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Size exclusion high-performance liquid chromatography analysis was carried out on wheat gluten—
glycerol blends subjected to different heat treatments. The elution profiles were analyzed in order to
follow the solubility loss of protein fractions with specific molecular size. Owing to the known
biochemical changes involved during the heat denaturation of gluten, a mechanistic mathematical
model was developed, which divided the protein denaturation into two distinct reaction steps: (i)
reversible change in protein conformation and (ii) protein precipitation through disulfide bonding
between initially SDS-soluble and SDS-insoluble reaction partners. Activation energies of gluten
unfolding, refolding, and precipitation were calculated with the Arrhenius law to 53.9 kJ-mol~%, 29.5
kJ-mol~1, and 172 kJ-mol~1, respectively. The rate of protein solubility loss decreased as the cross-
linking reaction proceeded, which may be attributed to the formation of a three-dimensional network
progressively hindering the reaction. The enhanced susceptibility to aggregation of large molecules
was assigned to a risen reaction probability due to their higher number of cysteine residues and to
the increased percentage of unfolded and thereby activated proteins as complete protein refolding
seemed to be an anticooperative process.
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INTRODUCTION bonds to form a high-molecular-weight polymer. THgof the
subunits extends from about 36000 to 44000 for l\wand
from 60000 to 90000 for higiM, glutenin subunits. Glutenin
%olymers show a wide size distribution range, and thkimay
exceed several milliorf( 10). Flour glutenin is partly insoluble

Temperature plays an important role in the processing of
wheat gluten based products, as most texturization processe
involve heat treatment of the material. On a molecular level,

conformations of proteins, their polymeric state, and their in most common solvents due to its huge size, even in the

Interaction _beh_awor are affgctgd by temperature. presence of denaturing agents such as sodium dodecyl sulfate
The application of texturization processes to wheat gluten, (SDS). The wheat gluten solubility in SB$hosphate buffer
such as extrusion which is well studied in the field of food 5mounts to about 8890% of the total protein mass. The wheat
production (—7), represents a real challenge to the production hotein size distribution is usually studied by size exclusion high-
of biopolymers 8). To control the texturization processes and performance liquid chromatography (SE-HPLC), which allows
the properties of the final products, it is essential to get a better good resolution of gliadin monomers and glutenin polymeys (
knowledge of the molecular changes in the proteins induced 11-20).
by shear on one hand and by temperature on the other. One of the most marked features of the heat-induced gluten
This work focuses on the effect of temperature on gluten denaturation is, e.g., the decrease of protein solubility in-SDS
protein studied at a molecular scale and attempts to model thephosphate buffer. It has been evidenced in the literature that a
kinetics of gluten protein aggregation. rise of temperature causes protein unfolding which results in
Gluten comprises protein monomers (gliadin) and polymers the exposition of hydrophobic protein zones. Protein aggregation
(glutenin) in roughly equal weight fractions. The molecular size may occur, in consequence, primarily due to hydrophobic
(M) of gliadin polypeptides ranges from approximately 20000 interactions. The unfolded state facilitates thiol/disulfide inter-
up to approximately 8000Qu¢-gliadin). Gliadin, excepi-glia- change between exposed groups, which locks the protein into
din, carries cysteine residues which are involved in intrachain the denatured state due to the disulfide bond rearrangement (
disulfide bonds. Glutenin consists of discrete polypeptides 6, 11, 18).
(subunits), which are linked together by interchain disulfide  The temperature dependency of gluten protein denaturation
upon heating has been investigated by several groups. Their
* Corresponding author. E-mail: morel@ensam.inra.fr. T€B3-(0)4 results are su_mmarlze_d iﬁable_ 1 The activation energy of
99 61 25 62. Fax:+33-(0)4 67 52 20 94. the denaturation reaction, which can be calculated from the

10.1021/jf0256283 CCC: $22.00 © 2002 American Chemical Society
Published on Web 09/10/2002



