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The nature of the changes in composition and distribution of wheat f lou proteins during 

dough mi.uUig and d o u a  relaxation was investigated. Two hard red spring wheats with contrasting 

d o u a  mixing strengths were used, viz Gledea and Katepwa Glenlea and Kaîepwa are cultivars 

of the Canada Western Extra Strong Red S pring and Canada Western Red Spring wheat classes, 

respecûvely. Doughs were mi~ed for various times (1 min, peak dough development tirne, 15 min 

and 30 min) in a GRL-200 mixer, and were subsequently divided into two equaI portions. One 

piece was relaxed for 45 min and the other represented the control for a particular mWng stage 

and no relaxation tirne. Proteins were fiactionated according to the Orth and O'Brien (1976) 

method of direct extraction of flou with 0.05 M acetic acid, and the modified Osborne procedure 

(Chen and Bushuk 1970). Quantitative protein distributions among the resulting fiactions were 

determineci. The protein compositions of the different fractions were analyzed by sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (pH 8.3) (SDS-PAGE) under reducing and non- 

reducing conditions, two-step one dimensionai SDS-PAGE (pH 8.3), and poIyacrylamide gel 

electrophoresis (pH 3.1 ) (A-PAGE). 

Direct extraction of flour with acetic acid showed that Gleniea contained Iess acetic acid- 

soluble ( A M )  protein than Katepwa For both cultivars, AAS protein increased progressively with 

increasing mixing tirne. Miing Katepwa dough beyond 15 min did not extract more AAS protein, 

whereas significantiy more A M  proteins was extracted for Glenlea Glenlea and Katepwa were 

comparable in the effects of mixhg on the acetic acid-insoluble (AAI) protein fiaction; AAI 

protein content decreased with increasing mbÛng t h e .  

Dough rnïxing had no significant effect on the amounts of the Osborne sdt- and water- 

soluble protein &actions of Katepwa For Glenlea, the arnount of salt-soluble protein decreased 
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sigdicantiy (fiom 3.4% to 1.9% of flour protein) only upon initial dough mixing to 1 min. As was 

found for Kaîepw% dough mixing had no significant eEect on the water-soluble protein of 

Glenlea. Intercultivar differences in the arnount of salt-soluble protein were not f o n d  for flour or 

any mWng treatrnent. However, Glenlea flour contained significantly less Osbome water-soluble 

protein compared to that in Katepwa flour. ï h i s  intercultivar difference persisteci in the 

undennixed, peak dough development (PDD) and overmùred sarnples. It was noteworthy that the 

water-soluble protein fractions of both cultivars contained significant quantities of gliadin proteins. 

This indicates that the modified Osbome procedure does not prevent the solubilization of gliadin. 

In contrast to siIndari@ of dough rnixing effects on the Osbome sdt- and water-soluble 

protein Eractions of Gienlea and Katepwa flour, there were substantial and significant intercultivar 

ciifferaices, caused by dough mixing, in the pattern and amount of Osbome ethanol-soluble (ES) 

and Osborne U S  protein &actions. 

Miuing of Katepwa dough significantly affected the proportion of Osbome ES protein in an 

unexpected way; the amount of ES protein decreased (from 36% to 25%) when the Katepwa 

dough was mived for 1 min and significantly increased (back to 36%) with M e r  m i . g  up to 

15 min Mixing beyond ths time did not result in the extraction of more ES protein. This overail 

trend was not observed for GIenlea It was noteworthy that there was essentially no change in 

Glenlea ES protein f5om flour through to doughs mixed for 30 min. Because of the complex effect 

of dough mi.uing on Katepwa ES protein, compared to Glenlea, Katepwa had a signrficantly lower 

arnount of ES protein at 1 min mixing, but a sigrilficantly higher arnount of ES protein at 15 and 

30 rnin of rnixing. 

In contrast to the pattern of variation that was f o n d  for the Katepwa Osbome ES protein 

W o n  with mwn& a significant increase in Katepwa AAS protein was observed upon 1 rnin of 

mWng with no sigdcant change ther&r. The efféct of d o u a  mixing on Glenlea Osbome AAS 
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protein was also dserent to that obtained for Glenlea ES protein, as weU as being dflerent fiom 

results obtained for Katepwa AAS protein. Whiie there was no sigdicant ciifference between 

Glenlea fleur and dough mixeci for 1 min, mkhg Glenlea dough up to 30 min caused a steady and 

significant increase in the amount of Osborne AAS proteins. Katepwa had significantiy more 

Osborne AAS protein than G l d e a  in flou and undermixeci sarnples. This difference was reduced 

to non-signrficance at 15 min of mixing. 

The Osborne A N  protein fiactions of both Glenlea and Kaîepwa showeû sirnilar patterns of 

variation with increasing miuing tirne. The amounts of AN protein increased d e r  1 min of mixing 

and decreased with M e r  m i . g  up to 15 min. Although the 3.6% increase (cf flour) in Glenlea 

AAi protein at 1 min of mixing was not significant @ < O.OS), the increase is most likely red as 

the ciifference was significant at p < 0.10 compared to A N  protein of dough mixed to 15 and 30 

min Like the Osbome AAS protein fhctions, cultivar differences were found in the AM fiactions 

of the flour and undermived samples. The stronger GIenIea flour contained more A N  protein in 

the flour. However, after 1 min of dough mi,uing, Katepwa had more &U protein than Glenlea 

The quantitative protein fiactionation results for Katepwa f lou and dough sarnples Uidicate 

that a sigmfïcant effect on gliadin proteins (andior possib1y ethanol soluble glutenin) occurs upon 

the initial transformation of flour into dough at 1 min of mixhg; gliadin proteins (nominaiiy dehed 

as the ES fiaction) and,or glutenin (soluble in 70% ethanol) appear to become partially insoluble 

or unextractable. This would account for the decrease in ES protein and the concomitant increase 

in AAS and AAI protein at 1 mui of mixing. Because the latter two fiactions are mainly composed 

of giutenin protein, it is plausible that aggregation of gliadins with glutenin is the underlying reason 

for the decrease in extractabiiity of gliadins upon initial dough rnixing. In this scenario, M e r  

rnixing would be expected to cause a disaggregation of gliadins and glutenin, resulting in an 

increase in ES protein solubility, as was observed for Katepwa The absence of a simiiar pattern 
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of variation with GIedea Bour and mixed dough, especiaiiy the absence of any effects on the ES 

protein fraction, suggests that no similar aggregation of gliadin and glutenin proteins occurs. For 

Gleniea, dough mkhg causes a gradua1 disaggregation of polymeric glutenin evidenced by the 

significant decrease and increase in Glenlea Osborne AAI and AAS protein, respectively. 

Electrophoresis results, abstracted below, contauied evidence supporting this gliadidglutenin 

interaction hypothesis. 

SDS-PAGE of direct extracts of flour and dough with 0.05 M acetic acid showed dough 

rnkhg related effects or@ for GIenlea AAS protein and for AAI protein of both cultivar samples. 

SDS-PAGE of unreduced AAS protein extracts of Glenlea samples showed an increase in band 

staining and strpaljng in the hi& molecular weight (HMW) region of the electrophoresis gels. This 

streaking is caused by the presence of polymeric protein which cannot be resolved into discrete 

bands under non-reducing conditions. SDS-PAGE of reduced AAS protein of Glenlea showed an 

increase in HMW glutenin subunits (HMW-GS) from 1 min of mixing to PDD. SDS-PAGE of 

unreduced AAI protein sarnples of Glenlea showed a clear decrease in band staining and streaking 

in the HMW gel region in fractions isolated from dough rnixed for up to 30 min of mïxhg. For 

Kaîepwa AAI protein sarnples, s d a r  SDS-PAGE results were observed for doughs mked to 15 

min. For both cultivars, these resuits are consistent with an increase in the solubility of glutenin 

which presurnably arises due to de-polymerization ancilor disaggregation of polymeric glutenin 

during dough mixing. 

SimiIar to the quantitative protein fiactionation resuits, electrophoresis of the Osbome water- 

extractable protein fiaction of both Glenlea and Katepwa showed no significant effects due to 

dough mixing. Interestingly, A-PAGE resdts of this protein fiaction showed the presence of 

considerable amounts of giiadin pro teins in flo ur and mixed doughs. This resul t conflicts with the 

widely held belief that the modified Osbome fractionaiion procedure, due to the use of O S  M NaCl 
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solution for the initial extraction step, prevents the subsequent extraction of ghadin proteins in the 

water-extractable fraction. 

Electrophoresis of Osborne sait soluble protein showed some effects related to dough mixing. 

The unreduced sait-soluble protein k t i o n s  of both cultivars, and especialiy Glenl- showed 

triplet band (triticin) proteins and substantial streaking in the EMW region of the gel which 

decreased in staining intensities as mking tirne increased. It was noteworthy that SDS-PAGE of 

reduced sait-solubIe showed the presence of a few faint bands in the HMW-GS region of the 

electro phoregram. These bands ap peared to be x-type HMW-GS. 

Electrophoresis of Osbome ES protein did not show any clear effects related to dough miuing. 

This was to be expected as the protein concentrations of the ES &action did not Vary significantly 

with rnixing. An interesting Gnding was that SDS-P AGE of reduced ES slot protein (polymeric ES 

protein) of Katepwa flou and doughs contained considerably more HMW-GS and LMW-GS 

protein than Gleniea In generai, dot protein of the various Osborne fiactions of Katepwa fiour and 

doughs contained considerably more HMW-GS and LMW-GS protein than Glenlea. 

Some dough miullig related effects were observed in electrophoretic andysis of Osborne AAS 

protein in agreement with the quantitative AAS protein b o n  results for Gtenlea dough sarnples, 

SDS-PAGE of unreduced AAS protein showed a progressive increase ui streaking in the HMW 

gel region as mi.xing tirne increased. This indicates an increase in the solubility of Glenlea glutenin 

with increasing dough miuing which is Iikely due to polymer disaggregation. As well, a srnail but 

noticeable increase in the st-g intensity of some predominant gliadin bands was also observed 

for doughs rnixed fiom 1 to 30 min. Similar resuits were not obtained for Katepwa unreduced 

AAS protein anaiyzed by SDS-PAGE; the staining intensity of gliadin bands appeared to peak at 

1 to 3.5 min of mixhg, after which a substantial decrease in gliadin band intensity was observed. 

SDS-PAGE of unreduced Osborne AAI protein provided results that were consistent with the 
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quantitative results obtained for this protein fraction, as weii as gliadidgiutenin interaction. For 

Katepwa dough rnixed to 1 min, compared to corresponding results for Katepwa flour, 

electrophorepms showed a substantial increase in the concentration of al1 gliadin bands, as weU 

as triticin protein in the HMW region of the gel. The staining intensity of ail of these protein 

components decreased progressively with increasing mixing up to 15 min. A-PAGE of gliadins in 

the &U protein fhction of Katepwa also showed a similar trend. Compareci to the Katepwa 

results, SDS-PAGE of unreduced AAI protein of Gleniea, showed a similar, but less pronounced, 

increase in gliadin band concentration upon flour mixing to 1 min protein, and a comparable 

decrease in triticin protein with increasing dough mi.uing. For Glenlea A N  protein, SDS-PAGE 

under reducing conditions showed a noticeable decrease in the concentration of HMW-GS with 

increasing dough mixing time. No similar result was obtained for Katepwa reduced AAJ protein 

analyzed by SDS-PAGE. 

Ail of the above resuits taken together indicate that there are considerable dflerences between 

Katepwa and Gleniea in the response of their respective endosperm proteins to dough fixing. 

DitFerences which occur when flour is initially hydrated (1 min of mLuing) appear to be criticai to 

the resulting pattern of variation in protein composition caused by dough mDUng. For Katepw* 

a moderate rniuing strength flour, a signifiant proportion of giiadin pro teins became unextractable 

when flour was hydrated. With M e r  dough h g ,  gtiadin extractability increased. No similar 

result was found in the case ofthe extra-strong Gienlea flour. For Katepwa, aggregation ofgliadin 

and giutenin during f lou  hydration is a plausible explanation for this result. Such an aggregation 

event, which would tend to diIute or plasticize the po1penc gIutenin protein, would also explain 

the lower dough mixing requirements of Katepwa f lou  compared to that of Glenlea According 

to this hypothesis, dough mixing requirements are ùivenely related to the quantity of gliadin 

proteins aggregating with glutenin during the eartiest stages of dough development. The degree of 
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aggregaîion may, in tum, be inversely related to the molecuiar size of glutenin. This would also 

explain why Gleniw which presumabiy has glutenin of very large average rnoIecular size and 

relative@ low specific surface arm showed no similar gliadin aggregationldisaggregation effects 

with dough mixing. 

In contrat to the many significant effects of dough rnixing, dough relaxation up to 45 min 

showed no clear systemaîic effects, for either Glenlea and Katepwa, on the solubility of the 

dserent protein fiactions that were studied or their ekctrophoretic compositions. 
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Dough mixing is the initial stage in the breadmaking process, and is widely considered to be 

the most critical step in the transfomiation of Oour mto bread At this stage, the dough is developed 

into a continuous structure which has the proper characteristics of plasticity, elasticity, and viscosity 

for optimum quality of the bal product (Hoseney 1985). 

Morrnation on the behaviour of dough during mixing is fundamental to the understanding of 

the dough development process and the breadrnaking potential of wheat flour. Studies of the 

factors responsible for varietal differences in the physical properties of wheat flours and doughs 

have focused on the protein component Protein quantity and quaiity provide measures of the 

potentiai of flour in relation to its end use. Protein quantity is related to the amount of total nitrogen 

in the flour and can be easily detennined and precisely defined. It is widely believed that protein 

quality is related to the concentration, composition, and molecular size distribution of the two 

major wheat protein fractions, gliadin and glutenin; it is by nature, a more subtle and complex 

attribute and is accordingly less well-dehed. Protein quality is related to the physicochemical 

characteristics of the protein, more specificdy, the gluten-forming component (Bushuk 1982). 

Finney and Barmore (1948) convincingly showed that wheat gluten proteins are prirnarily 

responsible for the daerences in loafvolurne between wheat floun. 

Flour proteins can be routinely differentiated into more or less distinct classes based on 

differences in solubility. Flour proteins can be classified as watedsalt-soluble proteins ( m d y  

albumins and globulins) and waterhlt-insoluble proteins (gliadin and glutenin) or gluten proteins 

(MacRitchie 1984). One of the most widely used classification system for wheat protek  is the 

modined Os borne procedure (Chai and Bushuk 1970) which involves sequential fiactionation of 

proteins into five classes: (1 ) water-soluble (albumùis); (2) salt-soluble (g lobuh) ;  (3) alcohol- 
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soluble (gliaduis); (4) acetic acid-soluble (glutenins); and (5) insoluble residue (hi& molecular 

weight 0 glutenins). 

In dough mixing and baking, pro&, particularly the gluten proteins (gliadins and glutenins) 

are iikely fùnctionai as a mixture, reflechng in pa& their distinct functionality, as well as their 

interaction properties. To explain functionaiity for breadmaking on a molecular basis, 

comprehensive qualitative and quantitative ùiformaîion on the protein composition is required. Few 

studies on protein fiactions have focused on ail five classicai Osbome protein fiactions and the 

effects of dough miving and relaxation. 

The hypothesis that was tested in lhis thesis was the folowing: intercultivar differences exist 

in the response of the ditferent protein constituents in endosperm to the effects of dough rnixing 

and r e l a d o n  The response of the diffierent f lou proteins to miving was investigated in two ways: 

1) quantitaûvely, by direct extraction of protein with dilute acetic acid, and by determining the 

distribution of protein arnong the five Osbome classes, and 2) qualitatively by electrophoretic 

anaiysis of the various protein Fractions. The experirnenta1 plan that was adopted was to use two 

cultivars of hard red spring wheat of contrasting dough miving strength, Glenlea and Katepwa 

Glenlea is a cultivar of the Canada Western Extra Strong (CWES) red spring wheat class, and is 

hown to possess very strong dough mixing properties for breadmaking. Katepwa is a cultivar of 

the Canada Western Red Spring (CWRS) wheat class and possesses rnoderately strong dough 

characteristics and optimum qua@ for a wide range of breadmaking processes. 

Although much research has been carried out on wheat proteins and their relationships to 

dough mixing and baking, a considerable amount of information on the molecular and functional 

properties of the proteins remaiw elusive. The search by cereai scientists for the fundamental 

reasons for the intercultivar variation in wheat fiinctional properties continues. To this end, it was 

a goal of this thesis research to obtain additional new information on the nature of the solubility 



and cornpositional changes thaî occur in wheat f lou  proteins during dough M g .  



A, Introduction 

There is ample evidence that physicochemical changes occur in the protein component of 

dough during miuing. Some of the technological parameters that are related to dough mixing 

characteristics indude dough extensibility, development tirne, and mWng tolerance (Mecham 

1964, Tsen 1967, Tanaka and Bushuk I973&b,c, Hosmey 1985, Paredes-Lopez and Bushuk 1983, 

Wngley 199 1, Sievert et al 1991 %b). Takem together, îhese parameters contri bute to characterizing 

the overall dough strength of a fiour. 

Wheat flour dough posswses unique rheological properties that reflect the viscosity and 

elasticity of the giuten protein phase. The functional properties of dough during miuing are a 

reflection of the properties of the two main gluten protein constituents, the gliadins and glutenins, 

each contributing to the viscous and elastic properties of dough, respectively. Dough fûnctiondity 

depends on the combination of a nurnber of factors: protein content, protein composition, the 

rnolecular properties of the protein (average molecular size and size distribution), and interactions 

with other proteins and non-protein constituents (Bushuk and MacRitchie 1989). Protein 

fractionaiion has contributeci to a better understanding of the relations between protein composition 

and functional properties of flour for breadmaking, but much remains to be learned. 

The focus of this thesis is on the eEects of dough mWng and relaxation on the protein 

solubility and composition of bread wfieat. Accordingly, the foliowing literahtre review deais with 

(i) the relaiionships between wfieat proteins and dough mixing, (ii) the extraction and fiactionation 

of wtieaî endospenn proteins, and (iii) the effects of structural relaxation on protein composition 

and distribution. 



B. The Relationship Between Wheat Proteins and Dough Mixing 

The collective properties of the constituents of h e a t  flour, i.e.protein, starch, non-starch 

polysaccharides, lipids, and enzymes dictate its suitability for breadmaking. Of the major 

constituents present in flour, the proteins contribute only about 15% of the dry matter of flour, the 

rest being starch, lipids, and minor constituents (Bushuk 1982). 

Numerous excellent reviews on flour proteins and their reIation to dough rnixing behaviour 

and breadmahng quality have been published (Simrnonds and Orth 1973, b a r d a  et al 1976, 

Shewry and Miflin 1985, Pomeranz 1987, Wrigiey and Bietz 1988, Bloksma and Bushuk 1988, 

MacRitchie 1992). This section will focus on the non-storage proteins (alburnins and globdins), 

storage proteins (gliadins and glutenins), dough mWng effects, disaggregation of glutenin during 

rnixing, and lipid-protein interactions. 

1. Non-storage Protein 

Non-storage proteins are those proteins of the wheat kemel that are oeen cdled soluble, 

cytoplasmic or non-gluten proteins. They can be found in the embryo, aleurone layers and in the 

endosperm and constitute approximateiy 15-2096 of the total proteins in the caryopsis (Wrigley and 

Bietz 1988, Bushuk 1993). 

Non-storage proteins are mainly rnonomeric, Le. single chah polypeptides, of relatively low 

rnolecular weight ( G O  D a )  with specific metabolic, regdatory and/or protecbve fimctions 

(Porceddu et al 1983, Shewry and M i f i  1985, Bushuk 1993). AIbumins and globulins are 

classified as non-storage proteins or Iow molecular weight (LMW) proteins based on their 

solubiiity properties. However, there have been reports of high molecular weight alburnins 

(70 ma) (Gupta et al 1991) and globulins which have the ability to form disulphide-linked 
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aggregates (Singh and Shepherd 1 985). This relatively new-found class of aggregating proteins 

occm wideIy arnong hexaploid wheat cultivars. They were originalIy named triplet band proteins 

and more recently "triticins" by Singh and Shepherd (1984 and 1985), and appear to be affecteci 

by dough mixirig (Sievert et al 1991 b). Based on the nomenclature of Osborne (1907), aibumins 

are water-soluble (Ewart 1969), while globulins are soluble in dilute sait solutions (e-g. 0.5 M 

NaCI), but are insoluble in water and in hi& sait concentrations. Albumins typically make up about 

10% of totd wheaî protein and are usudy present in greater arnounts in wfieat than globulins 

(Chen and Bushuk 1970, Wrigley and Bietz 1988). 

