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Abstract Oleosins contain a unique hydrophobic domain

which is inserted into the oil matrix and are involved in

the formation and stability of plant oil bodies. These pro-

teins have also been reported to possess some allergenic

properties. Therefore, knowledge of its three-dimensional

structure is vital for further structural and immunological

characterization. However, due to the difficulty of soluble

recombinant expression in Escherichia coli, no studies

have been done in line with this goal. Here, we have

developed a novel expression and purification system for

three peanut oleosin isoforms (14 k, 16 k, and 18 k Da

oleosins). Oleosin cDNAs were cloned and subsequently

expressed in soluble form in insect cell-baculovirus system.

Recombinant proteins can be purified to homogeneity

using only Ni Sepharose affinity chromatography. Thermal

denaturation midpoint temperatures of recombinant oleo-

sins were also assayed and found to be very similar to that

of native oleosins, indicating proper structural conforma-

tion of the recombinant proteins.

Keywords Peanut � Oleosin � Allergen � Insect cell
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Abbreviations

TNM-FH Trichoplusia Ni medium-formulation hinks

FBS Fetal bovine serum

PBS Phosphate-buffered solution

DSC Differential scanning calorimetry

SDS-PAGE Sodium dodecyl sulfate—polyacrylamide

gel electrophoresis

1 Introduction

Oleosins are structural proteins responsible for the forma-

tion and stability of oil bodies in plant cells. Oil bodies are

cell organelles (about 0.2–2.0 lm in diameter) containing

mostly triacylglycerol that are surrounded by a single layer

of phospholipid and found in plant parts, such as, seeds,

tapetum cells, and pollen, with high oil content which

undergo extreme desiccation as part of their maturation

process [2, 4, 14].

Oleosins are also very useful in biotechnological

applications. Oleosins make up 8–20% of the total protein

in oil-rich seeds [2]. This protein has now been used in the

heterologous overexpression of commercial proteins in

plants. Proteins of interest can be fused to oleosin allowing

for their simple extraction from oil bodies, thus providing a

cost-efficient means for product purification [16]. Latest

studies have also attempted to develop new expression

systems in Escherichia coli using the oleosin-fusion tech-

nology and utilizing artificial oil bodies as carriers of the

recombinant fusion protein [5, 7, 16].

Oleosins are comprised of three parts. The N- and

C-terminal domains are hydrophilic, whereas the middle

part is extremely hydrophobic. This hydrophobic part is also

characterized by highly conserved proline residues forming

a unique proline-knot motif responsible for the hairpin-like

structure of the hydrophobic domain [1]. Structural

models show that the hydrophobic domain is inserted into

the triacylglycerol matrix, while the hydrophilic parts

are left outside oil bodies [2]. However, there is no
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three-dimensional data yet for oleosins. One of the main

reasons for this is the lack of a suitable recombinant

expression system that would lead to its expression and

purification in soluble form. Several studies have been

attempted to produce large amount of recombinant oleosin

using Escherichia coli system [4, 9, 13, 17] and in vitro

translation in rabbit reticulocyte lysate [2]. With the

exception of the relatively expensive in vitro translation

system or the use of mutated or truncated oleosin construct,

all intact recombinant oleosins produced in E. coli were

insoluble and usually purified under denaturing conditions.

Recently, these oleosins, particularly peanut oleosins [18],

have also been reported to possess potential allergenic

properties. Oleosins from the crude extract of sesame seeds

[12] and hazelnuts [3] have also been cited to have the same

allergenic property. Hence, this part of the study is aimed at

cloning three known peanut oleosin isoforms, namely, 14 k

(designated as Ara h 11 allergen), 16 k (Ara h 10), and

18 k Da oleosin; and optimizing their expression and

purification using insect cell (Sf9; Spodoptera frugiperda)-

baculovirus system. Although there has already been a report

of using Sf9-baculovirus system for small-scale crude

expression of the 18 kDa isoform, there was no mention of

whether or not the recombinant protein was soluble and no

actual purification was done in that study and the protein was

only used for western blotting and for ‘‘spiking’’ and

detecting the native oleosin protein [18]. Hence, this study

reports the first use of this system for the large-scale soluble

expression and subsequent purification of the three peanut

oleosin isoforms. The findings of this study can be used in

subsequent crystallographic, structural and immunologic

studies.

