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Starch enzymatic degradation caused by endogenous hydrolases is studied by in situ NMR
spectroscopy on a set of hard and soft wheat flours. The results obtained by two different techniques
(HR-MAS and 'H NMR in solution) are analyzed in terms of a Michaelis—Menten kinetic phenom-
enological model taking into account the presence of endogenous enzymes and their eventual
inactivation. The parameters resulting from the best fit of all experimental data to the kinetic model
equations are submitted to a multivariate statistical analysis to assess the role of the oligosaccharides
release in distinguishing between hard and soft wheats.
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INTRODUCTION in the polysaccharidic matrix. For HR-MAS, the sample
preparation does not require any chemical procedure or extrac-
tion, therefore possible side-effects arising from drying or non
continuous extractive procedures are avoided, while in the
solution experiment, a simple on-line water extraction is
accomplished. To study the enzymatic hydrolysis of carbohy-
drates in wheat flours, we monitor the amount of few mono
and oligosaccharides as a function of the time. In fact, the
toncentration of these saccharides is much larger than that of
the enzymes which, due to their low concentration, cannot be
directly observed. Finally, the results obtained by the two
techniques are analyzed in terms of a kinetic model and
submitted to a statistical treatment.

Wheat is one of the most extensively used cereals for the
preparation of bread and bakery products worldwide. In
particular, hard wheats are preferred for boiled foodstuffs and
soft wheats for baked products. Starch constitutes the major
component of wheat seeds, where it provides the energy for
germination. To make use of the chemical energy stored in
starch, organisms need starch hydrolyzing enzymes (hydrolases)
The hydrolytic activity of enzymes on native starch granules
affects all levels of food processing and nutritional qualities.
Rheological properties of dough, loaf volume, staling of
breadcrumb, and the rate of firming during storage are only a
few of the technological aspects influenced by enzymes.

With the intention of improving the methods for the quality
assessment of wheat, thepamylolytic starch degradatioci], due tg"ATERIALS AND METHODS
endogenous hydrolases, on hard and soft wheat flours is studied. Samples. Wheat flour samples are gifts from Istituto di

In this paper, the kinetic release of oligosaccharides is Cerealicoltura (Rome, Italy) and University of Viterbo (Italy).
monitored in hydrated flours by in situ NMR spectroscopy. This After elimination of impurities and broken grains, each wheat
technigque has the advantage of providing, in a single spectrum,sample is conditioned with tap water overnight to 16.5% of final
qualitative and quantitative information on mixtures of several humidity and milled by means of a laboratory scale mill (Biihler
compounds already present or formed during the enzymatic MLU-202, Uznil Switzerland).
reaction (). Two different experimental methods are used: HR-  Two different sets of samples are prepared, depending on
MAS and!H NMR in solution. In the latter method, only the the NMR technique used.
amount of oligosaccharides diffused in the buffer solution is  For HR-MAS, 100QuL of 100 mM phosphate buffer solution
measured, while in the HR-MAS spectra, all molecules with a in D,O (pH 6.8) are mixed with 50 mg of flour to obtain a
sufficient mobility are observed, even if they are still embedded homogeneous sample. This sample is packed into a 4 mm HR-
MAS rotor, with 12uL spherical insert, and analyzed about 30

* To whom correspondence should be addressed-#R&0835 974724. min after preparation.
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into an NMR tube and used after 30 min from the preparation Best Fit of Kinetic Data. The best fit of the kinetic
when two well separated phases are observed due to flourexperimental data is accomplished by a simultaneous non linear

sedimentation. regression off-maltose ang-glucose concentrations, using eqs
The same temperature, pH and concentration conditions arel and 2 (see Kinetic Interpretation). Theé of S-maltose is

used within each group of experiments, performedHyNMR calculated with eq 1 and that gfglucose with eq 2. The best

in solution and HR-MAS in soft matter. fit parameters are extracted by minimizing the sum of bgéth