Mullen and Smith (1 965) and Smith and M d e n  (1 965a,b) described the effects of mixing on 

flou proteins using short and long-mking flours opûmaily mived in a farinograph. They found that 

the amounts of sait-soluble proteins (aibumins and globulins) extracted from the two fleurs were 

similar and had iittie retationship to mixhg charactenstics. The sdt-insoluble fraction contained 

about 90% of the total protein in the fiours and was the fiaction that was suggested to contain the 

factor responsible for major dEerences in mixing properties of the flours. However, even when 

the salt-soluble proteins were extracted, the remaining fiactions had the same mWng properties 

as the originai flours. Orth and Bushuk (1972) iater confinned this when they reported that 

quantitative and qualitative variations in the Osborne water and salt soluble proteins of 26 wheat 

varieties was not relaîed to baking quality. Tanaka and Bushuk (1 973a) also found that the arnounts 

of Osborne water and sdt  soluble proteins were not a6ected by dough mi.xing. 

2. Storage Protein 

Storage proteins are those proteins of the wheaî kemel that are present in protein bodies 

deposited in the starchy endosperm, and function in the seed primariiy as a nitrogen store ( S h e v  

et al 1986, Miflui et al 1983). Storage proteins comprise most of the protein in wheat endosperm 
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(over 80% of the fl our protein) and are made up of gliadins and glutenins (Bushuk 1 993). Gliadins 

are classïfïed by the Osborne (1907) system as alcohol-soluble (e-g. 70% ethanol), whereas 

glutenins are d e h e d  by their solubility in dilute acids (e-g. 0.05 M acetic acid) or diIute basic 

solutions. Storage proteins of wheat, when mixed with water, form a cohesive mass called gluten. 

Giutai is finidamental to the balàng q d t y  of a f lou  because of its viscoeIastic properties. Gluten 

was fÏrst described by Beccari in 1745 (Bailey 194 1) as the visco-elastic mass that remah afler 

thoroughiy washing out the starch tiorn a dough. 

The gliadins form a heterogeneous group of polypeptides (about 40% of the flour protein) 

with molecular weigfits ranging fiom approximateiy 30 kDa to 75 kDa (Shewry and Tatham 1997) 

and an average molecular weight of 35 kDa (Graveland et al 1982). Gliadins are retatively small 

with compact structures and are considered to be the proteins that confer viscous flow and 

contribute to the extensibility and stickines of doughs (MacRitchie 1984, Bushuk and MacRitchie 

1989). The ghadins are single-chah poiypeptides (monorners) that associate by hydrogen bonding 

and hydrophobie interactions (Woychick et al 196 1, Nielsen et al 1968, Wall and Beckwith 1 969, 

Graveland et al 1982). Based on their mobilities at pH 3 in starch gel electrophoresis, Woychick 

et ai (1 96 1) classified gliadins into four groups, a-, P-, y- and o-gliadins based on decreasing order 

of mobility and increasing molecular size. Bushuk and Sapirstein (1 99 1) classified these groups 

by A-PAGE. Nielson et al (1968) found that the i n h i c  viscosity of gliadin proteins was 

essentially unafTected by disulphide bond cleaving agents. This suggested that rnost, ifnot dl, of 

the cysteine residues of gliadins, are involved in intramolecular disulphide bonds. This was later 

confirmed by Graveland et a l  (1985) using SDS-PAGE electrophoresis (without reduction). The 

polymenc proteins referred to as HMW-gliadins (Bietz and Wall 1980), or aggregated gliadins 

(Shewq et al 1983) containhg inter-rnolecular disuiphide bonds have been shown to be LMW- 

glutenin (Adnan et al 1987). 
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Mattem and Sandstedt (1957) studied îhe influence of die water-soluble constituents of wheat 

flour on itF rnixing and baking charactenstics. Direct water extraction of the fleur revealed that the 

water-soluble M o n  was the principal factor responsible for detennining the mixing requirement 

of wheat flour. When this fiaction was extracted, the mWng time of the flour increased 

dramaticaily (fiorn 1.5 min for the control flour to 18 min for the extracteci flour), and more 

tolerance to overmixing was exhibited. A sirnilar effect was s h o w  by Shuey and Gilles (1 973). 

Mattem and Sandstedt (1957) also showed that reconstitution of the water-soiubie fiaction to the 

sarne f lou reversed the tolerance to ovemixing (i.e. mixing time was shortened to 4 min). 

Examination of the extract reveded that it had a hi& amide-N content, which suggested that it 

consisted mainly of gliadin proteins. In addition, Mattem and Sandstedt (1957) noted a 

fimdamental ciifference between water extracts of short and long rnixing flours. They showed that 

extracts from the short-mixing flour had more soluble proteins and a higher amide4 value than 

extracts frorn long-mking flours. Using a different experimental approach, Sullivan et al (1963) 

and Tkachuk and Hlynka (1963) firrther emphasized the importance of the water-soluble proteins 

in miwig. They both showed ciifferences in the reactivity of the -SH groups in flour and found that 

about one half of the -SW groups were quite labile and more readily oxidized than the other half. 

The most labile -SH groups appeared to be water and salt-soluble and reacted readily with N- 

ethylmeleimide (NEMI), a sulphydryl-blocking agent. Due to the large eEect of NEMI upon 

mixing, it was suggested that the soluble protein is important in determinhg dough mixir~g 

properties in the farinograph. 

Muilen and Srnitfi (1 965a) and Smith and Mullen (1 96Sb,c) found that added water-soluble 

gliadins markedly decreased the mixing time requirements of flour in a farinograph. Perhaps the 

water-soluble proteins referred to by Mattem and Sandstedt (1957), Sullivan et al (1963), and 

Tkachuk and tnynka (1963), as non-storage protek were in fact, giiadins soluble in water. Fùiaiiy, 
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Yoshida and Danno (1989) studied the effects of the waier-soluble fiaction and the dough mixing 

procedure on the viscoe1asticity of wheat gluten. niey showed that water-soluble components, 

particulariy gliach, were incorporated into the gluten mass during dough mixing and these proteins 

led to the formation of a ViScoeIastic mass. Converseiy, the gluten prepared by water extraction was 

low in giiadin content, and this resulted in the formation of an elastic mass with low extensibility. 

Moreover, the reconstituted gluten, with gluten obtained by water extraction, was elastic and less 

extensible than the reconstituted gluten obtained by dough mWng This was observed despite using 

the same ratio of gIiadin and glutenin during the reconstitution process. From these results, 

Yoshida and Danno (1 989) suggested that gliadin must be well mked with glutenin to form a 

homogeneous gluten network for the formation of a viscoelastic rnass. They also proposed that 

giiadin could play an important role in the breakdown of dough during mixing. 

It is worth noting however, that aithough major variation exists in the ghadin composition 

arnong different wheat cultivars, these dflerences have not been strongly related to intercultivar 

difFerences in breadmaking quaiity. in contrast, the relationships between glutenin proteins and 

breadmaking quality have been emphasized in many reviews (MacRitchie 1992, Bushuk 1993, 

Schofieid 1994, and references cited within). Glutenin constitutes about 40% of the total flou 

protein and is made up of at lest 22 polypeptide subunits covalently W e d  by disulphide bonds 

(Schofieid 1994). Glutenin protein has very hi& average molecular weight (at l es t  1 - 10 million 

m a )  and is highly polydisperse (Wrigley and Bietz 1988, Ng et ai 1989). Based on SDS-PAGE, 

glutenin subunits (GS) have been divided into two groups: HMW-GS (90- 140 kDa) and LMW-GS 

(3 5-60 ma) (Ng and Bushuk 1 987). The LMW-GS overlap with gliadins on the basis of their 

relative m a s  by SDS-PAGE. A bread wheat variety may contain three to five HMW-GS and 15 

or more LMW-GS components (Bushuk 1993). 

Mullen and Smith (1 965) and Smith and M d e n  (19654b) found that a s h o r t - d g  flour 
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containeci l e s  acid-insoluble proteins and had more water-solu ble pro teins, when the sa1 t-insoluble 

tiaction was m e r  fractionaîed to yield a water-soluble fiaction (gliadins) and a protein-starch 

residue (pnmady glutaiins). Compared to the long-mking flour, more than twice as much of the 

protein of the short-mking flour, was soluble in water under the conditions used. They postulated 

that the observed differences were related to the protein-starch residue (primarily glutenins) and 

the amount and molecular weight disiribution of the water-soluble fraction. The long-mixing flour 

contained more acid-insoluble proteins with possibly higher molecular weights than the short- 

mixing flour. On the bais  of these observations, the acid-insoluble protein was likely glutenin. 

It has been shown (Khan and Bushuk 1979, Graveland et al 1982) thai the glutenins constitute 

the most important protein fraction for creating a continuou protein network in dough. This 

network may result fiom the H-bonding potential arising fiom the unusualiy large numbers of 

glutamine side chains andfor the potential for hydrophobic interactions between the many non- 

polar amino acids present in glutenin (Bushuk 1985 and references cited therein). It is these 

aggregates that appear to be responsible for the unique strength exhibited by wheat f l o u  doughs. 

Areca and Yonezawa (1 975) found that gluten fkom flours of better baking quaiity, aggregates 

better than flours of poorer b h g  quaiity. They concluded that the aggregation behaviour was 

mainly determined by the nature of glutenin. 

Mecham and coworkers (1 962, 1964, 1965) showed a signifiant change in protein solubility 

during mkhg. There was a gradud increase in the amount of protein extracted by diiute acetic 

acid with rnixing tirne. The rate of uicrease in extraction of these proteins was higher for flours with 

poor mixing stability and shorter mWng times than for flours with good rni . .g stabiIity and longer 

miuing times. Also, dilute acetic acid extractecl a higher percentage of the original protein fkom the 

weak flours than fiom strong flours (Mecham et ai 1962, Mecham 1964, Smith and Mullen 

196Sa,b7 Mullen and Smith 1965, Tsen 1967, Orth and Bushuk 1972, Paredes-Lopez and 
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Bushuk 1983). Tsen (1%7) m e r  established that both the percentage of total extractable protein 

(0.05 M acetic acid) and the protein content of the extract increased with dough mLuing. 

3, Dough Mixing and Protein Solubility 

The mixing tune of wfieat flou is afkcted by the environmental conditions (soil, temperature, 

availability of nitrogen, etc.) that the wheat is grown in (Hoseney 1985, Preston et al 1992) and 

pro tein content (Fïnney and Bannore 1948) of the flour. However, the rnixing phenornenon of 

wheat dough is very complex and is still not completely understood. 

At the macroscopic level, the processes of dough rnixing can include three stages: f lou  

hydration, dough development, and overmixing (Hoseney 1985, MacRitchie 1986). In hydraîion, 

water is absorbed by the flour and cohesive dough mass begins to be formed. in this stage, there 

is excess amount of water in the system and the dough is quite fluid, showing relatively littie 

resistance to extension. Upon more work input, the dough fom a cohesive mass with minimum 

mobility and maximum consistency. At this point, the dough has well-defhed viscoelastic 

properties and has attained its optimal or peak development Upon M e r  e g ,  dough 

consistency decreases and it becomes wet and sticky. In this ovemiixed condition, a dough usually 

produces a deleterious effect on the ultimate quality of the bread (Hoseney 1985, MacRitchie 

1986). 

At the moiecular level, the time required to rnix a dough to peak development (at a given 

mïxing intensity), is widely held to be relateci to the properties of the polymeric protein and in 

particular the insoluble or the largest glutenin molecules present (Ewart 1968, Graveland et al 

1985). 

Ewart (1 968, 1972, 1977) proposed the "Linear Glutenh Hypothesis" which attempts to 

explain what occm when a wheat flour is mixed into a dough. The hypothesis takes into account 
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the effect of mking on the ordering of glutenin molecules. It describes the glutenin molecules as 

polypeptide ch- joined by disuiphide (SS) bonds into Linear concatenations of subunits that are 

linked in an ordered manner and with ody a srnall arnount of branching. Ewart 's argument against 

the highly branched model of glutenin (Graveland et al 1985, 1994, 1996) was that a branched 

glutenin would not need developrnent by mVùng suice it could not be orientecl and, therefore, 

would oniy need thorough wetting or hydraiion to reach its maximum development Graveland 

proposes a highiy branched model in which HMW-GS are linked together by disulphide bonds in 

a head-to-tail fashion to form a linear backbone in which clusters of the LMW-GS are bound, aiso 

by disuiphide bonds. 

in conbast, the "Linear Glutenin Hypothesis" proposes that in an undisturbed flour system, 

the polypeptide chains are in their compact, folded, native conformation, and are randornly 

orientaîed. When the flour is rnixed. the shearing force breaks the weak, non-covalent forces and 

the polyrnen begîn to orientate themelves pardel to the s h e a ~ g  force. The molecules align so 

that there is substantiai overiap dong their lengths. Once digrunent of the glutenin subunits occurs, 

the non-covalent forces act CO-operatively to increase the strength and extensi bility of the dough. 

Stress relauation or viscous flow may depend primarily on slippage of the linear chains of 

glutenins, and partly on mechamcal scission and S-S interchange. The S-S interchange may in fact 

control the average length of concatenations. Thus, in a resting dough, the S-S interchange plays 

a greater contribution to stress relaxation. 

4. Increase of SoIubility of Polymeric Proteins by Dough Mixing 

The increase in solubiiity of glutaiin with dough M . g  is believed to be caused by a decrease 

Ui protein aggregate size. Aggregated proteins are defïned as polypeptides physically associated 

by strong non-covalent interactions. A decfease in protein aggregate size cm be caused by physical 
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breakdown of f lou particles, disruption of hydrogen and hydrophobie bond interactions, salt 

linkages, and depolymerization of large glutenin molecules as a result of cleavage of disulphide 

bonds (Mecharn et al 1962, Mecham 1964, Tsen 1967, Tanaka and Bushuk 1973a,b,c). These 

studies show that the increase in solubility of protein durhg dough mWng was due to the 

breakdown of the HMW poiyneric glutenin protek. 

Mecham et al (1965) postdated that the ïncrease in protein extractability by dilute acetic acid 

during dough mWng could be attributed mainly to the disaggregation of large-sized protein 

aggregates originally present in the flour. They proposed that mkhg decreased the size of the 

aggregates, rendering the proteins more extractable and soluble in acetic acid. Their results imply 

that the disaggregation step couid infiuence the rate of development of doughs because 

disaggregaiion leads to a decrease in the miuing stability of the dough. Later work of Tsen (1 967) 

and Tanaka and Bushuk (1 973 b,c) supported this hypothesis. 

Tsen (1967), using flour samples ranging in dough strength, studied the molecular size 

distribution of protein cornponents previously solubilized by mixing. He specifically investigated 

the rnolecuiar weight distribution of glutenin and gliadin Eractions by gel filtration chromatography. 

The study showed thai as the dough was mked, component I (MW > 150 kDa excluded fiom the 

gel) increased, whereas, the arnounts of the other components in the extract (gliadins, aiburnins, 

globulins, and soluble non-protein fraction) did not change significantly with miving tirne. The 

results suggested that the insoluble residue protein was converted to a smaller soluble protein 

aggregate size. The very weak flou (soft wheat) contained a higher proportion of component 1 than 

the strong f lou (hard wheat). The increase in the amount of component 1 in weak flours, was 

greatest during the fint few minutes of rnixing. These differences suggest that the molecular 

structure of protein aggregates in weak flours is not as stable as that in strong flours, which may 

explain the effect of mixing. Also, the results suggest thaî the protein of a weak flou may have a 
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smaller overd aggregate size than the protein fiom a strong floiu, which may &O explain the 

difference in protein extractability. Tsen (1967) concluded thai mWng produces some 

disaggregation based on the observation that moiecular weight distribution of the other soluble 

components or gliadins were not affected. Tsen therefore postulaîed thai the increase in protein 

extractability during mixing must result fiom disaggregation of large protein aggregates present 

in the nondispersable fiaction. 

Tanaka and Bushuk (1973qb,c) investigated the rnechanisrns of disaggregation and/or 

depolymerization during dough mWng using a farinograph. They found that although there was 

an increase in protein extractability when flour was mixed, the elution profiles (Sephadex G- 150) 

of the AUC (O. 1 M acetic acid, 3 M ure% 0.01 M cetyltrimethytammoniurn brornide) of extracts 

from the control and overmixed doughs were not sigmficantly diEerent. Their results also 

suggested that the main effect of mixing was disaggregation of flour particles and insoluble gluten 

complar When the dough was mixed extensively in air or in the presence of sulphydryl-blocking 

reagents su& as iodate and NEMI, more glutenin was solubilized from the residue protein. These 

results suggested that depolymerization of rheologically important gluten proteins also occurred 

when do ughs were overmixed. The similar effects of su1 phydryl- blocking agents and cysteine, 

sûongly suggested thaî disulphide bonds were involved in depolymerization. However, SDS-PAGE 

showed that dough mWng had no significant effects on the protein composition of reduced 

Osborne AAS and AAI proteins. They suggested that the dserence in solubility behveen the 

Osborne &îS and A N  proteuis, was due to a dflerence in molecular weight (i-e. the nurnber of 

subunits held together by disulphide bonds). 

Paredes-Lopez (1 980) found that under non-reducing conditions, Osbome glutenin fraction 

exmed Eom doughs subjected to various mixing treatments, showed qualitative and quantitative 

changes by SDS-PAGE. The SDS-PAGE of the unreduced glutenins fiom undemùxed samples 
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of Gienleq showed the presaice of protein bands (58 kDa and lower MW) that were not present 

in the M o n s  fkom the peak or ovemixed dough samples. The reason for this was attribut4 to 

the f m  that these protein cornponents formed HMW aggregates with hirther dough development, 

and thus were unable to enter the gel under non-reducing conditions. 

Sievert et a1 (1 991 a,b) optimized fractionaiion and electrophoretic conditions to investigate 

the acetic acid-insoluble proteins of wheat flour and dough under non-reducing and reducing 

conditions. Under non-reducing conditions, the SDS-PAGE patterns of the acetic acid residue 

fractions showed a tight cluster of relatively high molecular weight proteins, which the authors 

referred to as "triplet band" proteins or triticins (Singh and Shepherd 1984). These triplet proteins 

and neighbouring bands, collectively called tnplet zone protek, decreased in staining intensity as 

mucing t h e  increased. The undermixed dough showed the most intense triplet zone proteins and 

level of background strealong As mWng continued, the bands becarne fainter, especially after 15 

and 30 minutes of dough mixing. Sievert et al (1 99 1 b) concluded that depolyrnerization andlor 

association of triplet zone proteins with other dough constituents was responsible for the obsemed 

decrease in band intensity. Based on related effects of iodate treaûnent of dough, they also 

proposed that triplet zone proteins may be involved in the disulphde/sulphyd~l interchange 

reactions during dough miuing, The triplet band proteins may also be involved in the formation of 

larger protein aggregates. Singh and Shepherd (1 985) showed that the subunits of the triplet band 

interact with the subunits of glutenin fomwig a large nurnber of higher order protein aggregates. 

These results suggest that triplet proteins rnight also hfiuence the Fwictional properties of dough, 

although no direct evidence has yet been reported. Also, the band intensity of the HMW- and 

LMW-GS of the AAI protein decreased with miuing tirne. These observations are consistent with 

the explanaiion that the increased solubilization of proteins during Mxing results from an increased 

extractabiiity of glutenin (T'sen 1967, Tanaka and Bushuk 19734b Danno and Hoseney 19824 
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Sievert et al 199 1 a, b). 

Danno and Hoseney (1982qb) used viscometry to validate the Tanaka and Bushuk 

(1973&b,c) hypothesis mat both dtsaggreganon and depolymerization occur during dough Mxing, 

and that depolymerization is more evident under conditions of extensive dough breakdown. Using 

1 % SDS as the solvent, they found that as protein concentration increased with mixing (up to 15 

min), the relative viscosity of the extracted proteins also increased. About 72% of the total flour 

nitrogen waç extracted f?om flour by extracting with 1% SDS for 2 hr at room temperature with 

gentle stimng. Nitrogen extraction increased to 95% when the same flour was overmixed in a 

mixograph-The proteins solubilized as a result of mWng had higher relative viscosities than 

proteins extracted from flours. However, there was a decrease in the relative viscosities of SDS 

extracts kom ovemiiued doughs. M e n  the extracts were treated with a reducing agent, the relative 

viscosities of the proteins extracted 6om the tlour and dough decreased but were not signincantly 

different Danno and Hoseney (1982a) postulated that the extracted protein components contained 

intermolecuiar disulphide bonds which indicated that HMW glutenin was cleaved during dough 

rnixing. They maintained (Danno and Hoseney 1982b) that the increase in extractability of protein 

during miwuig was not related to a decrease in protein size (i.e. disaggregation) because solubility 

apparently increased before the size of proteins (glutenins) was reduced. Their resdts suggested 

that glutenin of HMW cm be extracted after a short period of mixing. This was supported by gel 

filtraiion and SDS-PAGE studies on the molecular weight distribution of the SDS-soIubIe fraction 

(Danno and Hoseney, l982b). 

Paredes-Lopez and Bushuk (1983) found that relatively high energy was required to mix a 

Glenlea dough to its peak development in comparison with strong and medium strength flours. 

They showed that the main characteristic of d g  was that optimally developed doughs from 

strong flours contained more of the Osborne AAS giutenin proteins than their corresponding flours. 
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The arnount of glutenin proteins also increased with flou strength. A dramatic increase in the 

amount of AAS glutenin proteins was observed when the Glenlea dough was overmixed. For the 

weak flour, the arnount of AAS glutenin proteins remaked relatively constant as the dough was 

Mxed beyond its peak. Dough development produced oniy Mnor qualitative and quantitative 

changes in the SDS-PAGE patterns of non-reduced and reduced aibumins, globulins and gliaduis. 

