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High molecular weight glutenin subunits (HMW-GS) were isolatedKIO3; < H,O,. However, none of the oxidation cations allowed for a
from wheat flour and polymerized in vitro at pH 3.0 with different complete polymerization of HMW-GS. Interestingly, it was found that
oxidizing agents (KBr@ KlO3, H,O,). An oxidation protocol with single  high concentrations of Kifnegatively affect the degree of polymerization.
addition of oxidant (single-step oxidation) was compared with a set-up iA similar observation was not made with KBror H,O,. SDS-PAGE
which the oxidant was added in multiple steps (stepwise oxidationshowed thay-type HMW-GS particularly failed to incorporate in glutenin
Changes in size distribution were evaluated with size-exclusion HPLQyolymers. Simultaneously, these HMW-GS displayed higher mobilities on
multilayer SDS-PAGE, and flow-field flow fractionation (floFF). Flow-  SDS-PAGE that can be ascribed to the formation of intrachain SS bonds.
FFF is particularly suitable for measuring changes in glutenin size in thRossible explanations for the incomplete polymerization of HMW-GS are
very high size ranges. In order of increasing sizes of the resultingiven.
polymers, the different oxidizing agents could be ranked as KBrO

Gluten proteins impart viscoelastic properties to whesat flour dough
and are, therefore, of major importance in determining breadmaking
quality. They can be classified as monomeric gliadin or polymeric
glutenin. Gliadin is responsible for the viscous properties of dough,
while glutenin contributes to dough strength and elasticity. Glutenin
consists of polymers built from low molecular weight glutenin

of different GS in vitro. In recent years, preliminary work on the
in vitro polymerization of single HMW-GS andtype ory-type
pairs of HMW-GS was reported by Szabd et al (1995) and Candler
et al (1996). Single native and mutant HMW-GS (Shani et al 1992)
or LMW-GS (Thompson et al 1994), obtained by heterologous
expression, were polymerized by oxidative refolding of reduced and

subunits (LMW-GS) (MW 30,000-55,000, based on SDS-PAGE denatured monomers. Furthermore, in vitro polymerization of HMW-
and high molecular weight glutenin subunits (HMW-GS) (MW GS mixtures (Werbeck and Belitz 1993, Schropp et al 1995) and
80,000-120,000 based on SDS-PAGE) linked by interchain disulfidef LMW-GS enriched fractions isolated from flour (Werbeck and
(SS) bonds (MacRitchie 1992). Belitz 1993) have been described. In the in vitro polymerization
Several studies stress the importance of the polymeric glutengxperiments with individual HMW-GS-type HMW-GS generally
for breadmaking. As reviewed by MacRitchie (1992) and Weegelpolymerized more readily thgatype HMW-GS (Szabo et al 1995).
et al (1996), wheat breadmaking quality positively correlates witlrurthermore, fewer monomers remained and larger homopolymers
the amount of the more insoluble or larger glutenin polymers. Fumwere formed withx-type HMW-GS. Clear differences between dif-
thermore, differences in HMW-GS composition can be related téerent HMW-GS were observed in polymerization rate, level of re-
differences in quality, as inferred from an empirical breadmakingnaining monomers, and size distribution of the resulting polymers.
quality score based on HMW-GS composition (Payne et al 1987hterestingly, a synergistic effect was observed when a mixture of
More than 20 different HMW-GS have been detected so far. Thene x-type and ong-type HMW-GS was polymerized (Szabé et
structures of HMW-GS, including the distributions of cysteineal 1995). On the other hand, in vitro polymerization of HMW-GS
residues, have been well characterized (reviews by Shewry et mixtures isolated from wheat flour showed that different mixtures
1992, Shewry and Tatham 1997). Two structurally distinct typesf HMW-GS, generally assumed to have different qualities, poly-
of HMW-GS exist: the slightly higher molecular weigktype  merized in a very similar way and resulted in polymers with similar
(generally containing four cysteine residues) and the slightly lowesize distribution (Schropp et al 1995) and functional properties
molecular weighy-type (generally containing seven cysteine resi-(Schropp and Wieser 1996).
dues) (Shewry et al 1992). Hexaploid bread wheat cultivars contain In this study, HMW-GS were purified from wheat flour and poly-
two or three differentx-type and one or two differeng-type  merized in vitro using different inorganic oxidizing agents. This
HMW-GS (Payne 1987). Despite the progress in understanding tiweas done to further increase our insight into glutenin polymeri-
structure of HMW-GS, knowledge on the intra- and interchain S&ation. In vitro polymerization as a function of time with addition
bonding patterns of HMW-GS is still incomplete (review by Shewryof oxidant in one single step (single-step oxidation) was compared
and Tatham 1997). Furthermore, the biochemical basis for diffewith a novel set-up in which the level of oxidant was increased
ences in HMW-GS quality remains unclear. gradually in time (stepwise oxidation). For the evaluation of glutenin
Based on the current insights in glutenin quality and in the imsize distribution, in addition to size-exclusion HPLC, two recently
portance of glutenin size distribution in particular, one can assunm@oposed techniques were also used: multilayer SDS-PAGE (Khan
that differences in GS quality may result from the impact on thand Huckle 1992, Békés et al 1996) and flow-field flow fraction-
size distribution of the glutenin polymers. One approach to tesition (flow-FFF) (Stevenson and Preston 1996, Wahlund et al
this hypothesis is to compare the intrinsic polymerization behaviat996). The latter two promised to offer a better resolution in the
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high molecular weight range of the very large glutenin polymers. In
addition, multilayer SDS-PAGE allows simultaneous evaluation of
changes in proportion of different GS during polymerization.

