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Abstract
Within the brewing industry, malted barley is being increasingly replaced by raw barley supplemented with exogenous enzymes
to lessen reliance on the time-consuming, high water and energy cost of malting. Regardless of the initial grain of choice, malted
or raw, the resultant bulk spent grains are rich in proteins (up to 25% dry weight). Efficient enzymatic solubilization of these
proteins requires knowledge of the protein composition within the spent grains. Therefore, a comprehensive proteomic profiling
was performed on spent grains derived from (i) malted barley (spent grain A, SGA) and (ii) enzymatically treated raw barley
(spent grain B, SGB); data are available via ProteomeXchange with identifier PXD008090. Results from complementary shotgun
proteomics and 2D gel electrophoresis showed that the most abundant proteins in both spent grains were storage proteins
(hordeins and embryo globulins); these were present at an average of two fold higher in spent grain B. Quantities of other major
proteins were generally consistent in both spent grains A and B. Subsequent in silico protein sequence analysis of the predom-
inant proteins facilitated knowledge-based protease selection to enhance spent grain solubilization. Among tested proteases,
Alcalase 2.4 L digestion resulted in the highest remaining protein solubilization with 9.2 and 11.7% net dry weight loss in SGA
and SGB respectively within 2 h. Thus, Alcalase alone can significantly reduce spent grain side stream, which makes it a possible
solution to increase the value of this low-value side stream from the brewing and malt extract beverage manufacturing industry.
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Introduction

Malted barley is the major substrate used in brewing industry
as a source of starch and protein and to provide the hydrolytic

enzymes necessary for the degradation of the barley’s storage
proteins and carbohydrates to produce the wort, which is then
fermented. It is also used in the food industry for the produc-
tion of malt extract, an attractive ingredient due to its nutri-
tional and sensorial qualities. However, malting is a time-
consuming process with high cost in water and energy. The
brewing industry is thus moving towards the replacement of
malted barley with non-malted raw barley in which industrial
enzymes are added to assist or replace the enzymes that are
generated during germination of the barley grains.

Barley spent grain (BSG) is the high volume and low-value
side stream frommalt extract beverage or beer industry, with a
global annual production of approximately 38.6 million tons
(Mussatto 2014). This by-product is rich in carbohydrates,
proteins, and minerals (White et al. 2008). In the last decade,
many efforts have been made to valorize spent grain, which is
mainly used today as an animal feed, with a focus on the
industrial exploitation of the residual carbohydrates, proteins,
or phenolic compounds in BSG for human diet (Ktenioudaki
et al. 2012; Stojceska et al. 2008), energy production (Xiros
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and Christakopoulos 2009), and microorganism or enzyme
production (Dhillon et al. 2012; Souza et al. 2012). A major
development includes optimization to the mashing process by
addition of industrial enzymes to assist the barley hydrolysis
in extraction. Furthermore, the substitution of malted barley
with raw barley and industrial enzymes will significantly re-
duce water consumption and wastewater generation resulting
from the malting process, as 4.5–5 m3 of wastewater is gen-
erated on average for every tone of malt produced.

Although the gross composition of BSG has been investi-
gated intensively (Gupta et al. 2010; Robertson et al. 2010), the
identity and quantity of the protein components of BSG remain
unclear. Besides fibers (cellulose, hemicellulose, and lignin),
proteins are the second most abundant content in spent grain
biomass and the poor water solubility of spent grain proteins is
the leading reason for limited applications of BSG. Previous
efforts made to enhance protein solubility have mostly focused
on enzyme selection (Celus et al. 2007), enzymatic solubiliza-
tion conditions (Treimo et al. 2009), or physicochemical pre-
treatment (Niemi et al. 2012), whereas the protein components
of BSG have not been well characterized. Hence, a better un-
derstanding of the BSG proteins will facilitate the development
of new exploitations of this agro-industrial by-product.
Moreover, evaluation of the remaining insoluble protein con-
tent in spent grains also gives an indication of the extraction
efficiency of the mashing process that will affect the nutritional
value of the wort for use in production of malt extract food and
beverages, as well as the free amino nitrogen content necessary
for optimum yeast fermentation in brewing.

In the present study, proteomic analysis was carried out on
spent grains derived from two commonly applied processing
techniques using (1) malted (i.e., germinated) barley and (2)
non-malted raw barley. Industrial enzymes were applied to
solubilize the remaining proteins in the by-product and reduce
the side stream. BSG proteins were identified and quantified
by liquid chromatography-mass spectrometry (LC-MS), and
protein integrity was assessed by gel electrophoresis. These
enabled a knowledge-based selection of proteases for enzy-
matic hydrolysis and establishment of an efficient enzymatic
strategy for solubilization of the remaining proteins in the
spent grains. Among five shortlisted proteases examined,
Alcalase was found to significantly solubilize the remaining
proteins and reduce the total dry weight of the spent grains.