NMR Technigues.HR-MAS NMR spectra are recorded on values, by varying the set of five parameters. The minimization
a Bruker 600 Avance spectrometer operating at 600.13 MHz at algorithm used is the “NeldefMead simplex method”, imple-

300 K. The proton HR-MAS spectra are collected with & 90 mented on Matlab software (The MathWorks Inc.). The
pulse of 5us, a relaxation delay of 2 s, 64 scans, and a spinning simultaneous fit of bothz-maltose angb-glucose data, by the

rate of 5 kHz. To suppress the strong residual HOD signal, the same model, reduces the correlation between the five parameters,
presaturation is applied during the relaxation delay. To monitor and as a consequence, the possibility of data overfitting.

the enzymatic hydrolysis of starch, a set of #2NMR spectra Confidence limits on estimated model parameters are calcu-
is acquired for each sample, allowing a 5 min delay between lated by a Monte Carlo simulation of synthetic data sets. For
consecutive experiments. The delay between the beginning ofeach real data set, starting from the corresponding best fit
the enzymatic reaction and the registration of the first proton parameters, 100 synthetic data sets are created by using egs 1
HR-MAS spectrum is 30 min. and 2 and by adding random numbers, with a variability

Two-dimendional NMR (2D NMR) experiments (COSY, comparable with the standard deviation between the original
TOCSY, and HSQC) are performed as previously reportédjl ( and the best fit data. For each synthetic data set, the best fit

H NMR solution spectra on flour suspensions are recorded parameters are extracted and the confidence limits are calculated
at 300 K with a Varian UNITY Inova-500 instrument operating as a standard deviation of the results on the entire Monte Carlo
at 499.88 MHz. DSS is used as internal reference. data set.

During the relaxation delay, to suppress the HOD residual  statistical Methods. Data of HR-MAS and!H NMR in
signal, a presaturation sequence is applied. To monitor the so|ution are submitted to statistical analysis by using Statistica
enzymatic hydrolysis of starch, a set of # NMR spectrais  software package for Windows (1997 edition by Statsoft, Inc.),
acquired for each sample, allowing a 45 min delay between tq determine if and in what extent the kinetic variables are able
consecutive experiments. The delay between the beginning ofyo distinguish between hard and soft wheats. Multivariate
the enzymatic reaction and the registration of the first proton Analysis of Variance (MANOVA), Tree Clustering Analysis
spectrum is 30 min. 2D NMR experiments (COSY, TOCSY, (TCA) and Linear Discriminant Analysis (LDA) are used to
and HSQC) are performed using standard procedures in theeat the data.
phase sensitive mode. The processing is performed using the \yANOVAis applied to the data set with the aim of selecting
Varian VNMR software (version 6.1 C). , variables with a significant discriminant power. Tieand

DOSY experiments are performed in solution at 600 MHz  jo\e| parameters are used to perform the selection. In
by a bipolar LED sequence with sine shaped gradient pulses of e jjar, ther value is defined as the ratio of the “between-

different intensiti?s_. The gradient amplitude (g) is chal_wged from groups variability” and “within-group variability”. The larger
1.6 t0 28.9 G cm! in 32 constant steps. The time-of-flight and is the ratio, the larger is the discriminant power of the

the gradient pulse duration afe= 100 ms and/2 = 2 ms, corresponding variable. Thelevel gives the probability of error
respectively. The delay between the two bipolar gradient pulses;. .o ed in accepting the result; a logvlevel corresponds to a

is 7 = 400us. Sixteen transients are co-added with a recycle i, b ohapility that the relationship between samples is reliable.
delay of 2 s. The FIDs are apodized using an exponential line TCA, applied to the selected variables, classifies samples

broadening of 5 Hz and Fourier transformed by a Zoom FFT without anv a oriori hvoothesis. to check how they naturall
algorithm. The spectrum of each experiment is fitted, by a least- yap yp C €y y
group according to an amalgamation rule. In this work, the

squares minimization algorithm, with a sum of Lorentzian lines, ; . N ) .
o " . - _“‘complete linkage” method is used to determine when two
and the corresponding intensities are plotted against the gradient

strength. The diffusion coefficient of each spectral line is clusters are sufficiently similar to be joined together.