MATERIALSAND METHODS

Isolation of HMW-GS
Flour was milled (extraction rate 64%) from wheat cultivar Minaret
(HMW-GS composition: 1Ax1, 1Bx7, 1By9, 1Dx5, and 1Dy10)



(nomenclature according to Payne and Lawrence [1983]) using a Protein Determination

Buhler MLU-202 laboratory-scale mill (Uzwil, Switzerland). Flour  Protein was determined according to fhemas total combustion

(500 g) was defatted four times for 1 hr at 20°C with chloroformmethod using an elemental analyzer (CHN-1000, Leco Inc., St.

(1.0 L). Air-dried defatted flour (100 g) was extracted three timesloseph, MI). The amount of protein was estimated as N x 5.7.

(60 min with 500 mL, 30 min with 300 mL, and 30 min wa®0 mL)

with 50% (v/v)n-propanol (-PrOH) under continuous shaking at Free Sulfhydryl (SH) Determination

20°C to remove all monomeric protein (Fu and Sapirstein 1996). Free SH groups were determined spectrophotometrically after

Intermediate centrifugations (10 min, 20°C) were at 1,5608S  reaction with 5,5dithio-bis(2-nitrobenzoic acid) (DTNB) (Eliman

were subsequently extracted for 60 min at 20°C from the preextractd®59). Samples (0.5-2.0 mg of protein) were shaken for 1 hr in

flour with 50% (v/v) n-PrOH containing 5% (v/v-mercapto- 1.0 mL of sample buffer (0.85 sodium phosphate buffer, pH 6.5,

ethanol (333 mL). After centrifugation (30 min, 10,00@)x the  containing 2.0%, v/v, SDS; M urea; and 1.0 M tetrasodium

extraction was repeated. Supernatants of both extractions wegthylene diamine tetraacetat® TNB reagen{0.1%, w/v, DTNB

pooled, and HMW-GS were precipitated by dropwise addition oin the sample buff¢r100pL) was mixed with the samples and the

n-PrOH containing 5% (v/vPB-mercaptoethanol under magnetic absorbance at 412 nm was read after 45 min. Absorbance values

stirring until a final concentration of 60¥%PrOH was obtained were converted to amounts of free SH using a calibration curve with

(Marchylo et al 1989). Suspensions were left for 1 hr at 7°C and cereduced glutathione (0-0.16nol).