The observed changes seerned to depend on the mWng strength of the flour, where the influence 

of mVUng was greater for the stronger flour than for the weaker flour. 

Weegels et ai (1 995, 1997) studied the changes in the composition of the glutenin subunits 

in glutain rnacropoiymer (GMP) of flows and doughs fiom cuitivars of dinerent mWng strength. 

They found that after mMig in a rnixograph, the amount of GMP, and the amount of HMW- and 

LMW-GS in the GMP, decreased, although to dflerent extents. They concluded that changes in 

protein composition during dough mixing indicate that specific reachons involving glutenh 

subunits occur during depolymerization of GMP and that the most readiiy extractable glutenin 

polymers From flour are rich in LMW-GS. 

5. Lipid-Protein Interaction 

The effects of dough M g  on protein solubility and composition may be in pm related to 

associated effects on the lipid component of flour. The addition of water to f lou induces gluten 

proteins to bind certain f l ou  lipids (Okon and Mecharn 1947, Bekes et ai 1983% Zawistowska 

et ai 1984). Dough mixing modifies iipid binding, depending on the mixing action and the Mxing 

environment Lipids normally extractable fkom f l ou  with nonpolar solvents become bound and 

lipid binding increases as dough development increases (Olcott and Mecharn 1947, Chung et al 

1978, Frazier 1983, Frazier and Daniels 1986). 

Dough mkhg a f f k i s  iipid binding and distribution of the flour lipids in the protein fiactions 
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(Chung and Tsai 1975, Frazier et al 1981, Frazier and Daniels 1986, Bushuk 1986)- which may 

affect protein solubility and composition Chung and Tsen (1975) found that more than haif of 

flou k e  lipids becarne bound when dough was optimalty mixed to its peak in a farinograph, and 

that mixing greatly increased the amount of lipids associateci with the glutenin fraction. Beyond 

peak dough developrnent, Little effect on iipid binding and extractability was O bserved. They also 

reported that the nonpolar bound tipids were mainly found in the AAS fractions, and highly bound 

polar iipids were found in the acid insoluble starch-lipid-protein fraction. It has been reported thai 

glutenins bind fifteen limes as much Lipid as the gliadins upon dough mixing (Frazier and Daniels 

1986). 

Zawistowska et al (1984) fractionated the proteins of five hard red spring (HRS) wheat 

cultivars, according to the Osborne procedure and found the fiactions contained the foilowing 

amounts of lipids: albumin/globulin, 8.01-9.14% ; gliadin, 1 1.5- 13.5% ; and ASS glutenin, 7.25- 

8.49%. The A-PAGE of the gliadin fractions extracteci 6orn flou by 70% ethanol showed that the 

same HMW gliadin components (>68 kDa) and small arnounts of LMW components, were 

involved in binding the Lipids for the five cuitivan. The intensity of some of the bands in the 

electrophoregrarn depended on whether lipids were present in the starting flou materiai. This latter 

observation was also reported by Bekes et ai (1 983% b). Zawistowska et al (1 984) aiso found that 

the lipid content of the Osborne A N  fraction was quite low with Gledea having the highest 

amount of lipid content (0.47%). 

Because the binding of iipid by gluterin depends on the physical action of mking, i t has been 

postulated that formation of glutenin-lipid complexes is directly involved in mechanicd dough 

development (Bushuk 1986). Lipids (extracted dong with the gliadin proteins by 70% aqueous 

ethanol solution) îhat c m  mediaie the association of some gliadùis to form aggregates of HMW, 

have been reported by Bekes et ai (1983). DEerences in A-PAGE and SDS-PAGE patterns of 
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gliadins with and without lipids indicaie that in the presence of Lipids, mainly galactotipids, gliadins, 

as weii as trace arnounts of albumin and giobulin proteins, can f o m  aggregates of higher apparent 

molecular weight, 

Although many studies on protein-tipid interaction in dough and its effects on protein 

solubility and composition are highly variable and fidi of contradictions, most results suggest that 

there is an f i t y  between specific gluten proteiw and specific lipids. It can be concluded from 

the titeraîure that protein-lipid interaction can affect protein solubility and its composition during 

dough &g. 

C. Extraction and Fractionation of  Proteins 

The protein composition of wheaî flour is very complex and contains many motecular species 

with different compositioq structure, size, and size distribution (Bietz and Wall 1980, Graveland 

et al 1982. Ng and Bushuk 1989). 

1. Modified Osborne Fractionation 

The classicai separation of proteins by Osbome (1907,1924) was based on sequential 

solubility of the proteins in diaerent solvents. This solubility fractionation procedure remains a 

widely used classification system for wheat proteins. The sequential extraction of wheat flour and 

dough with 0.5 M NaCl, water, 70% ethanol. and 0.05 M acetic acid, fractionated wheat proteins 

into five solubility classes: (i) salt-soluble proteins (globuiins); (ü) water-soluble proteins 

(alburnins); (iii) ethanol-soluble protek (gliadins); (iv) acetic acid-soluble proteins (glutenins); 

and (v) acetic acid-insoluble (or residue) proteins (HMW glutenins). 

Chen and Bushuk (1 970) modifieci the Osborne fiactionaiion procedure by initially extracthg 
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the flour with 0.5 M NaCi, to prevent gliadins fiom becorning soluble and thus contaminahg the 

water and sait soluble protein extracts. Also, mild sarring with a magnetic stirrer at 4OC was 

adopted to avoid artifacts that might be produced by hi& shear stimng and any proteolytic enzyme 

degradation that might occur at arnbient temperatures. 

The modified Osborne procedure was employed by ûrth and Busfiuk (1 972) to rank 26 wheat 

varides according to their breadmaking potential. It was shown that loaf volume, for a group of 

flours vaqing widely in mkhg strength, was inversely related to the arnount of protein (6 to 

27.4% of total Bour protein) thai was soluble in 0.05 M acetic acid solution. They showed a direct 

correlation between the amount of insoluble (15 to 36.5% of total flour protein) protein in 0.05M 

acetic acid solution and loaf volume. Orth and Bushuk (1 972) aiso reported that the amounts of 

aibumin, globulin, and gliadin proteins, were relatively constant in the set of wheat genotypes that 

were studied. 

This sequential approach to extracthg and fractionating wheat f iou proteins into different 

protein classes is tedious and time consuming. Over the years, as protein fractionation methods 

have become more refined, it has become evident that each of the five solubility fiactions are 

heterogeneous and that considerable amount of overlap exists between the classes, especially 

between the two major storage protein fractions, the gliadin and glutenin (Bushuk and Wrigley 

1974, Fu and Sapirstein 1996a, Dupuis et al 1996). This potentially tirnits interpretation of 

relaiionships between particular protein fraction(s) to dough and bakuig properties. Despite these 

Limitations, however, fractionation of the wheat proteins on the basis of solubility has retained its 

importance. 

2. Direct Extraction Procedures 

To avoid the formation of gluten prior to extraction, a more direct approach to isolate 
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polymeric gIutenin is to hrst quantitatively extract the monomeric proteins of flour with non- 

reducing solvents such as dilute itcetic acid (Jankiewicz and Pomeranz 1965, Tsen 1967, Orth and 

O'Brien 1976), dirneihyi sulfoxide (Burnouf and Bietz 1989, Gupta and MacRitchie 199 l), or 50% 

1 -propan01 (Byers et ai 1986, Kruger et ai 1988, Singh et ai 1991, Fu and Sapirstein 1996% 

Sapirstein and Johnson 1996). This direct approach leaves a starchy residue containing the 

polymeric glutenin wtùch can then be extracted under reduced condition. 

a Direct Extraction with Acetic Acid. Acetic acid has been used by many researchers to 

solubilize flour and dough proteins (Jankiewicz and Pomeranz 1965, Tsen 1967, Orth and O'Brien 

1976, Paredes-Lopez and Bush& 1983). Dilute acetic acid (0.0 1-0.05 M) is a rnilder and more 

usefiil solvent compared to atkaline and strongly acidic solvents which can cleave some covalent 

bonds, particularly disulphide bonds (Meredith and Wren 1966). Like dilute hydrochloric acid 

(0.01N) (Macritche 1987), dilute acetic acid can dso extract glutenin wiihout significantly 

reducing its native fiinctionai properties. However, one major disadvantage is that these rnilder 

solvents fail to dissolve al1 of the residue or glutenin proteins (Mecham 1964). 

Numerou papers have established the importance of the relationship between residue 

proteins thaî remain after extraction of wheat flour with non-reducing solvents, and tiuictionality, 

particularly the miung strength of different genotypes. Previous studies found an inverse 

relationship between the protein content of the acetic acid-insoIuble residue and time of mixing 

(Mecharn et ai 1962, Mecharn 1964, Smith and Mullen 1965%b, M d e n  and Smith 1965, Or* and 

Bush& 1972, Tanaka and Buhuk 1973a,b, Orth and O'Brien 1976, Sievert et al, 199 la,b). 

The incomplete solubility of wheat flour proteins in acetic acid was exploited by Orth and 

O'Brien (1 976) who developed a test for dough strength in wheaî. They found that the proportion 

of residue protein (percentage of total f lou  protein) remaining after direct extraction of flour with 
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ddute acetic acid was sigmficantly correlated with dough strengçh. Paredes-Lopez and Bushuk 

(1983) also showed that the amount of Osborne AAI protein was inversely related to the energy 

input during dough mking. They reported a decrease in the amount of residue protein with an 

increase in flour strength, at equivalent miuing treatrnent. 

b. Direct Extraction with Propanol. Although propanol was not utilized in the present 

study, it is a very effective solvent to solubilize gluten proteins. Fu and Sapirstein (1 996%b) 

recentiy reported this protein isolation procedure using the differential solubility of proteins in 

different aqueous solutions of 1-propanol to Fractionate monomeric and polyrneric (native 

unreduced) glutenin proteins of wheat flou. This fractionation scheme produced four relatively 

distinct fractions: monomeric proteins (dbumins, globulins and gliadins), soluble glutenin, 

insoluble glutenin, and residue protein. Using this fiactionation procedure, Fu and Sapirstein 

(1996b) and Sapimein and Johnson (1996) showed a very strong relationship between the amount 

of 50%- propanol insoluble glutenin and dough m i . g  requirements. Fu and Sapirstein (1 996b) 

reported intercultivar variability in the soluble glutenin (9.6 - 19.4% of flour protein) and insoluble 

glutenin (12-28% of fiour protein) proteuis. The latter fraction cowisted of essentiaily pure HMW- 

and LMW-GS. Their results showed that a relatively constant amount of protein (14-18%) 

remained in the final residue and that 57-70% of flour protein was comprised essentially of 

monomeric proteins and a substantial amount of polyrnenc glutenins (Fu and Sapirstein 1996b). 

Fu and Sapirstein (1 996a,b) also found that the insoluble glutenin was the oniy fraction that 

was positiveiy correlated with breadmaking quality (dough mixing requirement and loaf volume). 

They found that Gldea, the sample among the cultivars studied with the strongest dough mWng 

characteristics, had the highest ratio of insoluble to soluble glutenin, and the lowest concentration 

of monomeric and residue proteins. This sarne procedure was used by Dupuis et ai (1 996) to better 
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interpret and characterize the AAS and AII fiactions of bread Hmeat and their relations to 

breadmaking quality. 

The procedure of extracting flour with 50% 1-propanol, foliowed by solubiliPng the 

unextractable g1uteni.n in 50% propanol plus 1% dithiothreitot (DDT), was recently exploited by 

Sapirstein and Johnson (1 996), who developed a relatively simple spectrophotometric procedure 

to measure the concentration of insoluble glutenin in flour. They found a very strong relationship 

beîween spectrophotometrically detennuied insoluble glutenin content and dough m i . g  

requirements, for samples of Canadian wheats of diverse breadmaking potential. 

D. Effects of Structural Relaxation of Mechanically Developed Doughs on Protein 

Compositions and Distibutions 

Most studies on the effect of rnixing on dough protein solubility and composition have been 

based on doughs without any rest or relaxation treatment. That is, the test doughs are irnrnediately 

frozen after mi.xing, lyophilized, and subsequently analyzed. Frazier et ai (1975 and 1985) and 

Daniels and Frazier (1978) found that analyses of rested doughs could lead to very dinerent 

conclusions regarding optimum development prediction. 

The physical andior t e m a i  properties of a freshly Mxed f lou dough are difTerent from 

those of a rested dough. A freshly made dough is often sticky, relatively inelastic and more resistant 

to extension or deformation and has been said to be in an activated state (Hlynka 1955;gb). In a 

relaxed dough, resistance to deformation is known to increase. This could be due to better 

alignment of glutenin molecules which would permit more physical cross-links between them. 

However, since a dough is a dynamic system, subtle changes continue to take place for some time 
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after a dough has been worked. 

Extensigraph studies have been done on the relaxation of h t e d  stresses in flour doughs 

(Munz and Brabender 1940, Dempster et al 1 947, I-llyanka 1955% b). When a dough is lefi to rest 

for uicreasing h e s  f i e r  mixing, it exhibits a decrease in resistance to extension and an increase 

in extensibility . The dough seems to slacken or relax. This is calleci structural relaxation and is a 

rheo log idy  tirne-dependent property of  wheat flour dough which has been documenteci for 

conventional, low work-input doughs on&. 

Using an extemigraph, Klyanka (1 955&b) d e h e d  structural relaxation of dough as the 

stabilization of the sctensigrarn dimensions of the dough properties wîth time. Structural relaxation 

occurs when the dough spontaneously r e m  to an equilibrium structure with fewer physical 

cross-links betweai glutenin molefules. Dempster et al (1 952) suggested that the rate of relaxation 

is indicative of the rate at which the network structure retums fiom the partly oriented, highiy 

cross-iinked arrangement caused by w o r h g  the dough to an equilibriurn arrangement. Thus, they 

postuiated that the relaxation of internal stresses is determined by the extent of cross Luilring of the 

network structure. 

Dempster et al (1952) studied the rates of relaxation of intemal stresses in doughs usinp a 

Brabender Extensigraph. They found bat the behavîour of flour dough is consistent with an 

internal network structure of flexible, long-chah protein molecules with some cross links between 

polar groups of adjacent molecules. The structure is dynamic so that change within the network 

readily occurs. Therefore, during resting d e r  the shaping stage, the kinetic motions of the 

molecuiar segments wdi cause the network to retum to the equiiibnum state. It has been suggested 

that relaxation is analogous to the unwinding of the d o u a  from its strained structure to a more 

stable structure (Hynka, I955a). 

Launay and Bure (1974) studied the stress relaxation of doughs foiiowing shear (cone and 
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plaie rheometer) deformation. They investigated the effects of such parameters as flour type, 

dough-water content, mixing time, presence of sulphite or NEMI, and dough temperature. They 

reported an increase in relaxation time with flour strength. An increase in water content caused an 

increase in the stress relaxaiion rates or a decrease in relaxation tirnes. MWng time in a farinograph 

(3 to 60 min) for different flours had very littie influence on the relaxation curves. Doughs 

formulated with sulphite or NEMI showed a decrease in relaxation times. ï h e  authors specdated 

that the suiphydryl groups were not directiy involved in the stress-relaxation phenornena Finally, 

they showed that an increase in dough temperature produced an increase in the relaxation rate. 

Recently, WeegeIs and coworkers ( 1 994, 1 996, 1 997) studied the glutenin subunit 

composition of GMP of doughs during m i h g  and resting. GMP was defined as the glutenin that 

was unextractable in 1.5% SDS. îhey found that during mixhg, depolymensation of the GMP 

occurred and became partly exaactable in SDS. This resulted in changes in subunit composition 

of the remaining GMP. During resting, repolymensation or reassembly of the glutenin subunits 

took place. The HMW- and LMW-GS were incorporaîed to different levefs and at different rates. 

Finally, the incorporation rates appeared to be dependent on the total arnounts of glutenins and 

the molecuiar masses of the submits. The GMP fiom dough of weak flours breaks down fast and 

reassernbly was slow whereas it was the opposite for dough fiom strong flours (Graveland et al 

1 996). 

E. SUMMARY 

A review of the pertinent literature leaves the impression that the phenomenon of dough 

rnixing has been extensively studied. However, a clear picture of m i h g  effects on the total 

complement of proteins in the endosperm is not yet Icnown. Perhaps the oniy concensus, which 
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allsts in the Iiterature, on the effects of dough mixing on wheat flour proteins relates to @utenin 

Good evidence exists that glutenin's quantity and quality is m d y  responsible for intrinsic 

ciifferences in dough mixhg requirernents among different wheaîs. Good evidence also exists that 

insoluble or large polymenc glutenin disaggregates andlor depolyrnerizes during dough mixing; 

accordingiy, giutenlli becornes M e r  on average, and therefore more soIuble with dough miuing. 

Some workers have provided evidence that dough mWng can dso afEect, or be influenceci by, 

water exîm&ble proteins, gliadins, and ûiplet band (triticins) proteins. S ince 1 980 (Paredes-Lopez 

1980), there have been no reported studies on the effects of d o u a  mi. .g  on 4 to 5 dserent 

protein fiactions that exist in fleur. As well, an interesting hypothesis regarding the interaction of 

ghadins and glutenins and dough miuuig has been recently proposed (Fu et ai 1996, Dupuis et al 

1996). in this hypothesis, the extent of the protein-protein interaction is inversely proportionai to 

dough Mxing requirements. In this study, by quantitatively and qualitatively examining the protein 

composition of the various Osborne protein fractions in flour and d o u a  of two diverse HRS 

wheats, answers were sought for some of the many outstanding questions related to the response 

of different protein in flour to the effects of dough mixing. 



A. Materials 

1. Wheat Cultivars 

Wheat cultivars selected in this snidy were two hard red spring wheats of contrasting m i . . g  

strengtb, viz. Glenlea and Katepwa (1 99 1 crop). Gledea is a cultivar of the CWES class and is 

h o  wn to have exceptionally strong dough properties for breadmaking under Canadian baking 

conditions (Bushuk 1980). Katepwa, is a cultivar of the CWRS wheat ciass and possesses 

medium-strong dough characteristics and good breadmaking quality for a range of baking 

procedures. The wheat samples were tempered to 15.5% moistwe content and rnilled into straight- 

grade flours on a Buhier Automatic laboratory miII. The flours were kept in cold storage (4°C) in 

ir:g!it_S closed plastic containers. Flour extraction was similar for both wheats with f l ou  yields of 

approximately 72%. Sorne pertinent technological results are presented in Table 1. 

2, Reagents and Chemicals 

SDS was Erom Bio-Rad (Richmond, CA). Acrylamide and bisacryiarnide (N, NI-methylene- 

bisacrylamide) were obtained from Pharmacia LKB, Biotechnology AB (Uppsala, Sweden). 

Ascorbic and ladc acids were obtained frorn Mallinckrodt (Mississauga, ON). Aluminurn lactate 

was obtained from Fluka Chemicals (Hauppauge, NY). Coomassie Brilliant Blue G-250, 

Coomassie Briliiant Blue R-250, giycerol glycine, potassium hydroxide, Tris, and ferrous sulphate 

were Eiom Sigma Chernical Company (St. Louis, MO). Ali chernicals and reagents were of 

analyticai grade or better. Hydrogen peroxide (3% practical grade) was purchased Eiom a local 

pharmacy. Distilled deionized water was used in all the experirnents. 



B. Preparatioa of  Dough Samples 

Doughs (200 g f l o u  a. 14% m. b. plus 1 % salt) were rnixed in air in a Grain Research 

Laboratory (GRL)-LOO mixer equipped with a GRL energy-input meter (Kil born 1 979). The meter 

measured the energy used by the motor and recordeci the energy input d u ~ g  mWng in watt-hours 

per kilogram (Whdkg) of dough. The pin speed was set at 140 rpm and a thermostatically 

controlled bath held the temperature of the water-jacketed mixhg bowl at 30 OC. Water 

absorptions (Table 1) were adjusted to give a dough consistency of 500 B.U. when rnixed in a 

Brabender farinograph. The dough fixing treatments that were adopted for this study are listed 

in Table 2. A single mix of each cultivar was perfonned. 

Upon completion of a mi.uing treatment, the dough sample was removed tiom the mixing 

bowi as cleanly as possible by rubbing some shortening on both palms. The dough was gently 

moulded by hand into a cylindrical shape, and cut into equal portions. One portion was placed in 

a humidity cabinet (30 O C  and 95-100% RH.) to relax for 45 min. The other half was cut into 

smailer pieces, immediately frozen in liquid nitrogen, fieeze-dried and subsequently ground in a 

coffee gnnder (Moulinex Coffee and Spice Md) .  The latter represented the control sarnple at a 

particular mixing stage and zero relaxation. Relaxed dough pieces were subsequently treated like 

the control sample. The ground samples were kept in tightly sealed containers at 4°C and were 

removed as required for analyses. 



