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Abstract

A new acidic sidegroup in xylans, from both kraft pulp and pulping liquor, was identified by
NMR spectroscopy. Unmodified oligosaccharides from kraft pulp xylan were obtained by
enzymatic hydrolysis with xylanase (Trichoderma reesei). The acidic oligosaccharides were
separated from the neutral forms on an anion exchange resin. The new acidic sidegroup was
identified as 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid (hexenuronic acid) by 'H and >C
NMR spectroscopy. Hexenuronic acid is a $-elimination product of 4-O-methylglucuronic acid
and is formed during kraft pulping. HMBC and NOESY experiments showed that hexenuronic
acid is attached B-(1 — 2) to xylose. The NOESY data further indicated that hexenuronic acid
protrudes from the main xylan chain. The pK, values for hexenuronic acid (3.03) and 4-O-meth-
ylglucuronic acid (3.14) attached (1 — 2) to xylose were determined from pH-dependent chemical
shifts.
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1. Introduction

Acetyl-4-O-methyl-D-glucurono- and L-arabino-4-O-methyl-D-glucurono-D-xylans are
important constituents of hardwoods and softwoods, respectively [1]. During kraft
pulping ~ 50% of the wood xylans are dissolved either through degradation or as
polymers [2]. The amount of acidic groups in the residual xylans is much lower than in
the native xylans. Although it is possible that xylans rich in acidic groups are
preferentially dissolved, their degradation is the major cause of disappearance of
4-O-methylglucuronic acid groups. Quite early Clayton [3] proposed that removal of the
4-O-methylglucuronic acid groups could be initiated by B-elimination of methanol.
Later Johansson and Samuelson [4] verified this with a dimeric model compound;
(2-O-(4-O-methyl-a-p-glucopyranosyluronic acid)-D-xylitol). Their experiments clearly
showed the formation of 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid and its slow
degradation with time.

The B-elimination of natural 1,4-linked polyglycuronates (e.g., alginic and pectic
acids) and related heteropolysaccharides (e.g., hyaluronic acid and heparins) is well-
known and has been reviewed in detail [5]. The reaction is relatively fast because the
glycosyl ion is a much better leaving group than methoxyl ion (in 4-O-methyl-p-
glucuronic acid residues of xylans). In addition, the reaction results in readily observable
chain cleavage. The esters of glycuronic acid derivatives undergo fS-elimination particu-
larly easily. During Hakomori’s permethylation analysis the conditions are very suitable
for B-elimination because the glycuronic acid groups are readily esterified and because
the reaction conditions are strongly basic. For this reason Shimizu [6] found 4-deoxy-S-
L-threo-4-hexenopyranosyluronic acid residues in a permethylated birch xylan and later
proved that these groups were formed during permethylation [7].

Although it has been clear from the literature that 4-O-methyl-D-glucuronic acid
residues of wood xylans (1) must undergo B-elimination during kraft pulping, the
occurrence of 4-deoxy-pB-L-threo-hex-4-enopyranosyluronic acid residues (2) in kraft
pulps or in the dissolved xylans has never been verified. The most likely reason for this
is that conventional pulp analysis includes an acid hydrolysis step, known to degrade
this acidic residue [4,8]. Shimizu [8] detected only xylose in the hydrolysate from acid
hydrolysis of 2-O-(4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid)-D-xylose. Spe-
cific enzymatic hydrolysis do not suffer from these drawbacks. Here, we were able to
show the existence of 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid groups both in
the dissolved xylans and in kraft pulp, mainly by NMR spectroscopy.