5948 J. Agric. Food Chem., Vol. 50, No. 21, 2002 Domenek et al.

Table 1. Activation Energy (E,) of the Heat-Induced Denaturation of 0.12
Wheat Gluten Protein Determined with Several Indicators F1 F2 F3 [F4 F5
0.10 4
water Ea
indicator sample content (%) (kJsmol~1) ref E 0.08 4
protein solubility gluten 64.0-67.0 183 21 E
loaf volume flour 8.0-19.9 270 22 g
wheat 100 173 23 g %97
wheat 20.0 164 23 2
flour 21.6 137 38 S 0.04
gluten 64.0-67.0 145 21 |
0.02 4
Arrhenius law, is a valuable tool to predict the progress of a
T L T T T T T

o ; 0.00
reaction in dependency of temperature and to compare different 6 8 0 12 14 16 18 20
studies since it is independent from time and temperature.
However, it does not provide much insight into the reaction
kinetics and the underlying molecular mechanisms. Figure 1. Changes of SE-HPLC profiles of the SDS-soluble protein fraction

In this work we aim to investigate kinetically the influence ~during heat treatment at 82 °C. Sample heat treatment (top to bott(_Jm):
Of temperature on g'uten p|ast|c|zed W|th g|ycero| in order to 0 (Control Sample, h|ghest F].), 25, 120, 300, 420, 1140, and 1440 min at
provide a comprehensive model of the heat-induced Changesez °C. T_he lowest curve (no F1 or F2) corresponds to a sample treated
in gluten protein. To achieve our purpose, we investigated the for 35 min at 120 °C.

effects of thr'ee heat.lr.]g t_emperatures (70, 82, andon the The fractionation was performed on a TSK-G 4000 SW XL
gluten er’te'” solubility in S.DSphOSphate.buffer. To analyze (TosoHaas) analytical size exclusion column (%.800 mm) with a

the heat-induced changes in gluten proteins of speiffiove TSK 3000-SW XL (TosoHaas) guard column (%575 mm). Columns
investigated the SDSphosphate buffer extracts of the gluten were eluted at room temperature with 0.1 M sodium phosphate buffer
samples with SE-HPLC. The continuous elution profiles were (pH 6.9) containing 0.1% SDS. The flow rate was 0.7 -min%;
decomposed in individual protein peaks with the help of a proteins were detected at 214 nm. The appakkraf the proteins was
Gaussian deconvolution fit. A mathematical model based on estimated by calibrating the column with protein standards according
mechanistic reaction pathways was developed in order to 0 ref 12. The elution profile of the supernatant was divided into five
calculate the solubility change of each protein species in-SDS fractions .Figure 1). The Iowest.points on the valleys were u;ed as
phosphate buffer. The model sums up the current knowledgeC“tOﬁ points between the fractions. The area of each fraction was

on the molecular events occurring during the heat-induced glutenexpressed in percent of total proteins, estimated from the sum of the
solubility loss and the present results total areas of the first and second extragtgfd F) corrected for their

different solid-to-solvent ratios. Fractions F1 and F2 include protein
species having &, ranging from 1.5x 10° to 150 x 1C®, which
MATERIALS AND METHODS corresponds to th&l, of glutenin polymers Z4). Proteins eluted in
fractions F3 and F4 haveM, ranging from 1x 10*to 15 x 10° and

p thth wtheatt1 gi_lu_téen W(?S pry]rowdedtbé/ tAmyIum t(Aalls'[%GB;J/g'ulT)é(y can be assigned as gliadifi3 24). Fraction F5 consists mainly of
rotein, starch, Ipid, and ash amounted to reSpectively 75.570, 1.6, matapolic proteins (albumins and globulins) andcefliadin. The

gO% "’X'dhoag% of Idry m;alss. MOiSt#re %ofntentF\ivis éﬁ% (_drmeaLss coefficient of variation for the areas of the fractions, calculated from
as_ls). nhydrous glycerolwas purchased from Fiuka em|¢( uens, yne triplicate experiments, did not exceg®%.
Switzerland) in p.a. quality. Chemicals for biochemical analysis of the Chromatogram Analysis. The SE-HPLC elution profiles were