Materials and methods

Materials

Spent grain samples from processes using malted barley
(SGA) and non-malted barley supplemented with a proprietary
mix of exogenous enzymes (SGB) were provided by Nestlé R
&D Singapore; aliquots of grain samples were milled in liquid

nitrogen, lyophilized at − 86 °C in Martin Christ Alpha 2–4
freeze dryer (Osterode, Germany) and stored at − 20 °C. Mass
spectrometry grade Trypsin Gold and sequence grade chymo-
trypsin were purchased from Promega (Madison, USA); pro-
teinase K, papain, Alcalase 2.4 L, Neutrase, and protease S
were from Sigma-Aldrich (St. Louis, USA).

1D and 2D gel electrophoresis

For 1D sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis, 100 mg of lyophilized spent
grain sample was extracted with 1 ml of SDS extraction buffer
(4% SDS, 100 mM dithiothreitol (DTT), 100 mM Tris-HCl
pH 7.5) at 95 °C for 10 min and clarified at 21,100×g for
10 min at 4 °C. Protein concentration was determined using
RCDC Protein Assay (Bio-rad, Hercules, USA), and 30μg of
extracted proteins were resolved in a precast 12% TGX gel
(Bio-Rad, Hercules, USA) and subsequently stained with
0.1% Coomassie R-250.

For 2D gel electrophoresis, interfering pigments and poly-
saccharides were first extracted from 100 mg of lyophilized
spent grain sample with 1 ml 10% trichloroacetic acid (TCA)
in acetone at − 20 °C for duration. The grains were washed
thrice with 1 ml acetone each and pelleted at 21,100×g for
10 min at 4 °C. The grain pellet was dried in a vacuum con-
centrator (Labconco, Kansas City, MO, USA) at 4 °C, extract-
ed with volume UTC buffer (7 M urea, 2 M thiourea, 4%
CHAPS, 30 mM Tris-base) for 1 h at 37 °C with mixing, and
clarified at 21,100×g for 30min at 10 °C. Protein concentration
was determined; 400 or 800 μg of protein extract were sepa-
rated by 2D gel electrophoresis on 18 cm pH 3–10 non-linear
Immobilized pH Gradient strip (Bio-Rad) followed by 12%
SDS-PAGE, and Coomassie-stained (0.1% (w/v) Coomassie
Brilliant Blue R250, 50% (v/v) methanol and 10% (v/v) acetic
acid in H2O) for identification or silver-stained for visualiza-
tion as performed previously (Bi et al. 2006).

Protein identification by NanoLC-MS/MS

Major 1D gel bands and 2D gel spots were excised and
washed three times with 25 mM ammonium bicarbonate in
50% acetonitrile, dehydrated with 100% acetonitrile, re-
duced with 20 mM DTT in 50 mM ammonium bicarbonate
at 56 °C for 25 min, alkylated with 55 mM iodoacetamide in
50 mM ammonium bicarbonate at room temperature for
30 min in the dark, and digested with 10 ng/μl trypsin or
chymotrypsin in 25 mM ammonium bicarbonate at 37 °C
overnight. Digested samples were subsequently extracted
first with 20 mM ammonium bicarbonate, then with 50%
(v/v) acetonitrile and 5% (v/v) formic acid in H2O, dried in
vacuum concentrator (Labconco), and dissolved in 1% (v/v)
formic acid and 2% (v/v) acetonitrile.
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LC-MS/MS analysis was performed using a nanoAcquity
HPLC (Waters, Milford, USA) coupled to LTQ Orbitrap Elite
MS (ThermoFisher Scientific, Waltham, MA, USA) according
to previously described method (Lee et al. 2015) with minor
modifications. Briefly, eluted peptides were separated online in
a Waters nanoACQUITY UPLC BEH130 C18 column
(1.7 μm, 75 μm× 200 mm) at 35 °C using mobile phases A
0.1% formic acid’ and B 0.1% formic acid in acetonitrile on a
gradient of 5–40% B in 50 min and 40–97% B in 3 min at a
flow rate of 0.3 μl/min. Mass spectra were acquired using
nanoelectrospray in positive ionization mode at 1.8 kV. The
LTQ Orbitrap Elite was operated in a top 15 peak data depen-
dent survey scan at a resolution of 120,000 from 350 to 1800m/
z and CID MS/MS with normalized collision energy of 35.

MS raw files were searched against barley (Hordeum
vulgare L.) database extracted from NCBI (38,557 relevant
entries, downloaded on 6 Feb 2017) using Sequest HT algo-
rithm in Proteome Discoverer version 1.4 and Peaks Studio 8.0
(Bioinformatics Solutions Inc., Waterloo, Canada). The appro-
priate enzyme (trypsin or chymotrypsin) as used for the sample
was selected. A maximum of two missed cleavage sites were
allowed with peptide length ranging from 6 to 44 amino acids.
The peptide and fragment ion mass tolerances were limited to
± 10 ppm and ± 0.6 Da respectively. Maximum modifications
per peptide were set at three, with dynamic modifications of
oxidation on methionine and deamidation on asparagine and
glutamine, and static modification of carbamidomethylation on
cysteine defined in the search parameters. Positive protein
identification required at least two unique peptides and a max-
imum 1% false discovery rate (FDR).

