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ABSTRACT: The major seed storage protein 11S globulin from Juglans mandshurica Maxim.
(JSG) was isolated and purified to identify its structure and analyze its physicochemical properties.
JSG was found to be composed of two distinct major polypeptides with molecular masses of ~23
and ~20 kDa, and whose amino acid sequences are highly similar to those of the 11S globulin from
J. regia in the NCBI database. JSG contains essential amino acids that correspond to the adult stan-
dard recommended by FAO/WTO. Differential scanning calorimetry revealed a single endothermic
peak with a denaturation temperature of 96.83 ° C and an enthalpy value of 12.07 J/g. The second-
ary structure of the JSG consists of B -sheets (32.83%) and «a -helices (11.67%). A red shift was
also observed in the fluorescence spectra with guanidine hydrochloride (GdnHCI) or urea as denatu-
rant; GdnHCI was proven to be a stronger denaturant than urea.

INTRODUCTION

Juglans mandshurica Maxim. (JMM) of the family Juglandaceae is used as a source of food and
medicine for immunoregulation and brain boosting (Bao 2011). JMM is native to the Lesser Khin-
gan Mountains, Changbai Mountains, and the Liaoning Eastern Mountains in China and is widely
distributed in Northeast China. The history of JMM cultivation can be traced back to the 1st century
BC (Wei 2009). JMM kernel is rich in unsaturated fatty acids, proteins, carbohydrates, vitamins,
and minerals, with small amounts of phenolic acids and flavonoids, and has thus attracted consider-
able attention because of its high nutritional value (Yu 2012).

Few studies have investigated the proteins from JMM. Bao (2011) reported the extraction
process of the water-soluble protein of JMM kernels. Yu (2012) extracted proteins and prepared an
antihypertensive peptide from JMM kernels. Sun (2014) isolated albumin, globulin, and glutelin
from JMM and characterized their functional properties, such as foaming capacity, emulsion ability,
and emulsion stability.

Most nuts contain 11S globulins as major storage proteins (Mandal et al. 2000), which have been
isolated and characterized from various plants, including kiwifruit (Rassam and Laing 2006), gink-
go (Jin et al. 2008), coffee (Coelho et al. 2010), peanut (Marsh et al. 2008), and Brazil nut (Sharma
et al. 2010). Previous studies found that 11S globulins serve as the nutrient source for emerging em-
bryos in seed germination and provide essential amino acids (EAAs) to humans and farm animals
(Kumar et al. 2013; Shewry and Halford 2002). Furthermore, 11S globulins can be used as additives
in various food products because of their gelling and caking functionalities (Martins and Netto
2006; Mujoo et al. 2003; Renkema et al. 2001).

11S globulin is the principal component of the seed storage proteins of JMM. The present study
aimed to isolate, purify, and characterize the biochemical and structural properties of 11S globulin.
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MATERIALS AND METHODS

Materials

JMM kernels were obtained from Dunhua Guang Sheng Gease Biotechnology Co., Ltd. Chromato-
graphy columns, DEAE-Sepharose Fast Flow, HiPrep16/60 Sephacryl S-200 HR, and a 0.22 pm
membrane were purchased from GE Healthcare, AB Uppsala, Sweden. Millex syringe filters were
procured from Millipore Corporation, Billerica, MA. Urea, guanidine hydrochloride (GdnHCIl), and
reagents for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were pur-
chased from Sigma-Aldrich Co., St. Louis, MO, USA. All other chemicals used were of analytical
or chromatographic grade.

Preparation of defatted JMM flour

Shelled JMM kernels were ground and defatted by a Soxhlet extractor with diethyl ether to degrease
rosin. The defatted flour was dried overnight in a fume hood, passed through a 40 mesh sieve, and
stored in a polyethylene bag at -20 °C until protein extraction.

