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Summary. The sodium dedecyl sulfate (SDS) insoluble gel proteins of wheat
flour are converted under the influence of mixing energy and alr or oxyger
into 5DS scluble proteins, which during the resting period after mixing
reagsociate into 53DS insoluble gel proteins. These processes take place via
cleavage and formation of disulfide (S8) bhords, respectively. During dough-
mixing, O, ls reduced to the superoxide anion (0.7"); its electron is trans-
ferred via an Mn, Cu-protein system to an 88 vond, which is then reduced to
SH groups. An Mn3*-protein compound is responsible for the formation of new
53 bonds.

Introduction.

Disulfide reagents such as cysteine, glutathione and sulphite change
the physical properties of a dough considershly. It ig reasonable to assume
that S8 tonds play a significant role in the formatlion of the protein net-
work of dough. Some researchers (1, 2, 3) have shown that vrotein solubility

inereases during dough-mixing as a result of the breaking down of the high-

molecuiar proteins. Other researchers (h, 5, have tried to prove with the
ald of ccortain additives like cysteine and glutathione that GH/SS inter-
change reactions take place while the dough is being mixed. However ithey
failed to give convincing evidence.

Tre subject of the present investigaticn 1s the redox reactions that
oceur in the gel proteins during dough-mixing and during the resting period.
For the lnvestigation use was mad= of an extraction and fractionation method

/

with a zodium dodecyl sulfate (S28) solution as described in a previous

mutlicetion (&).

Materials and methods

Materials
-
)

A Dark Northern Spring (DHS) wheat flour with a protein content of \3\
O/.

{1, % moisture vasis) was used, the same flour as in the previous study !
Cytochrome ¢ (from horse heart), xen.hine, xanthine oxldase (from butter
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milk), superoxide dismutase (from bovine vlood) were purchased from Sigma
Chenical Co. Ltd.

Mixing of dough. Doughs were prepared from 100 g flour, 2 % NaCl and water
in a GRL mixer (7) at a speed of 66 revs/min under nitrogen, air or oxygen.
After the appropriate mixing time the dough was divided intc two parts, one
was directly freeze-dried, the other was placed in a plastic box and stored
for indicated times at a temperature of 30 "C and then freeze-dried. Before
extraction of the prcteins with a SDS solution the freeze-dried samples were
pulverized in a coffee grinder.

Isolation of gel proteins. Flour or ground freeze-dried dough was gently
suspended in a 1.5 % sodium dodecyl sulfate solution (SDS) (5 g/90 ml) and
magnetically stirred for 5 min at 10 °C. The suspension was centrifuged at
80,000 x g for 30 min at 15 OC. The residue consisted of three layers, a
starch layer at the tottom, 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 by adding etbancl to a concentration of 70 %.
Blectron Paramagnetic Resonance (EPR) Spectroscopy. 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 20 mW and 100 kHz field modulation.
Modulation amplitude was 10 & and 4 min scans were made of 2000 G with a

0.3 s time constant and a microwave frequency of 6.22 GHz.

Results.

Breakdown and Re-formation of the gel proteins.

The amount of the gel proteins determined in doughs after different
mixing times and resting pericds is given in Fig. i. The results show that
during mixing under air or oxygen the gel layer (gel proteins) was converted
into $DS soluble material and during the resting period after dough-mixing
a new gel layer was formed. This re-formation of the gel layer under alr or
oxygen during the resting period tock place more slowly than the breakdown.
After 10 min mixing under air, 80 % of the original gel layer re-formed and
after 10 min mixing under oxygen 60 %. When mixing under nitrogen it was

found that virtually no breakdown took place. The breakdown products of the
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Pig. 1. Breakdown of the gel proteins during dough-mixing, and re-formation
during the resting period. <+ dough mixed under nitrogen, e 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 + treakdown products SH S8
Flour 6 50
Dough, mixed (10 min) under oxygen 30 38
Dough, mixed {10 min) under air 26 )IYg]
Dough, mixed (10 min) under nitrogen 10 L8
Dough, mixed {10 min) under air and rested

for two hours 10 L6

gel proteins, which werce soluble in SDS could be isolated from the SDS super-
natant by alcohol precipitation.

With the aid of the amperometric thiol and disulfide determination (8)
the thiol group and disulfide bond content was determined in the gel proteins
of flour and in the gel proteirs plus breakdown products of doughs which had
been mixed for 10 min under nitrogen, air and oxygen respectively. Also SH
and S5 were determined in the gel proteins of a dougn mixed for 10 min under
alr and rested for 2 hours. The results are presented in Table I. During
nixing under air and oxygen, 20 and 24 % of the SS bonds were cleaved re-
spectively. 1t can be seen from the results that the SS vonds were reduced to
SH groups and that these 1n turn were oxidized to SS bonds after the resting
reriod. When mixing under nitrogen only 4 % of the SS bonds were reduced.

On the basls 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 honds and the re-formation of the gel proteins during the resting
period took place via oxidation of SH groups.

Ir order to establish whether SH-containing components were involved in
the reduction of SS bonds, flour was suspended in a 0.01 % N-ethylmaleimide
(HEMI) solution {1 g/h ml). After 48 nours of dialysis against distilled
vater to remove the excess NEMI, 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.

Mn, Cu-Electron Transfer System.

in consequence of the results obtained by Evans et Windle (10) and
Schroeder et Hoseney (11), who had suggested with the aid of physical meas-

urements that dough proteins were modified wvia 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, CaClz—dialisate of SW'

assumed that the cleaving of SS bonds of the gl proteins might take place
via a radical mechanism. This assumption was strengthened by LPR measure-
ments, which did in fact demonstrate the presence of free radicals in
freeze-dried dough (Fig. 2a). In flour no free radicals wers found.