Shotgun proteomics and label free quantitative
analysis

One hundredmicrograms of protein extracted using SDS extrac-
tion buffer were reduced, alkylated, and tryptic-digested on 30 k
molecular weight cut-off regenerated cellulosemembrane (filter-
assisted sample preparation method (Wisniewski et al. 2009).
The LC-MS/MSwas carried out as described in previous section
except for a change to gradient from 5 to 40%B in 105 min and
40–90% B in 5 min. Three biological replicates were performed
for the LC-MS/MS-based shotgun proteomics analysis.

Quantitative proteomics software package MaxQuant (ver-
sion 1.5.2.8) (Cox andMann 2008) was used to perform label-
free quantification (LFQ) on the three biological replicates
datasets. Fixed modification of carbamidomethylation to cys-
teine residues and variable modifications of oxidation (to me-
thionine residues) and acetylation (to the protein N-terminus)
were specified and search against the same barley (H. vulgare
L.) database as above and a built-in common contaminants
database. MS/MS tolerance for FTMS was set at 10 ppm
and MS/MS tolerance for ITMS was set at 0.5 Da tolerance.
Minimum peptide length is 7 and minimum number of

peptides is 1 with a minimum ratio count of 1 for quantifica-
tion of protein. Peptide peaks were matched between runs
with a matching time windows of 0.7 min and an alignment
time windows of 20 min. Proteins which are identified by
shared peptides are grouped in one protein group. Protein
group identifications were filtered at 1% FDR using a reverse
decoy strategy. Quantification of protein groups was based on
razor and unique peptides. MaxQuant LFQ algorithm extracts
the isotope patterns of each peptide and matches these isotopic
patterns across different runs (Cox et al. 2014). Total peptide
signal within each run was then normalized to allow compar-
isons between runs. A maximal list of peptides was used to
generate a matrix of protein ratios between SGA and SGB and
a least square regression was used to calculate the best esti-
mate for the protein ratios. A BLFQ^ normalized Barea^ is
derived. The BLFQ^ intensities of all the protein groups iden-
tified were summed to derive total protein amount and corre-
sponding protein percentage was calculated by dividing the
BLFQ^ value of the protein group with the summed value. The
SGB/SGA ratio of individual protein was obtained by divid-
ing the LFQ intensity of the protein in SGB over SGA.

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE part-
ner repository (Vizcaino et al. 2016) with the dataset identifier
PXD008090 and https://doi.org/10.6019/PXD008090.

Protease hydrolysis of spent grains

The accession numbers of the main proteins were input to per-
form virtual cleavage by ExPASy PeptideCutter tool
ENREF_33 (Gasteiger et al. 2005). Proteases were screened
according to the number of predicted cleavage site. Proteases
that have most cleavage numbers were used to hydrolyze the
barley spent grain. Two commercial proteases, Alcalase 2.4 L
and Neutrase, along with two proteases with broad specificity,
papain and protease S, were also selected for hydrolysis together
with proteinase K.

Enzymatic hydrolysis using proteinase K, Alcalase 2.4 L,
Neutrase, papain, or protease S was carried out at laboratory
scale. Enzyme activity was determined and aligned for all of
the enzymes with enzymatic assay of Protease as defined by
Sigma-Aldrich, where one Sigma unit was defined as activity
required to hydrolyze casein to produce color equivalent to
1.0 μmole of tyrosine per minute at pH 7.5 at 37 °C (color
by Folin & Ciocalteau’s reagent). Aliquot of 100 mg milled
and freeze-dried spent grain powder was topped up to 1 ml
with deionized water and solubilized by 24 U of protease per
gram of SGA and SGB at 60 °C with agitation at 800 rpm for
1.5 h. A reaction without enzyme was used as negative con-
trol. After enzymatic treatment, hydrolysates were centrifuged
at 21,100×g for 10 min at 4 °C and the pellets washed once
with deionized water. To calculate dry weight loss, washed
pellets were weighed in a desiccator after drying at 105 °C
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until weight remained constant. To determine hydrolysis effi-
ciency, remaining proteins in the washed pellets were extract-
ed with SDS extraction buffer at 95 °C for 15 min, and protein
content quantified by RC DC Protein Assay (Bio-Rad) before
analysis by SDS-PAGE.

Three replicates were performed for each enzymatic hy-
drolysis reactions unless otherwise stated, and Student’s t
test (p value < 0.05) was applied for paired samples.

Results

Label-free quantitative (LFQ) shotgun proteomic
profiling

The proteome compositions of malted spent grains (SGA) and
non-malted spent grains (SGB) were determined and com-
pared by LC-MS/MS-based shotgun proteomics profiling. A
total of 1346 and 1146 protein groups were confidently de-
tected (≥ 2 unique peptides at 1% FDR) in SGA and SGB
respectively when the NCBInr database was used for the
search with taxonomy restricted to barley (H. vulgare L.)
(Supplemental Table S1).