calculated by fitting the intensity versus gradient curve by the DA allows the determination if the model is capable of
following equation: distinguishing between a priori defined groups (i.e., if the formed

clusters are significantly different). Moreover, by LDA, it is
S 1 possible to establish which variables have significantly different
A= ZAOi exp(—quZ(A - = _)) whereq = ygo means across the groups.
] 3 2 The discriminating power is given by the Wilks’ Lambda
factor, whose value ranges from 0.0, which corresponds to a

The DOSY spectrum is reconstructed by using Gaussian line perfect discriminating power, to 1.0, which indicates no
shapes in th® dimension centered at the diffusion coefficient discriminating power for the model.
and having a half-height line-width equal to half of the error  This technique, applied to the selected kinetic variables, is
on D. In the frequency dimension, the least-squares fit of the used to rank all samples among the two a priori defined groups
experiment with the lowest gradient strength is used. of soft and hard wheats.

HR-MAS spectra can be easily calibrated because the
intensity of the resonances corresponding to fatty acids does
not change as a function of time and can be used for internal RESULTS AND DISCUSSION
calibration.

In solution NMR spectra quantitative measurements are HR-MAS H NMR at 600 MHz. In the HR-MAS conditions,
performed by direct integration with respect to an unassigned at 600 MHz, hydrated wheat flour (soft matter) shows a proton
singlet at 0.15 ppm whose intensity does not change as aspectrum that can be analyzed in terms of lipids and of
function of time. carbohydrates (Figure 1).



Wheat Flour Enzymatic Amylolysis J. Agric. Food Chem., Vol. 52, No. 4, 2004 825

T T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 1. HR-MAS spectrum of a wheat flour sample in phosphate buffer, spun at 5 kHz.

Table 1. Proton Chemical Shift Assignments of Water/Wheat Flour
Mixtures?

Hshit  °Cshift H shift °C shift

molecule assignment HR-MAS HR-MAS  soln soln
lipids terminal CH; 0.87
lipids backbone methylene groups 1.25
lipids (=CH,—CH,-C0-0-) 155
lipids (=CH,—CH=CH-) 2.00 241 min
lipids (~CH,—CH,-C0O-0-) 2.20 187 min
lipids (~CH=CH-CH,-CH=CH-) 2.72
p-glucose C2 3.26 752 326 75.1 | ; ; | | | | = 33 min
B-glucose  C4 3.40 707 338 707 22 20 18 L6 14 12 L0 08 ppy
a-glucose C4 341 70.7 342 70.7
[-glucose C1 4.64 96.9 4.64 97.0
[-maltose C1, reducing end 4.65 4.66 97.1
o-glucose ClL 5.23 931 524 93.0 B
a-maltose C1, reducing end 5.23 93.1 5.23 93.1
lipids (=CH,=CH=CH-) 5.32
a-maltose C1, non reducing end 5.41 101.0 5.41 100.8
[-maltose C1, non reducing end 541 101.0 541  100.8
carbohydrates non reducing ends 5.35-5.50

2.41 min
a0Only selected resonances are reported. 134 mil,? 7 min
81 min

33 min

T T T

The assignment of the carbohydrates is performed using ' 4,'66 465 464 463
literature dataZ, 3) and confirmed by 2D COSY, TOCSY, and
1H-13C HSQC maps. The spectral assignments are reported inFigure 2. Stack plot of 'H HR-MAS spectra of a wheat flour sample at
Table 1. different times of the enzymatic kinetic: (A) expansion of the region

In contrast with previously reported datd)( the system corresponding to the lipids, (B) expansion of the region corresponding to
(wheat flour and phosphate buffer) is not stable but shows somethe -glucose and A-maltose anomeric signals.
resonances clearly increasing with time.

