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Proteins determine the quality of barley in malting and brewing end-uses. In this regard, water-
soluble barley proteins play a major role in the formation, stability, and texture of head foams.
Our objective was to survey the barley seed proteins that could be involved in the foaming prop-
erties of beer. Therefore, two-dimensional (2-D) electrophoresis and mass spectrometry were
combined to highlight the barley proteins that could resist the heating treatments occurring
during malting and brewing processes. As expected, from barley to malt and to beer, most of the
heat-stable proteins are disulfide-rich proteins, implicated in the defense of plants against their
bio-aggressors, e.g., serpin-like chymotrypsin inhibitors (protein Z), amylase and amylase-pro-
tease inhibitors, and lipid transfer proteins (LIP1 and LI'P2). For LTP1s, the complex pattern
displayed in 2-D electrophoresis could be related to some chemical modifications already descri-
bed elsewhere, such as acylation or glycation through Maillard reactions, which occur on malt-
ing. Our proteomics approach allowed the identification of the numerous proteins present in
beer in addition to the major ones already described. The involvement of these proteins in the
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quality of beer foam can now be evaluated.
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1 Introduction

Breeders are involved in the development of high-quality
value barley cultivars for the malting and brewing industries.
Proteins are among the barley components that are essential
for the quality of malt and beer. In addition to enzymes like
those responsible for the production of yeast substrates
(amylases) and flavors (lipoxygenases), soluble proteins are
involved in the formation, texture, and stability of head
foams. The quality of head foam is one of the characteristics
that determine the consumer acceptance of a beer. There-
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fore, in the past years, brewers and maltsters associated with
breeders for the selection of barley cultivars that provide beer
with improved foam quality.

In a first attempt, water-soluble proteins are the only
proteins involved in the formation of head foams. They
account for about 20% of the total barley proteins. Some of
these soluble proteins survive through the multiple steps of
the malting and brewing processes to end up in beer [1, 2].
The barley proteins recovered in beer are mainly represented
by two barley albumins, i.e., the 9 kDa lipid transfer protein 1
(LTP1) and protein Z [3, 4]. Both of these proteins display
high stability to heating and proteolysis. Until now, most of
the studies concerning relationships between proteins and
the formation and stability of beer foams have focused on
these two protein families, while many other proteins could
be present and play a role in the quality of head foams.

Proteomics is an analytical strategy that generally com-
bines 2-DE, MS and bioinformatics to identify the proteins
specifically expressed at a physiological status or in response
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to biotic and abiotic stress. In contrast with the plant model
for dicots and monocots, i.e., Arabidopsis thaliana and Oryza
sativa, respectively, the lack of complete genomic databanks
for barley limits the efficiency of proteomics for this applica-
tion. However, preliminary maps of soluble barley seed pro-
teins, i.e., albumins and globulins, have been obtained either
on mature [5, 6] or developing and germinating grains [7-9].
Recently, more specific protein maps have been obtained on
the major compartments of the seed, i.e., starchy endosperm,
aleurone layer, and embryo [10]. Most of these studies were
performed using 2-DE in the pH range of 4-7. A recent study
reported the proteomics analysis of barley seed proteins in
the basic pH range of 6-11, with an emphasis on the mod-
ification of protein pattern from barley to malt [11]. In all
these studies, the analyses were concerned with total pro-
teins and the data cannot be used in the context of malting
and brewing end-uses of barley. Therefore, in order to high-
light all the proteins likely to be involved in the texture of
head foams, we have focused proteomics analysis on the
heat-stable water-soluble proteins from barley seed and cor-
responding malt in relation to the protein composition of
beer. To our knowledge, this is the first time where a prote-
omics approach is performed with the objective of identify-
ing proteins involved in a technological process.

2 Materials and methods
2.1 Protein extraction

Barley and malt (Hordeum vulgare cultivar Esterel, France)
were milled in liquid nitrogen and 1 g of flour was extracted
in 10 mL of deionized water for 2 h at room temperature.
Extracts were boiled at 100°C for 30 min, filtered and then
freeze-dried. Beers were provided by the Institut Francais des
Boissons de la Brasserie Malterie (IFBM). They were degas-
sed and freeze-dried.