Extraction and purification of JSG

Approximately 200 g of defatted JMM flour was mixed with distilled water (1:10 w/v) and stirred
for 30 min at 4 °C. The mixture was centrifuged at 5,000 g for 10 min at 4 °C, and the supernatant
was discarded. The precipitate was collected and soaked in 10 volumes of 50 mM phosphate buffer
with 0.5 M NaCl (pH 7.5) using a Waring blender. The mixture was stirred for 30 min in an ice
bath. The slurry was then passed through three layers of cheesecloth and centrifuged at 12,000 g for
30 min to separate the insoluble material. The supernatant was collected and adjusted to 20% satura-
tion (NH4)>,SO4 (m/m), allowed to stand at 4 °C for 3 h without the precipitate, and combined with
(NH4)2SOy4 to a final concentration of 60% saturation. After 3 h, the supernatant was centrifuged at
12,000 g for 30 min, and the water-insoluble pellet was redissolved in 50 mM PBS (pH 7.5) and ex-
tensively dialyzed against the same buffer thrice. This fraction was filtered through a 0.22 pm
membrane and then loaded onto a DEAE-Sepharose Fast Flow column. The column (1.6 cm x 15
cm) was equilibrated with 50 mM PBS (pH 7.5). The sample was eluted using a gradient of 0-0.6
M NaCl in 50 mM phosphate buffer (pH 7.5) in a total volume of 350 mL using an AKTA pure sys-
tem at a flow rate of 1.0 mL/min and absorbance at 280 nm. Fractions containing 11S globulin were
pooled and dialyzed with 50 mM PBS buffer containing 0.15 M NaCl (pH 7.5). The samples were
concentrated and applied to a HiPrep16/60 Sephacryl S-200 HR eluted with 200 mL of the same di-
alysate buffer at 0.2 mL/min.

SDS—PAGE analysis

Protein was subjected to SDS-PAGE in accordance with the method described by Laemmli (1970)
and Kasran (2013) under reducing and non-reducing conditions. The protein samples were reconsti-
tuted to 1 mg/mL. Aliquots containing 20 pug of the sample were loaded onto 12% separating gels,
and electrophoresis was performed with a vertical electrophoresis system (GE Healthcare, Montréal,
PQ, Canada) at 80 V/gel until the tracking dye migrated to the gel edge. The gels were stained with
Coomassie Brilliant Blue R-250.

Protein identification by MALDI-TOF/TOF MS

The MALDI-TOF/TOF MS platform was described by Baldwin (2004) and Zhou (2010). In brief,
JSG subunits were separated electrophoretically using a 12% SDS-PAGE gel. Subsequently, gel
spots were hydrolyzed by trypsin. All mass spectra were obtained on an Autoflex speed™ MALDI-
TOF-TOF (Bruker Daltonik GmbH, Germany) in positive ion mode at an accelerating voltage of 20
kV with a nitrogen laser of 355 nm, repetition rate of 200 HZ, and optimal quality resolution of
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1500 Da. The signals were collected between 700 —3200 Da. All mass spectra of the experimental
samples were obtained in default mode. Data were obtained from the SWISS-PROT and NCBI da-
tabases by using the MASCOT search engine (http://www.matrixscience.co.uk) with one missed
cleavage site for the identification of purified protein based on sequence homology.

Determination of amino acid content

The amino acid content of globulin was determined based on the Chinese Standard GB/T 5009.124-
2003 (2004). In brief, JSG (100 mg) was hydrolyzed with 10 mL of 6 M HCI containing 10 mM
phenol and 0.2% (v/v) 2-mercaptoethanol for 24 h at 110 + 1 °C under a nitrogen atmosphere. The
hydrolyzed product was analyzed using an automatic amino acid analyzer L-8900 (Hitachi, Tokyo,
Japan). Tryptophan content was determined by HPLC after conducting hydrolysis, as described by
Yust (2004). The amino acid score (AAS), total EAA, total non-EAA, and total amino acid (TAA)
were calculated according to the method reported by Yu et al. (2014).

