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Breadmaking quality is strongly related to the glutenin macropolymer (GMP) fraction. Don and co-
workers [Don, C., Lichtendonk, W.]., Plijter, ].J., Hamer, R.J., 2003a. Glutenin macropolymer: a gel formed
by particles. Journal of Cereal Science 37, 1-7] showed that GMP consists of spherical glutenin particles
and suggested that these originate from the protein bodies (PBs) observed in developing grain. We have
tested this hypothesis by systematically comparing SDS-soluble and SDS-insoluble protein fractions from

ge;\%\[/)vords: both PBs and flour. These preparations were analysed at the molecular, oligomer, particle and micro-
Protein bodies scopic levels. Comparison of PBs isolated from immature seeds with glutenin particles isolated from
Wheat mature seeds revealed strong similarities in protein composition and the presence of large glutenin
Origin oligomers. However, the glutenin particles from mature wheat were significantly larger than PBs. We

suggest that PBs are the building blocks for the formation of much larger glutenin particles which are

formed during the desiccation phase of kernel development.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Gluten polymers from wheat are among the largest and most
complex protein networks in nature with MWs of more than 10
million (Wieser, 2007). The differences in breadmaking quality
between flours of different wheat varieties also parallel differences
in a gluten protein fraction called glutenin macropolymer (GMP)
(Graveland, 1984; Graveland et al., 1982; Weegels et al., 1996, 1997).
GMP is the glutenin fraction which is insoluble in various solvents
(SDS or acetic acid) (Weegels et al., 1996, 1997) and consists of
spherical glutenin particles (Don et al, 2003). These glutenin
particles also vary in size, and this variation correlates with a key
technological quality parameter: dough mixing properties (Don
et al., 2005). The genetic background and growing conditions also
affect the quality of GMP, the glutenin particle size and, conse-
quently, flour quality, but the mechanism behind this effect is not

Abbreviations: CSLM, confocal laser scanning microscopy; DAF, days after
flowering; ER, endoplasmic reticulum; FITC, fluorescent protein label; FPLC, fast
protein liquid chromatography; GMP, glutenin macropolymer; HMW, high molec-
ular weight; HPLC, high performance liquid chromatography; LMW, low molecular
weight; PAGE, polyacrylamide gel electrophoresis; PBs, protein bodies; SDS, sodium
dodecyl sulphate; SE, size exclusion.
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known (Don et al., 2005). However, Don and co-workers (2003)
suggested that the glutenin particles in GMP are related in origin to
the PBs observed in developing wheat endosperm.

The wheat gluten proteins can be classified into three groups on
the basis of their structural and evolutionary relationships. These
are sulphur-rich (S-rich), sulphur-poor (S-poor) and high molecular
weight (HMW) groups, with a number of subgroups within the S-
rich and S-poor groups. However, this classification does not
correspond directly to the polymeric and monomeric fractions in
the wheat kernel (glutenins and gliadins, respectively) (Kéhler
et al,, 1993), with the HMW subunits and the S-rich LMW subunits
being the main contributors to glutenin particles.

Wheat seed storage proteins are synthesised in developing grain
and are initially deposited in discrete protein bodies (PBs) (Shewry
and Halford, 2002). All gluten proteins are initially synthesised on
the rough ER and co-translationally translocated into the lumen.
However, it appears that some components, probably mainly glia-
dins, are transported via the Golgi to the protein storage vacuole
whereas others, probably mainly glutenins, are deposited within
the lumen of the ER to form a second population of ER-derived
protein bodies (Kim et al., 1988; Rubin et al., 1992). It has also been
suggested that these ER-derived protein bodies are subsequently
absorbed by protein storage vacuoles in a process analogous to
autophagy (Galili, 1997; Shewry, 1999; Shewry and Halford, 2002).
This leads to the formation of an apparently continuous gluten
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protein matrix in the cells of the mature grain (Parker, 1980). The
PBs in developing grains also contain dark-staining inclusions of
the globulin storage protein triticin (Bechtel et al., 1991).

