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ABSTRACT

Gliadins and glutenins, the major storage proteins of wheat
endosperm (Triticum durum, Desf. cv Monroe), were reduced in
vitro by the NADP/thioredoxin system (NADPH, NADP-thioredoxin
reductase and thioredoxin; in plants, the h type) from either the
same source or the bacterium Escherichia coli. A more limited
reduction of certain members of these protein groups was achieved
with the reduced form of glutathione or glutaredoxin, a protein
known to replace thioredoxin in certain bacterial and mammalian
enzyme systems but not known to occur in higher plants. Endo-
sperm extracts contained the enzymes necessary to reduce NADP
by the oxidative pentose phosphate pathway (hexokinase, glucose-
6-phosphate dehydrogenase, 6-phosphogluconate dehydrogen-
ase). The gliadins and glutenins were also reduced in vivo during
germination—an event that accompanied their proteolytic break-
down. The results suggest that thioredoxin, reduced by NADPH
generated via the oxidative pentose phosphate pathway, functions
as a signal in germination to enhance metabolic processes such as
the mobilization of storage proteins and, as found earlier, the
activation of enzymes.

Thioredoxin is known to be involved in two types of
enzyme systems in plants. Chloroplasts contain an Fd/thio-
redoxin system comprised of Fd, Fd-thioredoxin reductase,
and thioredoxins f and m that links light to the regulation of
enzymes of photosynthesis (4, 23). The other system is anal-
ogous to the one established for animals and most microor-
ganisms, in which thioredoxin (h type) is reduced by NADPH
and the enzyme, NTR* (Eq. 1) (8, 11, 29). Current evidence
suggests that the NADP/thioredoxin system is widely distrib-
uted in plant tissues and is housed in the mitochondria, ER,
and cytosol (2, 18).

NTR

NADPH + H* + Thioredoxin h,, —

+ Thioredoxin h,eq (1)
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The seed is the only tissue for which the NADP/thiore-
doxin system has been ascribed physiological activity in
plants. Thioredoxin h reduces members of several different
soluble seed proteins—thionins, a-amylase, and trypsin in-
hibitors (11, 14)—and also reductively activates an enzyme
of carbohydrate metabolism (PPi fructose-6-P, 1-phospho-
transferase, or PFP) (13). The results (14) suggest that the
inhibitor proteins, long known to be active in bioprotection,
may function within the seed to link thioredoxin to the
regulation of yet-to-be identified target enzymes (cf. 9, 16,
21).

The question arises as to whether thioredoxin can reduce
other types of seed proteins. Quantitatively, the most impor-
tant group is comprised of storage proteins, which account
for up to 80% of the total protein of the seed (12, 20). In the
case of plants such as cereals, these proteins are insoluble in
aqueous solutions and are chemically inert until they are
reduced. It is not known how these proteins are mobilized
during germination, and a physiological agent capable of
their reduction has not been described.

To help fill this gap, we have undertaken a study with
wheat, a cereal with well-characterized seed proteins. We
now report that representatives of the major wheat (Triticum
durum) storage proteins—the gliadins and glutenins—are
specifically reduced by thioredoxin. The results provide evi-
dence that the NADP/thioredoxin system functions in the
reduction of the principal seed proteins, thereby increasing
their proteolytic susceptibility and making amino acids (nitro-
gen and sulfur) available during germination. Taken together
with our recent work (14), the new findings suggest that
thioredoxin functions as a signal to enhance metabolic proc-
esses associated with seed germination. A preliminary ac-
count of this work has been published (31).

MATERIALS AND METHODS
Plant Material
Seeds and semolina of durum wheat (Triticum durum, Desf.
cv Monroe) were kind gifts of Dr. K. Kahn.

Germination of Wheat Seeds

Twenty to thirty seeds were placed in a plastic Petri dish
on three layers of Whatman No. 1 filter paper moistened
with 5 mL of deionized water. Germination was carried out
for up to 4 d at room temperature in a dark chamber.
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Reagents/Fine Chemicals

Biochemicals and lyophilized coupling enzymes were ob-
tained from Sigma. Escherichia coli thioredoxin and NTR were
purchased from American Diagnostica, Inc. (Greenwich, CT).
Wheat thioredoxin & and NTR were isolated from wheat
germ, following the procedures developed for spinach leaves
(8). E. coli glutaredoxin was a kind gift of Professor A.
Holmgren. Reagents for SDS-PAGE were purchased from
Bio-Rad. mBBr (Thiolite) was obtained from Calbiochem.
Aluminum lactate and methyl green were products of Fluka
Chemicals (Buchs, Switzerland).

