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STELLINGEN 

1. Ishii mag op basis van afwezigheid van feruloylesterase activiteit in Driselase niet 
aannemen dat dit enzympreparaat geen andere esterases bevat. De conclusie dat 
rhamnogalacturonaan uit bamboescheuten uit drie regios met verschillende 
acetyleringsgraad bestaat, is daarom niet gerechtvaardigd. 

Ishii, T. (1995) Mokuzai Gakkaishi 41, 561-572. 

2. Te vaak worden enzymen op basis van hun sequenties geclassificeerd, zonder de 
substraat specificiteit te toetsen. 

3. Het is onjuist om de aanwezigheid van xylose in pectine klakkeloos te interpreteren 

als behorende tot een xylaan-pectine complex. 

Coimbra, M.A., Rigby, N.M., Selvendran, R.R., and Waldron, K.W. (1995) Carbohydr. Polym. 27, 
277-284. 

4. Het ligt niet voor de hand dat een exo-galacturonidase nevenactiviteit in de door 
Lerouge et al. gebruikte preparaten inwerkt op zijketens van rhamnogalacturonaan I. 

Lerouge, P., O'Neill, M.A., Darvill, A.G., and Albersheim, P. (1993) Carbohydr. Res. 243, 359-371. 

5. Het tegen beter weten in toeschrijven van B-glucanase activiteit aan CBHII door 
Henriksson et al. roept twijfels op omtrent hun wetenschappelijke integriteit. 

Henriksson, K., Teleman, A., Suortti, T., Reinikainen, T., Jaskari, J., Teleman, O., and Poutanen, 
K. (1995) Carbohydr. Polym. 26, 109-119. 
Reinikainen, T., Henriksson, K., Siika-aho, M., Teleman, O., and Poutanen, K. (1995) Enzyme 
Microb. Technol. 17, 888-892. 

6. De door Shao et al. gebruikte methodieken, alsmede de interpretatie van de resultaten 
t.a.v. de substraatspecificiteit van a-glucuronidase zijn ontoereikend. 

Shao, W., Obi, S.K.C., Puis, J., and Wiegel, J. (1995) Appl. Environ. Microbiol. 61, 1077-1081. 

7. Nieuwe ontwikkelingen als "combinatorial chemistry", "direct evolution" en "good 
laboratory practice" vragen om wetenschappers met goede administratieve 
vaardigheden. 

8. Het feit dat vele conflicten hun oorsprong in godsdienst vinden, komt de 
ge/oq/waardigheid van godsdiensten niet ten goede. 

9. In de slag om de kijkdichtheid heeft het "NOS 8 uur journaal" haar zakelijk karakter 
verloren. 



10. De amerikaanse "National Park Service Act" is gebaseerd op twee niet verenigbare 
doelstellingen: natuurbehoud en volksvermaak. 

The National Park Service Act (1916) U.S. Statutes at Large 39, 535. 

11. Gezien de veranderende taak van de krijgsmacht zou een "peace-keeping" stage in 
oorlogsgebied onderdeel van de militaire opleiding moeten zijn. 

12. Uit commercieel oogpunt verdient het aanbeveling om de reclameblokken op de 
diverse televisiekanalen te synchroniseren, zodat ook de aandacht van de "zappende" 
kijker gevangen wordt. 

Stellingen behorende bij het proefschrift 
'ENZYMIC MODIFICATION OF CELLULOSE-XYLOGLUCAN NETWORKS 

Implications for fruit juice processing' 
Jean-Paul Vincken 

Wageningen, 24 mei 1996 
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ABSTRACT 

Xyloglucans play an important role in connecting cellulose microfibrils in the primary 
cell wall of plants, and the resulting cellulose-xyloglucan network is thought to 
determine the strength of these walls. Xyloglucans were isolated from apple fruit and 
potato tuber cell wall material by alkaline extraction and their primary structures were 
determined. Major differences between these two polysaccharides were their degree of 
backbone branching and the presence of fucosyl and arabinosyl residues. 

The substrate specificity of three endoglucanases from Trichoderma viride (endol, 
endolV and endoV) was investigated. The target substrate of endol is cellulose, that of 
endolV xyloglucan, whereas endoV is the most versatile endoglucanase having the 
ability of degrading both substrates. EndolV and endoV differ in their mode of action 
towards potato xyloglucan. Further, strong indications were obtained that xyloglucanase 
activity is related to a long array of substrate-binding sites. 

The degradation of the cellulose-xyloglucan network in isolated cell wall material from 
apple fruit involves several glucanase activities. Xyloglucanase activity is important to 
make cell wall embedded cellulose more accessible to true cellulolytic enzymes such as 
endol and cellobiohydrolase. Extensive degradation is required because xyloglucan 
fragments having a backbone of 20 glucosyl residues (five building units) still bind to 
cellulose surfaces. These results might explain why fungi excrete so many different 
kinds of endoglucanases. 

When the cell walls of living apple fruit tissue were treated with pectin lyase and a 
mixture of glucanases from Trichoderma viride (liquefaction), the ease with which the 
apple tissue disintegrated, seemed to depend on the maturity of the fruit. The 
disintegration of apple fruit tissue during liquefaction correlates to the level of (ripening-
related) xyloglucan endotransglycosylase activity in apple fruit. An hypothesis for the 
synergism of fungal and plant glucanases is put forward. Under certain circumstances 
(controlled liquefaction) the cellulose-xyloglucan network can be modified in such a way, 
that a stable cellulose-based cloud is formed in the resulting apple juice. The significance 
of these observations for juice manufacturing is discussed. 
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LIST OF ABBREVIATIONS 

APfxg apple fiicoxyloglucan 
APxg apple xyloglucan after removal of fucose 
BSA bovine serum albumine 
CBD cellulose-binding domain 
CBH cellobiohydrolase 
CDTA 1,2-cyclohexylene-dinitrilotetra acetic acid 
CMC carboxymethyl cellulose 
DA degree of acetylation 
DEAE diethyl amino ethyl 
DM degree of methylation 
DMSO dimethylsulphoxide 
DP degree of polymerization 
DTT dithiothreitol 
EG endoglucanase described in literature (various sources) 
endol, etc. endoglucanase I from Trichoderma viride, etc. 
exol, etc. exoglucanase I from Trichoderma viride, etc. 
GC gas chromatography 
'H-NMR proton nuclear magnetic resonance 
HOAc acetic acid 
HPAEC high-performance anion-exchange chromatography 
HPLC high-performance liquid chromatography 
HPSEC high-performance size-exclusion chromatography 
MHR modified hairy regions 
mol wt molecular weight 
NaOAc sodium acetate 
PAD pulsed amperometric detection 
PED pulsed electrochemical detection 
PG polygalacturonase 
PL pectin lyase 
PME pectin methylesterase 
POsxg potato arabinoxyloglucan 
PS-*PS polysaccharide to polysaccharide 
PS-*OS polysaccharide to oligosaccharide 
PVPP polyvinylpolypyrrolidone 
TFA trifluoro acetic acid 
WUS water-unextractable solids 
XET xyloglucan endotransglycosylase 
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Ara, Ara/ arabinose, arabinofuranose 
Fuc, Fucp fucose, fucopyranose 
Gal,Gal/? galactose, galactopyranose 
GalA galacturonic acid 
Glc, Glc/? glucose, glucopyranose 
Man mannose 
Rha rhamnose 
Xyl, Xyl/7 xylose, xylopyranose 
G2, G3, etc. cellobiose, cellotriose, etc. 
XXXG, etc. xyloglucan oligosaccharides according to the commonly applied 

nomenclature which is explained in the introduction of this thesis 
[••]G xyloglucan oligosaccharide with, between brackets, two elements (G, X, L, 

F, S) of which the exact order is unknown 
[xg]B xyloglucan fragments that are composed of n building units 
[xg]„ polymeric xyloglucan 
pa-[xg]i population of xyloglucan oligosaccharides containing molecules that are 

labelled with 2-aminopyridine by reductive amination 
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CHAPTER 1 

General Introduction 

FRUIT JUICE PROCESSING, RETROSPECT AND PERSPECT 

Since the 1930's there has been a gradual increase in the use of enzymes in fruit juice 
processing. This was partly due to low capital investments involved in introducing this 
new technology, but also socio-economic changes have played a role. An example of the 
latter is that fruits were no longer processed during 24 hours a day during green season, 
but rather over a longer time span with shorter working-days. Therefore, storage of the 
fruits was inevitable and during this period structural changes could take place which 
hampered fruit juice manufacturing [1,2]. 

An increasing knowledge of plant cell walls in combination with identification and 
characterization of technological relevant enzymes, as well as more sophisticated methods 
for producing enzymes and protein purification, triggered new developments in fruit juice 
processing, which are outlined below in chronological order. Conventional pressing often 
yielded cloudy juices due to the stabilization of pulp particles by pectin. Also, aroma 
stripping followed by refridgeration sometimes resulted in gelatinization and subsequent 
retrogradation of starch. Clarification of these juices could easily be done by application 
of pectinases (such as PL1 or PG plus PME, active towards highly methoxylated pectin) 
and a-amylases, respectively [2]. After this, pulpenzyming was introduced, a process 
using similar pectinases as required for clarification [1]. Here, the enzymes were added to 
the pulp of, for instance, black currants or overripe apples. This fruit material contained 
such large amounts of soluble pectin that gelation occurred, which resulted in an 
impressable mass. Pectinases readily degraded this gel and only little pressure input 
drained the juice from the pomace. The liquefaction process goes beyond the previous 
treatment in that a complete degradation of the plant cell wall is realized and presses could 
be replaced by decanters [1-3]. Liquefaction is achieved by supplementing the pectinases 
with cellulases. Advantages of this operation were a high yield compared to pulpenzyming 
and low investments and costs. However, a major drawback was haze formation in, for 
instance, apple juice. When this haze was identified as being an a-(l-*5)-arabinan [4], 
attention was drawn to the group of the arabinanases [5,6]. The haze appeared to be 
formed upon linearization of a branched arabinan by an arabinofuranosidase and could be 
effectively removed by an endo-arabinanase [7]. As a consequence of this, some existing 
enzyme preparations used for liquefaction were enriched in limiting endo-arabinanase 
activity. The example of the arabinan haze illustrates how ill-defined commercial enzyme 
preparations can be. In general, they contain many side-activities, some of which may be 

Abbreviations: see page viii. 
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desirable and others which are undesirable. Many of these activities have been purified 
and their mechanism of action has been fairly well established. At present, research is 
directed towards the large-scale production of relatively pure enzymes with genetically 
manipulated microorganisms. A goal for the near future is to combine these single enzyme 
components into tailor-made mixtures. With respect to liquefaction, these mixtures should 
be formulated in such a way, that the plant cell walls can be degraded with a minimum 
number of enzymes. Advantages of these new preparations are obvious. They can be 
easily adapted to any kind of application in fruit juice processing (different fruits, 
maturity, etc.), and additionally they contain much smaller amounts of undesirable side 
activities. 

In order to formulate tailor-made preparations for liquefaction of apple fruit, Renard 
[8] has studied the degradation of isolated apple fruit cell walls by individual enzymes, as 
well as by their combinations. An important conclusion of that work was that one 
endoglucanase, in particular, acted synergistically with PL. It seemed that the action of the 
endoglucanase was directed predominantly towards xyloglucan. Although this 
polysaccharide is an important constituent of many plant cell walls [9], its degradation has 
received little attention compared to pectic polysaccharides and cellulose. The observations 
of Renard have prompted this more detailed study of the action of glucanases towards 
xyloglucan. In the next paragraphs, a short update on plant cell walls is given. Further, 
the structure of cellulose and xyloglucan, as well as their degradation is discussed. 

A THREE-DIMENSIONAL CELL WALL CONCEPT 

Recently, the architecture of the primary cell wall of plants has been reviewed by 
several authors [10,11], and new models for the structure of these walls have been put 
forward. These new models differ from the previous one proposed by Keegstra et al. [12] 
in that the coherence of the wall is not predominantly determined by covalent crosslinking 
of various wall components. McCann et al. [13] have analyzed shadowed replicas of onion 
cell walls by electron microscopy after graded extraction with several solutions. From 
these observations a scale model of the primary cell wall of onion parenchyma was 
constructed (Fig. 1) [10]. It is expected that the general features of this model are also 
applicable to parenchyma tissues other than onion. The primary cell wall (width =75 nm) 
is flanked by a plasma membrane and a middle lamella (width =50 nm). The latter is 
predominantly composed of low esterified pectins. The cell wall can accomodate three to 
four lamellae of cellulose microfibrils (diameter 5-12 nm; indeterminate length). The 
microfibrils in one layer run parallel, and no weaving between layers is observed. The 
pore size of unextracted walls is c. 10 nm which corresponded well to in vivo 
determinations performed by others [14,15]. After removal of pectin by mild extraction 
procedures, the pore size increased to c. 20-50 nm. Similar observations were done by 
Baron-Epel et al. [15] after treatment of soybean cell walls with pectinases. Extraction of 
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PECTIN 

CELLULOSE 

HEMICELLULOSE 

FIGURE 1. A model for the cell wall of onion parenchyma tissue [10]. The most important 
hemicellulose is xyloglucan. Scale bar represents 50 nm. 

pectin did not affect the integrity of the wall. The spacing of c. 30 nm between lamellae 
was maintained. The cell wall framework collapses upon extraction of xyloglucans by 
strong alkali solutions. This is attended with swelling and lateral association of 
microfibrils [13]. The length of individual xyloglucan molecules (30-400 nm) generally 
exceeds the distance between lamellae many times, which suggests that these 
polysaccharides can interlink several microfibrils. Typically, xyloglucans seem to be built 
of blocks of 30 nm repeats; one such repeat corresponds to c. 60 Glc residues (or 15 
xyloglucan oligosaccharides, see further) [16,17]. These observations fueled the hypothesis 
in which the cell wall is composed of two independent matrices. The strength of the wall 
is determined by the cellulose-xyloglucan network, while the porosity is controlled by 
pectins. 

More evidence for two independent matrices was obtained by studying the cell wall 
structure of tomato cell which had been adapted to growth on the cellulose-synthesis 
inhibitor 2,6-dichlorobenzonitrile [18,19]. In these adapted cells, newly synthesized 
xyloglucan molecules have no cellulose surface to bind to and are not incorperated into the 
wall. Consequently, the adapted cells lack a cellulose-xyloglucan network, the load-
bearing function of which is taken over by Ca2+ bridged pectate. The tensile strength of 
these adapted cells is reduced compared to that of normal cells whereas the porosity is 
similar. Typically, the thickness of the wall is not affected by the absence of cellulose and 
xyloglucan [20]. 
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MODIFICATION OF CELLULOSE-XYLOGLUCAN NETWORKS 

Enzymic degradation of cellulose 
Cellulose is the most abundant natural polysaccharide. It is found in the cell walls of 

algae (for instance Valonia) and that of higher plants, but also as an excretion product 
from certain bacteria (for instance Acetobacter xylinum). Although cellulose is composed 
of only B-(l-»4)-D-Glcp residues, its actual structure is much more complicated than this 
single building unit suggests. Generally, glucan chains derived from the primary cell walls 
of higher plants have a DP of 2000-6000 [21]. Several glucan chains (10 to 250) 
aggregate laterally by hydrogen bonding to form microfibrils, the width of which is 
species-dependent. Native celluloses have in common that they are composed of cellulose 
I, i.e. the chains have a parallel arrangement (all reducing chain ends point in one 
direction) [22,23]. Next to different (crystalline) allomorphs (I„ and I6) [24], cellulose 
structure is further diversified by the presence of amorphous regions within microfibrils. 
The former have a highly ordered structure whereas the molecules in the latter have a 
completely random orientation. The degree of crystallinity depends on the origin of the 
cellulose: 40-50% in wood and bacterial cellulose, c. 60% in cotton and up to 70% for 
some algae [25]. 

The enzymic conversion of cellulose by cellulase has been extensively studied. 
Cellulase preparations contain several glucanases, the majority of which are built of two 
domains: a catalytic core and a CBD [26]. Both parts of the enzyme are essential for the 
degradation of water-insoluble substrates like cellulose [27]. Endoglucanases cleave the 
amorphous regions of cellulose. By doing this, new chain ends are generated which are 
readily attacked by CBHs [28]. The latter proceed along the glucan chain, while splitting 
off G2. In principle, cellulose can be completely degraded by this concerted action of 
glucanases. The ratio between endoglucanases and exoglucanases is very important in this 
process [28]. Until now, relatively little is known about the degradation of cellulose which 
is buried in the primary cell walls of plants. 

Enzymes active towards xyloglucan 
Although the primary structure of xyloglucan is greatly species-dependent, they all 

share a cellulosic B-(l-»4)-Glcp backbone, with a-Xyl/j residues attached to the 6-position 
ofGlc, as a common structural feature [9]. Branching of the backbone often follows a 

\ \ \ \ 

FIGURE 2. Schematic representation of pea xyloglucan [9]. • , B-D-Glcp-(l-»4)-; O, a-D-Xyl/>-
(l-»6)-; A, 6-D-Gah>(l-»2)-; • , a-L-Fuc/?-(l-*2)-. Endoglucanase can cleave this xyloglucan 
molecule at the linkages indicated by arrows. 
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TABLE I. One-letter codes 
oligosaccharides. 

Structure represented 

for differently substituted B-D-Glcp 

Code 
letter 

residues of xyloglucan 

Mnemonic 

-B-D-Glcp-

-B-D-Glc/)-
a-D-Xylp-a-^)-1 

-B-D-GIcp-
B-D-Gal/Kl-^-a-D-Xyl/Kl-G)-1 

-B-D-Glcp-
a-L-Fucp-( 1 -»2)-6-D-Gal/>-( l-2)-a-D-Xy!/>-( 1 ̂ 6) J 

-B-D-Glcp-
a-L-Ara/-(l-2)-a-D-Xyl/7-(1^6)J 

a-L-Ara/Hl^h 
-6-D-Glcp-

a-D-Xy\p-(l-^6)-> 

6-D-Xyl/7-(l-*2)-, 
-B-D-Glcp-

a-D-Xyl/Kl-6)-1 

a-L-Ara/Hl^-B-D-Xylp-O-^h 
-B-D-Glcp-

tv-D-Xyl/7-(l-»6)-J 

G 

X 

Glucose 

Xylose 

gaLactose 

Fucose 

Solanaceae 

Arabinose 

Beta-xylose 

follows A and B 

very regular pattern as is shown in Fig. 2. Next to a-D-Xyl/?-(l-*6)-sidechains, also 6-D-
Gal/>-(l-»2)-a-D-Xyl/>-(l-*6)-, a-L-Fuqp-(l-»2)-B-D-Gal/>-(l-»2)-a-D-Xyl/7-(l-»6)-, and a-
L-Ara/-(l-*2)-a-D-Xylp-(l-»6)-sidechains occur. With the elucidation of more and more 
oligomeric structures, the configuration of these sidechains appeared to be very consistent 
for all xyloglucans studied. In the meantime, a complex system of trivial names for 
individual oligosaccharides was evolving as well. Because this was getting very confusing, 
an unambiguous nomenclature was developed [29]. As with peptide nomenclature, code 
letters were defined for slices of backbone, i.e. the sidechain(s) and the backbone B-D-Glc 
residue itself. The code letters are explained in Table I. This nomenclature is used 
throughout this thesis. 

Xyloglucans can be degraded by similar cellulase preparations as used for the 
degradation of cellulose. The glucan backbone is cleaved next to an unbranched Glc 
residue as is indicated in Fig. 2. Relatively little is known about the ability of the 
individual endoglucanases to degrade xyloglucan. The work of Renard [8] indicates that 
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PS- •OS 

+ H-H-IH 
• 9 m 

PS- •PS 

^L BW-ttH—BIB—flB-HH—Bafl-Mla C M BaB] Ban Ball-

III III III w ® 9 ® ® © www 

FIGURE 3. Schematic representation of transglycosylation reactions catalyzed by XET. Structure 
with open symbols represents the donor substrate; shaded molecules represent acceptor substrate. 
Symbols are explained in Fig. 2. 

not all endoglucanases are equally efficient in doing this. 
Whereas fungal endoglucanases are often active towards CMC and xyloglucan, plants 

seem to be equipped with highly specific xyloglucanases [30-33]. Until very recently, it 
was thought that some of these enzymes were activatable by xyloglucan oligosaccharides 
[31,32]. However, it appeared that these enzymes are actually transglycosylases [34-36]. 
The mechanism of action of xyloglucan endotransglycosylase (XET) is illustrated by 
Fig. 3. XET catalyzes the cleavage of a xyloglucan molecule (donor substrate), and 
attaches the nonreducing moiety of the donor molecule to a xyloglucan acceptor [37,38]. 
Only xyloglucan serves as a donor substrate, CMC and cellulose are not recognized [37]. 
XET activity decreases dramatically when the donor substrate becomes shorter [38]. Only 
very little activity was found on donor substrates of 10 kDa (consisting of c. 8 xyloglucan 
oligosaccharides). Polymeric xyloglucans (PS) as well as xyloglucan oligosaccharides (OS) 
serve as acceptor substrates for XET, although it is not known if these acceptors are 
equally effective. During PS-»PS endotransglycosylation, the molecular weight distribution 
of xyloglucan molecules broadens, but the average molecular weight remains 
approximately the same [37,39]. PS-*OS endotransglycosylation results in a strong 
decrease in molecular weight. This reaction has practically the same effect as 
endohydrolysis catalyzed by endoglucanases. The PS-»OS endotransglycosylation also 
explains that some endoglucanases were thought to be oligosaccharide-activatable [31,32]. 
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Several oligosaccharides have been tested as acceptor substrates. No transglycosylation 
was observed with G2, G4 to G6, laminarihexaose, FG, XGG and GXG [37,38,40]. Some 
xyloglucan oligosaccharides appeared to be more efficient than others (efficiency in 
decreasing order XLLG, XXXG and XXFG) [37]. In a separate study it was shown that 
XXXG was a better acceptor than XXG [40]. It was concluded that XET requires two 
adjacent Xyl residues as in XXG, which is the smallest acceptor molecule. 

AIM AND OUTLINE OF THIS THESIS 

Two observations underlie the work described in this thesis. First, Renard [8] has 
shown that endoglucanases can differ in their specificity towards xyloglucans. With 
respect to liquefaction, this is an important observation because it implies that some 
endoglucanases are more suitable for tailor-made enzyme preparations than others. 
Beldman and coworkers [41] have purified six endoglucanases from a Trichoderma viride 
preparation. Only endol and endoIV have been tested on isolated cell wall material from 
apple. There may be (a) better candidate(s) for tailor-made preparations among the four 
untested endoglucanases. Second, PG antisense tomatoes have failed to confirm that PG is 
primarily responsible for fruit softening [42]. Although a possible role for PME in the 
softening process was not taken into account, these experiments provide some evidence 
that pectin does not determine the strength of the cell wall. This is in accordance with new 
cell wall concepts, which predict an important role for xyloglucan in determining the 
coherence of the cell wall [10,11]. These new concepts suggest that xyloglucan crosslinks 
are the "Achilles heel" of the cell wall. It is expected that enzymes which are targeted to 
these crosslinks are of great importance for liquefaction. 