— 4)-B-D-Xylp-(1 —+4)-B-D-Xylp-(1 —4)-B-D-Xylp-(1 —
4-OMe-a-D-GlcpA-(1 —2)
1
— 4)-B-D-Xylp-(1—4)-B-D-Xylp-(1 —=4)-B-D-Xylp-(1 —
B-L-HexpA-(1 —+2)
2

Scheme 1.
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2. Results and discussion

Pine chips were cooked with the conventional kraft process. In order to analyse
changes in the chemical structure of dissolved softwood kraft xylans, hemicellulose
fractions were precipitated from the cooking liquors at several stages of pulping. The
lignin content of the precipitates was low (< 10%) which showed that the applied
isolation method was selective for hemicelluloses. According to GLC analysis of the
per(trimethylsilyl)ated methanolysis products, the isolated hemicelluloses were com-
posed of arabinose, xylose, galactose, glucose, mannose and 4-O-methylglucuronic acid
residues. Of these, xylose was the major component in all cases, which showed that the
hemicelluloses were mainly xylans. Surprisingly, the content of 4-O-methylglucuronic
acid decreased rapidly with cooking time and was negligible at the end of the cook.

'"H NMR spectra of the hemicellulose fractions also revealed the fast decrease in the
content of 4-O-methylglucuronic acid residues with cooking time (Table 1). Simultane-
ously, the intensities of two additional, unknown proton signals (at 5.35 and 5.82 ppm in
D,O0 at pH 7.0) in the anomeric region increased (Fig. 1A and B). The intensities of the
two signals were equal and the chemical shift of one of them (the signal at 5.82 ppm)
was very sensitive to pH. These findings indicate that the unknown signals arose from
acidic residues formed through conversion of 4-O-methylglucuronic acid residues.

The unknown signals were also present in hydrolysates obtained by treating softwood
kraft pulps with an endo-1,4-B-xylanase (EC 3.2.1.8) (Fig. 1C). Xylanases are highly
specific to xylan; in consequence the unknown residues must be connected to xylan. It
also proves that the residues are present both in dissolved and undissolved kraft xylans.
HPLC analysis of the enzymatic hydrolysate indicated several acidic oligosaccharides in
addition to neutral monosaccharides and oligosaccharides (Fig. 2). For a more precise
structural analysis, the acidic components of the enzymatic hydrolysate were separated
from the neutral components, and the former were fractioned further by size-exclusion
chromatography. The acidic oligosaccharide fraction exhibited an absorption maximum
at 230 nm which is characteristic for a, B-unsaturated uronic acids [5].

Table 1
Relative amounts ¢ of sugar residues for hemicellulose samples from pulp (hydrolysate and acidic oligosaccha-
ride fraction) and pulping liquor (xylan I and II)

Sample DP Carbohydrate content (mol /mol%)

Method HexA MeGlcA Ara Xyl Other
Xylan1 ¢ 'H NMR 11 95 10.0 65.2 14.2
Xylan II ¢ "H NMR 59 44 10.1 70.6 9.0
Hydrolysate 28 'H NMR 43 08 7.2 87.7 0
Acidic olig. ¢ 94 'H NMR 142 2.1 9.6 74.1 0
Acidic olig. ¢ 9.0 BC NMR 145 17 9.2 74.7 0

? Determined by integration of anomeric protons in 1D spectra.

® Y and II are xylans isolated from pulping liquor taken at the beginning of heating-up period (I) and at the end
of the heating-up period (ID).

¢ Too large to be determined by the method used.

? Acidic olig. = acidic oligosaccharide fraction.
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Fig. 1. (A) and (B) Proton NMR spectra at 80°C of pine xylan isolated from pulp liquor taken at beginning (A)
and end (B) of the heating-up period. (C) and (D) Proton NMR spectra at 27°C of xylanase hydrolysate of pine
pulp. (C) The hydrolysate before fractionation and (D) the acidic oligosaccharide fraction.
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Fig. 2. Separation by HPLC of monosaccharides and oligosaccharides liberated from pine kraft pulp after a
treatment with xylanase. The * indicates peaks found for the acidic oligosaccharide fraction. Peaks: 1 = fucose
(internal standard); 2 = arabinose; 3 = xylose; 4 = xylobiose; 5= xylotriose; 6 = xylotetraose; 7 = xylo-
oligosaccharides substituted by arabinose; 8 = unknown; 9 = xylo-oligosaccharides substituted by hexenuronic
acid; 10 = xylo-oligosaccharides substituted by two hexenuronic acids.

