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Abstract

CP-MAS NMR spectroscopy was used to identify soybean cellulose and pectin extracts and to investigate the
kinetics of cross polarization. The in vitro incubation of cellulose and pectin, extracted from soya hull and
endosperm, respectively, with sheep rumen fluid was followed with this technique. The difference in enzymatic
degradability between ChSS and DASS, two pectins with identical monosaccharide composition, was explained by
the degree of esterification that is lower in DASS. Variable contact time CP-MAS NMR experiments of the cellulose
fraction during the incubation revealed that cellulose was degraded in a layer-by-layer way. © 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Soybean meal, the product obtained after
extraction of oil from the beans, is used as
animal feed. It is composed mainly of proteins
and such polysaccharides as cellulose, starch,
and pectins. Detailed knowledge about the
molecular structure of these carbohydrates
can help to develop approaches to improve
the microbial degradation of these materials in
ruminants and monogastrics. Furthermore,
these polysaccharides constitute the most im-
portant structures found in plant cell walls.

* Corresponding author. Tel.: + 31-30-2532184; fax: + 31-
30-2540980.
E-mail address: vlieg@accu.uu.nl (J.F.G. Vliegenthart).

Consequently, new information may be used
to enhance the food value of similar materials
or for structure—function studies of plant
polysaccharides. Thus far, various factors infl-
uencing microbial degradation have been de-
termined, such as the polysaccharides present,
their composition, and crystallinity [1], degree
of esterification, acetylation [2], and cross
linking.

Some decades ago, soybean polysaccharides
were investigated by Morita et al. [3-5], As-
pinall et al. [6-11] and Labavitch et al. [12].
Arabinogalactans and pectin-like polymers
were proposed to occur in sodium hydroxide
extracts. Because neutral carbohydrate side-
chains might have been removed under those
conditions [13,14], a new study towards soy-
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bean meal polysaccharides was started, using
a mild extraction procedure with 1,2-di-
aminocyclohexane— N,N,N’,N'-tetraacetic acid
(CDTA) yielding a chelating agent soluble
solids (ChSS) fraction, which is a pectin [15].
Treatment of ChSS with arabinase, arabino-
furanosidase B, and endo- and exo-galac-
tanase yielded a smaller polymer, P.
Structural analysis of ChSS, P, and mild acid
hydrolysates of P indicated the presence of
xylogalacturonan and rhamnogalacturonan,
with arabinogalactan side chains in ChSS
[16,17]. Unfortunately, solution-state NMR
spectroscopy could not give any detailed
structural information on ChSS and P
because of the broad lines of the different
signals. Therefore, we decided to use solid
state  NMR spectroscopy to study ChSS
and water unextractable solids (WUS = car-
bohydrate fraction before CDTA extraction)
from soybean hulls (SHW) and endosperm
(SEW).

SHW and SEW were subjected to fermen-
tation by rumen fluid of sheep. During the
incubations, the dry weight and the monosac-
charide composition of the residue were de-
termined [18]. These samples were subjected
to CP-MAS NMR analysis in order to study
the applicability of this technique for obtain-
ing additional information about the mate-
rial. Variable contact-time CP-MAS NMR
experiments were applied to obtain structural
and motional information, and to investigate
the kinetics of cross polarization [19-22] of
the constituting polysaccharides. In these ex-
periments, the signal intensity depends on
the contact time (¢) allowed for cross polar-
ization. The relation between the signal inten-
sity and the contact time can be fitted to an
exponential curve with time constants 7Ty
and T,, used to describe the rising and
falling part of the curve, respectively [20,21].
Tey 1s a time constant defining the transfer
rate of proton to carbon magnetization
during the cross polarization contact, and 7,
is the proton spin-lattice relaxation time in
the rotating frame. A general rule that
holds for large polymers [19,23] is that the
lower the T, value, the more mobile the
polymer.

