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ABSTRACT: Pigeonpea is one of the major sources of dietary protein for more than a billion people living in South Asia. This
hardy legume is often grown in low-input and risk-prone marginal environments. Considerable research effort has been devoted
by a global research consortium to develop genomic resources for the improvement of this legume crop. These efforts have
resulted in the elucidation of the complete genome sequence of pigeonpea. Despite these developments, little is known about the
seed proteome of this important crop. Here, we report the proteome of pigeonpea seed. To enable the isolation of maximum
number of seed proteins, including those that are present in very low amounts, three different protein fractions were obtained by
employing different extraction media. High-resolution two-dimensional (2-D) electrophoresis followed by MALDI-TOF-TOF-
MS/MS analysis of these protein fractions resulted in the identification of 373 pigeonpea seed proteins. Consistent with the
reported high degree of synteny between the pigeonpea and soybean genomes, a large number of pigeonpea seed proteins
exhibited significant amino acid homology with soybean seed proteins. Our proteomic analysis identified a large number of stress-
related proteins, presumably due to its adaptation to drought-prone environments. The availability of a pigeonpea seed proteome
reference map should shed light on the roles of these identified proteins in various biological processes and facilitate the
improvement of seed composition.
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B INTRODUCTION improved resistance to drought and pests.”® These achieve-
ments have been made possible due to the availability of
genomic tools and advancements in trait mapping and
molecular breeding.””® Recently, a draft genome sequence of
pigeonpea has been published.”

Genome sequence analysis resulted in the identification of
48,680 genes in the pigeonpea genome. This number is
comparable to those of soybean (46,430) and Medicago
truncatula (47,529) but slightly higher than that of Lotus
japonicas (38,483). A high degree of synteny between the
pigeonpea and soybean genomes was reported even though
these two legumes diverged about 20—30 million years ago.” In
addition to the availability of genome sequences, extensive
information on the proteome and metabolome have also been
generated in model legumes (M. truncatula and L. japonicas)
and other important crops.” Researchers are taking advantage
of the vast information gleaned through genome projects as
well as proteomic and metabolomics databases to identify

Pigeonpea (Cajanus cajan (L.) Millspaugh) is an important
legume crop commonly grown in semiarid tropical regions of
the world. It is a diploid species (2n = 2x = 22) belonging to
the tribe Phaseoleae in the subfamily Papilionideae.” Even
though it has been considered as an orphan crop, it is widely
grown in India, Myanmar, Malawi, and Uganda and ranks as the
sixth most important legume food crop globally.” Importantly,
this orphan crop is a major protein source for a large section of
human population.” Unlike the major crops (maize, rice, and
wheat), orphan crops such as pigeonpea, chickpea (Cicer
arietinum), and cowpea (Vigna ungiculata), have received only
limited scientific investigation.” Orphan crops are well adapted
for marginal environments of Africa, Asia, and South America
and are vital to food security in many low-income countries.
Pigeonpea, which has its origin in India, is widely grown in all
tropical and semitropical regions of the world. The seeds are a
rich source of protein and are widely consumed by people in
developing countries to meet their caloric and protein needs.””
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desirable traits and to incorporate those traits for crop
improvement. Advancement in mass spectrometry (MS) has
resulted in the identification of thousands of legume proteins.
Proteome reference maps of several legumes are now
available."”"" Given the importance of pigeonpea as a major
protein source for people in the developing world, it is
imperative that the available genome information be integrated
with proteomic data. Until now, no systematic study of the
proteome of pigeonpea has been carried out. Here, we have
investigated the protein composition of pigeonpea seed. High-
resolution two-dimensional (2-D) electrophoresis followed by
MALDI-TOF-TOF-MS/MS analysis resulted in the identifica-
tion of 373 pigeonpea seed proteins. Our study has identified a
large number of proteins with potential role in abiotic stress.

B MATERIALS AND METHODS

Plant Materials. Seeds of pigeonpea variety Georgia-2 (GA-2)
were obtained from Dr. Srinivas Rao (USDA-ARS Grazinglands
Research Unit, El Reno, OK, USA). An early-maturing (85 days)
pigeonpea variety that was developed in India was purchased from
Reimer Seeds (Saint Leonard, MD, USA). Soybean (Glycine max L.
Merr.) cultivar Williams 82 seeds were from our laboratory collection.

Protein Extraction and Fractionation. For one-dimensional
electrophoresis (1-DE) dried pigeonpea seeds were ground into a fine
powder using a mortar and pestle, and 20 mg was placed into a tube
for extraction using 1 mL of SDS-PAGE sample buffer [(60 mM Tris-
HCl, pH 638, 2% SDS (w/v), 10% glycerol (v/v), and S% 2-
mercaptoethanol (v/v)]. Protein extraction was carried out for 15 min,
with vigorous shaking, at 25 °C. Solution was clarified with
centrifugation at 16,100¢ for 10 min. Supernatant was removed and
placed into a clean tube, boiled for 5 min before electrophoresis, and
designated total seed protein fraction.

To isolate low-abundant seed proteins, 100 mg of seed powder was
separately extracted either with 1 mL of 50% isopropanol or with 30%
ethanol on a 30 °C shaker for 30 min. The resulting slurry was clarified
by centrifugation at 16,100g for 10 min. To the clear supernatant was
added 2 volumes of ice-cold acetone and left at —20 °C overnight.
Precipitated proteins were recovered by centrifugation as before, and
the resulting pellet was air-dried and dissolved in 300 yL of the sample
buffer.