HPLC analysis showed the acidic oligosaccharide fraction to consist of several
components, some of which contained at least two acidic residues (Fig. 2). As judged
from the anomeric region of the proton NMR spectrum (Fig. 1D), the acidic oligosac-
charide fraction contained at least 13 different residues. The average degree of polymeri-
sation (DP) was ~ 9 as determined from the integral for reducing end proton resonances
relative to that of all anomeric proton resonances. It was not possible to obtain complete
structures for the various oligosaccharides in the acidic fraction, but it allowed character-
isation of the acidic residues.

pH-effects.—Due to the pH dependence of one of the unknown resonances, 'H NMR
spectra of hydrolysates with the acidic oligosaccharides were recorded at several pH
values. Non-linear regression fits gave pK, values of 3.03 and 3.14 for the unknown
residue (Fig. 3A) and the 4-O-methylglucuronic acid residue (Fig. 3B), respectively.
Kohn and Kovéc [9] have reported similar dissociation constants for p-glucuronic acid
(pK, 3.28), methyl 2,3,4-tri-O-methyl-a-D-glucopyranosiduronic acid (pK, 3.03) and
methyl 4-deoxy-B-L-threo-hex-4-enopyranosiduronic acid (pK, 3.10). According to
Laine et al. [10] the uronic acid component in pine kraft pulp has a pK, of 3.4.

NMR chemical shifts of the acidic sugar units.—Using COSY, R-COSY and TOCSY
experiments, it was possible to identify the 5.35 and 5.82 ppm resonances as belonging
to a four proton spin system, 5.35, 3.79, 431 and 5.82 ppm (Table 2) where
iz = 2.0, *Jyp 3 = 6.2 and *Jyy; 4, = 3.4 Hz. The C chemical shifts of the four
carbon atoms (99.01, 70.83, 66.74 and 107.85 ppm, Table 3) to which the above
mentioned four protons are bound were identified from an HMQC spectrum. The two
non-protonated carbon atoms (146.29 and 170.08 ppm, Table 4) were identified from
HMBC 2D spectra. These 'H and “C chemical shifts and 3JH,H values are consistent
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with 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid (Fig. 4A), hereafter referred to
as hexenuronic acid or HexA, a B-elimination product of the 4-O-methyl-a-D-gluco-
pyranosyluronic acid residue. The chemical shifts reported in the present work differ
somewhat from earlier reported values for hexenuronic acid [4,8,11]. This discrepancy is
most likely due to different pH-values used and differences in the hexenuronic acid ring
substituents. We assume that they performed their experiments under such conditions
that the carboxylic group was protonated.

Starting from the anomeric proton at 5.28 ppm, the five protons in MeGIcA were
identifyed using COSY, R-COSY and TOCSY experiments (Table 2). It was not
possible to assign the BC resonances of MeGlcA completely, due to its low abundance.
The "H and C chemical shifts are in good agreement with earlier reported values for
4-O-methylglucuronoxylo-oligosaccharides [12,13].

NMR chemical shifts of the neutral sugar units.—The remaining NMR signals can
clearly be divided into resonances from xyloses and arabinoses (Table 2 and 3). The
proton NMR resonances were assigned starting from the anomeric protons using COSY,
R-COSY and TOCSY experiments. Stereospecific assignment of the H-5,,,x and H-5,,s
signals in arabinose was based on relative chemical shifts (8 5, > 8 5, ) and
supported by the observed coupling constants (J, s,.or < *J4 spros) [P14]. The *C NMR
resonances were assigned from the proton NMR resonances by an HMQC experiment.

