at room temperature (RT) in the following 20 mM solutions/buffers:
potassium chloride (pH 2.00), sodium citrate (pH 3.00), sodium acetate
(pHs 4.00, 5.00, and 6.00), tris-HCl (pHs 7.00 and 8.00), sodium tetrabo-
rate (pHs 9.00 and 10.00), and disodium hydrogen orthophosphate (pHs
11.00 and 12.00). After pH treatment, the samples were centrifuged at
16,000 � g for 10 min and suspended in the respective reaction buffer.
Enzyme activity was assessed as described above by monitoring substrate
conversion as a function of time.

Long-term storage. To determine the effect of storage conditions on
GFP particles, aliquots of each type of enzyme displaying GFP particles
were stored at room temperature, at 4°C, and at �80°C. Samples stored at
room temperature and at 4°C were suspended in 20% ethanol in 50 mM
potassium phosphate buffer, while samples stored at �80°C were sus-
pended in 25% glycerol in 50 mM potassium phosphate buffer. BLA- and
NanA-containing samples were stored for up to 3 months, while OpdA-
containing samples were stored for up to 4.5 months. At the end of the
storage period, the samples were assayed as described above by monitor-
ing substrate conversion as a function of time.
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Reusability of enzyme-bearing GFP particles. To assess the reusabil-
ity of GFP particles displaying enzyme, samples were prepared and as-
sayed as described above for the relevant enzyme. At the end of the incu-
bation period, samples were centrifuged at 16,000 � g for 5 to 10 min in a
Heraeus Pico 17 centrifuge, and the supernatant was removed and ana-
lyzed. The GFP particle pellets were then resuspended in fresh substrate
solution as described above and reincubated. This cycle was repeated four
times.

RESULTS
Engineering a GFP-NanA fusion which self-assembles inside E.
coli. N-terminally extended GFP, which was previously shown to
self-assemble (14), was used as a scaffold for the immobilization of
various industrially relevant enzymes. For extended GFP to self-
assemble and display a foreign protein, a large C-terminal exten-
sion was required which could be further C-terminally extended

by a protein of interest (14). Here, various enzymes representing
different quaternary structures (monomer, dimer, and tetramer)
were targeted as proteins of interest (see Fig. 4). Both PhaC and
NanA were used as C-terminal extensions of GFP in addition to
the target enzyme NanA, a 33-kDa tetrameric aldolase from E. coli.

The fusion proteins GiCLZ, GNLZ, GiCLN, and GNLN (where
G is GFP, iC is an inactive site-specific mutant of PhaC, N is NanA,
L is linker, and Z is the ZZ IgG binding domain) all mediated the
formation of fluorescent GFP particles, as shown by fluorescence
microscopy (Fig. 1), at a yield of approximately 11 to 23% of
cellular wet weight (CWW) as calculated by mass. Fluorescence
microscopy showed that GiCLZ, GNLZ, and GiCLN particles
were similar in terms of their irregular shapes and size distribu-
tion, while GNLN particles appeared smaller and had a tendency
to aggregate postextraction (data not shown). All particle-produc-

FIG 1 Fluorescence microscopy analysis of E. coli BL21(DE3) cells containing GFP particles. Images were obtained at �1,000 magnification using a U-MWIBA2
Blue excitation filter cube fitted to an Olympus BX51 fluorescent light microscope (Olympus Optical Co., Japan), an Optronics camera (Optronics, USA), and
MagnaFire, version 2.1C, application software (Optronics, USA). Panels are as follows: A, GiCLZ; B, GNLZ; C, GiCLN; D, GNLN; E, GiCLB; F, GiCLO. G, GFP;
iC, inactive PhaC; L, linker; N, NanA; B, BLA; O, OpdA; Z, ZZ.
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ing E. coli strains accumulated 2 to 4 particles per cell. The particles
were isolated and examined by SDS-PAGE. Theoretical molecular
masses of GiCLZ, GNLZ, GiCLN, and GNLN were 111, 79, 127,
and 95 kDa, respectively, and they appeared as predominant pro-
teins with the corresponding apparent molecular masses (Fig. 2).
The identity of each fusion protein was confirmed by tryptic pep-
tide fingerprinting using matrix-assisted laser desorption ioniza-
tion–time of flight (MALDI-TOF) mass spectrometry (see Table
S2 in the supplemental material).

