Effects of Laccase and Ferulic Acid on Wheat Flour Doughs!
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ABSTRACT Cereal Chem. 77(6):823-828

The effects of a laccase from then§usPycnoporus cinnabarinus on cross-linking through oxidative dimerization of feruloyl esters. FA and,
the mixing of a wheat flour dough with or without added ferulic acidmoreover, FA plus laccase, increased the oxidation ohylr§l (SH)
(FA) were studied. Laccase reduatmligh time-to-peak angiccelerated  groups. FA and, even more, FA in combination wéitchse, increased the
dough breakdown in comparison with the control. Its effect was enhancedte of protein depolymerization during mixing. FA and the products of
with FA. The water extractability of araiwxylans (AX) increased during FA laccase oxidation participated in @og reaction involving SH grups.
mixing of a dough free of addeddcase, especially withxegenous FA. A coupling reaction involving enzymatically generated feruloyl radicals
At the same time, the extractability of FA decreased during mixing. Addednd thiol radicals generated through the mechanical breakdown of inter-
FA may have competed with endogenous AX feruloyl esters,ifimgb  chain disulfide bonds might explain these results.
partly oxidative gelation. Laccase decreased AX extractability by chain

The viscoelastic properties of wheat flour dough depend pri- In this work, we have studied the effects of the laccase Bom
marily on the dough’s protein constituents (MacRitchie 1992), andinnabarinus in with and without added free FA on macro-
prolamins are recognized as the most important functional proteimsolecules involved in dough mixing properties. The flour content
(Weegels et al 1996). The glutenins provide elasticity, whereas free FA is very low; therefore, this compound was added in some
gliadin provides viscosity and extensibility in a dough system (Ciaffexperiments to magnify the effects of laccase. The extent of pento-
et al 1996). Arabinoxylans (AX), despite their low content in wheasan gelation was assessed by measuring changes in AX extractability
flour, are also important in determining dough-handling propertieand FA contents during mixing. The oxidative effects of laccase on
and bread quality (Delcour et al 1991, Michniewicz et al 1991the gluten network were evaluated by measuring the dough sulf-
Biliaderis et al 1995). Due to high water-binding capacity, AXhydryl (SH) content and following the changes in size distribution
play a regulatory role with respect to the water economy in breadf proteins during mixing.
making. With feruloyl adducts, pentosans are subject to oxidative
gelation (Geissmann and Neukom 1973, Hoseney and Fal@dr). MATERIALSAND METHODS

Among other oxidative systems, peroxidases and laccases have . ) .
been used successfully as gelling agents of AX solutions (Izydorczyk 1he flour used (cv. Scipion) contained 8.4% protein (14% wb;
et al 1990, Moore et al 1990, Figueroa-Espinoza and Rouau 1998 * 5.7 determined by the Dumas method) and 0.6% ash (Approved
These enzymes also have been applied to doughs (Si 1994a,b; V4@thods, AACC 2000). All reagents (highest grade available)
Oort et al 1995; Hilhorst et al 1999). Peroxidases need hydrogdlere purchased from Sigma-Aldrich Chemical Co. (St. Louis,
peroxide to oxidize a wide range of substrates, including phenol®O)- A laccase preparation (solution in 35% glycerol) was obtained
and thiol compounds (RSH). The generation of hydrogen peroxid&©m & culture supernatant Bf cinnabarinus MIC11 (supplied by
however, may represent a limiting factor to the use of peroxidasé4: Asther, Laboratoire de Biotechnologie des Champignons Fila-
as a dough-oxidizing agent. Laccase-diphenol-oxygen oxido- menteux [INRA, Marselll_e, Franc_e]). Laccase activity (0.03 pkaat/_
reductase (EC 1.10.3.2), is a copper-containing enzyme that cataly2#@s measured with syringaldazine as substrate (Figueroa-Espinoza
the oxidation of a wide variety of phenolic substrates. In oxygert @l 1998). One nkat corresponds to the oxidation of 1 nmol of
it induces the catalytic oxidation of phenols to free radidafs: syringaldazine/sec under the experimental conditions.
noporus cinnabarinus laccase oxidizes ferulic acid (FA) into a  Doughs were mixed in a 10-g mixograph (National Manu-
phenoxyl radical that reacts nonenzymatically to produce dehydrécturing Co., Lincoln, NE) equipped with Mixsmart software at
dimers and polymers of FA. In feruloylated AX, laccase catalyse§0% absorption (14% wb). FA, previously dissolved in hot water,
gelation by dimerization of feruloyl esters (Figueroa-Espinoza an¥@s added to the flour at 340 ppm. Laccase was added at a level
Rouau 1998). According to Vinkx et al (1991) and Figueroa-Espinoz@f 30 nkat. Different doughs were made for different mixing
and Rouau (1998), adding RSH to an AX solution delayed oxidativBMes- They were |m_med|ately frozen |n_I|qU|d nitrogen, then freeze-
gel formation. No direct coupling of RSH to phenoxyl radicalsdried, and ground in an laboratory mill (IKA, Janke & Kunkel,
through an addition reaction was evidenced. It was proposed thataufen, Germany) to pass a 0.5-mm sieve. .

