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A B S T R A C T

During the extraction of membrane proteins from oil bodies (OBs), organic solvents dissolve the lipid core and 
precipitate proteins through solvent stress. Here the effects of solvent type and defatting sequence on the 
composition and structure of membrane proteins were investigated via SDS-PAGE, FTIR, and SEM-EDS. High 
purity oleosin (86 %) was obtained by treatment first with a Floch solution and then with cold acetone and 
petroleum ether after twice washing OBs with urea. The 3D spatial structure of oleosin was predicted using 
AlphaFold 2, revealing that the secondary structure of oleosin was dominated by α-helices (>60 %). Oleosin 
consisted of two district types, with oleosin-H (16–17 kDa) being the part of the molecule with limited water 
solubility, while oleosin-L (13–14 kDa) constituted the non-soluble part. The results provided a technical means 
of efficient extraction of Camellia oleosins and selective separation of oleosin-L and oleosin-H.

1. Introduction

Oil bodies (OBs) are a subcellular structure in oilseed for lipid stor-
age (De Chirico et al., 2020). Interestingly, OBs possess a natural 
emulsion structure, which is composed of a triacylglycerol core and an 
interfacial film co-stabilized by a monolayer of phospholipids and 
membrane proteins (Nikiforidis, 2019). Despite accounting for only 
0.6–3.0 % of the total mass of OBs, these membrane proteins stabilize up 
to 70 % of the triacylglycerols (Pasaribu, Chen, Liao, Jiang, & Tzen, 
2017), which are potential candidates for highly efficient surface-active 
substances (Plankensteiner, Hennebelle, Vincken, & Nikiforidis, 2024). 
Therefore, it is necessary to achieve a high yield extraction and under-
standing of conformational structure during the extraction.

The extraction of oil body membrane proteins (OBMPs) involves two 
steps. The first step is to obtain high purity OBs through aqueous 
extraction with the aid of enzymes (e.g., carbohydrase, and proteases) or 
a buffer (e.g., Tris-HCl and PBS) (Hao et al., 2022). Because the density 
of the lipid core in OBs is lower than that of water, OBs can easily cream 

and then be separated by centrifugation (Niu et al., 2024). The extracted 
pH is often adjusted to alkaline condition (pH 8.0–11.0), resulting in the 
removal of globulin and 2S albumin that also easily adsorbed on the 
surface of the OBs (Zhao, Chen, Chen, Kong, & Hua, 2016). To obtain 
purified OBs, urea and sodium dodecyl sulfonate (SDS) can be added to 
eliminate other impurities, including endogenous enzymes. The second 
step is removed the lipid core from OBs using organic solvents, such as 
cold acetone (Zhou, Chen, Hao, Du, & Liu, 2019), hexane (Lin, Liao, 
Yang, & Tzen, 2005), chloroform/methanol mixtures (D’Andréa et al., 
2007; Vargo, Parthasarathy, & Hammer, 2012), diethylether 
(Nikiforidis et al., 2013), or a combination.

Organic solvents determine the purity, structure and property of 
membrane proteins. For example, the purity of oleosin extracted from 
Arabidopsis thaliana seed was only 16 % with a chloroform-methanol 
ratio of 5:4, whereas when the chloroform-methanol ratio elevated to 
11:7, the extraction purity of oleosin increased to 78.7 % (D’Andréa 
et al., 2007). Plankensteiner et al. (2023) used methanol, hexane, and 
ethanol to extract the oleosin in sequence, and the extracted recovery 
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reached 94 ± 1.4 % with a purity of 87.1 ± 1.9 %. Besides, organic 
solvents also have a great impact on protein folding, assembled struc-
ture, and functional properties by modulating hydrophobic interactions 
and hydrogen bonds (Yu, Wang, Shao, Shi, & Zhu, 2016). Altering an 
organic solvent polarity can induce different protein conformations 
(Neubauer, Trossmann, Jacobi, Döbl, & Scheibel, 2021). For example, 
pre-cooled acetone treatment of laccase increased its enzyme activity by 
two times (Wu et al., 2019). Zhong et al. (2023) found that ethanol 
induced soybean lipophilic protein to assemble into nanoparticles that 
encapsulated resveratrol. When the ethanol content varied from 0 to 70 
% (v/v), nanoparticles showed significant differences in the structure, 
size, and morphology. These findings are all attributed to the manipu-
lation of protein-protein and protein-solvent interactions in organic 
solvents (Nandakumar, Ito, & Ueda, 2020).