The accumulation of wheat seed storage protein commences as
early as seven days after flowering (DAF) and ends at the beginning
of the desiccation phase. In contrast, a close correlation was found
between the accumulation of the GMP and the rapid loss of water
during desiccation (Carceller and Aussenac, 1999, 2001). The
percentage of SDS-insoluble polymers as a proportion of total
polymers can increase from less than 10% at the end of kernel
ripening to 50% in as little as 10 days, although the synthesis of
gluten proteins is completed before this occurs (Carceller and
Aussenac, 1999). Since glutenin insolubility is related to aggregate
size, this indicates a lower degree of aggregation within PBs from
immature wheat grain compared to within the gluten matrix of the
mature wheat grain.

It has been recently suggested that the glutenin particles iso-
lated from mature wheat flour and observed as spherical shaped
particles using confocal laser scanning microscopy (CLSM) origi-
nate from the individual PBs as observed in immature wheat
endosperm (Don et al., 2003). If this is true, the PBs and glutenin
particles should exhibit similarities at different levels: subunit
composition, polymer composition, polymer size and polymer
network properties.

In this study we have tested this hypothesis by comparing PBs
from immature wheat with flour from mature grain of the same
variety. The preparations from mature and immature grains were
also compared for their ability to form a physical gel and for their
composition of protein subunits and oligomers. Finally, their
particle sizes were determined by laser diffraction and CLSM was
used to study their compositions using specific stains for protein
and free sulfhydryl groups.

Our results support the hypothesis that glutenin particles orig-
inate from the PBs. Additionally we suggest that further aggrega-
tion of individual PBs is required to generate the large particles
observed in GMP.

2. Experimental

Wheat material used for protein body isolation was Triticum
aestivum cv Cadenza of approximately 15 DAF (grown under
controlled environment conditions at Rothamsted Research, Har-
penden, UK). Flour was obtained by grinding mature dry grains
from the same cultivar grown under the same conditions with an
A11 Basic IKA Analytical Mill (IKA-WERKE GmbH & Co KG).

2.1. Protein body and protein body gel isolation

Endosperms were removed from all of the individual developing
grain from 10 complete immature wheat spikes of T. aestivum cv
Cadenza at approximately 15 DAF and chopped with a razor blade
in 20 ml buffer 1 (20 mM, HEPES, pH7.6, 100 mM NaOAc, 5 mM
MgCl,). The homogenate was filtered through four layers of cheese
cloth, pre-wetted with buffer 1. The residue was washed with 10 ml
buffer 1 and the filtered homogenate was layered on top of a 1.75 M
sucrose cushion in buffer 1 and centrifuged at 500g for 2 min at
10 °C. The material from the top of the cushion was collected and
resuspended in 20 mM HEPES, pH7.6, 100 mM NaOAc, 5 mM EDTA,
and 0.25 M sucrose, to a total volume of 10 ml. A two-step Percoll
density gradient was prepared: a 1.13 g/ml and a 1.08 g/ml. The
suspension was layered onto the two-step Percoll gradients and
centrifuged at 7100g at 10 °C for 60 min. The PBs were collected in
0.5 ml volume from the surface of the 1.13 g/ml Percoll layer. The
same volume of demineralised water was added to the PBs and the
mixture vortexed briefly and then centrifuged for 2 min at 16,000g.
The supernatant was removed and the pellet was resuspended in

a total of 1 ml water. This was vortexed and centrifuged as before.
Finally, the PB pellet was resuspended in an appropriate volume of
demineralised water for immediate use. Further details are
provided elsewhere (Davy et al., 2000).

SDS-insoluble protein was isolated by dissolving the PB pellet in
1.5% (w/v) SDS and centrifugation for 10 min at 16,000g at room
temperature. The supernatant containing SDS-soluble proteins was
decanted and kept for later analysis while the SDS-insoluble
protein was recovered as a gel (PB-gel).

2.2. Isolation of SDS-insoluble (GMP) and SDS-soluble wheat
protein from mature grain

0.5 g Flour of cv Cadenza was dissolved in 10 ml 1.5% (w/v) SDS.
Ultracentrifugation was performed at 78,000g at 20 °C for 30 min
(Centrikon T-2060, Kontron Instruments, USA). After ultracentri-
fugation, GMP was observed as a gel on top of a starch layer. The
supernatant containing SDS-soluble protein was decanted and
retained while the gel layer (GMP) was collected.