2 Materials and Methods

2.1 Cloning, Construction of Gateway Entry Vectors

and Recombination

Total RNA was isolated from freshly ground peanut seeds

using Trizol kit (Invitrogen, CA). The cDNA was amplified

using the RNA LA PCR Kit (AMV), Ver. 1.1 (Takara Bio,

Japan). The first-strand cDNA was synthesized with an

oligo(dT)-adapter primer containing an M13 primer M4

sequence (a component of RNA LA PCR Kit). The full-

length coding cDNA regions (with poly-histidine tag at

C-terminus) for 14 k (DQ097716), 16 k (AY722695), and

18 k (AF325917) Da oleosins were amplified using the

following primers: GCTGAAGCACTCTACTACGGCGG

CC and ATTATTGAATTCTTA GTGGTGATGGTGATG

ATGAGAAGCCTGGGCCCCACTGGTTTGT (14 k iso-

form), ACTGACCGTACCCAACCACACGCTGT and AT

TATTGCGGCCGC TTAGTGGTGATGGTGATGATGCT

GTCCTACATCCTTCGTCTTCTGT (16 k isoform), and

GCTACTGCTACTGATCGTGCACCTC and ATTATT

GCGGCCGCTTA GTGGTGATGGTGATGATGTGATGA

TGACCTCTTAACATCCTGG (18 k isoform). The

underlined bases are the restriction sites, bases in italics

correspond to the poly-histidine tag and bases in bold font

correspond to the stop codon. The start codon of each

construct was part of the NcoI site of the vector used. The

amplicons were then digested with either EcoRI (14 k Da

oleosin) or NotI (18 k and 16 k Da oleosins). The digested

fragments were then ligated to previously EcoRI- or NotI-

digested pENTR4 vector (Invitrogen, CA) generating the

Gateway entry clones. Sequencing was performed accord-

ing to the dideoxy method using ABI Prism 3100 DNA

analyzer (Applied Biosystems, CA).

These entry clones were then recombined with Bacu-

loDirect Linear DNA using Gateway LR Clonase II

enzyme (Invitrogen, CA). All procedures were done

according to manufacturer’s instructions.

2.2 Transfection and Expression of Peanut Oleosin

Isoforms in Sf9 Cells

Baculoviruses encoding recombinant proteins were gener-

ated in Sf9 cells using the BaculoDirect
TM

Baculovirus

Expression kit (Invitrogen, CA) following manufacturer’s

instructions. Briefly, through the use of Cellfectin�

reagent, resulting recombinant baculovirus contructs were

transfected into Sf9 cells under Grace’s Insect Medium-

Unsupplemented and incubated at 27 �C for 5 h. After-

wards, the medium was replaced with Complete TNM-FH

Medium [Grace’s Insect Medium-Supplemented, 10%

Fetal Bovine Serum (FBS)] plus 100 lM ganciclovir,

100 lg/ml penicillin–streptomycin, and 0.25 lg/ml

amphotericin B, and incubated further for 96 h at 27 �C to

produce the first viral generation (P1). Transfection was

then repeated for several generations (P2 to P10) using Sf9

in Complete TNM-FH Medium with 10 lg/ml gentamycin

to generate high-titer virus stocks and to optimize for the

best expression condition. Protein expression and solubility

of cell samples dissolved in 50 mM sodium phosphate

buffer pH 7.4 with 300 mM NaCl was assayed using 11%

gel Laemmli SDS-PAGE [11]. The effect of adding a

particular detergent was also tested and its concentration

was optimized to further reduce protein aggregation. In this

study, we used commonly available detergents, namely,

Triton X-100 [polyethylene glycol p-(1,1,3,3-tetramethyl-

butyl)-phenyl ether], Tween 20 [Polyoxyethylene (20)

sorbitan monolaurate], Nonidet P-40 (octyl phenox-

ypolyethoxylethanol) and CHAPS (3-[(3-Cholamidopro-

pyl)dimethylammonio]-1-propanesulfonate). The effect of

adding glycerol to the working buffer was also assayed.
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2.3 Large-Scale Expression and Purification