The aim of this thesis is (i) to select the most suitable endoglucanase for liquefaction of 
apple fruit, (ii) to determine why some endoglucanases have xyloglucanase activity and 
others have little, (iii) to extrapolate our results, obtained by studying the degradation of 
isolated cell wall material, to native apple tissue. First, cell wall material was isolated 
from apples, and this material was treated with several combinations of glucanases 
(Chapter 2). It appears that xyloglucanase activity plays a role in fine-tuning the 
degradation of cellulose that is buried in the plant cell wall; cellulose degradation is 
enhanced considerably upon removal of its xyloglucan coating. The xyloglucan 
degradation products, which are released during these treatments are characterized, in 
Chapter 3 and 4. These results provide a "fingerprint" of apple xyloglucan, which is used 
throughout the rest of the thesis. Chapter 5 describes the isolation and (partial) 
characterization of a xyloglucan from potato. This polysaccharide has a less branched 
backbone and is used to study the mode of action of two endoglucanases with 
xyloglucanase activity. The question why some endoglucanases have xyloglucanase 
activity and others have little is addressed in Chapter 6. To assess this question, the 
number of substrate-binding sites of three different endoglucanases is determined, and 
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these results are related to their activity on xyloglucan. The adsorption of xyloglucan to 
cellulose was studied in Chapter 7. These experiments suggest that xyloglucan should be 
degraded extensively before cellulose surfaces in plant cell walls become accessible for 
cellulolytic enzymes. In order to investigate whether our results on isolated cell wall 
material could be extrapolated to the liquefaction process, the degradation of native apple 
tissue was studied in Chapter 8. In addition, it is shown that XET is present in apples and 
that this enzyme is active during liquefaction. Synergism between fungal xyloglucanases 
and XET is hypothesized, based on the observation that raw apple tissue disintegrates 
faster than blanched material. Compelling evidence for this theory is obtained in 
Chapter 9 where we show that XET in apple is ripening-related. Apples with a high XET 
level require less cellulase for liquefaction than those with low XET levels. A cellulose-
based cloud can be formed under certain conditions in the liquefaction juice of apples 
having a high XET level. The implications of our work are discussed in Chapter 10. 
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CHAPTER 2 

The Effect of Xyloglucans on the Degradation of Cell Wall 
Embedded Cellulose by the Combined Action of Cellobiohydrolase 

and Endoglucanases from Trichoderma viride1 

Two endoglucanases of Trichoderma viride. endol and endolV, were assayed for their 
activity towards alkali-extracted apple xyloglucans. EndolV was shown to have a 60-
fold higher activity towards xyloglucan than endol, whereas both enzymes showed a 
similar activity towards carboxymethyl cellulose. The enzymic degradation of cellulose 
embedded in the complex cell wall matrix of apple fruit tissue has been studied using 
cellobiohydrolase (CBH) and these two different endoglucanases. A high-performance 
liquid chromatographic method was used to monitor the release of cellobiose and 
oligomeric xyloglucan fragments. Synergistic action between CBH and endoglucanases 
on cell wall embedded cellulose was. with respect to their optimal ratio, slightly different 
from that reported for crystalline cellulose. The combination of endolV and CBH 
solubilized twice as much cellobiose compared to a combination of endol and CBH. 
Apparently, the concomitant removal of the xyloglucan coating from cellulose 
microfibrils by endolV is essential for an efficient degradation of cellulose in a complex 
matrix. Cellulose degradation slightly enhanced the solubilization of xyloglucans. These 
results indicate optimal degradation of cell wall embedded cellulose by a three-enzyme 
system consisting of an endoglucanase with high affinity towards cellulose (endol), a 
xyloglucanase (endolV), and CBH. 

Substrates such as the wood cellulose preparation Avicel have often been used to 
demonstrate the synergistic action of CBH" and endoglucanases in the enzymic 
degradation of cellulose to G2. Although several mechanisms to explain this synergism 
have been proposed [1-4], there is still debate concerning the exact mechanism of 
cellulose hydrolysis. The adsorption behavior of the various endoglucanases on crystalline 
cellulose seems to play an important role and explains, at least qualitatively, the difference 
in optimal endoglucanase:CBH ratio in solution [2,3,5]. 

For the liquefaction of apple fruit tissue, efficient degradation of the bulk component of 
the primary cell wall, cellulose, is essential. Contrary to Avicel the accessibility of cell 
wall embedded cellulose is reduced by the presence of other cell wall constituents such as 
pectin and xyloglucan. Several authors [6,7] have demonstrated that the removal of pectin 
by purified pectolytic enzymes facilitates cellulose degradation by cellulases. Xyloglucans 
have received relatively little attention in this respect, although they hydrogen bond tightly 
to cellulose [8-10] and are also bound to other cell wall components [8,11]. Furthermore, 
xyloglucans seem to play a key role in cell growth [12-15] and ripening [16]. Therefore, 
their removal might not only facilitate cellulose degradation but might also be crucial for a 

'Vincken, J.-P., Beldman, G., and Voragen, A.G.J. (1994) Plant Physiol. 104, 99-107. 

Abbreviations: see page viii. 
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total collapse of the cohesion between cell wall polymers. 

With few exceptions [17-19], endoglucanases from plant and fungal origin are capable 

of hydrolyzing xyloglucan as well as CMC. The cellulase complex of Trichoderma viride 

has been shown to contain six distinct endoglucanases [20], which can be subdivided into 

a specific (endol, endoll, and endoIII) and a nonspecific (endoIV, endoV, and endoVI) 

class based on their ability to degrade xylans as well. A member of each class (endol and 

endoIV) has been tested on apple cell wall material, and the latter was found to have a 

more pronounced action [7,21]. In the present study the ability of both enzymes to 

degrade apple xyloglucan was assessed, and we discuss the consequences thereof for the 

enzymic degradation of cell wall embedded cellulose. 

EXPERIMENTAL 

Materials 
Raw materials.—Apples (Malus malus L., Rosaceae, cv. Golden Delicious) were harvested in 

mid-October, 1989, and stored in a controlled atmosphere (2°C, 2% 0 2 and 5% COj) for 4 
months. CMC (Akucell AF type 0305) was obtained from Akzo (Arnhem, The Netherlands). 

Enzymes.—Two endoglucanases (endol and endoIV; EC 3.2.1.4) and one CBH (EC 3.2.1.91), 
previously referred to as exoIII [20], were purified from a commercial preparation from 
Trichoderma viride (Maxazyme CI; Gist-Brocades, Delft, The Netherlands) as described by 
Beldmanef a/. [20]. 

Purification of APfxg 
Isolation of WUS.—After the cores were removed, the apples (5 kg) were microwaved (AKB 

276/PH, 4.2 kW; Philips, Eindhoven, The Netherlands) for 2 min at 2 kW (effective power 
output) in 1-kg portions to inactivate endogenous enzymes (PG and PME). The resulting material 
was peeled, ground, and extracted extensively with warm distilled water (50 °C) until the wash 
water contained minimal amounts of sugars. Solids were collected by centrifugation (20 min, 
50,000 g), and the residual material was freeze-dried and ground in a pulverisette 14 (sieve 
1.0 mm; Fritsch, Idar-Oberstein, Germany) and designated as WUS. 

Extraction of WUS.—WUS (2 g) was extracted with 0.05 M NaOH (200 mL) containing 5 mM 
CDTA for 16 h at 4 °C under continuous stirring. After the material was centrifuged (20 min, 
50,000 g) the residue was resuspended in 1 M KOH (320 mL) containing 1% (w/w) NaBH4, 
extracted for 16 h at 20 °C and centrifuged (20 min, 50,000 g). The latter procedure was repeated 
with this residue and 4 M KOH containing 1 % (w/w) NaBH4. Between sequential extraction steps, 
the residue was washed twice with distilled water. The final residue was acidified to pH 5 with 
HC1 and freeze dried. The corresponding supernatants were collected, acidified to pH 5 with HC1 
and dialyzed extensively against distilled water [22]. 

Purification of the 4 M KOH extract.—The 4 M KOH extract was depectinized on a DEAE 
Sepharose CL-6B column (40 x 440 mm, Pharmacia, Uppsala, Sweden), equilibrated with 50 mM 
NaOAc buffer (pH 5.0). After the sample (200 mL) was applied, the column was washed with 
400 mL of buffer. The fraction retained on the column was released by elution with 500 mL of 
1 M NaOAc buffer (pH 5.0). Fractions (16.5 mL) were assayed for both uronic acids and neutral 
sugar, pooled accordingly, dialyzed and freeze-dried. The neutral fraction consisted of xyloglucan. 

Incubations with purified enzymes 
All incubations were carried out in 100 mM succinate buffer (pH 4) containing 0.01% (w/v) 
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NaN3 at 40 °C. For each incubation the amount of protein (jwg or ng) as well as the corresponding 
catalytic activity (mU; pH 4; 40 °C) towards CMC are indicated. 

Xyloglucan degradation.—The purified xyloglucan (250 /xg) was dissolved in 100 jtL of buffer 
and incubated for 1 or 20 h with endol (400 ng, 10 mU) or endoIV (30 ng, 1 mU), respectively. 
Enzyme dosage was such that no substrate limitation occurred. The samples were then diluted 
twice, and the increase in reducing sugars was determined according to the procedure of Somogyi 
[23] using Glc for calibration. Similar experiments were done using CMC as a substrate. 

Enzymic degradation of WUS.—Incubations were carried out in triplicate with 20 mg of WUS, 
suspended in a total volume of 1.5 mL of buffer using head-over-tail mixing. Incubations 
contained 60 ng (29 mU) of CBH protein, and the dosage of endol and endoIV {3 (78 mU) and 
13 ng (383 mU), respectively} was based on their activities towards CMC at pH 4 and 40 °C, and 
was theoretically sufficient to hydrolyze the cellulose part to Glc within 12 h. After 24 h the 
reaction was either stopped or continued for another 24 h with or without enzyme addition. After 
incubation the samples were centrifuged (1 min, 20,000 g) and all supernatants were assayed for 
uronic acids and total neutral sugar. Sugar composition as well as mol wt distributions were 
determined only for the supernatants of the 48-h incubations with second enzyme addition. 

Synergism between endol and/or IV and CBH.—For time-course studies, 20 mg of WUS were 
suspended in a total volume of 1.5 mL of buffer containing 6.4 /ig (3 mU) of CBH and 1 nS of 
endol (26 mU) or endoIV (30 mU) {endoglucanase:CBH ratio of 0.16 (jig Mg1)} m^ incubated for 
defined time intervals up to 24 h. A second series differed from the above in incubation time (3 h) 
and a varying endoglucanase (endol or endoIV) amount {endoglucanase:CBH ratios ranging from 
0.02-30 (jig nS'1)}. In a last series endol and endoIV were mixed at fixed endoglucanase (6.1 /tg, 
160-180 mU) and CBH (6.4 /*g, 3 mU) quantities and also incubated for 3 h. The course of 
cellulose degradation was checked for linearity at a endoglucanase:CBH ratio of 5 (fig jig"1)- After 
the incubation mixtures were heated for 10 min at 100 °C to inactivate the enzymes and 
centrifuged (2 min, 20,000 g), the degradation products in the supernatant were analyzed by 
HPLC. 

Analytical methods 
Uronic acid content.—Uronic acids were estimated colorimetrically with an automated m-

hydroxydiphenyl test [24] using concentrated H2S04 containing 0.0125 M Na^Oy Water-
insoluble material was pretreated with 72% (w/w) H2S04 (1 h at 30 °C) and, after dilution with 
water, degraded by 1 M H2S04 (3 h at 100 °C) prior to analysis. GalA was used as a standard. 

Total neutral sugar content.—The total neutral sugar content was determined colorimetrically 
with an automated orcinol/H2S04 assay [25]. Glc was used as a standard. 

Neutral sugar composition.—Water-insoluble material was subjected to a 72% (w/w) H2S04 

prehydrolysis (1 h at 30 °C) followed, after dilution with water, by a 1 M H2S04 hydrolysis (3 h 
at 100 °C). Water-soluble material was hydrolyzed with 2 M TFA (1 h at 121 °C) [26]. Next, the 
released neutral sugars were converted into their alditol acetates [27] and separated on a 3-m x 
2-mm i.d. glass column (packed with Chrom WAW 80-100 mesh, coated with 3% OV275, 
Chrompack, Middelburg, The Netherlands) in a Carlo Erba Fractovap 2300 gas chromatograph 
(Milan, Italy) operated at 200 °C and equipped with a flame ionization detector set at 270 °C. 
Inositol was used as the internal standard. 

Glycosyl linkage composition.—The purified xyloglucan was methylated according to a 
modification of the Hakomori method [28] and subsequently dialyzed against water and dried by 
evaporation (airstream, room temperature). This procedure was repeated once. Next, the 
methylated xyloglucan was hydrolyzed using 2 M TFA (1 h at 121 °C), which was removed by 
evaporation (airstream, room temperature). Sugars were reduced by adding 0.2 mL of a freshly 
prepared 1.5 M ammonia solution containing 75 mg NaBD4 mL"1, and converted into alditol 
acetates [27]. The partially methylated alditol acetates (1 /*L) were analyzed by on-column 
injections on a fused silica capillary column (30-m x 0.32-mm i.d.; wall coated with DB 1701; 
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0.25-/tm film thickness; J & W Scientific, Folsom, CA, USA) in a Carlo-Erba Fractovap 4160 gas 
chromatograph equipped with a flame ionization detector set at 280 °C. The temperature program 
was 80*180 °C at 20 °C min1, 180-230 °C at 2 °C min1, and 230 °C for 3 min. Identification 
of the compounds was confirmed by GC-MS using a CP Sil 19 CB capillary column (26-m x 
0.22-mm i.d., 0.18-/wn film thickness; Chrompack Nederland B.V., Middelburg, The 
Netherlands) in an HP 5890 gas chromatograph coupled to a Hewlett-Packard mass-selective 
detector 5970-B and using a PAW-HP 300 Chem Station (Hewlett-Packard). The temperature 
program was 160-185 °C at 0.5 °C min1, 185-230 °C at 10 °C min1, and finally 230 °C for 
5.5 min. Derivatives were quantified according to their effective carbon response [29]. 

Protein content.—The protein content of WUS (N x 6.25) was determined by a semiautomated 
micro-Kjeldahl method. Soluble proteins (enzyme preparations, and the 4 M KOH extract) were 
quantified according to the method of Sedmak and Grossberg [30]. In this case, BSA was used as a 
standard. 

DA and DM.—The degree of acetyl and methyl esterification of the isolated WUS was 
estimated by HPLC using the procedure described by Voragen et al. [31]. 

Analysis of xyloglucan and cellulose degradation products.—HPLC was conducted at 85 °C 
with an SP 8800 HPLC pump system (Spectra Physics, San Jose\ CA, USA) fitted with a Shodex 
SE-61 refractometer (Showa Denko K.K., Tokyo, Japan) and an Aminex HPX-22H column (7.8 x 
300 mm; Bio-Rad, Richmond, CA, USA) combined with an AG 50W X4 guard column (7.8 x 
50 mm, Bio-Rad). The solvent was 5 mM H2S04 pumped at a flow rate of 0.2 mL min"1. The 
injection volume was 20 /tL. Maltodextrins were used for calibration. The mol wt distribution of 
released xyloglucan fragments was studied using HPSEC, which was performed on a SP 8800 
HPLC pump system (Spectra Physics) equipped with three BioGel TSK columns in series (40XL, 
30XL, 20XL; 300 x 7.5 mm; Bio-Rad) in combination with a TSK-XL guard column (40 x 6 mm) 
at 30 °C. Aliquots of 20 pL were injected and subsequently eluted with 0.4 M NaOAc (pH 3.0) at 
a flow rate of 0.8 mL min"'. The effluent was monitored using a Shodex SE-61 refractometer. This 
system was calibrated using dextran standards (10, 40, 70, 500 kDa; Pharmacia). 

RESULTS 

Extraction of apple material 
After extensive water extractions c. 1 % of the microwaved, ground apple material was 

recovered as WUS. The WUS consisted predominantly of sugars {c. 90% (w/w)}; the 
sugar composition is shown in Table I. During heat treatment of the apple fruit material 
much of the protein probably denatured and failed to dissolve in subsequent water washes. 
This might explain the relatively high protein content of 8% (w/w). The DM and DA of 
the WUS were calculated as a molar percentage of the GalA moiety, although acetyl 
groups have also been reported to be present on the Gal residues of sycamore xyloglucans 
[32]. Approximately 60% of the GalA residues contained a methyl group, and 26% 
contained acetyl groups, based on monosubstitution of the GalA residues. 

The WUS was subjected to a series of extractions. Most of the material was recovered 
in four different fractions: 0.05 M NaOH {5% (w/w)}, 1 M KOH {3% (w/w)}, 4 M 
KOH {8% (w/w)}, and the residue {80% (w/w)}. The 0.05 M NaOH extract consisted 
mainly of pectic material; the bulk of the xyloglucans was extracted by 4 M KOH (Table I 
and II). The residue contained mainly cellulose, although pectic material and xyloglucans 



Enzymic Degradation of Cellulose and Xyloglucan | 15 

TABLE I. Sugar composition (moI%) of WUS and WUS fractions obtained by 
sequential extractions. 

WUS 
0.05 M NaOH 
1 MKOH 
4MKOH 
Residue 

Rha 

1 
6 
1 
1 
1 

Fuc 

1 
-
3 
5 
1 

Ara 

13 
47 
15 
5 

13 

Xyl 

10 
4 

21 
29 
8 

Man 

2 
1 
4 
3 
3 

Gal 

9 
18 
13 
12 
8 

Glc 

42 
1 

31 
40 
60 

GalA 

22 
23 
12 
5 
6 

were still present in relatively large amounts. Both of the extraction yields and sugar 
compositions are in agreement with the findings of others [33,34]. 

Purification and degradation of apple xyloglucan 
The pectic material of the 4 M KOH extract could effectively be removed from neutral 

polysaccharides by anion-exchange chromatography. The latter was further characterized 
by methylation analysis (Table II). The 1,4,6-linked Glc, 1,2-linked Xyl, terminal Xyl, 
1,2-linked Gal, and terminal Gal, which are typical for xyloglucans, formed an important 
part of this fraction. Although the protein content of the WUS was relatively high, no 
protein was recovered in the neutral fraction of the 4 M KOH extract. The terminal Fuc 
(c. 6%) was therefore attributed to xyloglucan rather than to a glycoprotein [35]. 
Fucosylated oligosaccharides have been demonstrated in similarly extracted apple 
xyloglucan [36], which supports the above conclusion. This fraction is, therefore, referred 
to as APfxg. This xyloglucan had a degree of backbone substitution (C-6) of 65%. The 
APfxg was slightly contaminated with 1,4-linked Xyl (1%) and a branched (c. 10%) Man-

TABLE II. Glycosyl linkage composition of APfxg. 

Deduced 
linkage 

L-Ara/-(1-* 
L-Fucp-(1-* 
D-Gal/?-(l-
-2)-D-Gal/j-(l-
D-Xyl/?-(l-» 
-2)-D-Xyl/?-(l->-
-4)-D-Xylp-(l-
-6)-D-Glcp-(l-
-»4)-D-Glcp-(l-
-»4,6)-D-Glc/?-(l-
-»4)-D-Manp-(l-
->4,6)-D-Man/?-(l-* 

Molar 
ratio 

1 
6 
5 
8 

18 
10 
1 
1 

15 
29 
5 
1 

Total 

1 
6 

13 

29 

45 

6 

* Determined as l,4-di-O-acetyl-2,3,5-tri-0-methylarabinitol, 
etc.. 
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containing polysaccharide (c. 6%). It should be noted that a small percentage of 
undermethylation, especially of Glc, occurred. This was not further quantified because of 
poor separation of Glc and inositol. 

APfxg eluted as one population (mol wt c. 2,000 kDa) on HPSEC (data not shown). 
Upon treatment with the highly purified endoIV, this material was almost completely 
degraded to yield oligomers that eluted in the shaded peaks, as shown in Fig. IB (Aminex 
HPX 22H). Although the activity of endol and endoIV towards CMC was of the same 
order of magnitude (Table III), the latter had a 60-fold higher activity towards APfxg. 

Action of enzymes on WUS, individually and in combinations 
The enzymic degradation of cell wall embedded cellulose by CBH is a slow process. 

Similar amounts of neutral sugars were solubilized during the first and second 24 h of 
incubation. Addition of fresh enzyme enhanced the degradation rate, indicating enzyme 
limitation (data not shown). The solubilization of almost 50% of the cell wall Glc after 
48 h by CBH, together with large amounts of Xyl and Gal (Table IV) could not be 
explained by cellulose degradation alone. No oligomeric degradation products other than 
G2 were observed (data not shown), but HPSEC revealed some polymeric material 
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FIGURE 1. Typical chromatograms showing the degradation products of apple WUS solubilized 
by combinations of glucanases (24 h) and analyzed on an Aminex HPX 22H column. A, endol 
plus CBH; B, endoIV plus CBH. The elution profile of a maltodextrin syrup is indicated by 
arrows, with the corresponding DP. Typical degradation products of endoIV are indicated by the 
shaded peaks (B). The sum of these areas was used for quantification of the xyloglucan 
oligosaccharides. 
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TABLE III. Some properties of the endoglucanases and CBH purified from 
Trichoderma viride. 

Property endol endoIV CBH 

Turnover number of CMC (min1) 
Turnover number of APfxg (min1) 
Turnover number of Avicel (min')t 

Adsorption (mg of protein mg"1 of cellulose)* 
Mol wt (kDa)f 

* Not determined. * Values according to Beldman et al. [20]. * Values according to 
Beldman et al. [5]. 

TABLE IV. Action of glucanases on apple WUS, individually and in combinations, at pH 
4.0 and 40 °C. 

1310 
9 

0.65 
0.126 

50 

690 
562 

0.06 
0.003 

23.5 

nd' 
<\ 

0.48 
0.063 

62 

Total % 
Percentage of individual sugars solubilized* 

Glucanase solub.* Rha Fuc Ara Xyl Man Gal Glc GalA 

Blank 4 6 0 8 0 0 5 1 8 
endol 
endoIV 
CBH 
endol + C B H 
endoIV + C B H 

10 
16 
32 
41 
51 

8 
15 
10 
13 
16 

30 
56 
55 
30 
87 

9 
14 
9 

11 
15 

18 
38 
45 
54 
74 

19 
6 

69 
100 
100 

13 
22 
23 
29 
36 

7 
13 
46 
62 
76 

10 
15 
16 
19 
23 

Calculated as the sum of neutral sugars and uronic acid solubilized, divided by their quantities 
originally present in the WUS. * Calculated as the percentage of the individual sugars present in the 
WUS. 

(mol wt>2,000 kDa; data not shown). Possibly degradation of cellulose leads to structural 
changes, resulting in partial solubilization of the xyloglucan. The solubilization of Man 
seems somehow related to CBH, but the role of Man within the cell wall is still unclear. 

The endoglucanases were mainly active towards xyloglucans. EndoIV was most 
effective; it solubilized c. 40% of the xyloglucans, whereas endol solubilized only 20% as 
can be derived from the percentage of Xyl shown in Table IV. Supplementation with 
enzyme after 24 h did not affect this quantity significantly. Therefore, it can be concluded 
that not all xyloglucan is accessible to the enzymes. EndoIV also formed smaller end 
products than endol, typically ranging from DP 5 to 9 (Fig. 1, A and B). Minor amounts 
of degradation products of endol were found in the DP range of 6 to 7; however, most of 
the material excluding G2 eluted in the void of the column (DP> 15). Neither endol nor 
endoIV solubilized any G2 from WUS (data not shown) demonstrating that both enzymes 
were free of CBH activity. In fact, no typical cellulose degradation products (Glc, G2, and 
G3), as reported by Beldman et al. [5] for Avicel crystalline cellulose, were found. 
However, the presence of xyloglucan, being a better substrate for the endoglucanases than 
cellulose (Table III) as well as a physical barrier for cellulose degradation, might explain 
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this discrepancy. Both factors reduce the probability of releasing cellodextrins by a 
endoglucanase-type of action. Unlike endol, endoIV also solubilized some pectic material. 
Because both enzymes were devoid of pectolytic side activities, the release of pectic 
material indicated interactions between pectins and xyloglucans, as suggested by several 
authors [7,8]. 

Most effective in the degradation of WUS were combinations of endoglucanases and 
CBH, especially endoIV plus CBH (Table IV). Supplementation with fresh endoIV plus 
CBH and endol plus CBH resulted in the solubilization of an additional 10 and 50% of the 
neutral sugars, respectively, during the period of 24 to 48 h, showing that the potential of 
endoIV plus CBH has been fully utilized (data not shown). Complete solubilization of the 
Glc-containing polysaccharides could not be achieved by this enzyme combination. 

The effect of the endoglucanase:CBH ratio on G, solubilization 
The rate of G2 production from WUS by CBH remained constant during 24 h 

(Fig. 2A). Addition of equal amounts of endol and endoIV to a similar quantity of CBH 
enhanced G2 release more than 5-fold. After 12 h the rate of cellulose hydrolysis declined. 
Inhibition of CBH by G2 [37] could be an explanation for this phenomenon. 