The chemical shifts of Araf attached a-(1 — 3) to internal xylose (3,4) agree with
earlier proton shift data for oligosaccharides from wheat endosperm arabinoxylans
[15,16] and with C chemical shifts for arabinose-containing xylo-oligosaccharides
[17,18]. The average amount of arabinose is somewhat less than one per molecule
(DP ~ 9). For arabinose, two different environments could be observed in about equal
abundance. In the proton spectra, the two environments resulted in resolved signals only
for the anomeric proton, whereas all but the C-5 carbon gave rise to resolved signals in
B¢ spectra (Fig. 1D and 5). The resolution of the 2D spectra was not high enough to
allow assignment of the different arabinose residues. However, a comparison of the
chemical shifts with published data for arabinoxylans [19] indicated that the arabinose
resonance at 5.400 ppm belongs to 3, whereas the arabinose resonance at 5.395 ppm
belongs to 4.

R—4)-B-D-Xylp-(1 —4)-B-D-Xylp-(1 —4)-B-D-Xylp-(1 —
-L-Araf-(1 =3
at-Anf(1—=3)"
3 H
4 —=4)-B-D-Xylp-(1

Scheme 2.
For the xylose residues, at least ten different chemical environments were observed

(see Table 2 and Fig. 6). The anomeric proton and carbon signals could be divided into
four types of resonances: (i) reducing end with an equilibrium distribution between a-
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and B-conformation; (ii) internal without sidegroup; (iii) internal with sidegroup; and
(iv) terminal (non-reducing end). The proton signals of the terminal xylose residues were
at lower frequency than the corresponding signals from the internal xylose residues,
except for the two resonances at 4.46 and 4.445 ppm (Table 2). However, the chemical
shift of H-4 gives the most accurate indication of whether the xylose residue is terminal
(3.59-3.62 ppm) or internal (3.74-3.88 ppm) [15,16]. The introduction of a sidegroup
shifts the "C resonance 3.5-5.2 ppm to higher frequency, in agreement with expected
substituent a-effects [20]. Our chemical shifts for reducing end, internal without
sidegroup and terminal xyloses agree with earlier published values [15-17,19].

Sequential assignments.—In Table 4 we have summarised the information from the
NOESY and HMBC spectra about connections between the sugar rings. These data
confirm that the HexA ring is attached to an internal xylose with a 8-(1 — 2) linkage (2
and Fig. 4). Moreover, substitution of HexA on C-2 of B-Xyl p shifts the C-2 signal 5.2
ppm downfield. Such a downfield shift is characteristically experienced on glycosylation
by both the carbon in the aglycon and the anomeric carbon in the glycosyl residue
[20,21]. The HexA anomeric carbon “C signal is split into three resonances, 98.96,
99.01 and 99.06 ppm (Fig. 5), which reflects three slightly different surroundings. Two
plausible different environments of HexA are (i) HexA attached to an internal xylose
adjacent to the terminal end and (ii) HexA attached to an internal xylose further
removed from the terminal end. The average amount of HexA is almost 1.5 per
molecule (DP ~ 9) indicating that the third environment can be caused by the presence
of two HexA residues relatively close to each other in the same molecule. Another
possibility for the third environment is that HexA is relatively close to a-Araf.

For HexA three connectivities are observed between HexA H-1 and internal 8-Xylp
(HexA) H-1, H-2 and H-3 (Fig. 7 and Table 4). The NOESY crosspeak between HexA
H-1 and internal B Xyl p (HexA) H-2 is strong, and shows that these protons are close in
space (< 3.0 A). The crosspeaks with internal B-Xylp (HexA) H-1 and with H-3 are
weak and may be due to spin-diffusion. The NOESY connectivities between internal
B-Xylp (HexA) H-1 and internal 8-Xylp H-5,, and internal B-Xylp (HexA) H-1 and
internal SB-Xylp H-4, were both strong, whereas the crosspeak between 1nternal B-Xylp
(HexA) H-1 and internal B-Xylp H-5. was of medium strength (< 3.5 A between
protons). Our NOESY data agree wnth the left-handed three-fold helix observed for
xylo-oligosaccharides in solution [15]. Thus, the HexA attached as a B-(1 — 2) side-
group does not substantially affect the conformation of the xylan main chain.

