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Structural Features of Arabinoxylans Extracted with Water at
Different Temperatures from Two Rye Flours of Diverse
Breadmaking Quality
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The water extractable (WE) arabinoxylans from two rye flours differing in baking quality were studied
following sequential extraction with water at 4, 40, and 100 °C. Ammonium sulfate fractionation of
the resulting WE fractions and subsequent analysis revealed substantial differences in the structure
of the isolated materials. Furthermore, it allowed us to identify the factors contributing to arabinoxylan
water extractability. Our results provide compelling evidence for the existence of separate polymers
in rye WE arabinoxylans with different substitution degrees, ranging from quantitatively dominating,
lowly substituted populations (arabinose to xylose ratio, Ara/Xyl ~ 0.5) to comparatively less abundant,
highly substituted analogues (Ara/Xyl ~ 1.3). Generally, arabinoxylan water extractability was governed
by the relative proportion of lowly and highly branched structures. A gradually increasing proportion
of highly substituted populations was observed from cold to hot WE fractions. This was associated
with the lower proportion of monosubstituted xylopyranosyl residues in the backbone, the higher
proportion of disubstituted xylopyranosyl residues, and the higher level of substitution with feruloyl
residues. Notable differences in the ratio of phenolic compounds to arabinose residues were observed
between corresponding polymers isolated from rye flours of high and low baking quality, whereas
the differences in their molecular weights were much less pronounced.

KEYWORDS: Rye flour; water extractable arabinoxylan; cell wall components; fractionation; arabinoxylan
structure

INTRODUCTION increases gradually with the extraction rat@). This explains
the much higher hot water extractability (680%) of rye flour
arabinoxylans (813) in comparison to that of whole grain.

The arabinoxylan backbone consists of~@)-linked -b-

ylp, which is unsubstituted or, to a variable extent, mono- or
disubstituted witha-L-Araf. It is generally accepted that the
substitution degree of the arabinoxylan backbone withf Asa
well as other substituents, e.g., phenolic acids, acetyl groups,
and protein, influence its extractabilitg, (5, 14). The predomi-
nant structure of rye WE arabinoxylans was described many
years ago. Almost half of the Xplin the chain was monosub-
stituted by L-arabinofuranosyl units aD-3 (3-Xylp), which
occurred isolated, in pairs, and in sequences of three consecutive
branched Xylp(15, 16). Later studies revealed that mono- and
disubstituted Xylpoccurred in different polymers or different
sregions of the same polymer. The two different structures found
were designated arabinoxylan | and1I7(18). In arabinoxylan

1, 3-Xylp s virtually the only branching site (50% of total Xl
whereasO-2 and O-3 double-substituted Xylp2,3-Xylp)
amounted for 66-70% of arabinoxylan Il. Vinkx et al.19)

Arabinoxylans represent a considerable part of the building
blocks of cell walls in cereals. These nonstarch polysaccharides
are of growing importance in human diets with health-promoting X
characteristics (1—3) and are a major determinant in the
performance of cereals in biotechnological proceses) (They
have been classified as WE or WU arabinoxylans. It is obvious
that their extractability depends on the conditions used during
extraction. In this respect, it is well-known that temperature
greatly affects the proportion of WE arabinoxylans in the
samples. Rye grain contains-12% of arabinoxylans, of which
20—25% can be extracted with water at room temperature (6)
and 30-40% with hot water 7, 8). The arabinoxylan water
extractability is also influenced by environment and genetic
background (910). As in the case of wheall), the level of
WE nonstarch polysaccharides, and as a result, arabinoxylan
in rye flour, is independent of the extraction rate during milling.
In contrast, the content of their unextractable counterparts
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monosubstituted Xylp (2-Xy) varied significantly among these
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the following bread characteristics: overall outer appearance, crust

structures (20), despite the apparent absence of such linkagesracking, blister under the crust, loaf volume, crust color, grain quality,

in previous observationd , 17, 19). Diversity of arabinoxylan
structure, therefore, is connected with the different proportion
of four structural elements: un-, mono- (2-XyI3-Xylp), and
disubstituted (2,3-Xyd) xylose residues and their arrangement
over the polysaccharide chain. In addition, molecular weight
(MW) distribution, ferulic acid content, and interaction with
other cell wall components are clearly important as well. Despite

and crumb texture.

Consecutive Water Extraction at Increasing Temperature Prior
to extraction, rye flour was suspended in 90% ethanol and boiled in a
water bath under reflux for 1 h, to inactivate endogenous enzymes.
The residue was filtered, washed with ethanol, and dried overnight at
40 °C. Inactivated rye flour (120 g), deionized water, and equipment
required to perform extraction were stored &Covernight. Cold water
extraction (1:5 w/v) was carried outrfd h at 4°C. After it was

the above, the fine structure of arabinoxylan, which is essential centrifuged (10 00§, 20 min, 4°C), the residue was suspended in cold

for its functional behavior and physicochemical properties, is
not well understood. The effect of differently substituted Xyl
on arabinoxylan water extractability also remains unknown.

In the rye dough system, starch and arabinoxylans are though

to play a pivotal role, since rye proteins are quite soluble and
do not contribute much to the baking performance of 9g (

water and extraction was repeated once for 30 min. Both supernatants
were combined, purified (as described below), and designated WE.I.
The unextractable material was stirred with water (500 mL) at@0

tand extraction was performed twice, as described above. Combined

supernatants were purified and designated WE.II. The material left after
two consecutive water extractions was mixed with boiling water (500
mL) and thermostable-amylase fronBacillus licheniformis(2 mL,