1-D Electrophoresis. One-dimensional separation followed the
method of Laemmli'® using 13.5% gels run using a Hoeffer SE 250
mini-Vertical electrophoresis apparatus (GE Healthcare, Pittsburgh,
PA, USA). Separation was achieved with a constant 20 mA per gel and
run time of 1.5 h. Gels were removed from the cassette and placed
immediately in Coomassie Blue R-250 staining solution. Typically,
20—40 pg of protein from each sample was loaded per well.

2-D Electrophoresis. Mature, dried pigeonpea seeds were ground
into a fine powder. For total protein extraction, using a mortar and
pestle, S00 mg of seed powder was ground further in the presence of §
mL of extraction buffer (100 mM Tris-Cl, pH 8.8, 0.9 M sucrose, and
0.4% f-mercaptoethanol) containing protease inhibitor cocktail (G-
Biosciences, St. Louis, MO, USA). Similarly, 50% isopropanol and 30%
ethanol soluble proteins extracted from S g of seed powder (as
described above) was dissolved in 5 mL of extraction buffer. To these
samples was added an equal volume of saturated phenol. Solution was
then mixed vigorously for 30 min at 25 °C followed immediately by
centrifugation at 5000g for 20 min at 25 °C in a swing-bucket rotor.
The phenolic upper phase was removed and added to 10 volumes of
freshly prepared 100% methanol with 0.1 M ammonium acetate
(chilled to —80 °C). Precipitation of the extracted proteins progressed
for 2 h at —80 °C and was followed by centrifugation at 12,000g for 15
min at 4 °C. Supernatant was discarded, and the protein pellet was
suspended vigorously in a freshly prepared solution of 100% methanol
with 0.1 M ammonium acetate and 0.01 M DTT (chilled to —20 °C).
Washing of the insoluble proteins was repeated three times with the
same solution with incubation at —20 °C for 20 min followed by
centrifugation at 12,000g for 10 min at 4 °C between each vigorous
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wash step. Washing of the insoluble proteins was repeated four more
times with a freshly prepared solution of 100% acetone containing 0.01
M DTT with incubation at —20 °C for 20 min followed by
centrifugation at 12,000¢ for 10 min at 4 °C between each vigorous
wash step. After the final centrifugation, the protein pellet was allowed
to air-dry slightly and then solubilized in a small volume of 7 M urea, 2
M thiourea, 1% CHAPS, and 2% C7BzO. Samples were placed on ice,
and the protein concentration was estimated following the method of
Bradford.

Approximately 300 pg of sample protein was loaded per strip using
in-gel rehydration. Linear gradient, 13 cm IPG strips (GE Healthcare)
were brought to a rehydration volume of 250 yL with 7 M urea, 2 M
thiourea, 1% CHAPS, and 2% C7BzO with a final concentration of the
following: 5% glycerol, 60 mM DTT, and 2.2% 2-HED. Strips were
then passively rehydrated with the entire rehydration solution
containing protein sample at 25 °C for 15 h prior to isoelectric
focusing.

Isoelectric focusing was achieved at 8000 V until 60,000 Vh using a
Protean II IEF (Bio-Rad, Hercules, CA, USA). Separation was finalized
when the current was at or below 10 yA per strip and steady for 1 h.
Prior to separation in the second dimension, IPG strips were first
equilibrated with 5% SDS in a urea-based solution (50 mM Tris-Cl,
pH 8.8, 6 M urea, 30% glycerol, and 0.1% bromophenol blue)
containing 2% DTT for 15 min and again with the solution containing
2.5% iodoacetamide for 15 min. IPG strips were carefully placed onto
a Hoeffer SE600 (GE Healthcare) 15%T gel for vertical second-
dimension separation and secured into place with warm 1% agarose
dissolved in SDS-PAGE running buffer (0.2% SDS). Gels were run at
an initial 20 mA/gel for 1 h followed by 50 mA/gel for the remainder
of the run (elimination of dye front; approximately 3.5 h). 2-DE gels
were immediately removed and fixed in $:4:1 (methanol/water/acetic
acid) for 1 h, followed by staining in Coomassie G-250 for 24 h.

Image Acquisition. 1-DE and 2-DE Coomassie-stained gels were
destained with multiple changes of ultrapure H,O to remove
background. All gels were scanned separately using an Epson V700
Perfection scanner controlled through Adobe Photoshop.

In-Gel Digestion of Protein Spots. For protein digestion, the
protein spots were excised with a 1.5 mm Spot Picker (The Gel Co,,
San Francisco, CA, USA) and dehydrated using acetonitrile. Protein
digestion was performed at 37 °C with modified porcine trypsin
(Promega, Madison, WI, USA) in ammonium bicarbonate. The
resulting peptides were extracted, dried, and dissolved in 50%
acetonitrile and 0.1% trifluoroacetic acid.

