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Brassica napus (cultivar Reston) seed proteins were analyzed at 2, 3, 4, 5, and 6 weeks after flowering in biological quadruplicate
using two-dimensional gel electrophoresis. Developmental expression profiles for 794 protein spot groups were established
and hierarchical cluster analysis revealed 12 different expression trends. Tryptic peptides from each spot group were analyzed
in duplicate using matrix-assisted laser desorption ionization time-of-flight mass spectrometry and liquid chromatography-
tandem mass spectrometry. The identity of 517 spot groups was determined, representing 289 nonredundant proteins. These
proteins were classified into 14 functional categories based upon the Arabidopsis (Arabidopsis thaliana) genome classification
scheme. Energy and metabolism related proteins were highly represented in developing seed, accounting for 24.3% and 16.8%
of the total proteins, respectively. Analysis of subclasses within the metabolism group revealed coordinated expression during
seed filling. The influence of prominently expressed seed storage proteins on relative quantification data is discussed and an in
silico subtraction method is presented. The preponderance of energy and metabolic proteins detected in this study provides an
in-depth proteomic view on carbon assimilation in B. napus seed. These data suggest that sugar mobilization from glucose to
coenzyme A and its acyl derivative is a collaboration between the cytosol and plastids and that temporal control of enzymes
and pathways extends beyond transcription. This study provides a systematic analysis of metabolic processes operating in
developing B. napus seed from the perspective of protein expression. Data generated from this study have been deposited into a

web database (http://oilseedproteomics.missouri.edu) that is accessible to the public domain.

Brassica napus (also known as rape and oilseed rape)
is the third largest oilseed crop in the world, providing
approximately 13% of the world’s supply of vegetable
oil. B. napus seeds produce oil and protein as the main
storage compounds out of the three principal storage
reserves (proteins, oil [triacylglycerols], and carbohy-
drates [starch]) found in plant seeds (Norton and
Harris, 1975; Murphy et al., 1989; King et al., 1997;
Schwender and Ohlrogge, 2002). These compounds
support early seedling growth, and in nature the rela-
tive proportions of these compounds vary dramatically
among different plant seeds. Seeds of legume species
such as soybean (Glycine max) and pea (Pisum sativum)
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produce seeds with 20% to as much as 40% protein and
20% oil, while B. napus produces seeds with approxi-
mately 40% oil and 15% protein (Gunstone et al., 1995).

Biochemical and molecular studies are beginning to
define the biosynthetic pathways responsible for ac-
cumulation of these storage components in B. napus
seed (Rawsthorne, 2002; Schwender and Ohlrogge,
2002; Hill et al., 2003; Schwender et al., 2003; Goffman
et al.,, 2004; Kubis et al., 2004; Ruuska et al., 2004;
Schwender et al., 2004a, 2004b; Chia et al., 2005;
Goffman et al., 2005). Recently, a study of B. napus
developing embryos demonstrated that Rubisco acts
without the Calvin cycle to increase the efficiency of
carbon use during triacylglycerol production (Schwender
et al., 2004a). Despite these advancements, little is
known about the regulation, both translational and
posttranslational, of proteins during seed develop-
ment. It is quite evident from the available studies that
seed-filling processes are highly complex and that
many genes encoding enzymes of the respective path-
ways are tightly coordinated for fine-tuned regulation
of each storage component. Since storage components
are of nutritional and economical importance, under-
standing the regulatory mechanisms responsible for
their synthesis has become an important challenge. To
this end, it may be necessary to apply systematic and
multiparallel approaches to study the association of
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metabolic networks with seed filling on a global scale,
rather than studying an isolated enzyme or pathway
using conventional biochemical and molecular ap-
proaches.

Impressive achievements in genome and cDNA
sequencing have yielded a wealth of information for
many model organisms, including the flowering plants
Arabidopsis (Arabidopsis thaliana) and rice (Oryza sat-
iva; Arabidopsis Genome Initiative, 2000; Goff et al.,
2002; Seki et al., 2002; Yu et al., 2002). As a conse-
quence, there have been tremendous advances in
high-throughput technologies, such as transcriptomics
and proteomics to profile genome-wide expression of
genes at the mRNA and protein levels, respectively.
These technologies have provided a unique opportu-
nity to study the biological systems on a genome-wide
scale. Arabidopsis was the first plant that was used for
genome-wide analysis of seed filling at the transcrip-
tome level (Girke et al., 2000; Ruuska et al., 2002).
These studies cataloged temporal changes in gene
expression and provided insight into the primary
transcriptional networks that coordinate the genome-
wide response to seed developmental programs and
lead to the distribution of carbon among oil, protein,
and carbohydrate reserves. Nevertheless, it should be
noted that cellular signaling and metabolic events are
also driven by protein-protein interactions, posttrans-
lational protein modifications, and enzymatic activi-
ties that cannot be predicted accurately or described
by transcriptional profiling approaches alone. There-
fore, to better understand gene function and to address
biochemical and physiological questions, it is imper-
ative to include proteomics in any systems biological
approach (Aebersold and Mann, 2003; Huber, 2003).
Improvements in high-resolution two-dimensional gel
electrophoresis (2-DE), imaging and analysis, develop-
ment of protein and nucleotide databases, and methods
for protein identification using modern mass spec-
trometry (MS), such as matrix-assisted laser desorp-
tion/ionization time of flight (MALDI-TOF) and liquid
chromatography-tandem MS (LC-MS/MS), have made
the large-scale profiling and identification of proteins
a dynamic new area of research in plant biology
(Aebersold and Mann, 2003; Gorg et al., 2003; Agrawal
et al., 2005).

In recent years, proteomics has been applied to
investigate seed germination and seed development
using a proteomics workflow including Medicago trun-
catula (Gallardo et al., 2003), pea (Schiltz et al., 2004),
and soybean (Hajduch et al., 2005). Soybean represents
the most systematic study conducted to date; the high-
density reference map established in the study in-
cludes the developmental expression profiles of 679
protein spots and identification of 422 protein spots
representing 216 nonredundant proteins and 14 pro-
tein functional classes.

Here we have conducted an in-depth analysis of B.
napus (cv Reston) during five sequential stages of seed
filling using 2-DE coupled with MS (MALDI-TOF and
LC-MS/MS), with the main objective to characterize
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metabolic networks. We present high-resolution refer-
ence maps of pH 3 to 10 and pH 4 to 7, along with
expression profiles of 794 protein spots that reveal 12
principal expression trends during seed development.
Using both MALDI-TOF and LC-MS/MS, the identity
of 517 protein spots were obtained representing 289
nonredundant proteins. One of the surprising findings
of this proteomic study is the preponderance of pro-
teins related to metabolism and energy production. We
present and discuss the regulation of these metabolic
networks at the protein level, by mapping the protein
components and their expression profiles on to the
pathways of carbon assimilation. Data generated from
this study have been deposited into a database
(http:/ / oilseedproteomics.missouri.edu) that is acces-
sible to the public domain.