2. Theory

Variable contact-time experiments.— The
correlation between '*C signal intensity and
the cross polarization time (z) can be de-
scribed with a mono-phase model containing
two exponential functions to account for the
rising and falling part of the signal intensity
curve as a function of the contact time.
Mono-phase analysis was based on the equa-
tion:

exp(_t/Tlp)_exp(_l/TCH) (1)
1 = Ten/Th,

where M =signal intensity, M, = calculated
maximum signal intensity, 7= contact time,
T,,=proton spin lattice relaxation time in
the rotating frame, and 7, = time constant
for cross polarization exponential buildup
[20,21].

Alternatively, the relation between the sig-
nal intensity and the contact time can be
described with two exponential functions for
the rising and two for the falling part of the
signal intensity curve. This two-phase analy-
sis was based on the equation:

exp(— /Ty, A) — exp(— /Ty 4)

M=M,
oA l_TCHA/TlpA
M eXp(_l/TlpB)_eXp(_ t/Tcy )
P l_TCHB/TlpB

2)

where the additional suffixes A and B refer
to phases A and B, respectively. Two-phase
analysis can be used to describe the magne-
tization as a sum of fast and slow polariza-
tion transfer. The fast process originates from
protons attached to a carbon atom, whereas
the slow one emanates from the non-bonded
proton pool. The ratio between M,, and
M,z (A/B in Tables 1-3, 5 and 6) indicates
the relative amount of each phase in the de-
scription of the magnetization. Generally,
two-phase analyses give a better fitting of the
experimental results [24]. Contrary to Ref.
[24], we used separate T, values for the two
phases. When no protons are bound to car-
bonyl carbons, the relationship between the
signal intensity of these atoms and the con-
tact time is described with the mono-phase
model.
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3. Results and discussion

Characterization and the fermentation of
SHW.—The in vitro fermentation of SHW
with rumen fluid of sheep fed medium-quality
hay was monitored by measuring the cumula-
tive gas production [25] and the monosaccha-
ride composition [18], and by recording
CP-MAS spectra of the material after 0, 12,
24, 36, and 48 h of incubation, respectively.
The assignment of the signals in the CP-MAS
spectra of SHWO (SHW with 0 h of incuba-

Table 1

tion with the sheep rumen fluid) and SHW48
are indicated in Tables 1 and 2, respectively.
The CP-MAS spectrum of SHWO (Fig. 1(A))
reveals that cellulose is the main component in
this sample. This is in agreement with the
monosaccharide analysis, showing 75% (w/w)
of the total amount of carbohydrate to be
glucose. During the incubation of SHW with
sheep rumen fluid, cellulose is degraded as is
shown by the decreasing signal-to-noise ratio
of the cellulose signals in the spectra of
SHW12-48 (Fig. 1(B-E)). Furthermore, new

Resonance assignments and fitting parameters ® for the variable contact time experiment on SHWO0 ®

Signal Assignment © Tecua Tipa Tcus Ty A/B
105.5 cellulose C-1 0.37 11.7 0.01 0.4 2.7
102.5-95 pectic and other C-1 0.46 5.1 0.02 5.1 0.9
89 cellulose C-4 crystal interiors 0.41 12.5 0.02 12.5 1.4
87.2-83.3 cellulose C-4 crystal surfaces and non-crystalline cellulose 0.35 9.0 0.01 11.5 1.4
83.3-80.0 cellulose C-4 crystal surfaces and non-crystalline cellulose 0.47 12.7 0.03 4.5 1.0
75.5 cellulose C-2,3,5 0.37 13.5 0.02 7.1 1.5
72.5 cellulose C-2,3,5 0.40 12.9 0.01 10.2 1.4
65.5 cellulose C-6 crystalline cellulose 0.37 15.4 0.01 9.6 0.7
64-58.3 cellulose C-6 non-crystalline cellulose 0.40 10.2 0.01 0.5 1.7

2 The evaluation of the variable contact time experiments is based on the two-phase model (Eq. (2)), except for carbonyl
functions, which were evaluated with the mono-phase model (Eq. (1)). 4/B represents the ratio between phase A and B.

