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ABSTRACT: Grass pea is an orphan legume that is grown in many places in the world. It is a high-protein, drought-tolerant
legume that is capable of surviving extreme environmental challenges and can be a sole food source during famine. However,
grass pea produces the neurotoxin β-N-oxalyl-L-α,β-diaminopropionic acid (β-ODAP), which can cause a neurological disease.
This crop is promising as a food source for both animals and humans if β-ODAP levels and other antinutritional factors such as
protease inhibitors are lowered or removed. To understand more about these proteins, a proteomic analysis of grass pea was
conducted using three different extraction methods to determine which was more efficient at isolating antinutritional factors.
Seed proteins extracted with Tris-buffered saline (TBS), 30% ethanol, and 50% isopropanol were identified by mass
spectrometry, resulting in the documentation of the most abundant proteins for each extraction method. Mass spectrometry
spectral data and BLAST2GO analysis led to the identification of 1376 proteins from all extraction methods. The molecular
function of the extracted proteins revealed distinctly different protein functional profiles. The majority of the TBS-extracted
proteins were annotated with nutrient reservoir activity, while the isopropanol extraction yielded the highest percentage of
endopeptidase proteinase inhibitors. Our results demonstrate that the 50% isopropanol extraction method was the most
efficient at isolating antinutritional factors including protease inhibitors.
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■ INTRODUCTION

Grass pea (Lathyrus sativus L.) is a drought-tolerant, high-
protein legume that is grown for human consumption or forage
in Europe, Asia, and East Africa.1 It is tolerant of many harsh
abiotic stresses, including drought and flooding, because of its
resilient root system and has become a staple crop in times of
famine and difficult climatic conditions.2−6 In addition, the
seed is an excellent source of plant protein, containing 25−29%
protein on a dry weight basis, and as a legume, it is capable of
nitrogen fixation.7,8 Grass pea is a part of many human-
consumed food dishes in Spain, India, Bangladesh, and
especially Ethiopia.9,10

Although grass pea has nutritional potential for semiarid and
arid places in the world, its production is hindered because of
an antinutritional factor β-N-oxalyl-L-α,β-diaminopropionic
acid (β-ODAP) in its seeds.11−13 When the seeds are grown
under water-stressed conditions, accumulation of β-ODAP
increases.13,14 When grass pea is consumed in large quantities
for a long period of time without other food sources in the diet,
such as during a famine, a disease called lathyrism develops,
which affects both humans and animals.10,12,15 Lathyrism is a
neurological disease which can cause permanent paralysis and
brain damage, especially in children.16 A famine in Ethiopia in
the 1970s left 1% of the population disabled because of the

dependence on grass pea.15 In addition to β-ODAP, other
antinutritional factors exist in grass pea, including protease
inhibitors, oligosaccharides, tannins, and phytic acids.17−20 The
two most abundant protease inhibitors in grass pea seeds are
trypsin inhibitors and Bowman−Birk inhibitors.21 Trypsin
inhibitors inhibit the mammalian digestive enzyme trypsin, and
Bowman−Birk inhibitors similarly affect the serine peptidase
digestive enzymes.22 Protease inhibitors, when not thoroughly
denatured by cooking, can interfere with the tryptic breakdown
of protein and are abundant in legumes.22 There have been
breeding efforts in several legume species, including soybean,
to reduce trypsin inhibitor levels for human health and animal
feed conversion efficiency. Breeding efforts have been initiated
aiming at developing new L. sativus varieties that have reduced
antinutritional factors.8 Although detailed knowledge of the
grass pea seed proteins would be invaluable to improve
breeding efforts, a proteomic analysis of grass pea seeds has not
previously been conducted. Storage proteins make up the most
abundant proteins in a seed, which can overshadow lower
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expressed but more impactful proteins, such as several
proteinaceous, antinutritional factors.23 Various modified
protein extraction methods have been developed, which can
limit the solubility of the main storage proteins (e.g., globulins)
allowing lower abundance proteins to be enriched, detected,
and quantified.23−26 Here, we introduce the first proteomic
study of grass pea seeds. We conducted and evaluated the
performance of three separate protein extractions in order to
(1) quantify the protein profiles of the most abundant proteins
and (2) test two different alcohol precipitation methods to
enrich less abundant seed proteins. We then characterized all
protein profiles based on their predicted gene ontologies
(cellular location, molecular function, and biological process).
Finally, we analyzed the most abundant proteins for each
extraction and made a direct comparison of the specific
proteins enriched using each method. These results suggest
that a 50% isopropanol extraction is more efficient at isolating
protease inhibitors than the commonly applied Tris-buffered
saline (TBS) and an alternate 30% ethanol extraction method.