A 500 ml of Sf9 cell (1.7–1.9 9 106 cells/ml) suspension

culture in Sf-900 II SFM medium with 10 lg/ml gentamycin

was transfected with 2–3 ml of P8 viral stock and incubated

at 130 rpm for 3 days at 27 �C. Cells were then harvested at

9,800 g and washed four to six times with 50 mM Phos-

phate-buffered solution (PBS). Cells were centrifuged again

at 9,800 g and pellets were re-suspended and sonicated in

binding buffer [50 mM sodium phosphate buffer pH 7.4,

300 mM NaCl, 30 mM imidazole, 1.5% Nonidet P-40, 10%

glycerol, 0.1 mM p-APMSF, 1.2 lM leupeptin, 0.2 lM

pepstatin A, 0.02% (w/v) NaN3]. The lysate was further

centrifuged and filtered at 0.20 lM to remove insoluble

cellular debris. This was then applied on PD10 column with

Ni Sepharose fast flow resin (GE Healthcare, Uppsala) and

washed with wash buffer (similar to binding buffer but has

0.1 M imidazole). The bound protein was finally eluted with

elution buffer (similar to previous buffer but has 500 mM

imidazole). Fractions were analyzed by SDS-PAGE using

11% polyacrylamide gels.

2.4 Native Oleosin Purification from Peanut Seeds

Native oleosins were purified using the modified protocol of

Millichip and others [15]. Briefly, 10 g of previously har-

vested and dried peanut seeds were soaked overnight in

0.1 M phosphate buffer, pH 7.2 at 4 �C. Afterwards, the

cotyledons were removed from the seeds and ground finely in

a mortar with 2 parts (w/v) of 0.1 M phosphate buffer pH 7.2

with 0.33 M sucrose. The homogenates were filtered with

cheesecloth and diluted five to six-fold with the same buffer.

The solution was further stirred at room temperature for at

least 20 min and centrifuged at 20,000 g for 20 min. Oil

bodies should form a white fat pad at the surface of super-

natant. The fat pad was removed and dispersed in 50 mM

Tris–HCl buffer, pH 7.2, containing 9 M urea at a ratio of

50:1 (v/v) oil to buffer by stirring at room temperature for at

least 30 min. Afterwards, the solution was centrifuged at

20,000 g for 20 min, the fat pad was again recovered and

re-dissolved in the above-mentioned buffer. This step was

repeated at least three times to ensure removal of non-oil

body proteins. The fat pad was again dispersed in 50 mM

Tris–HCl buffer, pH 7.2, at a ratio of 60:1 (v/v) buffer to fat

and centrifuged at 20,000 g for 20 min. Finally, the fat pad

was recovered and oleosins were extracted with threefold

excess of acetone to remove neutral lipid by centrifugation at

13,500 g for 2 min. Lipid removal by acetone was repeated

three to five times. Protein pellet was dried under liquid

nitrogen and dissolved immediately with elution buffer (i.e.,

used in recombinant oleosin purification) in a rotary shaker

for at least 30 min at room temperature. Purity was then

checked by SDS-PAGE using 11% polyacrylamide gels.

2.5 Protein Measurement

The protein content of the all samples was determined

using the Protein Assay Rapid kit (Wako, Japan) with BSA

as the standard.

2.6 Western Blotting

Western blotting was performed after SDS–PAGE on an

11% polyacrylamide gel. The separated proteins on the gels

were transferred electrophoretically on a nitrocellulose

membrane (0.45 lm; Schleicher and Schuell, Dassel,

Germany), and recombinant proteins were detected using

mouse anti-6xHistidine IgG (Nacalai Tesque Inc., Kyoto,

Japan) followed by an anti-mouse IgG-alkaline phospha-

tase conjugate (Promega, WI).