RESULTS
Characterization of Developing B. napus Seed

Developing B. napus (var. Reston) seeds were staged
precisely at 2, 3, 4, 5, and 6 weeks after flowering
(WAF), the period when major metabolic changes occur
within the embryo. At each developmental stage, seed
fresh weight and protein content were measured (Fig. 1).
At 2 WAF the liquid endosperm dominates while the
embryo accounts for a small portion of the seed. The
embryo begins to take significance within the seed at 3
WAE. This can be estimated by the pale green appear-
ance of seeds at 2 and 3 WAF with increasing darker
portion representing the developing embryo. At 4, 5,
and 6 WAE, the embryo accounts for most of the seed
mass and the seed coat begins to senesce, as visualized
by the change in color, when approaching the desic-
cation stage (Bewley and Black, 1994).

Seed fresh weight increased from 2 until 5 WAF
followed by a decrease in weight at 6 WAF, indicating
that developing seeds enter into the desiccation phase
after 5 WAF. This is in agreement with previous studies
on B. napus seed development where the authors con-
cluded that the aqueous soluble fraction increased to a
maximum at 5 WAF and then declined (Norton and
Harris, 1975). After this period, protein content in-
creased dramatically, reaching approximately 10% of
fresh seed weight at 6 WAE, also in agreement with a
previous report (Norton and Harris, 1975). Measure-
ments of seed fresh weight and protein content at five
different stages indicate that selected time points are
representative of the seed-filling phase of development.

To further characterize developing B. napus seed,
seed fatty acids (FAs) were quantified by gas chroma-
tography (GC; Table I). Accumulation of total FAs
increased significantly during seed development (Fig.
1) and by 6 WAF accounted for over 20% of the seed
dry mass. Compositional analysis revealed major fluc-
tuations in the individual FA species (Table I). Twelve
different FAs accounted for nearly all of the acyl chains
present in developing B. napus seed. Interestingly, the
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Figure 1. Characterization of B. napus seeds during seed filling.
Sampling was carried out at 2, 3, 4, 5, and 6 WAF. The top section
shows seed stages. Seed fresh weight, FA content, and total seed protein
were measured and presented graphically in the bottom sections,
respectively. Fresh weight values are the average of 10 seeds, FA and
protein determinations are the average of three biological replicates. sp
is denoted by error bars.

accumulation of oleic acid (18:1) and eicosenoic acid
(20:1) showed maximum abundance at 5 WAF, while
erucic acid (22:1) peaked later at 6 WAF. This is not
surprising, given that 18:1 is the precursor for elonga-
tion to 22:1, the prominent FA in B. napus Reston.

Medium-Range Isoelectric Focusing Is Necessary for
Reduction of Spot Overlap in Two-Dimensional Gels
of Developing B. napus Seed

Initial 2-DE analysis of proteins from B. napus seed
was performed using an isoelectric focusing (IEF)
range of pH 3 to 10. As seen in Figure 2A, the region
between pH 4 to 7 is protein rich and overlapping
spots are prevalent. Use of medium pH gradients is
one effective way to reduce spot overlap (Campostrini
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et al., 2005). Therefore, additional 2-DE with pH 4 to 7
immobiline pH gradient (IPG) strips was performed to
ameliorate this problem (Fig. 2B). Visual inspection of
2-DE gels revealed highly dynamic changes in the seed
proteome. Each 2-DE gel contained approximately
1,200 to 1,300 Coomassie-stained protein spots with a
dynamic range in spot volume ranging from 1 to 4.5 X
10°. However, spots below a volume of 7 X 10° were
difficult to quantify, therefore, the quantitative, dynamic
range varied from 7 X 10%to 4.5 X 10°.

Protein Quantification Established Developmental
Expression Profiles for 794 Protein Spots

For accurate determination of protein expression,
the five developmental stages of B. napus seed devel-
opment were analyzed in biological quadruplicate
(Fig. 3A). Four sample harvesting events were fol-
lowed by four independent protein extractions. This
naturally resulted in both biological and technical
variation in the quantification results that is noted by
the sbs presented in Supplemental Tables I and II. It
was noticed that low abundance spots, as well as those
spots present in only two biological replicates, typi-
cally exhibited the highest level of variation. To select
only high-quality protein spots for expression profil-
ing, the following threshold criteria were applied.
Each protein spot was present in at least three biolog-
ical replicate gels and detected in at least two devel-
opmental stages. Using this approach, a total of 794
protein spot groups were matched, manually vali-
dated, and quantified (Supplemental Table I). More-
over, coefficient of variation (CV) value was calculated
to allow direct comparison of significance in acquired
quantification data (Supplemental Table I).

Seed Storage Proteins Can Be Subtracted in Silico to
Eliminate the Bias of Highly Expressed Proteins

Seed storage proteins (SSPs) are highly abundant at
4, 5, and 6 WAF. As these proteins accumulate, the
relative volume of other spots concomitantly decrease,
which may bias composite and individual expression
profiles. To test this hypothesis, all spots correspond-
ing to SSPs were subtracted in silico and expression of
the remaining spots were renormalized (Supplemental
Table II). To view possible influence of in silico SSP
subtraction, the composite expression profiles (dis-
cussed below) were created using both original and
SSP-subtracted datasets (Fig. 6). Although the shape of
expression trends was not greatly affected, slight
changes were observed. For instance, maximum accu-
mulation of photosynthetic proteins occurred at 3
WAF. After SSP removal, the peak moved to 4 WAF.

Combination of MALDI-TOF MS and LC-MS/MS
Resulted in 517 High-Confidence Protein Assignments

In theory, B. napus is a nonideal organism for
proteomic analyses, due to the lack of comprehensive
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Table I. FA composition in developing B. napus cv Reston seeds

Twelve principal B. napus seed FAs were quantified in biological triplicate from 2, 3, 4, 5, and 6 WAF
seed. The seed FAs were derivatized to FA methyl esters for analysis by gas chromatography (GC).
Identification of FAs was performed by on-line mass spectral analysis while quantification was performed
by flame ionization. The amount of each (and total) FAs is expressed in microgram per milligram of seed dry
weight. Values are the average of biological triplicates and sp is shown. ND, Not detected.

WAF
FA
2 3 4 5 6
16:0 3504 95 *=5.0 92 34 173 £1.8 19.2 =53
18:0 1.9+0.3 4.5 * 4.1 4.4 *+33 9.3 £ 0.8 10.6 = 2.4
18:1A9 0.6 0.1 13.0x29 36.7 £ 9.7 49.7 £ 16.4 34.6 £0.9
18:1A11 0.6 £ 0.1 7.0x20 6.4 £ 1.0 10.0 = 2.0 8.1 13
18:2 121 1.7 194 £ 2.1 195 £ 2.0 319 £ 6.4 36.1 £9.0
18:3 4.6 * 0.7 6.5 £ 0.5 9.2 = 1.1 13.7 £ 23 16.1 = 2.7
20:0 0.2 £0.1 0.5 = 0.1 0.8 = 0.4 1.5*0.7 1.3 04
20:1A11 ND 3419 11.9 = 9.1 22.7 £ 7.4 152 =19
20:1A13 ND 09 = 0.6 1.6 £ 0.9 25*04 3.7 £ 0.6
22:0 ND 09=*x13 1.2x1.0 2103 25*x13
22:1A13 ND 23*+28 33.6 x11.8 36.0 £ 10.2 61.4 = 13.6
22:1A15 ND 0.4 = 0.1 1.5x0.3 1.3 02 42 *1.0
Total FA content 232 =34 68.0 = 15.6 1359 *43.0 1979 =451 213.1 = 38.6

sequence databases. The National Center for Biotech-
nology Information (NCBI) nonredundant protein da-
tabase contained only 2,207 entries for Brassica
species, as of March, 2005. The largest database for B.
napus is available at The Institute for Genomic Re-
search (TIGR), containing 5,568 tentative consensus
entries. Due to these limitations, we decided to acquire
MS data in duplicate using two different mass spec-
trometers and to perform comprehensive data mining
using both NCBI and TIGR databases.