In order to illustrate the conformation of HexA relative to the main xylan chain, a
model of a HexA attached to the internal xylose of xylotriose was built and its energy
minimized with the computer program Insightll (Biosym Technologies Inc.) The
observed NOE distance restraints are fulfilled in the obtained structure (Fig. 4B), which,
however, is only one possible conformatlon that satisfies the NMR data. The ring
conformation of HexA in the model is H [11] which according to a comparison of
observed and calculated [22] '"H-'H spin—spin coupling constants is somewhat preferred
over Hz, probably due to the anomeric effect.

NOESY and HMBC experiments confirmed that the arabinose units are attached via
an a-(1 — 3) linkage to an internal xylose. There is no indication of doubly substituted
xyloses. No sidegroup attached to a terminal or to a reducing end xylose residue was
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Fig. 3. pH dependence of chemical shifts of protons adjacent to the carboxylic acids. The lines are

non-linear-regression fits to the experimental points. (A) H-4 of hexenuronic acid and (B) H-5 of 4-O-methyl-
glucuronic acid.

found, either in the hydrolysate before purification or in the acidic oligosaccharide
fraction. This result is in agreement with the previously reported cleavage specificity for
T. reesei xylanase pl 5.5, which is able to cleave only B-(1 — 4) linkages between two
unsubstituted xylose units [23].

3. Conclusions

HexA bound to polymeric xylan isolated from kraft pulp liquor has been identified by
'"H NMR. The combined use of a specific xylanase to dissolve unmodified xylo-oligo-
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saccharides from the kraft pulp and 2D NMR spectroscopy has made it possible to
characterise HexA attached to xylan. The characterisation was possible even for a
mixture of acidic oligosaccharides.

The HexA attached as a B~(1 — 2) side-group protrudes from the main xylan chain.
For MeGIcA attached in the same way, a-(1 »2), a NOESY crosspeak between
MeGIcA H-1 and B-Xylp H-2 has been observed (ref. [12,13] and A. Teleman
unpublished results), which indicates that MeGlcA and HexA are oriented in a similar
way relative to the xylan main chain.

The xylan MeGlIcA side group is degraded under alkaline conditions via S-elimina-
tion to HexA, as postulated earlier [4]. The quantitative analysis of HexA and MeGIcA
during kraft pulping will be reported elsewhere.

Table 2
'H NMR data for the acidic oligosaccharide fraction dissolved in D,0 at pD 7.0

Structural element®  Residue? Chemical shift (ppm)©

H-l H-2 H3 H4 H-5ax/H-SproS H-Seq/H-SproR OCH;4
oBo @ o-Argf-L3 5400 4.16 391 427 372 3.80
05«’} @ a-Araf-L? 5395 4.16 391 427 372 3.80
5O [v)) B-HexA-L? 535 379 431 58 < -
> (1) a-MeGlcA-L2 528 358 376 322 434 - 347
ce a-Xylp-red. 519 - 3.55 376 3.74° 3.75¢ 3.83¢
%Q @ B-Xylp-int.(HexA) 465 368 361 384 340 412
0 1)) B-Xylp-int.(McGlcA) 4.62 ndf nd 386 344 4.18
-O® B-Xylp-red. 458 326 355 378 338 4.06
33» (3.9 B-Xylp-int.{Ara) 452 344 375 384 340 4.12 -
. B-Xylp-int. 448 329 355 378 337 4.10 -
» B-Xylp-int. 447 329 355 381 342 4.16 -
° B-Xylp-term. 446 326 343 362 330 3.97
P B-Xylp-int. 4445 nd. nd. 376 334 4.05 -
° B-Xylp-term 4438 325 342 360 328 192 -

“ Structural elements are represented by short-hand notation: O,@ Xyl; A,a a-Ara; 0,8 B-HexA; O,
@-MeGIcA; — linkage. The filled symbols represents the residue for which the chemical shifts are given on the
actual line.