As shown in Table 1 and Supplemental Table S2, the most
abundant proteins identified in SGA and SGB were storage
proteins, with B-hordeins and embryo globulins accounting for
the majority of storage proteins found in both spent grains. In
general, SGB contained over twice more storage proteins than
SGA. The lower amount of storage proteins remaining in SGA
was likely the result of proteases, de novo synthesized during
malting, that aided in solubilization of the proteins (Celus et al.
2006). This was supported by the detection of barley cysteine
protease EP-B2 with at least seven unique peptides in SGA but
barely detectable in SGB (7% LFQ intensity of SGA)
(Supplemental Table S1); EP-B2 is an efficient enzyme at solu-
bilizing hordeins-like gluten (Gass et al. 2006). This is consistent
with the previous finding that a major gibberellic acid-induced
barley aleurone cysteine proteinase digested hordein during the
malting process (Giese and Hejgaard 1984).

The second most abundant category of protein identified in
both spent grains was enzymes involved in carbohydrate metab-
olism (Table 1), such asα- andβ-amylases which are bothmajor
enzymes involved in amylolysis during malting and mashing
(Steiner et al. 2012). Unlike β-amylase which is synthesized
during grain development, α-amylase is synthesized during bar-
ley germination (Giese and Hejgaard 1984) or malting. Hence,
the relatively easier removal of exogenously added industrial
enzymes compared to de novo produced enzymes during filtra-
tion to separate BSG from the wort likely accounted for the ten
times less α-amylase present in SGB compared to SGA.

Several pathogenesis-related proteins remained in both
spent grains. Serpin (serine proteinase inhibitor) Z4 acts as
an inhibitor to protect barley seed storage proteins from

breaking down by endogenous and exogenous serine prote-
ases during development (Roberts et al. 2003). While serpin
Z4 is reported to be inhibitory to serine proteases in barley
malt (Specker et al. 2014), specific inhibition of malt serine
proteases during mashing has shown no effect on the soluble
protein content in the resulting wort (Jones 1999). However,
serpin Z4, present at 2.36 times higher in SGB, in an active
form could potentially affect the activity of exogenous prote-
ases supplemented in the mashing of the raw barley grains. A
number of α-amylase/trypsin inhibitors, CMa, CMb, CMc,
and CMd, were also identified in both spent grains. CM pro-
teins do not inhibit maltα-amylase but have been shown to be
active against a malt serine protease (Jones and Fontanini
2003). They are presumed to function primarily in defense
against pests due to their inhibitory effect on exogenous α-
amylases in insects. Plant toxin alpha-hordothionin which
plays an important role in antifungal and antibacterial activi-
ties (Bohlmann and Apel 1991) was also identified as an
abundant protein in both spent grains.

Other proteins, which survived mashing, were housekeep-
ing proteins, such as elongation factors and histone 4, and
chaperones like heat shock cognate 70 kD protein and protein
disulfide-isomerase.

Complementary 2D gel electrophoresis proteomic
profiling of BSG

To remove major interfering substances of downstream anal-
yses such as oligosaccharides, polysaccharides, lignin, pheno-
lic component, and fat (McCarthy et al. 2013), as well as small
degraded protein fragments in the spent grain, 10% TCA in
acetone solution was used to clean-up the milled and lyophi-
lized spent grains prior to protein extraction and subsequent
resolution by 2D gel electrophoresis. Spots of high intensity
were excised for in-gel digestion followed by LC-MS/MS
analysis and the identities are annotated in Fig. 1 and
Supplemental Fig. S1. The major proteins were β-amylase,
hordeins, and embryo globulin. All three proteins were asso-
ciated with multiple spots at different isoelectric points or
different MWs on the silver-stained gels; such presentation
was likely a result of post-translational modifications and pro-
tein degradation during the mashing process (Ostergaard et al.
2004).

Embryo globulin with a predicted MW of 72.2 kDa, for
example, was associated with the largest number of spots (>
10 for SGB sample) with different MWs on the gels (Fig. 1,
Table 2), indicating variable degradation. β-amylase could
exist in an inactive bound form or a released mature and active
form following removal of its N- and C-terminal propeptides;
the latter has a predicted MW of 55.1 kDa and pI of 5.99
(P82993). Hence, spot 44, found only in SGB, likely
corresponded to the inactive bound form of β-amylase while
spot 28, found in both SGA and SGB, corresponded to the
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active processed form. Proteases activated during malting are
known to process and release β-amylase (Celus et al. 2007);
this corroborated with our observed absence of bound β-
amylase in malted SGA. In contrast, most B- and C-hordeins
2D spots matched their predicted intact MWs. Note that C-
hordein contains few lysine or arginine residues, and hence
were only identified as a major protein in 2D-PAGE analysis
following chymotrypsin digestion (Fig. 1) but not in tryptic
peptide-based LFQ shotgun analysis.