After extraction of the wheat flour with distilied water (100 g/€00 ml
HEO’ 10 min magnetic stirring al room temperaturs and centrifugation at
3000 x g) the flour residue was mixed for 10 min under air. I1n ithis case

the gel proteins had only trcken down 20 5. After a second water extraction

no breakdown took place. Upon reconstitution of the frecce-driod water
extract (Sj) and the flour residue (RK), almosi 107 5 bhreakdown tock place
with mixing under air or oxygern.

The 6-line EPR spectrum of S, (Fig. 2b) clearly shows the presence of
Mn2+, resulting from the hyperfine interaction of the wagaired olectron with
the 5/2 spin of the 5BMn nucleus. The fact thal the pesks are broad and
more or less split up shows that Mn i3 somehow aszzcciated with the protein.
After a night of dialysing SE against 0.1 M CaCl. all the Mn;+ was expelleld

. D+ } FR—
from the protein by Ca” ions and had passed through the menmtrane. A oI

spectrum was made of the freeze-dried fraction that had passgeda througn the

) . 2+
membrane (fig. 2c¢). This spectrum clearly shows uhe rresence of free Mn®

in the dialisate. €, treated with CaCl. solution was no longer avle 1o
breakdown the gel proteins. After dialysis against MnCl. the activity was
partially recovered. From these results we may conclude biatb protein-tonded

Mn lons were involved in the break down of the gol protoing.

S\ suspended in 90 % isoprovancl (0.%5 g/i0% ml) ut room tsmporature and

stirred for 30 min could ke zeparated after 2 min contrifugstion at 000 x g
into an isopropanol soluble fraction (S‘ Voand ooresidwe LS ). Bach
sSup [ AL

fraction added to the flour residuc (R} waz cnly able to btroac down the gel
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Fig. 3. EPR spectra of freeze-dried material.
A, 90 % isopropanol soluble material of S (s, )
B, 90 % isopropancl insoluble materisl of'S. (s’ SUP);
C, 70 % iscpropanol soluble material of S1 ! (S:‘Z::).

5

proteins about 10 %, but addition of the combined fractions to the flour
residue (R) completely restored the breakdown.

The KPR spectrum of S, o (Fig. 3a) was identical with the original
Sl‘spcctrum, and thus alsc characteristic of & Mn2+ protein cgﬁpound. The
5. sup spectrum (Fig. 3b) however was characteristic of a 2 Cu proteif com-
pound (12). These resultis gave rise to the assumption that also a 2 tu” -
protein compcund was involved in the break down of the gel proteins.

it was possible to verify this assumption by suspending S in 70 % iso-

!
. - N . s O e . .
rropancl, and ncating for 10 min at 7O 7C. After 2 min centrifugation at
R ! ., . .
1000 % g & cut alone was capable of treaking down the gel proteins. The
! i< ,
£

EPR spectra of &  and 8, _ o (Fig. 3c) showed no signal. Apparently
f ToEup

C . N . 3+ o+ +
had been oxidized Lo a higher valency (Hnj } and Cu reduced to Cu .

v

ot

Mn

This 2 Cu+—proteih compournd (S? sup> added to a flour residue (R) also

broke down the gel protrins during mixing under nitrogen. With the aid of
atomic absorption spectrophotometry (9) it was shown that S vontained 4O ppm
Mn and (3 prm Cu.

From this i1t was possible to conclude that during dough-mixing under

e . . . .
oxygen the 2 Tu” —protein compound is reduced via Mn-protein compound to
+ . B . . .
2 Cu -protein comround, and that this 1n turn 1s capable of reducing an
535 bond to BH.

Superoxide anions (0.-.).

. . . R 2+
Taking the above mentioned conclusion that the reduction of the 2 Cu™ -

protein compound 1s only possible in the presence of oxygen, it is reason-—

able “o assume thal this is only possible via the supsroxide anion (0_--),
. . . L3+ o4 . . e o

This anion guppos=dly reduces Mnj to Mn which in turn reduces Cu to

+ [P - N - P
Cu . In doughs to which ascorbtic acid or ferricytochrome ¢ had been added
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Fig. 4. Increase of Mn2+ during the resting period of a dough as affected
by NEMI 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 0.+ so

2
3+. Additional verification of the

that no 02" remained to reduce the Mn
agsumption that 02—- is needed for the reduction of SS bonds was obtained
by adding superoxide dismutase (SOD) (10 mg/!0 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 10 mg/10 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 0.07T M CaCl, solution (1 g/100 m1) at 5 °C and shaken for 5 min. After
centrifugation the supernatant was freeze-dried and the Mn2+ and Cu2+ de-
termined with EPR. Fig. L shows the results as far as Mn®? is concerned.

In the first 15 min there is a marked increase in Mn2+. With doughs to
which NEMI or iodo-acetic acid (IAA) (2 umol/g flour) had been added, the
increase in the Mn2+ 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 oxldation of SH groups is brought

3+

about by Mn ions.
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Discussion.

How the superoxide anlons 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 0,7 is soluble 1n methanol. Further
study 1s 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

0,7+ to a SS vond can be represented as follows:
& + + ) Al
e 0, j(231n3)( 2 Cu )( £s )C 2 M =F
2 0, 2 p 2t 2 cu <* 2 8” 2 M 37
< » —y
< — > S .
Mixing Resting

From the extraction experiments with iscpropanol at 70 °C 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 & 2 Cu-protein sub-

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

and forms 02—-.
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