■ MATERIALS AND METHODS
Seed Protein Extraction. Dry seeds of L. sativus cv. LZ(2), a

Chinese cultivar, were exclusively used in this study. The seeds were
ground to a fine powder with a mortar and pestle. For one-
dimensional (1D) sodium dodecyl sulfate-polyacrylamide gel analysis
(SDS-PAGE), aliquots of seed powder (50−100 mg) were transferred
to 2 mL microcentrifuge tubes and separately extracted either with 1
mL of TBS (50 mM Tris-Cl, pH 7.5, 150 mM NaCl) or 30% ethanol
(v/v) or 50% isopropanol (v/v). The content of the tubes were
vigorously vortexed for 15 min at room temperature, followed by
centrifugation at 15 800×g for 5 min. The clear supernatant was
collected and three volumes of ice-cold acetone were added. The
contents were mixed and left at −20 °C overnight. Precipitated
proteins were recovered by centrifugation at 15 800×g for 5 min. The
protein pellet was briefly air-dried and resuspended in SDS sample
buffer [60 mM Tris-HCl, pH 6.8, 2% SDS (w/v), 10% glycerol (v/v),
and 5% 2-mercaptoethanol (v/v)] for 1D gel analysis.
For two-dimensional (2D) gel analysis, acetone-precipitated

proteins from the three extractions (TBS, 30% ethanol, and 50%
isopropanol) were individually suspended in 5 mL of 100 mM Tris-
HCl, pH 8.8, 0.9 M sucrose, and 0.4% 2-mercaptoethanol (v/v). To
extract only the proteins from these suspensions and remove the
interfering compounds, an equal volume of Tris-saturated phenol (pH
4.3) was added, and the contents were mixed vigorously for 30 min at
25 °C. Subsequently, they were subjected to centrifugation at 5000×g
for 20 min at 25 °C in a swing-bucket rotor. The upper phenolic
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,
followed by centrifugation at 12 000×g for 15 min at 4 °C. The
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 dithiothreitol (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 12 000×g for 10 min at 4 °C between
each vigorous 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×g 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% (w/v) of 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, and 2%
(w/v) 3-(4-heptyl)phenyl-3-hydroxypropyl)dimethyl-ammoniopropa-
nesulfonate (C7BzO). The samples were placed on ice, and the

protein concentration was estimated following the method of
Bradford.

1D and 2D PAGE Analysis of Grass Pea Proteins. The 1D and
2D gel electrophoreses were performed as described earlier.26

Mass Spectrometry. Grass pea seed proteins for mass
spectrometry were extracted following the same procedure as for
2D gels. Insoluble proteins, once in acetone (this time without DTT),
were washed three times in 100% acetone. The proteins were then
suspended in 500 μL of lysis buffer containing 6 M urea and 100 mM
TBS-HCl (pH 7.8). The protein concentration was determined by the
bicinchoninic acid method (Pierce, Rockford, IL, USA). Proteins
(∼200 μg) were reduced in TBS (2-carboxyethyl) phosphine,
carbamidomethylated with iodoacetamide, and digested overnight at
37 °C with trypsin at the ratio of 100:1. The digested peptides were
purified by reverse-phase chromatography using SEP-PAK C18
columns (Waters Corp, Milford, MA, USA). The peptides were
suspended in 50 μL of 5% acetonitrile (v/v) and 0.2% formic acid (v/
v). The peptide concentration was determined by the Pierce
Quantitative Colorimetric Peptide Assay (Thermo Fisher Scientific,
Waltham, MA, USA).

Protein identification by mass spectrometry was performed as
described previously.27 In brief, peptides (∼500 ng per fraction) were
separated on a 75 μm (inner diameter) fused silica capillary pulled to
a 5 micron tip with a P-2000 Sutter laser puller (Sutter Instrument,
Novato, CA, USA), packed with 22 cm of 2.5 μm Synergi Hydro-RP
C18 (Phenomenex, Torrance, CA, USA), and coupled directly to a
Dionex UltiMate 3000 RSLCnano system (Thermo Fisher Scientific)
controlling a 120 min linear gradient from 3.2 to 40% acetonitrile and
0.1% formic acid at a flow rate of 300 nL per minute. Peptides were
electrosprayed at 2.4 kV into an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Fisher Scientific) operating in data-dependent
mode with positive polarity and using 445.12003 m/z as an internal
mass calibrant. Quadrupole isolation was enabled, and survey scans
were recorded in an Orbitrap at 120 000 resolution over a mass range
of 400−1600 m/z. The instrument was operated in top speed mode
with a cycle time of 3 s. Peptides were isolated using the quadrupole
with an isolation window of 1.6 m/z and then fragmented by high-
energy collision-induced dissociation in the ion-routing multipole and
the resulting fragment ions were detected in the linear ion trap.