Thermal property analysis

The thermal properties of JSG were measured using a differential scanning calorimeter (DSC 204
F1, Netzsch, Germany) in accordance with the method reported by Li-Chan (2002). The protein
sample (1 mg) was placed in an aluminum pan, and 10 pL of 10 mM phosphate buffer (pH 7.5) was
added. The pan was hermetically sealed at a heating rate of 10 °C/min from 20 °C to 250 °C. An
empty sealed pan was used as reference. Denaturation temperature (T4) and denaturation enthalpy
were calculated from the thermogram using Proteus Version 4.2.1 (Netzsch, Germany).

Far-UV circular dichroism (CD) spectral analysis

Optically clear JSG solutions (0.25 mg/mL) were used to record CD spectra (190260 nm) in a
1 mm quartz cuvette with a MOS-450 Spectrometer (Bio-Logic). CD spectra were obtained in 1 nm
wavelength steps and an acquisition duration of 5.0 s at 25 °C under constant nitrogen purge. CD
data were expressed in terms of mean residue ellipticity. Data on secondary structure were inter-
preted by visual assessment of the spectra and by using the computer program CDPro.

Intrinsic fluorescence spectral analysis

Optically clear JSG solutions (200 ug/mL) in 20 mM phosphate buffer (pH 7.5) for fluorescence
spectra were determined using a Hitachi fluorescence spectrometer (F-4500, Hitachi Ltd., Japan).
The protein was excited at 280 nm, emission wavelength spectra ranged from 290 nm to 450 nm at
25 °C, and each emission slit was set at 5 nm in a 1 cm quartz cuvette. The protein solutions were
incubated overnight at 25 °C with urea (1-8 M) or guanidine hydrochloride (1-6 M) for 2 h at pH
2—-13 and 25 °C before fluorescence spectral analysis.

RESULTS AND DISCUSSION

Purification of JSG

The elution profile with 0-0.6 M NaCl is shown in Figure 1A, anion-exchange chromatography
showed four peaks, the relative molecular weight of all the fraction were presented by analysis of
SDS-PAGE in our previous work (Wang et al, 2015). Peak 2, which was rich in 11S globulin, was
identified by SDS-PAGE (SUN, 2015). Subsequently, the DEAE fraction rich in 11S globulin was
pooled, concentrated to 20 mg/mL, and then filtered through a 0.22 pym membrane for further puri-
fication on a HiPrep16/60 Sephacryl S-200 HR column (Figure 1B). Two fractions were obtained,
and peak A was the desired fraction after identification by SDS-PAGE.
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Figure 1: Purification of JSG. (A) Anion-exchange chromatographic of JMM seed protein. (B) Gel filtration chromato-
graphy of JMM seed protein.

PAGE analysis

The first gel filtration chromatography fraction containing the target protein was examined through
12% reducing and non-reducing SDS-PAGE (Figure 2). In the absence of a reducing agent (j-
mercaptoethanol), JSG showed a single protein band in the region of 40 kDa. Under reducing
conditions, the molecular weight (MW) of the bands in JSG appeared at 23 and 20 kDa. These
results indicate that JSG contained disulfide bonds that held the polypeptides together (Orruno and
Morgan 2007). This feature is typical among 11S globulins from other nuts, such as coconut, which
yielded 34 and 24 kDa subunits on the SDS-PAGE (Garcia et al. 2005). Similarly, the 11S globulin
from Wrightia tinctoria showed a major band of ~56 kDa under non-reducing conditions and two
major polypeptides of approximately 32-34 kDa and 22-26 kDa under reducing conditions (Kumar
et al. 2013). Nearly identical band patterns and values were also obtained for the 11S globulin from
hazelnut seed (Rigby et al. 2008). These reports suggested that JSG likely belongs to the 11S globu-
lin family.
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Figure 2: SDS-PAGE analysis of JSG. Lane 1, purified protein in the presence of a reducing agent; lane 2, purified pro-
tein in the absence of a reducing agent; lane 3, molecular weight marker.