Figure 3B gives an overview of data acquisition and
data mining strategy. Altogether 794 spots were ex-
cised from 2-DE gels of pH 4 to 7 and pH 3 to 10 (pH
7-10 region only), digested with trypsin, and analyzed
by MALDI-TOF MS and LC-MS/MS in parallel. Pep-
tide mass fingerprint (PMF) analysis using MALDI-
TOF MS resulted in 175 protein assignments, while
LC-MS/MS resulted in 479 assignments. Protein as-
signments by MALDI-TOF and LC-MS/MS were in-
tegrated to reveal 137 identical and 46 nonidentical
assignments. In total, 517 assignments were made
(65.1% identification efficiency), of which 289 were
nonredundant proteins (Supplemental Table III).

LC-MS/MS Yielded Higher Percentage of Protein
Assignments Than MALDI-TOF PMF

It was previously reported that MALDI-TOF and LC-
MS/MS are equally efficient at protein identification
when comprehensive databases are available (Lim et al.,
2003; Person et al., 2003). With plant species such as B.
napus, for which database resources are limited, appli-
cation of both MS methods may improve the identifi-
cation rate. The protein identification workflow (Fig.
3B) used here allows for direct comparison of these two
ubiquitous MS methods for protein identification. In-
terrogation of MALDI-TOF data against two databases
(nonredundant NCBInr and TIGR) resulted in 175
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protein assignments out of 794 protein spots, represent-
ing a 22.0% identification frequency. When compared to
results obtained with other plants such as soybean
(Herman et al., 2003; Mooney et al., 2004; Hajduch et al.,
2005), Arabidopsis (Gallardo et al., 2001, 2002a, 2002b),
or Medicago truncatula (Gallardo et al.,, 2003; Watson
et al., 2003) the identification efficiency is low. In
contrast, searching LC-MS/MS data against the same
databases resulted in 479 assignments (60.3% identifi-
cation frequency). These data support the notion that
LC-MS/MS is superior to MALDI-TOF for protein
identification. However, our results indicate that paral-
lel MS identification strategies can improve the overall
identification. In this study, the identification rate in-
creased from 60.3% using LC-MS/MS alone to 65.1%
using a combination of MALDI-TOF and LC-MS/MS.
From the 517 identified proteins, 38 (7.3%) were iden-
tified exclusively by MALDI-TOF, 342 by LC-MS/MS
only (66.1%), and 137 by both methods (26.5%). Al-
though LC-MS/MS clearly produced a higher number
of assignments, identification by MALDI-TOF may be
more successful for some proteins.

Manual Validation of Protein Annotation Improves
Data Analysis

In general, database annotations infrequently pro-
vide information about intracellular localization. Since
enzymes may have different functional roles depend-
ing upon subcellular location, proteins that may po-
tentially have multiple intracellular isoforms were
analyzed by three different algorithms to predict sub-
cellular targeting. For example, in this study, six protein
spots were identified simply as malate dehydrogenase
(MDH). In this case, MDH can be located either in the
cytosol where it is a part of gluconeogenesis, in the
mitochondria where it is involved in the TCA cycle, or
in the plastids where it is involved in redox shuttling or
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Figure 2. Two-dimensional gel electrophoresis analysis of proteins (1 mg) isolated from B. napus seeds at 2, 3, 4, 5, and 6 WAF.
A, Protein analysis using wide-range IPG strips with pH range from 3 to 10. B, Protein analysis using medium-range IPG strips
with pH range from 4 to 7. Reference gel is a composite of all five investigated stages obtained by pooling of 0.2 mg of protein
from each stage.
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Figure 3. Proteomics experimental design used
in this study. A, Each investigated seed stage was

analyzed in quadruplicate by 2-DE. Only those

spots present in at least three gels were con-
sidered for analysis. Relative quantification and

expression profiles were determined using Image-
Master 2-DE Platinum software version 5.0. Spots

from analyzed gels were matched to a reference
gel and relative volumes were calculated for each
group. Average relative volumes and sps for
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matched spots were calculated and data were
plotted onto a line graph. Expression profiles were
then deposited into a Web-based data repository
(http://oilseedproteomics.missouri.edu). B, Pro-
tein spots with expression profiles were excised
from reference (pooled) gels of pH ranges of 3 to
10 and 4 to 7. Each spot was trypsin digested and
peptides were analyzed by MALDI-TOF and LC-

Reference gel, pH4-7 il
- -

i

MS/MS. Spectra were searched against NCBI and
TIGR databases using MS Fit program of Protein
Prospector for MALDI-TOF spectra and SEQUEST
for data acquired by LC-MS/MS. At this point, four
independent protein assignments for each spot
were obtained: (1) MALDI-TOF data searched
against NCBI; (2) MALDI-TOF searched against
TIGR; (3) LC-MS/MS searched against NCBI; and
(4) LC-MS/MS searched against TIGR. Two-step
data consolidation approach was applied (see

“Materials and Methods”) that resulted in 517
highly confident protein assignments.

Trypsin
in-gel

digestion
= — L
MALDI-TOF LC-MS/MS

v v
MS Fit (3.2.1) SEQUEST
NCBI TIGR NCBI TIGR

. v y

'

Two-step approach of data reduction

v

517 protein assignments

the photosynthetic C4 cycle. Applying subcellular lo-
calization algorithms, it was suggested that four spots
(884, 5,218, 5,222, and 5,225) are cytosolic MDH, and the
remaining two spots (5,185 and 5,292) are mitochon-
drial MDH isoforms. However, it should be noted that
subcellular assignments based upon localization algo-
rithms are at best predictive, experimental evidence is
required for confirmation.

A large percentage of proteins identified in this
study were annotated as unknown. At an early stage

Plant Physiol. Vol. 141, 2006

of this investigation, unknown proteins accounted for
as much as 38% of all the identified proteins (data not
shown). Although some databases provide current
annotation information about sequence homology/
similarity in the identifier tag, many do not. Therefore,
all assignments lacking this information were sub-
jected to homology search using BLASTP against the
NCBI nonredundant database. This manual validation
strategy reduced the percentage of unknown proteins
from 38% to 2.1%.