Gliadins and Glutenins

For isolation of insoluble storage proteins, semolina (0.2 g)
was extracted sequentially with 1 mL of the following solu-
tions for the indicated times at 25°C: 50 mm Tris-HCl, pH
7.5 (20 min); 70% ethanol (2 h); and 0.1 M acetic acid (2 h)
(20). During extraction, samples were placed on an electrical
rotator and, in addition, occasionally agitated with a vortex
mixer. After extraction with each solvent, samples were cen-
trifuged (12,000 rpm for 5 min) in an Eppendorf microfuge,
and supernatant fractions were saved for analysis. In between
each extraction, pellets were washed with 1 mL of water and
collected by centrifugation as before, and the supernatant
wash fractions were discarded. By convention, the fractions
are designated albumin/globulin, gliadin, and glutenin.

In Vitro mBBr Labeling of Proteins

Reactions were carried out in 100 mM Tris-HCl buffer, pH
7.9. As indicated, 0.7 ug of NTR and 1 ug of thioredoxin
(both from E. coli unless specified otherwise) were added to
70 uL of this buffer containing 1 mmM NADPH and 30 ug of
target protein (final volume, 100 uL). When thioredoxin was
reduced by DTT, NADPH and NTR were omitted and DTT
was added to 0.5 mm. Assays with reduced glutathione were
performed similarly but at a final concentration of 1 mm.
After incubation for 20 min, 100 nmol of mBBr was added,
and the reaction was continued for another 15 min. To stop
the reaction and derivatize excess mBBr, 10 uL of 10% SDS
and 10 uL of 100 mM B-mercaptoethanol were added, and
the samples were then applied to the gels. For reduction by
glutaredoxin, the thioredoxin and NTR were replaced by 1
ug of E. coli glutaredoxin, 1.4 ug of glutathione reductase
(purified from spinach leaves), and 1.5 mm NADPH.

In Vivo mBBr Labeling of Proteins

At the indicated times, the dry seeds or germinating seed-
lings (selected on the basis of similar radicle length) were
removed from the Petri dish, and their embryos or germi-
nated axes were removed. Five endosperms from each lot
were weighed and then ground in liquid N, with a mortar
and pestle. One milliliter of 2.0 mm mBBr in 100 mm Tris-
HCI, pH 7.9, buffer was added just as the last trace of liquid
N, disappeared. The thawed mixture was then ground for 1
min and transferred to a microfuge tube. The volume of the
suspension was adjusted to 1 mL with the appropriate mBBr
or buffer solution. Protein fractions of albumin/globulin,
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gliadin, and glutenin from endosperm of germinated seed-
lings were extracted as described above. The extracted protein
fractions were stored at —20°C until use. A buffer control
was included for each time point.

SDS-PAGE

SDS-PAGE of the mBBr-derivatized samples was per-
formed in 15% gels at pH 8.5 as described by Laemmli (15).
Gels of 1.5 mm thickness were developed for 16 h at a
constant current of 9 mA.

Native Gel Electrophoresis

To resolve the different types of gliadins, native PAGE was
performed in 6% gels of 3 mm thickness (a procedure de-
signed to separate gliadins into the four types) as described
by Bushuk and Zillman (5) and modified for vertical slab gels
by Sapirstein and Bushuk (22). A gel solution in a final
volume of 100 mL contained 6.0 g of acrylamide, 0.3 g of
bisacrylamide, 0.024 g of ascorbic acid, 0.2 mg of ferrous
sulfate heptahydrate, and 0.25 g of aluminum lactate. The
pH was adjusted to 3.1 with lactic acid. The gel solution was
degassed for 2 h on ice, and then 0.5 mL of 3% hydrogen
peroxide was added as a polymerization catalyst. The running
buffer, also adjusted to pH 3.1 with lactic acid, contained 0.5
g of aluminum lactate/L. Duration of electrophoresis was
approximately 4 h, with a constant current of 50 mA. Elec-
trophoresis was terminated when the solvent front, marked
with methyl green tracking dye, migrated to about 1 cm from
the end of the gel.

mBBr Removal/Fluorescence Photography

Following electrophoresis, gels were placed in 12% (w/v)
TCA and soaked for 4 to 6 h with one change of solution to
fix the proteins; gels were then transferred to a solution of
40% methanol/10% acetic acid for 8 to 10 h to remove excess
mBBr. The fluorescence of mBBr, both free and protein
bound, was visualized by placing gels on a light box fitted
with a UV light source (365 nm). After excess (free) mBBr
was removed, gels were photographed with Polaroid Posi-
tive/Negative Landfilm, type 55, through a yellow Wratten
gelatin filter No. 8 (cutoff = 460 nm) with an exposure time
of 25 to 60 s at £4.5 (6).