Protein identification
For further protein identification, the subunits with MW ~23 and ~20 kDa were analyzed by MAL-
DI-TOF/TOF (Figure 3). The results showed that the ~23 kDa subunit had six major mass ion peaks
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of 1256.625, 1539.708, 1700.828, 2123.994, 2463.131, and 2987.5001 m/z; whereas the other sec-
ondary peaks contained 933.551 and 2782.230 m/z. Similarly, strong peptide ions of the ~20 kDa
subunit were 1373.773, 1667.953, 1859.946, and 2632.43 m/z with relatively weak peaks at
1002.565, 2062.968, and 2298.178 m/z. In accordance with the above description, the ~23 kDa sub-
unit was considered distinct from the ~20 kDa subunit, and the two subunits exhibited different
amino acid sequences. The accession number for J. regia 11S globulin in Table 1 was the same for
both ~23 and ~20 kDa subunit matching sequences and the Mascot search results of Juglandaceae
are listed in Table 1. Among the matches containing these sequences, the ~23 kDa subunit matched
the 11S globulin of J. regia with a score of 74 and the 11S legumin of Carya illinoinensis with a
score of 52 (protein scores greater than 39 were considered significant). Moreover, the ~20 kDa
subunit was similar to the 11S globulin of J. regia with a score of 54. The above data suggested that
JSG was a member of the 11S globulin protein family.

Evaluation of amino acid

The amino acid content and composition of proteins greatly influence their structures and functions
(Sharma et al. 2010). The amino acid composition of JSG and soy protein isolate (SPI) were com-
pared (Table 2). The EAA recommended by FAO/WHO (2007) are also listed in Table 2 to serve as
reference. JSG contains high acidic amino acids (25.59%) and hydrophobic amino acids (23.89%).
These characteristics provide JSG with its strong hydrophobicity and non-covalent interactions,
such as ionic bonding (Orruno et al. 2007). Weakening the non-covalent interaction and strengthen-
ing the repulsive force of electric charges between globulin molecules under the effect of NaCl re-
duces coherence and enhances solubility (Mazzafera et al. 2010).
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Figure 3: Tryptic analysis of the ~23 kDa (A) and ~20 kDa (B) gel bands of 11S JSG by MALDI-TOF/TOF MS.
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Table 1 Amino acid sequence of reported Juglans regia peptides from the PMF of the ~23 and ~20 kDa subunit from
the 118 globulin protein of walnut with the MASCOT database globulin protein of walnut with the MASCOT database

Sequence
. 4 ion . Peptide La . .
Band Protein -’H:l:l’.&ilﬂ MW/pI* coverage Score® P! Peptides identified
no. no. 4 hit
(%)
13kDa zead storage protein  EilS6TERQI1 5B304/6.80 16 T4 4
of Juglans regia
;}; .-z:im:,s- ij;:sn =il158008782 58307/6.46 4 52 2 eyt N
20kDa zead storame pootsin gl S6TREROS1 5B304/6.80 15 54 3
of Tuglans r2gia

a. Accession number in the NCBInr database.

b. MW, molecular weight; pl, isoelectric point.

¢. Amino acid sequence coverage of the protein with respect to matched tryptic digest fragments.

d. Each protein score is —10*Log(P), where P is the probability that the observed match is a random event; a value over 39 (p < 0.05)
indicates a statistically significant match. *Peptide mass fingerprinting was performed using the Mascot search program, interrogat-
ing the NCBInr database with a mass tolerance of 50 ppm.

