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Abstract—A combination of xylogalacturonan (XGA), homogalacturonan, and rhamnogalacturonan was extracted from water-
melon fruit cell walls with 0.1 M NaOH. In contrast to the resistance of xylogalacturonans from most other sources to endopoly-
galacturonase (EPG), about 50% of the extracted XGA could be converted into oligosaccharides by EPG digestion with a
commercial EPG from Megazyme International. The oligosaccharides were fractionated by ion-exchange chromatography, and
their structures were investigated by mass spectrometry and NMR spectroscopy. The smallest oligosaccharide was B-p-Xylp-
(1-3)-a-p-GalAp-(1-4)-o-pD-GalAp-(1-4)-0-D-GalAp-(1 »4)-GalAp. The most abundant was B-D-Xylp-(1-3)-0-D-GalAp-
(1-4)-0-p-GalAp-(1-4)(B-p-Xylp-(1 - 3)-a-D-GalAp-(1 -4))-a-D-GalAp-(1 »4)-a-D-GalAp-(1 »4)-GalAp. Given that the non-
reducing ends of the oligosaccharides often were xylosylated GalA residues, and that fungal EPG digests homogalacturonans
between the third and fourth GalA bound to the enzyme, it appears that EPG can accommodate a xylosylated GalA in the site that
binds the fourth GalA. Since all of the oligosaccharides characterized had three unsubstituted GalA residues at their reducing ends,
the enzyme appears not to accommodate xylosylated residues in the first three sugar-binding sites. Thus, XGA regions with fewer
than three unsubstituted residues between branch points will be resistant to EPG. The EPG-susceptible XGA was not recovered
from cell walls prepared using phosphate buffer for the homogenization of the watermelon tissue, probably because it was degraded
by endogenous watermelon EPG and lost during isolation of the walls. Use of Tris-buffered phenol during wall isolation to prevent

enzyme action caused some amidation of GalA residues with Tris.
© 2008 Elsevier Ltd. All rights reserved.

Keywords.: Xylogalacturonan; Watermelon; Endopolygalacturonase; Structure; Specificity; NMR spectroscopy

1. Introduction acanth has a similar structure but with galactose or

fucose linked to O-2 of some of the xylose residues.’

The region of pectin designated xylogalacturonan
(XGA) has been gaining more attention recently.
XGA was first reported in an alkali extract of pine pol-
len' and found to have a homogalacturonan backbone
with frequent single xylose residues linked B-(1—-3) to
about half of the galacturonic acid residues. Gum trag-

* Corresponding author. Tel.: +1 405 744 6197; fax: +1 405 744
7799; e-mail: andrew.mort@okstate.edu

0008-6215/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.carres.2008.03.021

Schols et al.® found that part of the so-called ‘modified
hairy region’ of apple pectin is XGA. They also found
evidence of XGAs being present in several other fruits
and vegetables.* Yu and Mort reported its presence in
watermelon fruit.’> Albersheim et al. proposed that
XGAs are only present in fruits,® since XGA had not
been found in walls from sycamore suspension cultures
and it had only been reported in fruits to that point.
However, Kikuchi et al.” reported the presence of
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XGA in cultured carrot cells, Zandleven et al.® reported
the presence of XGAs in multiple organs of Arabidop-
sis, and we find it in cotton suspension culture cell
walls.’ In some XGAs, such as that from pea hulls,
the xylosyl side chains include a small proportion of
xylosyl (1-2) xylose'® disaccharide side chains in addi-
tion to those of single residues. Longer chains of xylose,
up to seven residues in length, have been reported in
soybean hull pectin.'!

In most XGAs the xylose side chains prevent degrada-
tion of the homogalacturonan backbone by endopoly-
galacturonases (EPGs). However, we find that in
watermelon, in at least some regions of the XGA, the
xylose residues are spaced far enough apart that EPG
can generate a range of oligosaccharides from it. We
describe their structures here.