The solubilization of oligomeric xyloglucans from WUS was monitored by integrating 
the shaded areas in Fig. IB. Initially, the degradation of xyloglucans proceeded rather 
rapidly (Fig. 2B). After 5 h the rate of product formation started to level off, presumably 
due to a gradual decrease in accessibility of the remaining xyloglucan. A combination of 
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FIGURE 2. Time-courses of the release of G2 (A) and oligomeric xyloglucan fragments (B) from 
apple WUS by various glucanase combinations. The endoglucanase:CBH mass ratio was 
0.16 0*g /ig'1). A, CBH; D, endol plus CBH; O, endoIV plus CBH; • , endoIV plus CBH; +, endoIV. 
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FIGURE 3. The influence of the endoglucanase:CBH ratio on the release of G2 and oligomeric 
xyloglucan fragments from apple WUS. • , G2 release by endol plus CBH; O, G2 release by 
endoIV plus CBH; • , release of xyloglucan oligosaccharides by endoIV plus CBH. 

endoIV plus CBH solubilized more oligomers than endoIV alone. Although this is just a 
minor effect, it might indicate that concomitant degradation of cellulose slightly enhances 
xyloglucan degradation. This is consistent with the observation that the action of CBH 
alone solubilized only small amounts of polymeric xyloglucan. The action of endol (plus 
CBH) on WUS was omitted from consideration because only prolonged incubations 
solubilized minor amounts of oligomeric material, mainly with a DP> 15. 

In a second series of experiments the effect of the endoglucanase:CBH ratio on the rate 
of cellulose degradation was studied. At relatively low endoglucanase:CBH ratios the two 
endoglucanases showed similar behavior with respect to the degradation of cellulose, as 
shown in Fig. 2A. Higher ratios, however, revealed a marked difference between endol 
and endoIV (Fig. 3). Addition of endol to a fixed amount of CBH increased the rate of 
cellulose hydrolysis until a molar ratio of 1.1 {equal to a endol:CBH mass ratio of 
0.96 (ng ng'1)} was reached. After this point the hydrolysis rate decreased quickly. A 
combination of endoIV and CBH showed a similar pattern, with cellulose hydrolysis being 
optimal at a molar ratio of 14.9. Twice as much G2 was produced under these conditions. 
Xyloglucan hydrolysis increased proportionally to the endoIV:CBH ratio (and thus the 
amount of endoIV) until a ratio ofc. 17 was reached. After this point, formation of 
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FIGURE 4. Formation of G2 (A) and xyloglucan oligomers (A) in a three-enzyme system at a 
fixed (endol plus endoIV):CBH mass ratio of 0.96 (fig ngl) and varying amounts of endol and 
endol V. 

oligomers from xyloglucan did not increase further. Typically, maximal xyloglucan 
hydrolysis coincided with optimal cellulose hydrolysis. 

These data showed that optimal synergism with CBH was obtained with relatively small 
amounts of endol, although cellulose hydrolysis proceeded less favorably than with 
endoIV plus CBH. The endoglucanases seemed to act differently on the cell wall material. 
Therefore, endol and endoIV were added to a fixed amount of CBH at various molar 
endoI:endoIV ratios but at a constant endoglucanase:CBH mass ratio of 0.96, identical 
with the optimal endoI:CBH ratio (as shown in Fig. 3). Because of the difference in mol 
wt of the endoglucanases, the "endoglucanase-molarity" was not constant in this 
experiment. However, we showed previously that G2 formation is attributable solely to 
CBH. 

All combinations tested, using the two different endoglucanases in combination with 
CBH, increased the degree of cellulose hydrolysis (Fig. 4). At the optimal endoI:endoIV 
ratio for cellulose degradation of 0.33, the degree of hydrolysis was increased a factor 2 
and 1.25 when compared to digestion by the two-enzyme systems endol plus CBH and 
endoIV plus CBH, respectively. G2 formation at this point equaled the amount reached at 
optimal endoIV:CBH ratio (Fig. 3); however, in this case a 7- to 8-fold smaller 
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endoglucanase dose was needed. Furthermore, it should be mentioned that the optimum is 
rather broad, indicating that a portion of only 20 mol% of either endoglucanase gave an 
almost maximal effect. The sharp decrease in the G2 formation at 80% endol is 
accompanied by a strong decrease in xyloglucan hydrolysis. 

DISCUSSION 

From the sugar composition (Table I) information concerning the constituent 
polysaccharides can be deduced as follows. Assuming all Xyl is present in xyloglucan 
[38], which has a Glc:Xyl:Gal:Fuc ratio of 7:5:2:1 (Table II), the xyloglucan fraction 
makes up about 24% (w/w) of the total amount of sugar, a value generally found for 
dicotyledons [6]. The sugar composition of the purified APfxg is consistent with the 
findings of others [6,21,33,39] for dicotelydons. All Ara and the remaining part of the 
Gal {16% (w/w)} are most likely associated with a rhamnogalacturonan in the pectic 
moiety of 41% (w/w). The remaining part of the Glc {33% (w/w)} is thought to be 
present as cellulose. This emphasizes the importance of the cellulose-xyloglucan complex, 
which accounts for c. 57% of the apple cell wall matrix. For some applications in fruit 
juice processing efficient enzymic degradation of this complex might be crucial. This 
principally involves at least two enzymes, viz. endoglucanase and CBH. Table IV shows 
that even the most effective combination of endoIV plus CBH is not able to solubilize all 
cellulose. One reason for this might be the inhibition of CBH by G2. Lee and Fan [37] 
found that cellulose hydrolysis decreased more than 6-fold at a G2 concentration of 
30 g L"1. The G2 concentration in these experiments exceeded this value, indicating that a 
strong inhibitory effect is to be expected. Also, the presence of pectic material, limiting 
the accessibility of the cellulose-xyloglucan complex, will play a role regarding the strong 
synergism between pectolytic and cellulolytic enzymes observed by several authors 
[7,21,40]. 

Table III shows that, although endoglucanases have similar activities towards CMC, 
their activities towards xyloglucan differ. Hayashi et al. [41] tested two endoglucanases, 
extracted from pea epicotyls, for their ability to degrade CMC and pea xyloglucan. Unlike 
that of endoIV, the Vmax values of these enzymes were lower for xyloglucan. Maclachlan 
and Brady [19] indicated that ripening tomato fruits contain multiple forms of 1,4-6-
glucanase, some of them being activated by xyloglucan oligosaccharides. Activation of 
endol by oligosaccharides was not further investigated in the present study. 

The degradation of cellulose has been the subject of numerous studies [1-3]. Generally, 
the synergistic action between endoglucanases and CBH is measured by determining the 
increase in reducing end groups upon degradation of Avicel. In a complex matrix like 
WUS, however, this is not a proper approach, because both G2 and oligomeric xyloglucan 
fragments contribute to the amount of reducing end groups. Therefore, an HPLC method 
was used to determine both G2 and xyloglucan oligomers quantitatively. Fig. IB shows a 
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good separation of G2 and xyloglucan oligosaccharides. The separation for the latter 
compounds is, however, less satisfactory. Therefore, only the total amount of oligomeric 
xyloglucan fragments was calculated. Many authors have reported the structure of 
oligomeric xyloglucan fragments of similar size solubilized from pea [9,13], sycamore 
[39], and apple [36] by (partially) purified endoglucanases. Considering the homology of 
xyloglucans in dicotelydons it seems most likely that the shaded peaks (Fig. IB) contain 
some of these structures. The fine structure of these fragments is currently being 
investigated. 

Degradation of cellulose involves the concerted action of endoglucanase and CBH 
whereby the former creates new chain ends for the latter to work on. At low 
endoglucanase: CBH ratios the amount of endoglucanase is limiting, whereas at high ratios 
endoglucanase starts competing with CBH for binding sites to cellulose. This implies that 
there is an optimal ratio, which is observed in Fig. 3, for both enzyme combinations. The 
optimal molar ratios for endol and endoIV with respect to Avicel cellulose degradation 
determined by Beldman et al. [3] (1.9 and 13.2 respectively) could be explained partly by 
their adsorption behavior and were slightly different from the ones determined here on 
WUS (1.1 and 14.9, respectively). Compared with the results of Beldman et al. [3] the 
endoI:CBH ratio changed relatively most. This could be explained by assuming that the 
free surface area on the cellulose, to which these enzymes can adsorb, was limiting. The 
optimal endoIV:CBH ratio, on the contrary, shifted towards a higher value. This could be 
explained by assuming that some extra endoIV is needed for solubilizing the xyloglucans. 

Apart from the different optimal endoglucanase: CBH ratios, the total amount of G2 that 
was solubilized was particularly noteworthy. EndoIV had the ability to stimulate CBH to 
such an extent that the amount of G2 released from WUS after 3 h of reaction time was 
twice as high compared to amounts released by incubations with endol plus CBH. 
Cellulose degradation seems to relate to the solubilization of xyloglucan (Fig. 3), the 
former being optimal when the latter is maximal. It can be calculated that, at optimal 
endoI:CBH, the cellulose turnover exceeds the xyloglucan turnover. For optimal 
endoIV:CBH, the contrary is the case. 

The fact that formulations with endol plus CBH and even with only CBH still give 
considerable cellulose hydrolysis (Fig. 2A, Table IV) indicates that not all cellulose in 
apple WUS is coated with xyloglucan. This seems to be different from the results of 
Hayashi and coworkers [9,10], who found that in vivo pea stem cellulose was saturated 
with xyloglucan, whereas in a reconstitution experiment of pea stem cellulose and 
xyloglucan the deposition of xyloglucan was c. 10 times lower. They argued that the 
binding of xyloglucan to cellulose during synthesis prevented the fasciation of small fibrils 
into larger bundles. Apple WUS probably resembles the in vivo situation of pea stems, 
differing only in the presence of arabinogalactans and pectin, but these were shown not to 
influence the binding of xyloglucan to cellulose [10]. However, more data concerning the 
degree of occupation of the cellulose surface in apple WUS are needed to explain the 
action by the formulations mentioned above. 
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FIGURE 5. Schematic representation of the role of different endoglucanases in simultaneous 
cellulose and xyloglucan degradation. A, endol plus CBH; B, endoIV plus CBH; C, endol plus 
endoIV plus CBH. Situations A, B, and C present a true reflection of the molar enzymic 
composition at optimal endoglucanase:CBH ratios depicted in Fig. 3 and 4. Open rectangle, 
cellulose; shaded rectangle, xyloglucan; O, endol; • , endoIV; O, CBH; half circles and triangle 
represent adsorbed enzymes. 

The results indicate that the removal of a xyloglucan coating is essential for efficient 
cellulose hydrolysis. The degradation of the cellulose-xyloglucan complex is represented 
schematically in Fig. 5 at three different stages. The figure reflects the actual molar 
enzyme composition at the optimal ratios presented in Fig. 3 and 4. 

Situation A.—The cellulose-degrading potential is not fully used because the surface 
area of uncoated cellulose to which the enzyme complex can bind is limiting. Because of 
the low turnover of xyloglucan by endol, no fast improvement in this situation is to be 
expected. Despite the higher activity of endol towards cellulose (Avicel, Table III) 
compared to endoIV, cellulose hydrolysis stays behind. 

Situation B.—The turnover of xyloglucan exceeds the turnover of cellulose, and "bare" 
cellulose microfibrils are readily degraded. Full cellulose-degrading potential is used, 
although relatively large amounts of endoIV are needed because of its low adsorption onto 
the cellulose (Table III). 

Situation C.—This situation combines the positive aspects of the previous two. By 
removing the xyloglucan coating, endoIV enhances the accessibility of the cellulose for 
endol and CBH which display a larger activity towards this substrate than endoIV. In this 
case, cellulose turnover almost equals xyloglucan turnover. An advantage of this three-
enzyme system is that much smaller quantities of enzyme are needed to reach a G2 release 
similar to that in situation B. 
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Because precautions were taken to minimize any possible modification of the cell wall 
material by heat treatment, endogenous enzymes, and organic solvents, it is believed that 
the apple WUS chemically resembles intact apple tissue. However, physical parameters, 
such as enzyme diffusion, are not taken into account when studying the degradation of 
WUS, although they might be very important in applications such as fruit juice 
processing. With respect to this endoIV might have an additional advantage due to its low 
mol wt. 

These results demonstrate that the endoglucanases of Trichoderma viride show different 
activities towards APfxg. Research is now focused on the fine structure of this 
polysaccharide and how it influences the specificity of the different endoglucanses. 
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CHAPTER 3 

Degradation of Apple Fruit Xyloglucan by Endoglucanase1 

A purified, alkali-extractable apple fruit xyloglucan (APfxg) was treated by 
endoglucanase (endolV) from Trichoderma viride. The degradation products were 
fractionated by size-exclusion chromatography on BioGel P-2; the pentamer to 
dodecamer fractions were further fractionated by semi-preparative high-performance 
anion-exchange chromatography. The purified oligosaccharides were characterized by 
monosaccharide analysis, mass spectrometry and degradation with Driselase. Based on 
these data, tentative structures were proposed for most products. APfxg is composed of 
a diversity of repeating units. Next to the major oligosaccharides XXXG, an octamer, 
XXFG and XLFG [Renard, C.M.G.C., Lomax, J.A., and Boon, J.J. (1992) Carbohydr. 
Res. 232, 303-320], XG, XXG, FG and two new fucose-containing oligosaccharide 
building units (hexasaccharide and dodecasaccharide) were found. Larger xyloglucan 
fragments were obtained by partial degradation of APfxg by endolV, and treatment of 
apple cell wall material by endol. These fragments were predominantly composed of 
fucose-containing oligosaccharides. Our results show that both endolV and endol are 
hindered by fucosylated sidechains. 

Xyloglucans are extensively branched polysaccharides which occur in many primary 
cell walls of plants. Sidechains of a-D-Xyl/?-(l-»6)-", B-D-Gal/>-(l-2)-a-D-Xyl/>-(l-*6)-
or a-L-Fucp-(l-»2)-B-D-Gal/?-(l-»2)-a-D-Xyl/>-(l-»6)- are attached to c. 75% of the B-
(l-»4)-D-Glcp residues of the backbone [1-3]. This consistency in chemical configuration 
led Fry et al. [4] to define a one-letter code for each different type of sidechain 
substitution which can unambiguously describe a xyloglucan structure. It should further be 
mentioned that the Gal residues can be O-acetylated [5]. 

A common repeating structure, found in xyloglucans of various origin, is that of a 
hexadecasaccharide (Fig. 1A). Treatment of xyloglucan with a crude cellulase preparation 
derived from Trichoderma viride does usually not accumulate XXFGXXXG; 
endoglucanase, an important constituent of such preparations, can cleave this fragment at 
the reducing side of an internal unsubstituted Glc residue to yield a nonasaccharide 
(XXFG) and a heptasaccharide (XXXG). Kiefer et al. [6] demonstrated that endoglucanase 
action was blocked when there was an additional substitution of the glucan backbone with 
a-L-Ara/-(l-»2)- as is indicated in Fig. IB. Removal of this residue by mild acid 
hydrolysis and subsequent endoglucanase treatment gave the expected XXFG and XXXG. 
Hisamatsu et al. [7] identified a whole group of these endoglucanase-resistant 
oligosaccharides. Next to an a-L-Ara/1(l-»2)-sidechain, 6-D-Xylp-(l-»2)- and a-L-Ara/-
(l-*3)-B-D-Xyl/>-(l-»2)-sidechains were also found; all extra sidechains were attached to 

'Vincken, J.-P., Beldman, G., Niessen*, W.M.A., and Voragen, A.G.J. Carbohydr. polym., in press 
(* Division of Analytical Chemistry, Leiden/Amsterdam Center for Drug Research, P.O. Box 9502, 2300 RA 
Leiden, The Netherlands). 
nAbbreviations: see page viii. 
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resistant slow 

A B C 

FIGURE 1. Schematic structures of xyloglucan composed of two building units. A, common, 
easily degradable, fragment (XXFGXXXG); B, endoglucanase-resistant fragment (XXFGAXXG); 
C, fragment (XFFGXXXG) which is partially resistant to cleavage by endoglucanase. • , B-D-
Glqp-(l-4)-; O, a-D-Xylp-(l-^)-; A, G-D-Gal/Hl-»2)-; • , a-L-Fuc/?-(l-*2)-; • , a-L-Ara/-
(l-»2)-. Sites of (possible) endoglucanase-attack are indicated by arrows. 

the glucan backbone as is indicated in Fig. IB. In addition, they showed that a structure 
containing two adjacent fucosylated sidechains (as in XFFG; Fig. 1C) could only be 
degraded with an overdose of endoglucanase. Apparently, Fuc residues play a role in the 
digestibility of xyloglucans which was further substantiated by York et al. [8]. 

The cellulase complex of Trichoderma viride contains several distinct endoglucanases 
[9], which differ in their activity towards APfxg; endoIV was shown to be a much better 
xyloglucanase than endol [10]. Further, larger xyloglucan fragments (DP>15) 
accumulated upon treatment of apple cell wall material (WUS) by endol compared to those 
obtained by endoIV. Renard et al. [11] showed that APfxg is predominantly built from 
XXXG, XXFG and XLFG units; smaller oligosaccharides (DP c. 6) were also reported 
but these were not further characterized. The objective of the present study is to 
characterize the oligosaccharides, including the small ones, obtained by treatment of 
APfxg with endoIV. Larger fragments, obtained by treatment of WUS by endol, were also 
purified and their oligosaccharide composition was determined by degradation with 
endoIV. The apparent endol-resistancy of these xyloglucan fragments is discussed. 

EXPERIMENTAL 

Materials 
Substrates.—Apple (Malm malus L., Rosaceae, var. Golden Delicious) cell wall material 

(WUS) was obtained after extensive extraction of apple pulp with water as described previously 
[10]. Xyloglucans were extracted from WUS by strong alkali (4 M KOH) and depectinized on a 
DEAE-Sepharose CL-6B column. This purified xyloglucan (further referred to as APfxg) 
contained small amounts of (l-»4)-Man and (l->4)-Xyl suggesting a slight contamination with 
mannan and (arabino)xylan [10]. A mixture of cellodextrins (DP 1 to 6) was obtained from Merck 
(Darmstadt, Germany). 

Enzymes.—Two endoglucanases (endol and endoIV; EC 3.2.1.4) and CBH (EC 3.2.1.91), 
previously referred to as exoIII [9], were purified from a commercial enzyme preparation from 
Trichoderma viride (Maxazyme CI, Gist-Brocades, Delft, The Netherlands) as described by 
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FIGURE 2. Purification scheme of xyloglucan fragments obtained after degradation of APfxg by 
endolV (A), and released from apple WUS by endol plus CBH (B). 

Beldman et al. [9]. A Driselase preparation (Sigma, St Louis, MO, USA) was desalted on a Fast 
Desalting Column HR 10/10 (Pharmacia, Uppsala, Sweden) and used for "sequencing" of 
xyloglucan oligosaccharides without further purification. 

Preparation of xyloglucan fragments 
Nomenclature.—Two individual purification procedures of xyloglucan fragments were carried 

out. The first procedure used APfxg as starting material, which was degraded by endolV. The 
digest was fractionated by BioGel P-2 chromatography and semi-preparative HPAEC (see further). 
Fractions obtained by this procedure are summarized in Fig. 2A. Larger xyloglucan fragments 
were obtained by the second fractionation procedure in which WUS was degraded by a 
combination of endol plus CBH. The resulting fragments were fractionated by BioGel P-4 
chromatography (see further). Roman numerals were used to refer to these fractions as is indicated 
in Fig. 2B. 

Preparation of oligosaccharides from APfxg using endolV.— APfxg (40 mg) was treated with 
endolV (40 jig of protein) in 20 mL of a 50 mM NaOAc buffer pH 5 at 40 °C. After 24 h a 
similar amount of fresh enzyme was added. The enzyme was inactivated (10 min, 100 °C) after a 
total incubation time of 72 h. The digest was concentrated under reduced pressure, freeze-dried, 
dissolved in 2 mL of distilled water and applied onto a column (100 x 2.6 cm, i.d.) of BioGel P-2 
(200-400 mesh, Bio-Rad, Richmond, CA, USA) at 60 °C and eluted with distilled water 
(18 mL h1). Fractions (2.0 mL) were assayed for total neutral sugar content. Appropriate fractions 
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were pooled; digits 3 to 20 were used to refer to these pools. The column was calibrated using a 
mixture of Glc, G2, raffinose, stachyose and Dextran T150 (Pharmacia). 

The BioGel P-2 fractions 5 to 12 were fractionated by semi-preparative HPAEC using a Dionex 
Bio-LC GPM-II quaternary gradient module equipped with a Dionex CarboPac PA-1 column (250 
x 9 mm, Sunnyvale, CA, USA). Samples (5 x 200 nh) were injected using a SP8780 autosampler 
(Spectra Physics, San Jose\ CA, USA) equipped with a Tefzel rotor seal in a 7010 Rheodyne 
injector valve. The fractions were eluted (5 mL min"1) at 20 °C with 100 mM NaOH containing 
different concentrations of NaOAc. The NaOAc gradients were adapted for the individual BioGel 
P-2 pools: 5, 0-»20 min, 40 mM NaOAc (isocratic); 6, 0-»30 min, 50 mM NaOAc (isocratic); 
7 and 10, 0-»35 min, 60 mM NaOAc (isocratic); 9, 0-»35 min, linear gradient of 60-»70 mM 
NaOAc; 12, 0-*30 min, 80 mM NaOAc (isocratic). After each run, the column was washed for 
5 min by elution with 100 mM NaOH containing 1 M NaOAc, and subsequently equilibrated for 
15 min with the starting eluent. Solvents were degassed and stored under helium using a Dionex 
eluent degassing module. The eluate was monitored using a Dionex PED detector in the PAD 
mode. A reference Ag/AgCl electrode was used with a working gold electrode with the following 
pulse potentials and durations: Elt 0.1 V and 0.5 s; E2, 0.6 V and 0.1 s; Ej, -0.6 V and 0.1 s. The 
eluate was neutralized with 1 M HOAc and the appropriate fractions (c. 1 mL) were combined, 
desalted using columns (30 x 80 mm) of Dowex 50W X8 (H+) and AG3 X4A (OH-) resins (Bio-
Rad) in series (eluent: distilled water), and concentrated under reduced pressure. The 
oligosaccharides were analyzed for sugar composition and by mass spectrometry. 

Preparation of fragments from WUS using endol.—WUS (200 mg), suspended in 10 mL of a 
50 mM succinate buffer pH 5, was treated with endol (30 /ug) and CBH (100 /tg) for 48 h. After 
centrifugation (20 min, 50,000 g), the water-solubles were freeze-dried, dissolved in 2 mL of 
distilled water and applied onto a column (100 x 2.6 cm, i.d.) of BioGel P-4 (100-200 mesh, Bio-
Rad) at 60 °C and eluted with distilled water (18 mL h"1). Appropriate fractions were combined 
according to their neutral sugar and uronic acid content. BioGel P-4 pools are referred to by 
roman numerals / to VII. Fraction IV was further fractionated on HPAEC using 110 mM NaOAc 
(isocratic) for 20 min. Appropriate fractions were pooled, dialyzed against distilled water, 
concentrated under reduced pressure and dried under a stream of air. All fractions were analyzed 
for sugar composition. The BioGel P-4 column was calibrated as described for BioGel P-2. 

Chemical and enzymic treatment of oligosaccharides 
Reduction.—Oligosaccharides of IV.2 were labelled at their reducing terminus by treating 

c. 100 ug of this fraction with 200 /*L 1.5 M ammonia containing 75 mg mL"1 NaBH4 for 1 h at 
30 °C. The reduced oligosaccharides were dialyzed against distilled water and dried under a 
stream of air. 

Mild acid hydrolysis.—Fuc was removed from 9.2, 10.1 and IV.2 by treating c. 50 fig of these 
oligosaccharides with 1 mL of 50 mM TFA for 1 h at 100 °C. The resulting defucosylated 
oligosaccharides were evaporated to dryness to remove TFA, and used for enzymic degradation 
studies without further purification. Removal of Fuc residues from polymeric xyloglucan was done 
using a different procedure. APfxg (40 mg) was treated with 8 mL of 25 mM TFA for 90 h at 
60 °C. The defucosylated xyloglucan (referred to as APxg) was dialyzed extensively against 
distilled water and freeze-dried. 

"Sequencing" of oligosaccharides with Driselase.—Oligosaccharides 7.4, 9.2 and 10.1 
(c. 50 ug) were treated with Driselase (c. 1 ug of protein) in 200 fit of a 50 mM NaOAc buffer 
pH 5 (40 °C). Release of Fuc and a Glc-Xyl disaccharide were monitored by analyzing aliquots of 
10 nL by HPAEC. 