Assessment of NanA activity when immobilized to self-as-
sembling GFP particles. NanA-displaying GFP particles were as-
sessed with respect to NanA activity using 16-h and 48-h reaction
times for the synthesis of Neu5Ac from ManNAc and pyruvate
(Fig. 3). The amount of each particle sample used was standard-
ized at 50 �g of fusion protein as calculated by densitometry.
GiCLZ (negative control) produced no detectable Neu5Ac after
16 h, while after 48 h a conversion of 1.7% was observed. This was
confirmed as background noise conversion by analyzing synthesis
reactions in the absence of any GFP particles (data not shown).
Using NanA as the central domain (GNLZ) resulted in particles
that produced a 22% conversion yield of Neu5Ac after 48 h. Plac-
ing NanA at the C terminus of the GFP fusion particle (GiCLN)
mediated a conversion of 41% after 16 h, with an increase to 75%
at 48 h. Particles with NanA as both the central and C-terminal
domains (GNLN) had only 3% Neu5Ac conversion after 48 h. For
comparative purposes and as a positive control, PHA beads dis-
playing NanA were included (11). This system produced a 90%
conversion yield in the first 16 h, confirming previously published
results (11). The above finding indicated that the GFP fusion pro-
tein scaffold should be based on the GiCLN fusion protein design,
i.e., that NanA should be replaced by other enzymes of interest to
test the versatility of this enzyme immobilization concept.

Bioengineering of GFP particles with various immobilized
enzymes. In total three enzymes were chosen to assess the versa-
tility of the GFP particle display system: (i) tetrameric NanA, an
aldolase used in synthesis of Neu5Ac; (ii) BLA, a thermostable
variant of the �-amylase from Bacillus licheniformis, a monomeric
55-kDa protein; and (iii) OpdA, a dimeric enzyme from Agrobac-

terium radiobacter with potential application in the bioremedia-
tion of organophosphate pesticides. Hybrid genes were con-
structed encoding GFP fusion proteins containing the respective
enzyme of interest at the C terminus of the fusion protein ex-
t(AVTS)GFP-PhaC(C319A) (GiCL) (Fig. 4). Both fusion pro-
teins, GiCLB and GiCLO, mediated self-assembly of fluorescent
GFP particles in vivo as visualized by fluorescence microscopy
(Fig. 1). The particles shared similar irregular shapes and size dis-
tributions in comparison to GiCLZ, GNLZ, and GiCLN particles,
and the E. coli strains also accumulated 2 to 4 particles per cell.
Theoretical molecular masses of GiCLB and GiCLO were 150 and
131 kDa, respectively, and corresponding dominant protein
bands with the respective apparent molecular masses were dem-
onstrated by SDS-PAGE (Fig. 2). The identity of each fusion pro-

FIG 3 Neu5Ac synthesis catalyzed by particles displaying NanA. Enzyme-
bearing particles containing 50 �g of NanA fusion protein were reacted with
0.2 M N-acetyl-D-mannosamine and 1 M sodium pyruvate at 50°C. Samples
were taken at 16 h and 48 h. Production of Neu5Ac was measured using HPLC
and detection at 205 nm. Error bars are �1 standard deviation (n 	 3). G, GFP;
iC, inactive PhaC; L, linker; N, NanA; Z, ZZ.