The mode of action of EPGs from fungi has been
investigated several times. The size of the substrate bind-
ing site was deduced for an EPG from Aspergillus niger
by looking at the rate of hydrolysis of different length
oligomers of GalA.'? The authors concluded that the
binding site accommodated four residues, and hydroly-
sis took place between the third and fourth residues
from the nonreducing end. Thibault'? purified an EPG
from A. niger and found that it randomly cleaves polyg-
alacturonic acid to the monomer, dimer, and trimer of
GalA, and that it could readily hydrolyze the tetramer
of GalA to the trimer and monomer. One can conclude
that a minimum of four residues need to bind to the
enzyme and that it hydrolyzes between the third and
fourth residues from the nonreducing end. Mort and
Chen'* compared the end products of hydrolysis of pec-
tic acid by a commercial EPG from A. niger purchased
from Megazyme International Ireland Ltd (as used in
this study) and a cloned EPG from Erwinia carotovora.
The enzyme from Megazyme gave the same products as
observed by Thibault, but the bacterial enzyme pro-
duced predominantly the dimer, trimer, and tetramer.
Thus it appears that the bacterial enzyme needs one
more sugar unit bound to the active site of the enzyme
and that it hydrolyzes between the third and fourth from
the nonreducing end.

Bussink et al.'> found that A. niger actually contains
at least five genes for EPGs. It was suggested from high
amino acid sequence homology and intron/exon struc-
ture that all of the genes evolved from one progenitor.
Pel et al.'® found eight genes for EPGs when the entire
genome of the fungus was sequenced. The pattern of ac-
tion of five EPGs from A. niger on polygalacturonic acid
is very similar.'”'® Some are progressive in their action,
whereas others cleave randomly. One can easily imagine
that methyl esterification, acetylation, xylosylation, or
introduction of a sugar other than GalA in the galactur-
onan chain would have a dramatic effect on the posi-
tions at which the enzyme can hydrolyze. For
example, Zhan et al.'” found that the presence of altru-

ronic acid in the chain was not tolerated in any of the
four essential sugar-binding sites of the Megazyme
enzyme. Knowing the influence of xylose substituents
on the susceptibility of xylogalacturonans to EPG will
help understand XGA structure.

Several fungi produce an endoxylogalacturonan
hydrolase that specifically requires xylose residues for
its action.’>?! The products of the hydrolysis are
mostly very short oligomers.”> The combination of
EPG and xylogalacturonan hydrolase will be extre-
mely useful for determining the structures of XGAs
and their connections to homogalacturonans and/or
rhamnogalacturonans.

2. Experimental
2.1. Preparation of xylogalacturonan oligomers

The pink flesh of de-seeded watermelons was homo-
genized in HEPES buffer at pH 7, and then enzymes
were inactivated by suspension in Tris-buffered phenol
or phenol-acetic acid-water.”® The residue was washed
with 80% ethanol, acetone, 1:1 chloroform-methanol,
and finally acetone and then dried in an oven at 34 °C.

Xylogalacturonan oligomers were prepared from
watermelon cell walls using slight modifications of the
methods described previously.” Briefly, dry walls were
suspended in 0.1 M NaOH at room temperature and
the pH was maintained at 13 (as judged by pH paper)
for 15 min and then incubated at 4 °C overnight. The
soluble portion was collected after centrifugation,
followed by neutralization with acetic acid, and dialysis
against deionized water. After freeze-drying, the extract
was digested with 0.05 units of endopolygalacturonase
CAZY family 28 from A. niger (Megazyme catalog
No. E PGALS) per mg extract for several days at
37 °C. According to the manufacturer the enzyme gave
a single major band at MW = 24,000 and was very
low in extraneous activities against other cell-wall poly-
saccharides. (Unfortunately this molecular weight does
not match any of those reported for 4. niger endopoly-
galacturonanses.) In later experiments an EPG cloned
from  Aspergillus  nidulans open reading frame
ANS8761.2°° was used, and produced the same oligosac-
charides. Both enzymes seem to be most like the PG II
of A. miger. After heating to destroy the enzyme, the
solution was passed through an ultrafiltration mem-
brane with a 10-kD cutoff. What passed through the
membrane was freeze-dried and passed though a Toyo-
Pearl HW-40 gel-permeation column (22 x 500 mm in
50 mM NH4OAc buffer at a flow rate of 2 mL/min).
The material eluting just after the void volume, but be-
fore the trimer of galacturonic acid, which was identified
by capillary electrophoresis, was pooled. (See Fig. 4 in
Ref. 5). It was fractionated on a 9 x 250-mm Dionex
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PA1 column using a flow rate of 2 mL/min and a gradi-
ent from 30 mM to 350 mM NH4OAc over 10 min,
followed by an increase to 650 mM over the next
35 min, with a subsequent increase to 1 M over the next
15 min. A small fraction of the eluate (about 0.05) was
split, using a needle valve splitter from Upchurch, to a
permanganate-bleaching detector®® for locating which
fractions contained sugars. In the later experiments,
the eluate was split using an analytical adjustable flow
splitter from Analytical Scientific Instruments and ana-
lyzed using a Sedex 55 evaporative light-scattering
detector. Peak fractions were pooled and freeze-dried
three or four times to remove the NH,OAc.

