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Proteomic Analysis of Differentially Expressed Proteins in Developmental Soy-
bean | Glycine max (L. ) Merr. | Seed
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Abstract: A proteomic approach was applied in the study on the changes in proteins that occur during seed development in
soybean [ Glycine max (L. ) Merr. ] cv N2899. Protein expression at different developmental stages(15,20,30,40,50 DAF
and mature seed) were compared using PDQuest software ( Bio- Rad ) after two- dimensional gel electrophoresis. About 337
low- salt extractable protein spots were resolved in gels. It was found that some proteins were present throughout the whole
developmental stages,while others were associated with early seed filling or seed maturation. Among total spots 18 of 30
highly differentially expressed proteins were identified by MALDI- TOF- MS, querying peptide mass fingerprinting data in
NCBInr database by Profound ( http://www. prowl. rockefeller. edu ). It was found that these identified proteins are mainly
involved in seed maturation(e. g. conglycinin) , stress tolerance (e. g. ascorbate peroxidase ) , cell division(e. g. Skpl ) , and
proteins transportation( e. g. calreticulin) . These results indicate that the seed development process is complex ,and the iden-
tified genes would provide a basis for molecular elucidation of the temporal effects on protein accumulation in soybean seed.
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Soybean is a major crop worldwide. Its seeds are account for approximately 50% —70% of the total pro-

major vegetable protein sources whose importance lies
in the proteins stored during development. Salt- soluble
globulins, the predominant seed storage proteins, are
classified into 7S and 11S based upon their sedimenta-

tion coefficients on sucrose gradients. These proteins
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tein within the soybean meal''’. Though protein consti-
tute about 40% of dry mass of soybean seeds ,the major
proteins stored in soybean seeds are poor in sulfur con-
taining amino acids and the presence of nutritionally

undesirable compounds,such as protease inhibitors, re-
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main limiting factors. Much effort by plant breeders is
directed toward the improvement of seed quality by
both plant breeding and molecular technologies''.
With the increasing interest in the product of soybean
proteins and the competitiveness of international mar-
kets,it has been necessary to elucidate in more detail
the chemical characteristics of products used for human
nutrition” and to characterize the processes occurring
during seed filling and the proteins involved in.

As the products of gene action, proteins are criti-
cal to studies of gene function relationship, and to un-
derstanding the effects of growth and storage conditions
on processing quality as well*'. High- throughput two-
dimensional gel electrophoresis (2- D) in combination
with advanced mass spectrometry analysis, also referred

) is a powerful methodology for detec-

as proteomics
ting changes in protein composition during develop-
ment, and to pinpoint proteins that are influential in
this process. In fact,the proteomics offers an opportuni-
ty to examine simultaneous changes and to classify tem-
poral patterns of protein accumulation occurring in
complex developmental processes such as seedfill-
ing'®’. For example, Gallardo et al characterized the

seed development of model legume Medicago
truncatula , and found 84 proteins differing in kinetics
of appearance'”’. In soybean , Mooney and Thelen sys-
tematically identified 44 proteins in mature seed , most
of which were storage- related proteins, such as glyci-
nin or conglycinin'® . Although Hajduch et al identi-
fied a number of proteins during soybean seed devel-
opment'”’ | there is little information about the differ-
ential proteomics of seed development at different sta-
ges in soybean. Here, we report the using of pro-
teomics to identify differentially expressed proteins in
developing seeds, for the purpose to reveal molecular
processes during reserve deposition in soybean , which
will help understanding the biochemical and molecular
processes of seed filling and development of this im-

portant crop.
1 Materials and methods

1.1 Plant material and protein extraction
Soybean plants( CV. N2899 ) were grown in field

in normal growth season in Nanjing, China. Using the
140!