This work focuses on Camellia oleifera, one of the world’s four woody 
edible oil crops. Statistics in 2020 showed that China’s annual produc-
tion of C. oleifera reached 6.27 million tons, accounting for over 90 % of 
the world’s production (Zhang et al., 2022). According to genome and 
transcriptome analyses, there are two types of OBMPs in OBs, oleosin 
and caleosin, that are directly related to lipid storage in C. oleifera, of 
which oleosin has the highest abundance and plays an essential role 
(Feng et al., 2017; Zhang et al., 2023). Here, organic solvents, including 
cold acetone, petroleum ether, and a chloroform-methanol mixture, 
were used for lipid removal and oleosin extraction in different combi-
nations. The influence of solvent polarity on the extraction process, 
secondary structure, and assembled behavior of OBMPs were studied. 
This work offers an efficient solution to obtain C. oleifera oleosin for 
further applications.

2. Materials and methods

2.1. Materials

C. oleifera seeds were purchased from Quzhou farm, Zhejiang, China. 
Chemical reagents, such as urea, NaOH, NaCl, acetone, petroleum ether, 
chloroform, and methanol were analytical grade, and were supplied 
from Sinopharm Group Chemical Reagent Co., LTD (Shanghai, China). 
Deionized water (DI) was obtained using a Milli-Q Water system (Merck 
Millipore, Billerica, MA, USA) with a resistivity of 18.2 MΩ⋅cm.

2.2. Extraction and purification of oil bodies

The OBs were extracted using an aqueous extraction method, as 
shows in Fig. 1 (Niu et al., 2024). First, the C. oleifera seeds and 
deionized water were homogenized at a ratio of 1:4–1:99 for 3 min using 
a blender (M-WBL2521H, Midea, Guangzhou, China), the pH of the 
mixture was adjusted to 9.0–11 by adding NaOH, and the mixture was 
stirred for 30 min. The slurries were filtered with 200 mesh gauze, 
centrifuged at 6000 ×g for 30 min, and the cream layer was obtained as 
the crude OBs. Next, the corresponding pH solution was added into the 
crude OBs at a ratio of 1:5, stirred for 10 min, and centrifuged at 10,000 

×g for 10 min. The bottom phase was discarded, and the cream phase 
was washed using urea (0.8–6.4 M) with 1–3 times. During each 
washing cycle, the duration of mixing was 10 min, and dispersions were 
centrifuged at 10,000 ×g for 10 min. Finally, deionized water was added 
at a 1:5 ratio to remove residual urea, and the purified OBs were ob-
tained as the cream layer after centrifugation at 10,000 ×g for 10 min. 
The yield of OBs extracted with different parameters was calculated 
according to the following equation: 

OB yield (wt%) =
g of purified OBs

g of seeds weighed as raw materials
× 100 

2.3. Extraction of oil body membrane proteins

The organic solvents used to remove the lipid core of OBs comprised 
four types: cold acetone-petroleum ether, chloroform-methanol (2:1), 
cold acetone-petroleum ether/chloroform-methanol, and chloroform- 
methanol/cold acetone-petroleum ether. The process is shown in 
Fig. 1. The specific steps were as follows: 1 mL cold acetone was added to 
0.5 mL of OBs cream, vortexed for 3 min, and centrifuged for 1 min at 
10,000 ×g. The organic phase was discarded and 1 mL of petroleum 
ether was added to the sediment, vortexed for 3 min, and then centri-
fuged at 10,000 ×g for 1 min. For other samples, 1 mL of chloroform- 
methanol (2:1) was used instead of cold acetone or petroleum ether, 
and the process then proceeded with the same steps. Finally, the pre-
cipitate part was dried naturally under a hood, and marked as oil body 
membrane proteins (OBMPs).

2.4. Measurement of protein content

The protein content was determined using an elemental analyzer 
(Elementar Vario EL Cube, Germany) (Dong, Xiao, Xian, & Wu, 2018). 
The OBMP samples (2.0–5.0 mg) were weighed in aluminum boxes, 
pressed and sealed, and placed in the sample tank of the element 
analyzer for determination. The test time was 90 s. After determining the 
content of N element, the data was multiplied by 6.25 to get the protein 
content.

