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ABSTRACT: The process of immobilizing enzymes is a major 
cost factor in the utilization of heterogeneous catalysts on an 
industrial scale. We have developed a new strategy, based on 
plant genetic manipulation, for the production of foreign pep- 
tides associated with the oil body in plant seeds. Seeds of trans- 
genic rapeseed can be produced on a large scale at relatively 
low cost. Furthermore, oil bodies are readily isolated from seeds 
by floatation centrifugation. In this paper, we describe some 
physical and operational properties of an oil body--fusion pro- 
tein complex and its suitability as a heterogeneous catalyst. Oil 
bodies from rapeseed, corn, and flax aggregate at pH 5, which 
facilitates their recovery by floatation. Oil bodies from trans- 
genic rapeseed, carrying the reporter gene ff-glucuronidase or 
the pharmaceutical peptide, hirudin, also aggregate in the same 
range. This aggregation is reversible. Oil bodies are resistant to 
a wide range of pH, with some lysis occurring (<10%) at the ex- 
tremes. They are resistant to shearing forces, such as stirring. 
The thermal and pH stabilities, as well as the catalytic activity 
of [3-glucuronidase expressed on the oil body surface, are com- 
parable to those of free [3-glucuronidase enzyme. 
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made it possible to investigate the use of transgenic plants for 
large-scale production of foreign peptides and proteins (3-7). 
Farming costs associated with growing and harvesting of plants 
are relatively small compared to the scale-up costs associated 
with microbial, fungal, or mammalian cell cultures. Plant- 
based production systems, therefore, provide an attractive al- 
ternative for the production of enzymes or peptides. 

Recently, our laboratory has developed a novel strategy for 
the production and purification of foreign proteins and peptides 
in seeds (8,9). This strategy involves the fusion of the protein 
of interest to oleosin. Oleosins are structural proteins that are 
tightly associated with the oil body, the natural oil storage or- 
ganelle of the plant seed (10). The amino and carboxy termini 
of the oleosins are exposed on the surface of the oil body 
(9,10), while the highly conserved hydrophobic central domain 
is proposed to be embedded into the oil body matrix, securely 
anchoring the oleosin molecule to the oil body (Fig. 1). Oil 
bodies from a variety of oilseeds, including Brassica napus, 
are 0.5 to 2.5 I-tm in diameter (10). 

KEY WORDS: 13-Glucuronidase, immobilized enzyme, oil 
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Immobilized enzyme technology has applications in clinical, 
pharmaceutical, chemical, and food industries (1). Economic 
factors, such as the cost of enzymes, immobilization, capital 
investment and cleanup, as well as overall system performance, 
are determinants in utilization of immobilized enzymes (2). 
Conventional immobilization of enzymes employs a solid sup- 
port matrix, such as acrylamide, cellulose and alginate, onto 
which the enzyme is attached by adsorption, entrapment, or co- 
valent binding. 

In recent years, rapid progress has been made in the area of 
plant genetic engineering. This was made possible by the de- 
velopment of plant transformation techniques by a variety of 
biological (Agrobacterium-mediated) and physical (e.g., biolis- 
tics, polyethylene glycol-mediated) methods. This research has 
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FIG. 1. Schematic representation of a transgenic oil body, based on the 
models of Huang (10) and van Rooijen and Moloney (8). The reporter 
gene [3-glucuronidase (GUS) is expressed on the oil body surface as an 
oleosin--GUS fusion protein. Brassica napus oil bodies are 0.5-2.5 I, tm 
in diameter. The molecules are not drawn to scale. 
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Oil bodies, and proteins associated with them, can be eas- 
ily separated from the majority of other seed cell components 
by floatation centrifugation, which facilitates the purification 
of the desired protein. Our previous studies demonstrated that 
foreign proteins that are expressed as oleosin fusion proteins 
in transgenic plants of B. napus are correctly targeted into the 
oil body and remain on the oil body surface (8). When the for- 
eign protein is fused to the oleosin via a linker that comprises 
a protease recognition site, this system allows for facilitated 
purification of the produced protein. Using this strategy, we 
have been able to produce and purify the blood anticoagulant 
hirudin and demonstrate its biological activity (9). Alterna- 
tively, if the protein is biologically active after fusion, the oil 
body complex can potentially be used as a heterogeneous cat- 
alyst. This approach completely bypasses the process of im- 
mobilization, which now takes place in vivo. 