trifuged 30 min at 10,000 g. Precipitated HMW-GS were sus-

pended under nitrogen in 0.1% (v/v) acetic acid containing 0.29%6DS-PAGE

(w/v) dithiothreitol (200 mL) and dialyzed three days under nitrogen SDS-PAGE (Laemmli 1970) was conducted with slab gels (135

against 0.1% (v/v) acetic acid. Finally, the dialyzed protein wax 140 x 1.5 mm) using vertical electrophoresis equipment (SE

freeze-dried. 600 Hoefer Pharmacia Biotech, San Francisco, CA). A 4% (w/v)
acrylamide stacking gel (0.4%, w/v, bisacrylamide) 1.0 cm high
was used. For regular SDS-PAGE, a 10% (w/v) acrylamide (0.1%,
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wl/v, bisacrylamide) separating gel (12.5 cm high) was used. For
multilayer SDS-PAGE, the separating gel consisted of layers with
acrylamide concentrations increasing from top to bottom. The dif-
ferent layers used were 5 and 6% (w/v) acrylamide gels (0.4%,
w/v, bisacrylamide) 1.0 cm high; 7, 8, 9, and 10% (w/v) acrylamide

gels (0.3%, w/v, bisacrylamide) 1.5 cm high, and a bottom layer
(4.5 cm) of 12% (w/v) acrylamide (0.3%, wi/v, bisacrylamide).
Samples (0.5 mg of protein) were dissolved in OM.Z&is-HCI
buffer (pH 6.8) containing 4.0% (w/v) SDS, 30% (w/w) glycerol,
and 0.002% (w/v) bromophenol blue (1f0) and 20puL was

B6 loaded on the gel. For SDS-PAGE under reducing conditions, the
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67,000 _ protein samples were incubated (1 hr, 60°C) in the buffer with 1.0%
ki (w/v) dithiothreitol. A constant current (30 mA/gel) was applied

43,000 _ wa —I until the dye front reached 1 cm from the bottom of the gel. Gels
Fa were stained with deionized water containing 40% (v/v) methanol,

7.0% (v/v) acetic acid, and 0.025% (w/v) Coomassie brilliant blue
R-250 and destained with deionized water containing 5.0% (v/v)
S . oS h methanol and 7.0% (v/v) acetic acid. The proportion of monomers,
l(—lﬁ\\/lnﬁcsa_slt\)/itﬁfKﬁgatlgr?epé??—:ﬁ\'/sv-grs Ssttea%’i"r']zerﬁaxt'gﬁgﬁr} a?]fesMg]_aert the size distribution of polymers (proportion of the polymers
HMW-GS oxidized stepwise with 0, 10, 50, 100, 150, 200, 300, 400, anjf€Sent on top of the stacking gel [P0] and in the first [P1], second
500 units of KIQ, respectively. Lane 1: reduced Minaret HMW-GS; lane [P2], third [P3], and fourth [P4] layer of the gel), and the relative
3: reduced MW markers; lane 16: HMW-GS, oxidized stepwise with 50@roportions of the individual HMW-GS were estimated by densi-
units of KIO; followed by single-step oxidation with 500 units of KJO tometry using a Sharp JX 330 scanner (Pharmacia Biotech). Densi-
lanes 17 and 18: HMW-GS oxidized by single-step oxidation with 50Gometry data were processed with Image Master 1D, version 2.0
and 1,000 units of KIQ) respectively. (Pharmacia Biotech). The standard proteins used for MW calibra-
tion of multilayer SDS-PAGE (Gradipore, Sydney, Australia) were

Fig. 1. Profiles of multilayer SDS-PAGE under nonreducing conditions

250

—HMW-GS, control
e HMW-GS, 10 units KBrO3
200 v HMIW-GS, 50 unit: KBro3 . ) . ) i TABL E I .
= HMW-GS, 100 units KBrO3 Size Distribution? of Oxidation Products from 24-hr Single-Step
5 -~ HMW-GS, 200 units KBrO3 Oxidations of Minaret High Molecular Weight Glutenin Subunits
% 150 | 77 THMW-GS, 500 units KBrO3 ! (HMW-GS) with Different Levels of KBrOz and K104
1) 1 2 4
8 vy v KBro, K10,
5 100
g Oxidant (units)® 0 50 100 500 50 100 500
50 P B PO 0 2 3 3 3 6 3
[N P1 0o 3 2 4 3 6 2
y P2 0 8 7 14 8 16 6
0 e i P3 3 11 16 23 16 18 12
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Time (min) HMW-GS 87 54 49 33 48 32 56