developmental timetable determined by Ladin et al' ™",
soybean seeds of specific developmental stages( Fig. 1)
were harvested and immediately frozen in liquid nitro-
gen and stored at —80°C until use. Total proteins from
soybean seed of specific developmental stages were ex-
tracted according to a modified procedure based upon
that of Watson et al''"’. In brief, frozen samples (1g)
were ground in a mortar with liquid nitrogen and incu-
bated with 10% w/v TCA and 0.07% v/v 2- mercap-
toethanol in acetone at —20°C for 1h. The precipitated
proteins were washed with ice- cold acetone containing
0.07% v/v 2-mercaptoethanol to remove pigments and
lipids until the pellet was colorless. The protein pellet
was dried under vacuum, resuspended in buffer contai-
ning 8M urea, 4% CHAPS, 0. 2% carrier ampholyte
(pH3 -10) ,and cocktail protease inhibitor(1 L -30
mg ' plant tissue ). Samples were mixed on a vortex
mixer for 30s and ultra- sonicated using VCX600 for 3
min. The insoluble tissue was removed by centrifugation
at 15 000 g for 15 min. The supernatant was stored at
—80°C. Protein concentration was determined based on
the dye- binding procedure[m , bovine serum globulin
served as the standard.
1.2 2-D and image analysis

Immobiline pH gradient (IPG ) strips(17 cm,pH 3
-10,linear ) were rehydrated at 20°C with about 1.0
mg of protein in 370 pL for 14 h. Focusing was carried
out in a Bio- Rad Protean IEF Cell for a total of 40 000
volt hours. After IEF strips were equilibrated for 2 x 10
min in 6 M urea,30% glycerol,2% SDS in 0.05 M
Tris- HCI pH 8. 6 containing 1% DTT for the first e-
quilibration step and 4% iodoacetamide for the second
equilibration step, and then were transferred onto a
12. 5% polyacrylamide gel. Electrophoresis was per-
formed in Tris/Glycine/SDS buffer on Mutiphor system
( Amersham Pharmacia Biotech ) according to the manu-
facturer’ s recommendations. For calibration, low- mo-
lecular weight marker proteins ( Amersham Biosci-
ences ) were applied on the gel via a small piece of fil-
ter paper. Gels were stained overnight with Coomassie

brilliant blue G-250 according to Neuhoff et al. "' and

were scanned using VersaDoc image system ( Bio-
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Rad). Of all samples, three replicate gels were ana-
lyzed using PDQuest software ( Bio- Rad ). The gel with
the most protein spots was selected as reference gel. A-
nalysis protocol included spot detection and filtering,
background subtraction , spot matching and volume nor-
malization against total volume of all protein spots pres-
ent in the gel. Each analysis step was manually valida-
ted.
1.3 Protein in- gel digestion and MALDI- TOF-MS
Protein spots of interest were manually excised
from Coomassie Blue 2-D gels and in-gel digestion was
performed as following procedure. Gel pieces were
washed 3 times with Milli- Q water, and then washed
with 50% acetonitrile containing 100 mM ammonium
bicarbonate to remove the dye that bound to the pro-
tein. Proteins in gels were then subject to reduction re-
action in 10 mM DTT dissolved in 50 mM NH, HCO,
solution for at least 1 h at 56°C , and then incubated
with 50 mM iodoacetamide in 50 mM NH,HCO,at room
temperature for 40 min. Gels were then completely
dried through vacuum centrifugation, and incubated for
14 h at 37°C with 10ul. of 12. 5 pg - mL™" trypsin
(modified porcine trypsin,sequencing grade , Promega )
in 50 mM NH, HCO;. The resulting tryptic fragments
were eluted by diffusion into 50% v/v acetonitrile and
0.5% v/v TCA, and dried in a speed vacuum. The
dried samples were resuspended in 2 pL 0.5% triflu-
oroacetic acid. Each sample was mixed with the super-
natant of 60% acetonitrile saturated with a- cyano -4-
hydro- xy-cinnamic acid(1:1) , and then air dried on
the flat surface of a sample plate , and analyzed with