2.3. SE-HPLC analysis of SDS-soluble proteins (profible method)

Three replicates of 10 mg of PB pellet and 0.8 mg of flour were
suspended in 1 ml 1% (w/v) SDS, 0.1 M sodium phosphate buffer
(pH 6.9). Controlled ultrasonication with a sonicator (Vibra Cell
72434, Bioblock, Illkirch, France) delivering ultrasonic vibrations at
20 kHz and equipped with a 3 mm diameter tip probe was per-
formed for 2 min without interruption (no overheating was
observed), prior to separation by size-exclusion HPLC using
a TSKgel G 4000 SW column (7.5 mm x 30 cm resolving column,
Sigma Cat. No. 805790 and a 7.5 mm x 7.5 cm guard column, Sigma
Cat. No. 805371). Further details are provided elsewhere (Dachke-
vitch and Autran, 1989; Millar, 2003; Morel et al., 2000).

2.4. SE-FPLC chromatography of SDS-soluble proteins

Size-exclusion FPLC was performed using a Superose 6 HR 10/30
column (GE Healthcare, UK) pre-equilibrated with 1% (w/v) SDS in
0.1 M sodium phosphate buffer (pH 7). Three replicates of aliquots
(0.1 ml) of SDS-soluble protein from flour and from PBs were loaded
on the column without prior sonication and fractionated using
a flow rate of 0.3 ml/min. Eluate fractions of 0.5 ml were collected
for SDS-PAGE analysis. The elution pattern was monitored at
280 nm.

2.5. SDS-PAGE gel electrophoresis

Fractions from SE-FPLC were analysed on a Multiphor II hori-
zontal SDS electrophoresis system using ExcelGel SDS gradient 8-
18 gels (GE Healthcare, UK). Proteins were precipitated using 10%
(w/v) trichloroacetic acid (TCA) and after washing with ice-cold
acetone, the air dried pellets were dissolved in sample buffer (2%
(w/v) SDS, 62.5 mM Tris-HCI pH 6.2, 10% (w/v) glycerol, 0.01 mg/ml
bromophenol blue) with and without 100 mM DTT as a reducing
agent. Proteins were visualized using silver staining (Rabilloud
et al., 1988). Protein body gel and fresh GMP fractions were also
analysed on an ExcelGel SDS gradient 8-18 (GE Healthcare, UK)
without prior precipitation.

2.6. Protein identification using nano-liquid
chromatography — mass spectrometry

The bands of interest were excised from the SDS-PAGE gel and
sliced into 1 mm? pieces. Gel pieces were processed essentially
according to Shevchenko et al. (1996). Tryptic digests were then
analysed by one-dimensional LC-MS using an Ettan™ MDLC system



872 TWJ.M. van Herpen et al. / Journal of Cereal Science 48 (2008) 870-877

(GE Healthcare, UK) in a high-throughput configuration directly
connected to a Q-TOF-2 mass spectrometer (Waters Corporation,
Manchester, UK). Samples (5 pl) were loaded on 5 mm x 300 um ID
Zorbax™ 300 SB C18 trap columns (Agilent Technologies, USA), and
the peptides were separated on a 15 cm x 100 pm ID Chromolith
CapRod monolithic C18 capillary column at a flow rate of approx-
imately 1 pl/min. Solvent A contained an aqueous 0.1% FA solution
and solvent B contained 84% ACN in 0.1% FA. The gradient consisted
of 5% B for 10 min, a linear gradient to 30% B over 40 min, a linear
gradient to 100% B over 10 min, and then a linear gradient back to
5% B over 5 min.

MS analyses were performed in positive mode using ESI with
a NanoLockSpray source. As lock mass, [Glu']fibrinopeptide B
(1 pmol/ul) (Sigma, USA) was delivered from a syringe pump
(Harvard Apparatus, USA) to the reference sprayer of the Nano-
LockSpray source at a flow rate of 1 pl/min. The lock mass channel
was sampled every 10 s. Data dependent acquisition (DDA) was
performed with the Q-TOF-2 operating in MS/MS mode. MS/MS
data collected during a LC-MS/MS run were submitted to database
search using the Protein Lynx Global Server V2.2.5 (Waters
Corporation, USA), taking fixed (carbamidomethyl) and variable
(oxidation of methionine) modifications into account. MS/MS
spectra that led to no identification in the NCBI non-redundant
protein database, were compared to translated wheat triticin EST
sequences obtained from the NCBI database.