Further degradation of larger fragments by endoglucanase.—Approximately 50 fig of 20, IS, 
III, TV.l, IV.2 and reduced IV.2 were incubated (24 h, 40 °C) with endoIV (1 ug of protein) in 
100 /iL of a 50 mM NaOAc buffer pH 5. Degradation products were analyzed by HPAEC. In a 
similar manner, IV.2 and defucosylated IV.2 were treated with endol (1 or 20 /tg of protein). 
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Analytical methods 
Uronic acid content.—Uronic acids were estimated colorimetrically with an automated m-

hydroxydiphenyl test [12] using concentrated H2S04 containing 0.0125 M Na^/) , for hydrolysis. 
Total neutral sugar content.—The total neutral sugar content was determined colorimetrically 

with an automated orcinol/H2S04 assay [13]. Glc was used as a standard. 
Neutral sugar composition.—BioGel P-2 and P-4 fractions were hydrolyzed (1 h, 121 °C) using 

2 M TFA. The released neutral sugars were converted into their alditol acetates and analyzed by 
GC as described previously [10]. Oligosaccharides, obtained after fractionation on HPAEC, were 
hydrolyzed as above and the sugar composition was determined by HPAEC as described by De 
Ruiter et al. [14]. 

Protein content.—The protein content of enzyme preparations was determined according to the 
procedure of Sedmak and Grossberg [15]. BSA was used as a standard. 

Determination of mol wt of xyloglucan oligosaccharides.—The mol wt of the purified 
xyloglucan oligosaccharides was determined with a Finnigan MAT TSQ-70 mass spectrometer (San 
Jos£, CA, USA), equipped with a 20 kV conversion-dynode and a Finnigan MAT electrospray 
interface as described previously [16]. 

Analysis of xyloglucan oligosaccharides.—Xyloglucan oligosaccharides and their degradation 
products were analyzed on a CarboPac PA-1 column (250 x 4 mm, Dionex) combined with PAD-
analysis (as described above), eluted (1 mL min"1) with the following NaOAc gradient in 100 mM 
NaOH: 0-»5 min, linear gradient of 0-»50 mM NaOAc; 5-*30 min, linear gradient of 50-»80 mM 
NaOAc; 30-»35 min, linear gradient of 8O-*130 mM NaOAc; 35-*50 min, linear gradient of 
130-»180 mM NaOAc. After each analysis, the column was washed for 5 min with 1 M NaOAc in 
100 mM NaOH, and equilibrated in 100 mM NaOH for 15 min. Some samples were analyzed on 
CarboPac PA-100 which enabled a slightly better separation with the following NaOAc gradient in 
100 mM NaOH: 0-*5 min, linear gradient of 0-»30 mM NaOAc; 5-»45 min, linear gradient of 
30-*80 mM NaOAc; 45-»55 min, linear gradient of 8O-»2O0 mM NaOAc. After each analysis the 
column was washed and conditioned as described for the CarboPac PA-1 column. 

RESULTS 

Characterization of xyloglucan oligosaccharides obtained by endoIV 
APfxg was degraded with endoIV, and the resulting digest was subsequently 

fractionated by BioGel P-2 chromatography as is shown in Fig. 3. The fraction numbers 3 
to 20 correspond to the DP of the oligosaccharides, which was extrapolated from the 
elution of standards on BioGel P-2. This DP was confirmed by mass spectrometry of the 
oligosaccharides (see further). 

Fractions 5 to 12 were further fractionated by HPAEC (Fig. 4) with an optimized 
gradient for each pool. In this study we have focussed on the main oligosaccharides of 
APfxg (indicated by the shaded areas) but small amounts of other products were also 
present. Fraction numbers are indicated in Fig. 4. HPAEC analysis of 5 to 12, using the 
same gradient for all pools, showed that 5.2, 6.1, 7.4, 9.2 and 10.1 were present in more 
than one BioGel P-2 fraction. Comparison of retention times suggests that fractions 6.2 to 
6.5 are similar to fractions 7.1 to 7.3. Fig. 4 indicated that 9.3 contained more than one 
component, and therefore this fraction was rechromatographed on a BioGel P-2 column. 
After removal of the main product of pool 9 (9.2) by HPAEC, a good separation of 9.3a 
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FIGURE 3. Elution pattern of an APfxg digest on BioGel P-2. 
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and a fraction similar to 10.1 was obtained by BioGel P-2 chromatography (data not 
shown). The purity of all oligosaccharides was confirmed by HPAEC and electrospray 
mass spectrometry (>90%); only fractions 12.1 and 12.2 contained c. 20% of 
contaminants (data not shown). Sugar composition and mol wt of all purified compounds 
are shown in Table I. Although Man was present in the starting material, this glycosyl 
residue was not recovered in any of the fractions. Monosaccharide composition of 15 and 
20 showed that xyloglucan fragments are a major constituent of these fractions. The 
presence of these large xyloglucan fragments indicated that the degradation of xyloglucan 
by endoIV might be incomplete, which will be discussed later. The high Xyl and Ara 
content of 20 suggested that this pool contained an arabinoxylan contamination. Although 
HPAEC-analysis of 15 and 20 showed that these pools contained many compounds, no 
further fractionation was attempted. 

Fuc residues of 9.2 and 10.1 could be removed by treatment with mild acid. This 
release of Fuc was analyzed by HPAEC; only minute amounts of Gal were released under 
these conditions (data not shown). Although the mol wt of the compounds was reduced, 
their retention times upon HPAEC increased. Fuc removal from oligosaccharides is 
therefore easily recognized by HPAEC. Similar observations were done by McDougall 
and Fry [17]. 

In order to obtain additional structural information, the most abundant oligosaccharide 
units in APfxg, 7.4, 9.2 and 10.1, were treated with a crude Driselase preparation. Apart 
from or-fucosidase and B-galactosidase activity, this enzyme preparation has been shown to 
contain a "xyloglucosidase", an enzyme being able to release «-D-Xyl/>-(l-»6)-B-D-Glcp 
(isoprimeverose) from the nonreducing terminus of xyloglucan oligosaccharides [3,17]. 
The substrate specificity of a similar enzyme, derived from a preparation of Aspergillus 
oryzae, was described in detail by Kato et al. [18]. This "xyloglucosidase" had a higher 
activity towards XXXG (c. 50 times) than towards G4, and was unable to bypass Gal- and 
Fuc-containing sidechains. The degradation of fractions 7.4, 9.2, and 10.1 was monitored 
by taking samples at certain time intervals and analyzing these samples by HPAEC. A 
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Retention time (min) 

FIGURE 4. Elution profiles on semi-preparative HPAEC (CarboPac PA-1) of BioGel P-2 pools 
5, 6, 7, 9, 10 and 12. Products in shaded peaks were further characterized. Corresponding NaOAc 
gradients are described in the "Experimental" section. 

representative elution profile after partial degradation of the individual oligosaccharides is 
shown in Fig. 5. 

Considering sugar composition, mol wt (Table I) and the mode of action of 
endoglucanase, we conclude that 3, 5.2 and 7.4 correspond to XG, XXG and XXXG, 
respectively. Treatment of XXXG (7.4) with Driselase yielded XXG and isoprimeverose 
at the early stages of degradation. The release of isoprimeverose confirmed that the X 
element was on the nonreducing side of the molecule. At later stages, XXG was further 
degraded to XG and isoprimeverose. 

Treatment of 9.2 with Driselase gave an unknown intermediate product and 
isoprimeverose at the early stages of degradation. The intermediate product was further 
degraded to 5.1 and more isoprimeverose. These results demonstrate that there are two 
adjacent X elements at the nonreducing side of the oligosaccharide. This observation, the 
sugar composition, the mol wt and the known mode of action of endoglucanase indicated 
that 9.2 and 5.1 correspond to XXFG and FG, respectively. Some other products are 
formed as well. These are probably a result of a-fucosidase and 6-galactosidase activity in 
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Retention time (min) 

FIGURE 5. Elution patterns on HPAEC 
(CarboPac PA-1) of oligosaccharides 7.4, 9.2 
and 10.1 after partial degradation with a crude 
Driselase preparation. Shaded peaks and dashed 
line indicate the original material; solid line 
shows a representative pattern during the course 
of degradation. Probable structures of 
degradation products are indicated. Symbols, as 
in Fig. 1. 

Driselase. Tentative structures (LG, XFG and XLG) for these intermediate products are 
indicated in Fig. 5. 

Isoprimeverose was released from 10.1 as an initial product, which showed that this 
disaccharide is at the nonreducing terminus. FG appeared much later during the course of 
degradation, which demonstrated that the penultimate Glc residue at the reducing side of 
the molecule carried the fucosylated sidechain. These observations and the results of Table 
I, show that 10.1 corresponds to XLFG. XLFG can be degraded according to one of the 
following routes: XLFG-» LFG- XFG- FG- LG or XLFG- XLLG- LLG-* XLG- LG 
or XLFG— LFG-» LLG-» XLG-* LG. Tentative structures for all intermediates are 
proposed in Fig. 5. 

Characteristics of the purified oligosaccharides are summarized in Table I. Based on 
these characteristics, and the degradation studies, tentative structures were proposed. Our 
experiments were not decisive on the structures of 6.1, 9.3a and 12.1. In principle, there 
are three possible structures for octamer 9.3a: XXLG, XLXG and LXXG. Comparison of 
retention times of XXLG (defucosylated XXFG) and 9.3a upon HPAEC showed that these 
oligosaccharides were different. Thus, 9.3a does not correspond to XXLG. The existence 
of LXXG has never been reported before; thus, XLXG seems most probable for 9.3a. 
Fraction 6.1 and 12.1 did not fit in any of the Driselase degradation patterns. The mode 
of action of endoglucanase implies that both oligosaccharides have an unsubstituted Glc 
residue on the reducing terminus; however, the position of the trisaccharide sidechain(s) is 
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FIGURE 6. Elution profile of APfxg, which is completely degraded by endoIV, on HPAEC 
(CarboPac PA-100). The profile with solid line indicates PAD response; the profile with dashed 
line shows the NaOAc gradient. Products are indicated in the chromatogram by letter-codes or, in 
case of unknowns, by fraction number. *, degradation of XXFG (9.2) and XLFG (10.1) by 
Driselase suggests that XFG, LFG, XLG and LLG elute in this region, t, after defucosylation of 
XXFG, the resulting oligosaccharide coelutes with XLFG. t, elution of product obtained after 
defucosylation of XLFG. §, indicates the retention times where fragments of two repeating 
xyloglucan oligosaccharides (such as IS, 20, III and IV) elute. Retention times of cellodextrins are 
indicated by Glc and G2-G6. 

unknown. 6.1 will be further referred to as [FG]G. 
The elution profile of APfxg, which is completely degraded to its oligosaccharide 

building units by endoIV, is shown in Fig. 6. Products are indicated according to Table I; 
the elution times of cellodextrins (Glc, G2-G6) are indicated for comparison. It should be 
noted that a CarboPac PA-100 column was used instead of a PA-1 column. 
Oligosaccharides have a tendency to elute at lower NaOAc concentrations on CarboPac 
PA-100 due to a smaller particle size and lower capacity of this packing material. 
However, an advantage of this material was that it allowed some separation of XLXG and 
XLFG. The presence of Glc and G2 suggested that APfxg contained a small amount of 
contiguous B-(l-»4)-Glc residues. The asterisk indicates a group of unknown compounds, 
corresponding to 6.2-6.5 and 7.1-7.3 (see Fig. 4). Degradation of XXFG (9.2) and XLFG 
(10.1) by Driselase indicates that XFG, LFG, XLG and LLG elute at similar retention 
times (range 23 to 29 min). 

Purification of xyloglucan fragments obtained by endol plus CBH 
In order to obtain larger xyloglucan fragments, apple WUS was degraded by a 

combination of endol and CBH. Solubilized products were fractionated by BioGel P-4 
chromatography into seven pools as is shown in Fig. 7. The monosaccharide composition 
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FIGURE 7. Elution profile on BioGel P-4 of the compounds soiubilized from apple WUS after 
treatment with a combination of endol and CBH. Neutral sugar response (—) and uronic acid 
response (—). Roman numerals are used to indicate these BioGel P-4 pools. 

TABLE II. Neutral sugar composition (mol%) of BioGel P-4 fractions obtained 
after degradation of apple WUS by the combined action of endol plus CBH. 

Glc 
Xyl 
Gal 
Fuc 
Ara 
Man 
Rha 

I 

19 
11 
15 
1 

49 
1 
4 

II 

43 
30 
14 
8 
3 
2 
0 

III 

44 
31 
16 
7 
1 
1 
0 

IV 

47 
34 
12 
5 
1 
1 
0 

V 

49 
27 
10 
4 
1 
9 
0 

VI 

54 
34 
3 
1 
1 
7 
0 

VII 

96 
1 
0 
0 
0 
3 
0 

of these pools is given in Table II. Fraction VII contained predominantly G2. The Glc to 
Xyl ratio suggested that xyloglucan fragments were present in / to VI; fraction / contained 
mainly pectic material, V and VI were contaminated with Man. HPAEC analysis showed 
that XXXG was the major component of VI (data not shown). Fractions / / / and IV eluted 
at retention times which are indicated by "§" in Fig. 6. Fraction IV was further 
fractionated by semi-preparative HPAEC (data not shown), which resulted in two pools, 
IV.l (c. 30% of the material) and IV.2 (c. 70% of the material). 

Further degradation of larger xyloglucan fragments 
Both fractionation procedures described above have provided a number of fractions, 

containing fragments which consisted of more than one oligosaccharide building unit (20, 
15, III, IV.l and IV.2). To investigate if these fragments were resistant to endoglucanase, 
they were treated with a large dose of endolV and analyzed by HPAEC. All fractions 
could be degraded to oligosaccharides, identical to those described in Table I; only in the 
case of fraction 20, this degradation was incomplete. Time course studies demonstrated 
that no intermediary products were formed (data not shown), which showed that all larger 
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TABLE III. Summary of building units formed after degradation of some larger xyloglucan 
fragments by endoIV. Quantification of building units was based on peak areas using 
HPAEC (CarboPac PA-100 column). Symbols: - , not detected; ± , traces; +, present in 
small amounts; + +, most important building unit. 

DP<75 

XXXG 
XXFG 
XLFG1 

20' 

+ 
+ 
+ 

+ + 

75* 

+ 
+ 
+ 

+ + 

lit 

_ 

+ 
+ + 
+ + 

rv.V 

+ + 
± 

+ + 
+ + 

IV.2* 

— 
+ + 

+ 
+ 

JV.2n 

— 
-

+ + 
+ + 

* Pools from BioGel P-2 fractionation containing larger xyloglucan fragments. f Selected pools from 
BioGel P-4 fractionation. * Fragment was reduced prior to treatment with endoIV. • Contains the 
smaller xyloglucan oligosaccharides: predominantly FG and [FG]G, but also XG and XXG. ' May 
contain small amounts of XLXG which can not be recovered as a separate peak when the XLFG to 
XLXG ratio is high. 

fragments were built up of two oligosaccharide building units. Table III summarizes these 
oligosaccharide building units. The diversity of building units shows that each original 
fraction contains more than one compound. The main component of 20 is probably a 
dimer of XLFG. / / / and IV.2 are composed of two oligosaccharides having four Glc 
residues in the backbone (such as XXXG, XXFG and XLFG). 15 and TV. 1 contain 
considerable amounts of smaller building units (such as XG, FG, XXG and [FG]G). The 
monosaccharide composition of the different fractions (Table I and II) is in agreement 
with this building unit composition. It should be noted that XXXG, the major 
oligosaccharide in APfxg, is not an important constituent of any of the above mentioned 
fractions (except IV.2). Fucosylated oligosaccharides, however, were very abundant 
building units of these fractions. From these experiments it was concluded that Fuc-
containing structures were poorly degradable, but that none of the fragments was 
endoglucanase-resistant. 

Fraction IV.2 was further studied because this fraction contained similar amounts of 
non-fucosylated (XXXG) and fucosylated (XXFG and XLFG) building units (Table III). It 
seemed unlikely that IV.2 contains structures like XLFGXLFG, XLFGXXFG or 
XXFGXXFG, because these fragments would have eluted in fraction / / / (see also Table 
III). Therefore, it is expected that the fragments of IV.2 are composed of XXXG and 
either XXFG or XLFG. To investigate which building unit was at the reducing end, IV.2 
was labelled by reduction, and subsequently degraded by endoIV. Oligosaccharides XXFG 
and XLFG were almost completely recovered, but no XXXG was found. This showed that 
XXXG is positioned predominantly at the reducing terminus, and that IV.2 is composed of 
XXFGXXXG and XLFGXXXG. Apparently, cleavages like XXXG I XXFG are preferred 
over those like XXFG i XXXG in the degradation of APfxg. 

Activity of endoglucanase towards defucosylated APfxg 
Treatment of APfxg by mild acid, specifically removes Fuc residues from the 



Enzymic Degradation of Apple Fruit Xyloglucan | 39 

xyloglucan molecules (results not shown); this material is further referred to as APxg. The 
activity of endol towards APxg was three times higher compared to that towards APfxg 
(data not shown). Defucosylation also enhanced endolV activity, but to a much smaller 
extent (data not shown). It can be concluded that the action of endol is more hindered by 
Fuc than that of endoIV. 

The endol-resistancy of XLFGXXXG (IV.2) was tested by treating this fraction with 
endol (a similar amount of protein was used compared to endolV). When the endol dose 
was increased twenty times, this fraction was partially degraded. Removal of Fuc by mild 
acid had a positive effect on the ability of endol to degrade this fragment. In this case, the 
material was completely degraded to XXXG, XXLG and XLLG by the lower dose of 
endol. These results indicated that Fuc-containing sidechains of xyloglucans strongly 
hinder endol. 

DISCUSSION 

In a previous paper [10], we have demonstrated that some endoglucanases (endoIV) 
display a much higher activity towards xyloglucans than others (endol). This study 
investigates the products released by both enzymes in more detail. For this purpose, a 
purified, alkali-extracted APfxg was degraded by endoIV. The resulting digest could be 
fractionated satisfactorily by combining BioGel P-2 chromatography and HPAEC. 
Although the latter purification step is the most distinctive of the two, prefractionation by 
BioGel P-2 chromatography is necessary due to a, with respect to mol wt, rather 
unpredictable elution behavior of fucosylated compounds upon HPAEC. For instance, a 
Fuc-containing decasaccharide was coeluted (on CarboPac PA-1) with an octasaccharide 
lacking this residue. 

Based on the BioGel P-2 elution pattern and Table I, it can be calculated that XXXG, 
XLXG, XXFG and XLFG form c. 80% of the building units of APfxg in a ratio of 
4:2:3:4. Different responses of monosaccharides with the neutral sugar assay and the 
incomplete degradation of 15 and 20 were accounted for. Further, it was assumed that the 
PAD response factors of the compounds within one BioGel P-2 pool were equal. These 
results are in agreement with those reported by Renard et al. [11]. 

An important part of APfxg is composed of other, mainly smaller, oligosaccharides 
(c. 20% in total). Our study confirms that XXG is part of APfxg, but no evidence was 
found for the presence of a hexasaccharide composed of 4 Glc and 2 Xyl residues, as 
reported by Renard et al. [11]. This component might be among the unidentified 
oligosaccharides 6.2 to 6.5 or 7.1 to 7.3. Typically, our data suggest a diversity in 
fucosylated compounds: FG and two new structures, [FG]G and 12.1. Both unknown 
compounds contain a relatively high percentage of Glc. Since the degradation of 
xyloglucan was not complete, these might be intermediary products. A detailed 
characterization ('H-NMR, MS-MS) of these structures will be reported in Chapter 4. 
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1 2 3 4 

FIGURE 8. Schematic representation of the degradation by endoglucanases of an imaginary 
fragment consisting of five repeating xyloglucan oligosaccharide building units (XLFG-XLFG-
XXXG-XXFG-XXXG). Cleavage of linkage "3" is preferred over "2" and !'4", as is indicated by 
the thickness of the arrows. Linkage "1" is least preferred. Symbols, as in Fig. 1. 

Our results do not suggest resistancy of certain xyloglucan fragments (DP > 15) to 
endol. Accumulation of these fragments is merely due to the low specificity of endol 
towards xyloglucan. Considering the accumulation of e.g. XLFGXLFG (20, poorly 
degradable by endoIV) and the facilitated cleavage of XLFGXXXG (IV.2) by endol after 
removal of Fuc, our results suggest that fucosylated sidechains hamper the action of both 
endoglucanases. Similar observations have been made by Hisamatsu et al. [7] and York et 
al. [8] who showed that similar fragments from sycamore were partially resistant against a 
mixture of endoglucanases. 

Levy et al. [19] indicated by modeling that the fucosylated sidechain of xyloglucan 
plays an important role in stabilizing certain molecular conformations. In solution, 
xyloglucan adopts a twisted conformation and the trisaccharide sidechain folds towards the 
reducing end. As a result of this the linkages indicated with "1" , "2" and "4" (Fig. 8) 
might become poorly accessible to endoglucanases. Linkage "3" is much easier cleaved 
which explains that fragments like XXFGXXXG (IV.2) can accumulate. The presence of 
XLFGXLFG (20) or XLFGXXFG (III) shows that both endoglucanases are able to split 
linkage "2". Apparently, this cleavage site is preferred over " 1 " , because XXFG or XLFG 
hardly accumulate upon treatment of WUS by endol. Possibly Gal residues (as in XLFG) 
play a role in the relatively slow cleavage of linkage " 1". 
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CHAPTER 4 

Dimers of a GFG Hexasaccharide Occur 
in Apple Fruit Xyloglucan1 

Apple fruit xyloglucan is predominantly built up from XXXG, XXFG, and XLFG 
fragments. However, small amounts of oligosaccharides with a less heavily branched 
glucan backbone also occur. This paper describes the characterization of two such 
oligosaccharides, GFG and a dimer of GFG, using a combination of 1H nuclear magnetic 
resonance spectroscopy and mass spectrometry. With the elucidation of these 
structures the structural-reporter groups for xyloglucans are extended. The peculiarity of 
finding GFGGFG as a structural element of apple fruit xyloglucan is discussed. 

Xyloglucans play an important role in crosslinking cellulose microfibrils in the primary 
cell walls of plants [1]. These polysaccharides are composed of a 6-(l-*4)-D-Glcpn 

backbone to which a-D-Xy\p-(l^6)-, 6-D-Gal/?-(l-»2)-a-D-Xyl/>-(1^6)- or a-L-Fucp-
(l-*2)-fi-D-Gal/>-(l-»2)-a-D-Xyl/>-(1^6)-sidechains a r e attached [2,3]. Generally, c. 75% 
of a xyloglucan backbone is branched, although lower degrees of branching also occur, 
for instance, in rice seedlings (c. 30% [4]) and potatoes (c. 40% [5]). 

The backbone of apple fruit xyloglucan is c. 65 % branched [6] which suggests that, in 
addition to the three main oligosaccharide building units, XXXG, XXFG and XLFG [7,8] 
(for nomenclature, see [9]), oligosaccharides with less-substituted backbones might also 
occur. The first indication of this was provided by Renard et al. [7] with the detection of 
small amounts of Glc4Xyl2 (exact structure unknown) in a digest of apple xyloglucan. 
More evidence for relatively Glc-rich oligosaccharides as a structural element of apple 
fruit xyloglucan was obtained by Vincken et al. [8], who isolated two such fragments, 
Glc3Xyl,Gal,Fuc1 and Glc6Xyl2Gal2Fuc2, from a digest of apple fruit xyloglucan. This 
paper describes the detailed 'H-NMR spectroscopic and mass spectrometric 
characterization of these and other fragments isolated from this digest. The 'H-NMR 
spectroscopic data for these unreduced xyloglucan oligosaccharides provide an extension 
to the set of structural reporter-groups for xyloglucan oligosaccharides [3,10-12]. The 
biological significance of the Glc-rich oligosaccharides is discussed. 