Peptide Matching. Raw data files were converted into searchable
peak lists and saved as mascot generic format (.mgf) files with
RawConverter.28 Mass spectrometry data were searched with Mascot
2.5.1 (Matrix Science, London, UK). Because L. sativus has minimal
sequence coverage in public protein databases, a homology-based
search strategy was employed for protein identification. To
accomplish this, a multispecies legume-specific FASTA-formatted
database was constructed by downloading the protein reference
sequence subsets from the National Center for Biotechnology
Information nonredundant protein database using the taxonomy
filter Fabales. Common contaminants were appended to this database
for a total of 483 721 sequences as of 02/08/2018. These data were
simultaneously searched against the Swissprot database (12/2017
version) using the taxonomy filter, other green plants, which resulted
in 18 876 additional sequences. The Mascot search parameters were
as follows: monoisotopic mass; parent ion tolerance of 5 ppm;
fragment ion tolerance of 0.6 Da; 13C isotopes set to 2; peptide charge
states of 1+, 2+, and 3+; trypsin as a digesting enzyme with one
missed cleavage allowed; fixed modification of carbamidomethyl C;
and variable modifications of oxidation of methionine and N-terminal
pyroglutamic acid from glutamic acid or glutamine. A scaffold
(version Scaffold_4.8.4, Proteome Software Inc., Portland, OR, USA)
was used to validate peptide and protein identifications. Peptide
identifications were accepted if they could be established at >95.0%
probability as specified by the Peptide Prophet algorithm29 and
contained at least one identified peptide. Protein probabilities were
assigned by the Protein Prophet algorithm.30

Gene Ontology Analysis. Database matches for each of the three
experimental protein extraction methods identified by peptide
searches of the SwissProt_2017_12.fasta or refseq_fabales_020817.-
fasta databases were downloaded (ethanol, 938 proteins; isopropanol,
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311 proteins; TBS, 908 proteins; and composite, 1376 proteins)
(Table S1: Peptide Database Search). The BLAST2GO31 plugin of
CLC genomic workbench was then used to identify Gene Ontology
(GO) slim plant terms associated with each of the proteins identified
either by BLAST2GO databases or through the Interpro database
using an E-value threshold cutoff for BLASTP searches of 1 × 10−5

(Table S1: BLAST2GO GO).
Statistical Analysis. Statistical analysis to generate the heatmap

was done with JMP Pro (Version 13.1), using exclusive spectral
counts from in-solution digests of the three protein isolation methods.

■ RESULTS AND DISCUSSION
1D SDS-PAGE Analysis of Grass Pea Seed Proteins

Using Three Different Extraction Methods. By mass, the
majority of proteins in a legume seed are classified as storage
proteins,32 which typically have no enzymatic function but
serve as a repository of nitrogen, carbon, and to a lesser extent
energy. The abundance of these proteins is critical for seed
viability but can overshadow less abundant, but economically
more important, proteins such as seed antinutritional factors.
As proteins can be separated and distinguished based on their
different solubility properties and molecular weights, these
features can be exploited during the extraction process to
create different protein profiles. Several different methods of
protein extraction have been tested in other crop species to
determine the best method to visualize lower abundance
proteins for proteomic analysis.33,34 The protein profiles of
soybean and other legume seeds have been characterized well;
however, this has not been done for grass pea seeds.26,35,36

Being able to understand the protein profile of grass pea will
assist researchers to identify antinutritional factors, such as
protease inhibitors, and proteins that are involved in the
synthesis of β-ODAP. First, we explored the protein profile
that can be visualized by a 1D SDS-PAGE gel after protein
extraction (Figure 1). The most common method of protein
extraction is TBS extraction, which produced a large range of
proteins between 10 and 97 kDa. Previous studies have
demonstrated that this method favors enrichment of storage
proteins.32 In order to detect and quantify less abundant seed
proteins, we compared TBS with two alternate protein
extraction methods that use either 30% ethanol or 50%
isopropanol. We hypothesized that by performing seed protein
extractions using buffers with different effects on storage
protein solubility, a unique protein profile enriched in
nonstorage proteins could be achieved, as was successfully
shown in soybean.37 SDS-PAGE comparison of three protein
extraction methods demonstrates that all three extraction
methods produced unique protein profiles (Figure 1). The
30% ethanol and 50% isopropanol extractions had a protein
profile between 10 and 97 kDa similar to the TBS extraction;
however, the intensity and molecular weights of proteins varied
within each extraction method. The ethanol extraction showed
an abundance of protein(s) with molecular weights at ∼50, 40,
and 28 kDa, which were not as prominent as in the other
extractions. The 50% isopropanol extraction showed large
molecular weight proteins only faintly and favored lower
molecular weight proteins as compared with the other two
extraction methods; however, it appears that fewer proteins
were extracted with this method. Thus, the size of the protein,
amino acid composition, as well as the nature of the solvent
may play an important role in determining the differential
solubility of grass pea proteins.
2D SDS-PAGE Analysis of Grass Pea Seed Proteins

Using Three Different Extraction Methods. To compare

the extracted proteins from each method, 2D SDS-PAGE gel
electrophoresis was conducted where proteins were separated
by isoelectric point and molecular weight. The pI separation
range was pI 4−7, and proteins extracted from the three
different methods were visualized by Coomassie gel staining
(Figure 2). 2D electrophoresis allowed the separation of grass
pea proteins into several discrete protein spots. The TBS
extraction shows a protein profile to enrich storage proteins,
which was suggested by the appearance of the 1D gel (Figure
2A). The 30% ethanol extraction (Figure 2B) and the 50%
isopropanol extraction (Figure 2C) show very different protein
profiles. Few proteins are similar between the TBS and ethanol
extractions. These gel comparisons suggest that the TBS
extraction will favor abundant proteins. The ethanol extraction
is capable of eliminating many, but not all, of the most
abundant proteins. Finally, the isopropanol extraction
produces the most unique protein profile of all tested
extraction methods; however, it is unclear which minor
proteins are present.