2.7. Particle size distribution

Freshly prepared wet GMP from flour was dispersed in 1.5% (w/
v) SDS (10 ml) by rotating overnight. The PB-gel was also dispersed
in 1.5% (w/v) SDS (2 ml) by rotating overnight. Intact PBs were
dispersed in water and used directly. Particle size distributions
were measured using a Mastersizer 2000 (Malvern Instruments,
UK). The laser diffraction pattern obtained with the instrument can
be transformed into particle size distribution using the Fraunhofer
theory assuming a spherical particle shape. The range of the
instrument is 0.02-2000 um. Dispersions were transferred to the
suspension water in the sample vessel. The obscuration signal for
diffraction was approximately 10%. For each sample, three repli-
cates were performed. Data were exported to Excel to perform
calculations as described by Don et al. (2005a) and Wang et al.
(2005).

2.8. Confocal scanning laser microscopy (CLSM)

Freshly prepared wet GMP from flour was dispersed in 1.5% (w/
v) SDS (10 ml) by rotating overnight. Protein body gel was also
dispersed in 1.5% (w/v) SDS (2 ml). Intact PBs were dispersed in
water and used directly. Samples were stained for protein with FITC
(a fluorescent label, specific for proteins) and with Nile Red for
hydrophobic molecules. Free SH groups were stained with the
fluorescent marker Alexa Fluor 568 C5 maleimide (Invitrogen, USA,
Cat. No. A20341). In addition, the protein bodies were extracted
with a detergent (in this case 0.02% (w/v) SDS or 1% (v/v) Triton X-
100) after labelling with FITC and Alexa Fluor 568. Samples were
observed using a Leica TCS NT confocal laser scanning microscope
(model Leica DM IRBE). Two replicates of the different treatments
were analysed and gave similar results.

3. Results

Breadmaking quality relates to the capacity of GMP formation
which consists of spherical glutenin particles (Don et al., 2005). It
was further suggested that these glutenin particles originate from
PBs. We have tested this hypothesis by systematically comparing

the properties and compositions of PBs from developing grain and
GMP from flour.

GMP was isolated from mature wheat (cv Cadenza) flour using
detergent solution (1.5% (w/v) SDS) and ultracentrifugation while
PBs were isolated from immature (15 DAF) grains of the same
wheat variety and purified using Percoll density gradient centri-
fugation. Extraction of the protein body preparation with SDS fol-
lowed by centrifugation led to the formation of a gel which had
a similar appearance to the GMP gel isolated from mature wheat
(Fig.1). SDS emulsified the lipid membrane surrounding the protein
body but left discrete bodies. Wellner et al. (2005) performed
a similar experiment using chloroform/methanol to remove the
lipid membrane but in contrast, this resulted in the fusion of the
contents to form a cohesive, elastic protein mass.

3.1. SDS-soluble proteins in PB from developing grain and in flour
from mature grain

The ability to form a SDS-insoluble gel indicates the presence of
polymers in the PB and GMP samples. More information about
proteins in these preparations was obtained using SE-HPLC. This
method uses sonication to shear large polymers and render them
soluble. Consequently, although the profiles are reproducible and
relate to quality parameters, they do not represent the precise
molecular mass distributions of the unextracted polymers. The
three replicates of the same sample gave similar results. The
separation profiles obtained using the SDS-soluble proteins in PBs
from developing grain (Fig. 2A) and the SDS-soluble proteins in
flour from mature grain (Fig. 2B) were essentially similar. Five
fractions could be distinguished, which represent HMW glutenin
polymers (F1), LMW glutenin polymers (F2), gliadins (F3 and F4)
and albumins and globulins (F5), respectively. Apart from differ-
ences relating to the amount of protein applied to the column, the
profile obtained with the protein body sample is similar to the
mature wheat grain sample except that the proportion of the F4
fraction is lower for the protein body proteins. This indicates that
the PB sample contains relatively less monomeric gliadin proteins
and suggests that it is enriched in protein bodies derived from the
ER which are enriched in glutenins (Kim et al., 1988; Rubin et al.,
1992). In contrast, the GMP fraction from flour corresponds to the
matrix proteins which comprise both ER and vacuolar-derived PBs.