) ) ) ) o . 2Relative proportion (%) of multilayer SDS-PAGE size fractions. PO-P4 =
Fig. 2. Size-exclusion HPLC profiles of oxidation products of stepwise polymer on top, in the first, second, third, and fourth layer of multilayer
oxidation of Minaret HMW-GS with different levels of KBgCElution times SDS-PAGE gel, respectively. HMW-GS = monomer in the fifth and sixth
indicated by arrows. MW markers: (1) thyroglobulin (MW 669,000); (2) layer of multilayer SDS-PAGE gel.
bovine serum albumin dimer (MW35,000); (3) bovine serum albumin b One unit of oxidizing agent represents the amount that theoretically oxidizes
monomer (MW 67,000); (4) vitamin B-12 (MW 1,375). 1% of free SH in Minaret HMW-GS.
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a-2 macroglobulin (MW 800,000), a partial breskdown product of a-2 (pH 6.9) containing 0.5% (w/v) SDS for both the channel (flow
meacroglobulin (MW 400,000), phycoerythrin (MW 150,000), bovine  rate 2.0 mL/min) and the cross flow (flow rate 2.0 mL/min).
serum abumin (67,000), ovabumin (43,000), and lactalbumin Protein was detected with a 166 UV detector (Beckman Instru-

(14,400). ments) at 214 nm. A calibration curve of protein standards (Gradipore)
including bovine serum albumin (MW 66,000) and thyroglobulin
SE-HPLC (MW 669,000) was determined to relate elution time to polymer

Protein samples (1.0 mg) in 0.05M sodium phosphate buffer MW. The weight-average MW (Billmeyer 1984) was calculated
(pH 6.9) containing 0.5% (w/v) SDS (1.0 mL) were centrifuged from baseline-corrected and smoothed elution profiles as:
(17,000 xg, 10 min), filtered (0.4%m), and loaded (2QL) onto
a 300- x 7.8-mm column (Biosep SEC-4000, Phenomenex, Torrance, Z[abs(t) x m(®)] /Z[abs(0)]
CA). Separations were at room temperature with a flow rate of 2. @here abs(t) is the absorbance at elution time t, and m(t) is the
mL/min. The mobile phase consisted of a 1:1 (v/v) mixture oMW of the polymer eluting at elution timet.
acetonitrile (190 Grade, Ajax Laboratory Chemicals, Auburn, Aus-
tralia) containing 0.05% (v/v) trifluoroacetic acid (Sequanal GradeSingle-Step Oxidation
Pierce, Rockford, IL) and Milli-Q water (Millipore Corp., Bedford,  One unit of oxidizing agent is defined as the amount theoreti-
MA) containing 0.05% (v/v) trifluoroacetic acid. Eluted protein wascally needed to oxidize 1% of the free SH present in the HMW-
detected at 214 nm with a 166 UV detector (Beckman InstrusS used. The amount of free SH was determined experimentally
ments, Fullerton, CA). The MW markers used for calibration wereaising Ellman’s reagent and it was assumed that 1 mol of KitO
thyroglobulin (MW 669,000)bovine serum albumin dimer (MW KBrO; can oxidize 6 mol of SH (Fitchett and Frazier 1986) and
135,000), bovine serum albumin monomer (MW 67,000), and vitamithat 1 mol of HO, can oxidize 2 mol of SH.

B-12 (MW 1,375) (Gradipore). Chromatograms were divided in three Oxidizing agents (KI@ KBrOs) (10, 50, 100, and 500 units)
groups representing high MW glutenin polymers (MW > 300,000)(100pL solutions at pH 3.0) were added to solutions of HMW-GS
low MW glutenin polymers (300,000 > MW > 90,000), and HMW- (1.0%, w/v, proteih in deionized water adjusted to pH 3.0 with

GS monomers (MW < 90,000), respectively. 1.0N HCI (5.0 mL). These solutions were stirred continuously at
20°C. Duplicate samples were taken for multilayer SDS-PAGE
Flow-FFF (50 L) and free SH determination (2QQ) at regular time intervals

Protein samples were treated as for SE-HPLC and loaded J20 (024 hr). Protein was immediately precipitated by addiRyOH
onto an flow-FFF system consisting of a symmetrical channel (Ro obtain a level of 85% (v/M)-PrOH. The samples were frozen
1000-FO, FFFractionation, Salt Lake City, UT) fitted with a at —20°C before drying (Speed Vac Concentrator, Savant Instru-
regenerated cellulose membrane (10,000 MW cutoff). Separatiomsents, Farmingdale, NY) and determination of free SH and multi-
were at room temperature with OM5sodium phosphate buffer layer SDS-PAGE.