2.5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis

The OBs cream (20 μL) or an OBMP solution (1.0–2.0 mg dissolved in 
0.1 M SDS, 20 μL) was diluted twice, and then 10 μL of loading buffer 
was added. The mixtures were boiled for 10 min, centrifuged at 600 ×g 
for 1 min, and 10 μL was used to load gel Marker (10–180 kD, Beyotime 
Biotechnology). The operating voltage was set at 60 V, the running time 
in the 5 % stacking gel was 30 min, and the electrophoresis time in the 
12 % resolving gel was 80 min. After electrophoresis, the gels were dyed 
with Coomassie Brilliant Blue G250 for 30 min and then decolored. 
Finally, bands in the gels were analyzed using a ChemiDoc MP imaging 
system (Bio-Rad, Laboratories, CA, USA) (Chen et al., 2023).

Fig. 1. General extraction process for OBMPs from Camellia seeds. PLs and TAGs represent phospholipids and triglycerides, respectively.
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2.6. Fourier transform infrared spectroscopy

The FTIR spectra of the OBMPs were measured using an infrared 
spectroscope (Frontier, PerkinElemer Inc., Waltham, MA, USA). Pow-
ders of OBMPs and KBr were thoroughly mixed at a 1:100 ratio and 
laminated. The parameters of the transmission mode were set as follows: 
wavenumber of 4000–400 cm− 1, scanning time of 32, and resolution of 
4 cm− 1. The background signal of KBr was deducted before scanning 
(Jin et al., 2023). A baseline correction and second-order derivatives of 
the amide band І were applied. The content of the secondary structure of 
the OBMPs was determined by Gaussian split-peak fitting using Origin 
software.

2.7. Scanning electron microscope-energy dispersive spectrum

OBMPs were adhered to a sample platform and sprayed with gold for 
45 s using a sputter coater at 10 mA (Khalesi & FitzGerald, 2021). 
Subsequently, the microstructure of the samples was observed using a 
scanning electron microscope (SEM 300, ZEISS, Germany) for topog-
raphy and energy spectrum mapping, with an accelerating voltage of 3 
kV for topography and 15 kV for energy spectrum mapping, and with an 
SE2 secondary electron detector as the detector.

2.8. Solubility of proteins

OBMPs (1.0 mg) were dissolved in 1.0 mL deionized water or buffer 
(0.005–0.015 M NaCl, 0.0025–0.1 M SDS, and 0.2–0.8 M urea) (Peng 
et al., 2023). The centrifuge tube was placed under ultrasonication for 
10 min, and then vortexed for 30 min. The dissolving step was repeated 
three times. After centrifugation at 10,000 ×g for 3 min, the supernatant 
underwent bicinchoninic acid analysis to determine the soluble protein 
fraction using a standard curve of y = 0.78×–0.08 (R2 = 0.99).

2.9. Three-dimensional modeling of oleosin using AlphaFold 2

The amino acid sequences of several oleosins, using Ole I, Ole III, and 
Ole V as examples, were downloaded from the NCBI database 
(https://www.ncbi.nlm.nih.gov/) in FASTA format with GenBank 

numbers ABF 57559.1, ABF 57563.1, and ABF 57562.1. The 3D models 
of the oleosins were constructed using AlphaFold 2 software (Jumper 
et al., 2021). The Per-residue Log Distance Deviation from the mean 
Trendline (pLDDT) was used to measure the reliability of each amino 
acid residue in a given protein model, which was calculated by 
comparing the distance deviation of a structural model with the mean 
trendline of a known structure. Then, SAVES v6.0 (https://servicesn. 
mbi.ucla.edu/SAVES/) was used to evaluate the model.

2.10. Statistic analysis

In all tests, measurements were repeated in triplicate. Data were 
expressed as the mean value ± standard deviation. Statistical analysis 
and plotting were performed using SPSS 23 (IBM Corporation, Armonk, 
NY, USA) and Origin 2021 (Origin Lab Corporation, Northampton, MA, 
USA). The univariate analysis of variance (ANOVA) was used to calcu-
late the significant difference of the results, with a significance level of P 
< 0.05.