2.2 2-DE

Freeze-dried protein extracts were dissolved in 8 M urea, 2%
w/v CHAPS, 2% v/v IPG buffer pH 3-10 (Amersham Bio-
sciences, Uppsala, Sweden), 0.01% bromophenol blue,
20 mm DTT, and were centrifuged at 12 000 rpm for 10 min.
IEF was performed using a Pharmacia Biotech IPGphor
electrophoresis system (Amersham Biosciences). Prior to
second dimension, the IPG strips were equilibrated for
10 min in equilibration buffer (50 mm Tris/HCl pH 8.8,
6 M urea, 30% v/v glycerol, 2% w/v SDS, 0.01% bromophe-
nol blue) containing 10 mg/mL DTT, followed by 10 min in
equilibration buffer containing 25 mg/mL iodoacetamide.
The second dimension was run on 15% acrylamide gels on a
vertical system. Gels were stained with silver nitrate [12] or
colloidal CBB [13], or transferred on nitrocellulose mem-
brane for immunoblotting with anti-LTP1 antibodies.
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2.3 Enzymatic digestion of proteins in-gel

Gel spots were washed with 100 pL of 25 mm NH,HCO;,
followed by dehydration with 100 pL of 50% ACN in 25 mm
NH,HCO;. Proteins were reduced by incubation with
10 mm DTT (1 h, 57°C), and alkylated with 100 pL of 55 mm
iodoacetamide (45 min at room temperature). Gel spots were
further washed with NH,HCO;, dehydrated as described
above and then dried in a vacuum centrifuge. The proteins
were digested overnight at 37°C by the addition of 10 to 20 pL
of trypsin (12.5 ng/pL in 25 mm NH,HCO;; modified trypsin
purchased from Promega, Madison, W1, USA). The result-
ing peptides were extracted by the addition of 50 mL of
70% ACN/20% H,0/10% formic acid. Supernatant was col-
lected and dried in a vacuum centrifuge. For LC-MS/MS
analysis, peptides were resolubilized in 10 pL of solvent A
(2% ACN/0.1% formic acid).

2.4 Mass spectrometric analysis

Nanoscale capillary liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analyses of the digested proteins
were performed using a Famos-Switchos-Ultimate capillary
LC system (LC-Packings, Amsterdam, Netherlands) coupled
to a hybrid quadrupole orthogonal acceleration TOF mass
spectrometer (Q-TOF Global; Waters/Micromass, Manches-
ter, UK). Chromatographic separations were conducted on a
reverse-phase capillary column (Pepmap C18, 75 umid,
15 cm length; LC-Packings) at a flow rate of 200 nL/min. The
gradient consisted of a linear increase from 0 to 50% of sol-
vent B (80% ACN/0.08% formic acid) in 60 min, followed by
a rapid increase up to 100% of B within 15 min. Mass data
acquisitions were piloted by the MassLynx software (Waters)
using the so-called “survey” scanning mode: MS data are
recorded for 1 s, after which the three most intense ions are
selected and fragmented in the collision cell. MS/MS data are
recorded for each of these three ions during 8 s. The collision
energy profiles were optimized for various mass ranges of
precursor ions.

2.5 Protein identification

Mass data collected during a LC-MS/MS analysis were pro-
cessed with Protein Lynx Global Server software (Waters).
Protein identification was performed by searching the pep-
tide masses and MS/MS sequence stretches against the
Swiss-Prot and NCBI non-redundant sequence databank, or
against The Institute of Genomic Research (TIGR) expressed
sequence tag (EST) databank.

2.6 Western blotting
Proteins separated by 2-D gel were blotted on to nitrocellu-
lose membrane. Immunodetection was carried out using a

primary antibody raised in rabbit against barley LTP1 pre-
pared in our laboratory. Goat anti-rabbit horseradish perox-
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ydase-conjugated antibody was used as the secondary anti-
body, and the signal was detected by chemiluminescence
with 4-chloro-1-naphtol.

3 Results and discussion

To obtain a detailed characterization of the protein profiles of
barley, malt and beer, the high-resolution 2-DE was per-
formed with immobilized pH 3-10 gradients in the first di-
mension, followed by silver, colloidal CBB staining or West-
ern blotting. The observed changes in the protein patterns
displayed in the silver-stained gels can be related to the
events occurring in malting and brewing.