2.2. Instrumental methods

MALDI TOF mass spectrometry was performed on a
Perkin—Elmer Voyager DE Pro instrument in the
negative-ion reflector mode using 10% trihydroxyaceto-
phenone in methanol as matrix. NMR spectra were
collected on a Varian Unity Inova 600 MHz instrument
using standard pulse sequences supplied with the
instrument. 2D spectral data were processed using
NMRPipe® and analyzed with NMR View.>° Monosac-
charide compositions of various fractions were deter-
mined by GLC of their trimethylsilyl methyl glycosides
as described previously.?’ Electrospray-ionization tan-
dem mass spectrometry (ESIMS/MS) was performed
as described previously”® on a Finnigan MAT TSQ
700 triple quadrupole mass spectrometer equipped with
a Finnigan electrospray ion source (Finnigan MAT
Corp., San Jose, CA). The reduced and permethylated
samples were dissolved in acetonitrile saturated with
NaCl and injected (concentrations approximately
10 pmol/pL) at a flow rate of 1 uL/min into the electro-
spray chamber. In the positive-ion mode, a voltage of
+5.5kV was applied to the electrospray needle. For
collision-induced dissociation (CID) experiments, par-
ent ions were selectively transmitted by the first mass
analyzer and directed into the collision cell (Ar was used
as collision gas) with a kinetic energy set around
—60eV. Native oligosaccharides were dissolved in
MeOH containing 0.5% NH; and subjected to nega-
tive-ion mode ESIMS. For the detection of negative-
ions, all polarities were reversed, that is, —4.5 kV was
applied to the needle and the collision energy was set
at approximately +40 eV for MS/MS experiments.

3. Results and discussion

Watermelon cell walls were simultaneously saponified
and extracted with 0.1 M NaOH to give a solubilized
pectin fraction. This fraction had a molar ratio of
around 7 GalA:1 Xyl:0.35 Rha, indicating that it con-
tained a combination of rhamnogalacturonan (RG)

and homogalacturonan/xylogalacturonan. The extract
was digested to completion with a commercial, purified
endopolygalacturonase with known activity against
polygalacturonic acid and partially esterified homogal-
acturonans. Progress of the hydrolysis was monitored
by changes in the oligosaccharide product distribution
seen by CZE of aliquots labeled with ANTS.'* The
products from the digestion contained high-molecular-
weight RG and XGA, XGA fragments, and galact-
uronic acid oligomers.” After trying several different
sequences of steps to enrich for relatively small
xylogalacturonan oligomers, we settled on the scheme
described in Section 2.1. The most efficient way we
found to select for the XGA fragments was to first pass
the EPG digest through a 10-kD cutoff ultrafiltration
membrane to remove the RG and high-molecular-
weight XGA, then to remove the very abundant
GalA(;_3) oligomers by the passage of the ultrafiltrate
through an HW-40 gel-permeation column. Fortu-
nately, the GalA; oligomer eluted just after the bulk
of the XGA oligomers, which eluted just after the void
volume.

The XGA oligomers were fractionated on a semipre-
parative PA1 cation-exchange column; Figure 1 shows
the profile of a material eluting from the PA1 column.
Since the eluate was monitored by measuring the bleach-
ing of a permanganate solution by the oxidation of the
sugars, the relative peak area reflects the relative mass
of sugar in each peak. The material eluting between 35
and 37 min (peak 7, the biggest peak) was collected
and subjected to extensive NMR and mass spectral ana-
lysis. Compositional analysis showed it to contain
almost exclusively GalA and Xyl.