We have previously generated transgenic plants that ex- 
press an enzymatically active oleosin-~-glucuronidase (GUS) 
fusion protein on the oil body surface (8). The bacterial en- 
zyme GUS catalyzes the cleavage of a wide variety of I~-glu- 
curonides. Its absence in higher plants and its specific and 
sensitive activity assay render it an ideal reporter enzyme in 
plants. Here, we describe some of the physical properties of 
the oil body and the kinetic properties of the GUS enzyme at- 
tached to it by following the Guidelines for the Characteriza- 
tion of Immobilized Biocatalysts (11). 

MATERIALS AND METHODS 

Transgenic Brassica napus (rapeseed) with an oleosin-~-glu- 
curonidase gene. Vector construction, introduction of the vec- 
tor in Agrobacterium, plant transformation, and regeneration 
were previously described in van Rooijen and Moloney (12). 
The transgenic seeds used in this study are derived from a sin- 
gle plant transformed with pCGYOBPGUSD, called D10, se- 
lected for its high expression of GUS associated with the oil 
bodies. A schematic representation of an oil body that con- 
tains endogenous oleosin and oleosin-~-glucuronidase pro- 
tein is shown in Figure 1. 

Isolation ofoil bodies. Oil bodies were isolated by floata- 
tion centrifugation as previously described (8). Dry, mature 
seeds were ground in Tricine buffer B (0. ! 5 M Tricine-KOH 
pH 7.5, 10 mM KCI, 1 mM MgC12, 1 mM EDTA, 0.6 M su- 
crose) with mortar and pestle for 5 min. The homogenate was 
filtered through a layer of miracloth and centrifuged at 16,250 
x g for 15 min. The fat pad containing the oil bodies was re- 
moved, resuspended in fresh Tricine buffer B, overlaid with 
an equal volume of Tricine buffer A (0.15 M Tricine-KOH 
pH 7.5, 10 mM KCI, 1 mM MgCI 2, 1 mM EDTA, 0. l M su- 
crose) and centrifuged at 16,250 • g for 15 min. This proce- 
dure was repeated twice. Purified oil bodies were resuspended 
in Tricine buffer A for storage or in double distilled water for 
pH experiments. 

Fractionation ofoil body preparations. One mL of oil body 
suspension was centrifuged in a TLS-55 swinging bucket rotor 
in the TL-100 tabletop ultracentrifuge (Beckman, 

Mississauga, Ontario, Canada) at 100,000 x g for 1 h at 4~ 
The fat pad containing the oil bodies was removed with a 
spatula and resuspended in 500 ~L Tricine buffer A. The su- 
pernatant was transferred into a fresh tube. The tube contain- 
ing the pellet was drained, and the pellet was resuspended in 
100 ~L Tricine buffer A. GUS activity was standardized to 
reflect the total activity of the fraction. 

Absorbance measurements. Optical density at 650 nm 
(OD650) was measured as follows: 5 to 10 ~tL oil body sus- 
pension in water was added to 1.5 mL buffer of a specific pH 
in a 1.5-mL cuvette. The cuvette was covered with parafilm, 
inverted three times, and absorbance was measured at 650 nm 
to yield t o value. The cuvettes were left for 18 h at room tem- 
perature with minimal disturbance and measured again for t 18 
value. Relative OD650 was calculated as (OD650 at t18/OD650 
at to) x 100%. The buffers used were KCI/HCI (pH 1.4-2.4), 
citric acid/Na2HPO 4 (pH 2.8-7.6), and boric acid/NaOH (pH 
8-10) (13). For the inversion experiments, described in the 
section Effects of pH on oil body aggregation, oil bodies were 
incubated in citric acid/Na2HPO 4 buffers of pH2.6, 5.1, and 
7.9, respectively, in a 50-mL flask. At t = 0, 1.5 mL of the sus- 
pension was taken for OD measurements in a 1.5-mL cuvette. 
After 18 h, the OD of the suspension in the cuvettes was mea- 
sured again with minimal disturbance. The flasks were agi- 
tated, and the pH of the flask at 5.1 was decreased with con- 
centrated HCI or increased with concentrated NaOH. Again, 
absorbance of 1.5-mL aliquots was measured at 650 nm at 
time 0 and 18 h. 