3.1 Comparison between total water-soluble
proteins and heat-stable water-soluble proteins
from barley, malt and beer

Figure 1 shows the 2-D gels of water-soluble proteins of barley,
malt and beer. As expected, clear differences could not be
extracted from the 2-D maps. Indeed, the high intensity of
protein spots in the range of 40-60 kDa on the barley gel
(Fig. 1A) prevented comparison with the corresponding pro-
tein spots in beer. Moreover, the malt gel displayed a much
higher number of spots in the pI 3-6 range (Fig. 1B), while
the profile of beer proteins was more simple (Fig. 1C). Con-
sidering the heat-stable fraction of water-soluble proteins, a
simplified pattern was obtained (Fig. 2) that made the com-
parison of barley and malt proteins easier. Furthermore, this
pattern was more representative of the proteins found in beer
after malting and brewing processes. In Fig. 2 we observed a
significant decrease in the number of protein spots in the
range of 20-35 and 40-70 kDa for barley (Figs. 1A and 2A),
and in the pIrange of 4-6 for malt (Figs. 1B and 2B).

In the case of heat-stable proteins, the transition from
barley to beer was accompanied by changes in the protein
patterns of 2-DE, especially in the range of 9-20 and 40—

pI3 10 pl3
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55 kDa. However, it is worthy to note that the protein profiles
of malt and beer are quite similar (Fig. 2B and C). Therefore
the malt heat-stable proteins are good indicators of the pro-
teins recovered in beer. Finally, approximately 150 well-
defined spots could be detected on each gel in the pI range of
3-10 using the 2-D gel analysis software Melanie (Amers-
ham Biosciences).

3.2 Protein identification by MS

Identification of proteins from barley, malt and beer 2-D gels
using MS relies on sequence information in the databanks.
The Swiss-Prot databank (release 43.5, June?7, 2004:
153 017 entries) contains only 300 sequences from barley,
and the TrEMBL databank (release 26.5, June 7, 2004:
1 062 416 entries) 1178 sequences. The Institute of Genomic
Research (TIGR) expressed sequence tag (EST) databank
from barley (release 8, January 9, 2004) was also used to
identify proteins. Because of this limited number of protein
sequences for barley in the databanks, protein identification
was not always successful, even if good spectra were
obtained.

Using the combination of nanoLC-MS/MS and databank
searching, we could identify a certain number of proteins.
Some were identified based on the correlation of the MS/MS
data for multiple peptides to the protein sequence. These
matches were considered to be valid. The databank searches
also retrieved proteins for which a single peptide matched.
To confirm or rule out the identification, these single peptide
matches were examined manually according to the score, the
quality of the MS/MS spectrum, and the continuous stretch
of the protein sequence covered by either the y- or b-ion se-
ries. Yet, for a number of spots (circled in white on Fig. 2),
mass data did not allow the identification of the protein, even
by using de novo sequencing. This suggests that complete
sequence data for these proteins are missing in the data-
banks.

10 pi3 10

Figure 1. 2-D gel protein patterns of water-soluble proteins of barley (A), malt (B) and beer (C). Proteins were
separated in the first dimension on a IPG strip p/3-10 and in the second dimension on a 15% acrylamide SDS gel.

The proteins were silver stained.
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In the current work, identification of proteins in major
spots from 2-D gels concerns 40 proteins from barley gel,
41 proteins from malt gel, and 30 proteins from beer gel
(Table 1, Fig. 2). Enzyme inhibitors constituted the largest
group of identified proteins from barley, malt and beer gels,
including various a-amylase/trypsin inhibitors, a subtilisin-
chymotrypsin inhibitor, and protein Z. Other significantly
represented proteins include non-specific lipid transfer pro-
teins (LTP1 and LTP2), hordeins, barwin (barley wound
induced protein), a fragment of cold-regulated protein 1, and
proteins from Saccharomyces cerevisiae (enolase 2 and triose
phosphate isomerase) (Table 1). Moreover, as observed for
LTP1 and protein Z, two foaming proteins, a protein can be
found in several spots.