samples Wgre obtained from Sigma in p.a. quality. adjusted according to the protein content of the samples which was
Preparation of Heat-Treated Gluten—Glycerol Samples.Gluten determined by the Dumas method (NA 2000, Fisons instruments). A
(32.68 g) and glycerol (17.32 g) were hand-mixed in @ mortar and rested G 5ssjan deconvolution of the elution profile was performed using
for 20 min. The blend (3 g) was subsequently hand-molded to give a pgakFit v4 software (Jandel Scientific Software). The AutoFit Peaks
disk of 2 mm thickness and 4 cm diameter. The gluten/glycerol disk | ontion was employed, which is based on a Fourier domain procedure
was sealed in a plastic bag under vacuum and incubated for increasingyeconyolving a Gaussian instrument response function from the raw
times in a water bath (E110, Lauda) regulated in temperature at 70, yata The Gaussian fitting of the elution profile of the untreated gluten
82, or 94°C. The bag was COO'?d in ieavater to stop the reaction,  gample, which resulted in the detection of 27 peaks, served as template.
and the sample was stored-a£8 °C. The most severe heat treatment ¢ getting parameters employed for the untreated gluten were applied
was performed under a heating press (Techmo, Nazelles-Negron,qring the deconvolution of the other profiles. The peak number and
France) at 120°C for 35 min. The control sample (untreated), the  ,osition were fixed and the peak width variation was limited to less
sample treated at 12, and three randomly chosen samples of the 51 505 whereas the peak height was fully adjustable. Fitting was
series at 82C were fabricated in triplicate. performed with a least-squares minimization method in order to achieve
Protein Size Distribution: SE-HPLC. The samples were analyzed 5 correlation coefficient higher than 0.999.
according to the protocol of Red! et al9) with minor modifications. Calculation of the Model. The numeric calculation of the kinetic
Ground samples (160 mg) were agitated for 80 min at®@ 20 mL model was performed with Matlab 5.3.0 software (Mathworks Inc.).
of 0.1 M sodium phosphate buffer (pH 6.9) containing 1% SDS (buffer Tne gifferential equation system was solved with a variable order
A). The supernatant containing the SDS-soluble protein fractign (F  Adams-Bashforth-Moulton PECE solver (Matlab function “ode113”)
was collected after centrifugation (37@)030 min). The residue  gyitable for solving nonstiff differential equation systera$)( The
consisting of the SDS-insoluble protein fractior) {Fas extracted with reaction parameters were optimized by applying a least-squares

5 mL of buffer A containing 20 mM dithioerythriol (DTE). The samples  minimization method (Matlab function “fmins”) employing the Neldier
were agitated for 60 min at 6@ and tip sonicated to bring total gluten  peaq simplex search algorithr2§, 27).

protein in solution. The supernatant (5@0) recovered after centrifu-

gation (37000, 30 min) was mixed with 50@L of buffer A containing RESULTS AND DISCUSSION

40 mM iodoacetamide (IAM). IAM alkylated the thiol groups and

prevented their subsequent oxidation. Both extracts(90Fsand F, Solubility Changes of Heat-Treated Gluten Protein: Fit-
were submitted to SE-HPLC fractionation. ting with a First-Order Rate Law. The soluble protein fraction

time [min]
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100 K the polymer size was (F1 before F2). We hypothesize that the
direct conversion of soluble polymers to insoluble forms occurs
through their covalent coupling with the already insoluble
protein fraction. The cross-link is most likely a disulfide bond
as the insoluble protein fraction was brought into solution after
60 A disulfide bond cleavage by DTE, as SDS buffer alone was not
effective. Moreover, this is consistent with the well-known
contribution of disulfide bonds to the heat-induced gluten

80

percentage of insoluble protein [%)]

401 . " polymerization {1).
In addition, we assume that the formation of a single disulfide
20 bond between soluble and insoluble proteins is enough to ensure
protein solubility loss. In consequence, the probability of
o L, coupling will rise with the polymer size because of the
o 500 1000 1500 2000 3000 4000 increasing number of cysteine residues per polymer chain.

