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Seed storage proteins (SSPs) are important for seed

germination and early seedling growth. We studied the

accumulation and degradation profiles of four major

Arabidopsis 12S SSPs using a 2-DE scheme combined with

mass spectrometric methods. On the 2-DE map of 23 dpa

(days post anthesis) siliques, 48 protein spots were identified

as putative full-length or partial α, β subunits. Only 9 of

them were found in 12 dpa siliques with none in younger

than 8 dpa siliques, indicating that the accumulation of 12S

SSPs started after the completion of cell elongation processes

both in siliques and in developing seeds. The length and

strength of transcription activity for each gene determined

the final contents of respective SSP. At the beginning of

imbibition, 68 SSP spots were identified while only 2 spots

were found at the end of the 4 d germination period, with α

subunits degraded more rapidly than the β subunits. The

CRC α subunit was found to degrade from its C-terminus

with conserved sequence motifs. Our data provide an

important basis for understanding the nutritional value of

developing plant seeds and may serve as a useful platform

for other species.

Keywords: 2-DE, Accumulation seed storage proteins,

Arabidopsis, Degradation, MALDI-TOF-MS, QRT-PCR

Introduction

SSPs are a set of proteins that are synthesized in the

developing seed at the stage when cell division is complete

(Goldberg et al., 1994) and they play a crucial role in the life

cycle of higher plants since they are the major sources of

nitrogen and carbon during subsequent seed germination and

early seedling growth. SSPs are primarily synthesized in the

late stages of seed development on rough endoplasmic

reticulum (ER) as precursors, and are further converted into

mature forms and accumulate in protein storage vacuoles

(PSVs) of terminally differentiated cells in developing seeds

(Herman and Larkins, 1999). Legumin-type globulin and

napin-type albumin proteins are the predominant SSPs found

in Arabidopsis seeds (Heath et al., 1986; Krebbers et al.,

1988; Pang et al., 1988; van der Klei et al., 1993). The 12S

SSPs, also referred to as cruciferins, usually present in a plant

cell as hexameric complexes consisting of six α and six β

subunits linked via disulfide bonds.

Four genes encoding 12S SSPs, including CRA1 (At5g44120,

also called cruciferin 4), CRB (At1g03880), CRC (At4g28520,

also called cruciferin 1) and cruciferin 2 (CRU2, At1g03890)

are located on chromosome 5, 1, 4 and 1, respectively in the

Arabidopsis genome of Columbia ecotype (Pang et al., 1988;

Fujiwaraa et al., 2002; Gruis et al., 2002, 2004). During seed

maturation, each SSP is proteolytically processed at a conserved

Asn-Gly peptide bond by an asparaginyl endopeptidase to

produce two mature polypeptides referred to as α and β

subunits that are joined together by a disulfide bond (Muntz,

1998; Gruis et al., 2004; Shimada, et al., 2003). The dicysteine

residues in CCxQL were reported to play a critical role in

protein sorting (Kawagoe et al., 2005). Since all 12S globulin

genes are strictly transcribed only in developing seeds at the

mid- to late-stages of embryogenesis, they are ideal candidates

for exploiting tissue- and temporal-specific regulation of gene

expression (Fujiwaraa et al., 2002).

Proteomic analysis offers good opportunity to study large

numbers of proteins involved in specific biological responses

(Gallardo et al., 2001; Finnie et al., 2002; Canovas et al.,

2004; Gruis et al., 2004; Fu et al., 2005). Analysis of developing

barley seeds revealed that grain filling and maturation was

accompanied by a significant accumulation of low-Mr α-

amylase/trypsin inhibitors, serine protease inhibitors and enzymes
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involved in protection against oxidative stress (Finnie et al.,

2002). Twenty-four of the 47 identified protein spots from

embryos and endosperms of germinating tomato seeds were

identified as fragments of different SSPs (Sheoran et al.,

2005), whereas 26 of the 74 identified protein spots from

germinating Arabidopsis seeds were 12S SSP fragments

(Gallardo et al., 2001), indicating that SSPs are a major

component of the germinating proteome. Here we report a

systematic analysis of 12S SSP synthesis and degradation

throughout Arabidopsis seed maturation and germination

processes.