15 20 30

Fig. 1

Seed protein samples were separated by 2- D gel
electrophoresis and visualized with coomassie brilliant
blue G-250 staining. In the 2-D gels, the abundance of
the protein spots corresponded to their volumes, which

were determined by PDQuest software as described in

MALDI- TOF mass spectrometer ( Reflex III, Bruker,
Germany ) in positive ion reflector mode at an accelera-
ting voltage of 20 kV. Spectra were calibrated using
trypsin autolysis products(m/z 842. 51 and 2211. 10)
as internal standards and using a mixture of standard
peptides as external standards.
1.4 Database queries and protein identification
Protein identification was performed by querying
PMF data in a NCBI non- redundant protein sequence
database using the Profound (http:// www. prowl. rock-
efeller. edu) server. The following parameters were used
for database searches with MALDI- TOF peptide mass
data: mono- isotopic peak; mass tolerance, 0.2Da;
missed cleavages,1;and allowed modifications , carbam-
idomethylation of Cys and oxidation of Met. To qualify
as a positive identification , protein scores should be sig-
nificant ( P <0. 05) , sequence coverage of the protein
by the matching peptides must reach a minimum of
10% ,and at least four independent peptides should be
matched.

2 Results

2.1 Resolution and analysis of the 2-D patterns of
soybean proteins during seed development

The first objective of this study was to characterize
differentially expressed proteins during soybean seed
development. In order to cover the whole development
procedure as possible,soybean seeds were harvested at
15 DAF,20 DAF,30 DAF,40 DAF,50 DAF and matu-
rity stage( Fig. 1)

50(DAF) mature

.
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Soybean seeds at different developmental stages

“Materials and Methods” Due to experimental varia-
tions ,not all protein spots were detected on each gel of
the same sample. Thus, to average out this experimental
variation , three gels were made for each sample in this

study.
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These gels revealed significant differences among
six different developmental stages( Fig.2). Seed filling
was accompanied by an increase in the number of pro-
tein spots detected in gels from 15 DAF to 30 DAF
(150 spots at 15 DAF,277 at 20 DAF and 337 at 30
DAF)and by a decrease in the number of protein spots
detected from 30DAF to dry mature seed (337 spots at
30 DAF,265 at 40 DAF,251 at 50 DAF and 219 in
mature seed ). The number and diversity of proteins in
soybean seed were greater at middle developmental
stage than that of maturity stage. The decrease in num-
ber of protein spots from 30 DAF to maturity could re-
flect the greater metabolic activity of the developing
seed in comparison with that of mature seed.

A systematic comparison of 2-D gels of the differ-

ent total protein extracts allowed classifying seed pro-

3 10

An equal amount( 1 mg each) of total protein were separated in the
first dimension by IEF using pH 3.0 —10.0 range linear 17 ¢m IPG
strip. Second dimension fractionation involved 12. 5% SDS- PAGE.
Gels were stained overnight using CCB- G250. 150,277,337,265,
251 and 219 protein spots were detected respectively on each of the
2-D gels of 15 DAF(A),20 DAF(B),30 DAF(C),40 DAF(D),
50 DAF(E) and mature seed (F). 30 protein spots as numbered in
gels were excised for subsequent PMF identification.

Fig.2 Two- dimensional gel profiles of soybean seed

protein at different stages

teins from their specific accumulation patterns with de-
velopment into the following types( Fig. 2) :type 1,con-
stant present over the entire development period,such as
spots surrounded by a circle ;type 2, gradually increased
or decreased respectively during the developmental pe-
riod,,such as spots surrounded by a square;type 3, tran-
siently increased or decreased at early stage,but absent
or re- increased at maturity,such as spots surrounded by
a triangle ;type 4 ,varying from the other types.

In our survey, many protein spots changed in in-
tensity among different development stages. Approxi-
mately three quarters of the abundant spots were pres-
ent from 20 DAF to mature seed but absent at 15 DAF,
whereas a few abundant spots present at 15 DAF also
present at the other developmental periods. This obser-
vation indicates that some proteins present during de-
velopmental process are extremely accumulated after 20
DAF, which is in accordance with the idea that the pro-
portion of proteins in an inaccessible stored form should
increase during development .