To get further insight into the mechanism of gluten reactivity,

time [min] we investigated the kinetics of the protein precipitatidigure
Figure 2. Increase of the percentage of the SDS-insoluble protein fraction 2 shows the increase of the SDS-insoluble protein fraction with
due to heat treatment at different temperatures: 70 °C (M), 82 °C (@), time at different temperatures (70, 82, and 9@). The
and 94 °C (a). Lines were calculated with a first-order exponential rate experimental data (plain symboFigure 2) could be described
law considering two reaction constants. with a first-order rate law (continuous line), which considered

two protein classes of different reactivity, as gliadin is known
to be more stable to heat treatment than glutedih @4).
Maximum protein solubility loss was set to 83.32% in ac-
cordance with the percentage of insoluble protein found in the
heat-treated control sample (see above). A simple first-order
rate law was already used by Pence et2l) @nd Becker and
Sallans 22). It is commonly applied to polymerizatio8@, 31)

and to protein denaturation reactiord2,(33).

The fitted rate constants showed that the temperature depen-
dency of the reaction rate constants could be described with
the Arrhenius law. The preliminary activation energy was
calculated to 168 kinol™2.

Lencki et al. 82, 33) showed that, with appropriate assump-

of the heat-treated gluten/glycerol samples (at 70, 82, and 94
°C) was extracted using a sodium dodecyl sulfate (SPS)
phosphate buffer, which dissolved about 85% of the total protein
mass of a native gluten samplegure 1 shows the change in
SE-HPLC profiles of the SDS-soluble gluten protein fraction
(Fs) induced by a heat treatment at 82. The elution profile is
divided into five fractions. Fractions F1 and F2 correspond to
glutenin polymers, fractions F3 and F4 can be assigned to gliadin
proteins, and fraction F5 consists mainly of metabolic proteins
(albumin and globulin) 13, 24). The well-defined resolution
between gliadin and glutenin polymer is ensured thanks to the

strong disruptive power of SDS that suppresses electrostatic and{ions with regard to the relative magnitudes of various reaction

or hydrophobic interactions between the gluten proteins. rates, many complex denaturation pathways can display apparent

An overall decrease in the total SE-HPLC area can be fi orger behavior. The use of a first-order rate law, even if
observed upon heating, indicating a progressive protein solubility ¢, sidering two protein classes, was still an oversimplified view

loss. The elution profile with the largest area corresponds to ¢ ihe gluten protein polymerization. The results presented in

the control sample, which was not heat-treated. The curve gjo, e 1 showed evidence that glutenin (fractions F1 and F2)
displaying the smallest area shows the SE-HPLC profile of the .4 gliadin (fractions F3 and F4) differed widely in their

control sample treated at 12G for 35 min. Due to its severity,  eactivity but also indicated that among glutenin polymers the
this treatment is likely to give the maximum solubility loss under larger proteins were more reactive.

the employed experimental conditions. F1 and F2 completely Solubility Changes of Heat-Treated Gluten Protein: Fit-
disappeared after this severe heat treatment, while fractions F3 i, yith a Mechanistic Model. To provide a more accurate

F5 remained soluble in significant amounts (F3, 22%; F4, 23%; jyierpretation of the observed rate constants, we separated the
and F5, 48%). The total solubility loss added up to 83% of the ¢ ;teny genaturation in two different reaction steps: (i) reversible
SDS-squbIe gluten protgm fraction. The change 9f elution change in protein conformation and (ii) irreversible protein
profiles of the sample series at 82 showed that fractions F1 precipitation reaction through disulfide bonding.

and F2 were more susceptible to heat treatment than fractions 1,0 assumptions were coherent with the known biochemical

F3—F5. The solubility of the different protein fractions,oFl changes during heat denaturation of gluten. Circular dichroism
FS5, dropped after 420 min of heat treatment at€2to 13%, measurements on gliadin and ldw glutenin subunits heated