TABLE Il
Free SH Content? and Size Distribution® as a Function of Oxidant L evel During Stepwise Oxidation
of Minaret High Molecular Weight Glutenin Subunits (HMW-GS) with Different Oxidizing Agents

Level of Oxidants (units)d

Oxidant s 0 10 50 100 150 200 300 400 500 500+ 500¢ +500f +1,0009
KBrO; Free SH content 50 45 40 28 16 7 7 4 5 5 2 2
Size distribution
PO 1 3 6 7 5 5 5 6 5 5 4 4 4
P1 0 0 2 6 5 5 5 5 4 5 5 4 4
P2 0 0 3 6 9 13 12 13 12 14 14 15 14
P3 1 6 7 9 14 18 18 19 19 19 21 21 21
P4 10 23 21 20 22 20 22 21 21 20 20 20 20
HMW-GS 88 69 61 52 45 39 38 36 39 37 36 36 37
K10, Free SH content 50 45 40 26 9 3 3 3 4 5 5 2 2
Size distribution
PO 1 2 3 6 6 8 7 5 5 6 8 4 5
P1 0 0 1 2 5 9 8 6 7 10 10 3 4
P2 0 0 3 7 17 22 22 24 24 20 21 8 8
P3 0 7 10 13 19 20 19 21 22 19 18 13 13
P4 13 26 25 24 22 21 22 22 21 20 19 19 18
HMW-GS 86 65 58 48 31 21 22 22 21 24 23 53 52
H,0, Free SH content 50 44 37 23 8 4 4 4 3 4 4 2
Size distribution
PO 0 3 5 6 11 12 11 9 8 7 7 7 7
P1 0 1 3 4 9 13 14 12 11 10 9 9 8
P2 1 2 8 12 17 20 21 26 24 24 27 27 28
P3 2 5 9 12 17 14 16 16 15 17 17 17 17
P4 11 19 22 20 17 16 14 12 14 16 16 17 17
HMW-GS 86 70 54 46 29 25 24 25 28 26 24 23 23

aumol of SH/g of protein.

b Relative proportion (%) of multilayer SDS-PAGE size fractions. PO-P4 = polymer on top, in the first, second, third, and fourth layer of multilay&PGE gel,
respectively. HMW-GS = monomer in the fifth and sixth layer dtitayer SDS-PAGE gel.

¢ Starting material.

d One unit of oxidizing agent represents the amount that theoretically oxidizes 1% of free SH in Minaret HMW-GS.

€500 units added stepwise followed by 500 units added in a single step.

f 500 units added in a single step.

91,000 units added in a single step.
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Stepwise Oxidation up to 500 units obviously decreased the level of monomers remaining
HMW-GS (1.0%, w/v, protein solutions [5.0 mL] a pH 3.0) and led to larger polymers, there was an optimal concentration
was oxidized at 20°C by stepwise addition of oxidizing agentvith KIO; (Table I). Significantly fewer monomers were incor-
(KIO3, KBrOs, H,0,). Every 10 min, 10 units of oxidizing agent (in porated into polymers, and smaller polymers were formed with
20 pyL) were added. Duplicate samples were taken at differer®B00 units of KIQ rather than with 100 units (Table I). The con-
levels of oxidation (0-500 units) for analysis of free SH (2.0 mgelusion that KBrQ is far more efficient than KIQin polymer-
of protein) and size distribution (0.5 mg of protein). For com-izing HMW-GS (Schropp et al 1995) is therefore only valid when
parison, additional samples were prepared by single-step additiam excess of oxidizing agent is considered.
of 500 units oxidizing agent (in 1Q.) to the 500 units stepwise A single, well-defined reason for the inability of a certain frac-
oxidation products, and by single-step addition of 500 units antion of HMW-GS to incorporate into glutenin polymers cannot be
1,000 units oxidizing agent (in 1QQ.) to the unoxidized HMW-  given. One possibility is that a certain fraction of the SH is not
GS solution (1.0%, wlv, protein solutions, 500. All samples were  oxidized to SS but to a higher oxidation level (sulphinic or sulph-

kept overnight at 20°C and then freeze-dried. onic acids). It was suggested by Hird and Yates (1961) that such
side-reactions occur during oxidation of wheat proteins and thio-
RESULTSAND DISCUSSION lated gelatin with oxidizing agents such as KI@Ithough it can
be calculated from the data by Schropp et al (1995) that at a level
I solation of HMW-GS of =37 units of KIQ oxidation to a higher oxidation level than SS