2.2 Identification of differentially expressed pro-
teins by MALDI- TOF- MS

The protein maps obtained from each sample in
triplicate showed high reproducibility. We excised 30
differentially expressed protein spots whose abundance
varied significantly among different developmental sta-
ges and well resolved in 2-D gels. These spots were di-
gested with trypsin,and analyzed by MALDI-TOF- MS.
Mass spectra were de- isotoped, baseline corrected and
threshold adjusted before database searching. Peptide
mass fingerprints obtained by MALDI- TOF- MS were
used for searching the non- redundant database from
NCBI with the Profound search engine ( http:// www.
prowl. rockefeller. edu) .

Eighteen protein spots could be identified ( Table
1)by using database searches. Seven spots(11,14,19,
21,25,26, and 30) showed no homology to any known
protein,while the identification of the remaining 5 spots
failed, probably due to poor MS data( not shown). Data
in Table 1 include an assigned protein spot numbers , ex-
perimental molecular mass and pl,theoretical molecular
mass and pl, sequence coverage, the number of Gen-

Bank accessions, and homologous proteins. The expres-
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sion quantity of successfully identified 18 proteins at dif- ble functions of these proteins during soybean seed de-

ferent developmental stages is listed in Fig. 3. The possi- velopment are discussed below.

Table 1  Identification of differentially expressed proteins in soybean seeds
Spot Experimental Theoretical Sequence
GenBank accession Homologous protein

No. MW/ pl MW/ pl coverage

2 76.72/8.2 68.54/8.0 16 2118453167 | gb | AAF75266. 11 Sucrose — phosphate synthase

4 56.08/6.0 47.96/5.6 23 i 1100099 | pir| 1 JC1230 DNA - binding protein VBP1

5 59.24/4.6 61.10/4.6 21 gi112643243 Calreticulin 2 precursor

6 46.58/6.0 38.24/5.2 25 2114249568 Glycinin

7 42.86/8.3 44.0/7.0 20 gi 132488446 0SJNBa0004N05. 3

8 46.63/4.5 33.56/4.6 13 gi 113399940 Chain C,The Structure Of Soybean Peroxidase
9 30.03/6.8 23.72/5.9 65 gi 137495405 Dehydrin

10 23.16/8.8 28.10/5.0 38 21169967 Glycinin A2B1 subunit precursor
12 33.1/7.2 34.43/6.3 23 21129726240 1 pdb 1 1GX2 1B Chain B, Recombinant Horseradish Peroxidase
13 14.44/5.0 15.50/4.5 20 2199677 Chaperonine 60K beta chain

15 24.56/5.9 15.29/5.1 43 2133413081 Ascorbate peroxidase

16 28.33/5.5 28.46/5.0 35 gi 111762206 Atl 73440

17 28.30/5.8 26.47/5.1 29 gi 115076495 | dbj I BAB62395. 1| Actin

20 21.79/5.4 20.30/4.6 49 gi 13891584 Kunitz Trypsin Inhibitor

22 19.36/7.2 20.08/5.5 28 21169967 Glycinin A2B1 subunit precursor
23 20.41/6.7 22.00/5.8 27 gil70617 Leghemoglobin

27 16.21/5.9 17.49/4.5 18 gi 14959710 Skpl

29 15.33/7.4 15.53/6.8 36 gi 14091895 Lectinl

3 Discussions

By using a proteomic approach, we analyzed 2- D
profiles of soybean seed at different developmental sta-
ges. We found protein accumulation patterns varied
during seed development. Among 30 proteins whose a-
bundance varied significantly during reserve deposi-
tion, 18 were identified by MALDI-TOF-MS. Some pro-
teins corresponded to storage proteins. Some had been
previously identified to play roles during seed filling in
other plants. Some of them are presumed to be involved
in stress tolerance, seed maturation, metabolism, cell
division and cell expansion,and protein structure.