® a-Ara f-L* means arabinofuranose attached with an a-linkage to O-3 of a xylose residue; 8-HexA-L? means
hexenuronic acid attached with an B-linkage to O-2 of a xylose residue; a-MeGlcA-L? means 4-O-methyl-
glucuronic acid attached with an a-linkage to O-2 of a xylose residue; red., int. and term. mean reducing end,
internal and terminal end (non-reducing end), respectively; for the xylose residues (HexA), (MeGlcA) or (Ara)
mean that hexenuronic acid, 4-O-methylglucuronic acid or arabinose, respectively, is attached as sidegroup to
the xylose residue.

¢ Measured at 600 MHz on solutions in D,O at 27°C and pD 7.0 relative to internal TSPA-d,.

 _ = not relevant.

¢ Assignment might have to be interchanged. ' n.d. = not determined.
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Fig. 4. (A) Conventional structure of 4-deoxy-B-L-threo-hex-4-enopyranosyluronic acid and (B) stereo
structure of HexA attached to internal xylose of xylotriose.

Table 3

3C NMR data for the acidic oligosaccharide fraction dissolved in D,0 at pD 7.0

Structural element@ Residue® Chemical shift (ppm)© _—
C-1 Cc2 c3 c4 o C-6___ OCH34
6@ (3.4) o-Araf-L3 {108.48 {81.55 78.07 {85.61 6215 ¢
108.43 (8152 {73.04 85.58 -
50 ) B-HexA-L? 99.06
99.01 7083 6674 107.85 14629 170.08
98.96 -
30 ) a-MeGlcA-L2 98.35 nde  nd nd. nd. 177.63  60.67
oe a-Xylp-red. 9285 7220 7178 712 637 - -
Q@, 2 B-Xylp-int.(HexA) 10208 {7895 (72.99
102.13 47884 {7296 772 637 - -
10216 (787 (7292 - -
20 o B-Xylp-int.(MeGlcA) 1022  nd. nd 772 631 - -
e B-Xylp-red. 9734 748 746 712 637 - -
30 (34)  P-Xylp-int.(Ara) 1026 7411 (7812 772 637 - -
78.07
- B-Xylp-int 1026 736 746 712 637 -
P B-Xylp-term. 10228 736 7644 7002 {66.04 - -
6593 -

¢ Structural elements are represented by short-hand notation: O,@ Xyl; A,a a-Ara; O,B S-HexA; O, ¢
a-MeGlcA; — linkage. The filled symbols represents the residue for which the chemical shifts are given on the

actual line.
® See Table 2 for the key.

¢ Measured at 150.9 MHz on solutions in D,0 at 27°C and pD 7.0 relative to internal dioxan (67.4 ppm).

4 _ = not relevant.

¢ n.d. = not determined.
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Fig. 5. BCNMR spectrum of the acidic oligosaccharide fraction.

4. Experimental

Materials.—The polymeric xylan (hemicellulose) fractions were isolated from a kraft
cooking liquor of pine wood at the beginning (xylan I) and at the end (xylan II) of the
heating-up period. To the cooking liquor (500 mL) were slowly added 1000 mL of
1,4-dioxane and 120 mL of glacial acetic acid under mixing. The solution was covered
and allowed to stand for two days at room temperature. The clear solution was decanted
and the precipitate was transferred into a centrifuge tube (40 mL). After centrifugation
(15 min at 3000 rpm) the precipitate was washed in the tube successively with 20 mL
portions of 1,4-dioxane-water (2:1), 1,4-dioxane, methanol and acetone. The precipitate
was dried in air and analysed for sugar components by methanolysis and GLC [24). The
lignin content was determined from the specific absorption at 280 nm (a = 28.61 cm/g)
[25].