Identified proteins from the 2D gels with experimental and
theoretical MWand pI values of all spots excised and assessed
are listed in Table 2.

Selection of proteases based on proteomics profiling
for solubilization of remaining proteins in BSG

The malted SGA and non-malted SGB contained the same
major protein families such as hordeins and embryo globulin,

Table 1 Comparison of top 25 abundant proteins of SGA and SGB

Protein category Protein Accession No. Relative amount
in SGA (%)

Relative amount
in SGB (%)

SGB/SGA
(LFQ intensity ratios)

Storage
protein—hordein

B1 hordein AFM77743.1 2.22 4.11 2.67

B3 hordein AFM77746.1 4.03 7.35 2.63

D hordein BAA11642.1 0.79 1.46 2.65

γ-1 hordein P17990.1 1.00 2.01 2.90

γ-3 hordein P80198.1 b0.18 0.72 5.68

Storage
protein—globulin

Embryo globulin AAA32936.1 3.67 7.15 2.81
aTriticin [100%,0.0,87%] BAK04052.1 1.24 1.85 2.15
aVicilin-like seed storage protein
[73%,0.0,90%]

BAK04746.1 b0.62 0.75 1.74

Carbohydrate
metabolism

α-amylase type B isozyme P04750.2 1.14 c0.08 0.10

β-amylase P16098.1 5.30 5.57 1.51

Beta-glucosidase ACF07998.1 b0.50 0.72 2.08

Chitinase JC5918 0.67 c0.47 1.01

Fructose-bisphosphate aldolase ACO44685.1 0.94 c0.67 1.03

Glyceraldehyde-3-phosphate
dehydrogenase 2, cytosolic

P08477.1 1.28 1.08 1.21

Granule-bound starch synthase 1,
chloroplastic/amyloplastic

P09842.1 1.18 1.25 1.52

aPyruvate, phosphate dikinase 2
[100%,0.0,98%]

BAJ92764.1 b0.45 0.78 2.49

Starch branching enzyme I AAP72268.1 b0.53 0.80 2.17

Sucrose synthase S24966 1.69 1.73 1.47

Pathogenesis
related

Alpha-amylase/trypsin inhibitor CMa P28041.2 b0.56 0.72 1.85

Alpha-amylase/trypsin inhibitor CMb P32936.2 1.13 1.16 1.48

Alpha-amylase/trypsin inhibitor CMd P11643.2 0.86 0.74 1.23

Alpha-hordothionin P01545.1 0.88 1.25 2.06

Barperm1 AAB71680.1 0.95 c0.40 0.61

Protein synthesis inhibitor I P22244.2 b0.31 0.71 3.31

Serpin-Z4 P06293.2 0.69 1.14 2.36

Trypsin inhibitor CMc P34951.2 0.87 1.21 2.01

Housekeeping aATP synthase subunit beta,
mitochondrial-like [100%,0.0,96%]

BAJ90283.1 0.69 c0.38 0.79

Elongation factor 1-alpha CAA90651.1 1.34 1.20 1.30
aElongation factor 2-like [100%,0.0,99%] BAJ87342.1 0.81 c0.53 0.96
aHistone H4 [100%,8e-68,100%] BAK08280.1 0.90 0.94 1.49

Chaperone aHeat shock cognate 70 kDa protein
4 [100%,0.0,98%]

BAK00257.1 0.95 c0.66 1.00

Protein disulfide-isomerase P80284.2 0.86 1.64 2.77

a Annotated by BLASTp against NCBInr database with tribe restricted to Triticeae [% Cover, Expect value,% Identity]
b,c Relative protein amount not within top 25 most abundant proteins of SGA and SGB respectively
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which are coincidentally insoluble in water when intact. Thus,
based on the sequences of these proteins, the use of proteases
with relevant cleavage efficiency can overcome this insolubil-
ity problem. Such targeted enzyme selection saves time and

effort by avoiding the need to screen all proteases available in
the market.

Hordeins, themost abundant proteins in spent grain, contain
a high percentage of proline and glutamine (up to 35%), which
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Table 2 LC-MS identified 2D gel spots from SGA and SGB

Spot No. Protein name Accession No. Theo. MW
(kDa)/pI

Exp. MW
(kDa)/pI

Sequest
protein
score

No. of peptides
(MS/MS)