Table 2 Amino acid content (%) of JSG (mg/100 mg dry powder)

Aming acld ISG SPI FAO/WHO Amino acid scores (%)°
Child Adult JSG SPI
Asp”© 8.91 8.90
Thr® 3.43 2.81 3.40 0.90 100.88 82.65
Ser” 5.23 3.84
Glu™* 16.68 16.97
Gly™* 3.94 431
Ala” 2.70 3.56
Val® 4.11 3.63 3.50 1.30 117.43 103.71
Met™® 1.39 0.92 2.70 1.70 51.48 34.07
Ile® 3.56 3.02 2.80 1.30 127.14 107.86
Leu™® 478 5.76 6.60 1.90 72.42 82.27
Tyr® 3.47 3.21
Phe** 221 432 6.30 1.90 35.08 68.57
His 1.47 2.30 1.90 1.60 77.36 121.05
Lys™® 1.73 479 5.80 1.60 29.82 82.59
Arg’ 10.36 6.90
Pro” 2.89 3.14
Trp*© 1.95 1.01 1.10 0.50 177.27 91.82
TEAA 23.16 26.26
TNEAA! 55.65 53.13
TAA 78.81 79.39
TEAA/TAA 0.29 0.33
TEAA/TNEAA 0.42 0.49

a. Essential amino acid; b. Flavour amino acid;c. Medicinal amino acid; d. Total non-essential amino acid.
e. Amino acid scores (%) of JSG or SPI compared to the FAO/WHO pattern for (2—5 years old) child.

JSG and SPI contain different types of amino acids. Protein sensory properties good acceptance
can be explained by its amino acids profile due to glutamic and aspartic acids which are responsible
for stronger umami taste (Buchtov et al., 2015; Deng et al., 2015). JSG and SPI have similar
amounts of Asp and Glu. JSG has high content of 25.59% (dry basis), which accounts for 32.47% of
the TAA at 25 °C. Abundant arginine in JSG can promote secretion of pituitary and pancreatic hor-
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mones, boost immunity, and inhibit tumor protein synthesis and growth (Yu et al. 2014). The EAAs
in JSG accounted for 29.38% of the TAA. Phenylalanine content of JSG (2.21%) was lower than
SPI (4.32%), and lysine content of JSG (1.73%) was also significantly less than SPI (4.79%); how-
ever, all other EAAs between JSG and SPI were similar. The EAA content in JSG was superior to
the reference values recommended by FAO/WHO for adults (except for methionine and histidine),
and the contents of threonine, valine, isoleucine, and tryptophan met the recommended values for
children (Comai et al. 2007). Thus, an appropriate amount of methionine can be added to improve
the biological function of JSG. Based on the AAS displayed in Table 2, the first limiting amino acid
in JSG is lysine, which is common in many plant proteins (Zhou et al. 2010), and the second is phe-
nylalanine. The balanced amino acid content and high arginine content of JSG endow high biologi-
cal value to this protein. Therefore, JSG can be used as a food supplement.

Thermal properties

Thermal denaturation of proteins is closely related to changes in their conformational space, which
may significantly affect physiological activities (Li-Chan and Ma 2002). A representative DSC
thermogram of JSG showed a single endothermic peak (Figure 4). The Td of JSG was 96.83 °C,
which was within the reported Td range (83.8 °C—107.8 °C) for seed globulins (Marcone et al.
1998). Lentil proteins possess higher thermal stability than common bean proteins because of their
higher B-sheet content (Carbonaro et al. 2008). The AH of JSG was 12.07 J/g, which was higher
than that of protein isolates from kidney beans and field peas (Shevkani et al. 2015). JSG may have
a more ordered structure than the protein isolates from these plant sources. Also, the Td for globulin
powder was determined in our previous work, DSC spectrogram showed two endothermic peaks,
the denaturation temperatures were 98.08 °Cand 155.33 °C, respectively (WANG et al. 2015). Thus,
the high Td and AH of JSG suggest that this protein might not undergo denaturation during extrac-
tion and purification.
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Figure 4: Thermal analysis chart of JSG.