'Spronk*, B.A., Rademaker*, G.J., Haverkamp*, J., Thomas-Oates+, J.E., Vincken, J.-P., Voragen, A.G.J., 
Kamerling", J.P., and Vliegenthart*, J.F.G. To be submitted (* Bijvoet Center, Department of Bio-Organic 
Chemistry, Utrecht University, P.O. Box 80.075, 3508 TB Utrecht, The Netherlands; * Bijvoet Center, 
Department of Mass Spectrometry, Utrecht University, Sorbonnelaan 16, 3584 CA Utrecht, The Netherlands). 
^Abbreviations: CID, collision-induced dissociation; Deoxyhex, deoxyhexose; DQF-COSY, double-quantum 
filtered correlated spectroscopy; FAB, fast atom bombardment; Hex, hexose; HOHAHA, homonuclear 
Hartmann-Hahn; MS, mass spectrometry; NOESY, nuclear Overhauser enhancement spectroscopy; Pent, 
pentose; ROESY, rotating frame nuclear Overhauser enhancement spectroscopy; other abbreviations, see 
page viii. 
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EXPERIMENTAL 

Materials 
Xyloglucan oligosaccharides.—Xyloglucan oligosaccharides were obtained after enzymic 

degradation of an alkali-extracted, depectinized xyloglucan preparation derived from apple fruit 
material [6]. The resulting oligosaccharides were fractionated using BioGel P-2 chromatography 
and semi-preparative HPAEC [8]. 

Enzymes.—Endoglucanase (endoIV; EC 3.2.1.4) and exoglucanases (exol; EC 3.2.1.91) were 
purified from a commercial enzyme preparation from Trichoderma viride (Maxazyme CI, Gist-
Brocades, Delft, The Netherlands) by Beldman et al. [13]. 

Chemical and enzymic treatment of oligosaccharides 
Reduction of GFG.—In order to label GFG at its reducing terminus, c. 100 /tg of this 

oligosaccharide were treated with 200 /iL of 1.5 M ammonia containing 75 mg mL"' of NaBH4 for 
1 h at 30 °C. After neutralization with HOAc, the reduced oligosaccharide was desalted using a 
mixture of Dowex 50W X8 (H+) and AG3 X4A (OH") resins (Bio-Rad, Richmond, CA, USA) in 
a ratio of c. 0.6 (v/v), and subsequently dried in a stream of air. 

Degradation of oligosaccharides by endoIV and exol.—Approximately 20 fig of the 
oligosaccharide-containing fractions were treated (12 h, 40 °C) with exol (c. 100 ng of protein) in 
100 fiL of 50 mM NaOAc buffer (pH 5). Release of Glc was determined using HPAEC. Under 
similar conditions, c. 20 /ig of GFGGFG was treated with c. 50 ng of endoIV. The resulting 
degradation products were analyzed by HPAEC. 

Analytical methods 
Protein content.—The protein content of enzyme preparations was determined according to the 

procedure of Sedmak and Grossberg [14], using BSA as a standard. 
HPAEC analysis of xyloglucan oligosaccharides.—Degradation products of purified xyloglucan 

oligosaccharides were analyzed by HPAEC (CarboPac PA-100 column) as described previously 
[8]. 

NMR Spectroscopy.—Prior to 'H-NMR analysis, xyloglucan oligosaccharides were exchanged 
twice in D20 (99.9 atom% D, MSD Isotopes) with intermediate freeze-drying. Finally, samples 
were dissolved in 99.96 atom% D (MSD Isotopes). 'H-NMR spectra were recorded at 500 MHz 
on a Bruker AMX-500, or at 600 MHz on a Bruker AMX/2-600 spectrometer (Bijvoet Center, 
Department of NMR Spectroscopy, Utrecht University) at a probe temperature of 27 °C. Chemical 
shifts (5) are expressed in ppm relative to internal acetone (6 2.225). The ID spectra were 
recorded with a spectral width of 5000 Hz at 500 MHz or 6000 Hz at 600 MHz, collecting 80-
1000 free induction decays of 8K or 16K complex data points. Suppression of HOD was achieved 
by applying the WEFT pulse sequence as described [15]. The resolution of the ID spectra was 
enhanced by Lorentzian-to-Gaussian transformation and the final spectra were baseline corrected 
with a polynomial function when necessary. 

2D NOESY was carried out with a 250 ms mixing time. 2D HOHAHA measurements [16] 
were performed using an MLEV-17 mixing sequence of 100-120 ms. For 2D DQF-COSY, 
2D NOESY, and 2D HOHAHA spectra 512 measurements of 2K data points were recorded. The 
spectral width was 4032 Hz or 4500 Hz in each dimension. 

2D ROESY was carried out using a spin-lock mixing pulse of 250 ms at a field strength 
corresponding to a 90° pulse-width between 100-110 ms. The carrier frequency was placed on the 
left side of the spectrum at 6 5.9 in order to minimize HOHAHA-type magnetization transfer. The 
spectral width was 5500 Hz in each dimension, and 512 experiments of 4K data points were 
recorded. 

The 2D DQF-COSY, 2D NOESY, 2D HOHAHA, and 2D ROESY experiments were 
performed using the time-proportional phase-increment method to create r, amplitude modulation. 
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The HOD signal was suppressed by presaturation for 1.0 s. 2D NMR data were processed on 
Silicon Graphics Iris Indigo or 4D/35 stations, using Triton software (Bijvoet Center, Department 
of NMR Spectroscopy, Utrecht University). 

Mass spectrometry.—Positive ion FAB mass spectra were obtained using MSI of a JEOL JMS-
SX/SX102A tandem mass spectrometer operated at 10 kV or 6 kV (for peracetylated fractions 12.1 
and 12.2) accelerating voltage. The FAB gun was set at an emission current of 10 mA and 
generated a beam of 6 keV Xenon atoms. Spectra were scanned at a speed of 30 s for the full 
mass range specified by the accelerating voltage used, and were recorded and averaged on a 
Hewlett Packard HP9000 data system running JEOL Complement software. CID mass spectra 
were recorded using the same instrument; after selecting the parent ion in the first mass 
spectrometer it was collided with helium in the third field free region collision cell, at a pressure 
sufficient to reduce the parent ion beam to one third of its original intensity. Daughter ion spectra 
were recorded by scanning the second mass spectrometer. Samples were dissolved in 10 /il of 5% 
aqueous HOAc (native samples), or DMSO (peracetylated samples), and 1.5 /tl aliquots of sample 
solution were loaded into a matrix of mono-thioglycerol. 

Per-O-acetylation was carried out on l/20,h of each fraction, which was dried under vacuum 
and then treated with 250 /iL of a mixture {(2:1 (v/v)} of trifluoroacetic anhydride and HOAc 
(glacial). The reaction proceeded for 20 min at ambient temperature and the reagents were then 
removed under vacuum. The peracetylated samples were dissolved in chloroform and extracted 
with water (three times), and the solvent finally removed under vacuum. 

Nomenclature 
The xyloglucans are named according to the specific nomenclature for xyloglucans [9]. The Glc 

residues in the backbone of an oligosaccharide are designated by superscripts (a to e) starting from 
the Glc residue at the reducing terminus (i.e. Glce-Glcd-Glcc-Glcb-Glca-Glc). The Xyl, Gal, and 
Fuc residues are denoted by the same superscript as the Glc residue to which they are attached. 
This is slightly different from the numbering system used by others [11] where in the larger 
structures the internal unbranched Glc is denoted Glcs, bordered on both sides by three branched 
Glc residues. Since this situation does not apply here, a different notation is used. 

RESULTS 

Degradation of apple fruit xyloglucan by endoIV yielded a number of oligosaccharides 
which were fractionated using BioGel P-2 chromatography (Fig. 1) and semi-preparative 
HPAEC [8]. Based on monosaccharide analysis, mass spectrometric analysis and 
degradation with Driselase, tentative structures were proposed for most purified 
oligosaccharides. Next to the common oligosaccharides such as XXXG, XXFG, and 
XLFG, there were also indications for new structural elements (12.1 and 12.2) as building 
units of apple xyloglucan. In the present study, the proposed structures for the common 
oligosaccharides were confirmed. However, the accent of this study was on a detailed 
characterization of fractions 12.1 and 12.2 using spectrometric and spectroscopic 
techniques. Fraction 6.1 proved to be important for the elucidation of the structure of the 
compounds in these fractions. Therefore, the characterization of the compound in fraction 
6.1 will be elaborated as well. 



46 | CHAPTER 4 

FIGURE 1. Elution pattern of an apple xyloglucan digest on BioGel P-2. Insets represent the 
elution profiles on semi-preparative HPAEC of pools 12 and 6. The fractionation of the apple 
xyloglucan digest is described in more detail by Vincken et al. [8]. 

Characterization of common (unreduced) xyloglucan oligosaccharides 
The current characterization of the xyloglucan fractions 5.1, 5.2, 7.4, 9.3a, 9.2, and 

10.1 has been achieved on the basis of compositional [8], mass spectrometric and 'H-
NMR analysis. For the assignment of 'H-NMR spectra, the structural-reporter groups for 
xyloglucans have been used [3,10-12,17]. It should be noted that in the present study the 
xyloglucan oligosaccharides are not reduced to oligoglycosyl alditols [3,10-12,17]. The 
branching patterns of XLXG and XXFG were identified using FAB-MS in conjunction 
with per-O-acetylation (data not shown). The 'H-NMR H-l chemical shift values are 
summarized in Table I. The chemical shift values for Glca and Glc , as shown in Table I, 
were assigned based on comparison with their reduced homologues [3,17]. It was assumed 
that the differences in chemical shift values between unreduced and reduced 
oligosaccharides were smaller for Glcb than in Glca (close to the reducing end). 

The fucosylated oligosaccharides, XXFG and XLFG, showed similar anomerization 
effects to those described by Levy et al. [18]. The H-l resonance of Xyla, as well as the 
H-6 resonance of Fuca are split into two doublets. Typically, this is not observed in FG. 
Note that the anomerization effect only occurs (see further, Table II) when the backbone 
of FG is extended with one Glc residue at the nonreducing side (as in GFG). 

Fraction 6.1 
Fraction 6.1 was examined using positive ion-mode FAB-MS. A single [M+Na] 

pseudomolecular ion was observed at m/z 967, corresponding to a Hex4DeoxyhexIPent1 

hexasaccharide. The presence of a single hexasaccharide was in agreement with the 
intensities of the anomeric signals, as observed in the 'H-NMR spectrum (Fig. 2). The 
Fuc H-l signal at 5.273 ppm indicates the presence of one F element in this 
oligosaccharide. The chemical shifts of the anomeric signals of this F element are almost 
identical to those in XXFG and XLFG (compare Tables I and II). In addition, two 0 
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TABLE I. 'H-NMR H-l chemical shifts (ppm) for the penta- to decasaccharides derived from apple 
fruit xyloglucan. 

Residue 

Glcfl 
Glca 
Glca 

Glcb 

Glcc 

XylV 
XylaJ 
Xylb 

Xylc 

Gal" 
Galb 

Fuca 

FG 
(5./)* 

4.667 
5.221 
4.513 

5.134 
5.138 

4.621 

5.286 

XXG* 
(5.2)* 

4.662 
5.223 

4.561§ 

4.5535 

4.959 

4.941 

XXXGf 

(7.4)* 

4.661 
5.221 

4.559s 

4.574s 

4.550 

4.957 

4.957 
4.940 

XLXG* 
(9.3a)* 

4.661 
5.221 

4.534s 

4.565s 

4.534 

4.956 

5.176 
4.941 

4.558 

XXFG* 
(9.2)* 

4.665 
5.221 

4.540s 

4.533s 

4.547 
5.141 
5.144 
4.954 
4.941 
4.616 

5.272 

XLFG* 
(10.1)* 

4.665 
5.220 

4.548s 

4.519s 

4.533 
5.138 
5.141 
5.175 
4.942 
4.618 
4.555 
5.275 

'H-NMR chemical shift values of the reduced form of this oligosaccharide were reported by York et al. 
[17]. f 'H-NMR chemical shift values of the reduced form of this oligosaccharide were reported by York et 
al. [3]. * Numbers correspond to fractions in purification procedure described by Vincken et al. [8]. 
! Might be interchanged, detailed assignment was not possible due to small amounts of material. ' Two 
Xyl" signals due to a, B anomerization. 

anomeric signals appear at 4.537 and 4.479 ppm, which were assigned using 2D NMR 
spectroscopy as belonging to Glc residues. The scalar coupled networks of each residue 
starting from the anomeric protons are observed in the HOHAHA spectrum (Fig. 3), and 
the chemical shifts are summarized in Table II. The positions of the Glc residues have 
been identified on the basis of cross-peaks observed in the ROESY spectrum (Fig. 4), in 
which Glca H-l at 4.537 ppm is assigned to the branched internal, and Glcb H-l at 4.479 
ppm to the unbranched nonreducing terminal Glc residue. Other evidence for the 
assignment of Glcb can be found in the fact that the chemical shift values of the ring 
protons are in agreement with those of the nonreducing terminus of methyl-B-cellobioside 
[19]. The 'H-NMR data show that the component in fraction 6.1 corresponds to GFG. 

In order to confirm this assignment of the position of the extended sidechain at Glca, 
fraction 6.1 was also examined using FAB-MS. In order to improve sensitivity and obtain 
unambiguous fragmentation, fraction 6.1 was per-O-acetylated, and the salt removed on 
organic/aqueous partition. The organic fraction was analyzed using positive ion-mode 
FAB-MS. An [M+H]+ pseudomolecular ion can be identified at m/z 1701, corresponding 
to the fully acetylated hexasaccharide. Abundant oxonium ions are present at m/z 273 
(Fuc+), 331 (Glc+), 561 (Fuc-Gal+), 777 (Fuc-Gal-Xyl+), 1353 (GF+), and 1641 
(GFG+), defining the branching pattern of the hexasaccharide, in which the extended 
sidechain is attached to the internal Glc residue in the backbone. CID tandem MS analysis 
of the first oxonium ion at m/z 1641 yields the same abundant oxonium fragments (see 
Fig. 5A) and confirms the assignment. 



48 | CHAPTER 4 

Fuca H-1 

PPM 

FIGURE 2. Resolution-enhanced 500 MHz 'H-NMR spectrum of GFG. 

TABLE II. 'H-NMR full assignment of chemical shifts (ppm) of the xyloglucan fragment GFG. 

Residue 

Glcfi 
Glca 
Glca 

Glcb 

XylV 
XylV 
Gala 

FucV 
FucV 

H-1 

4.666 
5.221 
4.537 
4.479 
5.144 
5.148 
4.615 

5.273 

H-2 

3.276 
3.567 
3.388 
3.331 

3.658 

3.741 

3.791 

H-3 

3.615 
3.615 
3.673 
3.505 

3.884 

3.850 

3.886 

H-4 

3.615 
3.857* 
3.611 
3.422 

3.615* 

3.905 

3.806 

H-5 

3.615 
3.827* 
3.920 
3.488 

3.597* 

3.670 

4.545 

H-5, 

3.690* 

H-6 

3.810 
3.940 
3.920 
3.736 

3.750 

H-6' 

3.946 
3.940 
3.920 
3.912 

3.800 

CH3 

1.262 
1.257 

Assignments might be interchanged due to strong overlap. * Due to a, B anomerization. * Assignments 
might be interchanged due to strong overlap. 

Fraction 6.1 was treated with exol, and the products were analyzed by HPAEC; the 
reaction products coelute with Glc and FG. Upon reduction of fraction 6.1 and subsequent 
degradation by exol, only Glc and no glucitol was detected in the reaction mixture. These 
data are consistent with the results that the Glc residue containing the fucosylated 
sidechain is flanked on both sides by an unbranched Glc residue. 



5 
Q. 
Q. 

BS I 

5.2 

Dimers of GFG in Apple Fruit Xyloglucan | 49 

fi1 R *̂  ^ 4. 9 

Glca1, P5- 5,6,6-(Pp>i 3||g®4---1§2 
Gal»1 ^ t f f f l j d f e t e ^ 

.a, I 3 5, 2 45 . 

p**—-\ 676%-^r 
_Gicoi 1- *•- Jibr - -w(i 
F * 1 " 

4.8 4.4 
PPM 

4.0 3.6 3.2 

FIGURE 3. 500 MHz 2D HOHAHA spectrum of GFG. In the figure the diagonal peaks of the 
protons in the anomeric region are indicated. The numbers near cross-peaks in the figure refer to 
the protons of the scalar coupling network belonging to a diagonal peak. 

Fraction 12.1 
Comparing the 'H-NMR spectrum of fraction 12.1 with that of GFG, the two spectra 

are very similar except for the different peak intensity ratios (Fig. 6). The resonances of 
the anomeric signals are summarized in Table III. The 2D NMR spectra of fraction 12.1 
are also very similar to those of GFG. 

The positive ion-mode FAB-mass spectrum of the peracetylated derivative contains a 
low abundance signal corresponding to the [M+H]+ pseudomolecular ion at m/z 3299, 
and to a composition of Hex8Deoxyhex2Pent2 (Fig. 5B). The low mass region in the 
spectrum is very similar to that of GFG (Fig. 5A). Additionally, signals corresponding to 
oxonium ions are present at m/z 1929 (GFGG+), m/z 2951 (GFGGF+), and m/z 3239 
(GFGGFG+), defining the branching pattern (Fig. 5B). No signals are present to suggest a 
difference in structure between the two sidechains, or to indicate minor components with 
minor differences in the branching pattern. It can thus be concluded that the structure is 
GFGGFG. This is the first occasion where two neighbouring internal unbranched Glc 
residues are found to be present in a xyloglucan oligosaccharide. 
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FIGURE 4. 500 MHz 2D ROESY spectrum of GFG. Solely the inter-residual NOE-
connectivities along the H-l tracks are denoted. Fal,2 means a cross-peak between H-l and H-2 of 
Fuca. 

Fraction 12.1 is probably slightly contaminated with XLFG, considering the H-l 
resonance at 5.175 ppm (see Table I) that corresponds to a Xylb residue to which a 
terminal Gal is attached. The slight contamination of fraction 12.1 with XLFG is further 
substantiated by the inset of Fig. 1. The retention time of the peak that flanks fraction 
12.1 on the left side corresponds to that of XLFG. It should be mentioned that ions 
supporting the presence of such a contaminant are also observable at very low intensity in 
the FAB-mass spectrum of the peracetylated derivative. 

In principle, GFGGFG should have been degraded by endoIV during the preparation of 
the apple fruit xyloglucan digest. In order to determine whether GFGGFG is endoIV-
resistant, this oligosaccharide was incubated with endoIV. Analysis of the reaction 
products using HPAEC showed that GFGGFG was completely degraded to GFG. From 
this it was concluded that GFGGFG is not endoIV-resistant, but that cleavage of 
GFG I GFG is more difficult for endoIV than that of, for instance, XXFG1XXXG. 

Fraction 12.2 
The FAB-mass spectrum of underivatized fraction 12.2 has [M+Na]+ pseudomolecular 
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FIGURE 5. CID spectrum of oxonium ion at m/z 1641 of per-0-acetyIated fraction 6.1, with 
fragmentation scheme (A). FAB mass spectrum of per-O-acetylated fraction 12.1, with 
fragmentation scheme (B). 

ions of similar abundance at m/z 1893 and m/z 2025, corresponding to oligosaccharides 
having compositions Hex8Deoxyhex2Pent2 and Hex8Deoxyhex2Pent3, respectively. The 'H-
NMR spectrum is very similar to that of GFG and GFGGFG (Fig. 6). 

Following per-O-acetylation, a FAB-mass spectrum was recorded. The spectrum 
contains several series of ions, indicating this fraction to be a mixture of several 
components. The major series of signals at m/z 273, 331, 561, 777, 1353, 1641 and 
1929, corresponds to the GFGG- structural element described for GFGGFG. An additional 
fragment ion at m/z 1857 corresponds to an oxonium ion from a related species, bearing 
an additional Xyl residue; taken together with the fragment ions at m/z 273 (Fuc+), 331 
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TABLE III. 'H-NMR H-l chemical shifts (ppm) for GFG, 
GFGGFG, and fraction 12.2. 

Residue 

GlcB 
Glca 
Glca 

Glcb 

Glcc 

Glcd 

Glce 

XylV 
XyC 
Xylb/Xylc 

Xyld 

Gal" 
Gald 

GalM* 
Fuca 

Fucd 

GFG 

4.666 
5.221 
4.537 
4.479 

5.144 
5.148 

4.615 

5.273 

GFGGFG 

4.666 
5.221 
4.536 
4.536 
4.536 
4.536 
4.475 

5.144 

5.144 
4.615 
4.615 

5.273 
5.273 

fraction 12.2 

4.666 
5.221 
4.537 
4.537 
4.537 
4.537 
4.479 

5.144 

4.955/4.939* 
5.144 
4.615 
4.615 
4.558 
5.273 
5.273 

Due to a, B anomerization. f Not possible to assign, due to low 
amounts of material and strong overlap. * Terminal Gal, no Fuc attached. 

(Glc+), 561 (Fuc-Gal+), 777 (Fuc-Gal-Xyl+), 1353 (GF+) the fragment ion at m/z 1857 
demonstrates the presence of a GFX- element. The possibility that the ion at m/z 1857 
corresponds to an XFG- element can be excluded, since no signal corresponding to XF+ 

is observed. Additionally, less abundant oxonium ions at m/z 547 (Gal-Xyl+), 1123 
(GL+) and 1411 (GLG+) are observed, corresponding to an additional GLG- structural 
element, in which the sidechain lacks its terminal Fuc residue. The oxonium ion at m/z 
835 could correspond to either XG- or GX-, while a weak series of oxonium ions at m/z 
331, 619, 907 and 1195 suggests the presence of a hexose polymer. The mass 
spectrometric data do not preclude the additional presence of a GFGX- structure. The 
FAB-MS data are supported by the NMR spectra where the anomeric protons at 4.954 and 
4.939 ppm probably belong to terminal Xyl residues being attached to either Glc or Glcc. 
A fragment ion containing terminal hexose is observed in the mass spectrum, and NMR 
evidence for this element can also be found in the signal at 4.558 ppm where a terminal 
Gal H-l resonates, which is not present in the 'H-NMR spectrum of GFGGFG. It can be 
concluded that fraction 12.2 is a mixture of several components, including GFGGFG 
(main component) and GFXGFG. 
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FIGURE 6. Region VII of the 'H-NMR spectra of GFG, GFGGFG, and fraction 12.2. The 
subclasses of region VII are diagnostic for different structural features of the xyloglucans, as 
described in the text. The chemical shift range corresponds to the centre of the multiplet, and does 
not necessarily include all of the lines in the multiplet. 
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DISCUSSION 

Although apple fruit xyloglucan is predominantly built up from XXXG, XXFG and 
XLFG, oligosaccharides with a less heavily branched glucan backbone can also occur 
[7,8]. In this investigation two such oligosaccharides were characterized using 'H-NMR 
and mass spectrometric analyses. Their structures were shown unambiguously to 
correspond to GFG and GFGGFG. 

On the basis of these new structures the chemical shift regions indicative of the 
structural elements, previously only reported for alditols, can be further extended. Our 
results show that the signals of nonreducing terminal unbranched Glc residues, flanked by 
a Glc residue containing a fucosylated sidechain appear in a very narrow region. Two 
examples of such residues are discussed in the present paper, e.g. Glcb of GFG and Glce 

of GFGGFG with chemical shift values of 4.479 ppm and 4.475 ppm, respectively. Very 
recently, a chemical shift value of 4.483 ppm for Glcb of GFGol has been reported [20]. 
Apparently, the distance from the reducing terminus (compare G.FG, GFGGFG, and 
GFGol) does not affect the chemical shift values of these Glc residues much. 

Hisamatsu et al. [11] distinguish three regions (VI, VII-A, and VII-B) which 
encompass all chemical shift values of different Glc residues present in the backbone of 
xyloglucan molecules. Region VI (4.600-4.660 ppm) includes H-l signals of 4,6-linked fi­
d e attached to C-4 of Glcol (e.g. XXFG), and H-l signals of 2,4,6-linked B-Glc (e.g. 
XXFGAXXG). Region VII-A (4.560-4.600 ppm) includes H-l signals of 4,6-linked B-
Glcb when no a-Fuc-(l-»2)-B-Gal-(l-»2)-moiety is present on Xyla (e.g. XXFGAXXG). 
Region VII-B (4.480-4.560 ppm) represents H-l signals of 4-linked, 6-linked, and 4,6-
linked B-Glc not assigned in regions VI or VII-A (e.g. XXFGAXFG). Based on our 
results and one report in the literature [20], the structural-reporter groups for xyloglucans 
can be extended with a new region on the down-field side of region VII-B. This new 
region VII-C (4.475-4.485 ppm) includes the H-l signals of nonreducing terminal 
unbranched Glc residues that are flanked by an F element (e.g. GFG). Our results show 
further that next to the H-l signal of a single internal unbranched Glc residue (e.g. 
XXFGAXFG), the H-l signals of two vicinal internal unbranched Glc residues 
(GFGGFG) are included in region VII-B. 