Expression of bacterial fl-glucuronidase. The GUS gene 
was cloned into the bacterial expression vector pKK233-2 
(Clontech, Palo Alto, CA) and transformed into Escherichia 
coli strain DH5oc. Bacteria carrying this plasmid were grown 
o/n in LB media with ampicillin (50 ~tg/mL). The cells were 
pelleted by centrifugation, washed with STE (100 mM NaCI, 
10 mM Tris.C1 pH 7.5, 1 mM EDTA), and lysed with 
lysozyme (4 mg/mL) in GUS extraction buffer (50 mM 
sodium phosphate pH 7.0, 10 mM DTT, 1 mM EDTA, 0.1% 
sarkosyl, 0.1% Triton X-100) (14) at 37~ After centrifuga- 
tion, the nonviscous top layer was removed and used as a 
source of "free" enzyme. 

GUS assay. The GUS assays were performed in GUS ex- 
traction buffer with 1 mM MUG (4-methyl umbelliferyl glu- 
curonide; Jersey Lab Supply, Livingston, NJ) as described by 
Jefferson (14). The GUS enzyme catalyses the conversion of 
MUG to MU (4-methyl-umbelliferone). The accumulation of 
MU was measured on a Hitachi F-2000 fluorescence spec- 
trophotometer (Tokyo, Japan) with excitation wavelength at 
365 nm and emission at 455 nm. 

Determination of K m and Vma x of free and immobilized fl- 
glucuronidase. Dilutions of "free" GUS, produced in E. coil 
and oil body-bound GUS, produced in Brassica seeds, were 
made to generate maximum fluorescence reading at 3-h incu- 
bation and 1 mM substrate. Reactions (500 ~L) with increas- 
ing MUG concentrations were incubated at 37~ 100%tL 
aliquots were taken at 5, 30, 90, and 180 rain. To obtain the 
Lineweaver-Burk plot, slope values of generated trendlines 
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were plotted against substrate concentrations in reciprocals. 
K m and Vma x values of the reactions were calculated from the 
x and y intercepts of the plots, respectively. 

The effect of  stirring on oil body integrity. Resistance of 
the immobilized complex to shearing forces is an important 
parameter in the application of the system on an industrial 

RESULTS 

Effect of pH on oil body aggregation. Oil bodies can be iso- 
lated by floatation centrifugation at relatively low g forces 
(15). Even though this separation is sufficient, complete re- 
covery of the oil body fraction and ease of handling is ham- 
pered by easy disturbance of the fat pad. Oil bodies are nega- 
tively charged at neutral pH due to the negative and positive 
charges of the phospholipids and proteins, respectively (16). 
A decrease of the pH to 6.7 results in the loss of the negative 
charge and permits aggregation of the oil bodies. Further de- 
crease of the pH results in the acquisition of a positive charge 
and a consequent loss of aggregation (16,17). The relative de- 
gree of aggregation can be monitored by OD650. When oil 
bodies aggregate, they reach a floatation equilibrium faster 
than nonaggregated oil bodies. OD of the liquid in the lower 
portion of the cuvette, after 18 h with minimal disturbance, is 
inversely proportional to the degree of aggregation. Figure 2 
shows the pH range at which oil bodies from various sources 
aggregate. Oil bodies from recombinant seeds, carrying 
oleosin--GUS fusion protein or oleosin--hirudin (9), aggre- 
gate in the same pH range as wild-type oil bodies, with a max- 
imum aggregation at pH 5 (Fig. 2A). This suggests that the 
attached peptide at this level of expression does not influence 
the overall charge of the oil body. Also, wild-type oil bodies 
from corn and flax aggregate in the same pH range (Fig. 2B). 

To reuse the oil bodies as a source of immobilized enzyme, 
disaggregation may be necessary. Results in Table 1 show that 
aggregation is in part reversible. Increase or decrease of the 
pH after initial aggregation at pH 5.1 resulted in dispersal of 
the aggregates and a corresponding increase of OD650. This 
is in agreement with earlier reports (16,17). 