Table 1. Pertinent technological data of Glenlea and Katepwa 

liY!Xm& GIenlea Katepwa 

Moisture, % 9.3 9.2 

Protein, % (13.5% m. b.) 13.1 14.1 

Hardness (PSI) 46.6 49.3 

Falling number, sec 545 492 

Flow yield, % 72.4 72.3 

Flaur 
Moisture, % 14.0 13.9 

Protein, % (1 4.0% m. b.) 12.4 13.6 

Asb, % (14.0% rn-b.) 0.42 0.34 

Arnylograph visc., BU 800 710 

Sedirnentation value, cc 53 55 

Starch darnage, Farrand Unit 26 26 

Wet gluten content, % 27.1 31.4 

Dough Farinograph 

Absorption, % 60.4 64.9 

D.D.T., min 27.0 6.5 

M.T.I., BU 5.0 15.0 

Exîensigrap h 

Extensibility (E), mm 203 182 

Max. resistance (R), EU 970 660 

R / E  4.78 3 -63 

Are* cm' 249 158 

M~xograp h 

Peak time, min 8.5 2.3 

Peak hei-ght, MU 540 650 



Table 2. Mixing and relaxation treatments of dough sarnplesa çtudied. 

Sample No. Mixing ~reatmenp Relaxation TheC 
(min) (min) 

F flour - 
I undermixeci (1 min) O 

underrntxed (1 min) 45 

3 peak development! O 

4 peak development 45 

5' 15 min O 

6 15 min 45 

7 30 min O 

d 
200 g f lou (1 4% m. b.) + water + 1 % salt 
GRL-200 miver with a GRL energy input rneter operated at 140 rpm and 30 O C  

C Humidity cabinet kept at 30 O C  and 95- 100% relative humidity 
Katepwa = 3.5 min 
Glenlea = 15 min 

e Katepwa only 
See Appendix (Fig. 3 4  and 35) for the mixing curves. 



C. Extraction and Fractionatiou of Flour and Dough Proteins 

1. Direct Extraction of Protein with 0-OSM Acetic Acid 

AAS and A N  fiactions of the flours and fieeze-dned doughs, were prepared by extracthg 

a I g sample (d.b.) with 25 ml of 0.05 M acetic acid in a 50 ml centrifiige tube as described by 

Ordi and O'Brien (1976), with minor modifications. Immediately afler the addition of the solvent, 

aii tubes were vortexed at ft.di speed for 15 sec on a Vortex-Genie mixer (Scientific Industries, Inc., 

Bohernia, NY). They were then placed in a mechanical shaker (Ika-Vibrax-VXR, Terochem 

Laboraîories Ltd., Edmonton, Alberta), at a speed setting of  1400. Mer 2 hr of shaking, the tubes 

were centrifuged at 20,190 g for 30 min at 20 O C  in a Sorvall RC-SC Superspeed Centrifuge 

(Dupont Co., Wiimington, DE). 

The supematants were decanted and volumes measured in a high precision (*O. 1 ) graduated 

cylinder. Three ml of supematant were used for protein determination by the micro-Kjeldahl 

rneîhod (AACC Method 46- 13 1983). Total protein content in the extract was calculated based on 

the total supematant volume. The remaining supematants were freeze-dned. The freeze-dried 

supernatants, which were £iufSr in appearance, were placed in a container and dispersed with a 

glass stirring rod. The residues were fieeze-dried, weighed, and finely ground with a rnortar and 

pestle and their protein content detemiined by the micro-Kjeldahl method. The freeze-dried 

samples were stored at 4 OC until required for analyses. Protein detenninaîion of al1 fiactions was 

done in duplicate. Mean data are reported in this study. 

2. Modified Osborne Procedure 

The proteins of the flour and dough sarnples were extracted and fractionated by the rnodified 

Osborne method as described by Chen and Bushuk (1970)- with some modifications. 
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Samples (10 g d-b.) were ùiitiaiiy extracted with 0.5 M NaCl (40 ml) by stirrîng with a 

magnetic stirrer in a centrifuge bottIe (250 ml) for 2 tir. Subsequently, each suspension was 

cetltrifbged at 1860 g for 30 min at 4 O C  in a SorvalI RC-SC Superspeed centrifùge (Dupont Co., 

Wilmington, Delaware), and the supernatant decanted. To facilitate a more efficient extraction in 

the foliowing fiactionaiion stage, the precipitate was removed Corn the centrifbge bottie and cut 

into smaii pieces with a scissor. The dispersed precipitate was extracted again with 40 ml of 0.05 

M NaCl for 1 hr, centrifuged, and the supematant was decanted. The residue was then washed 

once with 40 mi of distilleci and deionized water for 30 min, centrifiiged, and the supematant was 

decanted. The three supematants were then combined and poured into a 40 cm dialysis tubing 

(Spectra/Po$6 Membrane, Spectrum Medical Industries, Inc., Houston, TX, with a molecular 

weight cut-off of 1000 daltons. The combined extract was dialysed against coid distilled deionized 

water for 72 hr; the water was changed ttiree times daily. M e r  dialysis, the retentate was 

centnfiiged producing two protein ktions: supematant - salt-soluble proteins (mainly globulins) 

(fraction 1 )  and, residue - water-soluble proteins (mainly aiburnins) (fraction 2). 

The 0.05 M NaCl insoluble residues in the centrifiige bottles were kept at 4 O C  until the 

foIlowing day when the fiactionation was resumed. Residues were exûacted &ce with 40 ml of 

70% ethanol, centrifùged, and the supematants decanted. The ethanol-extracts were combined and 

reduced almost to dryness using a rotary vacuum evaporator (Buchi 46 1 Water Bath, Buchi, 

Switzerland). A s&cient arnount of 0.05 M acetic acid (5 ml) was used to quantitatively transfer 

the ethanol-extract from the glas  container and subsequently freeze-dried. fhis step in the 

procedure produced aqueous ES proteins (mainly gliadins) (fraction 3). 

The resulting residue was twice extracted with 0.05 M acetic acid (40 ml), ceneifùged and 

the supemahnts decanted, combined, and k e - d r i e d .  This last step in the procedure yielded two 

M o n s :  AAS proteins ( m m  gluteniw) ( M o n  4) and, AAI proteins (mady HMW glutenins) 



( k t i o n  5).  

Osborne extractions were perforrned at 4 OC and were done in duplicate. After 6eeze-drying, 

the four supernatant hciions were weighed and pulverized into homogeneous powder by a mortar 

and pestie. The residues were fieeze-dried, weighed and subsequentiy ground in a coffee grinder. 

The micro-KjeldahI method was used to detennine nitrogen contents of the extracts and the 

residues. Al1 freeze-dried protein fiactions were kept in sealed containers at 4 O C  and used as 

required for analyses. 

D. Polyacrylamide Gel Electrophoresis 

1. Sample Preparation 

Samples for PAGE analysis were prepared according to the procedwe of Sapintein and 

Bushuk (1 985), with a few modifications. Protein soIutions (controls) were prepared from flow 

and fkeze-dried doughs by extracthg samples with 70% eihanol. The protein fractions obtained 

from direct acetic acid and modified Osbome procedures were solubilized in hvo solvents for 

PAGE analysis: (1) 70% ethanol and (2) the original solvent used to extract the protein fraction 

(i.e. NaCl, water or acetic acid). The amount of fieeze-dried sample and solvent used, as well as 

the amomt of sample applied ont0 the gel slots, was adjusted according to the detection of protein 

bands of reasonable intensity and resolution f i e r  staining. For each protein fraction, the amount 

of sarnple solubiiized and applied was the same. This permitted any quantitative effects of rnixing 

to be revealed. The detection of the bands were based on subjective judgement. 



2. Electrophoresis 

A-PAGE (6.3% gels) was perforrned at pH 3.1 using a custom-bdt electrophoretic apparatus 

described by Bushuk and Zillrnan (1 978) and Sapintein and Bushuk (1 985). Electrophoresis was 

canied out at a constant current of 50 rnA producing a voltage of 300-400 V. The duration of the 

electrophoresis was approximately 2 hr or when the tracking dye (Coomassie Brilliant Blue R) 

band with a faster mobility (blue-green in colour) migrated to the end of the gel. This short-nin 

method retained proteins on the gel slab (albumùis and globuluis) which possess higher mobilities 

than the gliadins. 

E. Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis 

1. Sample Preparation 

Flous and 6eeze-dried doughs (controls) for SDS-PAGE analysis were extracted with 1 ml 

of 2% (w/v) SDSatradng b d e r  solution at pH 6.8 as descnbed by Ng and Bushuk (1988). The 

extraction solution was composed of glycerol, stacking-gel b&er solution (1 .O M Tris with HC!), 

water, SDS, and Pyronin Y dye. For SDS-PAGE of protein fractions isolated by direct acetic acid 

or modifieci Osborne procedures, protein solutions were prepared by solubilizing a given arnount 

of 6eeze-dned sample in SDS-extracting b&er solution. The arnounts of the fieeze-dried sample, 

buffer solution, and sample applied ont0 the gel slots, were adjusted to yield optimally stained 

electrophoregrams. It is noted, however, that equal amounts of samples were solubilized and 

applied so that quantitative dif3erences due to the mixing treatments codd be observed in the 

resulting electrophoregrams. Analyses of the fractions were carried out under non-reducing and 

reducing conditions using 5% (vh) Zmercaptoethanol as the reducing agent 
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2. Electrophoresis 

SDS-PAGE, of non-reduced and reduced protek, were performed in an electrode buffer 

solution (Tris, glycine, and SDS) of pH 8.3 according to Ng and Bushuk (1988). The separating 

gel (pH 8.8, 1 7.3 3 % acwlarnide concentration and 0.45 % cross-linkage) was poured to a height 

of 14 cm ïnto a vertical LKB 200 1 electrophoresis mit ( P W a  LKB). The stackhg gel solution 

was composed of 3.03% acrylarnide, wiîh a pH 6.8, and 1.43% cross-linkage. Each gel was 1.5 

mm in thickness and accommodated 15 samples. 

Electrophoresis was carried out according to Sievert et al (1 99 1 a), with some modifications. 

Proteins were electrophoresed using constant current (35 mA) unhi the tracking dye reached the 

separating gel. The current was then lowered (usually 8- 10 mA) und the t r achg  dye migrateci 

to the end of the gel (usually oveniight); this method resulted in aii the proteins being retained on 

the gel slab. Two gels were electrophoresed sirnultaneously. 

Two-step one-dimensional SDS-PAGE was performed as described by Singh and Shepherd 

( 1 985, 1988) and Sievert et al (1 99 1 b), with some modifications. In the first step, non-reduced 

protein extracts were loaded ont0 a 1 .O mm thick separating gel and electrophoresed overnight 

As soon as the gels were removed corn the plates, the top section of the gel (0.5 cm fiom the 

origin) was cut using a sharp scalpel and a straight edge d e r  as a guide. The strip of gel containhg 

unresolved proteins was reduced by immersing it in a glass beaker (400 ml) containing a solution 

of 5% (vlv) 2-mercaptoethanol (ca 25 ml) for one and a haif h o u  at 37OC. 

For the second step, a 1.5 mm thck gel composed of a separating (17.33% aqlamide 

solution) and a staclung ( 3.03% acrylamide solution) gel was prepared. This gel contained two 

slots, one normal size and one wide. The cut out gel was loaded ont0 the thicker gel by laying it 

flat on a d e r  and carefully sliding it into the wider dot, resting flush agakt  the stacking gel. A 

reduced total protein extract (8 pl) of Katepwa or Glenlea flour was applied ont0 the normal size 
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slot as a secondary standard (Glenlea - GL2 or Katepwa - KP2). The secondary standard also 

served as a rnarker for keeping îrack of the migration of the protek .  When the tracking dye of the 

secondary standard reached the end of the gel, the second eiectrophoretic separation was stopped. 

F. Technological Tests 

1. Moisture content 

The rnoisture content of the whole grain was detennined using an electric moisture meter 

(Canadian Aviation Electronics Ltd., mode1 CAE 919/3.5) according to the AACC standard 

procedure (AACC Method 44-1 1 1983). The moisture content of the flour was determineci by 

near-infrsued reflectance (NIR) using the Dickey John instalab 800 NIR instrument (Dickey-John 

Corp., Auburn, L), caiibrated using a Brabender Rapid Moisture Meter (C.W. Brabender 

instruments Inc. South Hackmsack NJ), according to the standard AACC method (AACC Method 

44-1SA 1983)- 

2. Protein content 

The NIR instrument was used to determine protein content of the whole grain. The micro- 

Qeldahl method (AACC Method 46- 13 1983) employing a Kjeltec System 1002 Distiiiing Unit 

£tom Tecator (Sweden) was used to determine nitrogen content of the flour extracts and residues. 

Total protein content was caiculated by multiplying the nitrogen content by the conversion factor 

for wheat of 5.7 (Tkachuk 1969). 



3. Ash content 

The ash content of the grain (ground med) and flour (5 g of sample at 14% rn-b.) was 

detennined according to the standard AACC method (AACC Method 08-01 1983). The meal was 

prepared by grinding 50 g of grain through a Udy Cyclone Grinder with a sieve size of OS mm 

(Udy Corporation, Fort Collins, CO). 

4. Hardness (PSI) 

The hardness as measured on the wholerneal (Udy Cyclone ground) was determined by NIR 

spectroscopy according to Williams (1 979). 

S. FaIling number test 

The falling nurnber value was detemiined, using a single sample apparatus, according to the 

standard AACC method (AACC Method 56-8 1 B 1983). 

6. Amylograp h test 

The arnylograph viscosity or malt index of the flour was determined according to the standard 

AACC method (AACC Method 22-10 1983) using 65 g of flour (14% m. b.) and 460 mi of water. 

7. Sedimentation test 

Zeleny sedimentahon value (Zeleny 1947) was determined following the standard AACC 

procedure (AACC Method 56-6 1 A 1983). 

8. Starch damage test 

Starch darnage was determined according to the Farrand Method (Farrand 1964) using 5 g 
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(14% mb.) of flour. This was a chernical test that used bacterial a-amylase from Bacillus subtilis 

(United States Biochernical Corp., Cleveland, OH) to estimate the starch darnage in Farrand Units. 

9. Wet gluten content 

The wet gluten content of the flour was determined according to the AACC standard 

procedure (AACC Method 38- 1 1 1983). 

10. Farinograph test 

The dough rnixing characteristics of the flous (farinogram) were determined according to the 

AACC standard method (AACC Method 54-21 1983). A s m d  mkhg bowl and a constant weight 

procedure was implemented (50 g of flour at 14% m. b.). 

11. Extensigraph test 

For the extemigraph memurement., a dough was prepared by mixing 100 g flour (14% m. b) 

for 3.5 min in a GRL-SOO mixer set at 13 1 rpm. The arnount of water added was adjusted to gwe 

a dough consistency of 500 B.U. when mked in a farinograph. The dough was removed from the 

mixer, moulded by hand into a cyhdrical shape, clarnped into a rnodified extemigraph holder, and 

rested for 45 min in a fermentation cabinet at 30 O C  and 95% RH. After the rest period, the dough 

was süetched in the extemigraph until it separated. It was then reshaped manudly and aiiowed to 

rest in the cabinet for another 45 min. At the end of the second rest period, the dough was reshaped 

by hand without stretching and was funher rested for 45 min before it was stretched for the secofid 

tirne. Hmce, the dough was stretched afler 45 and 135 min of rat ;  measurements from the second 

sretch are reported. The area under the curve was measured by a polar compensation planimeter 

(Sokkiska Ltd., Tokyo). 
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12. Mixograph test 

Mixograrns were obtained according to the AACC standard Mixograph Method (AACC 

Method 54-40A 1983). The arnount of aour used was 35 g (14% m-b.) and 63 % water 

absorption. 

The above technological tests were carrieci out at least in duplicate. 

G. STATISTICAL ANALYSIS 

Al1 statistical analyses were perforrned on a HP 90001380 minicornputer using SAS 6.07 

statistical analysis software (SAS hti tute,  1990). Analysis of variance and least significant 

Merence test were perfomed to determine sigrufïcant diaerences between cultivars and protein 

Fractions. 



IV. RESULTS AND DISCUSSION 

The resuits of this study are presented and discussed in five sections. Section A: examines the 

dough Mxing results - the energy required to mix flou to dough, Section B: mixing and its effécts 

on protein solubility; Section C: electrophoretic composition of the wheat f lou proteins at the 

difTerent mixing stages; Section D: dough relaxation. 

ï h e  optimum mixing time for a dough is mainiy a varietal (genetic) charactenstic and is 

relativeiy independent of protein content, i.e. environmentai effects. As discussed in the Literature 

review, the dflerences in dough rniuing requirements among dserent  wheats are largely 

determined by difTerences in protein quality or composition. 

Gidea and Katepwa substantialh) ciiffer in mixing strength as reflected by their dough mWng 

curves (Fig. 1 ) using a GRL-200 mixer. Figure 2 presents the corresponding dough mixing curve 

using a 35g rnkograph. The miving curves of both cultivars reflect the expected Mxing 

characteristics of each wheat (Marchylo et al 1992, Dupuis et ai 1996). The observed dserence 

in the dough d g  records of the GRL-200 and 35g mixograph mixers reflects the difference 

in mixing intensities of the two instruments. Kilborn and Tipples (1972) have shown that in order 

to achieve proper dough developmenf the mixing intensity (irnpeiler speed) and the work irnparted 

to the dough must be above a minimum cntical level. This requirernent varies with both flour and 

mixer, with the Iatter being dependent on the ffour used As the dough strength of a flour increases, 

the criticai value to also increases. Clearly, the GRL-200 mixer operating at 140 rpm, has a 

substantially less intense mixing action than the rnkographoperaîing at 88 rpm. The mixograph 



Figure I . Mixing curves of Glenlea and Katepwa doughs (1  % salt. water absorption at 60.4 
and 64.9%. respectively). 
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Figure 2 .  Mixogams of Gledea and Katepwa dou-@s ( 1 % sait. water absorption at 60.3 and 
64.9%. respectively) . 



O 5 10 15 

Mixing Time (min) 



45 

with its six pin configuration and planetary mixing action is a much more efficient mixer 

particularly for strong flours like Glenlea for which a clear mixing peak was obtained (Fig. 2) in 

contrast to the relatively indistinct miuing peak produced by the GRL-200 miuing at 140 rpm. For 

the remaining Results and Discussion section, oniy the doughs mixed in the GRL-200 mixer are 

reported and discussed. 

The term PDD is generdy used to describe optirnization of physical properties of dough by 

mixing (Bushuk et al 1968). PDD is defined physically by Hoseney (1 985) as the stage in dough 

rnixing when the dough achieves minimum mobility, becomes cohesive, partially elastic, and 

resistant to extension. To attain PDD, Gledea flour required 15 min of mi.xing with a work input 

of 58 Whrkg, whereas, Katepwa flour required only 3.5 min of mLving with a work input of 15 

Whrkg (Fig. 3). The PDD times for both cultivars are in general agreement with those obtained 

by Kilbom and Tipples (1973a) and Paredes-Lopez (1980). Due to the dinerent dough 

formuiation used such as the arnount of salt added to the flours, differences in water absorptions, 

and as in the case of Paredes-Lopez (1980) using a different mixer, the energy requirements in this 

study are not exactly similar to that used by the above researchers. 

nie net energy utilized for Mxing the flous to 30 min was 1 14 and 1 1 1 Whrkg for GIenlea 

and Katepwa. respectively. Once peak d o u a  development was anauied, Katepwa quickly showed 

evidence of dough breakdown as the resistance to extension rapidly decreased. Katepwa's 

resistance to estension reached a plateau after about 15 min of mi-xing. For Glenlea, oniy a small 

decrease in resistance to extension was found even after 30 min of rn~uing.This tolerance of 

Glenlea doughs to overmising has been observed previously. Paredes-Lopez (1980) found that 

G i d e a  had an atypical farinogram at the normal farinograph speed of 60 rpm. At a higher speed 

(90 rpm), Glenlea's farinogram showed a second broad peak at about 16- 17 min. The initial peak 

(90 rpm miuing) is therefore iikely related to hydration of flour constituents only. 



Figure 3. Etiecz of mixing tirnes (min) and energy inputs (Whrkg) on Gleniea and Katepwa 
doughs rnixed in a G R L - 2 0  mixer. 
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Paredes-Lopez (1980) found that Glenlea required extremely hgh energy input to reach its 

overmixed stage in comparison with both the strong and medium-mixing strength flours when 

mixed in a farinograph This study reported very high energy requirements for dough mixing 

because unlike the GRL-200, the fhograph in comparison is a much less efficient mixer. 

B. Influence of Dough M-g on Wheat Protein Solubility 

In this section, the effect on protein solubility when flour is mixed to its optimum tirne wili 

be discussed. PDD times were 15 and 3.5 min for Glenlea and Katepwa, respectively. The changes 

in flour protek during dough rniwng kom 1 min (undermixed) up to 30 min (ovemiiued) will also 

be presented in this section. 