61%, 93%, and 92%, respectively. to 80°C revealed that changes in the secondary protein structure
Strecker and co-worker2§) suggested that a step-grow \ere reversible, when proteins were cooled back to room

polymerization mechanism accounted for the heat-induced temperature35, 36).

aggregation of wheat gluten. The mechanism, which is ap- e describe the change in the protein conformation by

propriate for the radical-mediated synthesis of conventional

polymers, describes the growth of polymer strands as a result ke g

of the sequential assembly of monomers. Step-growth polym- Pt Fs (1a)

erization typically results in a continuous shift of the size

distribution profile toward larger species until their disappear- where R and R* represent a SDS-soluble protein before and

ance at the gel poin2@). The change of the SE-HPLC profiles  after this transformation, respectively, aadiandk_; 4 are the

(Figure 1) did not support this hypothesis. corresponding rate constants. As a first approximation, we
In contrast to the step-growth polymerization model, the neglect their possible dependence on the molecular weight of

solubility loss of glutenin polymers (fractions F1 and F2) seemed the protein. In particular, this should be applicable to very large

to proceed straightforward and all the more rapidly the larger proteins, such as the SDS-insoluble macropolymer P
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kl,d

=P (1b)

kg

a

Unfolding of gluten protein resulted in the exposition of
hydrophobic groups and cysteine residues, usually buried in the
core of the molecule3( 11, 18). We suppose the cross-linking
reaction between SDS buffer soluble protein and the SDS-
insoluble macropolymer is responsible for the protein precipita-
tion. We write this irreversible process as

PS* + pi* &, pa* (2) 20 A

percentage of soluble protein [%]

where p* (in contrast to *) denotes merely a section (of yet 0 T T T T T T T T
unknown size) of the protein® For the following we quantify 0 500 1000 1500 2000 2500 3000 3500 4000 4500
its massm,+ with the help of the relatiompy = oumy+, where time [min]

o is a freely adjustable parameter. In the same wgiystands 100
for a section of the aggregated protein &g is the corre- b
sponding rate constant. The protein precipitation may progress
additionally through a £, becoming part of B, when reacting
with it, i.e.

4
80 1

60 1

Ks,
P o P 3)

P.* will finally contain all of the insoluble protein mass. The
reaction is driven by the rate constdat, The formation of
covalent bonds between precipitated proteins may lock them
into the denaturated state and thereby render complete refolding
impossible. This hypothesis is supported by the observations o 2 0 60 80 100 120
of Schofield et al. 112). . .

In summary, the polymerization process of wheat gluten can time [min]
be described by eqsB, where the operator [ ] yields the actual Figure 3. Fit of the mechanistic model (continuous line) to the experimental
mass of the given protein species (normalized with the total data of the gluten protein solubility loss in SDS buffer. Panel a shows the
mass in the system). Equations& are in accordance with the  experimental data at different temperatures: 70 °C (O), 82 °C (O), and

percentage of protein [%]

mass balance given in eq 9: 94 °C (a). Panel b shows the zoom on the model calculation of the
intermediates at 94 °C: native soluble protein Ps (—=), native insoluble
d[R] K IPT1 4 k. IP* 4 protein P; (—=-), unfolded soluble protein Ps* (——), unfolded insoluble
da l,d[ J —l,d[ N (4) protein P* (—), and aggregated protein P.* (—-).
d[P] Table 2. Fitted Model Parameters of the Heat-Induced Gluten Protein
o = —ky JP] + k_y {P*] (5) Precipitation?
constant value constant value
d[P#] E.b = d =
. o (kd'mol=l) 539 Eapd (kJ-mol™3) 172
q KadPd ki dPST — ke PSP — Ec(drmoll) 295 Aoy (min-Y) 11.7 x 102
Arg® (min~?) 71.3 x 10° Agpe (min—1) 0.0985 x 102
k3,p[PS*][P a*] (6) A_14¢ (min~) 0.00998 x 10° R2f 0.9910
d[P*] . I a See text for details. P Eap and A1 4: activation energy and frequency factor of
dt = l,d[Pi] - kfl,d[Pi ] - kz,p[Ps ][Pi ] (7) the unfolding reaction. ¢ Ear and A—14: activation energy and frequency factor of
the refolding reaction. ¢ E,p: activation energy of both protein precipitation reactions.
dip.* ¢ A,p and Agp: frequency factors of the precipitation reactions. fR 2 correlation
[ a ] _ 1+ QPAP A +k p[P [P *] 8) coefficient between the experimental data and the model calculation (n = 30).
dt 2,p! s i 3, s a