1 ATP synthase BAJ90283.1 59.3/6.24 60/4.5 77.78 14

2 Embryo globulin AAA32936.1 72.2/7.27 65/5.5 72.32 13

3 Embryo globulin AAA32936.1 72.2/7.27 60/6 26.34 9

4 Serpin z-type CAA66232.1 43.2/5.94 50/5.5 23.78 7

5 B hordein AFM37567.1 29.9/7.31 37/6 106.07 4

6 γ-3 hordein, partial CAA51204.1 32.8/7.09 30/6.5 45.89 3

7 B hordein ACU09489.1 30.1/7.91 37/7 76.83 4

8 B hordein ACU09489.1 30.1/7.91 45/8 104.32 5

9 Embryo globulin AAA32936.1 72.2/7.27 37/8 73 10

10 Embryo globulin AAA32936.1 72.2/7.27 20/6 27.2 5

11 Embryo globulin AAA32936.1 72.2/7.27 15/5 108.5 8

12 ACD_ScHsp26_like,
Alpha crystallin domain

BAK06674.1 17.5/5.69 15/5 47.08 6

13 Ubiquitin-protein ligase BAJ85100.1 17.1/7.34 10/5.5 17 3

14 B hordein AFM37567.1 29..9/7.31 10/5.5 49.43 4

15 B1 hordein CAA25509.1 20.6/7.24 10/6 5.74 2

16 Seed storage protein, partial AAB71679.1 3.4/9.32 10/6.5 62.19 2

17 Oleosin BAJ87238.1 18.5/9.69 10/8 109.29 5

18 B hordein ACU09489.1 30.1/7.91 25/6.5 23.35 3

19 Embryo globulin AAA32936.1 72.2/7.27 70/4.5 119.29 13

20 Embryo globulin AAA32936.1 72.2/7.27 70/4.5 144.3 14

21 Embryo globulin AAA32936.1 72.2/7.27 75/6 33.68 4

22 Embryo globulin AAA32936.1 72.2/7.27 80/6.7 56.23 10

23 Embryo globulin AAA32936.1 72.2/7.27 60/6.7 66.82 7

24 C hordein P02864.1 3.3/6.23 50/6.6 27.72 3

25 Embryo globulin AAA32936.1 72.2/7.27 60/7 91.84 10

26 Embryo globulin AAA32936.1 72.2/7.27 60/8 205.16 11

27 B hordein ACU09489.1 30..1/7.91 25/6.7 245.86 4

28 β-amylase AGY14538.1 59.5/6.01 60/5.1 69.87 13

29 B1 hordein CAA25509.1 20.6/7.24 15/6.6 136.36 3

30 B hordein AFM37567.1 29.9/7.31 37/5.75 212.26 4

31 β-amylase AGY14530.1 59.5/5.91 40/5.75 76.17 16

32 BTR1 BAJ97491.1 38.1/6.39 45/5.75 47.44 10

33 Serpin z-type CAA66232.1 43.2/5.94 40/5.5 453.93 18

34 Serpin z-type CAA66232.1 43.2/5.94 30/6.75 148.68 10

35 B hordein ACU09489.1 30.1/7.91 30/7 114.2 4

36 Trig 7 ACI00278.1 29.5/9.67 30/8 215.51 8

37 β-amylase AGY14530.1 59.5/5.91 55/5.8 59.78 15

38 Serpin z-type CAA66232.1 43.2/5.94 45/5.75 89.37 14

39 Serpin Z7 Q43492.2 42.8/5.68 45/5.7 102.75 12

40 Serpin z-type CAA66232.1 43.2/5.94 40/5 337.08 14

41 Serpin z-type CAA66232.1 43.2/5.94 35/4.9 34.05 6

42 β-amylase mutant 1B1Y_A 56.2/6.11 35/5.1 11.95 4

43 B hordein, truncated ACU09492.1 30.0/7.31 30/5.5 36.37 3

44 β-amylase AGY14538.1 59.5/6.01 75/5.7 30.67 10

45 Vicilin-like seed storage protein BAK04746.1 76.9/5.82 28/5.6 416.62 7

46 Vicilin-like seed storage protein BAK04746.1 76.9/5.82 25/5.8 171.93 5
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are hydrophobic and insoluble in water. Therefore, digestion
with a general protease or enzymes with preferred cleavage at
proline and glutamine are required to break down these pro-
teins into smaller fragments before they become soluble in
water. Subtilisin A from Bacillus (Doucet et al. 2003), prolyl
endoprotease from Aspergillus niger (Montserrat et al. 2015;
Stepniak et al. 2006), and barley cysteine protease EP-2B are
potential choices based on the literature (Gass et al. 2006).
However, except for subtilisin A, the other two enzymes are
not readily available or economically viable for industrial food
processing. Hence, only Alcalase (commercial form of subtil-
isin) activity on spent grains was further examined.

β-amylase contains high percentage of glycine (10.5%)
and alanine (7.7%) while barley embryo globulin (BEG1)
contains up to 13–15% arginine and glutamic acid; therefore,
different non-specific proteases such as proteinase K can be
used to hydrolyze these proteins. Moreover, in silico digestion
with ExPASy PeptideCutter tool (https://web.expasy.org/
peptide_cutter) indicated that proteinase K has the highest
number of cutting sites for the most abundant proteins in
BSG (Gasteiger et al. 2005). As protein solubilization does
not only rely solely on the number of cleavage sites but also
on factors such as accessibility and binding capacity, the per-
formances of other food grade proteases with broad specific-
ity, such as Neutrase, papain (papaya proteinase I), and prote-
ase S, were also examined. Neutrase is recommended by
Novozymes for its activity on gluten (a general name for ce-
real storage proteins, including hordeins). Papain was selected
as it can cleave peptide bonds formed by glycine andmembers
of the papain family has been reported to completely degrade
hordeins (Simpson 2001). Protease S, a type of serine prote-
ase, was selected because of its thermostability with broad
specificity for native and denatured proteins.