Absorbance at 525 nm
2]e190e Wnuowwe Jo AlLejon
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Figure 1. Fractionation of the xylose-rich oligosaccharides from
watermelon pectin on a PAl anion-exchange column. Sugars were
detected by a decrease in absorbance at 525 nm caused by bleaching of
permanganate as it oxidized the sugars.
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Negative-ion mode electrospray-ionization mass spec-
trometry of the oligosaccharide in peak 7 of Figure 1
showed a peak at m/z 1337.8, which corresponds well
to [HexAgPent,—H]. Three intense signals at 668.5,
679.4, and 690.6 are consistent with a doubly charged
oligomer [—2H], plus one, and plus two sodium ions,
respectively, and another two signals at 4454 and
452.8 are consistent with a triply charged oligomer
[-3H] and plus one sodium ion. The MS/MS spectrum
of the doubly charged oligosaccharide and a deduced
fragmentation scheme are shown in Figure 2. The com-
position of the oligosaccharide can be deduced from the
parent mass, whereas the monosaccharide sequence can
be deduced from the fragment ions as is explained in the
inserted scheme. The MS/MS spectrum of the reduced
and permethylated sodiated oligosaccharide and a pro-
posed fragmentation scheme are shown in Figure 3.
Two complete and complementary fragment ion series
from the reduced and nonreducing end of the molecule
allow the deduction of the monosaccharide sequence.
The attachment points of the two pentose residues to
the hexuronic acid main chain can be directly deter-
mined from the corresponding mass jump of the respec-
tive fragment ions as is explained in the inserted scheme.
The observed secondary elimination of these pentose
residues does not lead to ambiguities, since the corres-
ponding fragments carry one methyl group less than

fragments generated from a hypothetical linear chain.
Both MS/MS spectra indicate that the oligosaccharide
consists of a linear chain of six hexuronic acids with a
pentose attached to the first and third uronic acids in
the chain (counting from the nonreducing terminus).
In the 1D "H NMR spectrum of the oligosaccharide
in peak 7 of Figure 1, there were three clear signals
corresponding to the anomeric protons of B-pyranoses
(4.53, 4.62, and 4.66 ppm), a cluster of signals where
one would expect those of a-linked GalA residues
(5.1 ppm) and one for a reducing a-GalA (5.32 ppm).
From the COSY, TOCSY, and HMQC spectra, we
could identify the large majority of the H and C chem-
ical shifts of the oligosaccharide (see Fig. 4 and Table
1). There were clearly two sets of signals for the xylose
residues and two GalA residues in which the C-3 reso-
nances were downfield of those normally found in GalA
oligomers. The proposed structure of the oligosaccha-
ride is shown in Figure 5. From the HMBC spectrum
(Fig. 6) one can deduce that the xylose residue with
H-1 at 4.66 ppm was attached to C-3 (Al, B3 at 4.66,
79.02) of the nonreducing end GalA residue (with its
C-4 resonance, B4, at 70.91 ppm). The other xylose res-
idue is linked to C-3 of GalA residue D (H1, D3 at 4.53,
78.13). The C-4 resonance of residue D is at 76.74,
reflecting the downfield shift induced by its glycosidic
linkage to a GalA residue and a slight upfield shift
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Figure 2. Negative daughter-ion spectrum of the doubly charged molecular ion (m/z 668.5) of an octasaccharide obtained from ion-exchange

chromatography (fraction 7) and the deduced fragmentation pattern.
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Figure 3. Positive daughter-ion spectrum of the singly charged sodium adduct of the reduced (NaBD,) and permethylated oligosaccharide from

fraction 7 and the deduced fragmentation scheme.
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Figure 4. HMQC spectrum of fraction 7.

because of the adjacent C-3 glycosidic linkage from
xylose. The chemical shifts of the other GalA residues
are very close to those reported for linear GalA oligo-
mers>’ except that C-1 and C-4 of residue C are a little
more than 1 ppm upfield. The NMR results confirm

the MS/MS identification of the oligosaccharide being
a linear chain of GalA residues with a single xylose
attached to the nonreducing terminal GalA and another
attached to the third GalA in the chain. They also
confirm that the GalA residues are linked via a-(1—-4)
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Table 1. 'H and '>*C NMR chemical shifts for the oligosaccharide eluting in peak 7 from the PA1 column
Residue 1 2 3 4 5 6
A B-p-Xylp-(1— 4.66 3.34 3.48 3.62 3.35, 3.97
104.62 73.58 75.75 69.53 65.37

B —3)-a-D-GalAp-(1 - 5.08 3.88 4.04 447 4.80 175.97
99.37 67.93 79.02 70.91 72.25