A'is the Arrhenius frequency factdg, the activation energyR
[P] = [Pd + [P + [P] + [P*] + [P] + [P, (9) the gas constant, ariithe absolute reaction temperature.
Computing the rate constants directly with the Arrhenius law
where Rdenotes the total amount of proteins in the system and offers the advantage that the model constants can be optimized
Pnr the percentage of nonreactive proteins. This percentageon the whole data seEigure 3a shows that experimental and
corresponds to the 16.68% of total gluten protein that remained fitted data for  changes at different experimental temperatures
soluble even after the severe heat treatment {C2for 35 min). (70, 82,, and 9£C). The corresponding fitted parameters are
Preliminary calculations showed that the temperature depen-given inTable 2. Figure 3b shows a zoom on the time curves
dency of the reaction rate constants of protein denatureition ( of the different reactive species at 98. We observe that the
k-1 and precipitation Kz pks ) followed the Arrhenius law:  amount of unfolded SDS-soluble proteinsPreached its
maximum after 20 min. The maximum coincided with the
k=Ae &RT (10) almost total disappearance ofahd R* and the slowing down
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of Fs disappearance. The first reaction phase seemed to be

governed by, , (P* reaction) and the second slower phase by
ks p (Pa* reaction). The large difference between rate constants
k2 p andks (frequency factors differing by 100; s@@ble 2)
may be caused by two different effects. On one hand, gliadin
is known to react more slowly than glutenin. The proportion
between the two fractions would therefore shift with time toward
an accumulation of gliadin in the soluble fraction. Consequently,
rate constani, , would express the precipitation rate of glutenin
andks , the precipitation rate of gliadin. This equals essentially
the simplistic view adopted for our preliminary calculations and
described inFigure 2. On the other hand, glutenin polymers
(F1 and F2) summed up to about 29% of the total SDS buffer
soluble protein mass, but oss during the first reaction phase
accounted only for 14% of the total soluble protein and
coincided with the disappearance ¢fad B* (ca. 16% of the
total protein mass). This finding led us to the hypothesis that
the reaction slowdown came from the depletion @f Rhich
was more reactive than,® The reactivity differences may be
explained by the following considerations. The natively linear
SDS-soluble polymers may be progressively incorporated into
a three-dimensional insoluble network, which is building up.
The protein network formation upon heating was indicated by
rheological investigations on extruded and mixed gluten
glycerol samplesq, 19). The increasing cross-link density within

the network might decrease the reaction rate by hindering the

molecular mobility. From this point of view, the use of two
precipitation rate constant&y(, andks ) offered a simplified
description of a continuous development.

The computed activation energy for the precipitation reactions
2 and 3 was 172 kihol~. The value agreed well with previous
studies, which are summarized ifable 1. The activation
energies shown iMable 1 were calculated with the help of
simple first-order rate laws. Pence et &1 determined the
activation energy directly from solubility loss experiments; the
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Figure 4. Gaussian deconvolution of the SE-HPLC profile of the SDS
buffer soluble wheat gluten protein fraction of the control sample (no heat
treatment).

calculated the free energy change of the conformational change
of gliadin to be 38.4 kdnol™1.

The standard reaction enthalpy calculated with the present
model has thus the same order of magnitude as the experimen-
tally determined Gibbs energy.