3.3 Protein Z spots

Barley and especially malt and beer gels displayed a remark-
ably high number of abundant proteins in the pI range 5-6
and molecular mass range 40-50 kDa. These spots were
identified as protein Z (Table 1, Fig. 2). Protein Z belongs to
the serpin family and can be subdivided into protein Z4 and
protein Z7, which are expressed from two separate (although
highly related) small gene families [16]. The biochemical role
of plant serpins remains unclear, with no target protease yet
identified in plants. Serpins could provide protection against

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. 2-D gel protein pat-
terns of water-soluble heat-
stable proteins of barley (A),
malt (B) and beer (C). Proteins
were separated in the first di-
mension on a IPG strip p/ 3-10
and in the second dimension on
a 15% acrylamide SDS gel. The
proteins were silver stained.
Identified proteins are listed in
Table 1. The spots circled in
white were submitted to MS
10 analysis but could not identified.

insect predators [17]. These serpins, which are major com-
ponents of the albumins of barley endosperm, could also
have a role as storage proteins in plants, contributing for a
substantial part to the lysine content of the grain due to their
high content in this cationic amino acid [7]. In barley and
malt, protein Z4 is the dominant form, accounting for ap-
proximately 80% of all protein Z [2]. As such, it is assumed
that most of the investigations conducted so far on protein Z
are actually referring primarily to protein Z4.

Protein Z is composed of several proteins with an acidic
pl that is glycated during the malting process through Mail-
lard reactions [16, 18]. It has also been reported that about
16% of the lysine content of protein Z is glycated during the
brewing process through Maillard reactions [18]. Partial
modification of lysine residues with sugars may explain the
migration of protein Z as a diffuse zone. It is one of the few
barley proteins recognized in beer, and contributes to foam
stability and/or haze formation [16, 19]. The latter study
showed that glycated protein Z has improved foam stability
[19].

When the malt gel was stained with silver, two dark
stained areas were first resolved into well-defined spots.
However the resolution was lost while continuing the stain-
ing for the visualization of other proteins (Fig. 2B). Similar
intense dark areas were observed for the 2-D gel from beer
(Fig. 2C), and it is likely that the proteins in these spots have
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Table 1. Barley, malt and beer proteins identified by LC-MS/MS from the 2-D gels (Fig. 2). The accession number
refers to Swiss-Prot or NCBI database. Molecular mass (M,) and isoelectric point (p/) values listed in the
table were calculated using ExPASy tools (http://www.expasy.ch).

Protein name Accession M. (kDa) pl/ Spot number
number
Protein Z
Protein Z-type serpin CAA66232.1 43.19 5.85 Barley 1z, 2z, 3z, 4z, 5z, 6z, 7z,
9z,10z, 11z

Malt 1z, 2z, 3z, 4z, 5z, 6z, 7z,
9z, 10z, 11z, 48z, 49z

Beer 1z, 2z, 3z, 4z, 5z, 6z, 7z,
9z, 10z, 11z, 48z

Protein Z4 P06293 43.27 5.72 Beer 54z

Lipid transfer protein

LTP1 P07597 9,69 8,19 Barley 34L,35L
Malt 34L, 43L, 44L, 45L, 46L,
47L
Beer 34L, 43L, 44L, 45L, 46L,
47L, 55L, 56L
LTP2 P20145 6,98 6,98 Barley 36L
Malt  36L
Beer 36L