Solubilization efficiency of proteases on BSG proteins

Figure 2a showed the SDS-PAGE profile of proteins extracted
from SGB after treatment with the five proteases; the negative
control consisted of SGB treated with water without enzyme.
Most of the protein bands present in the untreated and nega-
tive controls were absent in the Alcalase-treated and the

proteinase K-treated samples. The molecular weight of pro-
teins decreased to a lesser extent after treatment with protease

Table 2 (continued)

Spot No. Protein name Accession No. Theo. MW
(kDa)/pI

Exp. MW
(kDa)/pI

Sequest
protein
score

No. of peptides
(MS/MS)

47 Vicilin-like seed storage protein BAK04746.1 76.9/5.82 25/5.5 68.1 3

48 Vicilin-like seed storage protein BAK04746.1 76.9/5.82 25/5.3 37.79 6

49 Vicilin-like seed storage protein BAK04746.1 76.9/5.82 25/5 21.26 2

50 MAEBL BAJ86520.1 33.9/8.27 30/5.3 101.3 13

51 γ-1 hordein P17990.1 34.7/8.02 25/8 190.12 7
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Fig. 2 Alcalase and proteinase K were the most efficient at solubilizing
SGB among five proteases screened. a 1D SDS-PAGE of proteins
extracted from SGB after treatment with different proteases, and b
corresponding total and net dry weight loss. Hydrolysis was carried out
with enzyme dosage of 24 U/g spent grain for 1.5 h in deionized water.
Net weight loss was calculated from the difference between total weight
loss in enzyme-treated sample and in negative control, where no enzyme
was added. Error bars represent one standard deviation of triplicate data.
ctrl control
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S, Neutrase, and papain. The predominant bands in the
enzyme-treated samples occurred below 10 kDa, thus indicat-
ing that remaining proteins in the spent grain had been enzy-
matically hydrolyzed into small fragments. Alcalase and pro-
teinase K digestion resulted in the best solubility of BSG,
followed by protease S, while Neutrase and papain had the
weakest solubilization capability among the five proteases.
Some of the major protein bands identified in the untreated
and negative control were β-amylase, B3 hordein, serpin, and
embryo globulin (Supplemental Fig. S2).

Net dry weight losses of SGB following protease digestion
(Fig. 2b) were consistent with hydrolytic efficiency of the five
enzymes as demonstrated by SDS-PAGE result. Among the
proteases, Alcalase was the most efficient at solubilizing SGB,
with 11.7% net weight loss, and this is also consistent with
previous reports on proteases screened for protein solubiliza-
tion of brewer’s spent grain (Treimo et al. 2008). Alcalase
showed the same effective solubilization of SGA, with 9.2%
net weight loss (Fig. 3). The detection of dry weight loss in
negative water control of both SGA and SGB samples (~ 6%)
suggested the presence of residual enzymatic activity in the
spent grains. As no significant changes in BSG proteins were
observed between untreated and negative water control sam-
ples (Figs. 2a and 3a), these dry weight losses were not a result
of protease activity but remaining carbohydrase activity pres-
ent in the spent grains, such as β-amylase (Lundgard and
Svensson 1987), β-glucanase (Loi et al. 1987), and xylanase
(Li et al. 2005) activities detected in our study (data not
shown). This is consistent with reported observation of up to
13% solubilization of the carbohydrates by residual enzymes
in spent grains, yielding mainly glucose-based products
(Niemi et al. 2012; Treimo et al. 2008).