FA oxidized by laccase into phenoxyl radicals was regenerated by EXtraction of protein and separation by size exclusion (SE)
an oxidoreduction reaction involving the conversion of RSH intd‘YPL_C_ were as described by Dachkevitch and Autran (1989), with
disulfides (RSSR). Moreover, the use of laccases fiyodlio- modifications. Pr_otelns Were_extracted from 150 mg of flour or
phthora thermophila and Trametes hirsuta in a wheat flour dough ~ 9round freeze-dried dough, with 20 mL of . 50dium phosphate
resulted in a partial oxidation of some gluten amino acids, especialRiffer (pH 6.9) containing 1% (w/v) SDS (buffer A) for 80 min at
cysteine (S. A. Virtanen et alppublished). Because FA is the main 60°C. After centrifugation (30 min, 39,000gs 20°C), the pellet
phenolic compound of wheat flours occurring as free, soluiedy ~ Was suspended in buffer A (5 mL) and sonicated (180 sec, 3.5W
and insoluble-bound forms as feruloylated AX (Sosulski ed@p), ~ Power output) (Vibracell, Bioblock Scientific, Illkirch, France),

the use of laccase as oxidizing agent in doughs appears interestin&”d centrifuged as above, y_ielding a second supernatant consisting
of SDS-unextractable proteins known as glutenin macropolymers

(Weegels et al 1996). The supernatants were injectedL(26nto

1 Presented in part a the AACC 84th Annual Mesting, Seettle, WA, November 1999, a size-exclusion column TSK G 4000-SW (Merck, Chelles,
2Unité de Technologie des Céréales et des Agropolymeres, ENSAM/INRA, France) (7.5 mm x 30 cm) Wl_th a TSK 3000-SW (Merck) ggard
Place Viala, 34060 Montpellier Cedex 01, France. column (7.5 mm x 7.5 cm) using a HPLC (Waters, St Quentin en
* Corresponding author. E-mail: rouau@ensam.inra.fr Yvelines, France) system comprising a model 600 pump, a 715
Publication no. C-2000-1018-08R. automatic sampler, and_ a _model 486 UV detect_or at _214 nm. Pump
© 2000 American Association of Cereal Chemists, Inc. control and data acquisition were directed with Millennium 32
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version 3.0 software. The column was eluted with 0.1M sodium The extraction of free phenolic compounds was based on the
phosphate buffer (pH 6.9) containing 0.1% (w/v) SDS (0.7 mL/min, method described by Krygier et al (1982) using acetone-methanol-

at room temperature). Apparent molecular weights (M,) were esti- water (7:7:6, v/v) as extraction solvent. Ester-linked FA and FA
mated by calibrating the column with protein standards according dehydrodimers were determined as described by Figueroa-Espinoza
to Dachkevitch and Autran (1989). and Rouau (1998).

SH groups were determined as described by Chan and Wasser- The coefficients of variation for AN, SH group, FA, and

man (1993) using Ellman’s reagent (5d&hiobis-2-nitrobenzoic  protein size determination procedures were 3.0, 3.0, 3.0, 6.0, and

acid [DTNB]), which reacts with SH to produce 1 mol of NTB 3.3%, respectively. Results are expressed as mean values of at least

(e = 13,600 Mt cm™ at 412 nm) per mol of SH. A solution (50%  duplicate analyses.