3 Results

3.1 Cloning and Construction of Gateway Vectors

Figure 1 shows the amino acid sequence alignment of the

three cloned peanut oleosin isoforms. 14 k, 16 k, and

18 k Da oleosins have overall percent identity of 25.0%

among each other. 18 k is 32.2% identical to 16 k and 55.4%

identical to 14 k Da oleosin, while 16 k and 14 k Da oleo-

sins are 40.1% identical to each other. The residues inside the

gray large box are the residues of the hydrophobic domain as

calculated using Kyte and Doolittle hydropathicity scale [10]

and residues inside the inner (thicker borderline) box are the

ones that form the proline knot (three prolines), which is

responsible for the putative hairpin-like turn.

3.2 Expression and Solubility of Recombinant Peanut

Oleosins

The expression and initial solubility of the three peanut

oleosin isoforms obtained after 3 days of incubation at

27 �C dissolved in 50 mM sodium phosphate buffer pH 7.4

with 300 mM NaCl sonication buffer are shown in Fig. 2.

18 kDa oleosin had the highest expression level and

14 kDa oleosin had the lowest expression level among the

three isoforms as shown by SDS-PAGE and confirmed by

western blotting. In terms of solubility, all three isoforms

exists in soluble form in the insect cell (Sf9)-baculovirus

system.

3.3 Optimization of Buffer Conditions and Purification

of Recombinant Oleosins

We performed an initial purification using only 18 kDa

oleosin dissolved in the same sonication buffer employing
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Ni Sepharose affinity chromatography and eluted with

increasing imidazole concentration (10, 30 and 500 mM)

as prescribed by the manufacturer (Fig. 3). However, all

recombinant protein went with the flow-through fraction

indicating possible aggregation of the protein, thus pre-

venting proper binding to the column.

We then tested the effect of adding detergents and opti-

mized for their appropriate concentration in the same

phosphate buffer. Figure 4 shows the result of the purifica-

tion of the 18 kDa oleosin under different detergent addi-

tives and concentrations. Indeed, the addition of detergent

significantly improved the amount of obtainable protein and

confirmed the occurrence of protein aggregation. A total of 8

different detergent conditions were tested, namely, buffer

with 0.5% (Fig. 4a) and 1.5% (Fig. 4b) of Tween 20 (Non-

ionic detergent), 0.5% of Triton X-100 (Fig. 4c) (Non-ionic

detergent), a combination 0.5% Triton X 100 and 0.5%

Tween 20 (Fig. 4d), 0.5% (Fig. 4e) and 1.5% (Fig. 4f) of

Nonidet P-40 (Non-ionic detergent), and 0.5% (Fig. 4g) and

1.5% of CHAPS (Fig. 4h) (Zwitterionic detergent). We used

1.0 g of cell sample for sonication and subsequent purifi-

cation in each detergent treatment and found that the addi-

tion of Nonidet P-40 had the highest protein yield and had

the best effect on purification efficiency among all treat-

ments. In terms of positive effect on purification, the fol-

lowing order was observed among the detergents used:

Nonidet P-40 [ Triton X-100 C Tween 20 [ CHAPS.

A 1.5% detergent concentration in the buffer also showed

better result than with a 0.5% concentration.

To further minimize aggregation, the effect of addition

of glycerol was also tested. In this stage, we indeed found

(data not shown) that adding 10% glycerol reduced the

aggregation, as observed in the decrease in the amount of

aggregated oleosin in the uppermost portion of the gel and

increase in the amount of 18 kDa oleosin in the lower

portion of the gel. From here, we then used 1.5% of

Nonidet P-40 (v/v) and 10% glycerol (v/v) as buffer

additives in all subsequent purifications.