SDS-PAGE (results not shown) revealed that the HMW-GS prepoes not occur during oxidation of HMW-GS, it is not to be exclu-
aration was virtually free of LMW-GS. Only minor contaminants ded that, at higher levels, other reactions occur as already suggested
with mobilities between those of HMW-GS and LMW-GS wereby the observation that Kids a less efficient polymerizing agent
detected. Polymerization during isolation of HMW-GS was limitedat higher levels. Interestingly, Hird and Yates (1961) found that at
by removing the excess reducing agent by dialysis under nitrogdower SH concentrations more SH oxidized to an oxidation stage
SDS-PAGE under nonreducing conditions (results not shown) showechigher than SS. A less frequent encounter between free SH might
minor degree of polymerization. Protein and free SH contents dfdeed explain a lower probability of SS formation and the con-
the HMW-GS preparation were 91.7% (as-is basis) anah®@l/g  sequent occurrence of increased levels of side products. In a similar

of protein, respectively. way, a higher concentration of the fast-acting oxidant Ktiyht
increase the reaction rate of single SH relative to SH that have to
Single-Step Oxidation diffuse to each other, thereby decreasing the polymerization effici-

Oxidation of SH groups occurred almost instantaneously oency.
addition of KIQ,, while oxidation by KBrQ was much slower A second explanation for incomplete incorporation of HMW-
(results not shown). A similar observation was made by Schropp &S at full oxidation is the occurrence of alternative SS bond forma-
al (1995) and is in line with the general observation that;kd@  tion. Indeed, formation of an intrachain SS bond between at least
much faster oxidant than KBgO(Fitchett and Frazier 1986). one SH that is normally involved in interchain SS bonds inhibits
However, multilayer SDS-PAGE gels for both oxidants showed nincorporation of the HMW-GS into polymers. Probably, interchain
further disappearance of monomers and no further significant chang8S bond formation is favored at the initial stages of polymerization.
in the size distribution of the polymerized material after 5 min oHowever, as the HMW-GS become polymerized, reaction partners
reaction time, suggesting that polymerization was completed witare depleted. Low levels of reacting species (monomers and poly-
both oxidizing agents aftet5 min. In the case of KBr this  mers) favor the formation of the alternative (intrachain) SS bond,
contrasts with earlier observations (Schropp et al 1995). Our resultgcause its reaction rate does not depend on the concentration of
indicate that although free SH measurements suggest that oxéacting species. The observation of a higher polymerization effici-
dation reactions continue after 5 min of oxidation with KBrO ency of GS at higher protein concentrations (Beckwith and Wall 1966,
this oxidation does not increase the proportion of interchain SSchropp et al 1995) appears to be in line with this view. Furthermore,
bonds. it might explain why higher concentrations of Kl@ad to higher

Multilayer SDS-PAGE gels further showed that under the experilevels of remaining monomers. Indeed, alternative SS formation is
mental conditions a large fraction of HMW-GS remained monoexpected to occur at an earlier stage of polymerization when the
meric even with high levels of oxidizing agent (Table I). Further+eaction rate of the oxidant is higher.
more, high concentrations of oxidizing agent do not necessarily favor
polymerization. Indeed, while an increase in the level of KBrO
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60 —_— | ==—HMW-GS, 10 units KIO3 - \——HMW-GS, 500 units H202
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Time (min) Fig. 4. Comparison of size-exclusion HPLC profiles of polymers formed

by stepwise oxidation of Minaret HMW-GS with different oxidizing agents
Fig. 3. Flow-field flow fractionation profiles of oxidation products of (500 units). Elution times indicated by arrows. MW markers: (1) thyro-
stepwise oxidation of Minaret HMW-GS with different levels of KIOs. globulin (MW 669,000); (2) bovine serum albumin dimer (MW 135,000);
Elution times indicated by arrows. MW markers: (1) bovine serum albumin (3) bovine serum albumin monomer (MW 67,000); (4) vitamin B-12
monomer (MW 67,000); (2) thyroglobulin (MW 669,000). (MW 1,375).
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Stepwise Oxidation