Detection of a GFX structural element by mass spectrometry suggests that apple fruit 
xyloglucan contains small amounts of GFXG building units. Such an oligosaccharide 
might be formed as a result of a-xylosidase action on the nonreducing terminus of a 
xyloglucan molecule (XFXG-*GFXG). These structures have not been previously 
described in the literature, although the presence of a Fuc-containing sidechain attached at 
a similar position in an oligosaccharide (e.g. XFFG [21]) has been demonstrated. Further, 
it should be mentioned that apple fruit xyloglucan contains reasonable amounts of XLXG. 
The results described in this study provide indications that fucosylation of such an 
oligosaccharide (for instance XFXG) is possible. 

It is an intriguing question as to whether structures like GFG and GFGGFG are 
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synthesized as such or originate from post-depositional modifications in the cell wall. 
Unlike cellulose, xyloglucans are assembled entirely in the plant cell before being 
transported to, and excreted into the cell wall. Biosynthesis of xyloglucan involves an 
alternate transfer of Glc and Xyl to a nascent xyloglucan acceptor, by xyloglucan 4-B-D-
glucosyltransferase and a 6-a-D-xylosyltransferase, respectively [22-24]. This chain 
elongation, which is confined to the Golgi cisternae [25,26], depends on the presence of 
neither Gal nor Fuc [27]. Decoration of the xyloglucan (with Gal, Fuc) occurs 
predominantly in the trans Golgi network or dictyosomes [25,26]. The UDP-Xyl 
concentration plays an important role in the branching pattern of the glucan backbone. 
However, the exact mechanism for leaving unsubstituted Glc residues is still a matter of 
speculation. The structure of xyloglucan suggests that these units are introduced at regular 
intervals [28]. In apple fruit xyloglucan every fourth Glc residue in the backbone remains 
unbranched (XXXG-like structural elements). 

Structural deviations from the basic apple fruit xyloglucan structure may be a result of 
the action of endogenous enzymes. A complete set of xyloglucan-modifying enzymes has 
been described in the literature, including 6-glucosidase [29], a-xylosidase [30,31], 8-
galactosidase [32] and a-fucosidase [33]. It is expected that similar enzymes are also 
present in apple, and these could be responsible for generating XG, FG, XXG, GLG, and 
GFG building units at the nonreducing terminus of a xyloglucan molecule. For instance, 
GFG may be formed from XXFG by the consecutive action of a-xylosidase, 8-
glucosidase, and a-xylosidase (XXFG-»GXFG-»XFG-»GFG). The occurrence of GFGGFG 
is more difficult to explain because no a-xylosidases catalyzing a GFGXFG-*GFGGGFG 
reaction have been reported to date. 

XET [34] cleaves a xyloglucan molecule (donor), and transfers the nonreducing portion 
of the donor molecule to the nonreducing terminus of an acceptor molecule. Thus, in 
principle, XET action could be responsible for the eventual presence of XG, FG, XXG, 
and GFG in a mid-chain position, if these oligosaccharides are originally present as the 
nonreducing building unit of the acceptor molecule. However, not all oligosaccharides can 
be incorporated in this way. It appears that the acceptor molecule should meet certain 
requirements; two vicinal X elements (e.g. as in XXG) are required for XET action [35], 
so that FG, GXG, and XGG are not suitable acceptor substrates. Unfortunately, GFG has 
never been tested although it is expected that XET will not utilize this oligosaccharide as 
an acceptor, since it lacks vicinal X elements. A role for XET in forming GFGGFG 
seems, therefore, unlikely. With the current state of knowledge of biosynthesis and 
enzymic modification of xyloglucans no adequate explanation for the occurrence of 
GFGGFG in apple fruit xyloglucan can be given. 
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CHAPTER 5 

Potato Xyloglucan Is Built from 
XXGG-type Building Units' 

Extraction of potato cell wall material with solutions of increasing strength of alkali 
yielded a xyloglucan-rich fraction which was further purified by anion-exchange 
chromatography and treatment with (/-amylase and endogalactanase. Methylation 
analysis indicated that the purified xyloglucan contained a high percentage of 
unsubstituted glucosyl residues compared to, for instance, apple xyloglucan, and equal 
amounts of Xyl-(1-6)-, Gal-(1-»2)-Xyl-(1-»6)- and Ara-(1-2)-Xyl-(1-6)-sidechains. This 
xyloglucan was degraded with endoglucanase (endoV), purified from Trichoderma viride. 
The resulting digest was fractionated by BioGel P-2 chromatography, followed by 
preparative high-performance anion-exchange chromatography of the pentamer to 
nonamer fractions. The purified oligosaccharides were characterized by monosaccharide 
analysis, mass spectrometry and degradation with an exoglucanase. Degradation of 
potato xyloglucan by another endoglucanase (endolV) of Trichoderma viride yielded a 
different set of products. EndolV released predominantly oligosaccharides with two 
unbranched glucosyl residues at the reducing terminus, whereas endoV also released 
products containing unbranched glucosyl residues on both ends of the molecule. This is 
the first report in which a difference in mode of action of endoglucanases with 
xyloglucan-degrading activity is demonstrated. 

Xyloglucans occur widely in the kingdom of plants [1], where they reinforce the 
primary cell wall by crosslinking cellulose microfibrils [2]. Their main structural 
characteristic is a (l-»4)-B-D-Glc/?" backbone with a-D-Xyl/>-(l-»6)-sidechains. The 
presence of other glycosyl residues, like 6-D-Gal/?, a-L-Fucp or a-L-Ara/, as well as 
sidechain density, depend on the plant species. Xyloglucans can be degraded to 
oligosaccharides by endoglucanases, and usually a relatively crude cellulase preparation is 
used for this purpose. However, Vincken et al. [3] demonstrated that individual 
glucanases, derived from a Trichoderma viride cellulase preparation, can differ 
considerably in their ability to degrade apple fruit xyloglucan. It is unknown if these 
enzymes differ in their mode of action towards xyloglucan. 

Apple fruit xyloglucan is built mainly from the structural elements XXXG, XLXG, 
XXFG and XLFG [4,5] (for nomenclature, see [6]), and hardly any sequences of 
unsubstituted Glc exist. Endoglucanases are "forced" to cleave right next to a branched 
Glc residue (for instance -XXXGJXXXG-). When using such heavily branched 
polysaccharides such as apple xyloglucan, possible differences in mode of action of 
endoglucanases are likely to be masked. Therefore, we searched for a less branched 

'Vincken, J.-P., Wijsman, A.J.M., Beldman, G., Niessen*, W.M.A., and Voragen, A.G.J. Accepted for 
publication in Carbohydr. Res. (* Division of Analytical Chemistry, Leiden/Amsterdam Center for Drug 
Research, P.O. Box 9502, 2300 RA Leiden, The Netherlands). 
uAbbreviations: see page viii. 
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xyloglucan substrate which would offer endoglucanases the possibility to hydrolyze their 
linkage of preference. 

A number of these more linear xyloglucans have been described in literature. The 
xyloglucan of rice seedlings [7] and immature barley plants [8] are predominantly built 
from XXGGG structural units; the former also contains regions with an even lower degree 
of substitution. Contrary to apple fruit xyloglucan, these polysaccharides are poorly water 
soluble. Xyloglucan of potato has a slightly higher degree of branching than that of rice 
seedlings or barley plants (c. 45%; [9]), and is soluble in water; therefore, this 
polysaccharide seems a better candidate to study the mode of action of endoglucanases. 
Potato xyloglucan lacks fucosylated sidechains as in apple, but contains Ara-(l-»2)-Xyl-
(l-»6)-sidechains instead. The presence of Ara residues has also been observed in 
xyloglucans of Nicotiana tabacum [10] and Phaseolus coccineus [11]. 

Presently, the distribution of sidechains of potato xyloglucan is unknown. A degree of 
substitution of almost 50% allows structures like XGXGXG, in which case the 
endoglucanase is forced to cleave right next to a sidechain. However, in analogy to barley 
plants [8] and rice seedlings [7], clusters of unbranched Glc residues and xylosylated Glc 
residues (as in GXXGGXXG) seem more likely. This study investigates the branching 
pattern of potato xyloglucan. In addition, the different mode of action of two 
endoglucanases from Trichoderma viride (endoIV and endoV) towards this substrate will 
be discussed. 

EXPERIMENTAL 

Materials 
Raw material.—Potatoes (Solarium tuberosum var. Bintje) were obtained at a local market. A 

mixture of cellodextrins (DP 1 to 6) was obtained from Merck (Darmstadt, Germany). 
Enzymes.—Two endoglucanases (endoIV and endoV; EC 3.2.1.4) and an exoglucanase (exol; 

EC 3.2.1.91) were purified from a commercial enzyme preparation from Trichoderma viride 
(Maxazyme CI, Gist-Brocades, Delft, The Netherlands) by Beldman et al. [12]. Pancreas a-
amylase was obtained from Merck and showed no activity towards cell wall polysaccharides. A 
purified endogalactanase from Aspergillus niger was present in the laboratory of the authors [13]. 

Purification of POsxg 
Isolation of WUS.—Potatoes (4 kg) were peeled, cut (1 cm3) and blanched (20 min) in water 

(70 °C) to inactivate endogenous enzymes and gelatinize starch. The potatoes were homogenized 
in Waring Blendor with 3 L of 10 mM maleate buffer (pH 6.5) containing 1 mM CaCl2, 10 mM 
NaCl and 0.01% (w/v) NaN3. The potato mash was treated with 75 mg of a-amylase (c. 15,000 
U) for 16 h at 40 °C. After centrifugation (15 min, 16,300 g), the residue was extracted twice (1 
h) with 3 L of distilled water. The first extraction was performed at 40 °C, the second one at 
70 °C. The a-amylase treatment and subsequent extractions were repeated four times. The residual 
material was freeze-dried and ground in a Fritsch pulverisette (sieve 1.0 mm, Germany) and 
designated as WUS. 

Extraction of WUS.—Potato WUS was subjected to a sequence of alkali extraction steps 
(0.05 M NaOH containing 5 mM CDTA, 1 M KOH containing 1% (w/w) NaBH4 and 4 M KOH 
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containing 1% (w/w) NaBH4; 1 g of WUS per 200 mL of extractant), in a similar manner as 
described for apple [3]. Extracts were acidified to pH 5 with HOAc, dialyzed extensively against 
distilled water and freeze dried. In some cases tiny amounts of material precipitated, which were 
removed by centrifugation (20 min, 50,000 g). 

Purification of the 4 M KOH extract.—Residual starch was removed by treating c. 125 mg of 
the freeze dried material with a-amylase (100 /ig) in 250 mL of 50 mM NaOAc buffer (pH 6) 
containing 0.01% (w/v) NaN3 at 40 °C. After 24 h a similar dose of enzyme was added and the 
incubation was continued for another 24 h. The incubation was stopped by heating the reaction 
mixture 10 min at 100 CC. The mixture was then dialyzed (2 times 12 h) against 50 mM NaOAc 
buffer (pH 5) containing 0.01% (w/v) NaN3. Subsequently, the material was depectinized on a 
DEAE Sepharose CL-6B column (40 x 440 mm, Pharmacia, Uppsala, Sweden) in a similar 
manner as described for apple xyloglucan [3]. The neutral fraction was concentrated under reduced 
pressure, acidified to pH 4.5 with HOAc, and treated with c. 20 mU of endogalactanase for 48 h 
at 40 °C. The reaction mixture was heated for 10 min at 100 °C, dialyzed extensively against 
distilled water and freeze dried. The resulting material was designated POsxg. 

Preparation and purification of xyloglucan oligosaccharides 
Enzymic degradation of POsxg.—POsxg (50 mg) was dissolved in 5 mL of 40 mM NaOAc 

buffer (pH 5), containing 0.01% (w/v) of NaN3 and 10 /tg of endoV protein, and incubated for 48 
h at 40 °C. The resulting digest was heated for 10 min at 100 °C to inactivate endoV, and freeze-
dried. In a similar manner, POsxg was treated with endoIV (c. 2 fig of protein). 

BioGel P-2 chromatography.—The POsxg digests were dissolved in 2 mL of distilled water and 
applied to a column (100 x 2.6 cm, i.d.) of BioGel P-2 (200-400 mesh, Bio-Rad, Richmond, CA, 
USA) at 60 °C and eluted with distilled water (18 mL h"1). Fractions (2.0 mL) were assayed for 
total neutral sugar content. Appropriate fractions were combined. The column was calibrated using 
a mixture of Glc, G2, raffinose, stachyose and Dextran T150 (Pharmacia, Uppsala, Sweden). 

Preparative HPAEC of BioGel P-2 fractions.—-The BioGel P-2 fractions 5 to 9 of the endoV 
digest and fraction 9 of the endoIV digest were subjected to HPAEC using a Spectra Physics 
P4000 pump (San Jose\ CA, USA) equipped with a Dionex CarboPac PA-100 column (250 x 
22 mm, Sunnyvale, CA, USA). Samples of 400 jiL (containing 3 to 7 mg mL"1) were injected with 
a Spectra Physics AS3000 autosampler, and eluted (25 mL min1) at 20 °C with 100 mM NaOH 
containing different concentrations of NaOAc. The NaOAc gradients, which were optimized for 
each BioGel P-2 fraction, were as follows: 5, 0-»30 min, linear gradient of 20-»80 mM NaOAc; 
6, 0-*20 min, linear gradient of 30-»60 mM NaOAc; 20->40 min, linear gradient of 60-»100 mM 
NaOAc; 7, 0-»60 min, linear gradient of 30-»80 mM NaOAc; 8, 0-»50 min, linear gradient of 
40-»80 mM NaOAc; 9, 0-»15 min, linear gradient of 50-»60 mM NaOAc; 15-»20 min, linear 
gradient of 60-»70 mM NaOAc; 20-»50 min, linear gradient of 70-»100 mM NaOAc. After each 
run, the column was cleaned for 5 min by elution with 100 mM NaOH containing 1 M NaOAc, 
and subsequently equilibrated for 15 min with the starting eluent. Solvents were degassed and 
stored under helium using a Dionex eluent degassing module. The eluate was splitted post-column 
(ratio 1 to 9), and the smaller current was monitored using a Dionex PED detector in the PAD 
mode. A reference Ag/AgCl electrode was used with a working gold electrode with the following 
pulse potentials and durations: E,, 0.1 V and 0.5 s; Ej, 0.6 V and 0.1 s; E^, -0.6 V and 0.1 s. The 
eluate was neutralized by on-line addition of 1 M HOAc and appropriate fractions (c. 5 to 12 mL) 
were combined. 

Desalting of oligosaccharides.—In order to remove NaOAc from the HPAEC pools, the 
oligosaccharides were adsorbed on Bakerbond SPE C18 disposable extraction columns (JT Baker 
Inc., Phillipsburg, NJ, USA), washed extensively with distilled water, and eluted with methanol. 
The most prominent purified oligosaccharides were characterized by monosaccharide analysis, 
mass spectrometry and partial degradation with exol (or endoV). 
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Chemical and enzymic treatment of oligosaccharides 
Reduction of oligosaccharides.—In order to label oligosaccharide 9.2 at its reducing terminus, 

this fraction (c. 100 /tg) was treated with 200 /iL of 1.5 M ammonia containing 75 mg mL"1 of 
NaBH4 for 1 h at 30 °C. The reduced oligosaccharide was desalted using a mixture of Dowex 
50W X8 (H+) and AG3 X4A (OH-) resins (Bio-Rad) in a ratio of c. 0.6 (v/v), and subsequently 
dried in a stream of air. 

Release of oligosaccharides from POsxg in time.—POsxg (2 mg) was dissolved in 1 mL of 
50 mM succinate buffer (pH 4) containing 0.01% (w/v) NaN3 and degraded with endoIV 
(c. 140 ng) or endoV (c. 5 ng) during 48 h at 40 °C. Samples of 50 jtL were taken during the 
course of degradation. After inactivation of the enzyme (10 min, 100 °C), the products were 
analyzed by HPAEC. 

Degradation of (mixtures of) oligosaccharides by exol or endoV.—Monosaccharide analysis and 
mass spectrometry revealed that several oligosaccharides contained more than one unsubstituted 
Glc residue. In order to investigate whether these extra residues were located on the reducing or 
nonreducing terminus, the oligosaccharides were treated with either exol (active on the 
nonreducing end) or endoV (active on the reducing end). Approximately 10 /tg of oligosaccharide 
(reduced 9.2 was also included in this series) or 100 ng of a POsxg digest of endoIV were treated 
(12 h, 40 °C) with exol (c. 100 ng of protein), endoV (c. 1 n& of protein), or endoIV (c. 200 ng 
of protein) in 100 /iL of a 50 mM NaOAc buffer (pH 5) containing 0.01% (w/v) NaN3. Mixtures 
were heated for 10 min at 100 °C to stop the reaction and the release of Glc (or glucitol in case of 
reduced 9.2) was analyzed by HPAEC. 

Analytical methods 
Sugar analysis.—Uronic acids were estimated eolorimetrically with an automated m-

hydroxydiphenyl test [14] using concentrated H2S04 containing 0.0125 M NajB407 for hydrolysis. 
The total neutral sugar content was determined eolorimetrically with an automated orcinol/H2S04 

assay [15]. Glc was used as a standard. For determination of the neutral sugar composition various 
methods were used. WUS was subjected to a 72% (w/w) H2S04 prehydrolysis (1 h at 30 °C) 
followed, after dilution with water, by a 1 M H2S04 hydrolysis (3 h at 100 °C). Alkali extracts 
from WUS and BioGel P-2 fractions were hydrolyzed (1 h, 121 °C) using 2 M TFA. The released 
neutral sugars were converted into their alditol acetates and analyzed by GC as described 
previously [3]. Oligosaccharides, obtained after fractionation on HPAEC, were hydrolyzed using 
2 M TFA as above and the sugar composition was determined by HPAEC as described by De 
Ruiter et al. [16]. 

Glycosyl linkage composition.—POsxg was methylated according to a modification of the 
Hakomori method [17] and subsequently dialyzed against water and dried by evaporation 
(airstream, room temperature). This procedure was repeated once. Next, the methylated 
xyloglucan was hydrolyzed using 2 M TFA as described above. The released (partially methylated) 
sugars were converted into their alditol acetates, which were quantified by GC and identified by 
GC-MS as described before [3]. Sodium borodeuteride was used for reduction. 

Starch content.—The amount of starch which was present in WUS was determined using a test-
kit obtained from Boehringer (Mannheim, Germany). 

Protein content.—The protein content of WUS (N x 6.25) was determined by a semi-automated 
micro-Kjeldahl method. Protein content of enzyme preparations was determined according to 
Sedmak and Grossberg [18]. BSA was used as a standard. 

Determination of mol wt of XG oligosaccharides.—The mol wt of the purified xyloglucan 
oligosaccharides was determined with a Finnigan MAT TSQ-70 mass spectrometer (San Jos6, CA, 
USA), equipped with a 20 kV conversion-dynode and a Finnigan MAT electrospray interface as 
described previously [19]. 

Analysis of xyloglucan oligosaccharides.—Xyloglucan oligosaccharides and their degradation 
products were analyzed by HPAEC (CarboPac PA-100 column; Dionex) combined with PAD-
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analysis as described previously [5]. Samples (20 /tL) were eluted (lmL min"1) with the following 
NaOAc gradient in 100 mM NaOH: 0-»5 min, linear gradient of 0-»50 mM NaOAc; 5-»30 min, 
linear gradient of 50-*100 mM NaOAc; 30->45 min, linear gradient of 100-»250 mM NaOAc. 
After each analysis, the column was rinsed for 5 min with 1 M NaOAc in 100 mM NaOH, and 
equilibrated in 100 mM NaOH for 15 min. 

RESULTS 

Isolation and purification of xyloglucan 
Successive water extractions and a-amylase treatments of the potato mash yielded a 

fraction (WUS) which consisted for c. 65% of carbohydrates and c. 25% of proteins; 
c. 2% of the peeled potato material was recovered as WUS. Approximately 25% (w/w) of 
the sugars in WUS could be attributed to starch. Several a-amylase treatments, preceded 
by an extraction at 70 °C, were insufficient to obtain an essentially starch-free WUS. 
DMSO, which is known as an effective starch extractant [9,20], was not used because 
some pectic polysaccharides, which were of interest to us in a different study, would be 
solubilized as well. The WUS was subjected to a sequence of alkali extractions; the 
polysaccharides present in WUS were recovered in four fractions: 0.05 M NaOH {27% 
(w/w)}, 1 M KOH {44% (w/w)}, 4 M KOH {8% (w/w)}, and the residue {21% (w/w)}. 
The sugar composition of WUS and extracts are summarized in Table I. Pectic 
polysaccharides accumulated in the 0.05 M NaOH extract. The relatively large amount of 
Glc in the 1 M KOH extract suggested that this fraction contained predominantly starch. 
This was confirmed by treatment with a-amylase. 

Our primary interest in this study was xyloglucan; the presence of Xyl indicated that 
both the 1 M KOH and the 4 M KOH extract contained this polysaccharide. The 4 M 
KOH extract was chosen as a source for purification of xyloglucan because this extract 

TABLE I. Sugar composition (mol%) of WUS, of fractions obtained by sequential extractions 
of WUS and of a purified potato xyloglucan. 

starting material 
WUS 

Rha 

tr.' 

sequential extractions 
0.05 M NaOH 3 
1 M KOH 1 
4 M KOH 0 
Residue 0 

Ara 

5 

7 
4 
9 
0 

Xyl 

2 

0 
2 

20 
0 

Man 

1 

1 
0 
3 
2 

Gal 

24 

43 
16 
22 
2 

Glc 

51 

12 
68 
43 
91 

GalA 

17 

34 
9 
3 
5 

4 M KOH after several purification steps 
POsxg 0 8 25 4 9 54 

* Traces. 
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TABLE II. Glycosyl linkage composition of POsxg. 

Deduced 
linkage 

L-ara/-(l-* 
D-Gal/>-(l-* 
D-Xylp-(1-
-»2)-D-Xylp-(l-
-*4)-D-Xyl/?-(l-» 
-*4)-D-Glcp-(l-
->4,6)-D-Glcp-(l-» 
-»4)-D-Manp-(l-» 
-*4,6)-D-Manp-(l-* 

Molar 
Ratio 

8 
8 
9 

12 
1 

34 
20 
6 
2 

Total 

8 
8 

22 

54 

8 

Determined as l,4-di-0-acetyl-2,3,5-tri-0-methylarabini-
tol, etc.. 

contained more xyloglucan and less starch than the 1 M KOH extract. Small amounts of 
contaminating polysaccharides were removed subsequently by a-amylase treatment 
(starch), anion-exchange chromatography (pectic material), and treatment by a purified 
endogalactanase (galactan). The selective degradation of starch and galactan was 
monitored by HPAEC; no typical degradation products of xyloglucan were observed. The 
resulting high mol wt material was designated POsxg and comprised c. 1% (w/w) of 
WUS. The sugar composition of POsxg is given in Table I, which is in close agreement 
with the totals of the corresponding differently linked residues determined by methylation 
analysis (Table II). The 1,4,6-linked Glc is indicative for the presence of xyloglucan; 
c. 37% of the (l-*4)-linked glucan backbone is branched at the C-6 position. This amount 
of 1,4,6-linked Glc is in good agreement with that of the sum of terminal Xyl 
{D-Xyl/j-(l-»} and 1,2-linked Xyl. Terminal and 1,2-linked Xyl residues occurred in 
similar amounts. All Ara and Gal were present as terminal residues, and are probably 
attached to the C-2 position of Xyl. Detection of 1,4-linked Xyl suggests the presence of a 
small contamination of xylan in POsxg; short sidechains as observed in the xyloglucan of 
Phaseolus coccineus might be another possibility [21]. No 1,4-linked Gal or 1,4,6-linked 
Gal was detected which suggests that the 6-(l-*4)-galactan contamination was effectively 
removed by the endogalactanase treatment. Methylation analysis could not be conclusive 
on the removal of starch. Table II further indicates the presence of a (l-»4)-linked mannan 
of which c. 25% of the Man residues {-»4,6)-D-Man/7-(l-»} are branched with, most 
likely, Gal. As a result of this, potato xyloglucan will have more terminal Ara than Gal 
residues. These data are in agreement with those reported by Ring and Selvendran [9] and 
Ryden and Selvendran [20]. 