isopropanol-2, 80 mM Tris-HCI, pH 8.8, 10 MM EDTA, DNTB at

0.2 mg/mL) was added (1.2 mL) to 100 mg of flour or ground RESULTSAND DISCUSSION

freeze-dried dough. Agitation (Maxi-Mix 111, Bioblock Scientific)

for 20 min at room temperature was followed by centrifugation Mixograph Study

(15,000 xg, 20°C, 15 min). Absorbance at 412 nm was read using Adding laccase to standard flour dough shortened dough devel-

a spectrophotometer (Ultrospec 2000 UV/visible, Amersham Pharmapment time, increased consistency at peak, and decreased dough

cia Biotech, St Quentin en Yvelines, France). tolerance (Table I). Added FA provoked similar effects. The com-
Water extractable AX (WEAX) were extracted from 1.0 g of flourbined addition of laccase and FA was very effective in accelerating

or ground freeze-dried dough and dispersed in 4.0 mL of water dbugh formation and breakdown. Indeed, time-to-peak decreased by

4°C for 15 min. Total AX and WEAX concentrations were deter-25% in comparison with control dough. The torque for time-to-

mined semiautomatically, as described by Rouau and Surget (199ggak increased, and then a significant breakdown occurred, as shown

using an auto-analyzer (Evolution Il, Alliance Instruments, Cergyby a loss of 30 Nm after 10 min, whereas only 12 Nm was lost for

Pontoise, France). WEAX are expressed as % total AX. control dough. Laccase (with or without FA) affected dough over-
Flow times of WEAX solutions were measured at 25°C using anixing in a manner similar to that of the SH-blocking reagent N-

capillary viscometer (AVS 400, Schott Gerate, Hofheim, Germanygthylmaleimide (Schroeder and Hoseney 1978) or fast-acting oxi-

equipped with an Oswald capillary tube. Relative viscositigs ( dants (Weak et al 1977).

= flow time of sample/flow time of solvent) and specific viscosities

(N = nre — 1) were calculated using water flow time (78 sec). AnEvolution of Water Extractability and Viscosity

apparent intrinsic viscosity{lapy = 16 X [2(Ng — In [Na])]°® x  of AX During Mixing

1,000) was evaluated using the Morris equation (Morris 1984), Mixing increased water extractability of AX (Fig. 1). A rapid

wherec represented the AX concentration, assuming that only AXncrease in WEAX content was observed during the first 7 min of

contributed to the viscous properties of the dough extracts (Rouamixing (26.7% of total AX at the initial, up to 30.9%). Then, only

et al 1994). minor changes occurred, and the WEAX content finally reached

32.1% when mixing duration was extended to 30 min. Increase in
water extractability of AX during mixing might result from a partial

% breakdown of water-unextractable AX chains due to mixing shear
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Fig. 1. Changes in % of water-extractable arabinoxylan (WEAX) during )

mixing. Control (O), laccase (O), ferulic acid (FA) (®), and laccase +  Fig. 2. Sulfhydryl (SH groups) content (% of flour value) of control (O),

FA (m) doughs. laccase (O), ferulic acid (FA) (@), and laccase + FA (®) doughs.

TABLE |
Mixograph Data for Doughs Prepared With or Without Laccase or Ferulic Acid (FA)?2

Torque(% of scale)

Time-to-Peak (min) Time-to-Peak 10 min 20 min 30 min
Control 42+01 732+19 61.3+15 58.0+1.2 492+17
Laccase 40+01 768+ 1.6 59.2+1.9 504+ 2.0 478+22
FA 36x0.1 77315 581+17 50.2+21 465+23
Laccase + FA 31+01 823+25 53.1+20 497+21 46.6+£2.3

a2 Mean + standard deviation.
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stress or to the activation of endogenous xylanases (Cleemput et a
1993, Rouau 1993).

Addition of FA further increased the effect of mixing on AX
extractability. At the time-to-peak, 30.2% of total AX was WEAX
in dough with added FA, versus 29.7% in control dough. This
difference in extractability further increased during mixing because
the WEAX content reached 33.6% after 30 min of mixing versus
32.1% for control dough. Moore et a (1990) and Vinkx et a (1991)
reported that FA, vanillic acid, and cysteine inhibited the oxidative
gelation of WEAX treated by hydrogen peroxide-horseradish peroxi-
dase. According to those authors, added free FA competed with FA
esterified to AX chains, partly preventing an oxidative cross-linking
of feruloylated AX naturally occurring in doughs.