® All time constants are in ms.
¢ Assignments based on data in Refs. [22,34].

Table 2

Resonance assignments and fitting parameters * for the variable contact time experiment on SHW48 ®

Signal Assignment °© Tenua Tipa Teus T\,n A|B
187.3-168.3 C=0 (carboxyl) 0.44 16.0

135.7-125.7 aromatic C 0.29 8.8 0.03 9.9 1.13
110.8-99.2 C-1 (cellulose) 0.45 12.0 0.04 12.0 0.82
92.2-86.2 cellulose C-4+degr. prod. 0.44 14.1 0.04 14.0 0.66
86.2-80.9 cellulose C-4+degr. prod. 0.23 9.9 0.01 9.9 1.86
80.9-77.3 cellulose C-4+degr. prod. 0.25 10.3 0.01 8.5 1.21
77.3-74 cellulose C-2,3,5 0.26 12.6 0.01 12.5 1.44
74-70 cellulose C-2,3,5 0.32 12.7 0.02 12.7 1.13
70-67.2 degr. prod. 0.17 9.8 0.01 42 1.43
67.2-64.2 C-6 0.29 16.0 0.01 8.7 0.71
64.2-59 cellulose C-6 non-crystalline cellulose 0.20 11.9 0.01 6.3 0.93
59-46.1 degr. prod. 0.30 9.1 0.01 5.1 1.11
46.1-36.8 degr. prod. 0.31 9.1 < 0.01 4.5 0.69
36.8-32 degr. prod. 0.21 13.7 0.01 4.5 1.23
32-10.1 degr. prod. 0.26 13.7 0.03 42 1.68

2 The evaluation of the variable contact time experiments is based on the two-phase model (Eq. (2)), except for carbonyl
functions, which were evaluated with the mono-phase model (Eq. (1)). 4/B represents the ratio between phase A and B.

> All time constants are in ms.

¢ Assignments based on data in Refs. [22,34]; degr. prod. = degradation product.
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Table 3

Resonance assignments and fitting parameters * for the variable contact time experiment on SEW ®

Signal Assignment © Tcua Tipa Tcusr T\, g A/B
182-170 C=0 (carboxyl) 1.11 12.8

113-107.5 C-1 0.19 3.8 0.01 1.3 3.8
107.5-103.2 C-1 0.29 6.0 0.01 3.3 2.0
103.2-96.7 C-1 0.49 3.4 0.07 3.6 0.7
91-83.5 C-5 GalA, subst. ring carbon 0.64 5.0 0.06 2.1 1.0
83.5-78.4 substituted ring carbon 0.33 4.0 0.01 4.0 1.6
78.4-67.2 C-2,3,4,5 0.32 5.3 <0.01 4.5 1.6
67.2-63.9 C-6 0.88 6.8 0.05 2.6 0.6
63.9-56.2 C-6 0.12 3.6 0.02 3.1 2.0
56.2-50.7 Me-ester 5.99 <0.1 0.53 3.1 0.2
36-10 Rha C-6, acetyl CH; 1.33 1.2

# The evaluation of the variable contact time experiments is based on the two-phase model (Eq. (2)), except for Rha C-6, acetyl
CHj; (due to the low signal intensity) and carbonyl functions, which were evaluated with the mono-phase model (Eq. (1)). A/B

represents the ratio between phase A and B.
® All time constants are in ms.

¢ Assignments of the different pectic signals are based on data in Ref. [17].

signals appear in the CP-MAS spectra (6 180—
170, 132—-126, and 45-10). These were as-
signed to degradation products and microbes
grown during the fermentation experiment.