37



Hajduch et al.

Proteins Associated with Energy and Metabolism Are
Prevalent in Developing B. napus Seed

Allidentified proteins were classified into functional
classes as originally established by Bevan et al. (1998)
for the Arabidopsis genome project. However, classes
were slightly modified to be more suitable for a seed
development study. With respect to the metabolism
class, a polysaccharide catabolism subclass was added
and the lipid and sterols subclass of metabolism was
separated into individual subclasses. An additional
subclass, seed maturation, was added in the cell growth
and division class. Supplemental Table III provides a
list of all identified proteins sorted into plant functional
classes with details of protein assignments. On a rela-
tive spot volume basis, proteins associated with protein
destination and storage are the most abundant class
followed by proteins associated with energy produc-
tion and metabolism (Fig. 4). However, when isoform
redundancy is taken into account, proteins associated
with energy are the most represented followed by
metabolism-related proteins.

Hierarchical Clustering of 794 Quantified Spot Groups
Resulted in 12 Cluster Groups

Hierarchical clustering reduced 794 expression pro-
files into 12 expression cluster groups (Fig. 5). Visual
inspection of these expression groups suggests diverse
and complex patterns of regulation. The two most
abundant groups, 3 and 11, had negative slopes,
indicating decreasing abundance with seed age. These
groups were largely composed of proteins involved in
energy and protein destination and storage, represent-
ing 21.2% and 20.1% of proteins, respectively (Fig. 5).
The third most abundant group, cluster 10, represent-
ing 13.7% of proteins, showed a positive slope during
seed filling; the majority of these proteins were in-
volved in protein destination and storage.

Figure 5 also revealed that the distribution of plant
functional classes in protein expression clusters is not
homogenous. For instance, proteins involved in pro-
tein destination and storage were mainly grouped in
clusters 10 and 11 with negative and positive expression
slopes, respectively. This is due to the heterogeneous
composition of this functional class that contains SSPs,
which increase during seed fill, but also proteins
involved in folding and stability that decreased with
seed age (Supplemental Table III).

Composite Expression Profiles of Functional Subclasses
Revealed System-Wide Trends

To characterize cellular activities during seed filling,
composite expression profiles were established for
individual subclasses. For statistical reasons, only
those functional subclasses containing 10 or more
proteins were considered for analysis. Based upon
these criteria, 384 of 517 identified proteins (74.7%)
were grouped into 13 functional subclasses (Fig. 6).
The most prevalent subclass of proteins in terms of
relative spot volume, storage proteins (71 proteins),
gradually increased in abundance beginning at 3 WAF.
The second most abundant subclass, amino acid me-
tabolism (42 proteins), decreased in abundance from 2
WAF until midpoint of seed filling and remained at a
constant level thereafter. Relative abundance of detox-
ification proteins, the third most abundant group with
36 proteins, rapidly increased beginning at 5 WAE
Proteins related to photosynthesis are the fourth abun-
dant cluster and revealed a gradual increase in relative
abundance until 3 WAF, followed by a slight decrease.

Collectively, these functional subclasses exhibited
three different expression trends. The first group in-
cluded proteins expressed mainly at early stages of
seed filling. These proteins are involved in glycolysis,
respiration, metabolism of sugars, signal transduction,

Figure 4. Functional classification of identified B. 140
napus developing seed proteins according to scheme
by Bevan et al. (1998). Out of a total of 517 identified
proteins, 289 had nonredundant function. Black bars
show distribution of all 517 proteins and gray bars
show distribution of 289 nonredundant proteins into
functional classes.
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metabolism of amino acids, proteolysis, and defense
(Fig. 6). Proteins of the second group, involved in
photosynthesis and lipid metabolism, exhibited high-
est expression at midpoint of seed filling. Finally,
detoxification, seed maturation, and SSPs were highly
abundant at later stages of development (Fig. 6).
Although perhaps overly simplistic, the expression
trends agree with previous observations that seed
filling in B. napus begins with sugar mobilization,
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Protein destination and storage

Eﬂ Energy

Figure 5. Hierarchical clustering of 794 protein spot expression profiles using SAS statistical software. Relative quantification
data without SSP removal were used for these analyses (Supplemental Table I). Expression trend, number of clustered expression
profiles, and functional composition are shown for each of the 12 established clusters. Vertical lines indicate inverse degree of

and is followed by sequential surges in amino acid,
lipid, and storage protein synthesis (Fig. 6).

DISCUSSION

Within the larger goal of profiling protein expression
globally in developing B. napus seeds, the aim of this
study was to characterize the metabolic pathways
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operating during seed filling. The major economic
value of B. napus lies in its oil, and any insight into
the regulation of oil accumulation during seed filling
would be useful. Therefore, we focus our discussion on
the pathways leading to de novo FA synthesis. How-
ever, it is important to mention that this study has also
found protein components for a number of other path-
ways (Supplemental Table III). For instance, 8% and 5%
of the total identified proteins are involved in amino
acid metabolism and proteolysis, respectively. Interest-
ingly, the majority of proteins identified here were
represented by multiple isoelectric forms, suggestive of
posttranslational modification. Thus, as genome re-
sources of Brassica crops improve, the high-resolution
2-DE maps reported here can be used as a predictive
tool to search for unexpected isoelectric species to begin
uncovering posttranslation regulation.

As demonstrated in this study, the main advantage
of 2-DE is the detection of different isoelectric species
of various proteins. For example, 17 isoelectric species
were detected for the glycolytic enzyme Fru bisphos-
phate aldolase (FBA). This is an unusually high num-
ber of isoelectric species, which is strongly suggestive
of posttranslational modification(s). This type of in-
formation cannot be acquired using transcriptomic or
metabolomic approaches. Although adept at resolving
isoelectric species, the technique of 2-DE is somewhat
restricted at quantifying low abundance proteins. For
instance, Glc 6-P dehydrogenase, transketolase, trans-
aldolase, ribulose 5-P epimerase, and Rib 5-P isomer-
ase were analyzed in a recent study of enzyme
activities of oxidative pentose phosphate pathway in
developing B. napus embryos (Hutchings et al., 2005).
However, this proteomics study did not detect these
proteins, presumably due to their low abundance.
Despite the known limitations of current 2-DE meth-
odology at detecting underrepresented proteins, the
expression and identity of 517 protein species ex-
pressed during seed filling of B. napus were character-
ized in this investigation, representing the largest
integrated dataset for any oilseed.