Materials and Methods

Plant growth and sample preparation. Dry mature Arabidopsis

seeds (Columbia ecotype) were soaked in dark at 4oC for 3 days

before being transferred to fully automated growth chambers as

reported previously (Wang et al., 2003) and were maintained at 20-

22oC with a 16/8 h (light/dark) cycle. Protein samples of various

growth stages were prepared from dry seeds, 0 d (harvested upon

completion of dark stratification) and 1, 2, 3 or 4 d after beginning

of the germination experiments. The siliques were labeled at the

time of anthesis and were harvested at 5, 8, 12, 15 and 23 dpa,

respectively.

Protein extraction. Two hundred-fifty mg dry seeds or equivalent

amount of 0 d seeds and young seedlings harvested at 1 or 2 d after

initiation of germination experiment, or 1 g of 3 and 4-d seedlings,

or 1 g siliques at different stages were ground in liquid nitrogen in a

mortar and pestle. The fine powder was precipitated at −20oC with

10% (w/v) trichloroacetic acid (TCA) in cold acetone containing

0.07% (w/v) 2-mercaptoethanol for at least 2 h. The mixture was

further purified following the steps reported previously (Fu et al.,

2005; Wang et al., 2006). About 10-20 mg total proteins were

obtained from each sample when quantified using the 2-D Quant kit

(Amersham Pharmacia Biotech).

Two-dimensional electrophoresis and quantitative analyses. 2-

DE was performed as described previously (Fu et al., 2005; Wang

et al., 2006) with 200 µg of total proteins loaded onto each gel.

Isoelectric focusing was done with the IPGphor system (Amersham

Pharmacia Biotech). Immobiline 3-10 and 4-7 linear DryStrips

(Amersham Pharmacia Biotech) were run at 30 V for 8 h, 50 V 4 h,

100 V 1 h, 300 V 1 h, 500 V 1 h, 1000 V 1 h and 8000 V 12 h using

rehydration buffer (8 M urea, 2% CHAPS, 20 mM dithiothreitol)

and 0.5% IPG buffer (Amersham Pharmacia Biotech). SDS-PAGE

was performed using 12.5% polyacrylamide gels without a stacking

gel in the ETTAN DALT SIX ELECT UNIT 230 (Amersham

Pharmacia Biotech). Gels were stained, after SDS-PAGE, with

0.1% (w/v) Coomassie Blue R-350 (CBR350) in 10% acetic acid

and destained with 10% acetic acid or were silver stained. Triplicate

protein samples were prepared from each designated growth stages,

and silver- or CBB-stained gels were run in parallel for each sample

for quantitative purposes and for mass spectrometric analysis,

respectively. Gel images were processed using 2-D Imagemaster

Elit (version 4.01, Amersham Pharmacia Biotech) according to the

manufacturer’s instructions. The 2-D gels were aligned, matched,

and volumes of each spot were quantitatively determined after

normalization of total spot volumes and background subtraction as

previously reported (Fu et al., 2005). Details of in-gel digestion,

peptide mass fingerprinting and N-terminal sequencing were

described in Wang et al. (2006).

RNA purification and QRT-PCR analysis. Total RNA from

different samples were isolated as previously described (Wang et

al., 2003). Five µg total RNA were reverse transcribed in a total

volume of 20 µl using SuperScriptTM First-Strand Synthesis System

for RT-PCR (Invitrogen). Gene-specific primers for different 12S

globulins were designed according to sequences available in the

Arabidopsis genome database (http://www.arabidopsis.org). As a

loading control, we amplified a 238 bp ubiquitin (UBQ10) fragment

in parallel experiments. QRT-PCR was carried out using the SYBR

green PCR kit (Applied Biosystems) in a DNA Engine Opticon-

Continuous Fluorescence Detection System (MJ Research) as

reported in (Shi et al., 2006). Samples were analyzed in triplicates

and were quantified by the comparative cycle threshold method. All

gene-specific PCR primers were as follows: 5'-CAGCCACTTGTC

ATCATCG-3' and 5'-TAGGAAGCACCATCGCATTA-3' for CRC;

5'-CACGGTAATGGCTTAGAGGA-3' and 5'-ACTGGAATCGGTT

GCTTGTT-3' for CRA1; 5'-GCCATCACTCGGATACATTA-3' and

5'-GGTCTCAATCGTGCTAAACT-3' for CRB; 5'-TTTCTTGCCC

GCTTTCTTTTA-3' and 5'-TCTTCTTGCGTTCTGCTCCC-3' for

CRU2.