Effect of pH on oil body stability. To assess the degree of 
damage to the oil bodies by the various pH treatments, oil bod- 
ies carrying the reporter gene GUS as an oleosin fusion were 
used. Oil bodies are surrounded by a half-unit membrane (18). 
Rupture of the membrane results in the release of the oil and an 
oil body "ghost", which can be separated from the intact oil 
body by high-speed centrifugation. At 100,000 • g, membranes 
from ruptured oil bodies may be pelleted, while intact oil bod- 
ies form a fat pad. GUS enzyme activity was assayed in the pel- 
let, supernatant, and oil body fractions after the preparations 
were incubated at pH 2.6, 5.8, 7.8, and 8.4 for 18 h (Table 2): 
2.3 and 7.2% of GUS activity was found in the pellet fraction 
after pH 7.8 and 8.4 treatment, respectively. GUS activity re- 
mained entirely associated with the oil body fraction after pH 
5.8 treatment, suggesting that oil bodies are indeed less stable 
at higher pH values. Due to inactivation of GUS by pH 2.7, we 
were unable to measure the effect of this pH on the stability of 
the oil body. However, the presence of large membrane pellets 
in both pH 2.7 and pH 8.4-treated samples suggests that oil 
body lysis also occurs at pH 2.7 (Table 2). 
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FIG. 2. Aggregation of oil bodies at varying pH values. Five to 10 IXL of 
oil body suspensions in water were added to 1.5-mL pH buffer in a 1.5- 
mL cuvette. The buffers were HCI/KCI for pH 1.4 to 2.4, citric 
acid/Na2HPO 4 for pH 2.8 to 7.6 and boric acid/NaOH for pH 8 to 10. 
Optical density (OD650) was measured at time 0 and at 18 h. Relative 
OD650 was calculated as (OD6s 0 at t78/OD650 at t 0) x 100%. (A) Wild- 
type Brassica napus (rapeseed) and two transgenic lines, expressing 
hirudin and GUS, respectively; 4,, wild-type; [Z], GUS; &, hirudin. (B) 
wild-type rapeseed, corn, and flax oil bodies �9 rapeseed; II, flax; @, 
corn. (C) A high concentration of rapeseed oil bodies was added to cit- 
ric acid/Na2HPO 4 buffer of the indicated pH. Pictures were taken at 
time 0 and at 18 h. 
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TABLE 1 
Inversion of Aggregation of Oil Bodies of Brassica napus 
at Various pH a 

Relative OD650 (%) 

pH t o t18 l 0 t'18 

2.6 100 57 100 68 

5.1 100 9 100 , ~,b/2,7 ~ 
/ / 

1,231 c 
7.9 100 54 100 63 

aWild-type rapeseed oil bodies were incubated in citric acid/Na2HPO 4 
buffers of pH 2.6, 5.1, and 7.9, respectively, in a 50-mL flask. At time t o, 

1.5 mL of the suspension was taken for optical density (OD) measurements 
in a 1.5-mL cuvette. After 18 h, the cuvettes were measured again with min- 
imal disturbance (t18). The flasks were then agitated, and the pH of the flask 
at 5.1, at which aggregation is maximal, was decreased with concentrated 
HCI to 2.68 or increased with concentrated NaOH to 7.9 c. Absorbance of 
1.5-mL aliquots was measured at 650 nm attime 0 (t" 0) and at 18 h (t'18). 
Absorbance relative to t o and t' 0 is given. 

scale. A suspension with a high oil body concentration was 
stirred on a magnetic stirrer at 4~ for 5 d at approximately 
300 rpm. One-mL aliquots were taken at time intervals and 
kept at 4~ until the end of the experiment. Damage to the oil 
bodies was determined by assaying GUS activity in oil body, 
supernatant, and pellet fractions after 100,000 x g centrifuga- 
tion. Throughout the experiment, GUS activity remained as- 
sociated with the oil body fraction and at a constant level, 
with 0.1% of the activity in the pellet fraction. Damage to the 

GUS enzyme and the oil body did occur when the stirred vol- 
ume of the suspension became so low that the magnetic stir- 
rer was exposed above the liquid surface. After 5 d of stirring, 
total GUS activity decreased to 37% of the initial activity, 
with approximately half of the activity in the pellet fraction. 

Properties of the oil body-associated GUS enzyme. Immo- 
bilization of an enzyme by conventional methods often re- 
sults in altered properties of the enzyme (19,20). We deter- 
mined the thermal and pH stabilities (Table 3) as well as the 
catalytic activity (Fig. 3) of oil body-immobilized GUS. Free 
and immobilized GUS samples were incubated for 2 h at var- 
ious temperatures or pH buffers prior to the GUS assay. The 
assay was performed at 37~ and pH 7.5. As shown in Table 
3, free and oil body-associated GUS exhibit comparable sen- 
sitivity to temperature and pH. 

Catalytic parameters were determined by kinetic experi- 
ments, shown in Figure 3, interpreted in a Lineweaver-Burk 
plot. Free and oil body-associated GUS enzyme showed sim- 
ilar K m of 272 and 276 ~tM, respectively, and Vma x, 0.595 and 
0.552 ~M �9 min -1. The size and density of the oil bodies at 
pH 7.5, which are the reaction conditions, are such that no 
significant partitioning occurred during the reaction. 