Laccase impeded the increase in WEAX content at the begin-
ning of mixing (28% at peak time). Then, WEAX content dropped
sharply and, after 30 min of mixing, was lowered to 23.5%. Laccase
from P. cinnabarinus induced gelation of isolated WEAX solutions
(Figueroa-Espinoza and Rouau 1998). It is likely that a similar
mechanism occurred during dough mixing, resulting in a large
decreasein AX water extractability.

Addition of FA delayed the effect of laccase and more WEAX
was obtained for all samples compared with dough with laccase. It
islikely that added FA competed with FA esterified on AX chains,
thereby preventing excessive polymerization of AX chains.

The viscosity of a flour-water extract is mainly due to extrac-
table polysaccharides (Udy 1956), especially WEAX (Rouau 1993).
The calculated [n] 4, based on the concentration of WEAX, are
shown Table II. The [n], increased slightly after the time-to-peak
for the control dough, and then decreased slowly, suggesting a
balanced effect of both oxidative crosslinking and depolymerization
of AX chains by endogenous xylanases and shear stress. The
[Nlapp decreased slightly with FA, whereas with laccase [N]ap
diminished immediately after the beginning of mixing because the
high M, AX were rendered water-unextractable by cross-linking,
the highest M, chains were generally first cross-linked (Ciacco

sumed (first 10 min). After consumption of FA, the cross-linking
of highM, WEAX occurred.

Vemulapalli and Hoseney (1998) and Miller and Hoseney (1999)
suggested that oxidative gelation of water-extractable pentosans
caused by added glucose oxidase could be responsible of a drying
effect on the dough. From our results, however, it appears that the
amount of AX cross-linked by. cinnabarinus laccase did not
markedly affect dough mixing curve.

Quantification of SH Groups

In the control dough, SH groups oxidized rapidly (—27% of the
initial SH group content) during the first 10 min of mixing and
then more slowly (—7.5%) in the next 20 min (Fig. 2). Laccase did
not affect SH oxidation. This result confirms SH groups did not
react with laccase (Figueroa-Espinoza et al 1998). The extent of
SH oxidation increased with FA (—-38%), and even more when FA
and laccase were combined (—47%), when compared with control
dough, an increase in the rate of SH oxidation was observed. These
results are in contrast with the findings of Figueroa-Espinoza et al
(1998) that FA needed laccase to oxidize SH compounds in model
solution. In flour dough, SH oxidation could result from the same
coupled reactions, in which FA radicals generated by endogenous
flour enzymes (i.e., phenol oxidase) (Honold and Stahmann 1968,
Hatcher and Kruger 1993) would be involved. The SH oxidation
was accelerated by the laccase frencinnabarinus only with
added FA; it is likely that laccase-catalyzed SH oxidation needs
sufficient amounts of mobile FA (or phenolic compounds). FA
esterified to the water-unextractable AX appeared uneffective in
this respect.

TABLE I
Apparent Intrinsic Viscosity of Water Extractsfrom Dough
With or Without Laccase Ferulic Acid (FA) Mixed for Different Times?

and D’Appolonia 1982, Izydorczyk et al 1991). This was previ-g

ously described in solution (Figueroa-Espinoza and Rouau 1998%
and occurs in dough. When FA and laccase were added in comBi-
nation, then],, increased after the peak, then decreased as in tH8
laccase-treated dough, for the last 20 min. The gelation of ferde

Time (min) Control Laccase FA Laccase + FA
725+ 20 725+ 20 725+ 20 725+ 20
698 £ 19 703+ 19 686 + 22 792+18
745 £ 22 684 + 21 688 £ 19 751+ 19
740 £ 20 610+ 23 687 £ 23 738+ 22
689 + 25 551+ 19 673+21 528 + 20

loylated AX probably occurred but was delayed by the competi? Viscosity = [N]xy, expressed as arabinoxylan in solution in mL/g; mean *
tion with added FA, perhaps until this substrate was entirely con-standard deviation.
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Fig 3. Alteration of size distribution of protein polymers during mixing,
as assessed by FUF2 ratio. Control (O), laccase (O), ferulic acid (FA)
(@), and laccase + FA (®) doughs. F1/F2 ratio (F1 = 65 x41OM, < 10
and F2 = 15 x 10< M, < 65 x 10).
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Quantification of FA

Natura content of free FA in flour is very low (0.007 umoal/g, db)
(Table 11). In the control dough, it remained practically constant dur-
ing mixing and was dmost al consumed with laccase. The decrease
in added free FA during mixing was much accelerated by laccase. The
decrease in FA was probably due to oxidation leading to undetectable
compounds (i.e., self-polymerization or addition products).