Trypsin/a-amylase inhibitor

CMa P28041 13.11 5.51 Barley 18i, 19i, 20i
Malt 20i

CMb P32936 14.19 5.78 Barley 17i, 18i, 19i, 20i, 22i, 23i
Malt 19i, 23i
Beer 23i

CMd CAA31585.1 16.1 5.24 Barley 17i
Malt 17i

CMd3 AAB63440 18.47 8.01 Barley 17i, 23i
Malt 17i, 19i

CMe CAA35188.1 13.25 6.95 Barley 16i
Malt 16i

BTI-CMe2.1 CAA11026.1 13.71 6.31 Barley 14i, 15i, 17i
Malt 14i, 15i
Beer 14i

BMAI-1 P16968 14.44 6.16 Barley 17i, 18i, 19i, 23i, 31i
Malt 18i, 19i

BDAI-1 P13691 13.10 5.06 Barley 29i, 30i, 31i
Malt 29i, 30i, 30i
Beer 30i, 30’i

BTICMc QILEI6 15.17 6.68 Barley 40i

pUP13 1208404A 14.7 5.44 Barley 21i, 22i
Malt 22i
Beer 22i

PUP38 1208404B 12.02 4.94 Barley 33i

Hordeins

Hordein B3 P06471 30.19 7.74 Barley 8h, 42h
Malt 8h

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.de



Proteomics 2005, 5, 2849-2858

Table 1. Continued
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Protein name Accession M, (kDa) pl/ Spot number
number
Hordein y3 T05718 32.84 6.60 Barley 13h
Malt 13h
Beer 13h
Hordein B3 (fragment) P06471 30.19 7.74 Barley 24h, 25h
Malt  24h, 25h
Hordein D (fragment) CAA59104.1 50.78 7.60 Barley 32h
Malt  32h
Proteins similar to proteins of other organisms
12S seed storage protein NP_849464.1 43.72 6.08 Barley 38s, 39s
(Arabidopsis thaliana)
Malt 38s, 39s
12S seed storage protein NP_171884.1 50.55 6.53 Barley 41s
(Arabidopsis thaliana)
Malt 41s
P0529E05.3 (Oryza sativa) BAB84388 55.70 10.47 Beer 53
Proteins from Saccharomyces cerevisiae
Enolase 2 P00925 46.63 6.04 Beer 51¢, 52c
Triosephosphate P00942 26.79 5.74 Beer 50c
isomerase
Other proteins
Barwin P28814 13.72 7.3 Barley 26b, 27b
Malt  26b, 27b
Subtilisin-chymotrypsin P16062 8.88 5.24 Barley 28i
inhibitor CI-1A
Malt  28i
Cold regulated protein 1 A45512 72.25 6.8 Barley 12

(fragment)

the same origin. Other studies observed a similar dark area
on the 2-D gel separating the proteins from malt [8]. Another
characteristic feature of the 2-D gel from beer is a series of
well-defined spots at slightly higher pI and molecular mass
than the dark areas. Protein Z was a prominent protein
identified in several spots from these areas: 10 resolved spots
for barley, 12 spots for malt, and 11 spots for beer (Table 1,
Fig. 2).

3.4 Lipid transfer protein spots

Another prominent protein in barley and especially in malt
and beer is lipid transfer protein 1 (LTP1). The in vivo func-
tion of barley LTP1 remains unknown. Initially, barley LTP1
was thought to be an inhibitor of a-amylase or proteases and
was named PAPI (probable o-amylase/protease inhibitor)
[20]. This inhibitory activity has been a matter of controversy
[21]. Today, many data have been obtained for different LTPs
that suggest a role of these proteins in the defense of plants
against their microbial pathogens and in the formation of
hydrophobic cuticle layer covering plant organs [22, 23]. In

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

brewing, barley LTP1 concentrates in beer foam. It con-
tributes to foam formation while protein Z confers foam
stability [16]. In fact, the native barley seed LTP1 displays
poor foaming properties and becomes a foam promoting
agent only after unfolding on wort boiling [24-27]. LTP1 is
glycated due to Maillard reactions that occur on malting [24]
and an acylated form is also observed in aqueous barley and
malt extracts [28, 29]. All these modifications could improve
the surface activity of LTP1.

In 2-DE of boiled aqueous barley extracts in the basic pH
range of 89, LTP1 was mainly identified as two spots
(Fig. 2A: spot 35). In malt and beer, LTP1 was detected as
several spots scattered over a large pI range, i.e., from 6 to 9
(Fig. 2). Immunoblots using polyclonal antibodies raised
against LTP1 confirmed these identifications (data not
shown). However, as for protein Z, we could not detect by
MS any clear modification of LTP1 that could explain the
observed scattered pattern. In barley, one of the two major
LTP1 spots was more acidic than the other; it could corre-
spond to LTP1 with a covalently attached oxygenated fatty
acid adduct [28, 29]. However, this modification could not be
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highlighted in the present work because trypsin hydrolysis
cleaves the ester bond between the acyl adduct and the pro-
tein (Marion D., unpublished data). Concerning the most
acidic spots of LTP1 observed in malt and beer, they might
originate from acylated and/or glycated products. Actually,
glycation through Maillard reactions modifies the amine
group of lysine side chain and of the N-terminal amino acid,
and produces a decrease of the protein pl. It was estimated
that LTP1 was glycated with glucose to an extent of about 5%
probably through Maillard reactions [25]. The attempt to
detect glycation for LTP1 on 2-DE transferred on nitrocellu-
lose membrane was unsuccessful.