3. Results and discussion

3.1. Extraction and purification of OBs

The first step for obtaining OBMPs involves extracting OBs with a 
high yield. Fig. 2A shows that the yield of OBs increased first and then 
decreased with increasing the seed-medium ratio. When the seed- 
medium ratio was 1:4, the increased viscosity of the slurry during the 
grinding process hindered cell disruption and release of the OBs, leading 
to buoyancy resistance in the centrifugation separation (De Chirico, di 
Bari, Foster, & Gray, 2018). Conversely, a high seed-medium ratio (1:49 
and 1:99) promoted cell rupture during grinding and reduced the 
damage to the OBs. In fact, centrifugation separation of a large volume 
of slurries was time-consuming and costly, and the cream layer was too 
loose to collect. Therefore, the optimal condition for recovering OBs was 
a seed-medium ratio of 1:9 (yield of 13.83 %). The proteins in the OBs 
were analyzed by SDS-PAGE, and there was no obvious difference be-
tween seed-medium ratios based on the intensity of the bands, among 
which the darkest band was oleosins (13–17 kDa).

Fig. 2. Effects of extraction and purification parameters of OBs from Camellia seeds on the yield and SDS-PAGE images of OBMPs, (A) seed-medium ratio, (B) pH, and 
(C) urea concentration. (D) Effect of number of washes on the SDS-PAGE bands and relative abundance of oleosin and caleosins, respectively. Data are reported as 
mean ± s.d. of three independent replications. Lowercase in the figure represent significant differences between data (p < 0.05).
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Because the isoelectric point of the OBs was generally lower than 7.0, 
droplets carried sufficient negative charges under an alkaline pH to 
prevent aggregation and maintain the stability of the OBs during the 
extraction (Hao et al., 2022). The effect of pH on the yield of OBs is 
shown in Fig. 2B. As pH increased, the yield of OBs also increased, but 
there was no significant difference between yields at pH 10.5 and 11 (p 
< 0.05). The electrophoretic bands obtained through alkaline extraction 
were similar. Bands of oleosin remained broad and dark, indicating that 
alkaline conditions helped remove the extrinsic proteins, such as albu-
min, globulin, and enzymes, that easily adsorbed on the surface of OBs 
(Zhao et al., 2016), but had no negative effect on oleosins; therefore, pH 
10.5 was selected to for further purification of OBs.

Urea is a rigorous washing agent that can effectively remove exog-
enous seed proteins, maintain the stability of OBs, and extract the in-
tegral oleosin (De Chirico et al., 2018). The highest yield of OBs (14.89 
± 0.07 %) was achieved with a urea concentration of 1.6 M after a single 
wash (Fig. 2C). However, increasing the urea concentration beyond 1.6 
M led to a significant decrease in the yield of OBs (P < 0.05). SDS-PAGE 
results showed that bands from different urea treatments exhibited 
similar patterns, suggesting that urea had no visible influence on the 
composition and integrity of interfacial properties. After repeated 
washing with 1.6 M urea two to three times, electrophoretic bands 
above 34 kDa disappeared, but oleosin (13–17 kDa) and caleosin (27–30 
kDa) bands were still clear. According to the oleosin family genes 
identified in C. oleifera (Zhang et al., 2023), two distinct oleosin linkages 
were found: (i) low molecular-weight (SL) seed oleosin, in which the 
protein length is 127–141 amino acids with a molecular weight of 
13.4–14.8 kDa; and (ii) high molecular-weight (SH) oleosin, in which 
the protein length is 148–157 amino acids with a molecular weight of 
15.9–16.8 kDa. As shown in Fig. 2D, electrophoretic bands were 
consistent with the gene analysis. Moreover, the intensity of the bands 
was used to calculate the relative abundances of oleosin and caleosin 
using image analysis software. There was no significant difference in the 
relative abundance of oleosin and caleosin during urea washing process. 
After washing twice, the relative abundance of oleosins was 86 % (19.55 
% for oleosin-L and 66.45 % for oleosin-H), while caleosin accounted for 
14 %. Thus, the optimal purification parameters for recovering intact 
oleosins was a urea concentration of 1.6 M and two washes.