10). Rye arabinoxylans indeed aﬁ?CF the rheolpgical propertie§ 3000 units/mL) (EC 3.2.1.1, Megazyme International Ireland Ltd., Bray,
of doughs and bread characteristics. In this respect, theirreland) for 30 min at 100C followed by centrifugation (10 0@ 20

viscosity-enhancing ability and water-holding and gelation
potential are important5( 21—23). In rye breeding, WE

min, room temperature). The hot water extraction was repeated once
with another portion of thermostabdeamylase (1 mL). After combined

arabinoxylans are regarded as an important index of both feedingsupernatants were purified, as described below, the starch and protein

value (24,25) and baking qualityl3, 26). However, the high
content of WE arabinoxylans in rye is favorable in breadmaking

free materials were designated WE.III.
Purification and Fractionation of WE. The crude extracts were

but adverse in animal feeding. The content of WE arabinoxylans incubated witho-amylase from porcine pancreas (30 (EC 3.2.1.1,

in rye is controlled by many factors scattered throughout the

genome, and the chromosomes 2R, 5R, and 6R are responsibl

Sigma-Aldrich) and proteinase K frofritirachium album(0.5 mL,
600 units/mL) (EC 3.4.21.64, Roche Diagnostics GmbH, Mannheim,

%ermany) at 40C overnight (pH 6.8, 10 mM Cagl0.03% NaN).

for increased arabinoxylan content, while chromosome 3R is after they were heat treated (20 min, 95) and centrifuged (10 0G0

responsible for it reduced levels (2Z8). Results of a previous

3 year investigation in rye breeding materials showed a positive,

significant correlation between the proportion of WE to WU

arabinoxylans in rye flour and both flour and bread quality

parameters. The ratio of water extract viscosity to WE arabi-
noxylan content was also highly correlated to these quality
attributes (13). Water extracts containing the same level of
arabinoxylans had distinctly different viscosity suggesting
differences in their structure, molecular size, and/or interaction
with the other cell wall components, which may be closely
related to the baking quality of rye flour. In this respect, it is

important to mention that rye breadmaking involves three

20 min, room temperature), the supernatants were dialyzed against
deionized water (48 h, 6C) using membrane tubing (MW cutoff of

12 000; Sigma-Aldrich). The resulting extracts were incubated with
amyloglucosidase frorAspergillus nige(0.5 mL, for WE.l and WE.II,

5 mL for WE.III) (EC 3.2.1.3, Roche Diagnostics GmbH) at 40
overnight (pH 4.8, 0.03% Nad)l heat treated (20 min, 95C), and
centrifuged (10 000g, 20 min, room temperature). The LMW compo-
nents were eliminated by dialysis against deionized water &€.6
Aliguots of each extract (260400 mL) were freeze-dried. The
remaining extracts were directly fractionated by graded ammonium
sulfate precipitation according to lzydorczyk et a29). The WE
subfractions were subsequently precipitated from each extract by
stepwise addition of (NEJ.SQO,, left overnight at 4C, and separated

phases, mixing, fermentation, and baking, which are performed by centrifugation (10 000g, 20 min, 4). The precipitated material
at different temperatures. It seems therefore highly relevant to was redissolved in water, dialyzed at°€ until free of (NH).SO

measure the levels of WE arabinoxylans in rye flour, not only

(judged by conductivity measurement), and freeze-dried. Collection was

at room temperature but also at higher temperatures, representadccomplished at 40, €0, 80, and 100% saturation level. Four subfractions

tive for the fermentation and baking phases, as well as to further

fractionate the arabinoxylans solubilized at different tempera-
tures. We have investigated the structural and molecular feature
of individual WE arabinoxylan subfractions isolated from two

rye flours of diverse baking quality at different temperatures.

MATERIALS AND METHODS

Rye Flours. Two Polish rye cultivars, Amilo with high baking
quality and Nawid with low baking quality, were selected from breeding
materials grown in central Poland (DANKO, Plant Breeding Co., Laski)
in 2000, based on the flour and bread quality parameters. Amilo is
distinguished for its superior resistance to sprouting and very good
baking quality, whereas Nawid is tolerant to low pH of soil and

were obtained from WE.|l and denoted WE.I.40, WE.|.60, WE.I.80,
and WE.I.100 (numbers refer to the saturation level of {N&O, at
which subfractions were collected). WE.II yielded three subfractions

Sdenoted WE.I1.60, WE.I.80, and WE.II.100 (no precipitate was

observed at 40% saturation), and four subfractions (WE.III.40,
WE.II1.60, WE.III.80, and WE.III.100) were collected from WE.lII.

Chemical AnalysesMoisture, ash, and protein contents in rye flours
were determined by AACC methods 44.15A, 46.11A, and 08.12,
respectively (30). Protein in purified polysaccharide materials was
determined according to Lowry et aBX) using bovine serum albumin
as a standargi-Glucan content was evaluated by the enzymatic method
of McCleary and Glennie-Holmes32) using af-glucan assay kit
(Megazyme International Ireland Ltd., Bray, Ireland).

Sugar analysis was performed after hydrolysis of samples with 1 M
H.SO, at 100°C for 2 h followed by conversion of the monosaccharides

represents good level of lodging resistance. Samples were tempered tdo their alditol acetates (33). Samples were quantified on a Hewlett-
14.0% moisture and milled on a Quadrumat Senior laboratory mill Packard model 5890 Series Il Plus gas chromatograph (Waldbronn,
(Brabender, Duisburg, Germany) to obtain a straight grade flour. Milling Germany) equipped with a 30 m 0.53 mm i.d. wide bore Rtx 225
yields (14.0% moisture base), protein contents, and ash contents (percentapillary column (Restek, Bellefonte, PA) and flame ionization detector.
dm) were 58 and 63%, 7.2 and 7.6%, and, 0.9 and 1.0%, for Amilo The injector and detector were maintained at 230 and 250

and Nawid, respectively. Falling numbers were 309 and 126 s, respectively. The column was heated at 2@for 2 min, and then,
respectively. Flours exhibited different peak viscosities (amylograph the temperature program was 19220°C at 5°C/min and 220°C for
maxima, 820 and 270 BU) and temperatures of maximum viscosity 5 min. Output signals were collected and integrated by ChemStation
(72 and 59°C, respectively). Baking quality was evaluated based on software (Hewlett-Packardp-p-Allose (Sigma-Aldrich) was used as
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Table 1. Yield and Composition of Three Water Extracts (WE.I, WE.II, and WE.IIl) Obtained by Consecutive Extraction at Increasing Temperature
from Two Experimental Rye Flours?