Rubisco Is Highly Expressed throughout Seed Filling

Eleven Rubisco large subunits were detected and
can be divided into two groups, based on their peak
of accumulation. The first group showed maximum
abundance at early stages of seed filling (2 or 3 WAF)
and includes seven protein spots (511, 520, 536, 4,885,
4,931, 4,937, and 5,009). The second group (spots 4,919,
4,922, and 4,924) with higher protein abundance at
midpoint of seed filling (4 WAF), showed bell-shape
expression profiles, very similar to the data acquired
for pyruvate dehydrogenase (PDH; spots 5,148 and
5,811; Fig. 7). Interestingly, expression profiles of the
second group (spots 4,919, 4,922, and 4,924) and PDH
(spots 5,148 and 5,811) are also very similar to the
composite expression profile of enzymes involved in
lipid metabolism (Fig. 5). A similar increase in the

Plant Physiol. Vol. 141, 2006



Fructose

uppP

Proteomics of Seed Filling in Brassica napus

UDP-G
03 PP, 03 03 04
uep N (™ susy[ N A/
UTe 202 204 4628
G-1- P ATP 01 (Ixo.z 02 0.1 o,sﬁ!m 0.03 0.3 _0.;{
01 01 01 01 01 01 Svnma#\.\il\g_ A AN /\,/\-ﬁ
PGMi~~~ N :
S 337 4705 4724 47314740 4741 PRK co,
v 0.2 2 hi
Glucose —>—»G-6- P . /. B-h¥hie g RuBisCo
0.1 02 REP | o2
AL 02 |R-5- [
el m | A Calvin cycle g‘
\* ATP  ADP vy EBA m‘ﬁ}‘\a\”\\ g7 (| f}'z\
Fructose ~>—»F.6-P M\ ] FoP L
14 0.2 ¢ ‘3’3\‘0.1 E;a\\‘ols ‘0\2/\‘ N ‘.‘ l’lL‘
PFK - ~/ \[™ - ’ (A~
374" 4801 F-1,601sP 5157 5156 5164 5189 5223 F-1,6bis P 536
ATP ATP
-
4885
AD ADP 03
GAP «—» DHAP <----- ->DHAP <--» GAP g
0.5 03 02 03 03 NAD*+ P, 03 05 02 02 NADP 155 0.1 03
GAPDH A\ [ WA/ TPI Q% R GAPDH;,\DJ | N
G NADH +H* =55 54 03 0.1 82 NADPH-+H* e
1,3-bis PGA o R 1,3-bis PGA @
03 06 ADP 02 05 ADP 0.05
5144 5145 are 5054 5085 i »
e [ 3-PGA '—< N
02 ! o
iPGAM [\ ! &
A7t ] 4922
v v 0.3
2-PGA 2-PGA ;QJ
03 1% :
Enolase E
4898 4903 \szo ¢‘+H20 co,
A A
PEP e e B » PEP
ADPY ! ADP 02
) N
ATP ; ATP 4851
=7 T et S | i * Pyruvate
; 02 02
Pyruvate PDH | NN co
! 5148 581
v
Acetyl-CoA Acetyl-CoA —»
MITOCHONDRIA cyTosoL 5T

Figure 7. Pathways for carbon assimilation during seed filling in B. napus. Proteins involved in sugar breakdown are displayed on
the corresponding metabolic pathways. Graph shows expression of protein spots during seed filling. Expression profiles were
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Rubisco small subunit was also reported in Arabidop-
sis by microarray analysis (Ruuska et al., 2002).

The high abundance of Rubisco subunits is in con-
trast with low abundance of other enzymes of the
Calvin cycle, many of which were below the detection
limit of this proteomics study. A possible explanation
for this disparity in protein abundance may be found
in a recent stable isotope labeling study of B. napus
embryos (Schwender et al., 2004a). The Calvin cycle is
the cyclic regeneration of ribulose-1,5-bisphosphate
from 3-phosphoglyceric acid (3-PGA), which results in
carbon dioxide distribution into all carbon positions of
the cycle’s intermediates, including 3-PGA (Bassham
et al., 1954). The labeling experiment showed that '°C
was incorporated mainly into the C1 carbon position
of 3-PGA, while FAs derived from C2 and C3 of 3-PGA
were labeled at extremely low levels (Schwender et al.,
2004a). Based upon these data the authors concluded a
possible role of Rubisco in carbon dioxide recycling,
apart from the Calvin cycle.

Glycolytic Reactions during Seed Filling Are
Principally Cytosolic

An important component of carbon assimilation in
developing seeds is glycolysis. Although this ubiquitous
pathway was first elucidated in the 1940’s (Meyerhof
and Junowicz-Kocholaty, 1943; Meyerhof, 1945), rela-
tively little is known about the regulation and control of
this pathway. This is particularly true in plants due to the
added complexity of parallel pathways in both the
cytosol and plastids (Plaxton, 1996; Fernie et al., 2004).

This study localized several protein spots correspond-
ing tonumerous different glycolytic enzymes both in the
cytosol and plastids. Based upon quantification data
acquired during seed development, it is possible to
examine the apparent redundancy of glycolytic path-
ways between the cytosol and plastids. Suc synthase
(SuSy) catalyzes the initial release of sugar for glycolysis
by converting Suc into UDP-Glc and Fru. A total of three
SuSy spots (202, 204, and 4,628) were identified (Fig. 7).
The overall abundance of all three detected protein spots
is similar although their expression profiles differ. While
two SuSy spots (spots 202 and 204) shared almost
identical expression profile with maximum abundance
at 3 WAF, the abundance of a third form (spot 4,628)
reached a maximum at 5 WAF followed by a dramatic
decrease thereafter. This suggests the presence of two

types of SuSy thatare perhaps active during early (typel)
and late (type II) phases of seed filling.

UDP-Glc pyrophoshorylase (UGP) catalyzes the re-
versible production of Glc-1-P from UDP-Glc. In
Arabidopsis there are two homologous UGP genes
located on two different chromosomes (Kleczkowski
et al., 2004). We identified their homologs in B. napus,
spot 557 (homolog to At5g17310) and spot 4,932 (ho-
molog to At3g03250). Despite 92% amino acid homol-
ogy sequence, their expression profiles during seed
filling are slightly different (Fig. 7). Spot 4,932 was
found to be highly expressed at 2 WAF after which its
relative abundance declined in a gradual manner
reaching a minimum at 6 WAF. Spot 557, which is
about 4.4 times less abundant than spot 4,932, peaked
in abundance at 3 WAF and decreased thereafter.
These expression profiles suggest that the abundant
UGP (spot 4,932) may play a typical role in glycolysis,
because its profile is the same as the composite ex-
pression profiles of glycolytic enzymes (Fig. 7). On the
other hand, protein spot 557 may also have a role
outside of glycolysis during seed filling. In addition to
glycolysis, UGP can be involved in cell wall biogenesis
because a product of UGP, UDP-Glc, is used in the
biosynthesis of cell wall polysaccharides and serves as
a precursor for cell wall biogenesis (Gibeaut, 2000).

Phosphoglucomutase (PGM) catalyzes the intercon-
version of Glc-1-P and Glc-6-P. The Arabidopsis genome
contains two cytosolic and one plastidial form of PGM
(Casparetal., 1985). The plastidial form of PGM has been
characterized in B. napus (Harrison et al., 2000). We have
identified six protein spots as cytosolic PGM matching to
three different sequences in the database (Supplemental
Table III). Spot 337 matched to cytosolic PGM from
Populus tomentosa, three others (4,724, 4,731, and 4,740) to
B. napus homologs of cytoplasmic PGM from Arabidop-
sis, and two (4,705 and 4,741) matching to another
cytoplasmic PGM from Arabidopsis. The overall ex-
pression trend of each PGM was found to be similar,
higher expression at early stages of seed filling and
lower at 6 WAF (Fig. 7). However, differences between
protein abundances at the early stages were observed.
For instance, spots 4,740 and 4,741 were most abundant
at2 WAF and spots 337, 4,705, 4,724, and 4,731 at 3 WAF.