Mass Spectrometry and Data Interpretation. The digested
peptides were subjected to MALDI-TOF-TOF-MS/MS analysis for
protein identification. An AB SCIEX TOF/TOF 5800 System (AB
SCIEX, Framingham, MA, USA) operated in positive ion reflector
mode was used to analyze tryptic peptides. Samples were cocrystallized
with a S mg/mL content of a-cyanohydroxycinnamic acid (CHCA)
matrix prepared in 70% acetonitrile containing 0.1% trifluoroacetic
acid. For analysis of tryptic unknown peptides, the instrument was
operated in batch mode, which entails first performing an MS survey
scan on all spots of interest, followed by sequential MS/MS analysis of
peaks detected in the MS scan. MS/MS acquisition was controlled by
an interpretation method that acquired MS/MS spectra on the
strongest precursors up to the first 100 precursors detected in the MS
scan. An exclusion mass list was prepared to prevent MS/MS analysis
of common human keratin contaminant and minor porcine trypsin
autolysis peaks. MS spectra for both standards and unknowns were
acquired in positive ion reflector mode with 400 shots of a 349 nm
Nd:YAG laser operating at 404 Hz. MS/MS spectra were also acquired
in positive ion reflector mode with 1000 laser shots firing at a rate of
1010 Hz. Collision energy was set to 1 kV, and collision-induced
dissociation (CID) was enabled with air as the collision gas in the CID
cell. When possible, MS spectra were internally calibrated using known
trypsin autolysis peaks at m/z 842.51 and 2211.10.

Protein Identification. The MS/MS results were analyzed using
Mascot version 2.3.02 (Matrix Science, Boston, MA, USA). A FASTA
formatted database was constructed for Mascot searching by
downloading the protein reference sequence of Cajanus cajan from
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the National Center for Biotechnology Information nonredundant
(NCBInr) protein database using the appropriate taxonomy filter
(green plants). The following parameters were used for Mascot
searches: monoisotopic mass, parent ion tolerance of 50 ppm,
fragment jon tolerance of 0.5 Da, peptide charge state set to 17,
trypsin as digesting enzyme with 1 missed cleavage allowed and
variable modification of oxidation of methionine, N-terminal
pyroglutamic acid from glutamic acid or glutamine. Scaffold (version
Scaffold 4.3.0, Proteome Software Inc., Portland, OR, USA) was used
to validate MS/MS-based peptide and protein identifications. Peptide
identifications were accepted if they could be established at >80.0%
probability as specified by the Peptide Prophet algorithm. Protein
identifications were accepted if they could be established at >95.0%
probability and contained at least two identified peptides. Protein
probabilities were assigned by the Protein Prophet algorithm. The
functional classification of the identified pigeonpea seed proteins was
carried out on the basis of GO term retrieval using Blast2GO (https: //
www.blast2go.com/ ).

B RESULTS AND DISCUSSION

1-D SDS-PAGE Analysis of Pigeonpea Seed Proteins.
Seed storage proteins have been traditionally classified into four
major groups (albumins, globulins, prolamins, and glutelins) on
the basis of their solubility in different solvents. Proteins soluble
in salt solutions are termed globulins and are the predominant
group of seed proteins in legumes.'” On a dry weight basis the
protein content of pigeonpea seed is estimated to be about 22—
28%.'%"> On the basis of their sedimentation coefficients
globulins are divided into two groups, 7S vicilin-type globulins
and 11S legumin-like globulins. In pigeonpea, the globulin
fraction represents about 54—60%; albumin, 10—15%; glutelin,
10—15%; and prolamin, 4—5% of the total protein.'""> Like
other legumes, pigeonpea globulin also contains a low
concentration of sulfur-containing amino acids.'® Among
legumes, the seed proteins of pea, soybean, broad bean, and
French bean have been well studied."” In contrast, only limited
studies on pigeonpea seed storage proteins have been
conducted. First, we investigated the protein composition of
pigeonpea seed proteins extracted with three different solvents
and compared their profile to that of soybean (Figure 1). SDS-
PAGE resolved the total seed proteins into several distinct
bands ranging in molecular weight from 10 to 100 kDa. The
most abundant proteins of pigeonpea had molecular weights of
64 and 47 kDa. These two prominent proteins represent the
two subunits of the 7S vicilin.'"”'® The 11S legumin-like
proteins are not abundant in pigeonpea total seed protein
fraction (Figure 1). In contrast, in soybean both the 7S and 11S
globulins are prominent (Figure 1). Soybean 7S globulin is
made up of three subunits, a’ (76 kDa), a (72 kDa), and f8
(53) kDa, and the 118 glycinin is represented by two abundant
group of proteins with molecular weights of 37—44 and 17—-22
kDa, respectively (Figure 1). We also examined the protein
profile of the 50% isopropanol and 30% ethanol soluble
proteins of pigeonpea seed proteins. Previously we have shown
these solvents to enable the isolation and enrichment of low-
abundant proteins in soybean.'” Ethanol (30%) was more
efficient in extracting low-abundant proteins than 50%
isopropanol (Figure 1). A comparison of the pigeonpea and
soybean seed proteins extracted by different solvents clearly
indicates size heterogeneity among the major seed storage
proteins between these legumes (Figure 1).