molar compositiond
fraction yield® arabinoxylans® polysaccharides® protein® ash¢ f-glucan® Ara Xyl Man Gal Glc Ara/Xyl
Amilo
WE.| 3.89 1.38 55.7 39 na 0.8 28.4 43.7 9.0 25 16.4 0.65
WE.II 0.93 0.33 60.7 7.2 na 4.8 26.5 40.7 125 1.6 18.8 0.65
WE.III 1.90 0.51 57.6 16.2 12.9 9.9 22.6 30.9 538 2.6 38.2 0.73
Nawid
WE.I 3.95 1.10 50.0 5.2 na 0.9 24.7 38.7 10.8 1.8 23.9 0.64
WE.II 0.60 0.17 52.1 104 na 5.6 245 37.6 16.1 15 20.2 0.65
WE.III 1.94 0.41 49.6 21.3 11.0 115 20.7 28.2 8.7 32 39.2 0.73

a Abbreviations: arabinoxylans = 0.88 x (Ara + Xyl); Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; na, not analyzed. ® Expressed as weight
percentage of flour. Results are presented as means of two extractions; the coefficient of variation was less than 4%. ¢ Expressed as weight percentage of WE.I, WE.II,
and WE.III, respectively. Results obtained from triplicates; the coefficient of variation was less than 2%. 9 Expressed as percentage (mol/100 mol). Results obtained from
triplicates; the coefficient of variation was less than 2%.

internal standard. The WE arabinoxylan content was estimated as 0.88baking quality Amilo rye flour and low baking quality Nawid
times the sum of monosaccharide arabinose and xylose. No correctionrye flour, respectively. Much less of these components was
was made for arabinose originating from arabinogalactan peptide recovered in WE.II and WE.III: WE.II made up only 0.9 and
because of the low relative abundance of the latter in rye water extracts.y gos, while hot water extractable material constituted almost
The polysaccharide content was calculated as the sum of constituent[WO ti,mes more, i.e., 1.9% of Amilo and Nawid, respectively.

sugars. X . - 0
Phenolic acids and their dehydrodimers were determined after All fractions largely consisted of polysaccharides {$1%)

alkaline extraction with 2 M NaOH at 3% for 30 min (under nitrogen, ~ @nd proteins (4—21%).

in the dark, with agitation). The solution @kcoumaric acid (1 mg/ The majority of arabinoxylans, 1.38 and 1.10% for Amilo
mL of 2 M NaOH) was then added as an internal standard. The mixture and Nawid, respectively, was recovered in WE.I, while only
was acidified with HCI to pH 2 and extracted three times with diethyl (.51 and 0.41% were recovered in WE.IIl and 0.33 and 0.17%
ether. The combined extracts were evaporated to dryness under a streaRyere recovered in WE.II. The relative distribution of arabi-
of nitrogen at 35'C, dissolved in methanol, and analyzed by HPLC as noxylans over the three WE fractions was comparable in both
described previously3f). All analyses were performed at least in flours: 62-66% of WE arabinoxylans were freely soluble, while
duplicate. All reagents were of at least analytical grade. only 1015 and 23-24% required a higher extraction temper-

GPC. Samples (6.0—12.0 mg) were solubilized in 0.3% NacCl (3 . os
mL) at room temperature overnight. The solution was filtered through ature. Total WE arabinoxylan contents were 2.22 and 1.68% in

a Profill 0.45um disposable syringe filter (Alltech Associates Inc., high and low baking quality flours, in agreement with earlier
lllinois), and the polysaccharide materials were fractionated with a Vvalues for rye flours of differing breadmaking quality3) as
Kontron Instruments 325 System HPLC (Milan, Italy) equipped with well as for whole meal ryes obtained by hot water extraction
an autosampler 465 and on line monitoring with a refractive index (18). Sequential water extraction at 40 and®6%earlier yielded
detector (VDS Optilab, Berlin, Germany) and a Kontron Instruments various fractions of bar|eﬁ-g|ucan and/or arabinoxy|an§Q'

332 UV detector (280 nm). Samples were eluted isocratically with 0.3% 35). Itis clear from the above results that extraction temperature
NaCl (0.5 mL/min) at 3C°C on a 300 mmx 8 mm i.d. Shodex SB- ntiallv influen he vield of WE material

806 HQ GPC column (Showa Denko K. K., Tokyo, Japan) connected SUbs_ta tially influences the yie d_ 0 aterial.
to a 50 mmx 6 mm i.d. SB-800P guard column. The column was |t is noteworthy that WE arabinoxylans extracted at 4 and

calibrated with Shodex standard P-82 pullulan standards (Showa Denko40 °C from both flour had equal arabinose to xylose (Ara/Xyl)
K. K.) with MWs of 78.8 x 10% 40.4 x 10% 21.2x 10 11.2x 10%, ratios (~0.64) indicating the same degree of branching. Hot
4.73x 104, 2.28x 10, 1.18x 1% and 0.59x 10*. Samples containing ~ WE arabinoxylans had higher substitution degrees (Ara/Xyl for
substantial amounts of polymeric glucose were solubilized in 0.3% NaCl both flours 0.73). These values are within the range previously
and incubated with lichenase, tB),(1—4)-f0-glucan-4-glucano-  yeported for WE arabinoxylans from rye whole grain (6:57
hydrolase fromBaciI!us subtilis(EC 3.2.1.73', 5Q:L, 50 units/mL) 0.68) (18) and flour (0.71)8). It is important that in our study,
(Megazyme International Ireland Ltd.) overnight at room temperature. w,q jaa5t soluble arabinoxylan fractions, extracted by hot water,
After they were heat inactivated (20 min, 9&) and centrifuged had evidentl high bstitution d th h -
(10 000g, 10 min, room temperature), the supernatants were applied ya '.g ersu S.' ution egree an much easier
to the GPC system as described above. spluble AX populgtlons..lsolano'n of arabinoxylans by consecu-

1H NMR Spectroscopy. Samples were dissolved in,0 (99.8% tive water extraction at increasing temperatures from rye flour
D) with overnight stirring at room temperature and freeze-dried. This indicates that these populations are noncovalently associated
step was repeated once, and finally, the deuterium-exchanged materiawith one another and/or with the WU material and that the
was redissolved in BD (5 mg/mL) and centrifuged (10 09010 min, strength of the intermolecular linkages is different as they are
room temperature) before analysis. NMR spectra were recorded on  brought into solution upon increasing temperature.