C —4)-0-p-GalAp-(1— 5.10 3.74 4.03 4.44 4.773 175.97
98.15 68.53 68.99 78.35 77.228

D —3,4)-0-D-GalAp-(1— 5.08 3.97 4.03 4.68 4.74 175.72
99.37 67.93 78.13 76.74 65.37

E —4)-0-p-GalAp-(1— 5.11 3.79 4.03 4.46 4.80 175.97
99.29 68.46 68.99 78.05 71.52

F —4)-0-p-GalAp-(1— 5.11 3.79 4.03 4.46 4.80 175.97
99.29 68.46 68.99 78.05 71.52

G-a —4)-0-GalAp 5.32 3.84 3.97 4.41 4.44 175.538
92.50 68.30 68.99 78.62 70.79

G-p —4)-B-GalAp 4.62 3.53 3.77 4.40 4.07 174.76
96.48 71.62 72.55 77.33 74.44

H B-D-Xylp-(1— 4.53 3.29 3.37 3.65 3.24,3.92

105.29 73.58 76.15 69.33 65.34

Figure 5. Structure of the oligosaccharide in fraction 7.

linkages and that the xylose residues are linked via
B-linkages to O-3 of GalA residues.

In one experiment, 1-min fractions of the eluate from
the PA1 column were collected individually and most
were analyzed by MALDI TOF mass spectrometry.
Table 2 gives the masses of the major peaks observed
and the tentative identifications of each. For fractions
corresponding to peaks 4 and 6 of Figure 1, the struc-
tures were confirmed by NMR spectroscopy. The 'H
spectrum of the pentasaccharide in peak 4 (fractions
25-27) showed the signals one would expect for an o-
(1-4)-GalA oligomer with additional signals almost
identical to those assigned to the P xylose on the non-
reducing end of the xylogalacturonan oligomer discussed
above (H-1, 4.64; H-2, 3.34; H-3, 3.47; H-4, 3.62; H-5,
3.34). A signal at 4.27 ppm, characteristic of an unsub-
stituted nonreducing end GalA, was not present, just
as was the case in the GalAgXyl, oligomer. Thus, the oli-
gomer in peak 4 must be XOOO, where ‘O’ denotes a
GalA residue and ‘X’ denotes a xylosylated GalA resi-

due. The 'H spectrum of the hexasaccharide in fraction
30 (peak 6 of Fig. 1) had a signal at 4.27 ppm and signals
identical to those of the xylose on the internal GalA in
the GalAgXyl, oligomer, that is, H-1, 4.53; H-2, 3.29;
H-3, 3.37; H-4, 3.63, and H-5 not resolved. This oligo-
mer must be OXOOO. Several trends were clear in the
behavior of the oligomers: The more GalA residues in
the oligomer, the higher ionic strength needed to elute
them, and for an oligomer containing a particular num-
ber of GalA residues, more xylose residues caused
earlier elution. For example, GalA;Xyl, eluted before
GalAgXyl,, and GalA;Xyl, eluted before GalAsXyl,.
One major oligomer (peak 3 of Fig. 1, faction 24 in
Table 2) and several minor ones had masses in the neg-
ative-ion MALDI TOF spectrum that were even, for
example, m/z 1000.3 for peak 3—H. Since all oligosac-
charides, unless they contain amino sugars, have odd
masses, this indicated the presence of nitrogen. The 'H
NMR spectrum of the oligomer in peak 3 showed no
evidence of common amino sugars, but did display
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Figure 6. HMBC spectrum of fraction 7.

two intense singlets at 3.82 and 3.84 ppm along with sig-
nals characteristic of GalA oligomers (Table 3). The
TOCSY spectrum showed the presence of seven different
sugar spin systems. Two of these corresponded to a- and
B-reducing GalA residues, one corresponded to a nonre-
ducing GalA residue, and two to internal a-(1-4) GalA
residues. The remaining two spin systems, with H-1 at
5.17 and 5.18, were of about half the intensity of the
nonreducing terminal GalA. The downfield shift of the
H-1 and H-4 and large downfield shift of H-5 of these
residues suggested that the sugars are involved in an
ester or amide link. Thus, there appeared to be two iso-
mers of a GalAs oligomer linked to something with a
simple structure of a mass 103. Perrone et al.*” have syn-
thesized amino acid amides between lysine and GalA
oligomers; however, of the common amino acids, only
cysteine has the correct molecular weight to be the
adduct. But, it would give a different NMR spectrum.
Amidated pectins are made by treating high methoxyl
pectins with ammonia. We reasoned that perhaps,
during the preparation of the watermelon cell walls
using Tris-buffered [tri(hydroxymethyl)aminomethane-
buffered] phenol, the Tris may have displaced some of
the methyl esters. Tris has the correct molecular weight
(121) to add 103 to the mass of an oligomer if it is ami-
dated onto it. Tris in D,O should give an intense singlet
in the "H NMR spectrum. Upon amidation of a GalA
residue, both cis and trans isomers of the amide bond
can form. After identification of key chemical shifts