Characterization and the fermentation of
SEW.—The in vitro fermentation of SEW
was performed and monitored as described for
SHW. CP-MAS spectra of SEW during the
incubation are shown in Fig. 2. Tentative
assignments of the signals in the CP-MAS
spectra are given in Table 3. During the first
12 h of incubation, the relative ratio between
the different monosaccharides remained con-
stant. Furthermore, the total amount of car-
bohydrate decreased only slightly from 65 to
62.7% (w/w), as shown by monosaccharide
analysis [18]. This is in agreement with the
NMR spectra of SEW0 and SEWI12, being
almost identical.

After 24 h of incubation, the relative
amount of galactose and arabinose decreased
significantly (from 21.8 to 3.2% (w/w) and
from 11.1 to 5.1% (w/w), respectively). These
results suggest that pectic arabinogalactan side
chains are degraded in this period. Some dif-
ferences can be observed in the CP-MAS spec-
trum of SEW24 (Fig. 2(C)) in comparison
with the starting material. The increase in the
signals stemming from microbes and degrada-
tion products (6 180—170 and 35-10, see
SHW48) is most striking. Furthermore, the
sharp signal in the anomeric region (0 106)

and the left part of the sharp signal at 6 74
have disappeared. From these results it was
concluded that the signals that disappeared in
the CP-MAS spectrum belonged to the ara-
binogalactan side chains of the polymer. Since
these signals are relatively sharp, these side
chains are expected to be more mobile than
the rest of the polymer. This is in agreement
with the result of an enzymatic degradation
study, and solution state NMR analysis of
ChSS and P [16,17]. The NMR study showed
broad and sharp signals in the spectrum of
ChSS, and only broad lines in the spectrum of
P, which was explained by the absence of the
arabinogalactan side chains in P.

In the subsequent course of the incubation
(36 and 48 h) carbohydrate degradation con-
tinues. This could be concluded from the total
amount of carbohydrate, being 20.1% (w/w)
in SEW36 and 5.9% (w/w) in SEW48. In the
CP-MAS spectrum of SEW36 (Fig. 2(D))
some carbohydrate signals are still visible in
the anomeric region and the region containing
the remaining ring C-atoms, although they
have a much lower intensity than in SEWO0.
However, the most intense signals in SEW36
are identical to those in the spectrum of
SEW48 (Fig. 2(E)), and thus represent signals
from degradation products and microbes.

Characterization of ChSS and DASS.—
Monosaccharide analysis of ChSS and DASS
revealed an almost identical ratio between the
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monosaccharides, suggesting that the poly-
mers are identical (Table 4). However, enzy-
matic degradation experiments with both
compounds revealed a better degradability of
DASS compared with ChSS (Van Laar, un-

cellulose C-4
cryst. surf. + non-cryst.

cellulose C-4 cryst. int.
cellulose C-1

published structural

differences.

The CP-MAS spectra of ChSS (Fig. 3(A))
and DASS (Fig. 3(B)) were assigned (Tables 5
and 6, respectively) using the solid state NMR

results), indicating

cellulose C-2,3,5

cellulose C-6 cryst.
e

cellulose C-6 non-cryst.

degradation product

or microbes degradation product

or microbes

degradation product
or microbes

ppm 150

50 0

Fig. 1. CP-MAS spectra of soybean hull water unextractable solids incubated with sheep rumen fluid for (A) 0 h; (B) 12 h; (C)
24 h; (D) 36 h; and (E) 48 h. All spectra are recorded under the same experimental conditions and have been processed using an
exponential multiplication (line broadening of 10) before Fourier transformation.
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substituted ring carbon
pectic C-1

pectic
A C=0

pectic \
GalA
C-5|

pectic C-2,3,4,5

pectic C-6 pectic

Rha C-6

yé—ester ——

degradation product
or microbes

degradation product
or microbes

degradation product
or microbes

ppm 150

50 0

Fig. 2. CP-MAS spectra of soybean endosperm water unextractable solids incubated with sheep rumen fluid for (A) 0 h; (B) 12
h; (C) 24 h; (D) 36 h; and (E) 48 h. Each spectrum was recorded under the same experimental conditions and has been processed
using an exponential multiplication (line broadening of 10) before Fourier transformation.