1. Dough Mixing and Direct 0.05M Acetic Acid Extracts 

The amounts of AAS protein, as a percentage of total protein in flour were 60.2 and 69.9% 

for Gldea and Katepwa, respectiveiy (Table 3). The higher arnount of protein extracted fiorn the 

relaiiveiy weaker flour (Kaîepwa) is consistent with previous results (Orth and Bushuk 1972, Orth 

and O'Bnm 1976,Paredes-Lopez 1980, Dupuis et al 1996). Paredes-Lopez (1 980) observed that 

for an equivalent energy input, there was an inverse relationship between dough strength and 

protein extractability. He also found that Glenlea required an extremely high level of farinograph 

work input to solubilize a given arnount of protein as compared to Katepwa 

For both Gledea and Katepwa. the amount of AAS protein increased with mWng to 1 min 

and continued to increase with dough development (Fig. 4). For Glenlea, the proportion of AAS 

flour protein increased significantly from 60.2% (flour) to 80.7% (overmixed). For Katepwa, 



Table 3. E k t  of Glenlea and Katepwa dough mixing on the distribution of protein in direct 0.05 
AAS and A N  as a percentage of total protein. 

GlenIea 

Fraction O min (flou) 1 min 15rnin(peak) 30rnin 

AAS 60.BO. lc 61.1*0. Ic 73 .20 .6b  80.7*0.2a 

AAI 37.3*0.4a 38.B0.1 a 28.4* 1 .Ob 18.W1.3~ 

Total Recovery 97.5 99.3 101.6 98.7 

Fraction O min (florrr) 1 min 3.5 min ( peak) i 5 min 30 min 

AAS 69% 1 .Sc 76.811.6b 79.7* 1.4b 85.7* 1.6a 83.7*5.4a 

A N  28.7*1.9ab 30.9I1.9a 24.1*2.8b 24.Ck2.8b 1 7 . 2 0 . 9 ~  
- - - - - - - 

Total Recovery 98.6 107.7 103.8 109.7 100.9 

Values in rows fotlowed by the same letter are not signrf~cantly dBerent (p < 0.05). 



Figure 4. Efieçt of mixing tirne on direct 0.05 M AAS (top) and AAI (bottom) protein uf cvs. 
Glenlea and Krttepwa. 
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doughs, AAS protein e>rtractab+ty reached a plateau at 15 Mn of mihg, while for Glenlea mkhg 

beyond 15 min resulted in signincantly more extracted protein. For Glenlea and Katepwa, the 

arnount of protein solubiiized at 30 min of mixing were 20.5 and 15.8% respectiveIy. 

Figure 4 also shows thai the rate of increase in the amounts of AAS was greatest duMg the 

first few minutes of mWng for the relatively weaker flour Katepwa when compared to Glenlea 

However, when rnixed to PDD, the rate of increase for GIenlea surpassed that of Katepwa, 

whereby the total amounts of AAS protein to PDD were 13 and 9.8%, respective-. Sirnilar 

hdings were reported previously by Tsen (1967) who suggested that protein aggregates in weak 

flours are not as stable and may have a smaiier overail aggregate size than the protein from a strong 

flour. 

It shouid be maitioned chat the high total protein recoveries for Katepwa doughs rnixed for 

1 and 15 mùi makes interpretation of precise trends in these resuits subject to some uncertainty. 

However. the trend of increasing and decreasing AAS and AAI protein with Mxing is clear for 

both cultivar samples. 

Previous work has established a relationshp betweai the amount of AAS pro tein and k i n g  

strength of wheat flou doughs. Acetic acid extracts a higher percentage protein from weaker 

fiours than fiorn stronger flours (Mecharn et ai 1962, Mecham 1964, Mdlen and Smith 1965, 

Tsen, 1967, Orth and Bushuk 1972, Tanaka and Bushuk 1973a,b,c, Butaki and Dronzek 1979, 

Paredes-Lopez and Bushuk 1983). These references dealt with flour extracts, and not the 

breakdown of insoluble glutenin with mixir~g. When mked to PDD, more AAS protein is extracted 

fiom Gleniea dough than fiom Katepwa As GlenIea flow contains sigiuficantly more AAI protein 

than Katepw% this resuit s e e m  plausible. 

The amount of AAI f lou protein of both cultivars was sunilar to results of other studies on 
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hi& quality Canadian bread flours [(Paredes-Lopez 1980, Preston et ai 1992, Dupuis et al 1996) ] 

Tsai (1967), Orth and Bushuk (1972) and Butaki and Dronzek (1979 ) also observed that stronger 

wheat flours have more acid-insoluble gluten than weak flours. Butaki and Dronzek (1979) 

reported that acetic-acid soluble proteins constituted about 90% of total protein î?om weak gluten 

and about 70% fiom strong giuten They dso found that Gieniea's insolubte fraction contained the 

highest percentage of protein. 

As expected Erom previous studies (Tsen 1967, Tanaka and Bushuk 1973a,b,c, Sievert et 

al 199 1 qb), the proportion of AAI proteins declined with mixing for both Glenlea and Katepwa 

(ïable 3, Fig. 4). The proportion of k U  fraction in the total flou protein decreased with d o u a  

development fiom 37.3% (flour) to 18.0% (overmixed) for Glenlea, and from 28.7% (flour) to 

17.2% (overmked) for Kâtepwa Also, dough mWng to the overmixed stage resulted in nearty the 

equivaient proportions of AAI proteins for both cultivars, whereas flours difEered by over 8% in 

the proportion of M proteins. The difFerence between undertnixing and overmking stages in the 

proportion of AAI proteins w s  19.3% for Glenlea and 1 1.5% for Katepwa These dïfFerences 

were produced by comparable arnount of energy inputs of 1 14 Whrkg for GIeniea and 1 1 1 Whrkg  

for Katepwa Dough mi,uing to 30 min solubitized significantly more AAI proteins for Glenlea 

than for Katepwa These data indicate that when the flours are rnixed beyond optimum 

developrnent, intrinsic Dow strength cannot be differentiated by the amount of remaining AAI 

proteins. This remit shows that while Glenlea had a much higher concentration of AAI protein and 

Osborne residue (discussed below) protein in flour, this protein ( m d y  gtutenin) is comparable 

to that of Katepwa in its-susceptibility to depoIymerization by mixing. 

For Glenleq the fieeze-dried direct AAI fiaction at different mixing tirnes had protein 

concentrations ranging fiom 6.4% (undermixed) to 3.1 % (overmixed) (Tabie 4). For Katepwa, 



Table 4. Effect of dough mWng onathe protein concentration of direct@ extracted 0.05 M AAS 
and AAi residue fiaction . 

Glenlea 

Fraction O min (flou) 1 min 1 5 min (peak) 30 min 

AAS 

AAI 

Katepwa 

Fraction O min (flou) 1 min 3.5 min (peak) 1 5 min 30 miri 

AAS 4.1 kO.0 4.8kO.i 4.9=tO. 1 5.1M.1 5.3kO. 1 

AAI 5.4I0.3 5.5I0.4 4.3I0.4 4.1*0.5 3.3*0.5 
%e protein concentration of the AAS fiaction is rneasured in m g h l  O.OSM acetic acid. The 
protein concemtrahon of the fieeze dried AAI residue is rneasured in percent. 



55 

the pro& concentration of the AAI residues varied f?om 5.5% (undermixed) to 3.3% (overmixed). 

Accordingiy, the protein contents of the AAI residue fiactions decreased when dough was mixed 

to peak, which is consistent with previously published resdts (Mecham et al 1962, Tsen 1967, 

Tanaka and Bushuk 1 973hb, Sievert et al 1 99 1 %b). The relative decrease was greater for Gledea 

(24%) compared to Katepwa (20%). The decline in AAI  protein concentration with Mxùig is 

likeiy due to increased protein solubility caused by mixing which decreases the size of largasized 

protein aggregates (Mecham et al 1965). For the direct AAS fiaction, the protein concentration 

increased when dough was rnked to 30 min.from 3.3% (flou.) to 4.8% (ovemiixed) and 4.1% 

(flou) to 5.3% (overmixed) for Glenlea and Katepwa, respectively (Table 4). 

2. Dough Mixing and the Osborne Protein Fractions 

a. Salt-Soluble (0.5 M NaCI) Protein. For flour of Glenlea and Katepwa, salt-soluble 

protein contents were 3.4 and 3.0% of total flou prote@ respectively (Tables 5 and 6). Varietal 

differences were not observed in the arnounts of salt-soluble fractions of the flou sarnples. 

Recentiy, however, Dupuis et al (1996) fomd that cornparison of the protein solubility distribution 

betweai Gleniea and Katepwa showed a sigdicant varietai dinerence in the Osborne salt-soluble 

protein fraction with Katepwa containhg more of this protein than Glenlea This difference in 

findings may have resulted because Dupuis et al (1996) did not M e r  fractionate the salt-soluble 

protein M o n  into albumins (water-soluble) and globulins (salt-soluble). Other studies indicate 

that the amount of salt-soluble protein extracted from weak and strong flours are sirnilar and have 

Little effeçt on mWng characterisitics and breadmaking quality (Mullen and Smith 1965, Smith and 

Mullen l965qb, Orth and Bushuk 1972, Tanaka and Bushuk 1973a). 



Table 5 .  Effect of Glenlea dough rnjxing on the distribution of proteins in Osborne 
solubility fiactions as a percentage of total protein. 

Osborne Dough Mix Tirne 
Solubility 
Fraction O min (flou) 1 min 15 min (peak) 30 min 

- - -  - -- - 

Salt 3.4*0.3a 2.4*0.2b 1.9=t0.2b 2.lkO.Obc 

Water 9.7k0.5a 9.6*1.2a 8.%0.9a 8.1*0.4a 

Alcohol 32.8*2.8a 32.7*3. la 32.8*2.7a 32. l* 1 S a  

Acetic-acid 12.1*1.2c 12.5*0.2c 16.7*1.9b 20.3*0.2a 

Residue 33.9I2.6ab 37.5*0. la 32.7*1.9ab 28.1*0.6b 

N recoverv 91.7 94.7 93.0 90.7 

Values in rows followed by the same letter are not sigrufïcantly dBerent (p < 0.05). 



Table 6. E f f e t  of Kaîepwa dough mixing on the distribution of proteins in Osborne sohbility 
fiactions as a percentage of total protein. 

Osborne Dough Mix Time 
SoIubility 
Fracbon O min (f lou) 1 min 3.5 min (peak) 15 min 30 min 

- -- 

Salt 3.0I0.2a 2 2 0 . 1  a 2.1*0.2a 1.9I0. la 2.7k 1 .Sa 

Waîer 1 0.8*0.9b 1 1.4*0.3ab 11.5*0.7a 1 1.5A0.9a 11.1k0.9ab 

Alcohol 35.9I1.3a 2 5 2 0 . 5 ~  29.4I0.8 b 36.7k0.6a 3621.5a 

Acetic-acid 16.M0.9b 19.%1.2a 19 .W .4a 19.8*I1.2a 20.20.5 a 

Residue 28.8*0.3d 41.21. la 34.e1.2b 31.5kO.l c 30.1A0.9cd 

N recovery 94.5 99.8 97.7 101.3 99.4 

Values in rows foiiowed by the same letter are not sigdicantiy different (p < 0.05). 
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For Glenlea, the amount of sait-soluble protein decreased significantly with mixing fiom 

3.4% (flour) to 1.9% (15 min mixing) (Fig. 5). Further rnixing produced no change in this fraction 

For Katepwa, comparable values were obtained, 3.9% (flour) to 1.9% (15 min mixing). 

Paredes-Lopez (1 980) reported a decreasing trend of approximately 1 - 1 .5 % of flou protein 

(not statistidy evaiuated) in the amount of salt soluble proteins with mixing in three cultivars of 

diverse mixing strength. In conîrast, Tanaka and Bushuk (1973a) reported that the arnounts of salt 

soluble protein were not affecteci by dough mking in a farinograph. Koenig et al (1 964) found that 

good qualiîy flours, which also had longer mixing times, contained more sdt-soluble proteins than 

poor quality flours. in contrast, Mullen and Smith (1965) and Smith and M d e n  (1965a and 

I96Sb) extracted similar arnounts of sait-soluble proteins fiom short and long mUung flours. 

In terms of protein concentration, for both Glenlea and Katepwa, f l ou  had the highest 

protein concentration of 55.8 and 60.5%, respectively (Tables 7 and 8). Orth (197 1) reported salt- 

soluble protein concentrations for 26 wheat sarnples, ranging from 43.0 to 88.5%. Chen and 

Bushuk (1970) found the Osborne sait-soluble protein concentration for a hard red spring wheat 

flour to be 76.2%. With rnixing, the protein concentration decreased considerably compared to 

fiour. Glenlea and Katepwa were comparable in their salt-soluble concentations at al1 the Mxing. 

For Gledea and Katepwa, the decreases in protein concentration fiom f lou  to 30 min of mixing 

were approximately 10 to 1 7%, respective&. 

While it is generaily accepted that salt-soluble proteins do not play a major fwictional role 

in breadmaking, in ths study, some rnixing related effects were observed on this protein fiaction 

as indicated above and by electrophoresis (see below). 



Figure 5 .  Effect of mixing time on Osborne satt (top) and water (bottom) soluble protein of 
cvs. Glenlea and Katepwa. 
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Table 7. Effect of GIenlea dough mi'cing on the protein concentration of Osborne solubility 
fraction. 

Osborne Dough Mix T ï e  
Solubiiity 
Fraction O min (flou) 1 min 3.5 min (peak) 30 min 

Salt 55.8*3. la 50.410.8ab 47.20.2b 45.7*2.2b 

Water 47.3*1. la 47.1*2.9a 44.7*0.5a 44.9I0.4a 

Alcohol 67.4*0.0b 71.512.1ab 7 1.3*0.7ab 72.5* 1.8a 

Acetic-acid 62.7*2.6d 68.4I3.3~ 73.1I2.76 75% 1.6a 

Residue 5.8*0.3b 6. S*O. 1 a 5.8*0.0b 4.W0.0~ 

Values in rows followed by the sarne letter are not significantly different (p < 0.05). 



Table 8. Effect of Katepwa dough mixing on the protein concentration of Osborne solubility 

Osborne Dough Mix Tirne 
Solubility 
Fraction O min (flou) 1 min 3 -5 min (peak) 15 min 30 min 

-- -- 

Salt 60.4* 1.6a 52.4k2.5ab 48.5*1. lb 47.8*2.3b 43.= 1.4b 

Water 52.20.6a 48.4*0.Ob 48.3*0.4b 47.1*0.0b 48.%0.0b 

AlcohoI 72. 7*0. 8a 70.W0.4a 73.3*1.6a 70.W4.2a 73.4k3.2a 

Acetic-acid 74.23.7a 76.3*4.3a 79.8* 1.8a 7 1.2I0.4a 74. B O .  da 

Residue 5.5*0. Ic 7 . e O .  1 a 6,5*0,3b 5.&0. lc 5 . e 0 . 2 ~  

Values in rows followed by the same letter are not significantly different (p < 0.05). 



b. Water-Soluble Protein, The amount of water extractable protein did not change 

significantiy during rnixing for both Glenlea (8.1 to 9.7% total protein) and Katepwa (1 0.8 to 

1 1.5% total protein) vables 5 and 6) . However, there seemed to be a slight trend of decreasing 

extractable proteiR particularly at 30 min of muùng (Fig. 5). Paredes-Lopez (1980) found the 

water-soluble proteins of Glailea f l o u  (protein content of 12.6%) remained constant throughout 

mixing; although ovemùxuig produceci the greatwt amount of proteins. For Neepawa (protein 

content of 14.1%), the underrnixed sample showed the lowest arnount of water-soluble protein 

which eventually increased with more mWng (Paredes-Lope% 1980). Tanaka and Bushuk 

(1973a) also showed that rni.uing had no effect on the arnount of water-soluble proteins. 

Throughout the miuing stages, the amount of water extractable protein was significantly 

les for Glenlea than Kaîepwa (Fig. 5) .  This is in agreement with results fiom other researchers. 

Clusky et al (1961) showed hard and soft wheat flours contained the same arnount of water- 

soluble protein, although total protein content was generally higher in hard wheats. in contras& 

Orth (197 1) found intervarietal ciifferences in the proportion of water-soluble protein of 26 wheat 

varieties. Orth (197 1) extracted water-soluble proteins in the range of 6.3 to 10.6%, K d I  and 

Wall (1969) reported a range of 7 to IO%, whik Wrigley and Bietz (1988) reported a higher 

arnount of 15%. Shuey and Gilles (1 973) also found that the amount of water-soluble protein was 

higher for sofi wheat thm for hard red spring wheat. Nemeth (1993) reported an average of 

14.8% water extractable proteins from 1 1 son wheat varieties. Finally, using a direct water 

extraction procedure, Faraj (1993) found that Glenlea contained the lowest amount of water- 

soluble protein while Neepawa contained the highesf among the varieties he studied. 

The Iow protein concentration (about 45%) of the water-soluble fiaction shows the 

variability and the arnount of non-protein material extracted by water at different mkhg tirnes 
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mies 7 and 8). For both wheat varïeties, the flour samples containeci the highest protein content 

For Katepwa, a signincant decrease in protein concentration (approximately 6%) was observed 

at 1 min of mixing For 26 wheat varieties, Orth (197 1) found the water-soluble protein fiaction 

had protein conmiraiion levels which ranged fiom 58.1 to 69.5%. Also, a hard red spring wheat 

with a gour protein content of 13.6%, had a water-soluble fiaction with a protein concentration 

of 53.3% (Chen and Bushuk 1970). 

c. Alcohol-Soluble (70% ethanol) Protein. Ethanol soluble (ES) protein fiactions 

represented 32.8 and 35.9% of total f lou protein for Glenlea and Katepwa. respectively (Tables 

5 and 6). No signtncant varietal ciifference was observed with the flour samples. This is consistent 

with findings of Dupuis et ai (1996) who also found no sigruficant varietal dserences between 

aicohol soluble proteins extracted fiom the flours of Glenlea and Katepwa in contrast, Orth and 

Bushuk (1972) reported sigrufïcant intercultivar difEerences in this fraction among floun of 

diverse breadmaking quality. Researchers using a modified Osbome procedure have reported 

varying values of ES proteins in Born.  Ewart (1968) reported a value of 16.0% totai protein 

content Chen and Bushuk (1 970) found a red spring wheat variety to contain 28.5%. Orth (1 97 1) 

obtained a range fiom 29. i to 41.6%. Tanaka and Bushuk (1973a) reported values of 27.6 to 

3 1.6%. Wrigley and Bietz (1988) reported a value of 33.0% of total protein content. Lady, 

Nemeth (1993) obtained a mean value of 35.4% for 1 1 soft wheat varieties ranging tiom 3 I .9 to 

40.0%. 

in contrast to îhe Osbome salt and water-soluble protein fractions, the Katepwa ES protein 

fraction was vev susceptible to dough mking effects. It is noteworthy that mixing had no 

sigm6cant effect on the amount of ES protein from Glenlea (32.8% of total protein) (Fig. 6). For 



Figure 6. Efiect of mhcing tirne on Osborne alcohol (top) and AAS (bottom) soluble protein 
of cvs. Glenlea and Katepwa. 
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Katepvia, however, the amount of ES protein significantly decreased upon initial flour &g (1 

min) (35.9 to 25.2% total protein) and subsequentiy increased signrficantly to a maximum of 

36.7% at 15 min of mixing, where it remained constant for the additional 15 min of mWng to 30 

min (Table 6). As wiü be disnissed laîer, the signiscant increase in the amount of ES protein wi th 

continued Mxing was parallell by a concomitant deaease in AAI; electrophoresis results showed 

that the labile protein which is solubiiized upon m i . g  of Katepwa dough, is gliadin which has 

apparentiy aggregated with glutenui upon initiai mkhg of the flour with water. 

Tanaka and Bushuk (1 973a) reported a gradua1 increase in the arnount of ES protein when 

doughs were mDred in air up to 15 min; dough sarnpling was fint perfomed at 5 min of mixing. 

Also, Paredes-Lopez (1980) found that overmixing produced a slight increase in the solubility of 

this Fraction in Gleniea doughs, aithough staîistical analysis was not performed. Paredes-Lopez 

(1 980) did not observe a drop in ES protein from flour to 1 min of M g  for any of the three 

cultivar samples. in that study, the initiai dough mWng was done at a much lowere mixer speed 

(37 rpm) compared to 135 rpm used in this study. Presumably, an adequate level of rnixing 

intensity is required in order to produce the effects found in this study on the ES protein fraction. 