?CBrxlgg:OigoW'\ggi ssggcggogaert]zraﬁgréjdkze;3Karlsruhe, Germany) at 85 1ha \WE | fractions from both flours were characterized by

' -23 ppm). the lowest protein content, 3.9 and 5.2%, and trace amounts of
fB-glucan (~0.8%). The WE.II and WE.IIl contained progres-
sively more protein and, concurrently, mg#eglucans. It is of

Yield and Chemical Composition of WE Materials. The note that both fractions practically had the same protein to
extraction yields and analytical characteristics of the WE pS-glucan ratio (ca. 1.6 and 1.9 for Amilo and Nawid) and that
fractions obtained by sequential water extraction at 4 (WE.I), the largest quantity of protein was released at the highest
40 (WE.II), and 100C (WE.III) are presented ifable 1. The temperature, despite its generally accepted protein denaturing
material recovered in WE.| represented 3.9 and 4.0% of high effect. The polymers present in WE.I and WE.Il were enriched

RESULTS AND DISCUSSION
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Table 2. Yield and Composition of Subfractions Isolated by Ammonium Sulfate Precipitation from Three Water Extracts of Rye Flour Amilo?

molar compositiond
subfraction yield® arabinoxylans® polysaccharides® protein® Ara Xyl Man Gal Gle total Ara + Xyl Ara/Xyl
WE..40 0.09 0.03 48.7 7.6 25.7 43.5 4.0 1.7 25.1 69.1 0.59
WE.I.60 1.23 1.01 94.3 1.6 32.0 65.7 nd nd 2.4 97.6 0.49
WE.|.80 0.32 0.22 80.6 2.5 44.9 49.6 4.1 nd 1.3 94.6 0.91
WE.I.100 0.14 0.07 57.5 2.3 53.1 41.4 3.8 nd 17 94.5 1.28
WE.I1.60 0.38 0.22 84.4 3.6 25.7 52.3 4.6 nd 174 78.0 0.49
WE.II.80 0.17 0.09 4.7 2.4 31.6 42.6 217 nd 41 74.2 0.74
WE.II.100 0.11 0.04 42.1 2.7 46.8 42.3 77 nd 3.2 89.1 111
WE.II1.40 0.13 0.01 28.5 16.4 8.1 13.6 6.3 1.9 70.1 21.7 0.59
WE.III.60 0.56 0.23 81.3 6.3 18.6 374 5.3 nd 38.7 56.0 0.50
WE.II1.80 0.37 0.17 59.5 6.7 38.9 455 6.0 nd 9.6 84.4 0.85
WE.II1.100 0.13 0.03 22.7 7.9 53.0 43.4 1.0 1.3 1.3 96.4 1.22

a Abbreviations: arabinoxylans = 0.88 x (Ara + Xyl); Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; nd, not detected.  Expressed as weight
percentage of flour. Results are presented as means of two extractions; the coefficient of variation was less than 4%. ¢ Expressed as weight percentage of corresponding
subfractions. Results obtained from triplicates; the coefficient of variation was less than 2%. ¢ Expressed as percentage (mol/100 mol). Results obtained from triplicates; the
coefficient of variation was less than 2%.

Table 3. Yield and Composition of Subfractions Isolated by Ammonium Sulfate Precipitation from Three Water Extracts of Rye Flour Nawid?

molar compositiond
subfraction yield® arabinoxylans® polysaccharides® protein® Ara Xyl Man Gal Glc total Ara + Xyl Ara/Xyl
WE.I.40 0.09 0.02 34.3 14.9 19.8 335 4.0 nd 42.6 53.4 0.59
WE.I.60 1.08 0.82 84.5 2.4 31.2 65.8 nd nd 3.0 97.0 0.47
WE.|.80 0.25 0.19 88.2 4.1 44.8 50.2 3.6 nd 14 95.0 0.89
WE.I.100 0.09 0.05 56.3 39 54.2 42.9 3.0 nd nd 97.0 1.26
WE.II.60 0.25 0.10 62.6 5.9 235 46.4 9.1 nd 21.1 69.8 0.51
WE.II.80 0.10 0.05 77.8 5.0 28.1 37.1 25.3 nd 9.5 65.2 0.76
WE.I1.100 0.10 0.02 49.8 44 36.8 375 18.6 nd 7.1 743 0.98
WE.III.40 0.18 0.01 147 20.6 121 16.8 10.2 nd 60.9 28.9 0.72
WE.II1.60 0.52 0.19 82.7 9.9 16.0 31.6 8.7 nd 43.7 47.6 0.51
WE.II1.80 0.34 0.13 50.0 75 355 41.9 9.6 nd 13.0 774 0.85
WE.III.100 0.17 0.06 42.3 8.9 48.0 42.0 31 1.6 53 89.9 114

a Abbreviations: arabinoxylans = 0.88 x (Ara + Xyl); Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; nd, not detected.  Expressed as weight
percentage of flour. Results are presented as means of two extractions; the coefficient of variation was less than 4%. ¢ Expressed as weight percentage of corresponding
subfractions. Results obtained from triplicates; the coefficient of variation was less than 2%. ¢ Expressed as percentage (mol/200 mol). Results obtained from triplicates; the
coefficient of variation was less than 2%.