Fractionation of xyloglucan oligosaccharides obtained by endoV 
The degradation of POsxg by two endoglucanases having a high xyloglucanase activity, 

was investigated. Only the fractionation and characterization of products obtained by 
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treatment with endoV was performed in detail. POsxg was completely degraded by endoV 
as is indicated by the elution profile of the digest on BioGel P-2 (Fig. 1); no material 
eluted in the void volume of the column. The assignment of fraction numbers / to 9 is in 

a 
3 

CO 

9 8 7 6 5 

m ... 
0.8 0.4 0.6 

Kav 

FIGURE 1. Elution pattern on BioGel P-2 of a digest of POsxg with endoV. 

NaOAc concentration (mM) 

/ 7 

/\LAj» 

7.1 

1*' 
\7.3 

7.4 

7.3 

25 45 

Retention time (min) 

FIGURE 2. Elution profiles on HPAEC of BioGel P-2 pools 5 to 9, obtained after treatment of 
POsxg with endoV. Solid lines and dashed line indicate PAD response and NaO Ac gradient, respectively. 
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accordance with the DP of the oligosaccharides, as deduced from their elution behavior. 
The DP was later confirmed by mass spectrometry of the oligosaccharides. Pool 1 
contained only Glc (data not shown), 2 and 3 were not analyzed; the sugar composition of 
5 to 9 is given in Table III. It should be noted that the Man-containing polysaccharide of 
POsxg was also degraded by endoV because hardly any material was detected in the void 
fraction. Apparently, endoV is able to cleave this polysaccharide or it contains a residual 
endomannanase activity. HPAEC analysis of 5 to 9 (Fig. 2) demonstrated that each pool 
(except 5) consisted of at least four products. Pools 5 to 9 were subsequently fractionated 
by preparative HPAEC which yielded a large number of oligosaccharides with a sugar 
composition as is indicated in Table III, and mol wts as summarized in Table IV. 
Together with the data from methylation analysis, and the known endoglucanases cleavage 
at the reducing side of an unsubstituted Glc residue, it can be deduced that each 
oligosaccharide contained two (adjacent) substituted Glc residues. The sidechains attached 
to these residues can have any arrangement: XX, LX, XL, LL, SX, XS, SS, LS and SL. 
Fraction 6.3 and 8.2 are an exception to the above, because their large Xyl content 
suggests the presence of three sidechains. Their structures will be discussed later. 

Fractionation of a POsxg digest obtained by endoIV 
POsxg was also degraded by endoIV and the resulting digest was fractionated by 

BioGel P-2 chromatography (data not shown). The void volume of the BioGel P-2 column 
contained material with similar amounts of Man, Glc and Gal; no Xyl and Ara were 
found. Apparently, the Man-containing polysaccharide of POsxg was not degraded by 
endoIV. The presence of a large amount of Glc (in the absence of Xyl) indicates that 
POsxg still contained some residual starch. Typically, the degradation products of endoIV 
seemed slightly larger than those formed by endoV (data not shown). Whereas treatment 
of POsxg with endoV yielded predominantly hexa-, hepta-, and octasaccharides (6, 7, and 
8; see Fig. 1), the treatment with endoIV yielded mainly hepta-, and octasaccharides. 

Only BioGel P-2 pool 9 from the digest obtained with endoIV was further fractionated 
by preparative HPAEC. This yielded an oligosaccharide with a Glc:Xyl:Gal:Ara ratio of 
c. 6:3:1:1. The mol wt of this oligosaccharide was 1386, which corresponds to a bruto 
formula of GlcsXyljGa^Arai. Because this oligosaccharide contained many Glc residues 
compared to those obtained from apple xyloglucan [5], it was treated with exol or endoV. 
HPAEC analysis showed that in both cases c. 20% of the Glc was released from the 
oligosaccharide (data not shown); however, the oligomeric products that were formed, 
differed. This suggested that exol and endoV removed one Glc residue from a different 
terminus. This means that Glc5Xyl2GaliArai corresponds to either GSLGG or GLSGG 
(note that endoglucanases do not catalyze GSGLiG). The exact position of Ara and Gal 
residues is not known yet, and the structural elements containing these residues will 
therefore be indicated between brackets, i.e. G[LS]GG. After reduction of the 
oligosaccharide, it was shown that exol released Glc, whereas endoV released glucitol. 
Thus, endoV removed Glc from the reducing end of the molecule (G[LS]G ̂  G) while exol 
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TABLE III. Sugar composition (mol%) of fractions obtained after enzymic 
degradation of POsxg by endoV. The POsxg digest was fractionated on BioGel 
P-2, and these fractions were further purified by HPAEC. 

BioGel P-2 pentamer 
5.1 

BioGel P-2 hexamer 
6.1 
6.2 
6.3 
6.4 
6.5 

BioGel P-2 heptamer 
7.1 
7.2 
7.3 
7.4 
7.5 
7.6 

BioGel P-2 octamer 
8.1 
8.2 
8.3 
8.4 

BioGel P-2 nonamer 
9.1 
9.2 
9.3 
9.4 

Glc 

54 
61 

46 
45 
50 
50 
51 
40 

51 
46 
55 
54 
57 
60 
56 

48 
45 
46 
52 
50 

50 
58 
58 
57 
64 

Xyl 

40 
39 

34 
39 
35 
45 
36 
40 

29 
39 
29 
30 
29 
27 
28 

26 
29 
42 
26 
25 

24 
20 
21 
21 
18 

Gal 

1 
0 

5 
15 
14 
1 
0 
0 

8 
15 
13 
13 
2 
0 
1 

15 
26 
12 
10 
12 

15 
19 
10 
10 
2 

Ara 

3 
0 

13 
1 
1 
4 

13 
20 

11 
0 
3 
3 

12 
12 
15 

9 
0 
0 

12 
13 

8 
3 

11 
12 
16 

Man 

2 
0 

2 
0 
0 
0 
0 
0 

1 
0 
0 
0 
0 
0 
0 

2 
0 
0 
0 
0 

3 
0 
0 
0 
0 

acted on the other end (GI[LS]GG). This example demonstrated that treatment with exol 
or endoV can be used to determine the position of unbranched Glc residues in an 
oligosaccharide. Incubation of G[LS]GG with endoIV also removes Glc from the reducing 
terminus, but this reaction was much slower than with endoV. 

Further characterization of oligosaccharides by enzyme treatment 
Table III and IV showed that many oligosaccharides (7.1-7.6, 8.1-8.4 and 9.1-9.4) 

contained a relatively large proportion of Glc. To investigate whether these residues were 
located at nonreducing terminus, these oligosaccharides were treated with exol. In the case 
of no Glc release by exol, the oligosaccharides were treated by endoV, as a positive 
control. The results of these incubations are shown in Table IV. Based on sugar 
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composition, mol wt, and incubations with exol and/or endoV, tentative structures were 
proposed for the different oligosaccharides (Table IV). The order of the structural 
elements between brackets ( [ • • ] ) is interchangeable. However, it should be noted that the 
order of letter codes between brackets is not completely arbitrary. The presented sequence 
of the elements between the brackets do show the relation between certain 
oligosaccharides and their degradation products, e.g. degradation of 7.4 (G[XS]G) by exol 
and 7.6 ([XS]GG) by endoV, both yielded 6.5 ([XS]G) as a product. Product 7.5 has a 
similar sugar composition as 7.6 ([XS]GG), but a different retention time upon HPAEC; 
its tentative structure might correspond to [SX]GG. 

When assuming that the molar response factors are similar for oligosaccharides in one 
BioGel P-2 pool, it can be concluded from Fig. 2 that [XS]G (6.5), G[XS]G (7.4) and 
[XS]GG (7.6) are much more abundant than [SX]G (6.4; [SX]GG was not found). This 
suggests that Ara substituents are predominantly attached to one of the two Xyl residues. 
Gal residues are more equally distributed over both Xyl residues; [XL]G (6.1) and [LX]G 
(6.2), as well as G[XL]G (7.1) and G[LX]G (7.2) plus [LX]GG (7.3), are present in 
similar amounts. 

The nature of 6.3 and 8.2 is not fully understood. The mol wt of these products 
corresponds to HexosejPentoses and Hexose5Pentose3, respectively. The absence of Ara 
residues in these oligosaccharides (Table III), suggests that Xyl accounted for all three 
pentoses. The possibility that 8.2 corresponds to XLXG, a rather abundant oligosaccharide 
in apple xyloglucan, can be excluded because exol removed Glc from this molecule. This 
means that the Glc residue at the nonreducing terminus is unbranched (G[»L]G). These 
data indicate that sidechains containing two Xyl residues might be present. Ryden and 
Selvendran [21] provided some evidence for the presence of 1,4-linked Xyl in the 
sidechains of xyloglucan derived from Phaseolus coccineus. Possibly, 6.3 and 8.2 contain 
similar structures in their sidechains. This might also explain the small percentage of 1,4-
linked Xyl found in the methylation analysis of POsxg. 

Mode of action of endoV and endoIV 
The release of oligosaccharides from POsxg by endoIV or endoV was monitored in 

time by HPAEC analysis. An example of a typical degradation pattern of POsxg is shown 
in Fig. 3 for both enzymes. No G2 or G3 was detected in any of the digests. Products 
eluting between 5 and 15 min only appeared upon incubation with endoV; they probably 
originate from the galactomannan contamination in POsxg. The numerals in Fig. 3 
correspond to those in the last column of Table IV. It can be seen that galactosylated 
oligosaccharides elute much faster upon HPAEC than arabinosylated oligosaccharides 
{compare, for instance, [XL]G (6.1) and [XS]G (6.5) or GLLGG (9.1) and GSSGG 
(9.4)}. Further, oligosaccharides are retarded on CarboPac PA-100 when they contain an 
extra unsubstituted Glc residue; the effect is most pronounced when this residue is present 
at the reducing terminus {compare, [LX]G (6.2), G[LX]G (7.2) and [LX]GG (7.3) or 
[XS]G (6.5), G[XS]G (7.4) and [XS]GG (7.6)}. 
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TABLE IV. Data on purified potato xyloglucan oligosaccharides obtained after enzymic 
degradation of POsxg by endoV. 

Fraction 

5.1 

6.1 
6.2 
6.3 
6.4 
6.5 

7.1 
7.2 
7.3 
7.4 
7.5 
7.6 

8.1 
8.2 
8.3 
8.4 

9.1 
9.2 
9.3 
9.4 

Mol wt* 

768 

nd. 
930 
900 
nd. 
900 

1092 
1092 
1092 
1062 
nd. 
1062 

1254 
1224 
1062 
1224 

nd. 
1386 
nd. 
nd. 

Exor 

nd.1 

nd. 
nd. 
nd. 
nd. 
nd. 

+ 
+ 
-
+ 

nd. 
-

+ 
+ 
+ 
+ 

nd. 
+ 

nd. 
nd. 

EndoV* 

nd. 

nd. 
nd. 
nd. 
nd. 
nd. 

nd. 
nd. 
+ 

nd. 
nd. 
+ 

nd. 
-
-
-

nd. 
+ 

nd. 
nd. 

Tentative 
Structure5 

XXG 

[XL]G 
[LX]G 

? 
[SX]G 
[XS]G 

G[XL]G 
G[LX]G 
[LX]GG 
G[XS]G 

? 
[XS]GG 

GLLG 
? 
? 

G[LS]G 

GLLGG 
G[LS]GG 

? 
GSSGG 

Peak 
No.' 

1 

2 
3 
6 

6 or 7 " 
12 

4 
5 
8 
14 
16 
17 

7 
10 
11 
15 

10 or 11** 
19 
20 
21 

Determined by electrospray mass spectrometry. f Oligosaccharides were treated with exol to test 
for unsubstituted Glc on nonreducing terminus. * Oligosaccharides with additional endoV treatment to 
test for two consecutive Glc on reducing terminus. ! Tentative structure based on sugar composition, 
methylation analysis, mol wt, and exoI/endoV degradation patterns. Nomenclature according to Fry et 
al. [6]. Segments between brackets [**] are interchangeable because the exact position of Ara and 
Gal residues has not been determined. However, treatment of, for instance, 7.6 with endoV yields 
6.5, indicating a similar position of Ara (relative to Xyl) for both oligosaccharides. ' Numbers refer 
to peaks indicated in Fig. 3. 1 Not determined. "* Exact location not known. 

The degradation of POsxg by endoV, as shown in Fig. 3, was not yet completed. Peaks 
indicated with "dimers" disappeared during the course of degradation, while the relative 
amounts of products 1 to 19 remained similar (data not shown). From Table IV it can be 
deduced that, if an oligosaccharide contains two adjacent Glc residues which are both 
substituted with a disaccharide sidechain, then this molecule contains an unsubstituted Glc 
residue at the nonreducing terminus (for instance, GLSG and GLSGG). Apparently, 
substitution of both Xyl residue hinders endoV, and cleavage of a more accessible linkage 
(-GIGLSGG-) is preferred over a less accessible one (-GG1LSGG-). Based on this 
observation, it was expected that endoV would show a similar behavior in the case of 
GGLXGG (only the Xyl residue towards the nonreducing end is substituted), i.e. 
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FIGURE 3. Elution profiles on HPAEC of a POsxg digest by endoV ( ), endolV (—), and 
endolV after subsequent treatment with endoV (-. -). Peak numbers correspond to numerals and 
tentative structures in Table IV. 

-GIGLXGG- is preferred over -GGILXGG-. However, this is contradicted by finding 
both [LX]G and [XL]G. 

The absence of "dimers" in the dashed line ( ) of Fig. 3 suggested that the 
degradation of POsxg by endolV was complete. Different products (peaks 16-19) as with 
endoV were accumulated. Further, only a small amount of Glc was released by endolV. 
This amount increased, however, at prolonged incubation times with a concomitant shift in 
retention time of most other products. Upon treatment of the POsxg digest of endolV by 
exol, a few minor oligosaccharides (for instance peaks 5 and 19) disappeared and a small 
amount of Glc was released (data not shown). Apparently, only a small percentage of the 
oligosaccharides contained an unsubstituted Glc residue at the nonreducing terminus; thus, 
only very small amounts of G[»»]G-type of oligosaccharides are formed by endolV. 
Incubation of the same digest with endoV resulted in the release of Glc and a shift of the 
main products of endolV towards smaller retention times (peaks 12-15; Fig. 3, line - . - ) . 
The retention time of peak 13 is similar to that of the product of G[LS]G (8.4) after exol 
treatment; peak 13 probably represents [LS]G. 

DISCUSSION 

In order to be able to study the mode of action of two endoglucanases purified from 
Trichoderma viride, the substitution pattern of potato xyloglucan was investigated. Hereto, 
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an alkali-extracted xyloglucan was enzymically degraded to its building units, which 
resulted in a very complex mixture of oligosaccharides. Purification and (partial) 
characterization of the degradation products demonstrated that sidechains appeared in 
clusters of two adjacent Glc residues. These sidechains consisted of either a terminal Xyl 
residue or a Xyl residue with an additional Ara or Gal substituent. Any combination of 
these terminal residues seemed possible; however, the exact position of these residues was 
not determined. 

An important question was how the clusters of sidechains were distributed along the 
glucan backbone. This distribution could be deduced from the action pattern of endoIV on 
POsxg. EndoIV mainly releases [••]GG-type of oligosaccharides and hardly any Glc 
from POsxg. Prolonged incubation with endoIV showed that these oligosaccharides were 
further degraded to [••]G-type of products and Glc. Therefore, the relatively small 
amounts of [••]G and Glc in Fig. 3 (solid line) probably originate from "trimming" of 
slightly larger oligosaccharides ([••]GG). It is concluded that blocks of two adjacent 
unbranched Glc residues are characteristic for potato xyloglucan. Thus, [««]GG is the 
major repeating unit of POsxg, which is illustrated by Fig. 4. It might be argued that 
methylation analysis of POsxg indicates a higher proportion of 1,4-linked Glc than is 
shown in Fig. 4. However, the monosaccharide composition of the BioGel P-2 void 
fraction of a digest, obtained after degradation of POsxg by endoIV, suggested that POsxg 
contained some residual starch. The data of methylation analysis were therefore not 
considered in the degree of branching of POsxg as indicated in Fig. 4, but only to 
demonstrate that Gal and Ara were present as terminal residues. It should be noted that 
the proposed structure is not necessarily representative for all xyloglucan in potato. The 
1 M KOH extract contained some xyloglucan as well (data not shown), but the 
polysaccharides of this fraction were not further investigated. Compared to other 
xyloglucans, the structure of POsxg is rather unique. It resembles barley [8] and rice 
xyloglucan [7] in having clusters of two adjacent branched Glc residues; however, the 
number of unsubstituted Glc residues between these clusters is two for POsxg instead of 
three as established for barley and rice (repeating units of [••]GG vs. [••]GGG). The 
data for barley and rice xyloglucan leave room to speculate that their branching pattern is 
similar to that of potato. Further, POsxg differs from apple [4,5], sycamore, tamarind 
[22] and many other xyloglucans [1] in its degree of substitution ([••]GG vs. X[«»]G), 
although the backbone length of their repeating units is similar. 

The release of different oligosaccharides by endoIV and endoV demonstrates that 
endoglucanases can differ in their mode of action towards xyloglucans. This has never 
been observed before because in most studies either crude cellulase mixtures or too 
heavily branched xyloglucans were used. EndoIV gives predominantly a [••]GG-type of 
oligosaccharides, even when both Xyl residues of the oligosaccharide are substituted. 
EndoV seems to cleave more at random, but the action of this enzyme is influenced when 
both of two adjacent xylosylated Glc units are substituted with Ara and/or Gal. In such a 
case, endoV releases oligosaccharides only as G[«»]G, and not as [••]G or [••]GG. 
Differences in mode of action of a similar kind have been made for the degradation of 



72 | CHAPTER 5 

M H U • H I H -dov 
I I I U I • * -d°v 

FIGURE 4. Tentative structure of POsxg based on methylation analysis, data in Table IV and 
degradation pattern of POsxg by endoIV. The location of Ara and Gal residues is in accordance 
with Table IV; it should be realized that the exact position of these residues still needs to be 
determined. Building units with two Ara or two Gal residues also occur; these were not indicated 
because they are present in very small quantities. The different mode of action of endoIV and 
endoV towards POsxg is illustrated by arrows. Solid and open arrow heads indicate preferred and 
possible cleavage sites, respectively. Note that we do not have evidence for the release of 
hexasaccharide XXGG. D, B-D-Glcp-(l-4)-; O, a-D-Xy\p-(\-*6)-; A, B-D-Gal/?-(l-»2)-; • , «-L-
Ara/-(l-2)-. 

wheat flour arabinoxylans by two endoxylanases from Aspergillus awamori [23,24]. The 
possible mode of action of endoIV and endoV is summarized in Fig. 4. The fact that 
endoIV releases similar amounts of XXG as endoV, and that no indications for the 
presence of GXXG or XXGG were found, suggests that endoIV is also influenced by Ara 
and Gal substitution (see open arrows in Fig. 4). Therefore, determination of the exact 
location of the Gal and Ara residues is still necessary to further refine Fig. 4. The release 
of Glc and relatively large amounts of a [••]G-type of oligosaccharide by endoV shows 
that this enzyme is better in "trimming" unsubstituted Glc residues from the reducing end 
of oligosaccharides ( [ •• ]GIG) than endoIV; in case of the latter, Glc release was very 
slow. This might be related to a difference in substrate-binding of both enzymes, the 
investigation of which is discussed in Chapter 6. 
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CHAPTER 6 

Substrate Specificity of Endoglucanases: 
What Determines Xyloglucanase Activity?1 

Endoglucanases from Trichoderma viride differ in their activity and mode of action 
towards xyloglucans. In order to explain the basis for their different behavior, the 
number of substrate-binding sites of three endoglucanases (endol, endolV and endoV) 
were determined using bond cleavage frequencies of both normal and reduced 
cellodextrins and k0/Km. EndolV differed from other endoglucanases described so far, in 
having at least nine putative binding sites. The specificities of the three endoglucanases 
towards various xyloglucans derived from apple fruit and potato were determined. Also, 
the release of oligosaccharides from these substrates in time was monitored. It was 
concluded that the endoglucanases prefer to bind unbranched glucosyl residues. 
Because most xyloglucans are composed of XXXG-type of building units, distant 
subsites are needed to bind xyloglucan. Having at least nine substrate-binding sites, 
endolV seems to be well equipped to degrade xyloglucans which was confirmed by its 
high xyloglucanase activity. 

Nature has equipped many fungal and bacterial species with a large set of (l-»4)-B-
glucanases, sometimes containing as many as seven different enzymes [1]. From a genetic 
point of view, these enzymes are often rather well characterized. For instance, most of the 
glucanases of Trichoderma reesei have been sequenced and cloned. These are EGIn [2], 
EGII (formerly called EGIII) [3], EGIII [4], EGV [5], CBHI [6], and CBHII [7]. Analysis 
and comparison of amino acid sequences, as well as limited proteolysis [8], have revealed 
that most of these glucanases are built of discrete functional domains; a cellulose binding 
domain and a catalytic core [9]. These two domains are joined by a linker peptide, of 
which both length and structure greatly depend on microorganism and enzyme [9]. It has 
been shown for CBHI that sufficient spatial separation of the two domains is required for 
efficient function of the enzyme [10]. 

The specificity of cellulases is determined by the catalytic core, and in this domain, the 
different glucanases share little amino acid sequence identity in a linear alignment. 
However, hydrophobic cluster analysis [11-13,] suggests that the fold of proteins is better 
conserved than the sequence of their amino acids. Using this technique, glucanases can be 
grouped into 10 families (A-K, G contains only xylanases), and it is expected that the 
same fold will be found for each member of a family [12]. 

Cellulases can cleave (l-*4)-6-glycosidic linkages in a variety of substrates such as 
cellulose, CMC, (l-»3),(l-»4)-6-D-glucan [5], and xylan [14,15]. Further, they show 

Vincken, J.-P., Beldman, G., and Voragen, A.G.J. Submitted for publication to Carbohydr. Res.. 
^Abbreviations: BCF, bond cleavage frequency; Glc*, glucitol; G„*, cello-alditol with chain length n; 
GyiG^,*, cello-alditol with chain length n which gives the products Gp (with chain length p) and G^" (with 
chain length n-p) after cleavage by an endoglucanase; R, gas constant (8.314 J mol'1 K); T, temperature (K); 
other abbreviations, see page viii. 
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Apple xyloglucan 

Potato xyloglucan 

M \\ H W W I 

FIGURE 1. Schematic structures of APfxg and POsxg. D, 6-D-Glcp-(l-*4)-; O, a-D-Xylp-
(l-»6)-; A, B-D-Galp-(l-»2)-; • , a-L-Fucp-(l-»2)-; • , a-L-Ara/-(l-»2)-. Sites of endoglucanase-
attack are indicated by arrows. Cleavage of linkage indicated with open arrow is uncertain. 

activity towards several small chromophoric glycosides. Each cellulase family 
demonstrates a characteristic specificity pattern on these artificial substrates [16]. Until 
now, relatively little attention has been paid to their activity towards xyloglucans, although 
this is an important polysaccharide in the primary cell wall of plants [17]. We have shown 
previously that the glucanases of Trichoderma viride (similar to T. reesei [18]) differ 
greatly in their activity towards apple xyloglucan (APfxg) [19]. The structure of APfxg is 
illustrated by Fig. 1. APfxg is mainly built of oligosaccharide building units having a 
backbone of four Glc residues. Small amounts of building units with a backbone length of 
only two or three Glc residues also occur [20,21]. Degradation of APfxg by 
endoglucanases is restricted to only a few linkages (indicated by arrows in Fig. 1); Fuc 
residues inhibit the action of endoglucanases to some extent [20]. Potato xyloglucan 
(POsxg) has a larger number of cleavage sites than APfxg (Fig. 1), and the linkage that is 
actually cleaved depends on the endoglucanase used [22]. These observations prompted us 
to study the basis of the specificity of endoglucanases in more detail. 