3.2. Effect of organic solvents on the morphology and structure of OBMPs

Because OBMPs are located at the oil–water interface, the extract 
needs to be defatted with added organic solvents. Commonly used 
organic solvents for de-oiling or defatting processes includes cold 
acetone, petroleum ether, and chloroform-methanol mixtures (Folch 
solution). Different organic solvents have various efficiencies in oil 
extraction and composition of residual proteins (Gao, Liu, Jin, & Wang, 
2019). Microstructural images and surface element analyses of OBMPs 
obtained by adding organic solvents in different sequences were inves-
tigated using SEM-EDS (Fig. 3A and B). In the 1st treatment, cold 
acetone and petroleum ether (A-PE) were initially added, resulting in the 
retention of phospholipids that stabilized the interface, while neutral 
lipids in the triacylglycerols core were removed in situ, forming a porous 
structure. Subsequently, chloroform-methanol (C-M) mixtures were 
used to remove phospholipids on the surface of the pore, resulting in a 
lotus seedpod shape. In the 2nd treatment, the addition of C-M mixture 
destroyed the phospholipid layer and caused the destabilization of OBs, 
resulting in droplet coalescence. The neutral lipids were removed more 
effectively after continuously adding A-PE, and OBMPs aggregated 
together. The results indirectly indicated that phospholipids play an 
important role in OBs stability. The elements and components of OBMPs 
in the SEM micro-view were analyzed through an EDS mapping scan 
(Fig. 3C and D). The elements N represents the unique composition of 
protein, while P represents phospholipid. The N:P ratio at the OBMPA-PE/ 

C-M surface was lower than that of OBMPC-M/A-PE. Additionally, the C:N 
ratio in OBMPA-PE/C-M was 4.10, but it decreased to 1.85 in OBMPC-M/A- 

PE, also suggesting that OBMPC-M/A-PE was conducive to the complete 
removal of phospholipids and neutral lipids.

The removal of lipids from OBs was incompletely when using cold 
acetone/ petroleum ether and a chloroform-methanol mixture alone, 
resulting in a low protein content (Fig. 4A). According to results of our 
previous studies (Jin et al., 2023), the combinations of different organic 
solvents in sequence had the following effect on the protein content of 
OBMPs: OBMPA-PE < OBMPC-M < OBMPA-PE/C-M < OBMPC-M/C-M/C-M <

OBMPC-M/A-PE ~ OBMPA-PE/A-PE/A-PE. The first stress of organic solvents 
mainly affected the microstructure of OBMPs, while the final stress 
determined the protein content and residual lipids in OBMPs. If the final 

Fig. 3. Effect of organic solvents on the microstructure of OBMPs. (A, B) Representative SEM images of OBMPA-PE/C-M and OBMPC-M/A-PE, and (C, D) corresponding 
EDS analysis of the nitrogen and phosphorous distribution on the surface of OBMPA-PE/C-M and OBMPC-M/A-PE.
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solvents were A-PE, it benefitted the lipid removal and produced high- 
purity OBMPs. The protein content of OBMPs washed with A-PE three 
times was similar to that of OBMPs washed with C-M and A-PE, indi-
cating that the combination of C-M and A-PE solvents improved the 
extraction efficiency of OBMPs and reduced the extra use of A-PE sol-
vents. The effects of organic solvents on the secondary structure of 
OBMPs was further analyzed by infrared spectroscopy (Fig. 4B). The 
spectra of OBMPA-PE, OBMPC-M, and OBMPA-PE/C-M had an obvious ab-
sorption peak at 1710 cm− 1, which was ascribed to the characteristic 
peak of oleic acid (Yang, Peng, Wen, & Li, 2010). Oleic acid constitutes 
nearly 80 % of the fatty acid in camellia oil (Zhang et al., 2022); 
therefore, the results indicated the presence of lipid residue in the 
samples. The absorption of this peak in OBMPC-M/A-PE was very weak, so 
it had a high protein content. To quantitatively analyze the secondary 
structure of OBMPs, a Gaussian deconvolution and the second derivative 
analysis were performed on the amide band I (1600–1700 cm− 1), 
identifying six points with the second derivative equal to zero (Fig. 4C 
and D). Peaks observed at 1618 cm− 1 and 1630 cm− 1 were attributed to 
β-sheets, while those at 1670 cm− 1 and 1686 cm− 1 were attributed to 
β-turns. Peaks at 1640 cm− 1 and 1660 cm− 1 were ascribed to a random 
coil and α-helix, respectively. The secondary structure of OBMPA-PE and 
OBMPC-M exhibited similar characteristics, with 23–24 % α-helix, 29–32 
% β-sheet, 22–24 % β-turn, and ~ 22 % random coil structure. When 
OBMPs were treated with two rounds of organic solvents, the proportion 
of α-helix structures increased to 51–53 %, while that of β-turns and 
random coils decreased significantly. This suggested that the removal of 
neutral lipids and phospholipids significantly affected the secondary 
structure of the protein, but had no obvious relationship with the 
sequence of solvent treatments.