Far-UV CD spectral analysis

CD is widely used to investigate conformations in protein solutions (Daniele et al. 2015). As dis-
played in Figure 5, the maximal negative mean residual ellipticities for JSG were observed near 210
nm, which was typical of 11S globulin proteins (Clara Sze et al. 2007; Kumar et al. 2013; Sharma et
al. 2010). The contents of a-helices, B-sheets, B-turn, and random coil were calculated using the av-
erage of Selcon3, Continll, and Cdsstr. The calculated results are listed in Table 3. The three me-
thods yielded similar results for the secondary structure of JSG; however, Continll yielded higher a-
helices and lower B-sheets than the other two programs. Considering these averages, JSG was pri-
marily composed of B-sheets with small amounts of a-helices. This result is consistent with the 11S
proteins of Brazil nut and W. tinctoria (Kumar et al. 2013; Sharma et al. 2010). Previous research
indicated that the high Td of JSG might have resulted from its high B-sheet content (Clara Sze et al.
2007). The high content of B-sheets and the high Td of JSG verified this speculation.
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Figure 5: Far-UV circular dichroism analysis of JSG

Table 3 Secondary structure content of JSG

Ci:rllil::f:)t:lon o-helices  B- sheets p-turn Racno(:;) m
Cdsstr 7.70 35.90 25.80 30.50
Continll 16.70 29.70 22.50 31.10
Selcon3 10.60 32.90 21.80 32.70
AVVaelrjege 11.67 32.83 23.37 31.43

Intrinsic fluorescence spectral analysis

The fluorescence emission spectra of JSG are illustrated in Figure 6. The emission Amax value for
native JSG was 339. This emission profile is characteristic of tryptophan residues in a relatively hy-
drophobic environment, indicating that JSG is naturally folded (Dufour et al. 1994). Upon GdnHCl
denaturation, the spectral peaks shifted toward longer wavelengths with a rapid decrease in intensity

(Figure 6B). A similar result for 11S globulin from

Figure 6: Fluorescence emission spectra of JSG. (A) Fluorescence spectra in the absence or presence of increasing concentration of
urea. (B) Fluorescence spectra in the absence or presence of increasing concentration of GdnHCI. (C) Effect of pH on the intrinsic
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W. tinctoria in the presence of GdnHCI was previously reported (Kumar et al. 2013). Additional
randomization of the 3D structure of JSG was altered, which caused changes in the local microenvi-
ronment of tryptophan residues and resulted in gradual tryptophan transition from the molecular in-
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terior to the surface (Kumar et al. 2013). The effect of urea on JSG was similar to that of GdnHCI,
but the change in fluorescence intensity was not evident (Figure 6A). This outcome indicates that
GdnHCI was a stronger denaturant than urea. The emission fluorescence spectra of JSG at different
pH values are displayed in Figure 6C. Spectral analysis indicated that the protein was stable at pH
5-10 and the peak intensity increased with increasing pH. When pH was greater than 10 or less than
5, the peak intensity was rapidly reduced with a pronounced redshift. A similar conclusion was re-
ported by Kumar (2013).come indicates that GdnHC] was a stronger denaturant than urea. The
emission fluorescence spectra of JSG at different pH values are displayed in Figure 6C. Spectral
analysis indicated that the protein was stable at pH 5-10 and the peak intensity increased with in-
creasing pH. When pH was greater than 10 or less than 5, the peak intensity was rapidly reduced
with a pronounced redshift. A similar conclusion was reported by Kumar (2013).

CONCLUSIONS

JSG was extracted, purified, and structurally characterized as 11S globulin composed of two major
polypeptides with molecular masses of 23 and 20 kDa. DSC spectral analysis of the protein
showed high levels of alpha helices and B-sheets, whereas CD spectral analysis indicated that JSG is
a relatively thermostable protein. The fluorescence spectra of JSG also showed a red shift under de-
naturing conditions and GdnHCI was a stronger denaturant than urea.
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