2-D SDS-PAGE Separation of Pigeonpea Seed
Proteins. A recent study has examined three different protein
extraction procedures for the separation of pigeonpea proteins
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Figure 1. SDS-PAGE comparison of pigeonpea and soybean seed
proteins. Pigeonpea (lanes 3, S, and 7) and soybean (lanes 2, 4, and 6)
seed proteins extracted by different methods were analyzed by SDS-
PAGE. Seed proteins were separated using 15% SDS—polyacrylamide
gels, and resolved proteins were detected by staining the gel with
Coomassie Blue. Lanes: 1, molecular weight markers (sizes in kDa are
shown on the left); 2 and 3, total seed proteins; 4 and S, 50%
isopropanol-extracted proteins; 6 and 7, 30% ethanol extracted
proteins.

from different tissues by 2-D gel electrophoresis.”’ Better
resolution of pigeonpea seed proteins was achieved with a
phosphate—TCA—acetone protocol. We had previously
successfully used phenol-based protein extraction protocol for
high resolution of soybean seed proteins by 2-D gel
electrophoresis.””** The same procedure was also employed
for the extraction of pigeonpea seed proteins from three
biological triplicates. Analysis of pigeonpea seed proteins was
performed with immobilized pI gradient 3—10 and pI gradient
4—7. Most of the resolved proteins were clustered in the pl
region ranging from 4 to 7, although several well-resolved
protein spots with basic pI were also found (Figure 2A). The
major seed proteins of pigeonpea were seen migrating as poorly
resolved abundant isoelectric protein series (Figure 2A). To
improve the resolution of these groups of proteins, we
subjected pigeonpea seed proteins to isoelectric focusing
using pl 4—7 IPG strips followed by SDS-PAGE analysis
(Figure 2B). This resulted in drastically improved protein
separation of most seed proteins. However, because of their
abundance, the major seed storage proteins of pigeonpea were
not distinctly separated into individual protein spots (Figure
2B). When significantly lower proteins were loaded (50 pg),
these groups of seed proteins were resolved into a series of
discrete multiple isoelectric spots (data not shown). A similar 2-
D gel migration pattern of major seed proteins has also been
reported in soybean.”” The 7S globulins are glycoproteins,"
and post-translational modification has been suggested to be
responsible for the tight clustering of 7S globulin protein spots
on 2-D gels.

2-D Separation of Low Abundant Pigeonpea Seed
Proteins. Proteomic analysis of seed proteins often provides
challenges largely due to the presence of many abundant seed
storage proteins, which limits the detection of low-abundant
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Figure 2. Two-dimensional gel electrophoresis of pigeonpea total seed proteins. Seed proteins (300 pg) were first separated by isoelectric focusing
either on pI 3—10 strip (A) or pI 4—7 strip (B) followed by separation by SDS-PAGE on 16% gels. The gels were stained with Colloidal Coomassie
Blue G-250. Protein spots picked from the gels for identification using MALDI-TOF-TOF-MS/MS analysis are circled. The positions and sizes of
the molecular weight markers in kDa are shown on the left.
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Figure 3. Two-dimensional gel electrophoresis of S0% isopropanol extracted pigeonpea seed proteins. Seed proteins (300 ug) were first separated by
isoelectric focusing either on pI 3—10 strip (A) or pI 4—7 strip (B) followed by separation by SDS-PAGE on 16% gels. The gels were stained with

Colloidal Coomassie Blue G-250. Protein spots picked from the gels for identification using MALDI-TOF-TOF-MS/MS analysis are circled. The
positions and sizes of the molecular weight markers in kDa are shown on the left.
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Figure 4. Two-dimensional gel electrophoresis comparison of 30% ethanol extracted pigeonpea seed proteins. Seed proteins (300 ug) were first
separated by isoelectric focusing either on pI 3—10 strip (A) or pI 4—7 strip (B) followed by separation by SDS-PAGE on 16% gels. The gels were
stained with Colloidal Coomassie Blue G-250. Protein spots picked from the gels for identification using MALDI-TOF-TOF-MS/MS analysis are
circled. The positions and sizes of the molecular weight markers in kDa are shown on the left.
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Table 1. Stress-Related Proteins Identified from Pigeonpea (Cajanus cajan) by MALDI-TOF-TOF-MS/MS Analysis“

spot no.

N
6
7
11
45
46
47
95
97
99
100
103
104
105
107
110
113
114
115
130
136
137
138
147
148
178
180
181
186
187
189
193
195
200
203
204
208
207
208
219
220
221
222
223
224
242
257
258
259
260
269
280
282
285
303
331
337
341
350

protein name [Cajanus cajan]
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
elongation factor 1-a
heat shock cognate protein 80
luminal-binding protein 4
heat shock cognate 70 kDa protein
1-Cys peroxiredoxin
1-Cys peroxiredoxin
1-Cys peroxiredoxin
1-Cys peroxiredoxin
desiccation protectant protein Leal4 isogeny
desiccation protectant protein Leal4 isogeny
18.2 kDa class I heat shock protein
18.2 kDa class I heat shock protein
18.2 kDa class I heat shock protein
superoxide dismutase [Cu-Zn]
EMB-1 protein
EMB-1 protein
10 kDa chaperonin
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
1-Cys peroxiredoxin
1-Cys peroxiredoxin
1-Cys peroxiredoxin
desiccation protectant protein Leal4 isogeny
desiccation protectant protein Leal4 isogeny
18.2 kDa class I heat shock protein
1-Cys peroxiredoxin
EMB-1 protein
EMB-1 protein
EMB-1 protein
superoxide dismutase [Cu-Zn]
superoxide dismutase [Cu-Zn]
superoxide dismutase [Cu-Zn]
EMB-1 protein
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
Embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
embryonic protein DC-8
1-Cys peroxiredoxin
1-Cys peroxiredoxin
1-Cys peroxiredoxin

desiccation protectant protein Leal4 isogeny

accession no.