FIG 2 Protein profiles of isolated GFP particles as shown by SDS-PAGE analysis. (Left) Lane 1, Mark 12 Unstained Standard Protein Ladder (Invitrogen, USA);
lane 2, GNLN (A); lane 3, GiCLN (B); lane 4, GNLZ (C); lane 5, GiCLZ (D); lane 6, NanA-PhaC (E). (Right) Lane 1, Mark 12 Unstained Standard Protein Ladder
(Invitrogen, USA); lane 2, GiCLO (A); lane 3, GiCLN (B); lane 4, GiCLB (C) The letters A, B, C, D, and E correspond to the fusion proteins of interest
overproduced in their respective lanes. G, GFP; iC, inactive PhaC; L, linker; N, NanA; Z, ZZ; B, BLA; O, OpdA. MW, molecular weights in thousands.
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tein was confirmed by tryptic peptide fingerprinting using
MALDI-TOF mass spectrometry (see Table S2 in the supplemen-
tal material).

Comparative analysis between the GFP particle method and
the PHA bead display of the same amount of fusion protein re-
vealed in all cases that the initial substrate turnover rate was less
for the GFP particles than for the respective PHA beads (Fig. 5).
Based on the initial rates of these reactions (Fig. 5) and the mass of
the fusion protein as calculated by densitometry, the NanA-con-
taining GFP particle had a specific activity of 76 mU/mg of NanA
fusion protein. GFP-OpdA particles had 2.1 U/mg of OpdA fusion
protein, and GFP-BLA had 210 mU/mg of BLA fusion protein
specific activity (in all cases, 1 U is defined as 1 �mol of product
per min). Accordingly, the NanA particle showed after 72 h only
34% conversion compared to 82% conversion of the PHA beads
when 25 �g of fusion protein was used (Fig. 5A). The BLA-dis-
playing PHA beads reached complete substrate turnover in 4 h,
whereas GiCLB particles reached the endpoint at 48 h (Fig. 5B).
PhaC-OpdA beads catalyzed complete substrate turnover in 2 h
while GiCLO beads required 24 h for completion of the reaction
(Fig. 5C).

Reusability of GFP particles. The ability of the enzyme-dis-
playing GFP particles to be reused was examined over four reac-
tion cycles (Fig. 6). The yield of Neu5Ac for the GiCLN particles
declined rapidly by 
50% each cycle (Fig. 6A). The duration of
each cycle was 48 h. After four cycles the final production of
Neu5Ac was only 3 mM compared with 32 mM in the initial cycle.
The GiCLB particles maintained their activity for the first three
cycles while the fourth cycle showed only 8% of the initial conver-
sion yield (Fig. 6B). The GiCLO construct delivered consistently
high performance across all four cycles, maintaining 92% of its
initial-cycle performance in the fourth reaction (Fig. 6C). The

duration of each cycle for GiCLB and GiCLO reactions was 12 h.
The reusability of GiCLO particles was extended to seven reaction
cycles, under the same conditions. The construct delivered high
performance across the first four cycles, as seen previously, and
retained 81% of the initial-cycle performance in the seventh reac-
tion (data not shown).

Effect of preincubation temperature on GFP particle enzyme
performance. After exposure to a range of temperatures, the dif-
ferent enzyme-displaying particles were assessed for their activity
levels (Fig. 7). Both immobilization systems performed similarly
with NanA, showing consistent performance across all preincuba-
tion temperatures up to 95°C. At this temperature the activity of
both materials declined, with 44% of initial product formation in
the case of GFP particles and 37% of maximum production in the
case of PHA granules (Fig. 7A). BLA immobilized to PHA granules
performed consistently throughout the preincubation tempera-
ture range. In contrast, the performance of GFP-immobilized BLA
declined slowly to 73% of its maximum at a preincubation tem-
perature of 95°C (Fig. 7B). Both immobilization materials also
performed similarly for OpdA. Degradation efficiency began to
decline after treatment at 65°C, and by 95°C both systems were
able to degrade only 5% of the initially degraded methyl parathion
(Fig. 7C). However, in the case of OpdA, the GFP particles showed
more activity loss at temperatures between 65 and 95°C than the
PHA granules. GFP particles showed structural integrity and flu-
orescence up to a temperature of 75°C, as assessed by fluorescence
microscopy (see Fig. S1 in the supplemental material).