The birch and pine kraft pulps with kappa numbers of 19.9 and 25.8, respectively,
were produced on a laboratory scale. The cooking conditions for the birch kraft pulp
were: temperature 165°C, effective alkali 4.5 mol/kg, sulphidity 30%; for pine kraft
pulp: temperature 170°C, effective alkali 4.5 mol/kg, sulphidity 35%. The kappa
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Fig. 6. TOCSY spectrum of acidic oligosaccharide fraction. Diagonal peaks of the anomeric protons and H-4
of hexenuronic acid are indicated. The numbers near cross-peaks refer to the protons of the scalar-coupling
network belonging to a diagonal peak.

numbers of the pulps were determined according to SCAN C1:1977. The carbohydrate
composition of the birch kraft pulp (% of dry weight) was: 72.4% glucose and 23.9%
xylose; of pine kraft pulp: 81.2% glucose, 8.2% xylose, 5.9% mannose and 1.2%
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Fig. 7. NOESY spectrum of acidic oligosaccharide fraction. Only the inter-residue NOE connectivities along
the H-1 frequencies are denoted.

arabinose as determined by the method of Puls et al. [26]. The amount of carboxylic acid
groups was not determined. 4-O-Methylglucuronoxylan from birch wood was purchased
from Roth (Karlsruhe, Germany). The two specific endo-B-(1 — 4) xylanases of T.
reesei Rut C 30, with pl 5.5 and 9.0, were purified by ion-exchange chromatography as
described by Tenkanen et al. [27].

HPLC analysis.—The HPLC system was a DIONEX 4500i series Chromatograph
equipped with a pulsed amperometric detector (PAD-2). A CarboPac PA1 anion-ex-
change column (250 mm X 4 mm 1.D.) was used. The eluents were: deionized water
(A), 100 mM NaOH (B), 300 mM CH ,COONa-100 mM NaOH (C) and 300 mM NaOH
(D). The eluent flow rate was 1.0 mL/min. The gradient program was as follows:
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Time (min) A®%) B@®%) C(®%) D (%)

0.0 95 5 0 0 Equilibration
15.0 95 5 0 0 Injection of sample
27.0 95 5 0 0 Start of gradient ramp 1
34.0 0 100 0 0 Start of gradient ramp 2
54.0 0 50 50 0 Start of gradient ramp 3
64.0 0 0 100 0
64.1-67.1 0 0 0 100 Column wash, end of analysis

The detection was performed by PAD with a gold working electrode and triple-pulse
amperometry with the following pulse potentials and duration’s: E, = 0.05 V (¢, = 420
ms), E,=0.80 V (1, =180 ms) and E; = —0.15 V (¢, = 360 ms). A solution of 300
mM NaOH was added to the column effluent before the PAD cell at a flow rate of 0.8
mL /min.

Determination of the pK , values.—The pK, values of hexenuronic and 4-O-methyl-
glucuronic acid groups were determined from oligomers obtained by treatment of birch
kraft pulp and isolated birch xylan, respectively, with T. reesei xylanase plI 9.0 (10000
nkat /g d.w.) for 24 h at 40°C and pH 5. The hydrolysis of pulp (5% consistency) was
performed in water and the pH was adjusted prior to hydrolysis with 0.5 M H,SO, to
pH 5. The isolated xylan was hydrolysed (1% consistency) in 50 mM sodium acetate
buffer, pH 5. The pH (not corrected for isotopic effects) of the oligomer mixtures was
adjusted by additions of NaOD or DCI.