KYP73710.1
KYP73710.1
KYP73710.1
KYP42506.1
KYP49760.1
KYP42326.1
KYP50771.1
KYPS0274.1
KYPS0274.1
KYPS0274.1
KYPS0274.1
KYP77206.1
KYP77206.1
KYP59373.1
KYPS§9373.1
KYP48731.1
KYP77391.1
KYP49070.1
KYP49070.1
KYP40884.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYPS0274.1
KYPS0274.1
KYPS0274.1
KYP77206.1
KYP77206.1
KYPS§9373.1
KYPS0274.1
KYP49070.1
KYP49070.1
KYP49070.1
KYP77391.1
KYP77391.1
KYP77391.1
KYP49070.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYP73710.1
KYPS0274.1
KYPS0274.1
KYPS0274.1
KYP77206.1

protein score

644
556
518
194
345
559
387
461
94
681
709
271
420
155
436
570
231
111
209
501
358
206
472
78
337
554
702
726
425
162
417
67
206
74
333
416
393
529
422
596
564
286
S16
366
457
199
237
428
795
422
416
59

288
244
657
337
318
377
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% coverage

21
21
21
11
13
21
11
SS
S
SS
S8
33
S1
22
S1
48
33
22
42
81
20
7
20
3
17
S2
60
60
S2
23
38
N
36
12
46
S2
S2
S2
46
27
27
19
20
20
20
8
13
26
31
22
19
3
21
17
12
44
25
32
46

no. of peptides
6

A B BT WA N R N NIONWNY BN R PR PR PR W HE R W SN] 00N PR NN NONWND WK WP O] = N RN RN

MwW pI
theor exptl theor  exptl
40514 62000 7.64 7.50
40514 62000 7.64 7.80
40514 62000 7.64 8.40
49452 50000  9.15  9.60
80888 80000 4.96 5.00
73366 71000 5.10 S.10
71032 73000 5.10 5.30
24458 28000 5.62 5.50
24458 28000 5.62 5.70
24458 28000 5.62 5.90
24458 28000 5.62 6.00
16795 21000 S.11 4.90
16795 21000 S.11 S.10
17416 17000 5.40 5.00
17416 17000 5.40 5.20
17166 22000 5.50 5.70
15144 17000 6.21 6.05
10920 14000 6.14 5.65
10920 13000 6.14 6.10
10510 9000 8.05 8.90
40514 66000 7.64 6.30
40514 66000 7.64 6.50
40514 66000 7.64 6.75
40514 45000 7.64 5.90
40514 45000 7.64 6.10
24458 26000 5.62 5.40
24458 26000 5.62 5.70
24458 26000 5.62 6.00
16795 22000 S.11 4.95
16795 22000 S.11 S.10
17416 19000 5.40 S.1S
24458 13000 5.62 4.70
10920 13000 6.14 S.0S
10920 15000 6.14 5.35
10920 15000 6.14 5.70
15144 17000 6.21 5.80
15144 17000 6.21 5.95
15144 17000 6.21 6.10
10920 15000 6.14 6.10
40514 65000 7.64 7.20
40514 65000 7.64 7.50
40514 60000 7.64 7.90
40514 55000 7.64 7.20
40514 49000 7.64 7.20
40514 55000 7.64 7.50
40514 60000 7.64 9.30
40514 60000 7.64 6.30
40514 60000 7.64 6.60
40514 60000 7.64 6.85
40514 50000 7.64 6.70
40514 55000 7.64 6.30
40514 44000 7.64 6.10
40514 45000 7.64 6.10
40514 47000 7.64 6.0S
40514 37000 7.64 6.0S
24458 27000 5.62 5.50
24458 28000 5.62 5.80
24458 28000 5.62 6.00
16795 21000 S.11 4.95
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Table 1. continued

spot no. protein name [Cajanus cajan] accession no.
353 desiccation protectant protein Leal4 isogeny KYP77206.1
358 superoxide dismutase [Cu-Zn] KYP77391.1
359 superoxide dismutase [Cu-Zn] KYP77391.1
361 EMB-1 protein KYP49070.1
362 EMB-1 protein KYP49070.1
363 EMB-1 protein KYP49070.1
364 EMB-1 protein KYP49070.1
365 embryonic protein DC-8 KYP73710.1

MwW pI
protein score % coverage no. of peptides  theor exptl theor  exptl
494 52 7 16795 21000  S.11 520
159 14 1 15144 17000 621 620
174 23 2 15144 18000 621 620
376 58 4 10920 14000 614 540
386 55 4 10920 14000 614  5.60
210 45 3 10920 14000 614 580
421 SS 4 10920 12000 6.14 6.15
254 9 2 40514 10000 7.64 6.50

“Spot identification numbers correspond to those proteins labeled in Figures 2, 3, and 4). Molecular weight (M,) and isoelectric point (pI) values are
given as theoretical and experimental values. Protein scores are raw values and represent the total ion scores. Peptides matched, % coverage, and

accession numbers from within the Cajanus cajan database are given.