Figure 5a (lanes 1–3) shows the final purified peanut

oleosins after using the optimized buffer condition. As

shown by SDS-PAGE, although only one step Ni Sephar-

ose affinity purification was employed, the recombinant

proteins obtained are of high purity ([90%). Final protein

yield was 1.3 mg/L of culture for 18 k, 0.9 mg/L for 16 k

and 0.8 mg/L 14 k Da isoform. Figure 5a (lane N) also

shows the purified native peanut oleosins from seeds. As

shown, the bands found in the total native protein corre-

sponded to the bands of the individual recombinant

isoforms.

3.4 DSC Scan

All three recombinant oleosins showed particular ther-

mal midpoint denaturation or melting temperatures (Tm),

Fig. 1 CLUSTALW alignment of the amino acid sequence of 14 k,

16 k, and 18 k Da oleosins. Residues inside the larger box form

the hydrophobic domain and the residues inside the smaller box form

the proline knot. The symbol (-) and asterisk represent gaps and

conserved residues, respectively. Symbols (.) and (:) indicate the

relative degree of homology among the residues

Fig. 2 Expression and solubility of peanut oleosin isoforms in insect

cell (Sf9)-baculovirus system. C, control Sf9 lysate; I, 14 k; II, 16 k;

III, 18 k Da oleosin; IV, V and VI refer to the western blot result of

14 k, 16 k, and 18 k Da isoforms, respectively. T, S and I refer to

total, soluble, and insoluble fractions, respectively

Fig. 3 Initial purification of 18 kDa oleosin without the use of

detergent. T total lysate, F flow-through fraction, W after washing.

Lanes 1–4 are the eluted fractions. The arrow indicates the position of

18 kDa oleosin band
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indicating that the recombinant proteins possess some kind

of structural conformation (Fig. 5b). 14 k and 16 k Da

oleosins had Tm values of 50.4 and 50.1 �C, respectively,

while 18 kDa isoform had 59.1 �C. In the case of total

native oleosin sample, two Tm peaks, that is, *50 and

*59 �C, were found which closely coincide with the

individual peaks of 14 k/16 k and 18 k Da oleosins,

respectively.

4 Discussion

This study reports the novel use of the insect-cell baculo-

virus system for the soluble expression and subsequent

purification of the three peanut oleosin isoforms which are

generally produced as insoluble proteins in E. coli. This

study also presents that these proteins can be obtained with

high purity using only a single purification step and that

these proteins are similar to the native oleosins.

In particular, we successfully expressed all three known

peanut oleosin isoforms, namely, 14 k, 16 k, and 18 k Da

(Figs. 1 and 2) using the insect cell (Sf9)-baculovirus sys-

tem. Although the recombinant oleosins exist in soluble

form, the proteins did not initially bind to the Ni Sepharose

column. Fig. 3 revealed that most of the protein eluted with

the flow-though fraction, implying that something pre-

vented it from binding to the column. One possible reason

is the tendency of oleosins, being very hydrophobic in

nature, to form clusters or aggregates. The side chains of

amino acids such as alanine, isoleucine, leucine, methione,

phenylalanine, and valine, which are the principal amino

acids in the central domain of oleosin, have less interaction

with water; hence, it is energetically more favorable for its

two non-polar surfaces to approach each other closely and

aggregate. To verify this hypothesis, we tested the effect of

adding commonly available detergents (Fig. 4), namely,

Tween 20, Triton X- 100, Nonidet P-40, and CHAPS, and

optimized for their appropriate concentration, that is, from

0.5 to 1.5% (i.e., maximum concentration compatible with

Ni Sepharose resin), in all buffers used. Detergents are

good at forming micelles, which provide more solubility

to hydrophobic substances through the interactions of

hydrophobic tail groups, regardless of the hydrophilic head

groups [8]. Amphipathic molecules such as detergents form

hydrogen bonds with water molecules, while their hydro-

carbon chains cluster by hydrophobic interactions. These

properties allow detergent-formed micelles to render

hydrophobic substances more soluble and less aggregated.