Effect of preincubation pH on GFP particle enzyme perfor-
mance. Enzyme-displaying particles were also exposed to a range
of pH conditions and then assessed for activity (Fig. 8). NanA was
functional on both GFP particles and PHA granules after treat-
ment at pHs of 4 to 11 but declined to minimal levels at the ex-

FIG 4 Schematic diagrams of the hybrid genes used in this study. Green fluorescent protein (GFP) was N-terminally extended by (M)AVTS and fused to a large
linker, either inactive PhaC or NanA, which was also fused to genes encoding functions of interest. The hybrid genes were then expressed in E. coli. The resulting
fluorescent protein particles were able to display active enzyme as demonstrated by N-acetyl neuraminic acid aldolase (NanA), organophosphohydrolase
(OpdA), and thermostable �-amylase (BLA). L, linker.
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tremes of pH (Fig. 8A). BLA was similar, with a slight decline at pH
11 when immobilized to GFP particles (Fig. 8B). OpdA showed a
decline in activity around pH 4; however, PHA beads showed no
decline in activity at pHs of 11 to 12, whereas GFP particles did
(Fig. 8C). The GFP particles began to aggregate at the extremes of
pH, possibly accounting for their loss of enzyme function (see Fig.
S2 in the supplemental material).

Long-term storage of enzyme-immobilized GFP particles.
After 97 days of storage at RT, both NanA-PhaC and GiCLN
showed little remaining NanA activity. The amount of Neu5Ac
produced by GiCLN particles after storage at RT was undetectable
compared with 23 and 24 mM Neu5Ac produced after storage at
4°C and �80°C, respectively. Long-term storage at these lower
temperatures resulted in an approximately 50% decline compared
to the initial production level of 50.6 mM Neu5Ac. The storage
temperature had little impact on BLA particles, with slight de-
clines seen in both the RT and �80°C GiCLB samples to 92% and
94% of initial activity, respectively, while the 4°C samples showed
a 4% increase. Although comparisons to initial activity could not
be made for the OpdA particles (see Materials and Methods), the
temperature of storage and suspension buffer used had little effect
on OpdA activity after 132 days of storage, with the �80°C sam-
ples exhibiting slightly higher activity (see Table S3 in the supple-
mental material). PhaC-OpdA and GiCLO particles were also

stored for 30 days at 37°C, 4°C, and �80°C. Both particles exhib-
ited consistent activity after storage at these temperatures (see
Table S3).

DISCUSSION

Previous research has shown that engineered GFP fusion proteins
can self-assemble into binding domain-displaying fluorescent
GFP particles inside recombinant E. coli (14). In this study, GFP
fusion proteins were investigated in view of their potential to serve
as scaffolds for covalent enzyme immobilization. Enzymes exhib-
iting various quaternary structures were translationally fused to
the C termini of engineered GFP fusion proteins, and the ability of
the GFP fusion proteins to self-assemble into fluorescent GFP
particles was assessed. Following the successful isolation of GFP
particles, their activity, stability, and reusability were examined.

Initially, three different types of NanA GFP fusion proteins
were assessed. Within these fusion proteins, NanA was situated as
the central domain (GNLZ), as the C terminus (GiCLN), or as a
central domain/C terminus double fusion (GNLN). All types of
fusion proteins mediated the formation of fluorescent GFP parti-
cles (Fig. 1) which could be stably maintained outside the cell.
Furthermore, the NanA GFP particles also exhibited NanA activ-
ity (Fig. 3). A small amount of background activity of up to 1.7%
Neu5Ac production was observed both for the negative control