spectra of SEW and the solution state NMR
spectra of ChSS, and compounds derived
thereof [17]. CP-MAS spectra of both poly-
mers showed comparable signals in the
anomeric region and the region containing the

remaining ring C-atoms. However, some dif-
ferences in the other parts of the spectrum can
be seen. The shift in the carboxyl signal (GalA

C-6) from o0 172 (ChSS) to ¢ 174 (DASS) and
the disappearance of the signal at ¢ 53 indi-



C.T.M. Fransen et al. / Carbohydrate Research 328 (2000) 549—559 555

Table 4 . cate that the mild basic conditions used for the
Monosaccharide analysis of ChSS and DASS * preparation of DASS saponified methyl esters
Compound Ara Fuc Gal GalA Gl Rha Xyl in ChSS. The change in the carboxyl area and in
the region 0 30—15 (CHj; of acetyl groups and 6-
ChSS 242 30 370 208 13 44 93 deoxy sugars) suggest that acetyl groups have
DASS 244 34 342 237 07 42 94 also been released. The saponification of the es-
ter functions in DASS are probably responsible
* Expressed as mol%. of the better degradation of DASS [26,27].
A pectic C-2,3,4,5
pectic
GalAC-5
+ subst. ring
carbon
pCe_cgc pectic ge_aglc
- C-1 pectic
Me-ester
/ pectic
Rha C-6
Acetyl CH,
ppm 200 150 100 50 0
pectic
Xyl C-5
ppm 200 150 100 50 0

Fig. 3. CP-MAS spectrum of (A) ChSS and (B) DASS. Note the difference in chemical shift of the carbonyl signal (C=0) and the

lower intensity of the signal at 53 ppm.
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Table 5

Resonance assignments and fitting parameters * for the variable contact time experiment on ChSS ®

Signal Assignment © Tcua Tipa Tcusn T,z A/B
172-156 C=0 (carboxyl) 1.40 12.4

104-91.5 C-1 1.39 6.8 0.06 6.7 0.92
91.5-84 C-5 GalA, subst. ring carbon 4.51 2.7 0.05 5.0 2.22
82-70 C-2,3,4,5 1.17 7.0 0.05 6.6 0.80
70-58 C-6 1.47 6.6 0.06 6.6 0.88
58-54.8 Xyl C-5 0.84 7.1 0.05 7.2 0.68
54.8-47.4 Me-ester 0.67 5.7 0.05 7.4 0.59
26-18.6 Rha C-6, acetyl CH,4 1.18 7.4 0.07 2.9 1.08

2 The evaluation of the variable contact time experiments is based on the two-phase model (Eq. (2)), except for carbonyl
functions, which have been evaluated with the mono-phase model (Eq. (1)). 4/B represents the ratio between phase A and B.

® All time constants are in ms.

¢ Assignments of the different pectic signals are based on data in Ref. [17].

Table 6

Resonance assignments and fitting parameters * for the variable contact time experiment on DASS ®

Signal Assignment °© Teua Tipa Teus Ty, 5 A|B
180-155 C=0 (carboxyl) 0.37 12.3

103.2-92.2 C-1 0.70 6.3 0.02 4.4 0.8
92.2-82.2 substituted ring carbon 1.30 4.0 <0.01 4.0 0.8
82.2-78.2 substituted ring carbon 0.90 3.8 <0.01 39 0.8
78.2-69.2 C-2,34,5 0.50 5.1 <0.01 4.6 0.8
69.2-54.7 C-6 0.78 7.3 0.01 3.8 0.8
54.7-46.7 Me-ester 0.39 8.3 0.01 4.6 0.7
33.7-18.2 Rha C-6, acetyl CH, 0.74 3.9 0.02 6.7 0.7

2 The evaluation of the variable contact time experiments is based on the two-phase model (Eq. (2)), except for carbonyl
functions, which have been evaluated with the mono-phase model (Eq. (1)). 4/B represents the ratio between phase A and B.