proteins.”* This problem can be overcome by utilizing
extraction procedures that will preclude the isolation of the
majority of storage proteins. The abundant storage proteins of
pigeonpea are globulins, which are easily soluble in salt
solutions but have only limited solubility in organic solvents
such as ethanol and isopropanol (Figure 1). We took advantage
of this differential solubility property of seed proteins to isolate
protein fractions that are enriched with low-abundant proteins.
2-D separation of 50% isopropanol soluble proteins revealed
the presence of many well-resolved protein spots (Figure 3),
most of which were either absent or poorly represented in
protein samples prepared by general isolation protocol (Figure
2). The most abundant seed storage proteins were not detected
in 50% isopropanol soluble protein fraction; instead, there was
an enrichment of numerous proteins ranging in molecular
weight from 10 to 40 kDa (Figure 3). Similarly, an examination
of the protein profile of pigeonpea seed proteins soluble in 30%
ethanol revealed many different protein spots not seen in
previous fractions (Figure 4). The abundant seed proteins were
also not detected in the 30% ethanol extracted protein fraction
(Figure 4). Although there were several protein spots that were
unique to 30% ethanol and 50% isopropanol extracted protein
fractions, a significant number of proteins spots were also
shared. A total of 475 protein spots (150 spots from 2-D gels
using protein obtained by the standard extraction protocol
(Figure 2), 128 spots from 50% isopropanol extracted fraction
(Figure 3), and 197 protein spots from 30% ethanol extracted
fraction (Figure 4) were excised from 2-D gels. These protein
spots were digested with trypsin, and the digested peptides
were subjected to MALDI-TOF-TOF-MS/MS analysis for
protein identification

Identification of Pigeonpea Seed Proteins. The identity
of pigeonpea seed proteins obtained by three protein extraction
methods is shown in Table 1. Initially, the mass spectrometer
spectra of pigeonpea peptides were searched against the NCBI
nonredundant Glycine max database and the UniProtKB Glycine
max database. This search resulted in the identification of 250+
protein spots, but a significant number of proteins had no
match. This situation may have resulted due to differences in
the sequence of peptides between closely related organisms,
leading to misidentification or nonidentification of MS-acquired
spectra.”® The recent availability of the Cajanus cajan protein
database enabled us to search against a homologous database,
leading to the identification of a large number of spots with
high-confident PSMs (Supporting Information Table 1).

Seed Storage Proteins. The most abundant protein spots
seen in the 2D gels (Figure 2) were identified as members of

vicilin- and legumin-type globulins (Supporting Information
Table 1). This is predictable because globulins represent about
61% of pigeonpea total seed proteins."” Eighteen protein spots
(1, 39, 40, 41, 42, SS, 60, 61, 65, 69, 70, 71, 72, 82, 84, 94, 96,
and 143) were identified as f-conglycinin, a member of the 7S
globulin family. The 7S globulins occur as trimeric proteins of
150—190 kDa and are generally devoid of cysteine residues."”
In soybean, the 7S f-conglycinin is made up of three subunits,
o/, a, and f, with apparent molecular weights of 76, 72, and 53
kDa, respectively.”””’ These proteins, like other 7S globulins,
are glycosylated. A previous study has shown that pigeonpea
vicilin is also a glycoprotein and composed of 72 and 57 kDa
subunits.'” The 20 protein spots identified as f-conglycinin
belonged to just two accessions (KYP75005.1 f-conglycinin, a
chain; KYP48930.1 f-conglycinin, f§ chain). We recovered the
amino acid sequence of these p-conglycinin subunits and
subjected them to a homology search against the UniProt
database using BLAST (Basic Local Alignment Search Tool).
This analysis revealed significant amino acid sequence
homology between pigeonpea and soybean p-conglycinin
subunits (Supporting Information Figures 1 and 2).

Accumulation of B-conglycinin is controlled by the nutri-
tional status of the plant.”® When plants are grown in the
presence of a high concentration of nitrogen in the growth
medium, a preferential accumulation of the f-subunit of f-
conglycinin occurs. In general, S-conglycinin contains low
amounts of sulfur-containing amino acids. In particular, the f-
subunit of f-conglycinin contains no methionine and
cysteine.”””” The paucity of sulfur-containing amino acids
lowers the nutritional quality of 7S seed proteins. At present, it
is not known if the accumulation of pigeonpea f-conglycinin is
also regulated by the nitrogen status.

Eleven protein spots (24, 25, 26, 27, 28, 34, 35, 36, 76, 78,
and 79) were identified as glycinin (Supporting Information
Table 1). Glycinins are synthesized as precursor proteins that
undergo post-translational processing resulting in acidic and
basic subunits, which are held together by a single disulfide
bond.” In soybean, glycinins are represented by two abundant
groups of protein with molecular weights of 37—44 kDa (acidic
subunit) and 17—22 kDa (basic subunit), respectively. These
proteins are the products of the five-glycinin genes (gyl, gv2,
23, g4, and gyS). Just as in soybean, the pigeonpea glycinins
are also represented by acidic (59, 76, 78, 79) and basic (24, 25,
26, 27, 28, 34, 35, 36) subunits (Figure 2). BLAST analysis also
revealed high sequence homology between pigeonpea and
soybean glycinins (Supporting Information Figure 3).
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Protein spots 18, 31, and 33 have been identified as basic 7S
globulins. The 7S globulin of pigeonpea has been previously
identified as y-protein, a protein rich in sulfur amino acids.*® It
is synthesized as larger precursor protein and processed into
two subunits of molecular weights of 32 and 20 kDa.’ In
soybean the basic 7S globulin is synthesized as a precursor
protein of 43 kDa and subsequently processed into « (27 kDa)
and f3 (16 kDa) subunits.”" Interestingly, basic 7S globulin is
known to bind insulin and insulin-like growth factors, leading
to the suggestion that this protein may function as a hormone
receptor.”” Basic 7S globulin is present in several legumes and
could play a role in plant defense against phytopathogens.*
Becaus of sequence similarity with other legumes, it is likely
that pigeonpea basic 7S globulin may also have similar
functions.