3.3. Effect of organic solvents on assembly behavior of OBMPs and 
potential mechanism

The types and sequence of organic solvents used for lipid removal 
altered the microstructure of OBMPs by changing the destabilization 
mechanism and process of OBs, but had no significant influence on the 

secondary structure of the proteins. Therefore, it was hypothesized that 
a key factor to determine the microstructure of OBMPs was the differ-
ence in the protein assembly and aggregation behavior (Sun et al., 
2021). The driving force of the protein aggregation could be deduced by 
using disrupting agents during the dissolution process of OBMPs. For 
example, sodium chloride (NaCl) is used to disrupt electrostatic in-
teractions by increasing the charge on the surface of proteins. Urea in-
terferes hydrogen bonds between protein molecules, and SDS disrupts 
hydrophobic interactions (Peng et al., 2023). As depicted in Fig. 5A, 
oleosins are highly hydrophobic and have extremely low water- 
solubility due to the large hydrophobic central region in oleosin, 
which accounts for more than 50 % of its amino acid sequence. The 
solubilities of OBMPA-PE/C-M and OBMPC-M/A-PE were only 4.6 % and 
12.7 %, respectively. After adding 0.01 M NaCl and 0.4 M urea, the 
water-solubility of OBMPA-PE/C-M increased to 12.9 % and 14.5 %, 
respectively. NaCl and urea had no significant effect on the water- 
solubility of OBMPC-M/A-PE. The limited increase in water-solubility of 
OBMPA-PE/C-M could be attributed to the electrostatic interaction and 
hydrogen bonding between residual phospholipids and oleosins (Deleu 
et al., 2010). However, when 0.025 M and 0.1 M SDS was added, the 
solubility of OBMPA-PE/C-M and OBMPC-M/A-PE greatly increased to 62.1 
% and 58.9 %, respectively, indicating that the hydrophobic interactions 
were the main driving force of OBMP assembly and aggregation.

After dissolving OBMPs extracted with different organic solvents in 
SDS, OBMPC-M/C-M, OBMPA-PE/A-PE, OBMPA-PE/C-M, and OBMPC-M/A-PE 
both had intense bands at 13–14 kDa (oleosin-L) and 26–30 kDa 
(caleosin). The results showed that the three types of OBMPs could be 
successfully extracted using organic solvent. The main difference was 
observed in the band at 16–17 kDa (oleosin-H), which indicated that 
repeated use of C-M solution could result in the loss of oleosin-H. Next, 
the water-insoluble part of OBMPC-M/A-PE and OBMPA-PE/C-M was 
collected and redissolved in 0.1 M SDS for further analysis. Comparing 
the electrophoretic bands of insoluble and total OBMPs, the oleosin-H 
band disappeared in OBMPC-M/A-PE and it became shallow in OBMPA- 

PE/C-M. The results indicated that oleosin-H and caleosin more easily 
solubilized, while the aggregates formed by oleosin-L were difficult to 

Fig. 4. Effect of organic solvents on the purity and secondary structure of OBMPs. (A) protein content, (B) FTIR spectrum, (C) percentage of secondary structures, and 
(D) peak fitting of amide band I. Data in A and C are reported as mean ± s.d. of three independent replications.
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dissolve in water. These results indicated that oleosin-H was more hy-
drophilic than oleosin-L, and had a larger solubility in the aqueous phase 
or polar solvent C-M. Finally, the differences in water solubility of the 
aggregates formed by oleosin-L and oleosin-H were analyzed from the 
perspective of the amino acid sequence and 3D structure.