}— Gel

Fig. 1. The SDS-insoluble protein from protein bodies forms a gel-like pellet after
centrifugation.
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Fig. 2. HPLC profiles of SDS-soluble proteins prepared from protein bodies (A) and mature wheat grain (B). Five fractions can be distinguished. Fraction 1 (F1) eluting at
approximately 9 min was identified as HMW glutenin polymers, F2 eluting from 10 till 13 min was LMW glutenin polymers, F3 from 13 till 14 min and F4 from 14 till 18 min were
gliadins and F5 from 16 till 18 min was albumins and globulins. The fraction from protein bodies is characterized by a relatively low proportion of gliadin proteins (note: voltage

range (mV) is 3 times lower in protein body sample).

3.2. Composition of SDS-soluble polymeric and
SDS-insoluble gel fractions

The polymeric and oligomeric glutenin fractions (F1 and F2)
would be expected to contribute mainly to gel formation observed
in both PB and GMP. These fractions were therefore analysed in
more detail with respect to their protein composition. SE-FPLC was
used to prepare comparable fractions as obtained with SE-HPLC
(Fig. 2). Three replicates of the F1 and F2 fractions were analysed
with SDS-PAGE under reducing and non-reducing conditions. The
three replicates gave similar results. Under non-reducing condi-
tions a smear was visible in all lanes, whereby fractions eluting later
from the size-exclusion column showed the highest mobility in the
gel (Fig. 3A, 3C). The reduced fractions (Fig. 3B and D) show the
presence of both HMW glutenin subunits (between 150 and 75 kD)
and LMW glutenin subunits/gliadins. A typical difference between

4
]
[\V]

the protein patterns of the SDS-soluble preparations from mature
and immature grain is the presence in the latter of some low
molecular weight bands at approximately 20 kD. This agrees with
Wellner et al. (2005) who also observed comparable low molecular
weight bands in the PB preparations but not in the sample prepared
from wheat flour.

To compare the proteins present in the SDS-insoluble gel frac-
tions from mature and immature grain, SDS-insoluble gel was
boiled in SDS sample buffer in the presence and absence of the
reducing agent, DTT. Under non-reducing conditions the solubilised
polymers were not able to enter the gel except for a small fraction
of the gel from immature grain, indicating that at least some of the
polymeric components in immature grain were smaller than those
in mature grain. However, the two SDS-insoluble fractions show
similar patterns of subunits to the SDS-soluble polymers after
reduction. It is of interest that the protein band of approximately
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Fig. 3. SDS-PAGE of SDS-soluble and SDS-insoluble protein fractions from wheat. The SDS-soluble fractions collected after SE-FPLC fractionation were analysed on 8-18% gradient
gels under non-reducing (A, C) and reducing (B, D) conditions. Under non-reducing conditions the protein complexes showed a gradual decrease in molecular mass when eluting
later from the size-exclusion column. Under reducing conditions the different subunits of the polymers could be visualized, showing the presence of triticin in all fractions obtained
from immature wheat (the lower arrow in B). The higher arrows indicate the HMW glutenin subunits. (A) SDS-soluble FPLC fractions from immature wheat under unreduced
conditions and (B) reduced conditions. (C) SDS-soluble FPLC fractions from mature wheat under unreduced conditions and (D) reduced conditions. (E) SDS-insoluble proteins from
immature wheat under unreduced and reduced conditions. (F) SDS-insoluble protein from mature wheat under unreduced and reduced conditions. Note: This figure contains
different gels from different experiments which were electronically combined in one figure.
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20kD was not observed in the gel fractions from either the
immature (Fig. 3E) or the mature (Fig. 3F) samples.

3.3. Identification of triticin in the SDS-soluble
fraction of PBs of immature wheat

Three protein bands at an estimated molecular mass of 20 kD in
the SDS-PAGE gel (indicated by an arrow in Fig. 3B) were cut out of
the gel and, after tryptic digestion, analysed by LC-MS/MS. All three
bands were identified as the small basic subunit of triticin, yielding
between 8 and 11 peptides that could be assigned to the EST
sequence CJ634623 (Fig. 4). In addition to pure tryptic peptides
(tryptic recognition at K/R-X, with X is not P), two half tryptic
peptides were detected due to aspecific cleavage, i.e. VHLYQ-
NAIISPLWNINAH ... and ... VIANAYGISR. Furthermore, apart from
the N-terminal peptide GLEENFCDHK, a truncated form was
observed missing the first two amino acids G and L. As no clear
differences in peptide composition of the tryptic digests of the
three individual bands were found, the reason for the differences in
mobility on SDS-PAGE could not be explained by differences in
amino acid sequence. Overall we found a sequence coverage of 67%
(131 out of 195 amino acids) of the predicted EST protein sequence
(Fig. 4).