D I S C U S S I O N  

Our previous studies demonstrated that foreign peptides ex- 
pressed as oleosin fusion peptides in transgenic plants are cor- 

TABLE 2 
Relative GUS Activity and Protein Content in Fractions After pH Treatment and Fractionation Centrifugation a 

GUS activity Protein b 
pH Total (%) Oil body (%) Supematant (%) Pellet (%) Pellet (%) 

2.7 0 0 0 0 1.6 
5.8 100 94 n.d. c 0.1 0.3 
7.8 100 85 1 2.3 1.5 
8.4 100 67 4.3 7.2 2 

aOne mL of oil body suspension was centrifuged in a TLS-55 swinging bucket rotor in the TL-100 tabletop ultracentrifuge 
(Beckman) at 100,000 x g for 1 h at 4~ The fat pad, containing intact oil bodies, was removed with a spatula and resus- 
pended in 500 p,L Tricine buffer A, with some loss of oil bodies occurring at this step. The supernatant was transferred 
into a fresh tube. The tube containing the pellet was drained, and the pellet was resuspended in 100 ~tL Tricine buffer A. 
The GUS activity was standardized to reflect the total activity of the fractions. 
bpercent protein relative to total protein in oil body preparation prior to fractionation. 
CNot determined. 

TABLE 3 
Effect of Temperature and pH on Free and Oil Body-Immobilized GUS a 

Temp. (~ Free GUS (%) Imm. GUS (%) pH Free GUS (%) Imm. GUS (%) 

4 100 100 4 0.4 0.9 
2O 98 94 5 17 15 
28 91 91 7 100 100 
37 92 88 8 108 94 
45 96 75 9 69 64 
55 58 52 
65 3 2 

aSamples were incubated at the indicated conditions for 2 h prior to the GUS assay. The assay was performed under stan- 
dard conditions at 37~ and pH 7.5. Activity at 4~ and pH 7 was set at 100%. 
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FIG. 3. Lineweaver-Burk plot of free and oil body-associated 13-glu- 
curonidase. K m (272 and 276 ~tM) and Vmax(0.595 and 0.552 uM. min -1) 
values were calculated from the x- and y-intercepts of the trendline, re- 
spectively. 

rectly targeted and expressed on the surface of  the oil body 
(8,9). The scale and costs at which B. napus seeds are pro- 
duced and the ease of  oil body isolation make this an attrac- 
tive system for the production of  heterologous proteins, in- 
cluding enzymes.  This paper describes properties of  the oil 
body and its potential use as a natural immobilization matrix. 

It is interesting that the addition of  foreign polypeptides, 
such as GUS and hirudin, does not affect the pH prange of  ag- 
gregation of  the oil bodies. The predicted isoelectric point (pI) 
values of  those peptides are 5.6 and 3.9, respectively. One pos- 
sibility is that the ratio of  the peptide the the rest of  the oil body 
molecules is small and its charge contribution negligible. Al- 
ternatively, changes in the oil body composition, such as the 
free fatty acids (16), may compensate for the change of charge, 
to maintain a physiologically optimal pI. Despite divergence of 
C- and N-terminal oleosin sequences between species, flax and 
corn oil bodies also aggregate in the same pH range. This also 
suggests that a selective mechanism may exist to maintain an 
optimal pI of  the oil body. Oil bodies are sensitive to low and 
high pH. They are resistant to the physical forces of  stirring. 

In the fusion protein, the foreign peptide is attached to the 
oil body by a peptide bond of  the first amino acid. Covalent 
binding is the most secure method of  immobilization. Con- 
ventional immobilization by cross-linking often results in par- 
tial loss of  enzyme activity (19). Furthermore, the chemicals 
used for the cross-linking are often toxic, which limits its ap- 
plication in food processing (2). Our kinetic studies show that 
attachment of  GUS to the oil body surface has no effect on 
the enzyme's  apparent K m nor its thermal and pH stability. It 
seems that, in this configuration, the enzyme is not affected 
by steric hindrance of  the oil body. 

We have previously shown that oil bodies expressing GUS 
can be recovered by centrifugation and reused as a heteroge- 
neous catalyst (8). In addition, after the enzyme associated 

with the oil body reaches an activity that is no longer suitable 
for production, it is conceivable that the oil can be extracted 
from the oil bodies and used for industrial applications. Cur- 
rently, we are investigating the wider applicability of the sys- 
tem to other enzymes with more immediate industrial rele- 
vance. These include xylanases, glycanases, and a variety of  
site-specific proteolytic enzymes. 
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