Protein Staining/Destaining/Photography

SDS gels were stained with Coomassie brilliant blue R-250
in 40% methanol/10% acetic acid for 1 to 2 h and destained
overnight as described before (6). Aluminum lactate native
gels were stained overnight in a filtered solution containing
0.1 g of Coomassie brilliant blue R-250 (dissolved in 10 mL
of 95% ethanol) in 240 mL of 12% TCA. Gels were destained
overnight in 12% TCA (5, 22).

Protein-stained gels were photographed with Polaroid type
55 film to produce prints and negatives. Prints were used to
determine band migration distances and loading efficiency.
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Scanning of Gels

The Polaroid negatives of fluorescent gels and prints of
wet protein-stained gels were scanned with a laser densitom-
eter (Pharmacia-LKB UltroScan XL). Fluorescence was quan-
tified by evaluating peak areas after integration with GelScan
XL software.

Enzyme Assays

The following activities were determined in crude extracts
with previously described methods: hexokinase (1), glucose
6-phosphate dehydrogenase (25), 6-phosphogluconate de-
hydrogenase (25), glutathione reductase (8), NTR (8), and
thioredoxin & (8).

Protein Determination

Protein concentrations were determined by the Bradford
method (3), with Bio-Rad reagent and BSA as a standard.

Subunit Molecular Mass Determination

The subunit molecular mass of gliadins and glutenins was
estimated on SDS-PAGE gels by using two sets of molecular
mass standards. The first set consisted of BSA (66 kD),
ovalbumin (45 kD), Kunitz soybean trypsin inhibitor (20.1
kD), myoglobin (17 kD), Cyt ¢ (12.4 kD), and aprotinin (6.5
kD). The other set was the Bio-Rad prestained low SDS-
PAGE standards: phosphorylase b (110 kD), BSA (84 kD),
ovalbumin (47 kD), carbonic anhydrase (33 kD), Kunitz soy-
bean trypsin inhibitor (24 kD), and lysozyme (16 kD).

RESULTS

As aresult of the pioneering contributions of Osborne and
Voorhees (20) a century ago, seed proteins can be fractionated
on the basis of their solubility in aqueous and organic sol-
vents. In the case of wheat, preparations of endosperm (flour
or semolina) are historically sequentially extracted with four
solutions to yield the indicated protein fraction: (a) water,
albumins; (b) salt water, globulins; (c) ethanol/water, glia-
dins; and (d) acetic acid/water, glutenins. A wide body of
evidence has shown that different proteins with specific
characteristics are enriched in each fraction. For example, the
albumin and globulin fractions contain numerous enzymes,
and the gliadin and glutenin fractions are enriched in the
storage proteins required for germination. It is generally
considered that gliadins are monomeric proteins, whereas
glutenins are polymeric (12, 26).

Our laboratory has previously shown that a number of
water-soluble seed proteins (albumins/globulins) are reduced
by the NADP/thioredoxin system, derived from either the
seed itself or E. coli (11, 14). The ability of the system to
reduce insoluble storage proteins from wheat seeds, viz.,
representatives of the gliadin and glutenin fractions, is de-
scribed below.

Reduction of Gliadins

Based on its reactivity with mBBr, the gliadin fraction was
extensively reduced by thioredoxin (Fig. 1). The major mem-

bers undergoing reduction showed a molecular mass ranging
from 30 to 50 kD. As seen previously with the seed a-
amylase and trypsin inhibitor (14) proteins, the gliadins were
reduced by either native h- or E. coli-type thioredoxin (both
homogeneous); NADPH (and NTR) or DTT could serve as
the reductant for thioredoxin. Much less extensive reduction
was observed with glutathione and glutaredoxin—a protein
able to replace thioredoxin in certain E. coli and mammalian
enzyme systems but not known to occur in higher plants.

The gliadin fraction is made up of four different protein
types, designated a, 8, v, and w, according to their mobility
when separated by native PAGE under acidic conditions (5,
12, 22, 30). Except for the w-gliadins, each species contains
cystine (5-S) groups and thus has the potential for reduction
by thioredoxin.