Because single-step oxidation of HMW-GS showed that high con-
centrations of oxidizing agent can limit polymerization efficiency, an
aternative in vitro oxidation (stepwise), in which the level of oxida-
tion was gradudly increased by sequentia additions of asmall amount
(10 units) of oxidizing agent was performed. The polymerization effi-
ciencies with KBrO,, KI1O;, and H,O, were evaluated by multilayer
SDS-PAGE (Fig. 1), SE-HPLC (Fig. 2), and flow-FFF (Fig. 3).

For al three oxidizing agents, a level between 100 and 150 units
was required for maximal oxidation of Minaret HMW-GS. At

>150 units, no further changes were observed in either the amount
of free SH (Table I1) or the proportion of monomers as measured
with multilayer SDS-PAGE (Table Il) or SE-HPLC (Table I11). Fur-
thermore, neither multilayer SDS-PAGE nor SE-HPLC revealed
significant changes in the size distributions of the polymers of the
150 units oxidation products on further addition of oxidizing agent.
On the other hand, although at a lower rate, the average MW of
the polymers as estimated by flow-FFF (Table 1V) continued to
increase with levels of oxidizing agent at >150 units. Apparently,
the ability of flow-FFF to resolve glutenin polymers with sizes

TABLE Il
Relative Proportion (%) of Different Size-Exclusion HPL C Fractions as a Function of Oxidant L evel During Stepwise Oxidation
of Minaret High Molecular Weight Glutenin Subunits (HMW-GS) with Different Oxidants

Level of Oxidants (units)®

Oxidant Fractions? S 0 10 50 100 150 200 300 400 500 500+ 5009 +500° +1,000f
KBrO; HMW-polymer 2 nd¥ 5 10 14 26 24 25 24 23 21 25 nd
LMW-polymer 12 nd 20 25 29 35 37 38 39 39 38 39 nd
HMW-GS 86 nd 75 65 57 39 39 37 37 38 35 36 nd
K10, HMW-polymer 2 nd 7 nd 31 39 nd 39 nd 37 nd 19 23
LMW-polymer 12 nd 25 nd 33 32 nd 32 nd 33 nd 33 33
HMW-GS 86 nd 68 nd 36 28 nd 29 nd 31 nd 49 43
H,0, HMW-polymer 2 nd 9 17 33 35 36 35 nd nd nd 35 nd
LMW-polymer 12 nd 27 33 32 34 34 34 nd nd nd 35 nd
HMW-GS 86 nd 65 50 34 31 29 29 nd nd nd 29 nd

2 High and low molecular weight polymers (MW > 300,000 > MW > 90,000) and monomeric HMW-GS (MW < 90,000), respectively.
g gnt poly €sp y

b S=HMW-GS starting material.

¢ One unit of oxidizing agent represents the amount that theoretically oxidizes 1% of free SH in Minaret HMW-GS.

d 500 units added stepwise followed by 500 units added in asingle step.
€ 500 units added in a single step.

f 1,000 units added in a single step.

9 Not determined.

TABLE IV
Flow-Field Flow Fractionation Estimated Average MW (kDa) of Stepwise Oxidized Minaret High Molecular Weight Glutenin Subunits (HMW-GS)
asa Function of Oxidant Level for Different Oxidants

Level of Oxidants (units)?

Oxidant 0 10 50 100 150 200 300 400 500
KBrO; 91 94 131 166 217 233 244 266
K103 91 126 145 252 255 260 307 313 332
H,0, 91 166 275 302 310 344 354 368 384

a One unit of oxidizing agent represents the amount that theoretically oxidizes 1% of free SH in Minaret HMW-GS.