FIG 5 Reaction time courses for all enzymes immobilized to GFP particles compared to the same enzyme immobilized to PHA granules. Each reaction proceeded
for 72 h with samples taken at 1 h, 2 h, 3 h, 4 h, 6 h, 12 h, 24 h, 48 h, and 72 h. (A) Twenty-five micrograms of NanA-PhaC or GiCLN fusion protein reacted with
0.2 M N-acetyl-D-mannosamine and 1 M sodium pyruvate at 50°C. The production of N-acetyl neuraminic acid was quantified by HPLC. (B) Fifty micrograms
of Bla(�ss)-PhaC, GiCLZ, or GiCLB fusion protein reacted with 1% starch solution at 25°C. The release of maltose was quantified by the �-amylase colorimetric
assay. (C) Fifty micrograms of PhaC-OpdA, GiCLZ, or GiCLO fusion protein reacted with 200 �M methyl parathion at 25°C. The release of paranitrophenol was
quantified by spectroscopy. Error bars are �1 standard deviation (n 	 3). G, GFP; iC, inactive PhaC; L, linker; N, NanA; B, BLA; O, OpdA; Z, ZZ.
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(GiCLZ) and for a reaction mixture containing no GFP particles
(data not shown). The formation of fluorescent particles and dis-
play of NanA activity are interesting due to the strict conforma-
tional requirements for GFP fluorescence and also the complexity
involved in the folding and assembly of a tetrameric enzyme,
NanA, into an active conformation (19, 20). Only two to three
particles were found in each cell (Fig. 1), resembling other types of
inclusion bodies (21).

GiCLN fusion protein-based GFP particles showed the highest
activity as assessed by Neu5Ac product formation from ManNAc
and pyruvate (Fig. 3). This difference in NanA activities of the
various fusion proteins could be due to differences in the exposure
and orientation of the enzyme at the particle surface, i.e., the ac-
cessibility of the enzyme active sites (20, 22) to the substrate, as
well as the ability of the enzyme to correctly fold and oligomerize
at each position in the multidomain fusion protein. Interestingly,
NanA in the central domain of the fusion protein was still active,
suggesting flexibility of this region to enable protein folding and to
form tetrameric structures in the particle itself. GNLZ particles
have already been shown to exhibit IgG binding activity via the ZZ
domain (14). That it also showed NanA activity demonstrated the
possibility of incorporating multiple protein functionalities into a

single GFP particle suitable for diagnostic applications where tar-
geting or binding specificity and enzyme function in combination
with a fluorescent label are beneficial.

Other enzymes, OpdA and BLA, were chosen to demon-
strate the versatility of GFP particles in displaying enzymes that
catalyze different types of reactions while exhibiting different
quaternary structures. As the NanA C-terminal fusion led to
the best activity, the same arrangement was used for OpdA and
BLA (Fig. 4). Both enzymes were fused to GiCL (GiCLO and
GiCLB, respectively) and mediated the formation of fluores-
cent protein particles inside recombinant E. coli (Fig. 1). Addi-
tionally, GiCLO and GiCLB particles could be isolated and stably
maintained outside the cell, as well as show the activity of their
constituent enzymes (Fig. 5).

A feature shared by all enzyme-bearing GFP particles used in
this study is their weak activity in comparison to that of PHA bead
controls when activity is standardized by the amount of fusion
protein (Fig. 5). These differences in activity could be attributable
to differences in the way in which PHA beads and GFP particles
form and the resultant display of enzyme, i.e., to the access of the
active sites to the substrate. Any protein that is fused to PhaC is
also displayed on the surface of a hydrophobic polyester bead (23,