in mannose. However, some care is due, since the mannose mafrom 17 to 36% and from 5 to 11%, for subfractions precipitated
have resulted from fructans, as reduction of the fructose formedat 80 and 100% of salt saturation, respectively. Hence, these
in the hydrolysis step leads to both mannitol and glucitol. About observations suggest that higher arabinoxylan water extract-
50% of glucose residues in WE.Il and WE.IIl was from ability might be related to higher proportions of dominant, lowly
fB-glucans, while only #9% in WE.I, indicating that other,  branched structures (Ara/Xyt 0.5), whereas an increase in
easily soluble, glucose-containing polymers prevailed in the cold the proportion of more branched structures goes hand in hand
WE fractions. with decreased arabinoxylan water extractability. It is of interest
Fractionation of WE Materials. Tables 2 and 3 list the that wheat WE arabinoxylan with maximum solubility showed
yields and chemical characteristics of subfractions obtained by the same Ara/Xyl ratio (0.440.50) (14). The higher Ara/Xyl
ammonium sulfate precipitation from the Amilo and Nawid WE ratio of arabinoxylan extracted at higher temperatiiab(e 1)
fractions. The arabinoxylan populations that precipitated at 60% can be also explained by the fact that these highly substituted
ammonium sulfate saturation were quantitatively dominant. The structures are possibly more embedded in the cell wall than the
major subfraction, i.e., WE.I.60 isolated from both Amilo and molecules with lower Ara/Xyl ratio. Once in solution, their
Nawid, had the highest polysaccharide content (94 and 85%, solubility might be the same or even higher than that of lowly
respectively) and the lowest Ara/Xyl~Q.5). Apparently, branched structures. From this point of view, our results do not
structural analogous arabinoxylans were present in correspond-go against the thesis of Andrewartha et 44
ing subfractions isolated from WE.Il and WE.lll at 60% Subfractions precipitated at 60, 80, and 100% of salt
saturation. The individual arabinoxylan recoveries (expressed saturation from each extract contained almost equal protein
as weight % of flour inTables 2and3) show a decrease inthe content, although increasing from WE.I to WE.III. Clearly, the
relative proportion of dominant, lowly branched populations, corresponding subfractions from Nawid, of inferior baking
obtained at 60% ammonium sulfate saturation, from WE.I to quality, had the higher protein content. At the lowest saturation
WE.IIl. They constituted 76% of the total arabinoxylans level (40%), two small populations rich in protein (WE.I.40 and
recovered in WE.I from both flours, 63 and 59% in WE.Il and WE.II1.40) were separated from cold and hot WE fractions (such
52 and 49% in WE.lII, respectively, for Amilo and Nawid. The population was absent in WE.II), which constituted only-0.1
proportion of arabinoxylans with intermediate and high substitu- 0.2% of rye flours.
tion degrees, isolated at 80 and 100% saturation, increased Structural Characterization of Polysaccharide Populations
rapidly from WE.I to WE.lIII, with average values for both flours by *H NMR Spectroscopy.General Analysis of théH NMR
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Amilo

8 (ppm)

Nawid

5 (ppm)

Figure 1. *™H NMR spectra of the WE fractions obtained by successive water extraction at increasing temperature: (a) WE.I, 4 °C; (b) WE.II, 40 °C; and
(c) WE.III, 100 °C.

Spectra. The 'H NMR spectra of the unfractionated WE anomeric protons of terminal Afrdinked to O-2 andO-3 of
fractions isolated from both rye flours are showrFigure 1. the same Xylp. The doublet @4.74 ando4.75 ppm, well-
The signals of anomeric protons of terminal Aliaked to Xylp resolved in the spectra from Amilo, arises from fh@nomer
were prominent in all samples. Their chemical shifts were in three-linked glucopyranosyl residues (@l 5-glucan @0).
assigned by comparison with previously reported literature data The increase from WE.I to WE.III in the relative intensities of
(36—39). The resonance @5.38 ppm represents the anomeric signals from Arélinked to O-2 andO-3 of the same Xy is
protons of terminal ArBlinked to O-3 of Xylp. The two signals clear in the spectra of both flours. However, they were
of equal intensity a5.21 andd5.28 ppm originate from the  represented by split peaks, indicating the presence of two
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successive double-branched gyB7). The small contamination  Taple 4. Relative Percentage of Un-, Mono-, and Disubstituted Xylose
with arabinogalactan is indicated by the resonances525 Residues (u-Xyl, 2-Xyl, 3-Xyl, and 2,3-Xyl) of Arabinoxylans in WEs of

ppm (41) and supported by sugar analysis. Unexpectedly, all Rye Flours Amilo and Nawid?
spectra displayed clear resonances in the region of phenolic Amilo
moieties,)6—8 ppm (34,42), showing that phenolic compounds
constitute a noticeable proportion of WE fractions. These signals

fraction u-Xyl 3-Xyl 2-Xyl 2,3-Xyl di/mono PhC/Ara

were the most pronounced for hot WE fractions. ijh jg:g gg:; Eg ig‘l‘ 853 813
The IH NMR spectra of the individual subfractions precipi- WE.lII 45.7 19.2 16.1 19.0 0.54 0.33

tated from the three main WE fractions clearly showed that

arabinoxylan present in each of them consists of series of Nawid

structures (Figures and3). Generally, there was a decline in fraction ~ u-Xyl ~ 3-xyl ~ 2-Xyl 23Xyl  dimono  PhC/Ara

the relative intensities of resonances of fAliaked to O-3 of WE.I 484 393 nd 123 031 031