Identification of Grass Pea Proteins. The identity of all
grass pea proteins isolated by TBS, 30% ethanol, and 50%
isopropanol extraction methods is shown in Table S1:
Summarized Spectrum Data (all), TBS Summarized Spectrum
Data, ISO Summarized Spectrum Data, and EtOH Summar-
ized Spectrum Data. Proteins were identified as a composite of
all three extraction methods and also through individual
methods. Proteins were identified via searches of mass spectral
data against peptide databases NCBI and Swissprot, which
utilized amino acid sequence data from multiple species to
predict protein identity. The most abundant in the TBS
extraction were storage proteins, accounting for 64% of all
extracted proteins. The TBS method was able to isolate both
water-soluble and salt-soluble proteins (Table S1: TBS
Summarized Spectrum Data). Storage proteins were also

Figure 1. 1D SDS-PAGE of grass pea total seed protein as extracted
by TBS (lane T), 30% ethanol (lane E), and 50% isopropanol (lane
I). Seed proteins were separated using a SDS−polyacrylamide gel and
visualized by gel staining with Coomassie Blue. Molecular weight
markers are shown in lane M with kDa sizes on the left.
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abundant in the ethanol and isopropanol extraction methods
accounting for 28 and 20%, respectively, of all proteins.
Each extraction method was able to isolate different subsets

of total proteins in dissimilar quantities as the banding/spot
patterns observed in Figures 1 and 2 suggest. In the TBS
extraction method, a total of 908 proteins were identified; the
most abundant at 10% was the storage protein legumin (Table
S1: TBS Summarized Spectrum Data). In the 30% ethanol
extraction, 938 proteins were identified, and the most
abundant protein (5% of total spectral counts) was the
Bowman−Birk protease inhibitor, followed by storage albumin
proteins (Table S1: EtOH Summarized Spectrum Data). In the
50% isopropanol extraction, only 311 proteins were identified,
but the majority (21.6% of total spectral counts) was the
Bowman−Birk protease inhibitor (Table S1: ISO Summarized
Spectrum Data).
Table 1 lists the most abundant proteins from each

extraction (except storage proteins). This analysis will allow
for easier comparison of less abundantly expressed proteins
from all three extraction methods. Full details on proteins
identified are found in Table S1: Summarized Spectrum Data
(all). Aside from the storage proteins, the most abundant
protein isolated from all three extraction methods are
Bowman−Birk-type protease inhibitors (Table 1). The TBS
extraction method was able to isolate proteins that bind biotin
and are believed to play a role in cell growth.38 Subsequent to
that are heat shock proteins, which, similar to late embryo-
genesis proteins, help to protect the embryo from desic-

cation.39,40 Fructose-bisphosphate aldolase is also isolated and
is necessary for glycolysis. 1-Cys peroxiredoxin is a regulator of
seed dormancy, inhibiting germination during stress.41

The ethanol extraction method was efficient in isolating
alcohol dehydrogenase (an enzyme that protects embryos from
oxidative stress), fructose-biphosphate aldolase, and heat shock
proteins as well. Interestingly, it was the only method that was
able to detect cysteine synthase in the top 30 proteins (Table
1), an enzyme necessary for catalyzing the reaction: O3-acetyl-
L-serine + hydrogen sulfide ↔ L-cysteine + acetate. Cysteine is
a semiessential sulfur-containing amino acid, which must be
ingested when a diet is insufficient in methionine.42 Cysteine
also plays a role in the β-ODAP synthesis pathway as a
precursor to β-ODAP.4 The ethanol extraction was the only
method to detect cyanoalanine synthase (Table S1: EtOH
Summarized Spectrum Data, rows 890 and 936). This enzyme
also plays a key role in the β-ODAP synthesis by generating
precursors to β-ODAP through two different reactions, one
using cysteine and another using isoxazolin-5-one.4

In the isopropanol extraction method, the Bowman−Birk
protease inhibitor, an antinutritional factor, was the most
abundant proteins isolated (Table 1). Following that were
superoxide dismutases and glutaredoxins, which protect seed
embryos from oxidative stress.43,44 An abundant protein in this
extraction is the SLE1 protein that serves a similar function as
late embryogenesis proteins45 and is also common in the other
two extractions.