According to Figueroa-Espinoza et al (1998), the laccase from
P. cinnabarinus can oxidize FA and feruloyl esters into phenoxyl
radicals that are the three most important mesomeric forms (semi-
quinones). Cysteine and other SH-containing compounds reduce
the semiquinones into the original FA with formation of disulfide
compounds. According to those authors, these coupled reactions
continue until all the SH groups are consumed. Thereafter, the
dimerization of FA by coupling of two FA-phenoxy! radicals could
take place.

During the mixing of the control dough, the amount of FA esteri-
fied to AX decreased dightly and the level of FA dehydrodimers
increased (Table I11). This corresponds to a slight cross-linking of
feruloylated AX. An excess of free FA inhibited the dimerization
process. With added laccase, both FA and FA dehydrodimers
disappeared, suggesting that a further oxidation of the dehydrodimers
could occur.

Changein Size Distribution of Protein Polymers

The SE-HPLC dlution profiles of proteins gave five peaks (F1
to F5) with M, from 600 x 1 to 1 x 16 for F1, from 150 x 19to
600 x 16 for F2, from 20 x 1®to 150 x 10 for F3 and F4
(corresponding to gliadins) (Singh et al 1990), and <203fd0

of SDS-unextractable proteins known as glutenin macropolymers
(Weegels et al 1996).

In flour, SDS-extractable proteins accounted for 84% of total
protein. SDS-unextractable proteins were rapidly brought into solu-
tion at the beginning of mixing and accounted for <2% of protein
at time-to-peak. Increase in protein extractability during mixing
has already been reported (Tanaka and Bushuk 1973, Graveland et
al 1980, Weegels et al 1996). The amount of protein monomers
(F3, F4, F5) did not change during mixing. All changes after peak
time concerned F1 and F2 contributions. F2 increased at the
expense of F1. Therefore, the ratio of F1 to F2 of SDS-extractable
proteins was used as an indicator of the changes in the size distri-
bution of protein polymers during mixing.

The F1/F2 ratio increased dramatically up to time-to-peak com-
pared with flour (Fig. 3). This rise coincided with the depolymeri-
zation of SDS-unextractable polymers, which were preferentially
recovered into F1 of SDS-extractable polymers. Control dough
showed the highest F1/F2 ratio at time-to-peak, indicating that the
SDS-unextractable polymers were degraded to a lesser extent. After
time-to-peak, the F1/F2 ratio decreased, indicating a depolymeri-
zation of the larger SDS-extractable aggregates eluted in F1. The
depolymerization rate increased slightly when laccase was added
to dough and even more when FA and FA + laccase were added.

There was a strong relationship (Fig. 4) between the F1/F2 ratio
and the SH content during mixing, suggesting that the glutenin
depolymerization was closely related to SH oxidation. The unique
linear relationship with any adduct considengd=(0.85), suggesting
that FA and laccase interacted with SH compounds, leading to
dough breakdown.

F5. The second extract (protein extracted by sonication) consistedA polemic about the dough breakdown phenomenon has existed

F
P-S-S-P A

Shear
3
stress | (1) ®)

Laccase

ps’ FA

o e

PSH PS PSH
RSH RS’ RSH

N~ ()

P-S-S-R + R-S-S-R

Fig. 5. Proposed reactions for action of laccase and ferulic acid (FA).
PSSP = oxidized protein, PSH = reduced protein, PS = thiol radical on
protein, RSSR = oxidized low M, compound, RSH = reduced low M,
compound, and RS low M, thiol radical.