Another LTP was identified on barley, malt and beer 2-D
gels: LTP2 (Fig. 2: spot 36L). This protein, with a molecular
mass of about 7 kDa, is also glycated in beer [25], but the
glycated form could not be evidenced in the neighboring
region of malt and beer LTP2 spot in 2-DE. This was probably
due to the low amount of LTP2 in the malt extract and in
beer. Cross-linked polypeptides through reduced cystine
group were previously observed between LTP1 and LTP2 [25].
In the present work these disulfide-bridges forms could not
be detected since samples were reduced before electropho-
resis.

Concerning the location of LTP1 and LTP2, it is worthy to
note that both proteins are located in the aleurone layers.
Glycation of these proteins on malting and especially the
kilning step means that the overall cell compartmentaliza-
tion of the grain was probably lost during these processes
since glucose and maltose involved in the Maillard reactions
are provided by hydrolysis of the starch located in the endo-
sperm. Detailed analysis of the LTP1 spots in barley and malt
shows that 2-DE could be a powerful tool to evaluate the
impact of kilning conditions in the malting process.

3.5 a-Amylase/trypsin inhibitors

In 2-D gels, numerous spots were identified as being pro-
teins of the a-amylase/trypsin inhibitor family, also called
chloroform/methanol (CM) soluble proteins due to their
extractability by these mixtures of organic solvents. Notice-
ably, the inhibitory action of these proteins is probably not
directed against barley enzymes, but against enzymes from
insects and other pathogens [30]. Some of the CM proteins
were known to inhibit either the a-amylase activity from var-
ious insects that attack barley or bovine trypsin [31]. None
inhibited both a-amylase and trypsin. But the endogenous
barley o-amylases, which are de novo synthesized during
germination, are not inhibited by these o-amylase/trypsin
inhibitors. Therefore, it is suggested that their role is to pro-
tect starch from insect and mammal predators [7]. These in-
hibitors are cysteine-rich proteins, containing four or five di-
sulfide bonds, which are essential for their enzyme inhibi-
tory activity.

These inhibitory proteins were found in the pI 4-7 range
and molecular mass range of 12-16 kDa of barley and malt
gels. Fourteen spots were found on barley gel and 12 spots on

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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malt gel (Table 1, Fig. 2A and B). However, some spots were
less intense in malt gel (Fig. 2B: spots 20i, 231, 29i and 30i),
and disappeared on the beer gel (only five spots were present
in this region of the beer gel; Table 1, Fig. 2C). These five
spots were assigned as trypsin inhibitor BTI-CMe2.1
(Fig. 2C:  spot 14i), a-amylase/trypsin inhibitor pUP13
(Fig. 2C:  spot 22i), o-amylase/trypsin inhibitor CMb
(Fig. 2C: spot 23i) and barley dimeric a-amylase inhibitor
BDAI-1 (Fig. 2C: spots 30i and 30’i). On the other hand, sev-
eral inhibitors have been annotated to one spot on the gels as
spots 171, 181, 19i, 20i, 22i, 23i and 31i. For instance, spot 171
could be five different inhibitors (Table 1). The a-amylase
inhibitors have close molecular masses and isoelectric
points, and they could be post-translationally modified.
Therefore, many proteins could be identified in these spots.
Otherwise, o-amylase/trypsin inhibitors CMa, CMb and
CMd form a heterotetramer with a stoichiometry of one
CMa, one CMb and two CMd chains. However, in the
reduced conditions of electrophoresis, these oligomeric
structures dissociate in their monomeric units. A recent
study using barley thioredoxin in order to target proteins on
2-D gels showed that the amount of o-amylase/trypsin in-
hibitors decreases in germinating seeds compared to mature
seeds [9]. This agrees with our present observation. In con-
trast with LTP1, these enzyme inhibitors did not scatter in
many spots when progressing from barley to malt. This
suggests that they are not extensively affected by Maillard
reactions on kilning in spite of their lysine content. Thus, we
might wonder if these lysine residues are accessible in the
oligomeric structure. Yet, it has been reported that the inhi-
bitory form of barley monomeric amylase inhibitor (BMAI-1)
was post-translational glycosylated, and that CMb existed
both in a non-glycosylated and in a glycosylated form, a
potently allergen [32]. Low and even absence of glycation of
these proteins on malting could explain, in contrast with
LTPs, why these proteins had almost totally disappeared in
beer. Actually, glycation could maintain the solubility of
unfolded proteins throughout the brewing process. This
unfolding was probably promoted by the combination of re-
ducing and heating conditions of the brewing process.