Discussion

To the best of our knowledge, this is the first report of compre-
hensive proteome profiles comparing BSGderived frommalted
barley (SGA) and enzymatically treated raw barley (SGB) via
complementary shotgun proteomics and 2D gel electrophoresis
approaches. Evaluation of the remaining insoluble protein con-
tent in BSG will enable a knowledge-based selection of com-
mercial enzymes to increase solubility of BSG proteins, and the
choice of proteases used has been shown to affect the
technofunctional properties, such as emulsifying and foaming
properties, of BSG protein hydrolysates (Celus et al. 2007).
These enzymes can also be potentially use in the mashing pro-
cess to improve nutritional or physicochemical properties of
downstream malt extract beverages and beers. Other relevant
proteome profiling studies reported are mainly associated with
the brewing industry where the proteomes of various barley
cultivars and corresponding barley malts are compared to ana-
lyze malt qualities (Jin et al. 2013; Ostergaard et al. 2002), or
the proteomes of wort or beer are characterized to evaluate the
presence of immunogenic barley proteins and polypeptides
(Colgrave et al. 2012; Picariello et al. 2012).In this study, we
have shown that, with the exception of β-amylase, the most
abundant proteins found in both spent grains were storage pro-
teins—hordeins and globulins. Hordein content may be
underestimated, as it does not contain many lysine or arginine
residues in general, and thus not easily identified and quantified
using tryptic peptide-based LFQ shotgun proteome analysis.
Hordein C, for example, was only identified as a major protein
in 2D-PAGE analysis (Fig. 1) following digestion with chymo-
trypsin, an enzyme that is often used as an alternative to trypsin
for MS identification of hordeins (Colgrave et al. 2012;
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Fig. 3 Alcalase was similarly
effective at solubilizing proteins
in SGA. a 1D SDS-PAGE of
proteins extracted from SGA after
Alcalase treatment, and b
corresponding total and net dry
weight loss. Error bars represent
one standard deviation of
triplicate data. ctrl control
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Flodrova et al. 2012; Schalk et al. 2017). SGB appeared to
contain higher protein content, especially hordeins, than SGA
(Table 1 and Fig. 1) but our initial assessment found similar
amount of total SDS extractable protein content within both
spent grains (~ 21% of dry weight, data not shown). This sug-
gests that the endogenous malt proteases have higher efficiency
at breaking down hordeins and other barley proteins but a sig-
nificant portion of the resulting fragments or polypeptides may
remain insoluble and not extractable. Industrial processes using
malted and/or enzymatically treated raw barley will thus simi-
larly benefit from further optimization strategy to improve pro-
tein solubilization efficiency.

To this end, we screened five proteases for their ability to
solubilize and extract the remaining proteins or their break-
down fragments in spent grains. These enzymes were selected
based on their potential efficiency at digesting high abundant
proteins or large fragments identified from the proteome pro-
filing of the spent grains, as well as economic viability (cost
and availability of food grade enzyme preparation). Such
targeted enzyme selection saves time and effort by avoiding
the need to screen all proteases available in the market.
Alcalase was found to solubilize hordeins and other remaining
proteins in the spent grains most efficiently at a dose of 24 U/g
spent grain for 1.5 h (Figs. 2 and 3). The same dosage of
Alcalase has been reported by Treimo et al. (2008, 2009) to
solubilize much more proteins in brewer’s spent grains (25–
30% gross dry weight loss) but required prolonged enzymatic
hydrolysis treatment (5–18 h) and digestion at much lower
loading of 3.33% (w/v) freeze-dried spent grain in enzyme
favorable pH-controlled buffers. A lower loading which trans-
lates to higher water usage and energy cost will be less envi-
ronmentally sustainable, and the use of pH-controlled buffers
may not be industrially feasible. Moreover, if residual spent
grain enzymatic activity (10–13% dry weight loss in negative
control samples) is to be excluded, the resultant net solubili-
zation ascribed to added enzymes is only 12–20%. Though
this is higher than the observed solubilization efficiency of
9.2–11.7% in this study, the treatment parameters established
in this study, a much shorter enzymatic treatment of 1.5 h and
higher loading of 10% (w/v) dried spent grain in water, are
more feasible for industrial implementation in terms of lower
energy cost and water consumption, as well as ease of inte-
gration with any standard mashing process. For industrial im-
plementation where Bfresh^ spent grains containing ~ 67%
moisture are used, an equivalent loading can be achieved by
mixing Bfresh^ spent grain and water at 1:2 (w/v) ratio with an
optimized amount of Alcalase (to be determined empirically
for different mashing processes). An incubation period of a
few hours at 50–60 °C subsequently will help reduce spent
grain volume without an excessive increase in cost or process-
ing time. Alcalase may also be used directly in the mashing
process though its effect on the mash, in terms of consequent
sensorial qualities of end-products for example, will need to

be examined. Other commercial enzymes, such as carbohy-
drases, have also been used in combination with Alcalase to
further digest BSG components in another study that yielded a
25–30% dry weight loss (Robertson et al. 2011). The corre-
sponding reduction in BSG volume in addition to enhance
extraction of its organic components via enzymatic strategy
will also help reduce the cost associated with handling and
disposal of this side stream.

In summary, a comprehensive proteome profiling of spent
grains derived frommalted barley and raw barley supplement-
ed with industrial enzymes enabled (i) a knowledge-based
selection of proteases for enzymatic hydrolysis and (ii) estab-
lishment of an efficient enzymatic strategy for the solubiliza-
tion of remaining proteins in the spent grains. Similar protein
solubilization efficiency and spent grain side stream reduction
by Alcalase treatment were achieved for both types of spent
grains. Hence, Alcalase treatment of BSG or its implementa-
tion in upstream mashing process will enhance the extraction
of more protein nutrients from the substrate and translate to a
reduction in side stream mass and volume that will help re-
duce the cost associated with handling and disposal.
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