Results

Phenotypic analyses of Arabidopsis seed/silique expansion

and maturation. Phenotypes of developing siliques and seeds

taken at 5, 8, 12 and 23 dpa were shown in Fig. 1. Siliques

completed most of their elongation growth in the first 5-8

days. Siliques older than 8 dpa did not elongate significantly,

Fig. 1. Phenotypic analysis of developing Arabidopsis siliques

(Upper panels) and seeds (Lower panels). Photos were taken at

the indicated time (dpa). The bars represent 2 mm in upper

panels and 0.2 mm in lower panels.
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they became thicker in later stages and started yellowing after

15 dpa. By contrast, seeds taken out of 5-8 dpa siliques were

small, transparent and full of water. They reached maximum

size and turned green at 12 dpa, started yellowing around 15

dpa and came to full maturity around 23 dpa (Fig. 1).

Fig. 2. Silver-stained 2-DE maps of Arabidopsis siliques collected at indicated times.
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Proteomic profiles from developing siliques. Silver-nitrate

stained gels of proteins extracted from 12 to 23 dpa siliques

were shown in Fig. 2. Siliques younger than 8 dpa produced

no observable amounts of polypeptides corresponding to any

fragments of the 12S SSPs (data not shown). Full-length α

subunits for CRC (spot 36) and CRB (spot 56) were first

observed on 12 dpa 2-DEs while that of CRA1 (spots 47-49)

and CRU2 (spot 15) appeared after 15 dpa (Fig. 3, Table 1).

All four polypeptides accumulated to high levels by 23 dpa. β

subunits appeared somewhat later on the gel due probably to

their smaller sizes. However, they also accumulated to high

levels at the end of silique development (Fig. 2). All protein

spots identified in 2-DEs of 12 and 15 dpa siliques were

putative full-length α or β subunits. Fragments of CRC, CRB

and CRA1 α subunits and isoforms of both α and β subunits

of these proteins were identified in siliques harvested at 23 dpa

(Fig. 2; Supplementary Table 1), indicating that storage protein

degradation and modification processes initiated in late stages of

seed maturation.

SSP accumulation correlated positively to transcriptional

activities of each gene during silique development. Shown

in Fig. 4 are the accumulative signal values for all four SSPs.

Note that, at full maturity, identified 12S SSP fragments

accounted for about 34.5% of total Arabidopsis silique

proteins with CRC and CRA1 each accumulated to more than

12-15% of the total. We also studied the expression patterns of

Arabidopsis SSP genes by QRT-PCR (Fig. 4). In RNA

samples prepared from 5 dpa siliques, only very low levels of

CRC transcripts were detectable. However, in siliques older

than 8 dpa, we were able to amplify successfully transcripts

for all four SSP genes. The transcription activities for all these

four genes increased very rapidly from 8 to 15 dpa and slowed

Fig. 3. Accumulation patterns of major Arabidopsis 12S SSP

fragments during seed maturation. Corresponding gel blocks for

representative fragments were extracted from silver stained 2-

DEs prepared from 12 to 23 dpa developing siliques as shown in

Supplementary Fig. 1. All these 12S SSP fragments were identified

by MALDI-TOF-MS or MALDI-TOF-MS/MS methods and

were reported in Supplementary Table 1. Triplicate gels were run

using independent protein extractions from siliques of the same

developmental stages with similar patterns observed.

Fig. 4. The transcriptional activities of Arabidopsis 12S SSP

genes were correlated to the patterns of respective protein

accumulation. For comparisons of relative polypeptide contents

from 5 to 23 dpa, normalized volumes, expressed as percentages

in each 2-DE, for all protein spots corresponding to a particular

SSP, were obtained by using the 2D imagemaster software and

were put together as one data point in the figure (empty bars).

The mean ± SD for each protein spot was calculated from

triplicate gels and the combined SD reported in each column

was obtained by evaluating the square root of the summation of

squares of all the individual SDs for each data point in a

particular gene. For analysis of 12S SSP gene transcript levels

over the same developmental period, total RNA isolated from

developing siliques was subjected to QRT-PCR by using gene

specific primers as listed in “Materials and Methods” section

(filled bars). The dashed line indicates the level of UBQ10 that

was included as a loading control and also as a comparison.

