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Summarji . The sodium dodrcyl sulfate (SDS) insuluk~le ~'1 proteins of wheat 
flour are converted under the ir,fluenc+: of mixirlg energy and air or o:iyg"r- 
intu '5DC' / /, solui,le proteins, which during the rr;ting period after mixirlg 
reassoc-ate into SDS insoluble gel proteins. Th-se processes t.ake p-lace via 
cleavagt: arid formation cf ldisulfide (SS) bonds, ri~sr~ectively. During dougn- 
mixing, Ill,, is reduced to the sl>pcroxide anion (S.j-'!; its electron is trana- 
fi:rred xii& an In, Cu-protein system to ax. SS uorL?i, which is then reduced to 
:;11 groups. An Mn:+-proteir, ~coripound is responsible for the formation of new 
ss bond:i. 
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milk), superoxide dismutase (from bovine blood) were purchased from Sigma 
Chemical [lo. Ltd. 
Xixing of dough. Doughs were prepared from 192 g flour, 2 % NaCl and water 
in a GRL mixer (7) at a speed of 66 revs/min under nitrogen, air or oxygen. 
Clfter the appropriate mixing time the dough was divided into two parts, one 
was directly freeze-dried, the other was plgced in a plastic box and stored 
for indicated times at a temperature of 30 C and then freeze-dried. Eefore 
extraction of the proteins with a SDS solution the freeze-dried samples V~I-e 
pulverized in a coffee grinder. 
Isoiation of gei proteins. Flour or ground freeze-dried dough was &ently- 
suspended in a 1.5 $ sodium dodecyl sulfate solution (SDS) (5 g/o0 ml) and 
magnetically stirred for 5 rn6; at 10 @C. The suspension was centrifuged at 
8(l,OOO x g for 30 min at 15 L. The residue consisted of three layers, a 
starch layer at the bottom, a light brown layer, and a gel-layer on the top 
(6). The SDS soluble proteins were separated into an alcohol soluble and an 
alcohol insoluble fraction i,y adding ethanol to a concentration of 70 $. 
Electron Paramagnetic Resonance (EPR) Spectroscom. A varian E-3 spectrometer 
equipped with a multi-purpose EPR (cavity was used. All measurements were made 
on 100 mg freeze-dried samples in standard 3 mm i.d. (quartz tubes, at room 
temperature, at a microwave power of :?O mW and 100 kHz field modulation. 
Modulation amplitude was 10 I; and 4 min scans were made of ;OCO G with a 
0.3 s time constant and a microwave frequency of 9.22 GHz. 

Results. 

Breakdown and Re-formation of the gel proteins, 

Tne amount of the gel proteins determined in doughs after different 

mixing times and resting periods is given in Fig. i. The results show that 

during mixing under air or oxygen the gel layer (gel proteins) was converted 

into SDS soluble material and during the resting period after dough-mixing 

a new gel layer was formed. 'This re-formation of the gel layer under air or 

oxygen during thr resting period took place more slowly than the breakdown. 

After IO min mixing under air, 83 % of the original gel layer re-formed and 

after IO nin mixing under oxygen 60 %. When mixing under nitrogen it was 

found that virtuaily no breakdown took place. The breakdown products of the 

1 1 3 3 5 5 7 7 9; 9; 3 3 5 5 7 7 9 9 11 11 13 13 15 15 
MiXlng time (mln)--I-- Resting period (min) MiXlng time (mln)--I-- Resting period (min) 

Fig. 1. Breakdown of the gel proteins during dough-mixing, and re-formation 
during the resting period. +dough mixed under nitrogen, . under 
air, A under oxygen. 
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Table I 

Thiol (SH) and disulfide bonds (SS) in gel proteins + break- 
down products (umol per gram material) 

Source of gel proteins + b,reakdown products 

Flour 

Dough, mixed (10 min) under oxygen 

Dough, mixed (1Cl min) under air 

Dough, mixed (10 min) under nitrogen 

Dough, mixed (10 min) under air and rested 
for two hours 

SH 

6 

30 

26 

10 

10 

SS 

50 

38 

40 

48 

46 

gel protf:ins, which were soluble in SDS could Se isolated from the SDS super- 

natani try alcohol precipitation. 

With tne aid of the amIlerometric thiol and disulfide determination (8) 

the thiol group and disulfide bond content was determined in the gel proteins 

of flour and in the gel proteins plus breakdown products of doughs which had 

k~een mixyd for 10 min urder nitrogen, air and oxygen respectively. Also SH 

ar? SS wa<re dt2termined in the gel proteins of a dough mixed for IO min under I 

air and rested for 2 hours. The results are presented in Table I. During 

mixing; u:ider air arid oxygen, 20 and Z?b % of the SS bonds were cleaved re- 

spectively. It can be seen from the results that the SS bonds were reduced to 

SH groq s and that these in turn were oxidized to SS bonds after the resting 

I,eriotl. When mixing under nitrogen only 4 ?J of the SS bonds were reduced. 

On the basis of these results we concluded that the breakdown of the gel 

proteins during dough-mixing under air or oxygen took place via reduction 

of SS lbonds and the re-formation of the gel proteins during the resting 

period took place via oxidation of SH groups. 