3.1 Seed storage proteins

With the increasing of proteome studies in plants
and the other organisms, it is clear that a single gene
can encode several different proteins'"”'. Proteins that
occur as multiple spots on 2-D gels, are presumably ei-
ther due to different postiranslational modification or to
expression of highly related gene sequence. In this
study,we found multiple isoelectric or mass species of
abundant glycinin and conglycinin subunits ( Fig. 2,

spots surrounded by a square) , which includes at least

five isoelectic spots with similar, respective masses. Al-
so,within 18 identified proteins, 3 spots ( spot 6, spot
10,and spot 22 in Fig. 2 and Table 1) having been
shown to be glycinin subunits or their precursors which
are major storage proteins in soybean'® . In this study,
glycinin subunit(or its precursor) ( spot 6 and spot 22)
could be detected from the time of 20 DAF. The inten-
sity of spot 6 (type 2) decreased with the development
while that of spot 22 (type 3) transiently decreased with
the development and re- increased in mature seed. Spot
10 (type 1) accumulated from 15 DAF and the intensity
gradually increased along with development, which is
expected to accumulate in parallel to the phase of pro-
tein deposition.

Another seed storage protein identified is kunitz
trypsin inhibitor ( spot 20 ), firstly present at 20 DAF
(type 3)and decreased from 50 DAF to mature seed. As
an abundant soybean seed storage protein, kunitz tryp-
sin inhibitor has a molecular mass of 21. 5KDa and is
specific for serine proteases, which is expressed during

180 Our results also

embryogenesis and in mature plants
indicate that kunitz trypsin inhibitor gene expression

programs are established in early seed development.
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Fig.3 Relative expression quantity of identified proteins at different seed developmental stages of

15 DAF,20 DAF,30 DAF,40 DAF,50 DAF,and maturity

Spot 29 corresponded to lectin which is carbohy-
drate- binding protein that exists widely in plants and is
involved in numerous cellular processes. Aoyamaa et
al''"" reported that plant acid phosphatases may be reg-
ulated by lectins in soybean seed and the effects vary
according to the substrate used. In seeds, lectins can
account for as much as 10% of the total nitrogen of
mature seed extracts, and involved in protein stor-
age!"™.

3.2 Cell growth/division related proteins

During seed developmental process, cells grow
progressively by enlargement as they accumulate stor-
age components. Two proteins identified could be in-
volved in cell enlargement process during protein depo-
sition. One protein was Skpl ( spot 27 ) appeared from
15 DAF (type 2)and increased with the developmental
process. Skpl affects cell division and cell expansion/

(1

elongation "', The expression patterns of Skpl were

found to be consistent with their roles in embryogenesis

"1 Ubiquitin- mediated pro-

and seedling development
teolysis is a critical regulatory mechanism controlling
many biological processes. Skpl as a component of SCF
protein plays important roles in selecting substrates for
proteolysis by facilitating the ligation of ubiquitin to
specific proteins. In plants, SCF complexes have been
found to regulate auxin responses and jasmonate signa-
ling and may be involved in several other processes,
such as development, circadian clock, and gibberellin
signaling "), Lechner et al'®’ found Skpl genes ex-
hibit a spectrum of expression levels and patterns in the

flower and/or fruit regulating different developmental

and physiological processes, Hence, Skpl- like protein
identified in this study may be involved in cell expan-
sion during seed filling.

Another protein was actin ( spot 17). Actin is in-
volved in a number of cellular processes such as cyto-
plasmic streaming, cell shape determination, organelle

movement , and extension growth %/

. In Arabidopsis,
the isoform ACT7 is expressed in vegetative tissues that
contain rapidly dividing and expanding cells and ap-
pears to be the only actin gene expressed in seed tis-

(2
sues

*!. A similar protein was also found in Medicago
truncatula and the expression level of ACT7 increased
at 14 DAF and decreased after this stage!”’, To our
knowledge , this is the first time that actin is identified
during seed development in soybean, it may play an im-
portant role in cell expansion during protein deposition
process in soybean.
3.3 Structure and transportation related proteins
During seed developmental process, cell com-
pounds increase progressively to satisfy their growth
and kinds of metabolisms. As we know, proteins must
be transferred to specific position to play roles in cells
after translation. One protein identified is calreticulin 2
precursor( spot 5) , which has been found involved in
the maturation of glycoproteins to fold nascent polypep-
tides or transport proteins in the lumen of the endoplas-