Figure 2. 2D gel electrophoresis comparison of three protein extraction methods. Proteins (300 μg) from three protein extraction methods were
separated by isoelectric focusing on pI 4−7 strips, followed by SDS-PAGE on 15% gels. Following electrophoresis, the gels were stained with
Colloidal Coomassie Blue G-250. The position and sizes of protein markers in kDa are shown on the left side of the figures. A. TBS extraction; B.
30% ethanol extraction; and C. 50% isopropanol extraction.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b04307
J. Agric. Food Chem. 2019, 67, 10296−10305

10299

http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.9b04307/suppl_file/jf9b04307_si_001.xlsx
http://dx.doi.org/10.1021/acs.jafc.9b04307


T
ab
le

1.
Li
st

of
N
am

es
an
d
E
xc
lu
si
ve

Sp
ec
tr
al

C
ou

nt
(c
t)

of
Id
en
ti
fi
ed

P
ro
te
in
s
fr
om

T
hr
ee

D
iff
er
en
t
M
et
ho

ds

T
B
S
bi
ol
og
ic
al
sa
m
pl
e
na
m
e

C
t

30
%

Et
O
H

bi
ol
og
ic
al
sa
m
pl
e
na
m
e

C
t

50
%

IS
O

B
io
lo
gi
ca
l
sa
m
pl
e
na
m
e

C
t

B
ow

m
an
−
B
ir
k-
ty
pe

pr
ot
ei
na
se

in
hi
bi
to
r
1

34
9

B
ow

m
an
−
B
ir
k-
ty
pe

pr
ot
ei
na
se

in
hi
bi
to
r
1

27
0

B
ow

m
an
−
B
ir
k-
ty
pe

pr
ot
ei
na
se

in
hi
bi
to
r
1

51
5

se
ed

bi
ot
in
-c
on
ta
in
in
g
pr
ot
ei
n

64
Fr
uc
to
se
-b
is
ph
os
ph
at
e
al
do
la
se
,c
yt
op
la
sm

ic
is
oz
ym

e
2

10
8

su
pe
ro
xi
de

di
sm

ut
as
e

69
he
at

sh
oc
k
70

kD
a
pr
ot
ei
n

46
he
at

sh
oc
k
70

kD
a
pr
ot
ei
n

95
gl
ut
ar
ed
ox
in

C
4

69
fr
uc
to
se
-b
is
ph
os
ph
at
e
al
do
la
se

33
al
co
ho
l
de
hy
dr
og
en
as
e
1

85
ca
lm
od
ul
in
-1
/1
1/
16

65
PR

ED
IC
T
ED

:
1-
C
ys

pe
ro
xi
re
do
xi
n
is
of
or
m

X
1

31
ph
os
ph
op
yr
uv
at
e
hy
dr
at
as
e

84
pr
ot
ei
n
SL

E1
41

gl
yc
er
al
de
hy
de
-3
-p
ho
sp
ha
te

de
hy
dr
og
en
as
e

30
gl
yc
er
al
de
hy
de
-3
-p
ho
sp
ha
te

de
hy
dr
og
en
as
e

67
PR

ED
IC
T
ED

:l
at
e
em

br
yo
ge
ne
si
s
ab
un
da
nt

pr
ot
ei
n

36
ph
os
ph
op
yr
uv
at
e
hy
dr
at
as
e

26
pr
ot
ei
n
SL

E1
53

ph
os
ph
op
yr
uv
at
e
hy
dr
at
as
e

30
al
ph
a-
1,
4
gl
uc
an

ph
os
ph
or
yl
as
e
L
is
oz
ym

e
25

A
B
A
-r
es
po
ns
iv
e
pr
ot
ei
n
A
B
R
18

46
se
ed

bi
ot
in
-c
on
ta
in
in
g
pr
ot
ei
n
SB

P6
5

28
al
co
ho
l
de
hy
dr
og
en
as
e
1

24
gl
ut
ar
ed
ox
in

C
4

45
pl
an
t/
M
U
D
21
-2

pr
ot
ei
n

28
pr
ot
ei
n
SL

E1
21

la
te

em
br
yo
ge
ne
si
s
ab
un
da
nt

pr
ot
ei
n
B
19
.1
A

38
PR

ED
IC
T
ED

:
gl
ut
ar
ed
ox
in

21
se
ed

lin
ol
ea
te

9S
-li
po
xy
ge
na
se
-3

18
su
pe
ro
xi
de

di
sm

ut
as
e
[C

u−
Z
n]