3.4. Morphological appearance of the PBs and the effect of SDS

The PB preparations were analysed by CLSM microscopy, using
specific fluorescent labels for protein, hydrophobic groups and free
sulfhydryl groups. In addition, the labelled PBs were extracted with
a detergent to observe effects on protein solubility and free SH
groups under conditions similar to those used for GMP extraction.
Each treatment was performed twice and similar results were
obtained.

Double staining to show protein and protein hydrophobic
groups (Fig. 5A) revealed filled spheres with a size around 10 pm.
The protein spheres were accompanied by inclusion bodies which
stained with Nile Red indicating hydrophobic properties. Double
staining for protein and free SH groups (Fig. 5D) showed the
presence of free SH groups throughout the protein body.
The hydrophobic inclusion bodies were rapidly dissolved when the
preparations were treated with SDS, either by passive diffusion
(Fig. 5B) or with shaking to form an emulsion (Fig. 5C). This
occurred within a few seconds and could be observed in real time
under the CLSM microscope (supplementary data). After staining
for protein and hydrophobic groups, SDS was added and the
samples were shaken (inputting energy), resulting in dispersion
(Fig. 5C). Similar results were obtained when Triton X-100 was used
instead of SDS, and indicates that the PBs observed in Fig. 5B are
stabilised mainly by non-covalent interactions. The same procedure
was applied to PBs which were stained for free SH groups before
adding SDS and shaking (Fig. 5E). In this case particles that were
stable in a SDS solution were observed, and these appeared to
consist of aggregates of several individual PBs.

GLEENFCDHE~/LSVNIDDPSR/ADIYNPR/AGTITR/LNSQTF
PILNIVQMSATR/VHLYQNAIISPLWNINAHSVMYMI QGHIWY
OVVNDHGR/NVFNDLLSPGQLLIIPQNYVVLE-/K/AQR/DGSK
/YIEFK/TNANSMVSHIAGK/NSILGALPVDVIANAYGISR/T
EAR-SLE/FSR/EEELGVFAPK/FSQSIFR-/SFPNGEEESS

Fig. 4. Tryptic peptides of wheat triticin identified by LC-MS/MS. After tryptic diges-
tion of the 20 kDa protein bands indicated in Fig. 3, the resulting peptides were
fractionated by nano-LC and on-line sequenced by Q-TOF MS/MS. The amino acid
sequences given in bold were observed in the tryptic digests, and covered 67% of the
predicted protein sequence of the wheat EST, (J634623.

3.5. Size distribution of the PBs and GMP particles

The particle size distribution of the protein bodies observed by
CLSM was determined using laser diffraction with three replicates
for each treatment (Fig. 6). This showed that the weighted mean
diameter (D) [4,3] of the untreated preparations was 11.7 + 2.0 pm,
while the value for the insoluble fraction isolated from protein
bodies (Protein body gel) was 12.3 + 0.2 um. In contrast, the particle
size of GMP from mature seeds was consistently larger with
avolume weighted mean of 76.5 & 2.2 um. This size difference with
GMP from mature seeds being larger than PB and PB-gel from
immature wheat is in agreement with the results described in
Section 3.4 and shown in Fig. 3E and F. The particle size distribu-
tions of the PB and PB-gel preparations show almost perfect
Gaussian distributions while the GMP preparation from mature
seeds shows the presence of fractions of smaller sizes than the main
peak. If all of the particles are considered as spheres (as suggested
by the CLSM analysis), the average volume of a protein body can be
calculated as 0.839 x 10~° ml, of a glutenin particle from PBs as
0.972 x 10~° ml and of a glutenin particle from mature endosperm
as 0.234 x 10~® ml. Thus, the average volumes of glutenin particles
from immature wheat and dry wheat grain differ by a factor of 241.