As shown inFigure 2, the resonances due to the lipid fraction
have constant intensities, while those due to the sugar moieties *H NMR in solution at 500 MHz. Figure 4 shows the'H
increase as a function of time. The kinetic behavior of the system NMR spectrum of a two-phase sample of flour in phosphate
can be explored by measuring, in the spectra, the intensities ofbuffer: the solid hydrated flour is on the bottom of the NMR
the 8-glucose angd-maltose anomeric protons reducing-end as tube, outside the NMR coil, while the solution is in the active
function of time. In fact, these signals are well resolved, while section of the probe.
all the other carbohydrate signals show big overlaps; actually, In this spectrum, all lines previously attributed to fatty chains
also thea-glucose and the-maltose anomeric reducing ends are not present. The only observable resonances are those due
appear as an isolated doublet. to the dissolved glucose, maltose, and short-chain polysaccha-

In all samples, th@-maltose ang-glucose signals show an  rides. The assignment, reportedTiable 1, agrees with literature
initially fast increasing intensity, which progressively increases data (2,3) and is confirmed by 2D COSY, TOCSY, anAH-
more slowly until a plateau is reached. Figure 3, the 13C HSQC experiments.
intensities of thes-glucose angB-maltose anomeric peaks are As in the case of HR-MAS spectra, we observe an increment
reported as functions of time for several wheat samples. of the carbohydrates concentration as a function of time.

ppm
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Figure 3. Intensities of the 3-glucose (open circles) and 3-maltose (open triangles) anomeric signals, as a function of time, for several wheat samples.
The solid lines represent the best fit of data to egs 1 and 2.

In Figure 5, the intensity off-glucose andp-maltose Kinetic Interpretation. To describe the kinetic behavior of
anomeric protons signals is reported as a function of time for oligosaccharides in hydrate flour, we need two phenomenologi-
several samples; a plateau is reached only after several hourscal equations that connect maltose and glucose concentration

In solution spectra, the absence of a significant contribution to time.
of S-reducing units of low molecular weight maltodextrins to

the anomeric signal of maltose is confirmed by DOSY experi- are verv complex and involve many carbohvdrates species
ments (Figure 6). Such a contribution cannot be excluded in y P y Y P ’

the case of HR-MAS. Actually, due to restricted diffusion, no several endogenous enzymes, and some inhibitors (7—9). The

well-resolved DOSY maps are obtainable in soft matter: in fact, Mathematical description of such a system requires a very
restricted diffusion provides apparent diffusion coefficients, COMpPlex system of nonlinear differential equations whose
whose values are determined by the size and the shape of théolution cannot be obtained analytically (7). However, it is
barrier rather than by the shape of the diffusing molecuies ( Possible to describe the experimental data by considering a
6). simple phenomenological model, as described in the Appendix,
In addition, the non reducing end signals of carbohydrates N Which an average behavior is considered (i.e., the system is
in HR-MAS spectra show a more complex pattern with respect described as if only two enzymes were present and working on
to the corresponding solution signals. This suggests thata single substrate). This is indeed a large approximation, but it
polysaccharides of longer chains became visible in HR-MAS permits a good phenomenological set of analytical equations
spectra (se€igure 7) due to the suppression of chemical shift that fit the experimental data and provide suitable numerical
anisotropy by magic angle spinning. parameters to be used in the statistical analysis to be obtained.

The enzymatic pathways that lead to maltose and glucose
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Figure 4. H NMR spectrum of the liquid portion (phosphate buffer) in a two-phase wheat flour sample.