from TOCSY and HMQC spectra, we deduced from
the HMBC spectrum that Tris is in an amide linkage
(approximately 50% cis and 50% trans) to the second
GalA in the oligomer. There is a correlation (5.07-
75.88 ppm) between H-1 of the nonreducing terminal
GalA and H-4 of the amidated GalA. There is a very
strong correlation between the hydroxymethyl H sing-
lets at 3.82 and 3.85 ppm from the two isomers and a
carbon at 62.27 ppm that has no correlation in the
HMQC spectrum. Thus, there seems to be a quaternary
carbon attached to three identical hydroxymethyl
groups. We conclude that the oligomer is a pentamer
of GalA with a (tri(hydroxymethyl)aminomethane)
amide in either the cis or trans configuration.

If the watermelon cell walls were prepared using phos-
phate buffer during the homogenization step rather than
Tris-buffered phenol or phenol-acetic acid—water, none
of the amidated oligosaccharides were obtained. In addi-
tion, although we did produce a similar yield of NaOH
extract from phosphate buffer-prepared walls, it did not
give significant amounts of XGA oligomers upon EPG
digestion. This is not surprising since the juice from
crushed watermelon was found to degrade fluorescent-
labeled GalA oligomers rapidly. Thus, the EPG-suscep-
tible XGA would be lost during the wall preparation.

From the structures of the oligomers we have identi-
fied, we can propose what is required for a xylogalactu-
ronan to be degraded by the EPG. We have shown
previously that the EPG of A. niger purchased from
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Fraction no.* Mass® Composition Potential structure®
22 545.12, 567.1 GalA;-H 000
23 545.16 GalAs-H 000
(Peak 3) 24 1000.5, 1022.48 GalA;_Tris-amide-H OTOOO
(Peak 4) 25 853.51 GalA,Xyl-H X000
(Peak 4) 26 853.27 GalA4Xyl-H X000
(Peak 4) 27 853.31 GalA4Xyl-H X000
1161.45, 1183.42 GalA;sXyl,-H XX000
1308.5, 1330.5 GalAsXyl_Tris-amide-H XTOOO
28 1161.59, 1183.62 GalA;sXyl,-H XX000
29 1161.18 GalAsXyl,-H XXO000
1176.19, 1198.18 GalAg_Tris-amide-H OXTOOO
1469.17, 1491.17 GalAgXyl;-H XXX000
1616.17 GalA;Xyl, Tris-amide-H XOXTOOO ?
(Peak 6) 30 1029.3, 1051.3, 1067.3 GalAsXyl-H 0XO00
1176.37, 1198.3 GalAg_Tris-amide-H OOTOOO
1469.4, 1491.37 GalAgXyl;-H XXX000
31 1029.4, 1051.3 GalA;sXyl-H 0X000
1337.4 GalAgXyl,-H X0OX000
1484.5, 1506.5 GalAgXyl_Tris-amide-H XOTOOO ?
1777.5 GalA;Xyl,-H XXXX000
1924.6 GalAgXyl, Tris-amide-H XOXO0TOOO ?
(Peak 7) 32 1337.5 GalAgXyl,-H XO0X000
(Peak 7) 33 1337.67, 1359.5 GalAgXyl,-H X0OXO000
(Peak 7) 34 1337.28, 1359.3 GalAgXyl,-H X0OX000
1645.35 GalA;Xyl;-H XOXX000 ?
35 1205.24, 1227.21 GalAgXyl-H 00XO000
1645.35, 1667.32 GalA;Xyl;-H XOXX000 ?
36 1205.37, 1227.28, 1243.25 GalAgXyl-H 00X000
1953.26 GalAgXyl,-H XOXO0XO000 ?
37 1513.5, 1535.49 GalA,Xyl,-H 0X0XO00O0 ?
38 1513.6, 1535.59 GalA;Xyl,-H 0X0OX000 ?
1821.69, 1843.65 GalAgXyl;-H X0OX0X000 ?
39 1513.66 GalA;Xyl,-H 0O0XX000 ?
1645.73 GalA;Xyl;-H XOXX000 ?
1821.75, 1843.73 GalAgXyl;-H X0O0X0OX000 ?
2129.86 GalAgXyl,-H XOXO0OXX000 ?
40 1821.39 GalAgXyls-H
2129.46 GalAoXyl,-H
41 897.5, 919.49 GalAs-H
1205.65, 1227.59 GalAgXyl;-H
1513.77, 1535.59 GalA;Xyl,-H
1689.8 GalAgXyl,-H
1821.84 GalAgXyls-H
2129.9 GalAoXyl,-H
42 1513.38 GalA;Xyl,-H
1689.39, 1711.36, 1733.36 GalAgXyl,-H
43 1689.53, 1711.5 GalAgXyl,-H
1997.6 GalAyXyl;-H
44 1821.63 GalAgXyls-H
1997.5 GalAyXyl;-H
2129.73 GalAyXyl,-H
2305.8, 2327.65 GalA | Xyl,-H
2613.65 GalA, Xyls-H
45 2129.46 GalA¢Xyl,-H