® All time constants are in ms.

¢ Assignments of the different pectic signals are based on data in Ref. [17].

Comparing mobility using a variable contact
time CP-MAS experiment.—For each of the
aforementioned compounds, 18—-20 CP-MAS
spectra were recorded with various contact
times (0.05-20 ms). For each '*C signal, the
experimental intensity was evaluated as a
function of the contact time. From these data,
Ty and T values were calculated using Eqgs.
(1) and (2). Least-squares fitting of the experi-
mental data to Egs. (1) and (2) revealed that
the second model gave closer fits (Fig. 4).
Therefore, the two-phase model was used for
the analysis of different signals (Tables 1-3, 5
and 6). The ratio between the two phases is
indicated with A/B. Carbonyl carbon signals
were evaluated with the mono-phase model, as
no hydrogen atom is linked to them.

Mobility of SHW 0 and SHW 48.—The
presence in the CP-MAS spectrum of SHW48
of cellulose signals renders it possible to com-
pare the mobility parameters of SHWO0 with
those of the partially degraded cellulose in
SHW48 (Tables 1 and 2). The mobility of the
C-1 through C-6 atoms in cellulose can be
compared via their 7T,, values. The calculated
values for T, of different cellulose signals
were in good agreement with those reported
[22]. From the calculated values, as shown in
Tables 1 and 2, it can be concluded that the
mobility of the cellulose fibers in SHW re-
mains unaltered during the degradation pro-
cess. However, the relative amount of
cellulose in the sample decreases, as follows
from monosaccharide analyses and the signal-
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to-noise ratios of the different signals in the
CP-MAS spectra. These results can be ex-
plained by a layer-by-layer way of degrada-
tion of the long cellulose fibers [28]. The fitting
results of the experimental data (Table 1) re-
veal that the magnetization intensity can be
described with a slow and a fast phase (A and
B, respectively). The time constant for the
cross polarization of phase A (T.y 4) 1S quite
invariable (0.4 + 0.1 ms) for the different cel-
lulose carbon atoms. The more mobile phase
(B) has more variance in both T, and Tcy.
The calculated T} values are in good agree-
ment with those reported in Ref. [24]. T,
values cannot be compared with those of
Jarvis et al. [24] and Ha et al. [19], because
they used a two-phase model with only one
value for T,. Interestingly, the values for the
slow phase (A) are in good agreement with
those reported in Ref. [19]. The degradation
products or microbes in SHW48 have lower
T, values than the cellulose signals, indicative
of a higher mobility of these products.

Mobility of SEW 0, SEW 48, ChSS, and
DASS.—The CP-MAS spectrum of SEW48
shows that the starting material (SEWO0) has
disappeared after 48 h of incubation, as is
clear from the intensity of the signal in the
anomeric region. As the degradation products
in SEW48 are probably identical to the ones
in SHW48, no variable contact time experi-
ments were recorded for this material.

557

The proton T, values of SEW, ChSS, and
DASS are shorter than those of SHW (cellu-
lose). This corresponds to the cellular func-
tions of the different polymers. Cellulose is the
load-bearing component. It occurs as long
very rigid fibers in the plant cell wall. SEW,
ChSS and DASS all predominantly contain
pectins. These acidic polysaccharides account
for example for the cell wall porosity [29].
Therefore, pectins should be more flexible
than cellulose (SHW), which is apparent from
their lower proton T, values.

The pectins in SEW and ChSS (Tables 3
and 5, respectively) are partly present in the
form of methyl-esterified carboxyl functions,
and contain O-acetyl groups, in contrast to
DASS (Table 6). This is reflected by the value
for Ty, that is lower in DASS (T =0.37
ms) than in ChSS (74 =1.40 ms) or SEW
(T =1.11 ms).