We assume that the reactions that transform starch into statistical analysis to assess the role of the oligosaccharides
maltose and maltose into glucose obey the Michaelis—Menten release in distinguishing between hard and soft wheats.
equation and that the enzymes involved in the reactions are In particular, the MANOVA analysis of the five kinetic
progressively inactivated, according to a 1lst-order chemical parameters (M Go, Vi, o, andVe/Ky) obtained from HR-
process (10). MAS spectra, shows thd®, is the only discriminant variable

From the solution of the two linearized kinetic differential  with respect to wheat hardness. T@g variable is associated
equations for our model (see Appendix), we obtain the following with a highF value of 45.8 and a very loy-level of 4.9 x
relationships, which give the concentration of maltose and 1075,

glucose as a function of the time: In Figure 8 the Gy parameter is plotted for each wheat
V. K V. K sample.
M(t) = Mo™M [ TMg ™M M | (VedaKma—e @ The plot clearly shows that soft wheats ha\léoa/alue much
VGo VGO 0 larger than those of the hard wheats. In particular, for the soft
wheat group, th&, average is 2.4, with a standard deviation
Vy, » of 0.6, while theGy average for the hard wheats is 0.2, with a
G)=G,+—@1—e")— standard deviation of 0.3.
a V. K The MANOVA analysis of solution state data indicatds,
Mg ™M M, |(1 — e Vedukia-e ) oy Vm, and Gp as the most significantly discriminant parameters
VGO 0 for wheat hardness.
A TCA is carried out in this case by using tiv, Vv, and
Six unknown parameters appear in egs 1 andg:and Gy Go parameters suggested by MANOVA. Fiigure 9, we report
are the concentrations of maltose and glucose before the startinghe dendrogram obtained from TCA. If the tree is cut at a first
of the enzymatic reactions, respectivelf, and Vg, are the evel, it shows Alisei 1 well separated from all other flours. By
maximum velocity for maltose and glucose formation in the cutting the dendrogram at a lower level, two clusters are
absence of inactivation, respectivelfiy is the Michaelis- obtained, exhibiting a good separation between soft and hard

Menten constant for the maltases; ani the inactivation 1st- ~ wheats, with the exception of the cultivar (cv) Chinese Spring,
order constant for both amylases and maltases. A best fit of the@ Soft wheat falling in the hard wheat group. The Euclidean
experimental data is obtained by using five independent distance is used to form clusters.

parameters, namel¥v,, Vo/Ku, a, M,, andG,, becauseé/g, Since Alisei 1 does not belong to any group, we exclude this
andKy appear always as a ratio in both equations. sample from LDA, to avoid its influence in determining the
The parameters resulting from a best fit of all experimental discriminant power of the model between hard and soft wheats.
data to egs 1 and 2 are reportedTiable 2 and Table 3 for The LDA, applied to the selected variables, shows a clear
HR-MAS and solution experiments, respectively. separation among soft and hard wheats Sgere 10), even

For the sake of clarity, we will discuss the two sets of data, if the two groups are rather near to each other and the confidence
soft matter and solution, separately, and the obtained resultslimit curves indicate some overlap. The Wilks’ Lambda value
will be compared only at the end of the discussion. (0.4) suggests a fair discriminant power for the model and the

Statistical Interpretation. The kinetic parameters extracted F value (6.4) is greater thah critic, implying that the groups
from the best fit of NMR data are submitted to a multivariate means differ more than would be expected by chance alone.
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Figure 5. Intensities trend, as function of time, of the S-glucose (open circles) and -maltose (open triangles) anomeric signals, in the solution conditions,
for all the wheat samples considered. The solid lines represent the best fit of data to eqs 1 and 2.

Table 2. Kinetic Parameters of Enzymatic Hydrolysis of Wheat Flour Starch in Soft Matter Conditions