In Arabidopsis two isozymes of phosphoglucose
isomerase (PGI) exist, one in the plastids and the other
in the cytosol (Caspar et al., 1985). We identified two
protein spots as cytosolic PGI, that had similar expres-
sion trends, but one (4,883) with maximum abundance

Figure 7. (Continued.)

generated using the total protein spot dataset after in silico SSP subtraction. Number above each graph shows maximum value y
axis (relative volume). Dashed arrows are used when no protein was detected. Abbreviations for metabolites: UDP-G, UDP-Glc;
G-1-P, Glc 1 phosphate; G-6-P, Glc 6 phosphate; F-6-P, Fru 6 phosphate; F-1,6bisP, Fru 1,6 bis phosphate; GAP, glyceraldehyde
3-P; DHAP, dihydroxyacetone phosphate; 1,3-bis PGA, 1,3 bis phosphoglyceric acid; 3-PGA, 3 phosphoglyceric acid; 2-PGA, 2
phosphoglyceric acid; PEP, phosphoenolpyruvate. Abbreviations for enzymes: SuSy, Suc synthase; UGP, UDP-Glc pyrophos-
phorylase; PGM, phosphoglucomutase; PGI, phosphoglucose isomerase; PFK, pyrophosphate-dependent phosphofructokinase;
FBA, Fru bisphosphate aldolase; GAPDH, glyceraldehyde 3-P dehydrogenase; TPI, triose-phosphate isomerase; PGK, phos-
phoglycerate kinase; iPGAM, 2,3-bisphosphoglycerate-independent phosphoglycerate mutase; PRK, phosphoribulokinase;
Rubisco, ribulose-1,5-bisphosphate carboxylase; PK, pyruvate kinase; PDH, pyruvate dehydrogenase.
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at 3 WAF and the second (4,875) at 2 and 4 WAFE
Pyrophosphate-dependent phosphofructokinase (PFK)
catalyzes conversion of F-6-P and F-1,6-bisP, and in
plants is regulated by Fru-2,6 bisphosphate (Huber,
1986; Stitt, 1990; Nielsen et al., 2004). We identified two
cytosolic isoelectric species of PFK (spots 374 and 4,801;
Fig. 7) and a putative organellar form (spot 4,844). Both
cytosolic and organellar PFKs are abundant, but the
cytosolic spot 374 is about 3 times more abundant than
organellar PFK. Cytosolic and organellar PFKs also differ
in their developmental expression trends. The two
detected cytosolic spots of PFK share similar expression
profiles: high abundance at 2 WAF followed by dramatic
decrease, and undetectable at 5 and 6 WAF. On the other
hand, the organellar PFK is detectable throughout seed
filling showing a maximum abundance at 4 WAF.

FBA catalyzes the aldol cleavage of Fru 1,6-bisP to
glyceraldehyde 3-P (GAP) and dihydroxyacetone phos-
phate (DHAP). Surprisingly, a relatively large number of
cytosolic and plastidial FBA spots were identified (Fig.
7). Most of the nine cytosolic spots and eight plastidial
spots shared similar expression profiles, high abun-
dance at early stages followed by rapid decrease be-
tween 3 and 4 WAF. However, two differences between
cytosolic and plastidial FBA can be noted; the cytosolic
forms were generally more abundant and only two
cytosolic FBA (spots 5,157 and 5,189) peaked in expres-
sion at4 WAF. The high number of protein spots suggests
these activities may be posttranslationally modified.

Triose-P isomerase (TPI) catalyzes the interconver-
sion of GAP and DHAP. This reaction is reversible
although the equilibrium favors DHAP. Seven cyto-
solic spots of TPI (spots 1,156, 5,515, 5,520, 5,524, 5,525,
5,528, and 5,530) were identified, but no plastidial TPI
spot could be detected (Fig. 7). Interestingly, one
protein spot (spot 5,515) showed maximum abun-
dance at 6 WAF (Fig. 7).

Glyceraldehyde 3-P dehydrogenase (GAPDH) re-
versibly catalyzes the conversion of GAP into 1,3-bis
PGA. Five cytosolic spots (spots 821, 1,427, 5,184,
5,186, and 5,206) and one plastidial (spot 820) GAPDH
were identified. The cytosolic and plastidial GAPDH
were almost equally abundant during seed filling and
shared very similar expression profiles (Fig. 7). Two
spots of cytosolic phosphoglycerate kinase (PGK;
spots 5,144 and 5,145) and two plastidial PGK (5,054
and 5,055) were identified. Like TPI, only cytosolic
forms of 2,3-bisphosphoglycerate-independent phos-
phoglycerate mutase (iPGAM) and enolase were iden-
tified (Fig. 7). Expression profile of iPGAM (spot 4,747)
was present in abundance at 2 WAF. Expression pro-
files of enolases (spots 4,898 and 4,903) were also high
at 2 WAF, but they accumulated strongly until 4 WAF
followed by a rapid decrease in abundance.

The detection of multiple isoelectric species for
cytosolic and plastidial glycolytic enzymes and strong
similarities in their expression profiles suggest possi-
ble posttranslational modifications as well as coordi-
nation between cytosolic and plastidial glycolysis
during seed filling.
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Proteomics Data Suggest That Phosphoenolpyruvate Is a
Direct Precursor for de Novo FA Synthesis in Plastids

The current model of metabolite flux between cyto-
sol and plastids has established that either phospho-
enolpyruvate (PEP) or pyruvate is transported into
plastids for further processing into acetyl-CoA (Weber,
2004; Weber et al., 2005). Moreover, a previous micro-
array analysis of Arabidopsis developing seeds has
indicated that plastid uptake of cytosolic PEP is a more
likely possibility than the uptake of cytosolic pyruvate
during seed development (Ruuska et al., 2002), par-
ticularly since a plastid pyruvate translocator has yet
to be identified. Furthermore, a flux model for central
carbon metabolism of developing B. napus embryos
constructed based on stable isotope labeling of sugars
has also suggested that the main carbon flux into FAs
is through plastid uptake of cytosolic PEP (Schwender
et al., 2003; Kubis et al., 2004).

In this study, we identified almost all enzymes in-
volved in cytosolic and many for plastid glycolysis. The
notable exceptions are cytosolic pyruvate kinase, plastid
iPGAM, plastid enolase, and plastid TPI (Fig. 7). One
possible explanation is low expression levels, which is
supported by the observation that plastidial iPGAM and
enolase were previously determined to have low specific
activities (Eastmond and Rawsthorne, 2000). Since we
did not detect plastid iPGAM and enolase, 3-PGA
produced by plastidial glycolysis, and more impor-
tantly by Rubisco bypass, would need to be transported
into the cytosol by triose phosphate/phosphate trans-
locator, converted to PEP, then transported back into
plastids by PEP translocator before conversion to ace-
tyl-CoA for FA synthesis. However, the absence of these
plastid glycolytic enzymes in this proteomic study do
not preclude the potential for low level expression, due
to the limited dynamic range of this analysis.