3.4. Prediction of oleosin structure

In the NCBI database, there are five identified C. oleifera oleosins, 
oleosin (Q1G352, 141AA), Ole III (Q1G349, 140AA), Ole IV (Q1G351, 
154AA), Ole I (Q1G353, 148AA), and Ole V (Q1G350, 157AA). Ole I, Ole 
III, and Ole V were selected for analysis of their amino acid sequences, 
and the results showed that they differed in the N-terminal (Fig. 6A, and 
Table S1). The central hydrophobic regions of the three oleosin were 
conserved and similar. The predicted secondary structure of the C-ter-
minal was dominated by alpha-amphipathic regions, with some beta- 
amphipathic regions exhibiting crossover. The amphipathic and flex-
ible characteristics of the C-terminal stabilized the oil–water interface, 
increased the steric resistance between OBs droplets, and promoted their 
stability. For a protein with a homologous sequence that is difficult to 
match with existing structures, such as oleosin, AlphaFold 2 is a 
candidate for predicting the spatial structure (Luo et al., 2024). First, the 
reliability of the protein structure was assessed by pLDDT (Fig. S1) by 
comparing the distance deviation of a structural model with the mean 
trendline of a known structure. The pLDDT commonly ranges from 0 to 
100, and a higher score indicates a higher quality and reliability of the 
protein structure (Zhou et al., 2024). The average pLDDTs of the three 
oleosins were all greater than 70, indicating that the protein model was 
sufficient. Next, the oleosin models that were built were then evaluated 
via SAVES v6.0 (https://servicesn.mbi.ucla.edu/SAVES/). From a 
Ramachandran plot (Fig. S1), the residues in the most favored regions 
[A, B, L] of Ole I, Ole III, and Ole V were 104 (83.9 % of the total 
sequence), 112 (94.1 % of the total sequence), and 110 (85.3 % of the 
total sequence), respectively. The residues in additional allowed regions 
[a, b, l, p] of Ole I, Ole III, and Ole V were 15 (12.1 % of the total 
sequence), 7 (5.9 % of the total sequence), and 10 (7.8 % of the total 
sequence), respectively. Therefore, the summary of the most favored 
and additional allowed regions of Ole I, Ole III, and Ole V were 99.2 %, 
100 %, and 99.2 %, respectively. This suggested that the prediction of 
the protein conformation of the three oleosins was reasonable. The ob-
tained 3D models of the oleosins (Fig. 6B) were basically consistent with 
the descriptions in previous literature (Huang & Huang, 2017). The 
central hydrophobic region of oleosins was arranged by two inverted 
α-helices to form a hairpin structure. The C- terminal was a flexible 

region dominated by an α-helix, while the N-terminal exhibited signif-
icantly differences. Ole I had a flexible random coil at the N-terminal, 
while Ole III had a short random coil with a short α-helix segment. The 
N-terminal of Ole V contained both an α-helix and a longer random coil. 
These structural variations determined the assembly behavior and sol-
ubility of proteins after organic solvent stress. To be specific, the mo-
lecular weight of Ole V is approximately 17.3 kDa and it belongs to 
oleosin-H, which possesses more hydrophilic regions in the N-terminal 
and a looser secondary structure, making it more prone to dissolution in 
water, or easier dissociation from the oil–water interface during 
extraction with polar solvent. The predicted structure was in agreement 
with the experimental results.

4. Conclusion

A high purity of OBs was extracted under an alkaline pH (> 10.5) and 
washed with 1.6 M urea twice. The type and extraction sequence of 
organic solvents were used to determine the protein content and 
microstructure of the OBMPs. The first stress of the solvents primarily 
affected the microstructure of the OBMPs, and the second stress of the 
solvents determined the protein content and residues of lipids. If the 
second solvents were cold acetone and petroleum ether, it benefitted the 
lipid removal and produced high-purity OBMPs. Regardless of the sol-
vent sequence, the secondary structure of OBMPs were chiefly α-helices. 
The main driving force behind oleosin assembly was hydrophobic in-
teractions. Oleosin-L and oleosin-H could be separated based on their 
water solubility. Understanding of oleosin assembling behavior would 
benefit in controlling the assembly and inspire us to design a new 
Pickering particle for stabilizing emulsions based on assemblies of 
oleosin-H.
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