Preparation of acidic oligosaccharide fraction.—Pine kraft pulp with kappa number
25.8 (37.5 g d.w., 5% consistency) was first acidified to pH 2.5 with 0.5 M H,SO,.
After 1 h incubation at room temperature, the pulp was washed with distilled water four
times and the pH was adjusted to pH 4 with 0.1 M Ca(OH),. The accessible xylan in the
pulp was hydrolysed with T. reesei xylanase pI 5.5 (10000 nkat/g d.w.) for 24 h at
45°C. Unbuffered hydrolysate (1000 mL) containing ~ 1 g of neutral and acidic
oligosaccharides was eluted through a column (1 X 10 cm) of Dowex 1 X 1 resin in the
formate form. The neutral components were washed out with water (200 mL). The
acidic oligosaccharides were eluted from the column with 50 mL of 1 M formic acid.
The eluate was neutralised with sodium hydrogen carbonate (pH 7) and concentrated to
a volume of ~ 10 mL. After centrifugation, the clear solution was eluted with water
through a column (2.6 X 95 cm) of Sephadex G-10 gel at a rate of 1 mL/min. The
absorbance of the eluate was followed at 254 and 280 nm. Fractions of 13.5 mL were
collected and analysed for total sugar content with the phenol-sulphuric acid test. The
content of hexenuronic acid groups in the fractions was evaluated from a strong
(£=15910 M~' cm™"') specific absorption at 230 nm [5)]. Fractions #13 and 14 were
pooled, freeze-dried and analysed by NMR.

NMR spectroscopy.—Samples were lyophilised and redissolved in 2HZO (99.8
atom%, Fluka). For the acidic oligosaccharide fraction, 50 mg was dissolved in 0.71 mL
2HZO. pD was adjusted to 7.0 by additions of 0.2 M NaOD. 'H and ”C NMR spectra
were obtained at 599.94 and 150.97 MHz, respectively, on a Varian UNITY 600 MHz
spectrometer using 5 mm NMR tubes containing 0.7 mL of solution. Typical acquisition
parameters were for 1D '"H NMR (1D C NMR) a 90° pulse of 13 ps (7 us), a spectral
width of 8000 Hz (40 000 Hz) and a repetition time of 11 s for the polymers, 16 s for the
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acidic oligosaccharide fraction (12 s) and 31 s for the hydrolysates. Spectra were
obtained at 27°C for the acidic oligosaccharide fraction and 80°C for the polymers. The
chemical shifts are reported relative to internal sodium 3-(trimethylsilyl)-3,3,2,2-tetra-
deuteropropionate at 0 ppm and dioxan at 67.40 ppm for 'H and C NMR spectra,
respectively. The residual HDO peak was saturated continuously prior to acquisition.

Standard pulse sequences and phase cycling were utilised to obtain double quantum
filtered COSY [28], R-COSY [29] (7 = 70 ms) and NOESY [30] (r,, = 0.5 s) 2D spectra.
The TOCSY [31,32] spectrum (r,,;, = 0.2 s) was acquired with a sensitivity enhanced
pulse sequence [33]. For all spectra hyper complex acquisition was used. A spectral
width of 3500 Hz was employed in both dimensions and the relaxation delay was 2 s.
For each FID 8 (16 for TOCSY) transients were acquired, the data size was 512 (1024
for COSY) in #; X 4096 in t,. The carrier was set on the solvent resonance and this
resonance was reduced by presaturation. The phase-sensitive 'H-detected HMQC [34]
spectrum was acquired over a #, spectral window of 12000 Hz and a ¢, window of
3500 Hz with a 423 X 4096 matrix (zero-filled to 1024 in ¢;) and 24 scans per
increment. The delay between scans was 2.4 s and the delay for polarisation transfer was
set for 'Jy; = 167 Hz. The multiple-bond 'H-'3C shift correlation [35] (HMBC) spectra
resulted from 560 X 4096 data matrix sizes, with 32 scans per ¢, value and a delay time
between scans of 2.4 s. The spectral window was 21 000 Hz for ¢, and 3500 for ¢,. Two
experiments were performed, one with A, 50 ms and the other with A, 100 ms. The
raw data were processed on a SUN Sparc II using Varian Unity software. The
apodization function, used for double quantum filtered COSY and relay COSY, was an
unshifted sinebell in both ¢, and #,. For TOCSY and NOESY the data sets were
multiplied by shifted sine squared-bell window functions with phase shifts of 75° and
60° for ¢, and ¢,, respectively. Zero-filling provided final 2D spectra of 2048 X 4096
data points. The HMQC and HMBC spectra were processed with a 90° phase-shifted
sine squared-bell window function in both dimensions.
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