34
M
FP

1
at
ta
ch
m
en
t
fa
ct
or
-li
ke

pr
ot
ei
n

21
gl
ut
ar
ed
ox
in

C
4

18
al
do
/k
et
o
re
du
ct
as
e
fa
m
ily

ox
id
or
ed
uc
ta
se

33
A
B
A
-r
es
po
ns
iv
e
pr
ot
ei
n
A
B
R
18

20
PR

ED
IC
T
ED

:l
at
e
em

br
yo
ge
ne
si
s
ab
un
da
nt

pr
ot
ei
n
D
-3
4-
lik
e
is
of
or
m

X
2

18
nu
cl
eo
si
de

di
ph
os
ph
at
e
ki
na
se

1
31

PR
ED

IC
T
ED

:
1-
C
ys

pe
ro
xi
re
do
xi
n
is
of
or
m

X
1

19

PR
ED

IC
T
ED

:
el
on
ga
tio

n
fa
ct
or

1-
al
ph
a-
lik
e

18
al
ph
a-
1,
4
gl
uc
an

ph
os
ph
or
yl
as
e
L
is
oz
ym

e,
ch
lo
ro
pl
as
tic
/a
m
yl
op
la
st
ic

31
im
po
rt
in
ne
r
m
em

br
an
e
tr
an
sl
oc
as
e
pr
ot
ei
n

18
de
hy
dr
in
-li
ke

pr
ot
ei
n

17
m
al
at
e
de
hy
dr
og
en
as
e

30
nu
cl
eo
si
de

di
ph
os
ph
at
e
ki
na
se

1
17

m
al
at
e
de
hy
dr
og
en
as
e

17
PR

ED
IC
T
ED

:
1-
C
ys

pe
ro
xi
re
do
xi
n
is
of
or
m

X
1

28
pe
pt
id
yl
-p
ro
ly
l
ci
s−

tr
an
s
is
om

er
as
e
FK

B
P1

2
16

tr
an
sl
at
io
n
el
on
ga
tio

n
fa
ct
or

EF
-2

su
bu
ni
t

16
20
S
pr
ot
ea
so
m
e
su
bu
ni
t
al
ph
a

27
PR

ED
IC
T
ED

:
10

kD
a
ch
ap
er
on
in

15
nu
cl
eo
si
de

di
ph
os
ph
at
e
ki
na
se

1
15

se
ed

lin
ol
ea
te

9S
-li
po
xy
ge
na
se
-3

26
le
ct
in

al
ph
a-
1
ch
ai
n

14
su
pe
ro
xi
de

di
sm

ut
as
e
[C

u−
Z
n]