4. Discussion

Differences in breadmaking quality parallel differences in the
GMP fraction, which consists of spherical glutenin particles whose
size correlates with a key functional parameter: dough mixing
properties (Don et al., 2005). It has also been suggested that there is
a developmental relationship between the protein bodies depos-
ited in developing grain and the GMP particles prepared from
mature grain (Don et al., 2003). Such a relationship may also offer
an explanation for the established effects of environmental and
genetic factors on GMP properties and processing quality (Don
et al., 2005).

A systematic comparison between PBs isolated from immature
wheat seeds and GMP isolated from mature seeds revealed strong
similarities in protein composition including the presence of large
glutenin oligomers. Both preparations also gave an SDS-insoluble
gel protein fraction. However, the proportion of protein that was
insoluble in SDS was much greater in the GMP than in the PBs, as
shown previously by Carceller and Aussenac (1999, 2001). There
were also large (more than 200-fold) differences in the sizes of the
particles present in the SDS-insoluble protein from mature wheat
as compared to immature wheat despite the fact that their subunit
compositions were similar as demonstrated by SDS-PAGE after
reduction. These results indicate that the SDS-insoluble networks
in immature and in mature wheat kernels consist of the same
subunits, but that they differ in their degree of polymerisation. The
SDS-soluble glutenin polymers (F1 and F2), from immature and
mature wheat also had similar subunit compositions to the SDS-
insoluble fractions, except that triticin was present in a polymeric
state in the SDS-soluble polymers of immature wheat, but not in
the SDS-insoluble fractions of mature or immature grains.

4.1. Triticin

Triticin is related to the 11S storage globulins present in many
seeds and has been suggested to affect the breadmaking properties
of wheat (Sievert et al., 1991; Singh et al., 1993). Two subunits of
triticin, the larger acidic subunit and the smaller basic subunit, are
coded by a single gene and are produced by post-transcriptional
cleavage of a single protriticin (Singh et al., 1993). Singh and
Shepherd (1985) showed that triticin forms tetrameric oligomers
that consist of two acidic subunits of 52 and 58 kDa, and two basic
subunits of 22 and 23 kDa as observed after reduction of the
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Fig. 5. CSLM images of protein body preparations after different treatments. (A) Double stained (FITC and Nile Red) protein bodies; protein is grey, hydrophobic areas are white. (B)
Double stained (FITC and Nile Red) protein bodies after treating with SDS by diffusion; protein is grey, hydrophobic areas are white. (C) Double stained protein bodies (FITC and Nile
Red) after adding SDS and input of energy (shaking), protein is grey, hydrophobic areas are white. (D) Protein bodies stained with Alexa Fluor (which binds to free SH groups) and
FITC, protein is grey while the white areas are stained with Alexa Fluor. (E) Protein bodies pre-stained with Alexa Fluor and FITC and addition of SDS and input of energy (shaking).

disulphide bonds. Triticin has free SH groups in its structure which
allow it to polymerise (Singh et al., 1991), however the basic
subunit contains only one cysteine residue. We identified three
bands of approximately 20 kDa as the basic subunit of triticin.
These bands were found in the SDS-soluble protein fractions. The
absence of the 20 kDa bands in the SDS-insoluble fractions suggests
a function of triticin in the degree of solubilization/polymerization.
In the SDS-soluble fraction of mature wheat, only a faint band was
visible at the expected mass of the basic triticin subunit. This
corresponds to the results of Singh and Shepherd (1987) who
showed that triticin protein accumulation occurs mainly between
10 and 21 DAF with no significant increase in accumulation beyond
21 DAF. In our analysis the basic subunit and not the acidic subunit
of triticin was identified. One reason for this is that the 20 kDa basic
subunit was well separated from the other proteins in the gel, while
in the mass range where we can expect the acidic subunit (around
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Fig. 6. Volume percentage distributions of protein bodies and gel protein fractions.
Intact protein bodies are shown as squares, SDS-insoluble gel protein from isolated
protein bodies as circles and SDS-insoluble gel protein isolated from mature wheat as
triangles (n = 3 =+ s.d.). The gel protein from mature wheat is clearly much larger
compared to the gel protein isolated from protein bodies.

55 kDa), several other proteins were present. It is possible that the
triticin observed in the present study was either covalently bound
to the SDS-soluble gluten polymers or was itself present in a range
of polymeric forms. However, it was clearly not present in the SDS-
insoluble gel fraction. This is in agreement with the results
obtained by CLSM (Fig. 5B), as Bechtel et al. (1991) showed that
triticin was present in inclusion bodies which were similar in
appearance to those that were dissolved by treatment with SDS in
the present study.