Of the five Osborne solubility fractions, the ES fraction had one of the highest protein 

concentrations (about 70% for both cultivars) (Table 7 and 8). During mixing, Gleniea and 

Katepwa doughs did not Vary in protein concentration. The ES protein concentrations are 

consistent with analogous results of other researchers: 75% to 92% for 26 wheat varieties (Orth 

197 1 ), and 90% for a hard red spnng wheat variety (Chen and Bushuk 1970). 

d. AcidSolu ble (0.05 M acetic acid) Protein. Acetic acid extracteci 12.1 and 1 6.0% total 

protein fiorn Gleniea and Katepwa flour, respectively; significant varietal differences were 
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obserned (Tables 5 and 6). Mwng Glenlea dough for 1 min showed no significant change in the 

amount of protein solubiiized in cornparison to the amount fkom f lou  (Table 5). With M e r  

mixing to 30 min, the arnount of AAS protein of Glenlea dough increased signrficantiy and 

progressiveIy (12.5 to 20.3% total protein) in a linear fashion (Fig.6) 

For Katepwa however, a distincîiy dflerent solubility pronle was obtained; the arnount of 

AAS protein increased with initial mWng and remained stable for the duration of the miuing 

treatment (1 6.0 to 20.2% total protein). Katepwa flour and the underrnked treatment (1 min) 

sarnple contained significantly more AAS proteins compared to analogous samples of Gleniea 

With M e r  miuing to 30 min, the two varieties attained identical AAS protein levels. Katepwa 

showed a higher rate of increase in AAS protein solubility (about 4% more) in the initial mixing 

stage. This is in agreement with results of Tsen (1967) who found that the rate of increase of 

protein in the initial miuing stage, was higher for weak flours than for seong flours. Like other 

researchen (Mecham 1962, 1964, 1965), he dso found that dilute acetic acid extracts a higher 

percentage of protein frorn weak flours than from strong fiours. Orth and Bush& (1972) 

suggested lhat a low proportion of acetic acid-soluble protein is a charactenstic of a good quality 

wheat f lou (see Literature Review). Paredes-Lopez (1980) found the amount of AAS protein 

increased substantiaily with optimum mixing for the very strong flour (Glenlea) whereas lower 

increases were observed for the two weaker flours in that study. 

The arnount of AAS protein of Glenlea and Katepwa was similar to values reported by 

other researchers. Paredes-Lopez (1980) obtained AAS protein content of 9.4% for f lou and 

10.8% for undemiixed dough and 18.5% for dough for a Gleniea sarnple with a flour protein 

content of 12.6%. Wngley and Bietz (1988) reported a value of 16% protein content for AAS 

soluble protein Khan et al (1990) reported values expressed as percent of total gluten protein for 
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cultivars containhg 12.4 and 13.2% flour protein; the former contained 14% AAS proteins and 

the latter to contain 16%. Finally, Nemeth (1 993) obtained a mean value of 15.9% for 1 1 soft 

wheat varieties ranging fiom I 1.8 to 22.7% 

Ldce the ES fraction, this fraction dso had a high protein concentration (Tables 7 and 8). 

n i e  protein concentration of the AAS fraction varied fiom 62.7% ( flour) to 75.8% (30 min mix) 

for GIedea, and 71.3% (15 min mix) to 76.3% (1 min mix) for Katepwa Thus, the protein 

concentration of the fiactions of the Katepwa f lou and undermked sarnples was higher than that 

of Gleniea but equaiized with M e r  mixing. Chen and Bushuk (1970) reported a value of 70.2% 

for the AAS protein concentration of a hard red spring wheat with a flou protein content of 

13.6%. These values are similar to those determined by Orth (1971) who obtained values with 

range 66.9 to 88.5% for 26 varieties. 

e. Residue (0.OSM acetic acid-insoluble) Protein. Compared to other Osborne 

fractions, the effect of dough mi.xing on residue protein solubility produced very distinct and 

sirnilar results for Glenlea and Katepwa sarnples (Tables 5 and 6, Fig. 7); ihere was an initial 

increase in residue protein upon f l o u  hydrahon ( 1  min mix), foiiowed by a progressive decline 

in the amount of residue protein to 30 min of mixing. For Glenlea, the total arnount of protein in 

the AAI fiaction increased with initial rnixing to 37.5% fiom 33.9% for flour (Table 5); mixing 

to 30 min reduced the amount of AAI protein to 28.1 % (Fig. 7). Aithough the 3.6% increase (cf 

Flow) in Glelea AN protein at 1 min of mWng was not significant @ < 0.05), the increase is 

most likely real as the difference was significant atp < 0.10 comparai to AAI protein of dough 

rnixed to 15 and 30 min. Similarly, Katepwa AAI protein increased (cf flour) significnatly by 

more than 12% (to 4 1.2% total protein) with 1 min of mWng and subsequently decreased 



Figure 7. EKea of mixing on Osborne residue protein of GIedea and Katepwa flours. 
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significantly to 31.5% at 15 min of mixing and then remained constant (Table 6, Fig. 7). 

Consistent with the differences in dough mixing requirements of Glenlea and Katepwa, the 

residue protein content of both cultivars were sigrufïcantly dflerent at the flour and premixed 

stages. Gleniea contained significantly more AAI protein than Katepwa (Fig. 7). 

Paredes-Lopez (1980) showed that the amount of AAI protein in dough decreased with 

increasing work input for flours varying in mixing strength. He dso found that the decrease was 

greatest for the strongest flour, Gledea Paredes-Lopez (1980) suggested that the stronger the 

flour, the greater the effect of development on glutenin solubiiization. In contrast, Tanaka and 

Bushuk (1973a) found that the amount of AAI residue protein decreased with increased mixing 

tirne, with no relationship to intrinsic mWng strength of the flours examined. 

Orth (1971) reported AAI protein contents ranging tiom 15 to 36.5% (mean of 26.9%) for 

26 wheat varieties. Nemeth (1993) obtained a mean value of 29.3% for the Osborne residue 

protein fiaction of 1 1 soft wheat varieties ranging fiom 21 .O to 36.0%. 

Of the £ive M o n s  adyzed, the A N  fiaction had the lowest protein concentration (Tables 

7 and 8); Le. 6% averaged over ail rnixing treatments. Orth (1971) found the protein 

concentration in 26 insoluble Osborne residues varied fiom 2.8 to 8.1%. The low protein 

concentration of the A N  residue was due to the predominance of starch in the residue fraction. 

The protein concentration of the AAI fraction of Katepwa increased significantly fiom 5.5% to 

7.6% afler 1 min of d g .  This significant increase in residue protein concentration upon flour 

hydration, was also observed in Glenlea but to a lesser degree, i.e. from 5.8% to 6.5%. With 

further dough development, both wheat cultivars showed decreasing trend in the A N  residue 

protein concentration, although afler 15 min of mixing, the Katepwa fraction remained constant. 

The protein concentration of Katepwa was higher than Glenlea at the undermked, PDD and 
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overmixed stages. At 15 min of mixing, however, the protein concentration of Glenlea and 

Katepwa residue fiactions were equivalent. 

D. Influence of Mùing on the EIectrophoretic 

Compositions of the Protein Fractions 

The possibiiity of qualitative and quantitative effects due to mixing on the protein 

composition was investigated using SDS-PAGE and A-PAGE. Gel electrophoresis can resolve 

a cornplex mixture of proteins based on theû molecular size andfor charges. SDS-PAGE separates 

proteins according to their molecular size and A-PAGE separates proteins according to their 

molecular size and net positive charge. SDS-PAGE was chosen for this study because it can be 

applied to al1 the fractions of fieeze-dried proteins both before and af€er reduction of disulphide 

bonds. Also, the effect of m i . g  on "slot" proteins were investigated with a two-step one- 

dimensionai electrophoretic procedure. Slot protein refers to protein too large to enter the 

polyacrylamide gel by SDS-PAGE under non-reducing conditions. Accordingly, this protein 

remains in the sample application slot during the electrophoresis m. 

In discussing an electrophoretic pattern result (electrophoregram), the term "qualitative" 

change is used to indicate the presence or absence of a band. The term "quantitative" change is 

used to indicate relative change in the staining intensity of a band as determined by visuai 

inspection Some of the electrophoregram results that are discussed may not be readily apparent 

fiom the figures due to Ioss of detail in the photographie results. 



1. Electrophoretic Compositions of the Direct 0.05 M Acetic Acid Fractions 

SDS-PAGE patterns of the AAS fiaction (obtained by direct extraction) of Glenlea under 

non-reducing condibons (Fig 8A) showed an increase Li stahhg intensity with increasing dough 

Mxing. Also, the background streaking became more intense as mixing tirne increased. This 

indicaîes that more of the glutenin was being rendered soluble. This electrophoregram is 

consistent with the increased solubiMon of proteins d h g  mixing (Fig. 4) which was an 

expected result based on previous work (see Literature ReMew). This solubilized pomeric 

proteins as glutaiin is di much too large to resolve as discrete bands and is thus visuaiized under 

non-reducing conditions as background streaking. SDS-PAGE of direct extracts of AAS protein 

under reducing conditions (Fig. 8A) showed an increase in the band intensity of HMW-GS with 

increasing dough mixing. 

There are many theories on what causes background streaking in electrophoresis results. 

Nakamura and Handu (1 984) speculated that s i reahg is probably caused by the presence of 

tipids since Coomassie Brilliant Blue is known to be a dye for lipids. Othen have suggested that 

the streaking is probably caused by other subunits of disulphide-Iinked poteins of the Bour or 

dough that does not enter the gel. The s t r d g  may also represent HMW proteins that have a 

strong tendmcy to aggregate (Singh and Shepherd 1985, Sievert et ai 1 99 1 a). Singh and Shepherd 

(1985) have show the disulphde-linked proteins to be involved in formation of the dark 

background streaking that is observed in electrophoregrams under non-reducing conditions. The 

identity of these sireakhg components rem& to be elucidated. However, in this study, it appears 

to be due to unresolved polymeric protein. 

The SDS-PAGE patterns of the AAS M o n  of Katepwa under non-reducing and reducing 

conditions (Fig. 8) indicated no effect of mixing. Katepwa had more intensely stained stained 



Figure 8. SDS-PAGE of unreduced (A) and reduced (B) direct 0.05 M acetic acid-soluble 
protein of tlour and dou- subjected to various mixing. As defined in Table 2. F 
= flour. 1 = undedxed .  3 = peak development, 5 = 15 min, 7 = 30 rnin-Gl = 
Glenlea and Kp = ffitepwa total protein extracts. 
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electrophoregrams, which is consisterit with a higher extraction level by acetic acid (Table 3). The 

higher amount of extracted protein and therefore darker bands, made it much more difficult to 

show effects of mWng, which were significant oniy for the I min mYring treatment. 

Electrophoregrams of the direct A N  protein &action under non-reducing and reducing 

conditions are shown in Fig. 9. For the unreduced extract of Glenlea, there was a decrease in 

çtauung intensity of a tight ciuster of relatively HMW d m e d  bands of low mobility, as miuing 

time increased. ConcurrentS, the staining intensity of the other bands and level of background 

streaking decreased with mixing time. SDS-PAGE patterns of direct ex-tracts from AAI residues 

prepared under reducing conditions, showed a pronounced increase in background dtreaking for 

dough samples staining at (Fig. 9B, G1- Iane 3 and Kp- lane 5). 

For Glenlea, the HMW cluster of bands in reduced AAI protein show the characteristic 

pattern of the triplet band (triticin) proteins described by Singh and Shepherd (1985) and Sievert 

et al (1 99 1 ab). Under reduced conditions, these same protein bands disappeared fkom the 

electrophoretic patterns, thus, confirming that triplet band proteins are disulphide-iinked and can 

be reduced to Iower rnolecular weight components. This is consistent with observations by Sievert 

et ai (1991a). 

Compared to Gledea, SDS-PAGE direct extracts of unreduced and reduced AAI proteins 

from f lou  and doughs of Katepwa (Fig.9A) did not show as noticeable effects. When the 

Katepwa sarnples were reduced (Fig. 9B) the background streaking appeared tp increase from 

flou to the PDD sample and dedined with M e r  mixing. 



Figure 9. SDS-PAGE ot'unreduced (A) and reduced ( B )  direct 0.05 M acetic acid-insoluble 
protein of tlour and dough subjected tc, various rnixing treaunents. As defined in 
Table 2. F = ffour. 1 = undermixed, 3 = pedc devetopment, 5 = 15 min, 7 = 30 min. 
G1= Glenieü and Kp = Katepwa, total protein extracts. 





2. Eïectrophoretic Composition of the Osborne Protein Fractions 

a Salt-Soluble (0.5 M NaCi) Protein. Results of the SDS-PAGE under non-reducing 

conditions of the salt-soluble protein fiactions are shown in Fig. 10. No clear trend in changing 

protein composition with mUng was evident except for Glenlea doughs Mxed to PDD where a 

noticeable reduction in band intensities were O bserved- Theses resdts are on the whole consistent 

with the quantitative resuits (Table 5 and 6) showing a decline in proteincontent and concentration 

of the Osborne sait-soluble fraction with m i . g .  For Katepwa, no noticeable effects of dough 

mi'ring was observed for SDS-PAGE of unreduced Osborne sait-soluble protein. Promirtent 

giobuiin proteins (brackets) can be seen in the electrophoregrams of both cultivars. The globulin 

proteins were faint in the water-soluble fractions and were vexy faint or absent in the other 

Osborne f7action.s. 

The Glenlea f lou and undemiiued (1 min) samples (Fig. 10, lanes F and 1), under non- 

reducing conditions, stained the darkest and showed large amounts of background streaking. 

Triplet band proteins were also observed (Fig. 10, arrow 2). Compared to the f l ou  and 

undermixed sarnples (lanes F and 1), the PDD (lane 3), and overrnised (lane 7) sarnples stained 

much less in the upper haif of the gel slab, and were devoid of the triplet bands. Also, the PDD 

and overmi.xed samples showed oniy slight background s t r e ahg  when compared to the other 

miuing treatments. 

Like Glenlea, for Katepwa7s salt-soluble protein result, the triplet zone bands are particularly 

evident in the non-reduced flou, underniixed, and PDD samples (Fig. 10, lanes F,1 and 3, 

respectively). The intensity of bands in this region of the gel decreased with increasing M g .  

One band in particular was present only in the PDD sarnple (Fig. 10, arrow, lane 3). Like the 

Glailea result (Fig 1 O), background streaking for Kaîepwa mixing treatments decreased as mVung 



Figure 10. SDS-PAGE of unreduced Osborne sait-soluble protein of tlour and dough 
subjected to various mixing treatments. As defined in Table 2, F = fiour, 1 = 
undemiixed. 3 = peak development. 5 = 15 min. 7 = 3 0  rnin.Gl= Gledea and Kp 
= Katepwa. total prorein extracts. 



KATEPWA 



time increased. 

The unreduced sait-soluble protein fraction was characterized by a substantial amount of 

protein that did not enter the gel and remained in the slot. Two-step electrophoresis was 

performed to determine the nature of this HMW protein material. Figure 1 1 shows that Kaîepwa 

had much more of this protein than Gieniea For Katepwa, Figure 1 1 shows background streaking 

of the samples increased with dough development. Interestingiy, one Katepwa band (Fig. 11, 

arrow 1) decreased significantly d e r  peak development (Fig. 1 1, lanes 3-7). Dough mkuing had 

no effect on the reduced siot proteins of Glenlea This result does not correspond with resuits 

shown in Fig. 10 indicaîing intense streaking and slot proteins for f lou  and 1 min rnixed dough. 

Lastly, the background sireaimg in both Katepwa and Gleniea reduced dot  protein sarnples were 

observed or@ in the Osborne sait-soluble protein fractions but not in slot protein of total protein 

e.xtracts (Fig. 1 1, lanes G1 and Kp). 

Upon reduction of the salt-soluble protein fractions (Fig. 12), flour and d o u a  samples of 

both cultivars containecl a few faint bands in the HMW-GS region of the electrophoregram. These 

HMW bands were most prominent in the undermLved ( 1 min) sample of Glenlea (lane 1) and 

especiaily the PDD sample of Katepwa (lane 3), and became fainter with increased mixing. These 

bands appear to be x-type HMW-GS. This was surprishg as glutenin is generally believed to be 

insolubIe in salt solutions. Another darkly stained band in the HMW region (anow 1) was 

observed in the Katepwa results; the intensity of this band clearly decreased as m k h g  time 

increased. The considerable amount of background streaking and slot protein in the unreduced 

Osborne salt-soluble protein results has been noted in the discussion of Fig. II .  

The A-PAGE of the At-soluble protein fiaction (Fig. 13) showed the presence of intensely 

stained albumin and globulin proteins. There was also a general absence of bands CO-migraihg 



Figure 1 1. Two-step one dimensionai SDS-PAGE of unreducedOsborne salt-soluble dot 
protein of tlour and dough subjeçted to various mixing treatrnents. As detined in 
Table 2. F = tlour. 1 = premix, 3 = peak development, 5 = 15 min. 7 = 30 min. 
G1 = GlenIea and Kp = Katepwri, slot protein of total protein extracts. G12 = 
Gleniea and KpS = Katepwa, total protein extracts. 





Figure 12 . SDS-PAGE of reduced Osborne salt-soluble protein of tlour and dough subjected 
to various mixing treatments.As detined in Table 2. F = fiour. 1 = undennixed. 
3 = peak development. 5 = 15 min 7 = 30  rnin.Gl= Glenlea and Kp = Katepwa. 
total protein extracts. 





Figure 13. A-PAGE of Osborne salt-soluble proteins of tlours and dough subjected to 
various inixing treatments. The fieezedried samples were resolubilized in 0.5 M 
NaCl so1ution.A~ defined in Table 2. F = flour. Z = undennixed. 3 = peak 
development, 5 = 15 min. 7 = 30 rnin.Gl = Gledea and Kp = Katepwa, cota1 
protein extracts. 



KATEPWA GLENLEA 
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in the giiadin mobility range. Kaîepwa's electrophoregram did not reveal a significant dough 

rnixing effect. Compared to Katepwa, Glenlea's A-PAGE results was sùnilar, except for the 

absence of two pairs of relatively Iow mobility bands (bracketed) in the electrophoretic pattern 

of Katepwa 

b. WaterSoluble. SDS-PAGE of unreducsd waier-actractable protein fiactions are shown 

Ïn Fig. 14. For both Glenlea and Katepwa, this fraction contained substantid amounts of giiadins 

in addition to aibumin proteins. The fact that a considerable quantity of giiadins were extracted 

suggest îhe initial hctionation step using 0.5 M NaCl does not prevent the solu biiization of some 

ghadins. Chen and Bushuk (1 970) modified the Osborne bactionation procedure (Osborne 1907) 

by initially extracting with 0.5 M NaCl ostensibly to prevent the gliadins from being eictracted. 

However, the modified Osborne procedure is apparently not successful in this regard (Figs. 14, 

15, and 16). Chen and Bushuk (1 970) did not report electrophoresis results in their study. 

Under non-reducing conditions (Fig. 14), some qualitative changes were observed in the 

pattern of water-soluble GIenlea extracts as rnixing time increased. One band (arrow 1), which 

was quite prominent in the control total flour protein estract (Gl), was very faint in the Osborne 

waier-extractable Gaftion of Glenlea flour (F). This band appeared to increase in staining intensity 

as mixing time Uicreased. For Katepwa, a band with similar electrophoretic mobility showed an 

increase in staining intensity with overmWng (Katepwq lane 7). Another Gleniea protein band 

(arrow 2) appeared to decrease in staining intensity as mixing time increased. As well, for 

Katepwq there was a noticeable reduction in the intensity of the slot proteins with miuing. Two- 

step electrophoresis of the dot protein (results not shown) indicated that the reduction in staining 

of Katepwa dot protein was not due to glutenin protein, ie. no bands were present in the 



Figure 14. SDS-PAGE of unreduced Osborne waterextractable protein of tlour and dough 
subjccted to vanous mixing ueatrnents. As defined in Table 2. F = flour, 1 = 
undemùed. 3 = peak development, 5 = 15 min, 7 = 30 min.G1= Glenleri and Kp 
= Katepwa, total protein extracts. 
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Figure 15. SDS-PAGE of reduced Osborne water-extractable protein of tlour and dough 
subjected to various mixing treatrnents. As defined in Table 2. F = flous. 1 = 
undermixed. 3 = peak development, 5 = 15 min. 7 = 30 rnin.Gl= Glenlea and Kp 
= Katepwa. totai protein exuacts. 
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Figure 16. A-PAGE of Osborne writer-extractable protein of tlour and d o u a  subjected to 
vanous rnixing treatments. The freeze-dried samples were reso lubilized for 
electrophoresis in 70% ethano1 (A) and water (B). As defined in Table 2, F = 
tlour. 1 = undermïxed. 3 = peak development, 5 = 15 min. 7 = 30 min-G1 = 
Glenlea and Kp = Katepws total protein exuacts. 
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electrophoregram of the two-step procedure. 

SDS-PAGE of reduced water-soluble protek  (Fig. 15) was noteworthy for the complete 

absence of HMW-GS and likeiy LMW-GS as weii. With one exception, no effect of mùùng was 

f o n d  The electrophoretic pattern of Glenlea at PDD (lane 3) was noticeably les intense than the 

other samples. The electrophoretic results of Osborne water-soluble protein corresponds with Fig. 

5 and Tables 5 and 6 which showed no signifiant m i . g  effects. 