Data were calculated from three independent RNA extractions.

Statistically significant differences were determined using the

one-way ANOVA software combined with Tukey’s test

throughout this figure. ***, p < 0.001; **, p < 0.01; *, p < 0.05.

Significance values were obtained by comparing protein contents

obtained from 5, 8, 12 and 15 dpa siliques to that of 23 dpa.



Arabidopsis 12S Globulin Accumulation and Degradation 379

down significantly in 23 dpa siliques. CRC was the most

actively transcribed gene that reached to more than 10 times

the amounts of UBQ10 at 23 dpa, followed by CRA1 and

CRB that reached about 5 to 10 times the internal control

value (Fig. 4). The close correlation between patterns of

protein accumulation and transcript levels reported in Fig. 3

suggest that 12S SSP genes are mainly regulated at the

transcription level. We also recorded a significant delay from

the time of mRNA transcription to corresponding protein

accumulation for all 12S SSPs (Fig. 4). Since we included

fruit wall materials in total protein preparations, the observed

SSP accumulation may actually be delayed for 1 or 2 days

with reference to reality inside the young seeds.

Proteomic and transcription profiles of SSPs in dry and

germinating Arabidopsis seeds or early seedlings. Previously

we reported a series of 2-DEs prepared using total proteins

samples extracted from dry seeds to 4-d-old seedlings (Fu et

al., 2005). A total of 69 polypeptides were identified as α, β

subunits or fragment of different subunits of the four 12S SSP

genes using MALDI-TOF-MS and/or MALDI-TOF-MS/MS

with reference to the swissprot database (http://www.expasy.org).

Among the sum, 6 were putative full-length CRC α subunit,

16 fragments of CRC α subunit, 6 CRC putative full-length β

subunit; 15 CRA1 α subunit, 6 fragments of CRA1 α subunit

and 4 CRA1 β subunit; 5 CRB α subunit, 2 fragments of CRB

α subunit and 7 CRB β subunit; 1 each of CRU4 α and β

subunits (Table 1).

Comparisons of 2-DE profiles of germinating Arabidopsis

seeds clearly demonstrated that the full-length α subunits or

its major fragments were degraded significantly faster than the

β subunits (Fig. 5). Spot 1, a 27 kDa fragment of CRC α

subunit, which accumulated to a very high level in dry seeds,

disappeared completely during the stratification process while

no obvious decrease of all other spots was observed (Fig. 5).

By contrast, spot 13, a 13 kDa fragment of CRB α subunit

which was not accumulated during seed maturation (Fig. 3),

appeared specifically after stratification for two days before

being degraded completely by day 4 (Fig. 5). Also, many

small fragments, such as spot 2, 3, 4, 6, 7 and 8, were found to

increase significantly upon stratification before being degraded

completely in later stages. These data suggest that different

endo-peptidases may be activated or synthesized during

Arabidopsis seed germination for the utilization of SSPs.

Quantitative analyses showed that mRNAs encoding the four

12S SSP genes disappeared earlier than corresponding

polypeptides (Fig. 6).

Prediction of proteolytic cleavage sites. The N-terminal

sequences of one putative full-length and five major

fragments of CRC α subunit were determined by Edman

degradation (Fig. 7). Much to our surprise, all these fragments

shared identical N-termini with that of the full-length subunit

(data not shown), suggesting that either the full-length α

subunit or its major degradation products were first attacked

from the C-termini. We next ran the pI/Mw program from the

expasy web site (http://www.expasy.org) to locate putative

cleavage sites. All but one fragment were found to be cleaved

between glutamine (Q) and glycine (G) residues. The fragment

ended at amino acid residue 288 was cleaved between alanine

(A) and glycine (G) residues. We report patterns of CRC α

subunit degradation during seedling germination in Fig. 7.

Fig. 5. Degradation patterns of Arabidopsis 12S SSP major

fragments during seed germination. Corresponding gel blocks for

representative fragments were extracted from silver stained 2-

DEs prepared from dry or stratified Arabidopsis seeds, or early

seedlings from d 1 to d 4 as shown in (Fu et al., 2005).

Triplicate gels were run using independent protein extractions from

the same germination stage plant materials with similar results.
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Discussion

By using 2-DE coupled with MALDI-TOF-MS, TOF-TOF-

MS and QRT-PCR techniques, we identified a large number

of Arabidopsis 12S SSP fragments, analyzed patterns of gene

expression as well as protein accumulation throughout the

Arabidopsis seed maturation and early germination processes.