VM0 o VGU/KM o o o Mo o Go g
flour group? x 10° x 10° x 10° x 10° x 10° x 10° x 102 % 102 x 102 x 102
DxDy S 6.4 0.6 3.6 0.4 9.0 1.0 35 1 31 0.5
AX S 129 0.6 7.6 0.4 12.0 1.0 28 1 1.2 0.5
ChSp S 54 0.3 6.6 0.4 11.3 0.6 9 1 2.8 0.2
Chey S 8.2 0.5 3.5 0.3 143 0.8 26 1 2.8 0.4
ALl S 7.4 1.0 3.0 0.4 8.2 0.8 69 4 2.6 1.9
AL2 S 29 1.0 3.4 0.2 133 0.6 94 3 2.0 1.0
SIM H 17 20 51 0.5 14.0 1.0 91 2 0.0 14
BxBy H 24 2.0 3.3 0.3 16.0 1.0 55 5 0.0 6
CAP H 7.8 0.9 3.6 0.4 8.0 2.0 22 2 0.0 0.4
LAT H 9.6 0.9 33 0.4 12.0 2.0 47 2 0.6 0.4
Lb42 H 20.7 0.7 6.0 0.2 9.2 0.4 24 2 0.0
Lb45 H 16.8 0.8 6.5 0.3 111 0.7 39 2 0.8 0.6

2§, soft wheat; H, hard wheat.

The reliability of this result is good, as indicated by théevel the different reaction conditions in the two sets of experiments
value that is smaller than 0.02. and in the diffusion process that brings soluble molecules to

Comparison of Experimental Data Sets.In the two the liquid phase. In fact, the reaction conditions are quite
experimental methods, HR-MAS and solution NMR, the different in soft matter and in the two phase samples. In soft
observed kinetic curve shape (s€&gures 3 and 5), and matter, all the reaction products and inhibitors remain confined
consequently, the five fitting parameters (Sexbles 2and 3) in the solid matrix and in intimate contact with the enzyme

are different. These differences can be rationalized in terms of molecules. On the other hand, in the two phase experiments,
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Figure 7. A comparison between HR-MAS spectrum (A) and H NMR
solution spectrum (B) of a wheat flour sample. The HR-MAS spectrum
shows a more complex pattern with respect to the corresponding solution
signals. In particular, in the HR-MAS spectrum, are clearly visible the
signals due to the lipids double bond protons (~CH=CH-) at 5.32 ppm
and some signals at 5.41 ppm, overlapping the anomeric peaks of maltose
and glucose, probably due to polysaccharides of longer chains.

Table 3. Kinetic Parameters of Enzymatic Hydrolysis of Wheat Flour
Starch in Aqueous Suspension

Vg, 0 Ve/Km o o o
flour group? x10% x10% x10° x10°5 x10° x10° My o Gy o

J. Agric. Food Chem., Vol. 52, No. 4, 2004 829

nh

Sim CAP Ll
BxBy LAT

AX Chey AL2

Lba5

Figure 8. Bar plot representing the G, values as a function of the wheat
sample; soft wheat are reported on the left side.

80

50

40

30

20

Linkage Distance

10 |

[
r‘J“w ‘
BXBY
Lb42

i T

Lb4s AL2 AX
ChSp Chey

. |
AL1 LAT
SiM CAP

DXDY

Figure 9. Dendrogram from TCA analysis of the wheat flour samples
kinetic parameters.

M,
=

BxBy LAT—__

Abenp T

A ~,

N Lb42 SIM \I

= S _______/' 0O s

-4 3 3 -1 0 1 2 3 4 & H

ROOT

Figure 10. LDA scatter plot of the wheat flour samples obtained using
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DxDy S 21 02 3.0 04 78 07 106 07 33 06
AX S 19 01 29 0.2 34 04 66 07 15 03
Chsp S 13 03 35 0.8 36 09 00 28 14 05
CHEY S 56 06 25 04 110 10 140 20 54 04
ALL S 59 03 16 01 70 04 52 10 64 06
AL2 S 101 04 22 0.1 59 03 240 20 27 04
SIM H 140 20 8.0 10 120 10 -6.0 50 -08 09
BxBy H 103 08 2.1 0.2 66 05 00 40 00 06
CAP H 96 08 21 0.2 73 06 -20 40 02 04
LAT H 72 03 18 01 20 02 00 20 55 08
Lb42 H 34 03 32 04 36 05 60 20 24 06
Lb45 H 35 02 4.8 03 88 03 -07 06 09 03

2§, soft wheat, H, hard wheat.

time in which the concentration plateau is reached. This is in
agreement with the fact that tleeparameter, which is inversely
proportional to the time in which the plateau is reached, is
systematically higher in soft matter with respect to solution
experiments.