Finally, a 2D 'H-"*C wideline separation
(WISE) NMR spectrum of SEWO0O was
recorded. In this experiment, the "H spectral
patterns associated with each of the well-re-
solved "*C chemical shifts are displayed. Since
'H spectral line widths reflect the size of the
homonuclear dipolar coupling, the more rigid
segments will exhibit wider lines. Structural
information can be obtained from the "*C
chemical shifts [30,31]. The 'H 1D spectrum is
composed of two lineshapes (linewidth 45 and
2.2 kHz) in the non-spinning case, whereas the

s intersity

0 5

10

contact time [ms] 20

Fig. 4. Experimental signal intensity (+ ) of the SHW anomeric signal (6 109—102.5) evaluated as a function of the contact time
with the mono-phase model, Eq. (1) (---) and the two-phase model, Eq. (2) (—).
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spinning spectrum (spinning frequency 9 kHz)
consists of one sharp signal (linewidth 0.8
kHz). Each '*C signal shows the same 'H
spectral pattern (linewidth 12 kHz), by conse-
quence carbon atoms of this polymer have a
similar rigidity.

4. Conclusions

CP-MAS NMR analysis of the polymers
showed the possibilities of this technique in
characterizing various plant cell-wall materi-
als, such as cellulose and pectins.

Information about the rate of the degrada-
tion can be obtained from the relationship
between the signal-to-noise ratio of carbohy-
drate signals in the CP-MAS NMR spectra
and the incubation time. The difference in
enzymatic fermentability between ChSS and
DASS can be explained by the degree of
methyl-esterification, which is lower in DASS.
Furthermore, the proton T, values suggest
that cellulose fibers are degraded layer-by-
layer by the enzymes present in the sheep
rumen fluid. The higher mobility of SEW
compared with SHW can cause a better acces-
sibility of this polymer towards enzymes,
which explains the faster degradation of SEW.

5. Experimental

Materials.—Full fat Argentinean soybeans
were manually separated into hulls and en-
dosperm. From both materials, polysaccha-
ride fractions were isolated and starch was
removed as described [15,18], yielding SEW
(soy endosperm water unextractable solids)
and SHW (soy hull water unextractable
solids). Water unextractable solids (WUS)
represents the carbohydrate fraction of the
starting material, free of proteins and starch.
WUS of the complete soybean was extracted
with 1,2-diaminocyclohexane-N,N,N’,N'-tetra-
acetic acid (CDTA) to give a chelating agent
soluble solids fraction (ChSS), which yielded
after extraction with 0.05 M NaOH, a dilute
alkali soluble solids (DASS) fraction [15]. For
the in vitro degradation of SEW and SHW,
sheep rumen fluid was used as inoculum, as
described [18].

NMR spectroscopy.—NMR samples were
lyophilized from water solns before measure-
ment. C CP-MAS NMR spectra were
recorded at ambient temperature on a Bruker
DMX 300 spectrometer (NSR center, Univer-
sity of Nijmegen), operating at 300 and 75
MHz for 'H and "*C, respectively. Samples
were packed into 3-mm rotors and spun at 9.0
kHz at the magic angle (54.7°) with respect to
the static magnetic field. A 90° pulse length of
3.0 ps was used for 'H. Chemical shifts for '*C
are expressed in ppm relative to external
adamantane (CH, at 6 38.3). The "*C spectra
and proton T, values were obtained with a
CP pulse sequence using a ramp shape on
carbons to enhance sensitivity [32,33]. Contact
times for proton T,  experiments varied from
50 ps to 20 ms (DASS 16 ms). In *C CP-MAS
experiments, the contact time was set to 2 ms
and the recycle delay was set to 4 s. CP-MAS
spectra of SHWO, -12, -24, -36, -48 and
SEWO, -12, -24, -36, -48 were recorded under
the same experimental conditions with an
equal number of scans.

Experimental data of the variable contact
time experiments were fitted using XMGR
4.1.2 (copyright © 1991-95 Paul J. Turner,
Portland, or copyright © 1996-98 ACE/gr
Development Team).
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