We showed that, among all four 12S SSP genes in

Arabidopsis seeds, CRC was expressed at the earliest time (5

dpa), and was followed by CRA1, CRB and CRU2. CRU2 is

the last Arabidopsis SSP gene that was discovered upon

genome database analysis (Gruis et al., 2004), and its

expression and accumulation profiles were not known in the

literature. All four SSP genes were close to saturation at the

transcription level when seeds became mature and started to

desiccate at 23 dpa. Messengers of CRC accumulated to the

highest level followed by CRA1, CRB and CRU2 (Fig. 4).

Corresponding 12S SSP polypeptides were accumulated

significantly later than messenger mRNAs with CRC, CRA1

and CRB subunits first observed in 12 dpa siliqes while

CRU2 was first detected in 15 dpa siliques (Figs. 3 and 4,

Supplementary Table 1). Accordingly, CRC, CRA1 and CRB

were found to accumulate much higher than that of CRU2,

indicating that production of SSPs in developing Arabidopsis

seeds was regulated mainly at the transcriptional level. The

number of α and β subunit isoforms for CRC, CRA1 and

CRB increased significantly as siliques mature, suggesting

that modifications of SSPs must have occurred late in seed

development (Muntz, 1998).

We also analyzed the degradation patterns of 12S SSPs

during seed germination and early seedling development at

the proteomic level (Figs. 5 and 6), with a special interest on

CRC. Six full-length α and β subunit isoforms each with

nearly identical Mw but different pI were identified after 2-

DE analysis of dry seeds (Supplementary Table 1), indicating

that the two CRC subunits were modified at some point

during Arabidopsis seed development. During the first two

days of imbibition, the CRC α subunit was not degraded

continuously. Instead, it was cleaved from one or two hot

spots (Q↓G or A↓G) close to its C-terminus. The remaining

N-terminal parts of α subunit or all isoforms of full-length β
subunit were degraded in a continuous fashion during subsequent

seedling growth. Successive C-terminal degradation of 12S

Fig. 6. Transcripts encoding for Arabidopsis 12S SSP genes

were degraded earlier than respective polypeptides during seed

germination. Empty bars represent relative 12S SSP contents

over seed germination period. Filled bars represent QRT-PCR

analysis of transcript levels for different 12S SSP genes over the

same period. See Fig. 3 legend for experimental details.

Statistically significant differences were determined using the

one-way ANOVA software combined with Tukey’s test

throughout this figure. ***, p < 0.001; **, p < 0.01; *, p < 0.05.

Significance values were obtained by comparing protein contents

obtained from seeds or young seedlings 0, 1, 2, 3 or 4 days after

germination initiation to that of dry seeds.

Fig. 7. The CRC α subunit was degraded via its C-termini with

conserved hot-spots. The N-terminus of each fragment was

determined by Edman sequencing and the putative C-termini

were obtained by using the program Mw/pI with consultation to

NCBInr protein library (http://www.expasy.org). Theoretical MW

of each fragment was labeled on the upper side with their N-

terminal and C-terminal amino acid residues marked on the

lower side of the bar. Spot 25 was identified as the 34.24 kDa

full-length α subunit with spots 1, 6, 3, 8 and 10 representing

the 27.68, 13.63, 12.91, 11.20 and 8.8 kDa fragments, respectively.
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globulins at the glutamic acid residues were recently reported

to be repressed under sulfur-deficient conditions, indicating

that post-translational modifications of 12S SSPs may bear

some physiological importance (Higashi et al., 2006; Manfre

et al., 2006). The period of Arabidopsis radicle emergence

was recently found to correlate with a dramatic new RNA

synthesis indicating that a large number of new proteins may

be synthesized at this stage (Li et al., 2006). Since fragments

of α subunit were found in dry mature seeds (Fig. 3 and Table

1), and endopeptidase activities were reported in protein

bodies at late stages of seed development in vetch (Becker et

al., 1997; Schlereth et al., 2001), we conclude that partial

degradation of CRC α subunit occurred during Arabidopsis

seed maturation. Our data suggest that CRC degradation may

be carried out by different set of proteases at various time of

seed germination and de novo synthesized enzymes may be

recruited for its complete digestion.
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