24]

mic reticulum (ER) /. In tobacco and Arabidopsis,

calreticulin levels increase significantly and involved in
glycoprotein synthesis and secretion. Mg gelsvang and

[25]

Simpson' ™’ reported that calreticulin was present at

relatively constant levels during barely endosperm de-
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velopment because hordeins , the major proteins synthe-
sized during endosperm development in barely, are not
glycosylated. We found that calreticulin present with
transiently increasing expression quantity from 20 DAF
to 30 DAF followed by a decreasing level until maturity
(Fig.3). This may be due to the fact that main seed
storage proteins in soybean are sucrose binding pro-
teins. Also, calreticulin is observed as a 57. 5kDa pro-
tein with a theoretical molecular mass of 61. 1kDa. The
divergence between theoretical and actual molecular
mass is a characteristic of calcium binding proteins. For
example , Chen et al®® isolated barley calreticulin and
described it as a 55 kDa protein with a calculated mo-
lecular mass of 46 kDa.

Two proteins identified to be components of some
specific proteins or enzymes,such as spot 8 correspon-
ded to chain C of soybean peroxidase which accumula-
ted from 15 DAF to 30 DAF and disappeared after this
stage. Spot 13 corresponded to chaperonine 60 kDa be-
ta chain. Their function related to seed development has
not been elucidated as- yet.

3.4 Proteins involving in oxidative and desicca-
tion stress and other metabolism

Two proteins identified have potential role in re-
sponses to oxidative desiccation and stress. One is a-
scorbate peroxidase corresponded to spot 15 present
early at 15-20 DAF and could not be detected at later
stages. Ascorbate peroxidase is the major enzyme in-
volved in the ascorbate- glutathione cycle for detoxifica-
tion of hydrogen peroxide. This protein is expressed at
varying times throughout the developmental process,re-
flecting the importance of protection against desiccation

- induced injury due to active oxygen species produced
14,27 -28].

during seed development *

Another is dehydrin corresponding to spot 9, ap-
peared from 20 DAF to 50 DAF with a gradually in-
creasing expression quantity, but having a low expres-
sion level in mature seed, which reflects their role in
response to the desiccation stress during the process of
seed maturation. This agrees with the results observed

. . [29-30]
in pea and rice

. During pea cotyledon develop-
ment, dehydrin mRNA and proteins accumulated in
middle to late embryogenesis to tolerate desiccation

stress. Also, dehydrin protein synthesis was detected

before desiccation tolerance in rice embryos to with-
stand desiccation. Dehydrin proteins were actively syn-
thesized at the time of maximum fresh weight and re-
present about 2% of protein in mature seed. In castor
bean endosperms, dehydrin proteins were first detected
during mid- development(at 30 —35 days after pollina-
tion, DAP) and peaked at 50 DAP just prior to the on-
set of desiccation"

Spot 2 was identified to be sucrose phosphate syn-
thase , which has been characterized in developing em-
bryos of broad bean( Vicia faba). In the cotyledons the
expression of sucrose phosphate synthase is initiated in
cells differentiating into storage tissue. Sucrose phos-
phate synthase may have some significance for the initi-
ation of the storage process possibly decreasing hexoses
and/or increasing sucrose 2 Interestingly, spot 23
was identified to be homologous with leghemoglobin,
which was described mainly present in roots of legume,
the function of which in seed development is unclear.

In a word, 18 proteins with highly differential ex-
pression in soybean developmental seeds have been i-
dentified by MALDI- TOF- MS. However, as it has been
suggested , high sequence homology to a database entry
might not be sufficient to guarantee identification by
PMF, because homology has to remain conserved at the
tryptic digest level . Therefore, more work such as
peptide sequence determination will be carried out for
future cloning of pivotal genes involved in soybean seed

development.
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