In order to establish whether SH-containing components were involved in 

the reduction of SS bonds, flour was suspended in a 0.01 % N-ethylmaleimide 

(!EXI) solution I;1 g/4 ml). After 48 hours of dialysis against distilled 

water to remove the excess NEP41, the suspension was freeze-dried and a dough 

mixed of the flour under air for different periods. The gel proteins broke 

down just as quickly as in the case of a dough of untreated flour. Hence no 

SH groups were involved in the breakdown. On the basis of these results we 

considered it improbable that SS bonds of the gel proteins are cleaved by 

means of SH/SS-interchange reactions. 

Nn, &-Electron Transfer System. - 
in consequence of the results obtained by Evans et Windle ( 10) and 

Schroeder et Hoseney ( II), who had suggested with the aid of physical meas- 

urements that dough proteins were modified via a free radical mechanism, we 
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Fig. 2. EPR spectra of freeze-dried material. A, dough mixed under air; 
B, water extract of wheat flour (S,); C, C&12-dialisate of S,. 
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Fig. 3. EPR spectra of freeze-dried material. 
A, 90 % isopropanol soluble material of S 
B, 90 % isopropanol insoluble material of's1 
C, 70 % isopropanol soluble material of S, 

proteir,s about 10 k, but a;i~Jition of the comljini=d fractions to the flour 

residue (2) completely rr,rtoreci the breakdown. 

The 15% specirum of 2, rs'!: (Fig. 3a) was identical with the original 

s, spcs:trum, an3 thus sli:i> ch~aracteristic of it i?n 2+ protein compound. 'Yhe 

spectr;*m (Tic:. 3b) however was characteristic of a 2 Cu 
2+ 

s k sup 
protein com- 

pound ( 12) . 'W,,*se r:-cults gave rise to the assumption that also a 2 Cu 
3 

- 

atomic ol)sorptior, sl"‘~ro~,llotor.lctry ('11 j it wits showr; that S contained I+0 ppm 

LIn and I ; p;‘n L'u. 

From this it war: ~~ossil,le to conclude that during dough-mixing under 

oxygen tile 2 I-u ‘?+ -protein compound is rcduce~i via bin-protein compound to 

;' Cu+-protein: cc~rn! ouryd, ariG that this ill turn is caCat>le Iof reducing an 

SS bond to W. 

su ~.eroxlde ar:1or;; i '+.J. 

Taking the al'uve mentlor,?d conclusion that the reduction of the 2 Cu 3+ 
- 

proteir; compound 1s orily T10:ssILle in the presence of oxygen, it is reaaon- 

able Ati0 a;sur~n that l.his is oniy possible via the supcroxide anion (iI?-.). 
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I 
35 7 9 11 13 15 17 

Resting period (min) 

Fig. 4. Increase of Mn2' during the resting period of a dough as affected 
by NR81 and IAA. 

in quantities of 2 mg per 10 g flour, no breakdown of the gel proteins took 

place during mixing under air, i.e. these substances reacted with 02-. so 

that no 02-* remained to reduce the Mn 3+ . Additional verification of the 

assumption that 02-. is needed for the reduction of SS bonds was obtained 

by adding superoxide dismutase (SOD) (10 mg/lO g flour) to the dough. The 

removal of the superoxide anions by SOD did not result in a breakdown of 

gel proteins. Addition of xanthine plus xanthine oxidase (both IO mg/lO g 

flour) to a dough caused the gel proteins to be broken down more quickly 

than in a controle dough. This experiment once again showed that superoxide 

anions were needed for the breakdown of gel proteins. 

Mn3+ -protein oxidizing agent. 

To study the re-formation of gel proteins during the resting period 

after dough-mixing parts of the dough were freeze dried after different 

resting periods. The manganese was extracted from the freeze-dried material 

with 0.01 M CaCl 2 solution (1 g/l00 ml) at 5 OC and shaken for 5 min. After 

centrifugation the supernatant was freeze-dried and the Mn 2+ and Cu2+ de- 

termined with EPR. Fig. 4 shows the results as far as Mn2+ is concerned. 

In the first 15 min there is a marked increase in Mn 2+ . With doughs to 

which NEMI or iodo-acetic acid (IM) (2 !Jmol/g flour) had been added, the 

increase in the Mn 2+ signal was much less marked; no new gel layer was 

formed, because the reagents had blocked all the SH groups. It was observed 

that the Cu2+ signal did not change during the resting period. On the basis 

of these results we concluded that the oxidation of SH groups is brought 

about by Mn 3+ lolls. 
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Discussion. 

How the superoxide anions are formed in a dough during mixing is a 

debatable point. There are, however, indications that the substance which 

is responsible for the formation of 02-* is soluble in methanol. Further 

study is necessary to trace this substance which creates superoxide anion 

in wheat flour dough. 

On the basis of the results obtained the transfer of the electron from 

3 -. to a SS bond can be represented as follows: 2 

From the extraction experiments with isopropanol at 70 OC and the EPR 

measurements we suspect that we have here a protein complex which is built up 

of different sub-units. Besides a Mn-protein sub-unit and a 2 Cu-protein sub- 

unit the complex probably contains a compound which is soluble in methanol 

and forms 0 -.. 
2 
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