FIG 6 Reusability of the immobilized enzyme GFP particles over four cycles. (A) Twenty-five micrograms of GiCLN fusion protein reacted with 0.2 M
N-acetyl-D-mannosamine and 1 M sodium pyruvate at 50°C for 48 h per cycle. The production of N-acetyl neuraminic acid was quantified by HPLC. (B)
Fifty micrograms of GiCLB fusion protein reacted with 1% starch solution at 25°C for 12 h per cycle. The release of maltose was quantified by the
�-amylase colorimetric assay. (C) Fifty micrograms of GiCLO fusion protein reacted with 200 �M methyl parathion at 25°C for 12 h per cycle. The release
of paranitrophenol was quantified by spectroscopy. Error bars are �1 standard deviation (n 	 3). G, GFP; iC, inactive PhaC; L, linker; N, NanA; B, BLA;
O, OpdA.
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24). In contrast, the GFP particles consisted of self-assembled GFP
fusion protein. Therefore, enzymes might be buried inside the
GFP particle with limited access to substrate.

The enzyme-bearing GFP particles were found to be reusable
and stable when exposed to a range of temperatures (4 to 95°C)
and pH values (2 to 12) (Fig. 6 to 8). GiCLB and GiCLN particles
were able to maintain reasonably constant levels of activity after
treatment at the temperatures assessed and were resistant to low-
and high-pH treatment. In contrast, GiCLO particles were the
most sensitive to heat treatment but showed resistance to ex-
tremes of pH. This is consistent with previous research on the
soluble form of these enzymes (10, 25–30). Native soluble BLA has
been shown to be stable up to 75°C and between pH 6.0 and 8.5
(29). The BLA variant used in this study has been modified to
increase thermostability by approximately 13°C (26). Soluble
NanA is stable up to 60°C, increasing to 75°C in the presence of
pyruvate, and between pH 6.0 and 9.0 (30). Soluble OpdA has
been shown to have an apparent melting temperature of 62°C;
however, activity rapidly decreased after 55°C (10). No structural
or stability data are currently available for OpdA from A. radio-
bacter; however, other similar phosphotriesterases have been
shown to be stable up to 50°C and between pH 6.0 and 10.0 (31,
32). The isoelectric points of BLA and NanA are 6.9 and 4.5,
respectively (27, 29), while the isoelectric point of a well-charac-

terized homologous phosphotriesterase from Brevundimonas
diminuta is 8.3 (33). Therefore, OpdA is proposed to be more
stable at alkaline pH. In comparison to the studies on soluble
enzyme, immobilization to GFP particles resulted in increased
thermostability and stability throughout a broader range of pH
values. The consistency of activity of each GFP particle varied after
consecutive cycles of use, with GiCLN particles showing the least
consistency while GiCLO particles showed the most. This could be
due to the higher reaction temperature and reaction time used for
the GiCLN particle assay (50°C and 48 h in comparison to 25°C
and 12 h) and an inherent ability of OpdA to reset to an active
conformation.

All enzyme-bearing GFP particles retained fluorescence up to
75°C (see Fig. S1 in the supplemental material), which correlated
with the thermostability of GFP (34, 35). Furthermore, individual
fluorescent particles can be observed between pH 5.0 and 12.0 (see
Fig. S2), which correlates with the fluorescence observed for wild-
type (wt) GFP and enhanced GFP (EGFP) (36, 37). Large fluores-
cent aggregates can be observed at 85°C and the extremes of pH;
however, the GFP molecules are presumably shielded from dena-
turation within the aggregates and have been shown to regain
fluorescence after denaturation (37). Furthermore, the aggrega-
tion behavior of the GFP particles at extreme pH might explain
changes in enzyme activity. At pH values where aggregation oc-