FA Biosynthesis Machinery Expressed Prominently
at Midpoint of Seed Filling

Conversion of acetyl-CoA into malonyl-CoA is cata-
lyzed by acetyl-CoA carboxylase. This plastid complex
is comprised of four subunits, the biotin carboxylase,
biotin carboxyl carrier protein, and carboxyltransferase
subunits (o and B; Shorrosh etal., 1996). Detection of two
spots corresponding to biotin carboxylase (spots 4,940
and 4,952) indicates high expression from 3 to 5 WAF.
Previous investigations showed that acetyl-CoA carbox-
ylase is highly expressed during embryo development
in B. napus (Elborough et al., 1996; Thelen et al., 2001).
The peak of protein accumulation for malonyl-CoA
transacylase suggests that the reversible conversion of
malonyl-CoA into malonyl-acyl-carrier protein (ACP) is
highly active at 3 WAF. Expression profiles of enzymes
involved in remaining reactions toward FA synthesis are
highly expressed at 4 or 5 WAF. Ketoacyl-ACP synthe-
tase I, the enzyme that catalyzes the condensation of
malonyl-ACP into 3-ketoacyl-ACP, reached high abun-
dance at3 WAF and remained high through 4 WAF. Four
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detected spots of enoyl-ACP reductase shared similar
expression trends. Surprisingly, we detected seven spots
corresponding to stearoyl-ACP desaturase. Four pro-
teins (spots 5,166, 5,193, 5,194, and 5,198) are highly
abundant and share almost identical expression profiles,
with peak of protein abundance at 4 WAF. Two low
abundant protein spots (spots 5,169 and 5,180) are
expressed differently during seed filling. Spot 5,169
was found to be highly abundant only at4 WAE, whereas
spot 5,180 was constitutively and highly expressed from
2 until 4 WAE. The abundance of stearoyl-ACP desatur-
ase during seed filling suggests low catalytic turnover of
this enzyme as well as the importance of 18:1 export
from the plastids.

In summary, this investigation represents a system-
atic proteomics study of whole-seed proteins expressed
during seed filling in B. napus. Multiple categories of
proteins were observed, although protein storage, en-
ergy, and metabolism associated proteins were most
abundant. The preponderance of metabolic proteins
presented a unique opportunity to map activities (and
isoelectric species therein) for carbon assimilation. Sur-
prisingly, carbon flow from Suc to acetyl-CoA could be
entirely predicted based upon the representation of
proteins for each enzymatic step. The expression levels
of cytosolic pyruvate kinase, plastid enolase, and most
of the enzymes of the Calvin cycle were below the
detection limit of this proteomics study, except Rubisco
and phosphoribulokinase that were both highly ex-
pressed. Thus, carbon flow from Suc appears to primarily
follow a cytosolic glycolytic track until PEP, at which point
carbon is likely imported into plastids and converted into
pyruvate and acetyl-CoA for de novo FA synthesis.

MATERIALS AND METHODS
Plant Material and Growth Conditions

B. napus (cv Reston) was grown in a growth chamber (16-h light/8-h dark
cycle, 23°C day/20°C night, 50% humidity and light intensity of 8,000 LUX).
Flowers were tagged upon opening and the developing seeds were collected
at precisely 2, 3, 4, 5, and 6 WAF, in the middle of a light cycle. The dry weight
and total protein content were measured at each developmental stage. Total
protein was quantified using the dye-binding Coomassie protein assay using
chicken y-globulin as the standard (Bio-Rad).

FA Analysis

Developing seeds of B. napus at2,3,4,5, and 6 WAF were divided to three test
glass tubes per stage (5-10 seeds per tube) and dried at 80°C overnight. After dry
weight determination, 1 mL of 14% boron trifluoride was added to each tube
along with 17:0 FA standard in toluene (0.5% of dry mass exactly). Total volume of
toluene was brought to 150 uL and samples were incubated at 95°C for 90 min,
with vortexing every 10 min. After incubation, samples were cooled to room
temperature. To each tube, 1 mL of water and 3 mL of hexane were added. Tubes
were vortexed and centrifuged at 3,000 rpm for 5 min. Top phase was removed
and transferred to a new conical glass tube. Samples were reextracted with
additional 3 mL of hexane, dried under nitrogen stream, and resuspended in
400 L of hexane before analysis by GC. Analysis of FA was carried on Agilent
Technologies model 689N Network GC system gas chromatograph with a DB-23
column (30 m X 0.25 mmy; film thickness 0.25 um; Agilent 122-2,332). The GC
conditions were: injector temperature and flame ionization detector temperature,
250°C; running temperature program, 150°C for 1 min, then increasing at 2°C /min
to 200°C followed by a 5 min hold at 200°C.
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Protein Isolation and 2-DE

Total protein was isolated from developing seed and subjected to 2-DE as
described previously (Hajduch et al., 2005). Briefly, the protein pellet was
resuspended in IEF sample extraction buffer (8 M urea, 2 M thiourea, 2% (w/v)
CHAPS, 2% (v/v) Triton X-100, and 50 mm dithiothreitol) with vortex mixing
for 30 min at room temperature followed by centrifugation for 15 min at
14,000g to remove insoluble material. Protein quantification was performed in
triplicate using the Coomassie dye binding assay (Bio-Rad) against standard
curve of chicken y-globulin. One milligram of total protein was mixed with
2.25 uL of appropriate IPG buffer (Amersham Biosciences) in a total volume of
450 pL and subjected to IEF followed by SDS-PAGE, as described previously
(Hajduch et al., 2005).

Image Acquisition, Analysis, and in Silico
SSP Subtraction

Coomassie G-250 (colloidal) stained gels were imaged by scanning den-
sitometry. Digitized 2-DE images (300 dpi, 16-bit grayscale pixel depth) of five
developmental stages in biological quadruplicate were analyzed using Image-
Master 2-D Platinum software (version 5.0, GE Healthcare) as described
previously (Hajduch et al., 2005). A two-step data normalization method was
employed to obtain an integrated dataset for the entire investigation. First,
protein abundance was expressed as relative volume according to the nor-
malization method provided by ImageMaster software that compensates for
slight variations in sample loading, gel staining, and destaining. Second,
relative spot volumes were adjusted using correction constants, as described
previously (Hajduch et al., 2005), to allow direct data comparison between the
two gel datasets: pH 4 to 7 and pH 3 to 10 sets. To enable direct spot-to-spot
comparison of significance levels of acquired protein spot quantifications,
coefficient of variation (CV) for each protein spot was calculated using
following formula:

where X is the average of relative volumes (x) of spots in biological quadru-
plicate analysis and 7 is the sample size (four in case of biological quadru-
plicate).