When the thioredoxin-reduced gliadin fraction was sub-
jected to native gel electrophoresis, the proteins found to be
most specifically reduced by thioredoxin were recovered in
the a fraction (Fig. 2). There was active reduction of the 8-
and vy-gliadins, but, as evident from the densitometer results
summarized in Table I, the reduction within these groups
was nonspecific, i.e. relatively high levels of reduction were
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Figure 1. Thioredoxin-linked reduction of gliadins determined by
an SDS-PAGE/mBBr procedure. Following incubation with the in-
dicated additions, the gliadin proteins were derivatized with mBBr,
and fluorescence was visualized after SDS-PAGE. The ratio of
fluorescence to protein (Coomassie blue) of the gliadin fraction,
determined by scanning the fluorescence negative and the protein
print, is indicated in brackets after each treatment. Lane 1, Control:
no addition [1.1]; lane 2, GSH/GR/NADPH: GSH, glutathione re-
ductase (from spinach leaves), and NADPH [1.2]; lane 3, NGS:
NADPH, GSH, glutathione reductase (from spinach leaves), and
glutaredoxin (from E. coli) [1.6]; lane 4, NTS: NADPH, NTR, and
thioredoxin (both proteins from E. coli) [3.9]; lane 5, MET/T(Ec): 8-
mercaptoethanol and thioredoxin (E. coli) [1.8]; lane 6, DTT [2.5];
lane 7, DTT/T(Ec): DTT and thioredoxin (E. coli) [3.0]; lane 8, DTT/
T(W): same as lane 7 except with wheat thioredoxin h [3.6]; lane
9, NGS,—GCliadin: same as lane 3 except without the gliadin protein
fraction [0]; lane 10, NTS,—Gliadin: same as lane 4 except without
the gliadin protein fraction [0].
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Figure 2. Thioredoxin-linked reduction of the different types of
gliadins determined by an acid PAGE/mBBr procedure. Following
incubation with the indicated additions, proteins were derivatized
with mBBr, and fluorescence was visualized after acidic PAGE. Lane
1, Control: no addition; lane 2, GSH; lane 3, GSH/GR/NADPH:
GSH, glutathione reductase (from spinach leaves), and NADPH;
lane 4, NGS: NADPH, GSH, glutathione reductase (from spinach
leaves), and glutaredoxin (from E. coli); lane 5, NGS+NTS: combi-
nation of lanes 4 and 6; lane 6, NTS: NADPH, NTR, and thioredoxin
(both proteins from E. coli); lane 7, MET/T(Ec): 8-mercaptoethanol
and thioredoxin (E. coli); lane 8, DTT/T(Ec): DTT and thioredoxin
(E. coli); lane 9, NTS(—T): same as lane 6 except without thioredoxin;
lane 10, NGS+NTS,~Gliadin: same as lane 5 except without the
gliadin fraction.

also achieved with glutathione and glutaredoxin. There was
especially strong reduction of the y-gliadins by DTT-reduced
thioredoxin (Fig. 2). As anticipated, there was no reduction
of the w-gliadins.

Reduction of Glutenins

The remaining group of seed proteins to be tested for a
response to thioredoxin—the glutenins—although the least
soluble, are perhaps of greatest interest because of their
importance for the technological quality of flour and semolina
17).

Table I. Reductant Specificity of the Different Types of Gliadins

The area under «, 8, and v fluorescence peaks following reduc-
tion by the NADP/thioredoxin system were 1.2, 4.8, and 2.2 ab-
sorbance units times millimeters, respectively. These combined
areas were about 65% of those observed when thioredoxin was
reduced by DTT. Reaction conditions were as described in Figure
2.
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Fluorescence Protein

Figure 3. Thioredoxin-linked reduction of acid-soluble glutenins
determined by an SDS-PAGE/mBBr procedure. Treatments and
abbreviations were the same as in Figure 1. The ratios of fluores-
cence to protein (Coomassie blue) of the glutenin fraction, deter-
mined by scanning the fluorescence negative and protein print, are
as follows. Lane 1, 0.5; lane 2, 0.6; lane 3, 0.8; lane 4, 1.4; lane 5,
0.8; lane 6, 1.0; lane 7, 1.4;. lane 8, 1.2; lane 9, 0; lane 10, 0.

As shown in Figure 3, glutenins were reduced by thiore-
doxin. The most extensive reduction was observed in the low
molecular mass range (30-55 kD). The reduction observed in
the higher molecular mass range was less pronounced but
still obvious, especially in the high molecular mass, 100 kD,
region and above. Like the gliadins, certain of the glutenins
were appreciably reduced by glutathione and glutaredoxin.
However, in all cases, reduction was greater with thioredoxin
and, in some cases, specific to thioredoxin (Table II, note
proteins in the 30- to 40- and 60- to 110-kD range). As
observed with the other wheat proteins tested, both the
native h and E. coli thioredoxins were active and could be
reduced with either NADPH and the corresponding NTR or
with DTT. Thus, as found for the gliadins, glutenins were
reduced in vitro by thioredoxin; some of them were reduced
specifically, whereas others were reduced, albeit less effec-
tively, by glutathione and glutaredoxin.