Plant Protease Inhibitors (Pls). Plant PIs are generally
present at high concentration in seeds. In addition to reserve
organs, they also accumulate in vegetative tissue in response to
the attack of insects and pathogens.” In plants, PIs that
inactivate serine, cysteine, and metallocarboxyproteases are
ubiquitous. Interestingly, PIs that are specific against aspartic
proteases have not been detected in seeds.”® PIs are generally
encoded by multigene families. Two types of protease
inhibitors, Kunitz trypsin inhibitors (KTi) and Bowman—Birk
inhibitors (BBi), accumulate in soybean seeds. KTi is a 21 kDa
protein and specifically inhibits trypsin, whereas BBi is made up
of a group of cysteine-rich small molecular weight proteins that
inhibit trypsin, chymotrypsin, and elastase.”** Soybean seeds
contain three trypsin inhibitors (KTil, KTi2, and KTi3) with
KTi3 as the most abundantly expressed in seeds.’® In our
proteomic study we identified 10 protein spots (30, 112, 123,
125, 190, 191, 248, 355, 356, and 357) as KTi and 2 spots (210
and 248) as BBi (Supporting Information Table 1). In addition,
protein spots (199 and 360) have been identified as subtilisin
inhibitor 1 (Supporting Information Table 1). These proteins
were more prevalent in the 50% isopropanol and 30% ethanol
extracted protein preparations (Figures 3 and 4).

Soybean meal is a predominant source of protein meal
(~67%) utilized worldwide. It is extensively used in animal feed
mixtures for poultry (50%) and swine (26%) (http://soystats.
com). However, soybean meal also contains a number of
antinutritional factors that reduce animal weight gain. Although
lectins and phytate could have negative effects on animal weight
gain, the protease inhibitors KTi and BBi, because of their
inhibitory effect on animal digestive enzymes, are considered to
be primary antinutritional factors. Although pigeonpea is a main
dietary protein source for over a billion people in Asia, it is also
used as livestock feed.”” ™" The presence of trypsin inhibitors,
as in soybean meal, could limit its use as livestock feed. Studies
have shown that processing (heat inactivation) of the seeds
significantly reduced the trypsin inhibitor activity, resulting in
the enhancement of its nutritive value.*’ In developing
countries pigeonpea meal has the potential to be substituted
for soybean meal in ruminant diet.”” Thus, pigeonpea meal
could serve as an alternative protein source in animal feed,
especially in countries such as India and eastern and southern
Africa.

Stress-Related Proteins. During the seed desiccation
phase, drastic metabolic changes occur, resulting in the
accumulation of specialized proteins. This enables the seeds
to maintain viability for long periods. On the basis of
physiological function, these proteins can be grouped into
molecular chaperones, antioxidative proteins, and late embryo-

4578

genesis abundant (LEA) proteins."" Our proteomic analysis
revealed several proteins that can be classified as stress-related
proteins (Table 1). Eight protein spots (45, 46, 47, 10S, 107,
110, 130, and 189) were grouped under molecular chaperones.
Protein spots 45, 46, and 47 were identified as 80 kDa heat
shock proteins (HSP), and spots 105, 107, 110, and 189 were
identified as 18.2 HSP. Protein spot 130 was identified as a 10
kDa chaperonin. These proteins play an important role during
stress by preventing the irreversible aggregation of denatured
proteins.“’43

Plants have developed defense systems to counteract reactive
O, species (ROS) that are produced under stress conditions.
One common mechanism that involves the removal of ROS is
increased enzymatic activity of antioxidant enzyrnes.44 Super-
oxide dismutases (SODs) play an important role in negating
the effect of ROS.**** In our study we have identified six
protein spots (113, 204, 205, 207, 358, and 359) as superoxide
dismutases. Additionally, several proteins have been identified
as peroxiredoxins (Prx). These proteins are important players
in the antioxidant defense system and are found in organisms
ranging from bacteria to humans.*” They can contain either one
or two conserved cysteine residues. Interestingly, the 1-Cys
peroxiredoxin genes are expressed in seeds specifically in the
embryo and the aleurone layer, and their expression is elevated
by ABA and osmotic stresses.”’ In this study we identified 11
protein spots (95, 97, 99, 100, 178, 180, 181, 193, 331, 337, and
341) as 1-Cys peroxiredoxin (Table 1). Some of the protein
spots (178, 180, and 181) are abundantly present in the 50%
isopropanol extracted protein fraction (Figure 3). Even though
several Prx (2-CysPrx, 1-CysPrx, and PrxQ) are present in
higher plants, our proteomic analysis indicated that pigeonpea
seeds contain only 1-CysPrx. These proteins have been shown
to be involved in protecting the seeds against damaging reactive
oxygen species during desiccation and maintenance of
dormancy.