We noted that elution time varies for every detergent,

indicating that oleosin’s affinity to the column is somehow

affected by the different detergent treatments. The non-

ionic detergent Nonidet P-40 showed the most significant

positive effect on the efficiency of oleosin purification. A

higher detergent (1.5% v/v) concentration also showed

higher protein yield. To further minimize aggregation, we

also checked the effect of adding 10% glycerol to the

buffer. Glycerol is known to increase solubility and

decrease aggregation of proteins due to its tendency to

Fig. 4 18 kDa oleosin

purification under different

detergent additives and

concentrations. a, sonication

and purification buffers with

0.5% of Tween 20; b, 1.5% of

Tween 20; c, 0.5% of Triton

X-100; d, 0.5% of Tween

20 ? 0.5% of Triton X-100; e,

0.5% of Nonidet P-40; f, 1.5%

of Nonidet P-40; g, 0.5% of

CHAPS; and h, 1.5% of

CHAPS. Lanes 1–6 refer to

eluted fractions. The arrow
indicates the position of 18 kDa

oleosin band
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interact greatly with water but not to interact with the

protein causing it to be preferentially exposed to water and

in a way stabilize the native structure of a protein [6].

Here, it has also been proven that glycerol has positive

effect on minimizing oleosin aggregation. The final puri-

fied recombinant oleosins after addition of 1.5% Nonidet

P-40 and 10% glycerol to both sonication and purification

buffers are shown in Fig. 5a. The proteins obtained are of

high purity ([90%) even using only one step purification

through Ni affinity chromatography and yielded a final

amount of 0.80 mg/L for 14 k, 0.90 mg/L for 16 k and

1.30 mg/L of culture for 18 k Da oleosins. To compare the

recombinant oleosins with the native oleosins, we also

purified the total native oleosin from peanut seed. Native

peanut oleosin isoforms were purified from isolated oil

bodies and extracted by acetone according to the com-

monly used procedure by Millichip and others [15]. Peng

and colleagues have shown that acetone extracted oleosins

can form stable artificial oil bodies similar to purified

native oil bodies [17] implying that acetone extraction

has no significant effect on the native conformation of the

seed-derived oleosins and can be used as reference for this

study. Here, we were also able to show that all three

recombinant oleosins exhibited particular thermal midpoint

denaturation or melting temperatures (Tm) (50.4 �C for

14 k, 50.1 �C for 16 k, and 59.1 �C for 18 k Da isoform)

and the Tm of the three recombinant isoforms also corre-

sponded closely to the two melting temperature peaks

(*50 and 59 �C) found in the total native oleosin sample,

indicating that the recombinant proteins was properly fol-

ded and that it is was not denatured nor affected by the high

detergent (Nonidet P-40) buffer condition (Fig. 5b). This

further implies that the recombinant oleosins have struc-

tural conformations similar to the native proteins. 14 k and

16 k Da isoforms corresponded to the first peak while

18 kDa isoform corresponded to the second peak of the

total native oleosin. This is a very important consideration

for future crystallographic and structural studies on these

recombinant oleosins. We also tried to estimate the relative

proportion of the three isoforms of oleosin in the seed by

calculating the area of each peak in the DSC profile and

found that around 28% of the total oleosin protein may be

comprised of 14 k and 16 k Da oleosins and 72% of it may

be comprised of the 18 kDa protein. In this study, we also

attempted to check for the IgE reactivity of the recombi-

nant oleosins using sera from peanut allergic patients (data

not shown). Unfortunately, no serum positively reacted to

the purified isoforms. One possible reason for this is that

the sera used were taken from patients primarily allergic to

major peanut allergens (Ara h 1–3, 5 and 8). Nonetheless,

this does not prove that peanut oleosins are non-allergenic

but simply indicate that, as allergens, oleosins are not as

important and prevalent as the other known peanut aller-

gens. Although in this study IgE reactivity to these indi-

vidual oleosin isoforms has not been established, still these

highly pure recombinant isoforms can definitely be used

for isoform specific diagnosis for patients having oleosin-

specific allergy.
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