3.6 Hordeins

B, v3 and D hordeins were also identified on barley and malt
2-D gels (Fig. 2A and B: spots 8h, 13h, 13h, 24h, 25h, 32h
and 42h). Hordeins are prolamins, a major family of cereal
seed storage proteins. These major proteins of barley endo-
sperm generally display poor solubility in water. They consist
of a complex polymorphic mixture, with major groups B, C,
D and y designated on the basis of their apparent molecular
mass by electrophoresis. They are characterized by a high
proline and glutamine content, and a fraction of the hordein
polypeptide fragments found in beer promote haze forma-
tion [33]. The B hordeins, which are relatively sulfur-rich, are
present as polymers stabilized by interchain disulfide bonds,
and are the major hordein fraction present in barley grain,
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accounting for about 80% of the total hordeins. The D hor-
deins, which are also relatively sulfur-rich, only account for a
few percent of the fraction, and the y hordeins are minor
components [16].

Most of the hordeins disappeared in beer except hordein
v3 (Fig. 2C: spot 13h). The other spots on the right and the
left sides of spot 8h on barley and malt gels are thought to be
hordeins, too. These spots are less intense on malt gel and
disappeared almost completely on beer gel. In contrast with
protein Z, L'TPs and enzyme inhibitors, hordeins have a very
low lysine content and therefore are not susceptible to Mail-
lard reactions. As we suggested previously for enzyme in-
hibitors, absence of glycation might have prevented the
maintenance of these unfolded prolamins in a soluble form
throughout the brewing process.

3.7 Other identified spots

Other proteins that could be identified were present only on
barley 2-D gel, or on barley and malt 2-D gels but not on beer
2-D gel. This is the case for a fragment of the cold regulated
protein 1, barwin and the subtilisin-chymotrypsin inhibi-
tor CI-1A. The fragment of the cold regulated protein 1 is
detected only on the barley gel (Fig. 2A: spot 12). Barwin is
detected as two spots on barley and malt gels (Fig. 2A and B:
spots 26b and 27b) but not on the beer gel. It is probably a
plant lectin and it may be involved in defense mechanism.
Subtilisin-chymotrypsin inhibitor CI-1A is detected as one
spot on barley and malt gels (Fig. 2A and B: spot 28i). This
protein inhibits both subtilisin and chymotrypsin, and
belongs to the potato chymotrypsin inhibitor I family of ser-
ine protease inhibitor. Therefore, most of these proteins did
not resist the reducing and heating conditions of the brewing
process.

Other spots were present only on the beer gel. Some cor-
responded to yeast proteins such as enolase 2 (Fig. 2C:
spots 51c and 52c¢) or triosephosphate isomerase (Fig. 2C:
spot 50c), which play an important role in several metabolic
pathways. If the presence of yeast proteins was expected, to
our knowledge, this is the first time that such proteins are
evidenced in beer. Their influence on the quality of beer, and
especially on the formation and stability of head foams,
should be explored in the future.

4 Concluding remarks

Proteomics analysis of heat-stable proteins from barley and
malt provided a clear view of the proteins that are recovered
in beer. Although no direct investigation was performed
concerning the modification that can occur during malting
and brewing (glycation by Maillard reactions, proteolysis,
protein unfolding), the scattered protein pattern observed for
the major heat-stable proteins on the transition from barley
to malt and to beer is well related to the physico-chemical
modifications that occur on malting and brewing processes.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Especially for LTP1, it was possible to relate the two main
spots of the barley gel to the presence of covalent oxygenated
fatty acid adducts observed in our laboratory (Marion D.,
unpublished data) and the numerous spots of the malt gel to
the glycation occurring on kilning.

Finally, this study revealed that the heat-stable proteins
from barley recovered in beer are mainly composed of pro-
teins involved in the defense of plants against their bio-
aggressors. This is in agreement with the fact that most of
these proteins are cysteine-rich proteins, i.e., proteins with a
fold stabilized by many disulfide bonds, which generally
confers high thermal stability to the proteins and sometimes
protease resistance.

We gratefully thank N. Ouarnier for providing micromalted
samples, and M. Malanda for preparation of beer at IFBM. This
work was granted by Malteurs de France, Brasseurs de France
and the French Ministries of Research and of Agricultural and
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