Moreover, due to the diffusion process, which brings the
glucose and maltose into the liquid phase, the sugar concentra-
tion observed in the solution might not be comparable with that
observed in soft matter. For these reasons, it is impossible to

both products and inhibitors are diluted in the liquid phase. directly compare the fitting results obtained in soft matter and
Therefore, the inhibition process should be attenuated in thein solution. In fact, except foo, whose difference has been
two phase experiments by dilution with an increment of the already discussed, the other parameters are concentration
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dependent and their absolute value depends on the experimentalon as a function of time. This variation is attributed to an
conditions. However, despite the fact that fitting parameters enzymatic activity triggered by the flour sample hydration. We
obtained in the two sets of experiments have different absolute assume that the evolution of the system is determined by two
value, they contain similar information on the enzymatic coupled enzyme reactions represented by the following system
degradation of wet flour. Actually, from the statistical analysis of nonlinear differential eqs (12):

of the two kinds of experiments, similar results are obtained on

the role of botanic origin of the wheat on the enzymatic d—M=f(S M,H)— g(M.1)
degradation of starch. In particular, both NMR methods show dt ” '
a clear discrimination between hard and soft wheat. 4G
G =90 (A1)

CONCLUSIONS

The enzymatic degradation of polysaccharides in hydrated wheref(S,M,t) represents the transformation of starch or long
wheat flours is monitored by in situ NMR spectroscopy. By chain polysaccharideSj into-maltose (M) andy(M,t) repre-
considering a phenomenological model for the kinetic behavior sents the transformation of maltose into glucag The explicit
of glucose and maltose, some kinetic parameters are extractedime dependence takes into account enzyme inhibition or
and analyzed by multivariate statistical methods to exploit the inactivation.
contribution of botanical origin of wheat to the starch degrada-  The shape of thé andg functions depends on the kind of
tion in hydrated flours. Two NMR methods are used to monitor reaction involved in the transformation.
the change of glucose and maltose concentration during the |f the enzyme works according to the Michaelis—Menten
enzymatic activity, and both methods show a good sensitivity model, without inhibition or inactivation, the shapefaindg
to the vegetal origin of the flour. function is the following:

Statistical analyses show that the only discriminant variable
for the HR-MAS system i€5,, while for the solution data set, f(S,M)= V. S
Vme Mo and Gg result to be the most discriminant variables. ' MS+ Kg
These results indicate that the initial concentratidgandGo,
are the principal variables capable of distinguishing between M) = V/ M
soft and hard wheats. Moreover, in the solution case, \&lgp 9(M)= M + Ky
the maximum velocity for maltose formation in the absence of

enzymes inactivation, contributes to the discrimination. On the whereV,, and Vg are the maximum velocity for maltose and
contrary,a, the inactivation 1st-order constant for the enzymes, glucose formation, respectively, akd andKy, are the Michae-

is never involved in the discriminant model, suggesting that the |is—Menten constants for the reactions which transform long
enzyme inactivation is not conditioned by the wheat vegetal chain polysaccharides into maltose and maltose into glucose,
origin. respectively.