Xylp in spectra of subfractions precipitated with increasing  WE.Il 50.2 346 nd 152 0.44 0.38

ammonium sulfate saturation. This went hand in hand with WE.Il 48.9 18.0 79 252 0.97 0.72

increasing resonances of Afaked toO-2 andO-3 of the same

Xylp. Conspicuous splitting of peaks 86.23 and55.29 ppm # Abbreviations: u-Xyl, unsubstituted $-(1—4)-linked o-Xylp; 2-Xyl, f-(1—4)-

in spectra of subfractions isolated at 40, 80, and 100% saturation””‘;ed, D'éy'p, ;”bsmm‘?}f’ with .“'L'A‘a‘; at 02, 3|>f(y'd ﬁ'(ll_"‘)"ti)"de Z'XY'E

indicates that two adjacent double-substitutedpiykre more ~ Substituted with ocL-Araf at O-3; 23-Xyl, f3-(1~4)-inked o-Xylp subsituted with

abundant, whereas the lack of such peaks in WE.I.60 suggest a-L-Araf at 0-2 and 0-3; di/mono, ratio of 2,3-Xyl to sum of 2-Xyl and 3-Xyl;
N . e %’hC/Ara, the ratio of total resonance in phenolic acids region to total resonance

that single arabinose branches occurred predominantly Ong, . saninose anomeric protons; nd, not detected.

isolated xylose units. A close examination of the WE.II.60 and

WE.II1.60 spectra revealed that the small splitting peaks could both flours) dehydrodimers in small amounts. Because the

also be recognized in the former. The relatively intense signals presence of dehydrodimers in the cell wall provides evidence

of u_nsubstltut;ad Xylp(_(34.48_ ppr_n),_ found in subfractions for its cross-linked structure, this might suggest a higher cross-
obtained at 60% saturation, might indicate the presence of IongerIinking of WE arabinoxylans from rye flour of inferior baking

?equin(;ﬁs of ;:nsubsntutedhh)(n(t)). _Thg \t/)VE'”l'lotO spelctrrc’:l_ h quality. Recently, the whole spectrum of ferulic acid dehy-
ronll %5 ?%e oursljlfy(;re N lgrgc erize dytan extremely tlg drodimers has been identified in soluble dietary fiber fraction
peax ap-.3U ppm, Which Could be assigned o anomeric protons ., ,, rye, in which 8—8diferulic acid dominated as well (45).

of Araf linked to O-2 of the Xyb (43, 44). To date, there is An att . : . . :
) . empt to identify the phenolic compounds in a subfraction
only one report on monosubstituted 2-Yyh rye (20). The obtained through hot extraction, WE.I11.40, failed, despite much

;)cct:#rrencef.of sg%h bra%cr;lr:g sites Im .the Axltstruiturr]e WaS more intense signals in the region of phenolic moiety observed
urther confirmed by methylation analysis (results not shown). in the IH NMR spectra of these subfractions, as compared to

Except for peaks of the arabinose anomeric protons, reflecting di found f id WE subfracti
arabinoxylan structural features, the double$4a?4 and)4.75 \C/\(/)g ?Z%O?Figl?rers szo;na(ljng)e STh(i)sL,J r(]:an %re C:scribed t?)u dh[fae(;é?]?s,
ppm originating from S-glucans were readily notlceable_. inds of phenolic compounds present in WE.II1.40, which could
Surprisingly, in some spectra, such doublets were characterize ot be identified by the procedure used in our study.

by considerably lower resonancedat.75 ppm or only single Arabinoxylan Specific Analysis of tAEl NMR SpectraThe
resonance ab4a.74 ppm. In t_he spectrum of WE.I1.80 frqm proportion of unsubstituted (u-Xg), mono- (3-Xylp, 2-Xylp),
Nawid, which was ennched in glucose and mannose residues, 4 disubstituted (2,3-Xp) Xylp was calculated using both
(Table 3), an extremely intense peak appeared4v4 ppm, 61y NMR spectral data and the gas chromatography results,
in comparison with those from anomeric protons of \ra 4 gescrined previously (386, 47). The results for the main

However, in the corresponding subfraction from Amilo, With \y/E ractions from both flours are summarizedTiable 4. The
comparable level of mannose and a significantly lower level of relative level of u-Xylpremained virtually constant, 46—48%

glucose residues, this resonance was less pronounced with an 4 49-50%, for Amilo and Nawid, respectively. In contrast,
accompanying small shoulder@t.75 ppm. This might suggest  {he proportion of 2,3-Xyb increased markedly from 10.4 and
different structures of mannose-containing polymers from Amilo 15 304 in WE.I to 19.0 and 25.2% in WE.III. with a simulta-
and Nawid. neous decrease in the proportion of 34Xffom 44.1 and 39.3%

Much like the unfractionated materials, the spectra of the in cold WE to 19.2 and 18.0% in hot WE. Hence, the ratio of
subfractions displayed clear resonances in the region of phenolicdi- to monosubstituted Xplincreased distinctly. Moreover, there
moiety, 66—8 ppm. This was particularly apparent for subfrac- is also clearly an increase in the ratio of phenolic compound
tions precipitated from cold and hot extracts at 40% ammonium resonances to total Afaignals (PhC/Ara) from cold to hot WE
sulfate saturation, WE.1.40 and WE.II1.40, of both flours. In fractions. It is evident from these data that the arabinoxylan
WE.I1.40 spectra, however, much more intense peaks in this structure is one of the primarily factors determining its water
region were noted when compared to those fronf Armeric extractability; however, in addition to that, the contribution of
protons. Phenolic acid analysis revealed the presence of ferulicphenolic compounds is essential. The most striking is the fact
acid and its dehydrodimers in cold WE subfractions precipitated that Amilo, besides distinctly lower values for ratios of di- to
at 40% saturation from both flours. The 8—-&upled dehy- monosubstituted Xylpand PhC/Ara in the corresponding
drodimer was a major component. Nevertheless, the WE.I.40 fractions, was characterized by two times higher proportion of
from Nawid contained two times more ferulic acid (32.0 and 2-Xylp than Nawid. The importance of such structural elements
16.5ug g~* for Nawid and Amilo, respectively) as well as five  for rye AX functionality is unknown.