In Vivo Reduction Experiments

The above findings demonstrate that thioredoxin specifi-
cally reduces components of the wheat gliadin and glutenin

Table 11. Reductant Specificity of Glutenins

Reaction conditions were the same as described in Figure 3. Area
under the fluorescence peaks of the three molecular mass classes
(from high to low) following reduction by the NADP/thioredoxin
system were 0.2, 4.2, and 3.6 absorbance units times millimeters,
respectively.

Gliadin Glutenin
Reductant Reductant
a B8 ¥ 60-110 kD 40-60 kD 30-40 kD
% relative reduction % relative reduction
None 17 35 27 None 12 32 24
Glutathione 12 58 36 Glutathione 28 55 27
Glutaredoxin 1 83 64 Glutaredoxin 46 72 36
Thioredoxin 100 100 100 Thioredoxin 100 100 100
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Figure 4. In vivo reduction status of seed protein fractions during germination.

fractions when tested in vitro. The results, however, provide
no indication as to whether these proteins are reduced in vivo
during germination—a question that, to our knowledge, has
not been previously addressed (cf. 27).

To answer this question, we applied the mBBr/SDS-PAGE
technique to monitor the reduction status of proteins in the
germinating seed. We observed that reduction of components
in the Osborne fractions increased progressively with time
and reached a peak after 2 to 3 d germination (Fig. 4). The
observed increase in reduction ranged from twofold with the
gliadins to threefold with the albumin/globulins and fivefold
with the glutenins. The net redox change was most apparent
in the gliadins and glutenins found to undergo maximal
reduction by thioredoxin, i.e. the 30- to 50-kD gliadins and
30- to 60-kD glutenins (cf. Figs. 1 and 3). The redox changes
taking place in these fractions during germination are shown
in Figure 5.

Enzyme Measurements

One question not answered by the above results is the
source of NADPH needed for the NTR-linked reduction of
thioredoxin h. To gain information concerning this point, we
analyzed semolina for enzymes that function in the genera-
tion of NADPH, notably dehydrogenases of the oxidative
phosphate pathway. The results summarized in Table III
confirm earlier evidence (30) that endosperm extracts contain
the enzymes needed to generate NADPH from glucose via
this pathway: hexokinase, glucose 6-phosphate dehydrogen-
ase, and 6-phosphogluconate dehydrogenase. The glucose 6-
phosphate dehydrogenase activity (Table III) was insensitive
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Figure 5. Reduction of principal thioredoxin-linked gliadins and
glutenins during germination. Principal thioredoxin-linked gliadins
were those in the molecular mass range from 30 to 50 kD (see Fig.
1) and glutenins were those in the molecular mass range from 30
to 60 kD (see Fig. 3).
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Table 11l. Activities of Enzymes Effecting the Reduction of
Thioredoxin h in Semolina (Glucose — Glu-6-P — 6-Gluconate —
NADP — Thioredoxin h)

Protein Activity
nkat/mg protein
Hexokinase 0.28
Glucose-6-P dehydrogenase 0.45
6-P-Gluconate dehydrogenase 0.39
NTR 0.06
Thioredoxin h 0.35

to reduced thioredoxin (data not shown). In this respect the
endosperm enzyme resembles its cytosolic (7) rather than its
chloroplast (4, 24) counterpart from leaves (7).

As anticipated from earlier results with flour (10, 29),
semolina also contained thioredoxin & and NTR (Table III).
Based on activity measurements, NTR appeared to be a
rate-limiting component in preparations from the cultivar
examined.

CONCLUDING REMARKS

The present results provide evidence that thioredoxin h
functions as a signal to enhance metabolic processes associ-
ated with the germination of wheat seeds. Following reduc-
tion by NTR and NADPH (generated via the oxidative pen-
tose phosphate pathway), thioredoxin h appears to function
not only in the previously recognized activation of enzymes
but also in the mobilization of storage proteins. It remains to
be seen how thioredoxin relates to other germination signals,
such as hormones, and to the mobilization of storage proteins
of structurally different types of seeds, e.g. those of dicots (cf.
27). Related questions of interest include the relation of the
NADP/thioredoxin system to the breaking of dormancy (19)
and to changes in protein sulfhydryl status that take place
during storage (28). In an independent line of research,
thioredoxin may be useful as a technological tool for eluci-
dating properties of the protein network forming dough.
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