Another group of proteins that accumulate to high levels
during the last stage of seed maturation are the late
embryogenesis abundant (LEA) proteins.** LEA proteins are
expressed during late embryogenesis and under various stress
conditions. The expression of LEA proteins occurs when plants
are subjected to water deficiency as well as during seed
dehydration. These proteins are hydrophilic because of high
contents of Gly, Ala, and Ser.*” A comprehensive computa-
tional reanalysis of LEA proteins has grouped these proteins
into several different classifications.> These proteins have a
protective function during desiccation.”’ Protein spots 103,
104, 186, 187, 350, and 353 were identified as LEA proteins. A
total of nine protein spots (114, 115, 195, 200, 203, 208, 361,
362, and 364) were identified as EMB-1 proteins.”” Twenty-five
protein spots (S, 6, 7, 136, 137, 138, 147, 148, 219, 220, 221,
222,223, 224, 242, 257, 258, 259, 260, 269, 280, 282, 285, 303,
and 365) were identified as embryonic protein DC-8 (Table 1).
These proteins accumulate in all monocot and dicot
embryos>>>* and are expressed primarily at the time of embryo
desiccation or in response to ABA.* The abundance of these
stress-related proteins in pigeonpea seeds suggests an important
role of these proteins in protecting macromolecules, such as
enzymes and lipids, during seed desiccation.”

Hypothetical Proteins. A total of 76 protein spots were
identified as hypothetical proteins (Supporting Information
Table 2). However, when the amino acid sequences of these
hypothetical proteins were subjected to BLAST search against
the National Center for Biotechnology Information non-
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redundant (NCBInr) protein database, significant sequence
homology to several soybean and Medicago truncatula seed
proteins were observed (Supporting Information Table 2). Of
the 76 protein spots classified as hypothetical proteins, 21 spots
(87, 158, 159, 160, 161, 162, 165, 167, 169, 246, 306, 307, 308,
309, 310, 311, 313, 314, 319, 333, and 343) were found to have
significant amino acid identity to soybean dehydrin. Seven
additional proteins spots (9, 10, 124, 126, 129, 202, and 211)
were identified as seed maturation proteins (Supporting
Information Table 2). Dehydrins play an important role in
plant responses and adaptation to stress. They belong to group
2 LEA proteins and accumulate during the late stages of
embryogenesis.”® A positive correlation between dehydrin gene
expression or dehydrin protein accumulation and plant stress
tolerance has been established in plants, leading to the
suggestion that the accumulation of dehydrin can be used as
a plant molecular marker for stress tolerance.*® In our study we
found that the dehydrins are enriched in 50% isopropanol and
30% ethanol extracted protein fractions. Our observation is
consistent with an earlier study in which dehydrins were
reported to be abundant in 40% isopropanol extract fraction in
soybean."” The abundant accumulation of seed maturation
proteins, dehydrins, and LEA proteins in pigeonpea seeds
indicates a critical role of these proteins in stress tolerance
because this legume is grown mostly in arid and semiarid
conditions. Consistent with our observation, a previous study
had reported that pigeonpea had a higher number of drought-
responsive sequences in its genome than did M. truncatula and
L. japonicas.”

Functional Classification of the Pigeonpea Seed
Proteins. Pigeonpea seed proteins were functionally classified
on the basis of gene ontology (GO) terms of the three main
categories: biological process, molecular function, and cellular
component. Pigeonpea proteins were classified in 31, 5, and 7
functional categories representing biological process, molecular
function, and cellular component, respectively. All 31 functional
categories referred to in the biological process category were
well represented, with small molecule metabolic process,
oxidation—reduction process, organonitrogen compound meta-
bolic process, macromolecule metabolic process, organic
substance catabolic process, and carbohydrate metabolic
process being the dominant categories (Supporting Information
Figure 4). Pigeonpea seed proteins representing hydrolase
activity (29%), oxidoreductase activity (26%), and ion binding
(19%) were the most frequent terms in the molecular function
category (Supporting Information Figure 4). In the cellular
component category, cytoplasm, proteasome complex, and
catalytic complex were observed to occur most frequently. The
abundant representation of pigeonpea proteins involved in
catalytic activity, binding activity, nutrient reservoir activity, and
carbohydrate metabolic activity is typical of seeds and mirrors
what has been reported in other legumes.

During the past decade, through the efforts of the
International Crops Research Institute for Semi-Arid Tropics
(ICRISAT), significant progress has been made to develop
large-scale 6genomics resources for pigeonpea, chickpea, and
groundnut.” These efforts have led to the development of
extensive genetic and physical maps, SSR markers, SNPs, high-
throughput marker genotyping, and genome sequencing.
However, advances in pigeonpea genomics and trancriptomics
should also be complemented with proteomics and metab-
olomics research. In contrast to pigeonpea, extensive
proteomics work has been reported in soybean, common
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bean, M. truncatula, and L. japonicas.” To develop a more
sustainable pigeonpea, it is imperative to develop a pigeonpea
proteome atlas. Efforts are being made to fill this void. For
example, a recent study compared the seed protein profile of
nontransgenic and transgenic pigeonpea harboring two
independent cry genes, by 2-D gel analysis.”” This comparison
detected 11 and 10 protein spots showing a difference in
relative intensity of >2.5-fold between control and transgenic
plants. Of these, five <protein spots were successfully identified
by MS/MS analysis.”” Our proteomic analysis of pigeonpea
seed should serve as a starting point to build a comprehensive
pigeonpea proteome. It is important that proteomics research
must be carried out from all organs of the plant to obtain a
comprehensive pigeonpea proteome atlas. Also, the effect of
biotic and abiotic stresses on the proteomic changes in different
organs should also be investigated. Such a research effort
should lead to the identification of unique proteins and
metabolic pathways that could be exploited by researchers to
improve the yield potential of pigeonpea. The availability of
large-scale genomics resources along with emerging proteomics
data should facilitate genomics-assisted breeding (GAB),
leading to the development of improved pigeonpea cultivars
that can perform well under marginal environments.
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