15
al
de
hy
de

de
hy
dr
og
en
as
e
fa
m
ily

7
m
em

be
r
A
1

26
N
A
D
(P
)-
bi
nd
in
g
R
os
sm

an
n-
fo
ld

pr
ot
ei
n

14
60
S
ri
bo
so
m
al
L1

2-
lik
e
pr
ot
ei
n

15
hy
po
th
et
ic
al
pr
ot
ei
n
PH

A
V
U
_0

01
G
06
73
00
g

26
PR

ED
IC
T
ED

:
hu
nt
in
gt
in
-in

te
ra
ct
in
g
pr
ot
ei
n
K
-li
ke

14
A
B
A
-r
es
po
ns
iv
e
pr
ot
ei
n
A
B
R
18

14
20
S
pr
ot
ea
so
m
e
al
ph
a
su
bu
ni
t
E1

23
EF

ha
nd

ca
lc
iu
m
-b
in
di
ng

fa
m
ily

pr
ot
ei
n

13
PR

ED
IC
T
ED

:
ph
os
ph
og
ly
ce
ra
te

ki
na
se
,c
yt
os
ol
ic

14
PR

ED
IC
T
ED

:
la
te

em
br
yo
ge
ne
si
s
ab
un
da
nt

pr
ot
ei
n
D
-3
4-
lik
e

20
su
bt
ili
si
n
in
hi
bi
to
r
1

12
F0

F1
-t
yp
e
A
T
P
sy
nt
ha
se
,b

et
a
su
bu
ni
t

14
PR

ED
IC
T
ED

:
pr
ot
ea
so
m
e
su
bu
ni
t
al
ph
a
ty
pe
-6

20
2-
de
hy
dr
o-
3-
de
ox
yp
ho
sp
ho
oc
to
na
te

al
do
la
se

11
hi
st
on
e
H
2B

12
PR

ED
IC
T
ED

:
se
ri
ne

hy
dr
ox
ym

et
hy
ltr
an
sf
er
as
e
4

20
ph
os
ph
ol
ip
id

hy
dr
op
er
ox
id
e
gl
ut
at
hi
on
e
pe
ro
xi
da
se

11
G
T
P-
bi
nd
in
g
nu
cl
ea
r
pr
ot
ei
n
ra
n/
T
C
4

12
de
hy
dr
in
-li
ke

pr
ot
ei
n

19
m
al
at
e
de
hy
dr
og
en
as
e

11
ou
te
r
pl
as
tid

ia
l
m
em

br
an
e
pr
ot
ei
n
po
ri
n

12
la
ct
oy
lg
lu
ta
th
io
ne

ly
as
e

19
pr
ef
ol
di
n

11
60
S
ri
bo
so
m
al
L8

-li
ke

pr
ot
ei
n

12
ub
iq
ui
tin

-c
on
ju
ga
tin

g
en
zy
m
e

19
A
T
P
sy
nt
ha
se

su
bu
ni
t
de
lta
’,
m
ito

ch
on
dr
ia
l

10
26
S
pr
ot
ea
se

re
gu
la
to
ry

su
bu
ni
t
6A

ho
m
ol
og

12
Le
ct
in

O
S
=
gl
yc
in
e
m
ax

G
N

=
LE

1
PE

=
1
SV

=
1

18
pr
ef
ol
di
n
su
bu
ni
t
5

10
14
-3
-3
-li
ke

pr
ot
ei
n
A

11
PR

ED
IC
T
ED

:
ad
en
yl
at
e
ki
na
se

4
18

PR
ED

IC
T
ED

:
pr
ot
ei
n
C
ut
A
,c
hl
or
op
la
st
ic
is
of
or
m

X
1

10

G
T
P-
bi
nd
in
g
el
on
ga
tio

n
fa
ct
or

T
u
fa
m
ily

pr
ot
ei
n

11
cy
st
ei
ne

sy
nt
ha
se

12
cy
to
ch
ro
m
e
B
-c
1
co
m
pl
ex

su
bu
ni
t
6

9

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.9b04307
J. Agric. Food Chem. 2019, 67, 10296−10305

10300

http://dx.doi.org/10.1021/acs.jafc.9b04307


Functional Classification of Grass Pea Seed Proteins.
To annotate protein matches with gene function, the program
BLAST2GO31 was utilized. This software allows for prediction
of protein cellular location, molecular function, and biological
process by identifying homologous proteins with known
functions/localization from other species and inferring the
function. It was necessary to rely on protein annotation in
species other than grass pea, as protein data for grass pea are
extremely limited, and grass pea does not have a complete
sequenced genome. Figure S1 shows the species distribution
used for protein prediction for grass pea. In the model legume
Medicago, the protein database is highly annotated and thus
searches tend to reveal Medicago matches because of the
abundance of proteomic data for this species within NCBInr.
BLAST2GO results are typically biased toward abundance of
species sequences in databases and are not representative of

relatedness. For example, both Pisum and Lathyrus are nested
within the tribe Fabeae;46−48 however, functional proteomic
data of Pisum and Lathyrus are sparse. Had Pisum been
annotated to the level of Medicago or even Glycine max, it
could be conceivable that most matches would be to that
species.
After protein identification, the annotation information for

each protein was inferred from several databases (Figure S2).
To limit these data to the most important, a comparative
distribution of GOSlim Plant terms was performed for cellular
location, molecular function, and the biological process of
extracted proteins. Figure 3A shows the cellular location of all
proteins from each extraction method and a composite
analysis, which revealed the three extraction methods each
having unique protein profiles. In the TBS extraction, nearly
half of the proteins were annotated as corresponding to the

Figure 3. Comparative distribution of top 15 GOSlim Plant terms present in proteins isolated from grass pea seeds using three different protein
extraction methods. (A) Cell compartment, (B) molecular function, and (C) biological process.
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extracellular region, which is typically rich in storage proteins.
The ethanol extraction had nearly equal amounts of proteins
annotated as targeted to cytoplasmic, extracellular, and
aleurone grain. The isopropanol extraction has a majority of
cytoplasmic proteins (Figure 3A). The molecular function of
the extracted proteins was also analyzed (Figure 3B) and
revealed distinctly different protein functional profiles. The
majority of the TBS-extracted proteins are annotated with
“nutrient reservoir activity”, which is analogous to “storage
protein”. The ethanol-extracted proteins had more or less
equal distribution of protein annotations, with the exception of
nutrient reservoir-active proteins which were present ∼2.5×
higher than the next category which were serine-type
endopeptidase inhibitors or simply protease inhibitors. The
isopropanol extraction yielded the highest percentage of
proteinase inhibitors compared to the other two methods,
suggesting that this method is favorable to specifically enrich
extraction of protease inhibitors. Interestingly, the isopropanol
extraction also has a 6× higher extraction of proteins annotated
as “toxins” as compared to the other two methods (Figure 3B).
Figure 3C examines the biological process in which the
extracted proteins are involved. The majority of proteins

extracted by the TBS method either play a role in the
oxidation−reduction process or negatively regulate endopepti-
dases (i.e., protease inhibitors). In the 30% ethanol extraction,
the majority of proteins were annotated as playing a role in the
oxidation−reduction process. The second most plentiful
proteins either negatively regulate endopeptidases (i.e.,
protease inhibitors) or play a role in the glycolytic process.
In the 50% isopropanol extraction, ∼22% of the proteins are
endopeptidase proteinase inhibitors, followed by proteins that
play a role in pathogenesis. These findings indicate that
isopropanol extraction is successful at isolating protease
inhibitors as well as proteins involved in plant defenses.
13.3% of proteins in the isopropanol extraction were
determined to have toxic/pathogenic roles compared to 3.4%
in the ethanol extraction and only 2.7% on the TBS extraction.