For A-PAGE (Fig. 16) two diEerent solvents were used to solubilize different groups of 

proteins. Fig. 16 showed that more of the gliadins and less of the albumin and globulin proteins 

were solubilized by ethanol. Convenely, less gliadin protein and more albumin and globulin 

proteins were solubilized by water. Compared to Glenlq the electrophoretic patterns of the 

extracts of the water-soluble proteuis of Katepwa resolubilized in 70% ethanol showed 

considerably more a-gliadùis (Fig. 16). This distinction was enhanced for water-soluble proteins 

resolu bil ized in water; Gledea hardly showed any a-giiadins. A-P AGE of the water-soluble 

protein fraction of Katepwa was not quaiitatively affected by mkhg. in contrast, some minor 

effects of mising were observed in Gledea (see bands denoted by arrows 1 and 2). 

c. AlcohoCSoluble (70% ethanol) Protein. SDS-PAGE of weduced ES protein (Fig. 

17) showed. for both Gledea and Katepwa, the presence of gliadins, some oligomeric glutenin 

(ladder-like bands near the slots), considerable arnount of unresolved polyrneric glutenin (as slot 

protein and background streaking), and some non-gluten proteins evidenced as relahvely faint 

bands with high relative mobility. The ladder-like pattern of glutenin oligomers was much more 

pronounced for Katepwa samples than for GIenlea counterparts. 

Two-step SDS-PAGE of the dot proteins (Fig. 18) confkned that the Osbome alcohol- 



Figure 17. SDS-PAGE of unreduced Osborne alcohol-soluble protein of tlour and dough 
subjected to V ~ ~ O U S  mixing treatments. As defined in Table 2, F = tlour. 1 = 
underrnixed. 3 = peak development. 5 = 15 min, 7 = 30 min. G1= Glcnlea and Kp 
= Katepwa. total protein extracts. 
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Figure 18. Two-step one dimensional SDS-PAGE of unreduced Osborne alcohol-soluble dot 
protein of tlour and dough subjected to various mixing treatments. As defined in 
TabIe 2, F = t1ot.u. 1 = premix. 3 = peak development, 5 = 2 5 min, 7 = 30 min. G1 
= Gleniea and Kp = Katepwa, slot protein of total protein extracts. G12 = GIenlea 
and Kp2 = Katepwa, total protein exmcts. 
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soluble protein k t i o n s  contained glutenin (predominantly LMW-GS), and that the Katepwa 

flou and mWng treatment samples containeci more of the polymeric protein, than did the Glenlea 

It is interesthg that the Katepwa dot protein contained both LMW-GS and ail HMW-GS 

(in Iesser arnounts), whereas for Glenle;5 relaîiveiy few HMW-GS bands were resolved in the dot 

protein of flou and dough. SDS-PAGE of the reduced dcohol-soluble protein (Fig. 19) showed 

the presence of large quantities of gliadins and pres umably LMW-GS (which CO-migrate with the 

gliadins). By contrast, very litde HMW-GS polypeptides were present as indicated by the very 

faint bands in the HMW region of the reduced SDS-PAGE result A-P AGE results (Fig. 20), were 

unremarkable as characterisitic patterns of gliadins were ob tained for Katepwa and Glenlea flour 

and dough samples, and very tittie alburnin/globulin proteins were present. 

in regard to dough rnixing, some evidence of an effect on aicohol-soluble proteins c m  be 

seen in the meduceci SDS-PAGE result (Fig. 17) and SDS-PAGE of reduced slot proteins (Fig. 

19). For Katepw& the SDS-PAGE of unreduced protein (Fig. 17) showed a noticeable reduction 

in the overall intensity of the PDD sample (Fig. 17, lane 3) followed by an increase in band 

intensities at 15 min mixing (Fig. 17, Iane 5) and 30 min of mi&g (Fig. 17, lane 7); not only were 

the ghadin bands affected in this way but also oligomenc and slot protein. For the Glenlea fiour 

and dough samples (Fig. 17), no similar trend was observed, as the protein band intensities were 

large4 constant with increasing mixing. For reduced slot protein, the electrophoresis results (Fig. 

20) show sorne evidence of a mi.xing effect, particuiariy at 15 and 30 min &g for both 

cultivars. However, it should be noted thaî in quantitative terms, dot protein (Osborne alcohol- 

soluble glutenin too large to enter the polyacrylamide gel) likely accounts for ody  a very smaii 

proportion of total Osborne alcohol-extractable protein. Accordingly, the eIectrophoresis results 

generaUy correspond to the pattern of Os borne alcohol-extractable protein (Fig. 6). However, for 

Katepwa, the substantiai effect that initial dough mking (1 min) had on ES protein was not 



Figure 19. SDS-PAGE of reduced Osborne alcohoI-soluble protein of tlour and dough 
subjected to various rnixing treatments. As detined in Table 2, F = tlour. 1 = 
undemiixed, 3 = peakdevelopment, 5 = 15 min. 7 = 30 min. G1= Glenlea and Kp 
= Katepwa. totd protein extracts. 
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Figure 20. A-PAGE of Osborne rikohol-soluble protein of flour and dough subjected to 
various mixing treatments. The freezedned samples were resolubilized in 70 9% 
sdianol so1ution.A~ defined in Table 2, F = tlour, 1 = underrnixed, 3 = peak 
development. 5 = 15 min, 7 = 30 min. G1= Glenlea and Kp = Katepwa. total 
protein txtracts. 
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observed in the electrophoresis results of this fiaction. The relatively high amount of ES protein 

that was analyzed by electrophoresis may have been a factor in this result. 

d. Aad-Soluble (0.05M acetic aad) Protein Electrophoresis results of the Os borne AAS 

protein fiaction are shown in Figs. 2 1 - 24. SDS-PAGE of unreduced extracts (Fig. 2 1) indicates 

that the Osbome AAS fiaction contains substantiai arnounts of gliadins, as weU as smaiier 

amounts of albumin and globuiin proteins. Similar results were observed recentiy by Fu and 

Sapirstein (1996a) and Dupuis et al (1996). Dupuis et al (1996) found that the Osbome AAS 

protein fiactions of Glenlea and Katepwa flours contained 2.0% and 4.6% (total flour protein 

basis) gliadin proteins, respectively. These quantities of giiadins represented about 36 % and 53% 

of the AAS £?actions, respectively. Contamination of the Osborne AAS fraction with non-glutenin 

protein has been reported by other researchers (Orth and Bushuk 1973. Bietz and Wall 1975) but 

not quantified. Fu and Sapirstein (1 996a) recently found that the Osbome fiactionation scheme 

was problematic in the purity and identity of AAS protein. They reported that if water or sait 

solution is the first sotvent used in f lou protein extraction the subsequent glutenin fiaction can 

be substantially contaminated with monomeric proteins, Le. gliadins. Fu and Sapirstein (1 W6a) 

proposed that the apparent aggregation of gliadins and glutenins was promoted by salt It is 

therefore not surprising that the AAS protein fraction obtained using the modified Osbome 

procedure which employs 0.5 M salt as the first solvent in the protein fractionation, contained 

gliadin proteins. 

In addition to the presence of gliadin proteins, SDS-PAGE of the unreduced AAS protein 

k t i o n  (Fig 2 1) was noteworthy for the intense background streahng in the HMW region of the 

electrophoregrarn and oligomeric protein bands as obsewed earlier for the 70% ES fraction. Also, 



Figure 2 1 .  SDS-PAGE of unreduced Osborne acetic acid-so1ubIe proteins of tlour and dough 
subjected to various mixing ueatments.As defined in Table 2. F = tlour, 1 = 
undermixed. 3 = peak development 5 = 15 min 7 = 30 min. G1= Glenlea and Kp 
= Katepwa, total protein extracts. 





Figure 22. Two-step one dimensional SDS-PAGE of unreduced Osborne acetic acid-soluble 
dot protein of f lou and d o u a  subjected to various mixing treatments. As 
deflned in Table 2, F = flour. 1 = premix. 3 = peak development. 5 = 15 min, 7 
= 30 min. G1= Glenlea and Kp = Katepwa, dot protein of total protein extracts. 
G12 = Glenlea and Kp2 = Katepwa, total protein extracts. 





Figure 13. SDS-PAGE of reduced Osborne acetic acid-soluble protein of tlour and dough 
subjected to various mixing treatrnents. As defined in Table 2. F = tlour. 1 = 
undermixed. 3 = peak development. 5 = 15 min 7 = 30 min. GI = Gleniea and 
Kp = Katepwa. total protein extracts. 





Figure 24. A-PAGE of Osborne acetic acid-soluble protein of flour and d o u a  subjected to 
various mixing treritments. The tieeze-dried smples were resolubilized for 
e1ectmphoresi.s in 70% ethimol (A) and 0.05 M acetic acid (B) solutions. As 
defined in Table 2, F = ttour, 1 = undermixed, 3 = peak development. 5 = 15 
min. 7 = 30 rnin,Gl= Glenlea and Kp = Katepwa, total protein extracts. 
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excessive arnounts of dot proteins were observed indicating the presence of polyrneric glutenin 

in the AAS sarnples. This was c o h e d  by two-step SDS-PAGE results (Fig. 22) which showed 

diat the AAS fiaction contained relaiively comparable amounts of LMW-GS and HMW-GS. This 

was in contrast to the corresponding ES protein Fraction result (Fig. 18) which showed much 

greater quantil of L M ' - G S  compared to HMW-GS in ES slot protein.. GIenlea's AAS slot 

protein r d t  also showed the pre~ence of a strongly stained protein band (Fig. 22, arrow), which 

was absent in Katepwa this polypeptide was identined (Fu and Sapintein 1996) as a D-glutenin 

subunit. 

SDS-PAGE of the reduced AAS protein (Fig. 23) showed the presence of large quantities 

of HMW-GS and LMW-GS and CO-migrahg gliadins. The A-PAGE results (Fig. 24) produced 

poorly resolved electrophoregrams, which was more evident for Katepwa than for Glenlea. 

especidly for undermived and PDD sarnples (Fig. 24, lanes 1 and 3). ï h e  streaking appears to be 

typical for these samples since it was observed in replicated gels. Dupuis (1995) also observed 

poor A-PAGE resolution of the AAS fractions from Glenlea and Katepwa using 70% ethanol as 

a reconstituting solvent Using O.OSM acetic acid as a reconstituting solvent resolved fewer 

proteins (Fig. 24B) but produced better eIectrophoregrams. 

In regard to dough mixing effects, some evidence of an increase in protein with mixuig can 

be seen in the unreduced (Fig. 21) and reduced (Fig. 23) SDS-PAGE results for Glenlea Theses 

electrophoretic results are consistent with the quantitative AAS protein baction results for Glenlea 

as previousiy shown (Fig. 6). SDS-PAGE of unreduced AAS protein of Glenlea showed a 

progressive increase in streaking in the HMW region with mixing. This resdt is consistent with 

glutenin being disaggregated by m w i g  action causing the residue glutenin protein to be 

solubilized. SDS-PAGE of reduced AAS protein of Glenlea (Fig. 23) showed a noticeable 



increase in the level of background stredchg and staining of HMW-GS for the 15 min and 30 min 

dough samples. Simiiar results were not obtained for Katepwa flour and dough samples. SDS- 

PAGE of unreduced Katepwa A M  protein (Fig. 2 1) showed that the staining intensity of giiadin 

bands appeared to peak at 1 to 3.5 min of miuing (lanes 1 and 3), aAer which a substantial 

decrease in gliadin band intensity was observeci. As for the reduced slot protein(Fig. 22) and A- 

PAGE (Fig. 24), the electrophoresis results did not show evidence of any mbchg effects. 

e. Residue (0.05M acetic acid-insoluble) Protein. SDS-PAGE of the Osborne residues 

under non-reducing conditions (Fig. 25), showed that the residue protein fiactions contained 

signincant arnounts of gliadins. As well, there were traces of albumin and globulin, triticins, and 

considerable arnounts of slot proteins, background streaking, the latter being consistent with the 

extraction of glutenin. In regard to triplet band (triticin) protein difFerences were noted between 

Katepwa and Glenlea whereby Katepwa showed the characteristic pattern of a distinct doublet, 

whereas, Glenlea showed a more diffused pattern. This observation was dso  noted by Sievert et 

al (1991a) for the sarne wheat cultivars. Two-step SDS-PAGE of the slot protein (Fig. 26) 

showed he presence of HMW and LMW-GS for both cultivars; Katepwa appeared to contain a 

greater amount of this polyrneric protein as evidenced by more intense bands compared to 

GIenlea 

Under reduced conditions (Fig. 27), the SDS-PAGE of the residue fiaction showed the 

presence of large quantities of HMW- and LMW-GS for both cultivars. The staining intensity and 

background streaking appeared to be stronger for Glenlea than for Katepwa A-PAGE results 

(Fig 28) showed that the residue fiaction of both cultivars still contained substantial arnounts of 

giiadins as weii as Iesser arnounts of albumin and globulin pro teins. Katepwa appeared to contain 



Figure 25. SDS-PAGE of unreduced Osborne residue protein of flour and dough subjected 
to various mixing ueaments. As defined in Table 2, F = tlour, 1 = undermixed. 
3 = peak developrnent. 5 = 15 min. 7 = 30 min.Gl= Glenlea and Kp = Katepwa. 
total protein exuacts. 
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Figure 26. Two-step one dimensionai SDS-PAGE of unreduced Osborne residue slot 
protein of tlour and dough subjected to various rnixing treatments. As detïned in 
Table 2. F = tlour. 1 = premix, 3 = peak development, 5 = 15 min. 7 = 30  min. 
G1 = Glenlea and Kp = Katepwa, slot protein of total protein extracts. G12 = 
Gleniea and Kp2 = Katepwa, total protein exuacts. 





Figure 27. SDS-PAGE electrophoregrams of reduced Osborne residue protein of flour and 
dough subjected to various mixing ueaunents. As detined in Table 2, F = tlour. 
1 = undermked. 3 = peak development. 5 = 15 min. 7 = 30 minGl = Glenlea and 
Kp = Katepwa. total protein exuacts. 
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Figure 28. A-PAGE of Osborne residue protein of tlour and dou* subjected to various 
mixing treatments. The tieeze-dned smples were resolubilized for 
eIectrophoresis in 70% ettianol (A) and 0.05 M acetic acid (B) solutions. As 
detined in Table 2. F = tlour. 1 = undermixed. 3 = peak development, 5 = 15 
min. 7 = 30 min.G1= Glenka and Kp = Katepwa. total protein exuacts. 
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much more gliadin protein in the AAI residue fiaction than Glenlea Fig. 28 shows thaî 0.05 M 

acetic acid was more effective than 70% ethano1 in solubilizing the residue proteins. 

in tem of mixing related &écts, SDS-PAGE of unreduced Os borne AAI protein provided 

r d t s  thai were consistent with the quantitative results O btained for this protein fraction (Tables 

5 and 6, and Fig  7). For Katepwa d o u a  mixed to 1 min, compared to corresponding results for 

Katepwa flour, elecirophoregrams (Fig. 25B) showed a substantial increase in the concentration 

of al1 gliadin bands, as well as  triplet band (triticin) protein in the HMW region of the gel. The 

latter also coniained a polypeptide of Iower and higher mobility (dEcult to see in the photograph) 

than the main triticin band (Fig. 25, arrow) whose stainùig intensity also increased at 1 min of 

mixir~g. The stauùng intensity of both types of protein components decreased progressively with 

increasing rnixir~g up to 15 min. A-PAGE of the Osborne AAI protein fraction of Katepwa (Fig. 

28) also showed a similar trend. 

Compared to the Katepwa results, SDS-PAGE of Glenlea unreduced Osborne AN protein 

(Fig. 25), showed a sirnilar, but Iess pronounced, increase in gliadin band concentration upon 

flou miving to 1 min protein For Gidea, there was no decrease in the Uitensity of gliadin protein 

bands with increasing mixing, as was observed for Katepwa However, for Glenl- there was a 

comparable decrease in triticin protein with increasing dough miuing. As well, SDS-PAGE of 

reduced Glenlea M protein (Fig. 27) showed a noticeable decrease in the concentration of 

HMW-GS with increasing dough mking time. No similar result was obtained for Katepwa HMW- 

GS in reduced A N  protein anaiyzed by SDS-PAGE. 



E. Effects of Structurai Relaxation of Doughs on Protein 
Solubiiity and Electrophoretic Composition 

in the present study, the doughs were aiiowed to relax for 45 min at a controlied temperature 

(30 "C) and humidity (95-1 00% RH) after mixing to the required time. A 45 Mn r a t  penod was 

chosen as the maximum period of reiaxaiion based on the published results of Dempster et ai 

(1952). In that study, the rheological properties of conventionai, low-work doughs stabilized 

afler appro'rimately 45 min of rest Fmier et al (1985) later c o h e d  the stable resistance of 45 

min rest for dough mi;uing work levels ranging fiom 10-400 kfig.  A 45 min rest penod also 

corresponds to typicd rest penods given to a dough after moulding prior to baking. E.g. normal 

commercial bread production typically uses a 40-60 final proof period (Tipples 1982). 

Previous publications reported to the effects of structural relaxation on the rheological 

behaviour of the dough, such as resistance to exqension, and its behaviour when subjected to 

compression (Dempster et al l952,l953, 1955, Frazier et al 1975, 1985). Effects of dough 

relaxation on protein solubility and composition have aiso been reported for SDS gel protein 

(reference). This section of the thesis examines the effects of stmcturai relaxation of mechanically 

deveioped doughs in relation to protein solubility. The effects of dough relaxation (45 min) 

compared to control doughs (no relaxation) of Glenlea and Katepwa Osborne fractions are 

presented in Tables 9 and 10, respectively. 

1. Salt-Soluble (OSM NaCl) Protein. 

The protein solubilities (% total flour protein) of the sait-soluble protein fractions of both 

Glenlea and Katepwa samples were not affected by dough relaxation at 45 min. Cornparisons of 



Table 9. Osborne protein fractions (% of total protein) of Glenlea at different mixing treatments (1, 15, and 30 min) 
derived fiom control doughs (no relaxation) and doughs rested for 45 min. 

Osborne Fraction 1 min 15 min 30 min 

O 45 O 45 O 45 

Water-extractable 2.4k0.2a 2.2*0.1 ba 1 .W0.2a 1.8*0.2a 2.1*0.0a 1 .%0,3a 

Alcohol-soluble 32.7*3. la 27.lk0.9b 32,8*2.7a 34,4*0,3a 32. M . 5 b  37.7*0.9a 

Acetic acid-soluble 12.5*0.2b 14.4*1 ,4a 16.7k 1,9a 15.B1.4a 20.3*0.2a 19.6k2.9a 

Residue 37.5kO. l a  37.1*1.5a 32.7k1.9a 3 4 . M .  la 28.lM.60 28,6*0.4a 

N recovery 94.7 90.8 93.0 96.2 90.7 95.9 

Values in rows followed by the same letter are not sigiificantly different (p < 0.05). 



Table 10. Osborne protein fractions (% of total protein) of Katepwa at different mixing treatments (1, 15, and 30 min) 
derived from control doughs (no relaxation) and doughs rested for 45 min. 

Osborne Fraction 1 min 3.5 min 15 min 30 min 

Salt-soluble 2.2k0.2a 2.2k0. la  1 .9*0.0a 2.CBO.Oa 1.8k0.4a 1.8*0. la  1.8*0.4a 1 .W0.3a 

Water-extractable 1 1.4*0.3a 1 1.4*0.0a 1 1.5*0.7a 1 1 .S*O.Oa 1 1.5*0.9a 9.W0.5a 1 l.llt0.9a 10.W0.3a 

Alcohol-soluble 25.2i0.5a 22.4iO.Gb 29.4i0.8a 25.9d.Ob 36.7*0.6a 36.B3.la 36.2îl.Sa 35.8*0.4a 

Acetic acid-soluble 19.8* 1.2a 20.8*0.6a 19.9* I .4a 22.4*0.0b l9.8* 1.2a 1 9 . 3 ~  1.4a 20,2*0.5a l9.21t: 1.9a 

Residue 41.2*1. la  38.6kl.lb 34.8*1.2a 37.913.9a 31.5kO.la 32.1k1.4a 30.1*0.9a 29,5*0.0a 

N recovery 99.8 95.4 97.5 99.7 101.3 99.3 99.4 97.3 

Values in rows followed by the same l e ~ e r  are not significantly different (p < 0.05). 
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the SDS-PAGE patterns under reducing conditions, indicated that structural relaxation affectai 

the protein composition of the sdt-soluble h t i o n s  of Katepwa Fig. 29 shows the presence of 

some H M W - G S  extracted fiom doughs that were aiiowed to rest for 25 min (lanes 2,5,I 1 ). These 

observations were not evident in reduced SDS-PAGE patterns of Glenlea (results not shown). 

Under non-reducing conditions, protein cornpositional diaerences were not observed 

between the control and rested doughs, for both cultivars (results not shown). No effects were 

observed when the samples were analyzed by two-step SDS-PAGE and A-PAGE (results not 

shown). 

2. Water-Soluble Protein. 

Structural relaxation of doughs had no significant effect on the amount of water-soluble 

proteins. No effects of relaxation on the protein composition by electrophoresis were observed 

(results not shown). 