To subtract SSP in silico, spot volumes were calculated for each of 794
protein spots using ImageMaster 2-D Platinum software. In total, 71 identified
SSP were removed from the dataset and two-step normalization approach was
applied as described above.

Hierarchical Cluster Analysis of Expression Profiles

For cluster analysis of expression profiles, hierarchical clustering was per-
formed using SAS statistical software (SAS Institute). The procedure contained
two steps. First, the program established the number of classes that is best for a
present dataset. The CLUSTER keyword was used with options STANDARD
METHOD=AVERAGE CCC PSEUDO as the command for step 1, in which
STANDARD means to normalize the variables; AVERAGE means a certain
clustering method in contrast to the other 10 methods that are included in SAS
IDE; CCC and PSEUDO are both options for calculating some statistical variables
that are used to determine the class number. Second, the program clustered
expression profiles into each of the established classes. Expression profile data
were normalized in two steps. In the first step, any zero between two nonzero
points was replaced with the average of two neighbor values. In the second step, a
linear transformation was used to normalize expression profiles of different spots
to uniform scale. The SAS program used the procedure FASTCLUS for the real
clustering and the maximum number of clusters established earlier. For each spot,
the variable distance parameter was generated by SAS.

Protein Identification by MS

Arraying of 2-DE gel spot, in-gel digestion, and C18 microbed chroma-
tograph were each performed as described previously (Hajduch et al., 2005).
Mass spectral analysis of trypsin-digested protein samples were carried out on
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a Voyager-DE Pro MALDI-TOF mass spectrometer (Applied Biosystems) and
on a linear ion trap tandem mass spectrometer (ProteomeX LTQ, Thermo-
Finnigan) using LC and nano-spray ionization. The MALDI-TOF instrument
was operated as described previously (Hajduch et al., 2005). The LC-MS/MS
was operated according to manufacturer’s instructions for high-throughput
protein identification. Briefly, on-line capillary LC included two polymeric
sample traps (2 ug capacity each) and a fast-equilibrating C18 capillary
column (Micro-Tech Scientific; 150 um i.d. X 10 cm). The method alternated
between loading/equilibration and elution using the two peptide traps (one
trap is being equilibrated while the other is being eluted) to reduce time
required for each on-line LC-MS/MS. For analysis, 10 uL of sample in 0.1%
(v/v) formic acid was loaded. For sample elution, a 15 min gradient with 40%
of solution A (0.1% formic acid in water) and 60% of solution B (0.1% formic
acid in acetonitrile) was followed by a 5 min gradient with 20% solution A and
80% solution B. The column was reset for 2 min and reequilibrated for 10 min
with 100% of solution A before sample previously absorbed onto the second
trap was eluted. Eluted tryptic peptides were directly analyzed by LC-MS/MS
using 75 umi.d., 360 um, o.d. 15 um tip needles (New Objective) with a 1.7 kV
nano-spray voltage. Manufacturer’s recommended scan method for high-
throughput protein identification consisted of double-play analysis mode, a
full MS scan (400-1,600 mass-to-charge ratio), followed by data-dependent
triggered MS/MS scan for the most intense ion.

Database Searching with Spectral Data and Uploading
to the Oilseed Proteome Database

Searches against the NCBI (ftp://ftp.ncbi.nih.gov/blast/) nonredundant
database (as of March, 2005) and TIGR tentative consensus database for B. napus
(http:/ /www.tigr.org /tigr-scripts/ tgi/ T_index.cgi?species=oilseed_rape) were
independently performed using a two-step approach to mine maximum infor-
mation from MALDI-TOF MS and LC-MS/MS. PMF-based protein identification
was performed on local copy of version 3.2.1 of the MS-Fit program of Protein
Prospector (http://prospector.ucsf.edu; Clauser et al., 1999) as previously de-
scribed (Hajduch et al., 2005). Analysis of LC-MS/MS data was performed on a
local license copy of SEQUEST software (Eng et al., 1994; Yates etal., 1995) as part
of the BioWorks 3.1SR1 software suite. Search parameters were set as follows:
enzyme, trypsin; number of internal cleavage sites, 2; mass range, 400 to 1,600;
threshold, 500; minimum ion count, 35; peptide mass tolerance, 1.50; variable
modifications, oxidation (M); static modification, carboxyamidomethylation (C).
Matching peptides were filtered according to correlation scores (XCorr at least 1.5,
2.0, and 2.5 for +1, +2, and +3 charged peptides, respectively). For all protein
assignments, a minimum of two unique peptides was required. Proteins with
three or more unique peptides matching to protein sequence were automatically
considered as a positive identification. In a situation where assignments with two
unique peptides matched to the sequence, the difference between theoretical and
experimental MW/ pI should not exceed +25% variance to be considered a match.

This approach resulted in four independent sets of protein identification
data: (1) MALDI-TOF, TIGR search; (2) MALDI-TOF, NCBI search; (3) LC-MS/
MS, TIGR search; and (4) LC-MS/MS, NCBI search. To reach consensus in
protein assignments, a two-step data reduction strategy was employed. The
first step combined the search results from TIGR and NCBI databases for each
MS method. If two different protein assignments for one protein spot were
noted, the one with the highest number of matching peptides was taken. If
number of matching peptides was the same, the assignment with the highest
coverage was taken. The second step combined the integrated protein assign-
ments assigned by MALDI-TOF and MS/MS (from step 1). If two different
protein identifications were assigned, preference was given to MS/MS-based
protein assignment.

Assignments annotated as unknown and without specific homology/
similarity descriptions in identifier tag were BLASTP searched against the
NCBI nonredundant database (as of March, 2005) to further query their
homology. This study uses terminology as follows: homology for results,
where E-value of BLAST search was 0.0; in all other cases similarity is used.

Subcellular localizations of assigned proteins were predicted using three
independent programs: TargetP (http://www.cbs.dtu.dk/services/TargetP/;
Emanuelsson et al., 2000), iPSORT (http://hc.ims.u-tokyo.ac.jp/iPSORT/;
Bannai et al., 2002), and Predotar v. 1.03 (http://genoplante-info.infobiogen.
fr/predotar/predotar.html; Small et al., 2004). Information about subcellular
localization was incorporated into protein description if at least two programs
predicted the same subcellular destination.

All data from this investigation are available from the oilseed proteomics
server (http://oilseedproteomics.missouri.edu). Programming for the web
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database was performed, as described previously (Hajduch et al., 2005). Data
are viewable through 2-DE gels and a protein identification table. The spots on
2-DE gel and protein numbers in the protein table are hyperlinked to display
expression profile and protein identification data. Expression profiles of all
proteins except SSP were generated using relative abundance data with in
silico SSP subtraction (Supplemental Table II). However, expression profiles of
individual SSPs may represent valuable data due to the number of different
isoelectric species identified in this study. For this purpose, expression profiles
of 71 identified SSPs were generated using the original dataset (Supplemental
Table I). Thus, online database represents compromise, where two indepen-
dent datasets of expression profiles can be viewed together.

Received December 10, 2005; revised February 23, 2006; accepted February 25,
2006; published March 16, 2006.
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