Heatmap and Clustering of the Most Abundant
Molecular Function of Grass Pea Proteins. A more
detailed protein expression level analysis for the molecular
functions of extracted proteins is shown in Figure 4.
Hierarchical clustering was performed for the 75 most
abundant molecular functions, and a heatmap display was
created showing cumulative exclusive spectral counts (Figure

Figure 4. Hierarchical clustering and heatmap of top 75 most abundant molecular function GOSlim terms in proteins isolated using three different
isolation methods from grass pea seeds; “E” corresponds to 50% ethanol, “I” corresponds to 30% isopropanol, “T” corresponds to TBS isolation,
and “C” corresponds to the composite data from all three methods. Heatmap scale indicates the cumulative exclusive spectral protein count for
GOSlim terms.
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4). The molecular functions of proteins extracted by TBS, 30%
ethanol, 50% isopropanol, and a composite representing all
three methods are shown. The TBS and ethanol extraction
showed similar results for the most abundant protein function
which was nutrient reservoir-active, or storage protein;
however, they were not the same specific storage proteins.
The TBS extraction favored the legumin protein, but the
ethanol method extracted the albumin protein [Table S1:
Summarized Spectrum Data (all)]. The most abundant
molecular function present in proteins isolated by the
isopropanol extraction is the serine-type endopeptidase
inhibitor activity, specifically the Bowman−Birk-type protease
inhibitors (Table S1: ISO Summarized Spectrum Data, Figures
3 and 4). The second most abundant protein molecular
function corresponded to the nutrient reservoir activity, and
albumin protein, similar to the ethanol extraction (Table S1:
ETOH Summarized Spectrum Data). Proteins annotated as
having nutrient reservoir activity were enriched in the TBS
extraction as compared to the isopropanol extraction: 2249
(35.7% of total) versus 469 (15.6%) total spectral count,
respectively. In contrast, proteins annotated as having serine-
type endopeptidase inhibitor activity were enriched by the
isopropanol method: 697 (23.2% of total) for isopropanol
compared with 422 for TBS (6.7% of total), and 403 for
ethanol (4.8% of total). It is important to note that both the
total number of proteins identified and their relative
abundance (as measured by total spectral count) are not
equal among the extraction methods. The TBS and ethanol
extractions contained 3-fold more individual proteins than the
isopropanol extraction: 908, 938, and 311 individual proteins
were identified, respectively. Even though the TBS and ethanol
extraction methods were able to purify a higher total number
of proteins than the isopropanol method, the isopropanol
method was substantially more efficient at enriching protease
inhibitors and other lower abundance seed proteins (Figures 3
and 4). The isopropanol extraction method also revealed
proteins associated with toxin activity at higher abundance
(12.2% of total spectral count) as compared with the ethanol

or TBS methods (2.6 and 1.5% of total spectral counts,
respectively). These quantitative results suggest that the
isopropanol extraction method is more efficient at extracting
protease inhibitors and proteins annotated as having toxin
activity than the TBS and ethanol extraction methods.

Differences and Similarities in Grass Pea Proteins
Enriched by Three Different Protein Extraction Meth-
ods. To understand which proteins overlapped in each
extraction, a Venn diagram was created using the top 25
proteins from each method using GOSlim terms (Figure 5). It
is important to note that some proteins have multiple
annotations and may appear several times in the same analysis.
Four proteins overlapped from all three extractions: a protease
inhibitor identified as the Bowman−Birk protease inhibitor,
storage proteins glycinin and albumin, storage proteins glycinin
and albumin, and proteins related to toxin activity. When
looking at the proteins that were only extracted by TBS, the
majority are storage proteins, mainly globulins. The
isopropanol extraction was the only method that was able to
enrich trypsin protease inhibitors. In addition, this method was
efficient at extracting metal binding proteins and enzymes that
are crucial for biochemical pathways; these comprised ∼37.8%
of total proteins as compared with ∼25.5% of total proteins
from the ethanol extraction [Table S1: Summarized Spectrum
Data (all)].
In conclusion, these data suggest that the 50% isopropanol

extraction method is the most useful method for proteomic
analysis for enriching lower abundance proteins in grass pea
seeds. This method is also very efficient at isolating protease
inhibitors and proteins annotated as having toxic activity. The
ethanol extraction method, in contrast, may be more useful for
isolating enzymes associated with the synthesis of β-ODAP.
Both extraction methods provide useful tools for breeders to
detect and quantify expression levels of protease inhibitors and
could be used to detect differences in expression levels in
experimental lines toward release of new germplasm with lower
levels of protease inhibitors.

Figure 5. Venn diagram showing top 25 most abundant protein database matches in protein isolates from grass pea seeds using three different
protein extraction methods. GOSlim terms present in each category are indicated, along with the number of proteins identified in parentheses.
Functional classifications present in multiple overlaps are indicated by colored text. Venn diagrams were created using an online tool http://
bioinfogp.cnb.csic.es/tools/venny/index.html.
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