4.2. Particle size

It has been shown that GMP isolated from mature flour consists
of spherical glutenin particles (Don et al., 2003). Despite the simi-
larity in the subunit compositions of the PB and GMP fractions, the
particles present in the GMP fraction from mature wheat were
significantly larger (241-fold) than those in the SDS-insoluble
fraction from PBs (average diameter of 76 2 um compared with
12.3+£0.2 pm). Furthermore, the mean volume of the particles
present in the SDS-insoluble fraction from PBs (0.972 x 1072 ml) is
similar to that of the protein bodies themselves (0.839 x 10~° ml):
the fact that the PBs are 14% smaller may be explained by swelling
of the protein in the presence of SDS.

The average volume of the inner starchy endosperm cells is
0.994 x 107® ml per cell whereas the average volume of the
peripheral (subaleurone) cells is 0.217 x 10~% ml per cell (Evers,
1970; Kent and Jones, 1952). All wheat endosperm cells also contain
approximately the same weight of protein (Evers, 1970) with the
differences in volume relating to variation in starch content. In
particular, the subaleurone cells are densely packed with protein
compared with the central cells which contain mainly starch. If we
assume that a glutenin particle with an average diameter of
76.49 um is a perfect sphere then it would have an average volume
of 0.234 x 10~% ml, which is equivalent to the average volume of
a subaleurone cell at the end of the desiccation phase. In addition,
the SDS-insoluble GMP fraction of mature wheat also contains
fractions of smaller sizes than the main peak. Hence, it is possible
that some of the GMP particles correspond to the matrix proteins
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present in single subaleurone cells and others to smaller deposits in
the central endosperm cells.

4.3. From protein body to glutenin particle

It has been suggested that a glutenin particle could result from
the swelling of a single protein body (Don, 2005b). The results
presented in this paper show that a 241-fold increase in volume
would be required, which is in agreement with the calculations of
Don (2005b). Furthermore, we observed that PBs from immature
wheat can form a physical gel in SDS solution which also consists of
particles of similar size (with only a 14% increase in volume) to the
original protein body. This suggests a different mechanism for
the formation of GMP than simple swelling of a protein body, with
the GMP particles originating from the fused protein body matrix
present in mature cells rather than individual PBs in developing
cells.

Although the accumulation of polymeric protein is a continuous
process starting as early as 7 days after flowering (DAF), a close
correlation was found between the accumulation of the GMP and
the rapid loss of water, which occurs during the late stages of grain
development (Carceller and Aussenac, 1999, 2001). During this
stage the percentage of SDS-insoluble polymers as a proportion of
total polymers can increase from 10% to 50%, whereas the synthesis
of protein had already stopped at the end of the kernel ripening
(Carceller and Aussenac, 1999). The fusion of ER-derived PBs with
protein storage vacuoles has already occurred before the desicca-
tion phase and it is possible to observe ER-derived PBs inside the
vacuole and surrounded by one or two membranes in addition to
the vacuolar membrane (Galili, 1997). Therefore, the absorption of
PBs into protein storage vacuoles alone cannot explain the rapid
increase in SDS-insoluble protein during the desiccation phase and
a second mechanism must operate during the desiccation phase.
Carceller and Aussenac (2001) showed that premature desiccation
of the grain induces SDS-insoluble polymer formation while Rhazi
et al. (2003) suggested that glutathione may play a role in
controlling the degree of polymerisation.

Another mechanism which may be relevant to the formation of
GMP is the loss of membrane integrity due to programmed cell
death at the end of seed development. Young and Gallie (1999)
demonstrated the loss of membrane integrity using Evans Blue
staining of wheat endosperm cells during seed development, which
increased from 20 DAF until the entire endosperm was stained at 30
DAF. The loss of membrane integrity therefore could be associated
with the desiccation phase and the formation of GMP which could
make the free SH groups present in the protein bodies and protein
storage vacuoles accessible for aggregation and cross linking.

Our results therefore support the proposed relationship
between PBs and glutenin particles, but suggest that further
aggregation of individual PBs is required to generate the large
particles observed in GMP.
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