TABLEV
Relative Proportion (%) of Different High Molecular Weight Glutenin Subunits (HMW-GS) in Remaining Monomersas a Function
of Oxidant Level During Stepwise Oxidation of Minaret HMW-GS with Different Oxidants

Level of Oxidant (units)®

Oxidant HMW-GS? S 0 10 50 100 150 200 300 400 500 500+500¢ +500°  +1,000f
KBrO; 1Ax1 26 19 21 20 14 13 13 12 11 9 1 14
1Dx5 9 13 13 12 13 13 12 14 12 13 11 11
1Bx7 30 20 22 22 23 21 19 18 17 18 18 19
1By9/1Dy10 35 48 44 46 50 53 56 56 60 60 60 56
K103 1Ax1 26 17 19 18 10 8 9 9 8 12 20 21
1Dx5 10 15 14 12 14 15 14 14 13 13 10 11
1Bx7 29 21 21 22 18 18 17 17 18 19 28 30
1By9/1Dy10 35 47 46 48 58 59 60 60 61 56 42 38
H,0, 1Ax1 24 22 18 17 1 1 10 1 11 8 7 8
1Dx5 8 11 14 14 10 10 11 12 13 11 12 13
1Bx7 31 22 23 20 12 13 12 15 14 11 11 12
1By9/1Dy10 37 45 45 49 67 66 67 62 62 70 70 67

a Relative proportion of the different HMW-GS in remaining monomer determined by scanning densitometry of multilayer SDS-PAGE gels.

b S = HMW-GS starting material.

¢ One unit of oxidizing agent represents the amount that theoretically oxidizes 1% of free SH in Minaret HMW-GS.

d 500 units added stepwise followed by 500 units added in asingle step.
€ 500 units added in asingle step.
f 1,000 units added in asingle step.
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exceeding the exclusion limits of multilayer SDS-PAGE and SE- CONCLUSIONS
HPLC alows measurements of changes in size distribution that
could not be detected with the latter two techniques. In this respect, None of the oxidation conditions resulted in a complete incor-
further interchain SS formation between the very large polymers is poration of monomeric HMW-GS into polymers. Incomplete incor-
expected to produce significant increases in average size without poration was also experienced by Werbeck and Belitz (1993), Schropp
affecting the SH content in a detectable manner (Table I1). Alter- et al (1995), and Szabd et al (1995). Possible explanations for the
natively, SH-SS interchange reactions may explain the increase in inability of a certain fraction of the monomeric HMW-GS to become
average size without noticeable changes in the free SH content. incorporated into polymers include oxidation of the SH to an
When comparing the level of remaining monomers and the size oxidation stage other than SS and alternative SS bond formation.
distribution of the polymers resulting from oxidation of HMW-GS  In this study,y-type HMW-GS (1By9 and 1Dy10) were particu-
with the different oxidizing agents, it was clear that KBrO; is aless larly resistant to incorporation into polymers. The observation that
efficient polymerizing agent than either KIO; or H,O, (Tables 11— these subunits have an altered mobility on SDS-PAGE as compared
IV, Fig. 4). While no differences in size distribution were obviouswith fully reduced forms indicates the presence of an intrachain
with multilayer SDS-PAGE and SE-HPLC between Kidd HO,, SS bridge. In at least two different ways, formation of this intra-
average size estimates with flow-FFF reveal a higher degree ehain SS may be responsible for the inability of these subunits to
polymerization with HO.. become incorporated into glutenin polymers. The intrachain SS
In agreement with what was observed for single-step oxidatioRond may link cysteine residues, of which at least one is essential for
of HMW-GS, in stepwise oxidation, a large proportion of monomerdnterchain SS bond formation. Alternatively, it might induce a
could not be polymerized. Interestingly, not all HMW-GS in thedifferent conformation that renders the essential cysteine residues
mixture polymerized to the same extent. Table V shows a decrea@ccessible. Interestingly, high concentrations of Xd@ring the
in the relative proportion of thetype HMW-GS 1Ax1 and 1Bx7 oxidation of HMW-GS had a very significant negative effect on
and an increase in the relative proportion of 1Dx5 and/ype  the degree of polymerization. Apparently, a high concentration of
HMW-GS 1By9 and 1Dy10 in the remaining monomers. Yhe KIO3 favors other reaction pathways that negatively affect the
type HMW-GS were especially resistant to incorporation intodegree of cross-linking.
glutenin polymers.
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