times more 8—8toupled dehydrodimer (32.8 and %8 g4, The relative proportions of differently linked Xylin arabi-
respectively) than the corresponding subfraction from Amilo. noxylans isolated after fractionation from each WE fraction are
Furthermore, both samples contained 5(&63 and 0.lug g* listed inTable 5. Generally, the increase in ammonium sulfate

for Nawid and Amilo, respectively) and 8-4' (0.2ug g-* for saturation yielded arabinoxylan subfractions with increasing
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Figure 2. 'H NMR spectra of the WE subfractions obtained from three main WE fractions of rye flour Amilo by ammonium sulfate precipitation at
different saturation levels: (a) 40, (b) 60, (c) 80, and (d) 100%, respectively.
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Figure 3. H NMR spectra of the WE subfractions obtained from three main WE fractions of rye flour Nawid by ammonium sulfate precipitation at

different saturation levels: (a) 40, (b) 60, (c) 80, and (d) 100%, respectively.
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Table 5. Relative Percentage of Un-, Mono-, and Disubstituted Xylose Amilo
Residues (u-Xyl, 2-Xyl, 3-Xyl, and 2,3-Xyl) of Arabinoxylans in WE 70
Subfractions of Rye Flours Amilo and Nawid? 60
Amilo g 50
subfraction u-Xyl 3-Xyl 2-Xyl 2,3-Xyl di/mono PhC/Ara E‘ 40
WE.1.40 52.9 38.2 nd 8.9 0.23 0.44 fé 30
WE.I.60 54.0 42.6 nd 34 0.08 0.14 G 20
WE.I.80 46.5 16.1 nd 374 2.32 0.06 ES
WE.|.100 29.5 6.8 6.5 57.2 4.30 0.03 10
WE.I1.60 54.3 42.3 nd 34 0.08 0.19 0
WE.I1.80 474 28.3 3.0 21.3 0.68 0.04 04 14
WE.II.100 331 13.7 9.0 44.2 1.94 0.10 ’ '
WE.IIL40 528 353 nd 11.9 0.34 4.37 Ara/Xyl
WE.III.60 54.4 38.9 2.3 44 0.11 0.25
WEIILBO 425 210 90 275 0.91 0.16 UKyl D3Ryl AZ-Xyl 023Xyl
WE.II1.100 12.9 15.6 36.7 34.8 0.67 0.16 Nawid
70
Nawid 60 |
subfraction u-Xyl 3-Xyl 2-Xyl 2,3-Xyl di/mono PhC/Ara § 50 | o
WE.I.40 56.8 314 nd 11.8 0.38 2.19 % 40 |
WE.|.60 57.1 38.8 nd 4.1 0.11 0.09 s O
WE.1.80 47.6 15.6 nd 36.8 2.36 0.10 S 30 O
WE.|.100 27.6 8.8 10.0 53.6 2.85 0.07 5 20
WE.I1.60 54.4 40.1 nd 55 0.14 0.10 ® 10 O
WE.II.80 43.8 245 2.1 24.6 0.92 0.07
WE.I1.100 41.0 15.8 4.2 39.0 1.95 0.09 0 7 — Ay
WE.IIL40 478 320 nd 20.2 0.63 7.06 04 06 08 1 1.2 14
WE.III.60 56.0 353 14 7.3 0.19 0.32 Araixyl
WE.II1.80 42.7 24.6 49 27.8 0.94 0.36 4
WEIIL100 182 219 275 324 0.66 0.19 SuXyl O3Xyl A2Xyl 023Xyl
2 Abbreviations: u-Xyl, unsubstituted B-(1—4)-inked o-Xylp; 2-Xyl, B-(1—4)- Flgure 4. Linear _relatlonshlps betvyeen the relative proportpn of differently
linked p-Xylp substituted with a-L-Araf at 0-2; 3-Xyl, A-(1—4)inked p-Xylp linked xylose residues and the ratio of Ara/Xyl of WE arabinoxylans from
substituted with a-L-Araf at O-3; 2,3-Xyl, B-(1—4)-linked p-Xylp substituted with two rye flours.
o-L-Araf at O0-2 and O-3; di/mono, ratio of 2,3-Xyl to sum of 2-Xyl and 3-Xyl;
PhCI/Ara, the ratio of total resonance in phenolic acids region to total resonance GPC. The GPC profiles obtained for WE fractions derived
from arabinose anomeric protons; nd, not detected. from Amilo and Nawid are shown ifrigure 5. All profiles

displayed a very broad peak in the HMW region and relatively

levels of disubstituted Xyl and 2-Xyp but decreasing amounts  narrow peaks in the LMW region. Peak MWs of the polymers
of u- and 3-Xyp. Similar observations were reported earlier that eluted in the HMW regions were much higher than those
for wheat, rye, and barley WE arabinoxylans fractionated with of the highest MW pullulan standard (78:810%). Regrettably,
ammonium sulfatel(9, 29,48). The major populations, obtained there is no MW standard available that would be adequate for
at 60% saturation from three WE fractions, were almost pure arabinoxylans. It follows that discrepancies between MW values
monosubstituted arabinoxylans, containing only-3144% of obtained for rye WE arabinoxylans with pullulan standards and
disubstituted Xylpfor Amilo and 4.1-7.3% for Nawid. In absolute MW determination exist (89—51).
contrast, the most soluble populations, which required 100% There was a slight shift in elution volume of HMW polymers
saturation to precipitate from WE.I, contained 57 and 54% from WE.I to WE.III toward higher hydrodynamic volumes
disubstituted and low levels of monosubstituted py8-Xylp (elution at 8.57, 8.45, and 8.20 mL for the Amilo samples and
(6.8 and 8.8%), and 2-Xyl6.5 and 10%). Similar structural  8.63, 8.56, and 8.33 mL for the Nawid samples). This indicates
analogues were designated arabinoxylan | and Il by Bengtssonthat extraction at elevated temperatures yielded populations of
et al. (18) for WE arabinoxylan populations of whole rye as somewhat higher MWs. The polysaccharide populations from
well as reported by Vinkx et al1@), however, as virtually pure  Amilo had higher MWSs than the corresponding populations from
monosubstituted and disubstituted arabinoxylans, which pre- Nawid. The shift in MW was accompanied by changes in the
cipitated, respectively, at 50 and 100% of ammonium sulfate GPC profiles in the HMW regions. The UV-absorbing materials
saturation. There was a clear rise in the level of 2polyserved eluted in the LMW region. These materials could be ascribed
among subfractions obtained at increasing saturation level frommostly to protein, as shown by considerable protein contents
60 to 100% in WE.Il and WE.IIIl. However, subfractions from in WE fractions {Table 1), although phenolic acids cannot be
Amilo had an appreciable higher amount of this structural excluded. It should be emphasized that UV-absorbing materials
element than corresponding subfractions from Nawid. The inthe WE.Il and WE.III profiles did not follow the carbohydrate
arabinoxylans obtained at 80% salt saturation were characterizecelution profiles. In addition, there was a clear shift in their
by intermediate level of u-Xyland differently substituted Xpgl elution volumes toward the HMW region in comparison to the
in the chain. WE.| profiles, particularly pronounced for Nawid. This indicates