FIG 7 Temperature stability of enzymes immobilized to GFP particles. The particles were preincubated at 4°C, 15°C, 25°C, 35°C, 45°C, 55°C, 65°C, 75°C, 85°C,
and 95°C for 10 min and then subjected to their respective reactions. Activity is relative to the PhaC bead at 25°C. (A) Twenty-five micrograms of NanA-PhaC
or GiCLN fusion protein reacted with 0.2 M N-acetyl-D-mannosamine and 1 M sodium pyruvate at 50°C. The production of N-acetyl neuraminic acid was
quantified by HPLC. (B) Fifty micrograms of Bla(�ss)-PhaC or GiCLB fusion protein reacted with 1% starch solution at 25°C. The release of maltose was
quantified by the �-amylase colorimetric assay. (C) Fifty micrograms of PhaC-OpdA or GiCLO fusion protein reacted with 200 �M methyl parathion at 25°C.
The release of paranitrophenol was quantified by spectroscopy. Error bars are �1 standard deviation (n 	 3). G, GFP; iC, inactive PhaC; L, linker; N, NanA; B,
BLA; O, OpdA.
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curred, low levels of enzyme activity were observed. However, at
pH values where single GFP particles could be observed, high
levels of enzyme activity were detected. GiCLO particles displayed
higher activity at pH 11 and 12 than GiCLB and GiCLN particles,
which corresponded with the presence of individual fluorescent
particles as observed by fluorescence microscopy (see Fig. S2 in the
supplemental material). These data suggested that the C-terminal
fusion partner, the enzyme, impacted on pH stability with respect
to GFP particle aggregation.

PHA beads and GFP particles displaying the relevant enzymes
were assessed for storage stability at various temperatures and in
50 mM potassium phosphate buffer (pH 7.5) containing either
20% ethanol or 25% glycerol (see Table S3 in the supplemental
material). The GiCLB particles were stable at all tested tempera-
tures for at least 2 months without significant decline in activity.
All GiCLN samples were stored for 3 months; however, while par-
ticles stored at 4°C and �80°C retained about 50% of initial activ-
ity, particles stored at RT lost their activity. All GiCLO samples,
whether stored for 30 days or 4.5 months, exhibited similar levels
of activity.

Fluorescence microscopy analysis of GFP particles obtained
after long-term storage showed that the enzyme-bearing GFP par-
ticles retained their fluorescence, suggesting that GFP remained
intact (data not shown). These results indicated that variation in
storage stability is due to the stability of the respective enzymes

under the various conditions. The use of 20% (vol/vol) ethanol in
50 mM potassium phosphate buffer or 25% (vol/vol) glycerol in
50 mM potassium phosphate buffer appeared to have no signifi-
cant effects as samples stored at 4°C and �80°C exhibited similar
activity for all types of GFP particles tested (see Table S3 in the
supplemental material).

In this study, a one-step process of immobilization of enzymes
translationally fused to self-assembling engineered GFP fusion
proteins was investigated. Recombinant E. coli overproduced ac-
tive enzyme-bearing GFP particles. This self-assembly-based en-
zyme immobilization approach proved to be versatile as different
enzyme classes exhibiting various quaternary structures (mono-
mer, dimer, and tetramer) were successfully implemented. En-
zyme-bearing GFP particles were found to be stable and reusable,
suggesting their suitability for applications in food processing
and/or biotechnological industries.
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FIG 8 The pH stability of enzymes immobilized to GFP particles. The particles were preincubated at the indicated pH (2 to 12) for 10 min and then subjected
to their respective reactions. Activity is relative to the PhaC bead at pH 7.0. (A) Twenty-five micrograms of NanA-PhaC or GiCLN fusion protein reacted with
0.2 M N-acetyl-D-mannosamine and 1 M sodium pyruvate at 50°C. The production of N-acetyl neuraminic acid was quantified by HPLC. (B) Fifty micrograms
of Bla(�ss)-PhaC or GiCLB fusion protein reacted with 1% starch solution at 25°C. The release of maltose was quantified by the �-amylase colorimetric assay.
(C) Fifty micrograms of PhaC-OpdA or GiCLO fusion protein reacted with 200 �M methyl parathion at 25°C. The release of paranitrophenol was quantified by
spectroscopy. Error bars are �1 standard deviation (n 	 3). G, GFP; iC, inactive PhaC; L, linker; N, NanA; B, BLA; O, OpdA.
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