3. Alcohol-Soluble (70% ethanol) Protein. 

The solubility of the ES protein f?om the Gldea  doughs rnixed for decreased significandy 

upon relavation (control = 32.7% rested dough = 27.1 %) (Table 9). This was in contrast with the 

overmixed sarnple wfüch showed an increase in ES protein solubility when the dough was allowed 

to relax (conbol= 32.1 %, rested dough = 37.7%). For Katepwa, the 1 and 3.5 (PDD) min mixed 

dough sarnples showed a relaxaiion effect: dough re ladon decreased the amount of ES by about 

3 4 %  (Table 1 0). For the electrophoresis resuits, no s igdcan t  change was O bserved between the 

control and rested samples (resdts not shown). 



Figure 29. SDS-PAGE of reduced Osborne siilt-soluble protein of Katepwa's tlour and 
dough subjected to various rnixing treatrnents and 25 and 45 min relaxation. F 
= tlour. 1 = undermixed. no daxation. 2 = underrnixed. 25 min relaxation. 3 = 
undermixed. 45 min relaxation. 4 = PDD, no relaxation. 5 = PDD. 25 rnin 
relaxation. 6 = PDD, 45 min relaxation, 7 = 15 min rnixing, no relaxation. 8 = 
15 min mixing. 25 min relaxation. 9 = 15 rnin mixing, 45 min relaxation. 10 = 
30 min mixing, no relaxation. 1 1 = 30 min rnixing, 25 min relaxation. 12 = 30 
min mixins. 45 min reIaxation.G1= Glenlea and Kp = Katepwa. total protein 
extracts. 





4. Acid-Soluble (0.OSM acetic acid) Protein. 

Structural relaxation effects were observed in the Gledea dough rnixed to 1 min (Table 

9, controI 12.5%, rested 14.4% .For Kaiepwa dough mixed to 3.5 min or PDD, the arnount of 

AAS protein signincandy increased from 19.9% to 22.4% when the dough was aliowed to rest 

No other signincant change was observed in the solubility of this fiaction for both cultivars. 

Electrophoresis results showed no signiticant change between the control and rested samples 

(resuits not shown). 

5. Residue (0.05M acetic acid-insoluble) Protein. 

AAI protein W o n s  of Gldea showed no sigrilficant structural relaxation effects at any 

rnixing stage. AAI protein k t i o n s  60m Kaiepwa also showed an effect of structural relaxation 

for the 1 min mixed d o u a  which umtained l e s  protein (38.6%) upon relaxation than the control 

sample (4 1.2% (Table 10). Electrophoresis results showed no effects of stnictural relaxation 

(results not shown). 



V. CONCLUSIONS 

The objective of this study was to obtain additional new information on the nature of the 

changes of protein composition thai occur in wheat endosperm proteins during dough mixing. 

It was hypothesized that intercultivar dnerences exist in the response of the difEerent wheat 

protein constituents to the effects of dough mixing and relaxation. 

At the outset, the study showed thaî Glenlea and Katepwa doughs substantiaiiy d s e r  in 

mixing strength. To attain PDD in a GRL-200 mixer, Gledea flour required 15 min of mixing 

with a work input of 58 Whrkg, whereas, Katepwa required oniy 3.5 min of mking with a work 

input of 15 W h r k g ;  however, equivaient work inputs were obtained at comparable mix times. 

The mixing curves of both cultivars reflect the expected miuing characteristics typical of each 

cultivar as shown in previous work (Paredes-Lopez 1980, Marchylo et al 1992, Dupuis et al 

1996). 

Consistent with earlier resdts of Orth and Bushuk ( 1972) and Orth and O'Brien (1 976), and 

more recent results of Dupuis et al (1996), this study showed thaî Glenlea contained l a s  AAS 

protein than Katepwa For both cultivars, AAS protein increased progressively with increasing 

mixing tirne. M . g  Katepwa dough beyond 15 min did not extract more AAS protein, whereas 

significantly more AAS proteins was extracted for Glenlea. Glenlea and Katepwa were 

comparable in the effects of mixing on the AN protein fraction. A N  protein content decreased 

with increasing mixing time. Overmixing (30 min) results showed that comparable amounts of 

AM proteins were present in G ldea  and Katepwa By this rni'ùng stage, sigrufïcantly more AAI 

protein was solubilized by mixing of the stronger dough (Glenlea) than the relatively weaker 

dough (Katepwa). These results indicate that, in the cultivars studied, intrinsic flour strength is 
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best differentiated by the amount of A N  proteins in flour or PDD doughs, rather than in doughs 

mixed beyond peak development. 

The Osborne protein Gactionation results showed considerable effects of dough miuing, and 

some compelling dinerences between Glenlea and Katepwa were found in response to dough 

mixing, most notably in the ES and AAS protein fractions. 

Dough mWng had no signifïcant effect on the arnounts of the Osbome salt- and water- 

soluble protein fractions of Katepwa For Glenlea, the arnount of sali-soluble protein decreased 

signincantiy upon initial dough mking to 1 min. As for Katepwa, dough mkhg of Glenlea had 

no significant &écts on Osborne water-soluble protein. It was noteworthy that the water-soluble 

protein nattions of both cultivars wntained signincant quantities of gliadin proteins, as shown by 

electrophoresis. This indicates that the modifieci Osborne procedure does not prevent the 

solubilization of gliadin, as may be widely believed. Accordhgly, care must be taken in 

interpreting the sigdïcance of intercultivar dinerences in modified Osbome water-soluble 

protein. in this study, Katepwa contained sigrdcantly more water-extractable proteins than 

Glenlea flour and dough sarnples. However, the resdt may be due to differences in the amount 

of gliadin proteins in the fraction, rather than albumin proteins specincally. 

Electrophoresis of Osbome sait soluble protein showed some effects related to dough mixing. 

The unreduced salt-soluble protein fractions of both cultivars, and especially Glenlea, showed 

triplet band (triticin) proteins and substantiai streaking in the HMW region of the gel which 

decreased in staining intensities as rnixing time increased. The salt-soluble protein fractions of 

Glenlea and Katepwa flour and dough sarnples both contained considerable amounts of dot 

proteins too large to enter the electrophoretic gel. However, anaiysis of reduced slot proteins by 

SDS-PAGE showed that Katepwa contained much greater quantities of resolved polypeptides 
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than was fomd in Giailea Why Glailea Bour and dough samples appeared to be deficient in salt- 

soluble slot protein after the reduction step is not clear, this interesthg result warrants M e r  

mdy. 

In contrat to the sirnilarity of dough Mxllig effects on the Osbome salt- and water-soluble 

protein fiactions of Gleilea and Katepwa flour, diere were substantial and signifiant intercultivar 

dinerences7 c d  by dough miun& in the pattern and arnount of Osbome ethanol-soluble (ES) 

and Osbome A M  protein fkactions. initial rnixhg of Katepwa dough, essentially a flour 

hydration step, significantly aEkcted the proportion of Osbome ES protein in an unexpected way. 

The arnount of ES protein decreased (36% to 25%) when the Katepwa dough was mixed for 1 

min and signincantly Încreased back to 36% (ES protein in flour) with Furrher mWng up to 15 

min Mihg  beyond this time did not result in the extraction of more ES protein. This pattern of 

variation with miuing was not found for Glenlea ES protein: there was essentidly no change in 

Gledea ES protein fiom flour through to doughs mixed for 30 min. Because of the complex 

effect of dough mixing on Katepwa ES protein, compared to Glenlea, Katepwa had a sigruficantly 

lower arnount of ES protein at 1 min mixing, but a significantly higher amount of ES protein at 

15 and 30 min of mixing. 

SDS-PAGE under non-reducing condiions. However, SDS-PAGE of unreduced Katepwa 

Osbome A N  protein provided results that were closely (invenely) related to the quantitative ES 

protein results. For Katepwa dough rnixed to 1 min, compared to corresponding results for 

Katepwa fl o u T  these elecirophoregrams showed a substantid increase in the concentration of aii 

gliadin bands, as well as miticin protein in the HMW region of the gel. The stauling intensity of 

all of these protein components decreased progressively with increasing mixi.ng up to 30 min. A- 

PAGE of gliadins in the A N  protein fhction of Katepwa also showed a similar trend. Compared 



to the Katepwa results, SDS-PAGE of unreduced A N  protein of Glenlea, showed a sirnilar, but 

les pronounceci, increase in gliadin band intesnsities upon flour mixing to 1 rnin, and a 

comparable decrease in triticin protein stauillig with increasing dough M g .  For Glenlea AAI 

proteh SDS-PAGE under reducing conditions showed a noticeable decrease in the concentration 

of HMW-GS with increasing dough rnixing time. No s~milar result was obtained for Katepwa 

reduced A N  protein anaiyzed by SDS-PAGE. 

In contrast to the pattern of variation that was found for the Katepwa Osbome ES protein 

k t i o n  with mkkg, a significant increase in Katepwa AAS protein was observed upon 1 min of 

mixing, with no sigdïcant change thereafter. SDS-PAGE of Katepwa weduced AAS protein 

clearly showed an increase in the staining intensity of gliadin bands at 1 to 3.5 min of mixing, 

after which a substantial decrease in gliadin band intensity was observed. 

The effect of dough miung on Glenlea Osborne AAS protein was also difEerent to that 

obtained for Gleniea ES protein, as weil as being dinerent fiom resdts obtained for Katepwa 

AAS protein W e  there was no significant difference between Glenlea flour and dough mixed 

for 1 min, mixing Glenlea dough up to 30 min caused a steady and significant increase in the 

amount of Osbome AAS proteins. SDS-PAGE of unreduced Glenlea Osbome AAS protein also 

showed a progressive increase in stdcing in the HMW gel region as miuing t h e  increased. SDS- 

PAGE of reduced Glenlea AAS protein also showed an increase in staining of HMW-GS for 15 

and 30 min mked doughs. For Glenlea., these resdts indicate an increase in the solubility of 

glutenin (in dilute acetwc acid solution) with increasing dough mùllng, which can be explallied 

by polymer disaggregation and/or depolymerization. 

The quantitative protein hctionation resuits for Katepwa flour and dough samples indicated 

that a signincant effect on gliadin proteins (andor possibly ethanol soluble glutenin) occurs upon 
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the initiai transformation of f lou into dough at 1 min of mixing; giiadin proteins (nominaiiy 

dehed  as the Osbome ES protein fisiction) and/or glutenin (soluble in 70% ethanol) appear to 

become partially insoluble or unextractabie. This would account for the decrease in ES protein 

and the concomitant increase seen in AAS and AAI protein at 1 min of mixing. Because the latter 

two fiaciions are mainly composed of glutenin protein, it is possible that aggregaîion of gliadins 

with glutenin is the underlying reason for the decrease in extractability of gliadins upon initiai 

dough mixing. 

The aggregation rnay also be promoted by the exposure of gIutai proteins to salt. in this study, 

doughs were miued in the presence of 1 % salt (flou basis, quivalent to - 0.17 M salt in the 

water added to the flous). Flow and dough samples were aiso treated with 0.5 M sait solution 

in the first step of Osborne fractionation. It is well known that sait can reduce the extractability 

of both gliadin and glutenin proteins in various aqueous solvents (Kim and Bushuk 1995, Fu et 

al 1996). Furthemore, it has been recently shown (Fu and Sapirstein 1996) that if sait solution 

is the first solvent used in the fractionation of f lou proteins, as was the case in this study, 

subsequently hachonated glutenin is substantiaily contamination with gliaduis and other 

monomenc proteins. Similady, Dupuis et al (1996) showed that the Osbome AAS protein fraction 

contaùied considerable arnounts of gliadins despite the use of 70% ethano1 solution as a protein 

solvent in the previous fractionation step. 

If gliadins are indeed aggregating with glutenin at the f lou  hydration stage, it seems 

reasonable that M e r  mixing would be expected to result in a disaggregation of gliadins and 

glutenin, resulting in an increase in ES protein solubility, as was observed for Katepwa The 

absence of a s d a r  pattern of variation with Glenlea flour and mked dough, especially the 

absence of any effects on the ES protein fiaction, suggests *ai no similar aggregation of gliadin 
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and glutenin proteins occurs; dough mWng causes a gradua1 disaggregation of potymeric glutenin 

evidenced by the signincant decrease and increase in Glenlea Osborne AAI and AAS protein, 

respectively, with increasing dough mixing. 

The quantitative Osborne fhctionation and electrophoresis resdts taken together indicate that 

there are considerable dflerences between Kaîepwa and Gledea in the response of their 

respective endosperm proteins to dough mixïng, but not dough relaxation. Differences which 

occur when flour is initidly hydrated (1 min of miuing) appear to be critical to the resuiting 

pattern of variation in protein composition caused by dough mMng. For Katepwa, a rnoderate 

rniuing strength flour, a signrficant proportion of &adin proteins became unextractable when flour 

was hydrated. With M e r  dough rnixing, gliadin extractability increased. No similar result was 

found in the case of the extra-strong Glenfea flour. For Katepwq aggregation of gliadin and 

glutenin during flour hydration is a plausible explanation for this result. Such an aggregation 

event, wtiich would tend to dilute or plasticize the polymenc glutenin protein. would also explain 

the lower dough rni.xing requirements of Katepwa flour compared to that of GIenIea (Dupuis et 

al 1996, Fu et al 1996). According to this hypothesis, dough mixhg requirements are inversely 

related to the quanti- of gliadin proteins aggregating with glutenin during the earliest stages of 

dough development. 

The degree of aggregation may, in t u r ~  be invenely related to the molecular size of glutenin. 

Sapintein (1 997) has proposed that extra strong dough mi.cing cultivars Like Glenlea with glutenin 

of very large average molecular size, possess glutenin which is chemically "unfnendly", i.e. its 

specifïc surface area is low. As a result, Glenlea glutenin interacts relatively poorly with aqueous 

solvents (it is relatively insoluble), and other proteins like gliadin (gluten is therefore highly 

elastic). This wouId explain why Glenlea, showed no simiiar gliadidglutenin 
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aggregaiion/disaggregaiion effects with dough mixing compareci to those found for Katepwa 



1. Glenlea and Katepwa flours dinered in mixing strength when mixed in a GRL-200 mixer, 

although at comparable m k  tirnes, cornparabte work inputs were requUed. To attain PDD, 

Gldea  flour required 15 rnin of mixing with a work input of 58 i%'hr/kg, whereas, ffitepwa 

flou required oniy 3.5 min of mixing with a work input of 15 W h r k g .  

2. Glenlea contained significantly less directly extractaMe AAS protein than Kaiepwa Dough 

rnixing showed that AAS proteins increased progressively with increased mixing time. In 

contrast, Gldea containeci significantly more AGI protein than Katepwa (by direct extraction 

with acetic acid). Mwng showed that the AAI proteins progressively decreased with mWng 

time. 

3. Flour hydration and dough mixing to 30 min produced the foilowing results in the five 

Osborne protein fractions: 

a For Glenlea, the amount of sait-solubIe protein decreased upon initial dough mi.xing to 

1 min. As well, no significant effects of dough mi.sing in the water-soluble protein 

fraction was found. M i . g  had no effecîs on the sait-soluble and water-soluble fiactions 

of Katepwa Intercultivar dflerences were insignificant for salt-soluble protein but were 

sigruficant for water-soluble protein fraction. Katepwa had more water-soluble protein 

in the 1 min, PDD, and 30 rnin dough samples compared to Glenlea . 

b. There were no significant differences in the arnounts of Glenlea ES protein in response 

to mMng With Katepw% the amount of dcohol-soluble protein decreased substantially 

when doughs were initially mixed. Katepwa ES protein uicreased up to 15 min of 

mi.uing, and remained constant thereafter. 
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c. Glenlea showed a signiticant hear increase of AAS proteins as rnixing time increased 

to 30 min. For Kaîepwa, a signincant increase was observed oniy at 1 rnin of rnixing for 

flou and undemk~ed samples. 

d. For the A N  residue protein fraction, Glenlea showed a s i m c a n t  increase at 1 min of 

rnixing followed by a signi6cant decreased with M e r  mkhg to 30 min. The 

corresponding Katepwa fiaction showed a simiiar but more pronounced pattern of 

variation with rnixing especidly at 1 rnin. 

4. Mixing produced the following electrophoretic results in the five Osborne protein fractions: 

a SDS-PAGE of unreduced sah-soluble protein fiactions of both cultivars, and especiaiiy 

Glenlm showed triplet band (triticiris) proteins and substantial streaking in the HMW 

region of the gel which decreased in staining intensities as mïxing time increased. This 

protein Fraction also contained considerable arnount of slot protein observed in both 

cultivars. The reduced slot proteins by SDS-PAGE showed that Katepwa contamed 

much greater quantities of resolved polypeptides than was found in Gleniea. 

b. SDS-PAGE of the Osborne water-esctractable protein fraction of both Gienlea and 

Katepwa showed no significant effects due to dough rnixing. A-PAGE result of this 

fraction showed the presence of considerable amounts of gliadin proteins in flour and 

mixed doughs. 

c. SDS-PAGE of the Osborne ES protein fraction of both Gledea and Katepwa did not 

show any clear effects due to dough W g .  SDS-PAGE of reduced ES slot protein of 

Kaîepwa flou and doughs contained considerably more HMW- and LMW-GS protein 

than Glenlea. 

d. SDS-PAGE of Katepwa unreduced Osborne AAS protein showed an increase in the 
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staining intensity of gliadin bands at 1 to 3.5 min of mixing, d e r  which a substantiai 

decrease in band intensity was obsewed. SDS-PAGE of Glenlea unreduced Osborne 

AAS protein showed a progressive increase in streaking in the HMW region of the gel 

as mixing t h e  increased. SDS-PAGE of Gleniea reduced L U S  protein aiso showed an 

hcrease in staining of the HMW-GS for 15 and 30 min mixed doughs. These resuits 

indicaie that for Glenlea, there is a progressive increase in the solubility of glutenui in 

acetic acid with increasing dough mixing Likely due to polymer disaggregation. 

e. SDS-PAGE of Katepwa unreduced Osborne AAI dough mixed to 1 rnin, showed a 

substantial increase in the concentration of ail gliadin bands, as weIl as triticin protein in 

the HMW region of the gel, as compared to the corresponding results for Kaîepwa 

fiour.The staining intensity of ail of these protein bands decreased progressively with 

increased rnixing. A-PAGE of gliadins in the AAI protein fiaction of Katepwa also 

showed a similar trend. SDS-PAGE of Glenlea unreduced Osborne A N  residue aiso 

showed similar but Iess pronounced trend. SDS-PAGE of the reduced Glenlea fiaction 

showed a decrease in the concentration of HMW-GS with increased dough mixing. 

5. Dough relavation up to 45 min showed no clear systematic effects, for either Glenlea and 

Katepwa, on quantitative protein solubility and their electrophoretic compositions. 

6. For Kaîepwa flou and dough samples, a significant effect on gliadin proteins occurred upon 

flou hydration and dough Mxing to 1 min. The gliadin proteins appear to become partially 

insoluble or unexctractable accounting for the decrease in the ES protein and the concomitant 

increase in AAS and AAI protein at 1 min mkhg. The decrease in ex-tractabdity of gliadins 

upon initial dough mixing is possibly due to the aggregation of gliadins with glutenllis. With 

M e r  dough mixing, gliadin extractability increased. This aggregation hyphothesis can 
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explain the lower dough miuing rquirements for Kaîepwa flour compared to that o f  Glenlea 

which showed no similar result with regards to gliadin-giutenin aggregation upon flour 

hydration. 
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APPENDIX 



Figure 30. A- PAGE of Glenlea and Katepwa wheat assessed for varietal purity and 
homogeneity. Np = Neepiiw;~ GI = Glenlea (100 kemels). Kp = Katepwa. 1-8 = 
single seeds. 





Figure 3 1. SDS-PAGE of Glenlea and Katepwa wheat assessed for varietal purity and homogeneity. 
Np = Neppawa, Gl = Glenlea (1 00 kemels), Kp = Katepwa, 1-8 = single seeds. 
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Figure 32. SDS-PAGE of total protein extracts of fieeze-dned doughs mixed in a GRL-200 
mixer. As detined in Table 2. F = tlour. 1 = prernix. no relaxation 2 = prernix, 15 
min relaxation 3 = peak development. no relaxation. 4 = peak development 45 
min relaxation, 5 = 15 min, no relaxation, 6 = 15 min. 45 min relaxation, 6 = 30 
min. no relaxation, 7 = 30 min. 45 min relaxation. G1 = Glenlea and Kp = 
Katepwa, totd protein extracts. 
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Figure 33. SDS-PAGE of total protein extriacts of freeze-dned doughs mixed in a 
rnixoFm.F = tlour. 1 = prernix, no reIaxation. 2 = prernix. 45 min relaxation. 3 
= peak deve topment, no relaxation, 4 = peak development. 45 min relaxation. 5 
= 20 min. no relaxation. 6 = 20 min. 45 min relaxation.Gl = Glzniea and Kp = 
Katepwa. total pmtein extracts. 
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Figure 34. Mixing cuves of GIenlea tlour-water- 1 % salt doughs in air in a GRL-200 mixer 
for 1 min. 15 min (PDD). and 30 min. 





Figure 35. Mixing curves of ffitepwa tlour-water-l % sait  doughs mixed in air in a GRL-200 
mixer for 1 min. 3 min (PDD), 15 min. and 30 min. 





Figure 36. Fuinograms of Glenlea and Katepwa. 
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