Sensitivity of Gluten Protein Species to Heat Treatment:
Effect of Molecular Size (M;). The use of two rate constants
(ko,p ka,p) resulted in a simplified but accurate description of
the presumed effect of the setup of an insoluble protein network.
However, the changes in the SE-HPLC elution profilgre
1) indicated that the precipitation rates varied even within
fractions F1 and F2. To investigate the effect of the protein
size on the reaction kinetics, a Gaussian deconvolution of the
SE-HPLC profiles was performeéigure 4 shows the decom-
position of the gluten control sample SE-HPLC elution profile

other teams measured the decrease in loaf volume of bread madi't® 27 individual protein species having molecular weights

from flour supplemented with heat-treated gluten. The different

studies indicated that the reactivity of gluten was dependent on

the water content of the sampld§ 22—34). The good

ranging from 1150000 to 3000. The protein solubility loss of
each single peak was subsequently analyzed.
The solubility loss of gliadin monomers (F3 and P}

concordance found here with the values of other groups despite®0000-38000-19000) can be fitted successfully with a first-

the use of glycerol as an alternative to water might indicate
that glycerol did not to affect the energy of activation of the
gluten polymerization upon heating.

The optimization of the model constants resulted in two
different activation energies of protein unfolding and refolding
(Table 2), which were roughly five to ten times lower than the
E, of precipitation. The energy barrier for unfolding was higher
than the energy barrier for refolding, which reflects the fact that
the native conformation of a protein corresponds to the
conformation with the lowest energetic level. The equilibrium
constant, 4 of reactions 1a and 1b can be calculated with the
help of the relation:

kl d
Kig= k_ (112)
—1d
Using the van't Hoff equation
d In(K AH’
( 1,d) - _ r (12)

d(am) R
we obtain the standard reaction enthalgid?, which equals to
24.4 kdmol=L. Lullien-Pellerin et al. 87) investigated the
conformational changes gf46-gliadin under pressure. They

order rate law. A striking exception was the gliadin monomer
of M; 74000, which showed no significant solubility loss even
after 5 h at 94°C. However, this finding was consistent with
the known behavior ofb-gliadin (M, 72000), which is claimed

to be the only gluten protein that remains soluble even after
severe heat treatmentdlj. Its heat stability is commonly
attributed to its cysteine deficiency.

Protein peaks deconvolved in fraction F®(<16000)
showed steady solubility drop as well as transient increases.
However, change of the total area of F5 could be modeled with
a first-order rate law.

The protein species belonging to fractions Mk 11500006~
843000) and F2N; 676000-92000) displayed complex solu-
bility drops, which could not be fitted without considering two
levels of reactivity in each individual protein peak. The behavior
is consistent with the main feature of the mechanistic model,
which says that the deceleration of the precipitation rate due to
steric hindrance caused by the concomitant network formation
results in two apparent rate constants. The different rate
constants may be attributed to the reactivity differencebf P
and RB*. The precipitation of gliadin monomers, which appears
to be slower than the glutenin reaction, may essentially proceed
through the reaction withPin the later phase, as*Hs already
depleted. This may explain why first-order rate laws successfully
model the solubility drops of gliadin.
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Table 3. Fitted Model Parameters of the Heat-Induced Precipitation of Wheat Gluten Proteins of Specific M/

Ay gi(min~?) A—1gi(min~t) Agp(min?) Agp(min~?) Eapi Eari
My (x1079) (x1079) (x107%) (%1072 (kJ=mol~1) (kJ=mol~1) R?
1151069 80.5 0.0100 177 3.84 46.3 343 0.9906
1015636 55.1 0.00462 108 1.64 432 54.4 0.9669
842773 55.5 0.00727 70.3 2.92 46.9 37.0 0.9923
676309 59.8 0.00822 52.7 2.94 45.8 38.0 0.9948
553093 61.5 0.00748 35.0 2.67 45.2 329 0.9954
454051 75.6 0.0103 26.2 2.27 44.4 36.2 0.9955
372757 84.5 0.00988 18.7 1.85 46.8 34.6 0.9955
305808 82.4 0.0100 15.1 1.85 46.8 34.6 0.9955
250482 58.5 0.0145 14.7 1.62 48.6 28.6 0.9954
205109 59.2 0.0154 125 2.09 49.8 28.3 0.9952
168262 62.9 0.0165 13.7 1.74 51.0 27.6 0.9944
137719 58.2 0.159 12.4 2.33 52.2 27.6 0.9906
112994 57.5 0.0162 12.2 2.21 52.7 26.8 0.9792