Depending on the botanical origin, starch granules show  Because in the wheat flour, the starch content is very high
different susceptibilities to amylase hydrolysis and different \ith respect to low molecular weight carbohydrates, the
kinetics of degradation, suggesting a relationship of such following condition is satisfied:
behaviors with the molecular properties of starch and with the
hardness of wheats. S>> Kqg (A3)

The study of the time evolution of the NMR signals in the
hydrated flour wheat, together with the application of a suitable  On the other hand, the maltose is produced enzymatically
phenomenological model allows the evaluation of initial me- from starch; thus, its concentration, at least at the beginning of
tabolite concentrations even in time unstable food samples.the reaction, is very low, and the following condition should
Actually, the initial concentrations of glucose and maltose, which pe satisfied:
are sensible to the botanical origin of wheat, could be determined
by NMR by only applying the above-described method. M<Ky, (A4)

At our knowledge, this is the first attempt to use kinetic
parameters, measured with NMR methods, to separate a class If conditions A3 and A4 are satisfied during the reactions,
of foodstuff according to its features of processing and conver- eq A2 can be written as:

(A2)

sion.
We plan to check the above observations enlarging our data f(S,M)=V,,
set and trying to optimize the experimental procedures.
M
M) = Vg — A5
ABBREVIATIONS USED g(M) GKM (A5)

cv, cultivar; AL1, Alisei 1 Bx7-Dy12-Dx2; AL2, Alisei2 Bx7- . . . .
Dy12; Chey, Cheyenne Dx5-Ax2*-Bx7-By9-Dy10; ChSp, Chi- The maximum velocity of the reaction is related to the
nese ,Spring' Dx2-Bx7 —By8 — Dy1; DxDy, WRU 6'979 D),(5- concentration of active enzyme that complexes the substrate.
DY10; AX, WRU 6981 AX1; CAP, Capeiti; LAT, Latino; SIM, V=k_ E (A6)
Simeto; SIM, Simeto; BxBy, Lira BX20-BY20; Lb42, Lira b ara

42: Lb45, Lira b 45 . . .
’ » Hra whereE, is the active enzyme concentration.

In the case of enzyme inhibition or inactivation, the maximum
velocity could become time dependent. In particular, if a 1st-
The Kinetic Model. In the NMR spectra of wheat flour, we  order kinetic model is considered for the enzyme inactivation,
observe a monotonic change of maltose and glucose concentrathe concentration of active enzyme results from the following

APPENDIX
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eq (10):

E, —kl’ E
dE,
ot - kE (A7)
E,=Ee

Taking into account eqs A6 and A7 and the conditions A3
and A4, in the case of 1st-order inactivation Kkinetics, the
functionsf andg become

f(S.M,H)= Ve

M

gM,H = vGDe*‘*GtKM (A8)

whereVy, andVg, are the maximum velocity for maltose and

glucose formation in the absence of inactivation, respectively.

From the NMR data as a function of time, it results that both

maltose and glucose reach the concentration plateau at ap-

proximately the same time, indicating thal ~ kic.
By combining egs Al and A8 and assumikg = ki = a,
we have the following equations:

dMm — —ot —ot M
H = VMOe VGOG K_M

dG_

at (A9)

- M
Vg e K,

0

These are linear equations whose solutions are

VM KM VM KM e
L
Go Go
_ VM0 —at
G(t)—Go"’T(l_e )~
Dl )1 - ety (agon)
Ve °

0

whereMp andGg are the concentrations of maltose and glucose

before the starting of the enzymatic reactions, respectively.

Some consideration on the validity of eq A4 can be obtained

by calculating the functiom(M,t) of eq Al from the experi-

mental data as the numerical derivative of glucose concentration.

In all our kinetic data, we found that(M,t) is a monotonically

decreasing function; this shows that the formation rate of glucose

is dominated by the inactivation contribution. In fact, according

to eqs A2 and A5, the reaction velocity is expected to be a

monotonically increasing function dfl. In the early stage of
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only to make analytically tractable the differential equation
system in eq Al, reasonably holds, while at longer time the
inactivation mechanism makes the velocity of reaction so close
to zero that the use of eq A2 or A5 is inessential.

The main point for the interpretation of our kinetic data is
the appearance of a plateau in the concentration versus time
plot, which means that the velocity of reaction goes to 0 after
a certain amount of time. This behavior cannot be explained
by a simple inhibition that brings the system to work at a non
null constant reaction rate at long times.
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