Taking into account the three sets of subfractions (excluding that at least part of the UV-absorbing material, present in WE.II
WE.I11.100), their substitution degrees, as reflected by Ara/Xyl and WE.III, is not covalently linked to polysaccharide fraction,
ratios, were correlated with relative proportions of the four whereas in WE.I such material appeared to be strongly associ-
structural elements in the arabinoxylan backbone, i.e., u-, 2-, ated with the carbohydrate population. The association of LMW
3-, and 2,3-Xyp (Figure 4). Similar relationships were reported  polysaccharides with protein was reported previously for whole
previously for wheat and rye WE arabinoxyladi}(47). grain of wheat and rye as well for wheat endosped9, 62).
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Figure 5. MW profiles of polysaccharides and UV-absorbing materials of three WE fractions (WE.I, WE.II, and WE.III) isolated from rye flours Amilo and
Nawid. Pullulan calibration standards are (1) 78.8 x 10% (2) 40.4 x 10% (3) 21.2 x 10% (4) 11.2 x 10% (5) 4.73 x 10% (6) 2.28 x 104 (7) 1.18 x 104
(8) 0.59 x 10% and (9) glucose.

It is evident from the GPC profiles in HMW region that, as compared to WE arabinoxylans from low extract viscosity
excluding the subfractions precipitated at 40% ammonium rye. Our observations support these results. It is believed that
sulfate saturation, these obtained at 60% saturation had generallyhe terminal Ar&substituents stiffen the arabinoxylan backbone
the lowest MWs (Figures 6and 7 for Amilo and Nawid, into more extended conformations, which is directly related to
respectively). Increasing ammonium sulfate saturation resultedits physicochemical properties. However, recent studies of wheat
in more branched arabinoxylan subfractions with higher MWs. WE arabinoxylans suggest that the amount of ferulic acid dimers
It is well-known that the overall strength of noncovalent might be a major parameter responsible for variation in the
interactions depends very much on the size of the interacting macromolecular characteristics of arabinoxylatig,(which also
polymers. It seems, therefore, that subfractions precipitated atagree with data from our study.

80 and 100% saturation levels, with much higher MWs, might,  Clear differences were found in the elution volumes of HMW
despite their lower proportion, effectively influence the phys- populations from Amilo and Nawid in the WE.I.40 subfractions,
icochemical properties of overall polysaccharide population. while the WE.III.40 subfraction profiles were almost similar
From this viewpoint, the WE.III fraction, with its highest MW  for both flours Figures 6 and 7). To point out the5-glucan

and highest proportion of strongly branched subfractions, peaks in the profiles of WE.III.40, subfractions enriched in
appears to be potentially more involved in the interactions with glucose-containing polymersTéble 2), the samples were
other components. It is equally known that the high MW of incubated with lichenase before GPC. The disappearance of the
polymers is a primary factor of their high viscosity. Bengtsson first peak eluted at 9.80 mL in WE.III.40 from Amilo after

et al. (18) in a study of WE arabinoxylans from rye grain from lichenase treatment indicates th@iglucan present in this
several countries concluded that arabinoxylan Il, containing u- subfraction had a higher apparent MW than arabinoxylan present
and 2,3-Xyp, had a stronger correlation to viscosity than as LMW polymer (results not shown). In contrast, the arabi-
arabinoxylan |, containing only u- and 3-Xyl Recently, noxylan in WE.II1.60 subfraction eluted at 8.75 mL had a much
however, Ragaee et abX) observed that WE arabinoxylans higher MW tharg-glucan eluted at 10.35 mL, which was totally
from high extract viscosity rye had higher MWs displaying degraded during incubation with lichenase. On the basis of
higher intrinsic viscosity and a lower proportion of 2,3-Kyl  calibration with pullulan standards, the MW gfglucan from
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Figure 6. MW distribution of subfractions precipitated at 40, 60, 80, and
100% saturation of ammonium sulfate from three WE isolated from rye
flour Amilo. Elution volumes of pullulan standards are as in Figure 5.

rye flour was calculated to be in the range 10—238.0*. The
MWs of arabinoxylans present in water extracts of rye flour,
therefore, are generally much higher than thosg-gfucans.
Little is known about ryef-glucans and their impact on
functionality of the WE fractions, in which arabinoxylans
predominate. The noticeable amounts@glucans in arabi-

noxylan preparations as well as the marked differences in their

concentrations in rye flours of diverse baking quality indicate
that they should receive more attention in the future investiga-
tions on functionality of WE fractions.

ABBREVIATIONS USED

WE, water extractable fraction; WU, water unextractable
fraction; Ara/Xyl, arabinose to xylose ratidid NMR, proton
nuclear magnetic resonance; Eykylopyranosyl residues; PhC/
Ara, phenolic compounds to arabinose ratio; fAesabinofura-
nosyl residues; HPLC, high-performance liquid chromatography;
GPC, gel permeation chromatography; HMW, high molecular
weight; LMW, low molecular weight.
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