a long time. Different mechanisms have been proposed to explain
the depolymerization of the dough proteins. It has been suggested
that the size of protein aggregates decreases by physical disruption
of the aggregates or by chemical breakdown of noncovalent or
covalent bonds. Shear stress would disrupt disulfide bonds, leading
to the creation of thiol radicals. Schroeder and Hoseney (1978)
proposed that FA could react with thiol radicals created during the
mixing process. The mechanisms proposed to explain our results
are shown in Fig. 5. According to a number of studies (Weak et al
1977, Schroeder and Hoseney 1978, Sidhu et al 1980, Danno and
Hoseney 1982), shear stress would break protein interchain disulfide
bonds (PSSP) forming thiol radicals (P hese radicals could be
transferred to a smaller thiol compound (RSH) to form a labile
species RS On the other hand, FA is oxidized into a highly reactive
phenoxyl radical (FA by added laccase. FAan propagate onto
RSH to form another RSThe rate of this reaction is likely to
increase with an excess of FAonsequently, most of RSH present

in flour would be rapidly oxidized into RSwhich would rapidly
react with another thiol radical (R8r PS). According to Grosch

and Wieser (1999), RSH compounds like cysteine or glutathione were
linked to the cysteine residues of glutenin subunits after dough
mixing. The addition of RSand PSradicals would lead to PSSR
and RSSR. These coupled reactions, accelerated with FA, led to a
partial blocking of SH groups in gluten, which were rendered
unavailable for further protein-protein cross-linking. Therefore,

TABLE Il1
Free FerulicAcid (FA) and Alkali-Labile FA (AL-FA) and Dehydrodimer Contents of Doughs?
Control L accase FA Laccase + FA
FreeFA AL-FA Free FA AL-FA FreeFA AL-FA Free FA AL-FA
Time (min) FA FA Dimer FA FA Dimer FA FA Dimer FA FA Dimer
0 0.007 0.51 0.12 0.006 0.51 0.12 187 0.52 0.10 173 0.51 0.15
35 0.008 0.49 0.12 0.006 0.50 0.12 1.79 0.52 0.11 143 0.59 0.17
7 0.007 0.50 0.15 0.002 0.41 0.10 167 0.51 0.13 0.55 0.51 0.16
10 0.006 0.49 0.19 0.001 0.32 0.05 167 0.48 0.11 0.13 0.48 0.22
30 0.006 0.46 0.17 0.001 0.36 0.08 1.49 0.48 0.11 0.01 0.37 0.13

a Free FA (cis + trans) and AL-FA (cis + trans); dehydrodimer contents (umol/g of dm); time = mixing time. Standard deviation <6.0%.
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the depolymerization of glutenin polymers associated with mixing
was not compensated by reformation of disulfide bonds between
protein chains. Limited addition of thiol groups on free FA remains
possible, however, as an SH-blocking mechanism because the
decrease in free FA was not compensated by FA dehydrodimer
formation. If these additions involved cysteinyl residues of gluten
proteins, the consegquences on dough properties would be similar
to those expected in SH-blocking by low M, thiol compounds.

Phenol oxidases are endogenous in wheat flours (Honold and
Stahmann 1968, Hatcher and Kruger 1993) but in limited amounts
compared with the |accase added in this study. However, in a standard
mixing process, such endogenous enzymes could contribute partly
to dough properties by a mechanism similar to that described here
for laccase.

CONCLUSIONS

The effects of afungal laccase have been studied on wheat flour
components during dough mixing with or without added FA. Laccase
accelerated dough formation and dough breakdown and the effects
on mixing properties were enhanced with added FA. Laccase used
alone decreased AX water extractability. When used in combina-
tion with added FA, laccase increased the oxidation of SH groups
and the rate of protein depolymerization during mixing.

The major substrate of laccase in a flour is FA, which occurs
naturally in low amounts as free form and low M, conjugates but
mainly as AX esters. The oxidation of any form of FA by laccase
results in the production of phenoxyl radicals, which further react
nonenzymatically and can have different fates in the dough.

Adjacent AX-linked feruloyl radicals may come into contact. Their
dimerization provoked AX cross-linking. In our experiments, how-
ever, the amount of cross-linked AX had little influence on dough
mixing curves. Due to high mobility, free FA is quickly oxidized
by laccase. Added FA limited AX oxidative cross-linking in the dough
by competing with AX feruloyl esters. With SH groups, a displace-
ment reaction occurs from phenoxyl radicas to SH groups, leading to
the formation of thiol radicals. Their dimerization produced disulfide
bonds that can involve proteins or low M, thiols. Added FA ampli-
fied the effects of laccase on dough properties, probably by favoring
the production of mobile thiol radicas that can block the reforma-
tion of protein interchain disulfide bonds in favor of disulfide
between proteins and low M, thiols. Also, limited addition reactions
of thiol radicals on FA cannot be excluded.
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