2305.52, 2327.42
2613.42, 2635.3
2921.64, 2943.13

GalA10Xy14-H
GalA 1 le15'H
GalA 1 2Xy16-H

4 Fraction numbers are 1-min fractions from the PA1 column; peak numbers refer to Figure 1. The fraction numbers and elution times in Figure 1 are
offset by 3 min because of the time it takes for the samples to pass through the reaction coil of the permanganate detection system.

®The second number in this column is m/z [M—H+Na] and the third (if present) is m/z [M—H=+K].

€O’ denotes a GalA residue; ‘X’ a xylosylated GalA residue; “T” a GalA residue with Tris in amide linkage; ‘?” other structures are also consistent

with the data.
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Table 3. 'H and '>*C NMR chemical shifts for the oligosaccharide eluting in peak 3 from the PA1 column

Residue 1 2 3 4 5
—4)-0-pD-GalAp-(1— 5.073 3.794 3.932 4.277 4.756
99.228 68.595 69.859 70.893 72.541
—4,6)-0-D-GalAp-(1— 5.177 3.817 4.056 4.515 4.851
99.625 68.251 68.595 75.717 71.330
—4,6)-0-D-GalAp-(1— 5.161 3.817 4.056 4.515 4.851
99.743 68.251 68.595 78.359 71.330
—4)-0-p-GalAp-(1—> 5.072 3.791 4.501 4.436 4.800
99.034 68.251 72.031 79.933 71.472
—4)-0-pD-GalAp-(1— 5.098 3.755 4.012 4.427 4.748
99.269 72.501 69.055 78.703 71.543
—4)-0-GalAp 5.320 3.852 4.011 4.439 4.427
92.845 68.366 69.055 78.933 70.718
—4)-B-GalAp 4.622 3.517 3.764 4.400 4.056
96.474 71.697 72.501 78.014 74.339

Megazyme can recognize and cleave homogalacturon-
ans as short as four GalA residues so long as they are
not methyl esterified. The bond between the third and
fourth residues is the one which is hydrolyzed. We were
surprised to find that the most abundant XGA oligo-
mers this EPG produces from the XGA of watermelon
have a Xyl residue at their nonreducing ends. It appears
that the position in the active site of the enzyme that
binds the last of the four residues can accommodate a
xylose residue on O-3 of the GalA residue. On the other
hand, the other three positions appear not to be able to
accommodate xylose side branches, since there are
always three nonxylosylated GalA residues at the reduc-
ing end of the oligomers. The presence of oligomers
starting with a nonsubstituted GalA indicates that there
must have been some regions in the original XGA poly-
mer with at least four adjacent nonxylosylated GalA
residues. In the case of Tris-amidated pectin, the Tris
cannot be accommodated in the active site of the
enzyme, so the smallest oligomer containing Tris must
start with an unsubstituted GalA and end in three
unsubstituted GalA residues.
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