2 See text for details. P Eap; and Ay activation energy and frequency factor of the unfolding reaction. ¢ Earjand A1 4: activation energy and frequency factor of the
refolding reaction. 9 Ao, and Asp: frequency factors for the two precipitation reactions (Eap, See Table 2). € R 2 correlation coefficient between the experimental data and
the model calculation (n = 30).

The mechanistic model was solved for each individual peak g ,
within fractions F1 and F2. The following suppositions were
made. The precipitation activation energy of 172nkdI~!
applies to all gluten proteins, which means that the rate of the
disulfide-bonding reaction was independent Ky. The rate
constants of the protein unfolding(y and k-1 ¢, reaction 1b)
represent an average value ovedl] which can be applied to
the unfolding reaction of the macropolymer. For the following,
constant; 4 andk-_; 4 denote the unfolding and refolding rate
constants of an individual soluble protein. The start ratio between
Fs and F was set to 29/16, which equals the ratio between the
SDS-soluble protein belonging to fractions F1 and F2 (28.82%)
and F (15.64%). The assumption implies that (j¥ Bonsump-
tion results only from the reaction with glutenin polymers
(fractions F1 and F2) and (ii)Preacts randomly with glutenin
po|ymers_ time [min]

Figure 5 shows typical fitted time curves obtained for the
different reacting species. The protein solubility loss (plain
symbol) is described accurately for both protein peaks respec-
tively from F1 and F2 Figure 5). We observe an initial £
burst due to protein unfolding, so that the model curve
corresponding to & overlaps with the curve corresponding to
Fs (Figure 5a). Then, B* reacted essentially with;Paccording
to eq 2 until the B* concentration approximated that of*P
Subsequently, after the near depletion @f Protein solubility
loss slowed, being now governed by eq 3.

The model constants fitted for all of the peaks obtained from
fractions F1 and F2 are given ifable 3. The percent of the
denatured and thereby activated protein fractidcaR be
calculated according to

percentage of protein [%]
N

R

o
i
J

100 200 300 400

O
R
o

percentage of protein [%)]

100

* — =
F 100 14K,

(13) time [min]
Figure 5. Fit of the mechanistic model (continuous line) to the solubility

whereKy g is the unfolding equilibrium constant of an individual 1058 0f the deconvolved protein species (O) at 94 °C. Panel a shows the

protein.Figure 6 shows the percentage of activated protein and solubility loss oflthe prqtem species M, §_342800 and panel b the solubility

the refolding rate constant versus their molecular weight. The 1058 0f the protein species M 250500. Lines correspond to the calculated

percent of activated species increased gradually with proteinlntermedlates: native soluble _proteln Ps (—-), natlvg insoluble prot_eln Pi

size to 100% (calculated at 8) aboveM, 373000. This (==-), unfolded soluble prqteln Ps* (= -), unfolded insoluble protein P*

behavior was mainly caused by the drop of the refolding rate (7). and aggregated protein Ps* (= -).

constant. The renaturation of large polymer seems to be an

anticooperative process. The increased proportion of the acti-Figure 7 shows the dependency of the precipitation Arrhenius

vated forms of large polymers may thus contribute to their higher factor on the molecular size of the proteins. The rise of the

precipitation rates compared to smaller molecules. frequency factor expresses the enhanced probability of large
The Arrhenius frequency factdx, , appears to be exponen- molecules to react with insoluble partners*(Bnd Py*). The

tially related to the molecular weight of the polymeric chains. hypothesis, assuming that the protein precipitation results from
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0,20 stand, at a molecular scale, the effects of temperature during
100 1 —— v —v -': gluten mixing and extrusion.
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