Hydrolysis by glycosyl hydrolases often proceeds by general acid catalysis, usually 
promoted by Glu or Asp residues [23-25]. The fact that the same catalytic amino acids are 
found in hydrolases with different target substrates suggests that catalytic residues do not 
determine the substrate specificity of these enzymes. Despite these similarities, the 
stereochemistry of the products of a hydrolysis reaction can be altered. The anomeric 
configuration may either be inverted (single displacement) or retained (double 
displacement) during hydrolysis [26], but within a given enzyme family this 
stereoselectivity seems to be consistent [16,27]. It is not very likely that the mechanism of 
catalysis determines substrate specificity, because glucanases with different specificities 
(exo vs. endo) can belong to the same family as is the case with, for instance, CBHI and 
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EGI (family C). 
Crystallography showed that the catalytic residues of CBHI from Trichoderma reesei 

are located in a relatively long substrate-binding tunnel (compared to CBHII), which can 
slide along a glucan chain [28]. Several loops, which are involved in building this tunnel, 
appear to be deleted in the EGI protein [2,28]. Similar observations were made for CBHII 
from Trichoderma reesei and EG2 from Thermomonospora fusca, both belonging to family 
B. Recently, it has been shown that deletion of a surface loop of CBH A from 
Cellulomonas fimi resulted in an enhancement of the endoglucanase activity of this enzyme 
[29]. These experiments suggest that exoglucanases may be ancestors of related 
endoglucanases [28], in which the tunnel has evolved to a more open structure (groove) to 
facilitate multiple-chain attack. 

Although the tunnel/groove concept may explain the basis for an exo/endo type of 
specificity, it does not provide an answer to the question why some glucanases have 
xyloglucanase activity and others have little. It has been suggested that the basis of 
substrate specificity of glycosyl hydrolases is determined by their ability to bind different 
polysaccharides in their substrate-binding sites. Evidence for this was obtained by studying 
the interaction between various active site-directed inhibitors and 8-glucan endohydrolases 
[30]. Epoxyalkyl B-oligoglucosides, varying in glycosyl chain length, linkage type and 
aglycon length appeared to inactivate these enzymes to a different extent. This example 
illustrates the key role of substrate-binding in enzyme specificity. 

In order to investigate the basis for xyloglucanase activity, the number of substrate-
binding sites of three endoglucanases from Trichoderma viride (endol, endoIV and endoV) 
[31] were determined according to the method of Suganuma et al. [32]. Homologous 
cellodextrins were used for this purpose. Further, the specificity of the endoglucanases 
towards various xyloglucans was studied, as well as the release of oligosaccharides from 
these xyloglucans in time. A possible relationship between number of substrate-binding 
sites, specificity and mode of action of these glucanases is discussed. 

EXPERIMENTAL 

Materials 
Substrates.—APfxg and POsxg were obtained by extraction from, respectively, apple and 

potato cell wall material with strong alkali (4 M KOH) and purified as described previously 
[19,22]. CMC (Akucell AF type 0305) was purchased from Akzo (Arnhem, The Netherlands). 
Avicel (type SF) was obtained from Serva (Heidelberg, Germany); GlcA and G2 were purchased 
from Fluka AG (Buchs, Switzerland). Glc and cellodextrins (mixture I; Glc to G6) were obtained 
from Merck (Darmstadt, Germany). 

Enzymes.—Three endoglucanases (endol, endoIV and endoV; EC 3.2.1.4) were purified to 
homogeneity from a commercial enzyme preparation from Trichoderma viride (Maxazyme CI, 
Gist-Brocades, Delft, The Netherlands) by Beldman et al. [31]. 

Chemical treatment of substrates 
Preparation of normal cellodextrins.—Normal cellodextrins (Glc to G6) were prepared by 
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partial hydrolysis of 6 g Avicel with 15 mL 80% (w/v) H2S04 according to a slightly modified 
procedure of Voloch et al. [33]. Portions of 500 mg of the hydrolysate were dissolved in 2 mL of 
distilled water, applied onto a column (100 x 2.6 cm, i.d.) of BioGel P-2 (200-400 mesh, Bio-Rad, 
Richmond, CA, USA) at 60 °C and eluted with distilled water (18 mL h"1). Appropriate fractions 
(2.0 mL) were combined according to their neutral sugar content. The column was calibrated using 
a mixture of Glc, G2 and Dextran T150 (Pharmacia, Uppsala, Sweden). The purified cellodextrins 
were concentrated under reduced pressure, freeze-dried and redissolved to give a stock solution of 
c. 5 mM. The concentration of cellodextrins in this solution was determined colorimetrically. 

Preparation of reduced cellodextrins.—Reduced cellodextrins (Glc* to G<*) were prepared by 
treating c. 2.5 mmol of the purified normal cellodextrins with 500 /tL of 1.5 M NH„OH containing 
75 mg mL"1 NaBH4 for 1 h at 30 °C. Reaction mixtures were acidified by dropwise addition of 
glacial HOAc. Glc* and G2* were desalted using columns (30 x 80 mm) of Dowex 50W X8 (H+) 
and AG3 X4A (OH-) resins (Bio-Rad) in series. G3* to G6* were desalted on a Sephadex G-10 
column (Pharmacia, 26 x 400 mm). All samples were concentrated under reduced pressure, dried 
under a stream of air and redissolved to give a stock solution of c. 5 mM. The concentration of 
reduced cellodextrins in this solution was determined colorimetrically. 

Removal ofFucfrom APfxg by mild acid hydrolysis.—APfxg (40 mg) was treated with 8 mL of 
25 mM TFA for 90 h at 60 °C. Approximately 95% of the Fuc residues could be removed by this 
treatment. The defucosylated xyloglucan (referred to as APxg) was dialyzed extensively against 
distilled water and freeze-dried. 

Incubation with endol, endoIV, and endoV 
Determination of BCFs.—BCFs were determined in 400 piL 20 mM succinate buffer (pH 4.0; 

40 °C) containing 25 /tM of a normal or reduced cellodextrin (appropriately diluted from stock 
solutions G2 to G6 or G3* to G6*) and 15 /tM GlcA as internal standard. Incubation time and 
enzyme concentration were such that the evolution of a second generation of degradation products 
was minimized. Samples were heated for 10 min at 100 °C to inactivate the enzymes, evaporated 
to dryness under a stream of air, and dissolved in 100 nL of water. The individual degradation 
products were quantified by high-performance anion-exchange chromatography (HPAEC). 
Response factors for the individual oligosaccharides were accounted for. 

Determination of the kinetic parameter (kJKJ.—For these experiments only normal 
cellodextrins were used. From an identical reaction mixture (4.0 mL) as described above, 400 uL 
aliquots were taken at various time intervals and handled as above. From the HPAEC data a 
ln([Sy[S]) vs. time-plot could be constructed from which the kinetic parameter kolK„ was 
determined. 

Turnover number of various xyloglucans.—APfxg, APxg and POsxg (500 fig) were dissolved in 
100 uh of 50 mM succinate buffer (pH 4) containing 0.01% (w/v) NaN3 as a preservative, and 
incubated for 1 or 12 h at 40 °C with of endol, endoIV or endoV. Enzyme dosage was such that 
no substrate limitation occurred. Incubations were stopped by heating the reaction mixtures for 
10 min at 100 °C. The samples were then diluted twice and the increase in reducing sugars was 
determined according to the procedure of Somogyi [34] using Glc for calibration. Similar 
experiments were done using CMC as a substrate. 

Release of oligosaccharides from various xyloglucans in time.—APfxg and APxg (2 mg 
dissolved'in 1 mL of 50 mM succinate buffer, pH 4, containing 0.01% (w/v) NaN3) were 
(partially) degraded with endol (c. 10 /ig), endoIV (c. 100 ng) or endoV (c. 500 ng) during 24 h 
at 40 °C. Using this enzyme dosage, each incubation mixture contained a similar amount of 
xyloglucanase activity. Samples of 50 /tL were taken during the course of degradation (0, 1, 2, 3, 
4, 8, 12, and 24 h). Both APfxg and APxg were degraded completely by a 10-fold larger dose of 
endoIV (c. 1 /tg). After inactivation of the enzyme (10 min, 100 °C), the oligosaccharides were 
analyzed by HPAEC. The amount of an oligosaccharide that was released in a certain time 
interval, was expressed as the percentage of the PAD response of this oligosaccharide in the 
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chromatogram of the completely degraded xyloglucan. POsxg was treated in a similar manner, but 
using a different enzyme dose: 5 /tg, 0.140 /tg and 5 /tg of endol, endoIV and endoV, 
respectively. 

Analytical methods 
Total neutral sugar content.—The total neutral sugar content was determined colorimetrically 

with an automated orcinol/H2S04 assay [35]. Glc was used as a standard. 
Neutral sugar composition.—APxg was hydrolyzed (1 h, 121 °C) using 2 M TFA. The 

released neutral sugars were determined by HPAEC as described by de Ruiter et al. [36]. 
Protein content.—Protein content of enzyme preparations was determined according to Sedmak 

and Grossberg [37]. BSA was used as a standard. 
Analysis of normal and reduced cellodextrins.—Quantitative analysis of normal and reduced 

cellodextrins was performed with HPAEC using a Dionex Bio-LC GPM-II quaternary gradient 
module equipped with a Dionex CarboPac PA-100 column (250 x 4 mm, Dionex, Sunnyvale, CA, 
USA) at 20 °C. Samples (20 /iL) were injected using a SP8780 autosampler (Spectra Physics, San 
Jose\ CA, USA) equipped with a Tefzel rotor seal in a 7010 Rheodyne injector valve. Solvents 
were degassed and stored under helium using a Dionex eluent degassing module. The eluate 
(1 mL min*1) was monitored using a Dionex PED detector in the PAD mode. A reference 
Ag/AgCl electrode was used with a working gold electrode with the following pulse potentials and 
durations: E„ 0.1 V and 0.5 s; E2, 0.6 V and 0.1 s; E3, -0.6 V and 0.1 s. 

Mixtures containing both normal and reduced cellodextrins were eluted as follows: 0-»2 min, 
200 mM NaOH (isocratic); 2-»24 min, 0-»110 mM NaOAc (linear gradient) and simultaneously 
200-»189 mM NaOH (linear gradient); 24-»30 min, equilibration of the column in 200 mM NaOH 
(isocratic). After eight runs the column was washed with 1 M NaOAc in 100 mM NaOH for 
10 min and equilibrated for 15 min in 200 mM NaOH. An internal standard of GlcA was required 
to provide accurate quantitations because of the response fluctuation of the electrochemical 
detector. 

For analysis of mixtures containing only normal cellodextrins a different gradient was used. A 
complete separation of these oligosaccharides was achieved by the application of a linear gradient 
to 100 mM NaOH/140 mM NaOAc over 14 min, after the column had been equilibrated in 
100 mM NaOH containing 40 mM NaOAc for 6 min. After eight runs the column was washed 
with 1 M NaOAc in 100 mM NaOH for 10 min and equilibrated for 15 min in 100 mM NaOH 
containing 40 mM NaOAc. 

Analysis of xyloglucan oligosaccharides.—The degradation of APfxg, APxg and POsxg was 
monitored by HPAEC using a similar system as described above. Oligosaccharides derived from 
APfxg or APxg, were eluted with the following NaOAc gradient in 100 mM NaOH: 0-»5 min, 
linear gradient of 0-*30 mM NaOAc; 5-»45 min, linear gradient of 30-»80 mM NaOAc; 
45-*55 min, linear gradient of 80-»200 mM NaOAc. Oligosaccharides derived from POsxg were 
analyzed with a different NaOAc gradient, also in 100 mM NaOH: 0-»5 min, linear gradient of 
0-»50 mM NaOAc; 5-»30 min, linear gradient of 50-»100 mM NaOAc; 30-*45 min, linear gradient 
of 100-»250 mM NaOAc. After each analysis, the column was rinsed for 5 min with 1 M NaOAc 
in 100 mM NaOH, and equilibrated in 100 mM NaOH for 15 min. The identification of 
xyloglucan oligosaccharides is described elsewhere [20-22], Nomenclature of these 
oligosaccharides is according to Fry et al. [38]. 

RESULTS AND DISCUSSION 

Action pattern of endol, endoIV, and endoV on homologous cellodextrins 
BCFs of normal and reduced cellodextrins.—The individual normal cellodextrins were 
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FIGURE 2. BCFs of normal (A, G2 to G6) and reduced cellodextrins (B, G3* to G6*) by three 
endoglucanases of Trichoderma viride. In case of asymmetric cleavage of normal cellodextrins (not 
G2iG2 and G3AG3) the BCFs are the sum of the cleavages of the indicated linkage and their "in 
reverse" on the nonreducing side. For instance, BCFs denoted under linkage a of G5, is the sum of 
BCF of linkage a and that of d. Enzymes are underlined if their mode of action is influenced by 
reduction of the cellodextrin. Concentration of cellodextrins was 25 pM in 20 mM succinate buffer 
(pH 4.0), containing 15 fiM GlcA; 40 CC. • , nonreducing Glc residue; 0, reducing Glc residue; 
O, Glc residue labelled by reduction with NaBH4; a to e, indicate different linkages starting from 
the (former) reducing terminus. 

incubated with the three endoglucanases at low substrate concentrations (25 ftM), and 
analyzed by HPAEC. Under the conditions used, no evidence for multi-substrate reaction 
mechanisms (transglycosylation or condensation) was found. In preliminary studies only 
endoV showed transferase activity at increased substrate concentrations (1 mM) of G4, G5 

and G6. 
BCFs were calculated from the peak areas of the degradation products of purified 

oligosaccharides using their molar response factors. Incubation time was such that all 
products were the result of one cleavage of the original substrate (molar amount of 
products formed is c. twice the decrease in molar amount of the original material); in 
other words, no "second generation" of products was present. None of the endoglucanases 
had the ability to hydrolyze G2. The three endoglucanases showed a different mode of 
action towards normal cellodextrins (Fig. 2A). It should be noted that only the BCFs of 
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symmetrical cleavages in Fig. 2A are real. In all other cases the BCFs are distributed over 
two bonds. To quantify all cleavages other than G2IG2 and G3 i G3, the cellodextrins have 
to be labelled. 

Among the methods currently in use to label oligosaccharides for determination of 
BCFs, radio-labelling is probably the most elegant method because it does not alter the 
substrate significantly. Degradation products are then separated using TLC and quantified 
with a scintillation counter [15,32,39,40]. A disadvantage of this method is its inability to 
quantify unlabelled products. This quantitation is important to verify that no second 
generation of degradation products is formed. The sum of molar amounts of all labelled 
products should be equal to that of all unlabelled products. Also, nucleophilic competition 
between water and methanol has been reported to allow unequivocal assessment of 
cleavage sites [41]. Other methods involve ring-opening by reduction [1,42,43], or 
coupling to chromophoric groups such as 4-methyl-umbelliferyl [16,41,42]. 

In our study, reduced cellodextrins, combined with HPAEC for product analysis, were 
used to deduce BCFs in case of asymmetric cleavage. Our procedure to analyze normal 
and reduced cellodextrins simultaneously is very similar to that of Bray and Clarke [43], 
differing slightly in NaOAc gradient and in internal standard (GlcA instead of Ara). A 
satisfactory separation could be achieved as is shown in Fig. 3. Under the conditions used, 
the CarboPac PA-100 column achieves a superior separation compared to other techniques 
[44,45], and does not require derivatization of the oligosaccharides. BCFs of reduced 
cellodextrins were determined in a similar manner as decribed for the normal ones. Fig. 
2B demonstrates different cleavage patterns for the three endoglucanases. Endol and 

10 15 20 
Retention time (min) 

25 3 0 

FIGURE 3. Elution pattern of normal and reduced cellodextrins upon HPAEC. Symbols: —, 
PAD response; , NaOAc gradient. Elution times of normal (Glc to G6) and reduced 
cellodextrins (Glc* to G6*) are indicated. 
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endoV seemed to act in a reverse fashion in that the former enzyme preferentially released 

G2* whereas the latter releases G2. Sites of attack were more evenly distributed over the 

alditols in case of endoIV; however, there was some preference to form G2*. 

Until now, it was not known to what extent reduction affects the mode of action of the 

endoglucanases of Trichoderma viride. Comparison of the BCFs of G4* to G6* and G4 to 

G6 should indicate if reduction really affects the interaction between Glc residues and 

subsites. For instance, the BCF of linkage "b" of G4* should be equal to that of l inkage 

"b" of G4 (symmetrical cleavage). Also, the sum of BCFs of linkage " c " and "c" of G4* 

should be similar to that indicated underneath linkage "a" of G4 (asymmetrical cleavage). 

When deviations larger than 0 .10 (corresponding to two times the experimental error) 

occurred, reduction was thought to influence the mode of action of the enzyme. These 

cases are underlined in Fig. 2B. F rom Fig. 2 it must be concluded that the effect of 

reduction on BCFs is largely enzyme dependent. EndoIV was affected to a larger extent 

than endoV, whereas endol was not affected. The chain length of the oligosaccharides also 

seemed to be important in this respect, although no clear correlation was found. Reduction 

of the oligosaccharides did not simply shift the location of cleavage towards linkage V . 

Instead, the effects on BCFs were rather unpredictable. Similar observations were done 

for the endoglucanases of Penicillium pinophilum [42]. Here, enzyme action on certain 

substrates was completely abolished after reduction. On the other hand, Schou et al. [1] 

reported for the cellulases of Humicola insolens that the open alditol unit at the end of 

reduced oligosaccharides did not alter their hydrolysis patterns much. 

Determination of the kinetic parameter kJKm.—By monitoring rate of substrate loss in 

t ime for G3 to G6, ln([S](/[S]) vs. t ime-plots could be constructed for the three 

endoglucanases (data not shown). All plots proved to be linear for a limited period of 

t ime. Under conditions of first order kinetics ( [ S J - ^ K J , the slope of these lines equals the 

kinetic parameter V/K,,, from which V ^ n i can be deduced by dividing by the enzyme 

concentration [32]. Kinetic parameters are summarized in Table I . The cellodextrins were 

degraded faster with increasing chain length, except for endol (optimal substrate is G5) . 

This increase in ko/K™ was most spectacularly with endoIV and most likely its maximum 

turnover number has not yet been reached. Unfortunately, no oligosacharides larger than 

G6 could be used due to their poor solubility. 

TABLE I . Kinetic parameter ko/K,,, (min"1 M"') of three endoglucanases of Trichoderma viride 
for normal cellodextrins (G3 to G6). The kinetic parameter was evaluated from the slope of 
the linear part of ln([Sy[S]) vs. time-plots. 

Enzyme G3 G4 G5 G6 

Endol 2*10+ i 1*10+7 11*10+7 9*10+7 

EndoIV «1*10 + 3 0.081*10+7 4*10+7 21*10+7 

EndoV 35*10+5 5*10+7 7*10+7 8*10+7 
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FIGURE 4. Histogram of subsite 
interaction energy with Glc residues of 
normal cellodextrins for three 
endoglucanases of Trichoderma viride. 
Subsite affinities were determined 
according to the method of Suganuma 
et al. [32] using BCFs of reduced 
cellodextrins (shaded bars). Vertical 
lines in bars (I) indicate the lower and 
upper limit values of subsite affinities 
obtained after reevaluation (for details, 
see text). Subsite affinities of "-I" and 
"I" were not determined. Lines with 
arrow head indicate that values are off-
scale, A , indicates the catalytic group. 

Subsite mapping of endol, endolV and endoV.—The first step in enzymic hydrolysis of 
polysaccharides can be envisaged as binding of several glycosyl residues with an array of 
subsites. Each subsite interacts with one sugar residue, independent of vicinal glycosyl 
residues. Homologous cellodextrins have often been used as tools to elucidate the subsite 
structure of 8-glucanases [1,15,39-42,46]. According to Suganuma et al. [32] the number 
of subsites, and their corresponding affinities, can be deduced conveniently from BCFs 
combined with the kinetic parameter ko/Km, provided certain requirements are met. 
Parameters should be determined under conditions of first order kinetics ([SJQ-^K,,,) to 
simplify the Michaelis-Menten equation, and to prevent bi-substrate processes, such as 
transglycosylation and condensation reactions. Further, BCFs should be evaluated with 
first generation degradation products. Subsite affinity is defined as the decrease in free 
energy upon interaction of an enzyme subsite with a glycosyl residue. The interaction 
energy of one subsite can then be calculated by subtracting the two appropriate free 
energies for binding of an oligosaccharide with a chain length of n and n-1. 

BCFs of G3* to G6* and the W ^ . values of their reducing homologues, G3 to G6 (see 
Fig. 2 and Table I, respectively) meet the requirements of the method of Suganuma et al. 
[32]. Subsite affinities for Glc residues were calculated for ten hypothetical subsites of 
endol, endolV and endoV as is shown in Fig. 4. The two subsites adjacent to the catalytic 
group can not be evaluated by this procedure (non-productive binding of one of the 
oligosaccharides [32]). Presumably, the sum of subsite affinity "-I" and that of "1" is 
negative for the three endoglucanases used in this study because G2 is not cleaved by these 
enzymes. Further, it should be noted that small BCFs were not considered in these 
calculations because they are liable to relatively large experimental errors. The number of 
subsites clearly differed for the three endoglucanases. EndolV had the largest number of 
subsites (at least 9; "-IV"-*"V"), whereas endol had only 5 subsites ("-Iir-*"!!"). EndoV 
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FIGURE 5. An example of 
reevaluation of subsite affinities of 
subsite "-II" of endoIV. Different 
binding modes of normal and/or 
reduced cellodextrins for (re)evaluation 
of this subsite are indicated. Numbers 
indicate the BCF for that particular 
linkage, x, unreliable BCF (see Fig. 
3); , the BCF is distributed over 
the two indicated linkages a and d; 
other symbols, as in Fig. 2, and 4. 

has 7 substrate-binding sites ("-IV"-»"IH") although the affinity of "III" is rather low. 
Typically, the negative affinity of subsite "-III" was flanked by positive affinities of 
subsite "-IV" and "-II". It should be mentioned that due to the limited solubility of G7 and 
larger cellodextrins more distant subsites like "-V" and "VI" can not be evaluated. 
However, their existence can not be excluded. 

As already mentioned, normal and reduced cellodextrins can be positioned differently 
in the substrate-binding sites of endoIV and endoV. Therefore, all subsite affinities 
calculated with unreliable BCFs of alditols (see Fig. 2) were reevaluated. Recalculation 
leads to lower and upper limit values of subsite affinities rather than absolute values. 
Subsite "-II" of endoIV will be used as an example to illustrate our approach. The affinity 
of this subsite was calculated using G4* and G5* (Fig. 5). However, since reduction 
influenced the BCFs of both cellodextrins, the subsite affinity of "-II" was also calculated 
using G5 and G6\ although the BCFs of these oligosaccharides are smaller. In this case, 
29 percent of all cleavages of G5 gave Glc and G4. The exact location of cleavage {linkage 
number "a" (G4iG) or "d" (G4G4)} is, however, unknown. Assuming that only linkage 
number "d" is split (BCF=0.29), recalculation of this subsite affinity yields 
RT*ln{(0.14*2.1*10+8)/(0.29*3.9*10+7)}= 2.5 kJ mol1. However, the other extreme case 
that linkage number "d" is not split at all (BCF=0) is equally probable. Here, 
recalculating the subsite affinity does not allow any conclusion (InO). Therefore, a BCF of 
0.05 was assumed instead, yielding a subsite affinity of 7.0 kJ mol"1. The value of 0.05 
corresponds to the experimental error. Other substrate-binding sites were reevaluated in a 
similar manner. For endoIV the result remains unchanged, as is shown by the lines (I) in 
Fig. 4. This enzyme has a long array of substrate-binding sites (at least nine). The 
positive affinity of subsite "-IV" of endoV should be approached with some caution. Our 
experiments can not be conclusive on the number of subsites of endoV. 

The nomenclature of our endoglucanases deviates from the one generally adopted in 
literature. In order to compare our data with those in literature, we have tentatively 
characterized endol, endoIV and endoV as being EGII [2,41], EGIII [4], and EGI [3,15], 
respectively. The presumed homology is based on similarities in mol wt, iso-electric point 
[31], adsorption behavior [47], the ability to degrade xylan [14] and transferase activity. 
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Our results on the number of subsites of endol and endoV are in agreement with those of 
EGII [41] and EGI [15,39], respectively. Unfortunately, the ko/K ,̂ for G6 of EGI was not 
determined by these authors, and consequently a putative binding site "-IV" could not be 
evaluated. Our results suggest a reasonable probability of a positive affinity of subsite 
"-IV", but this should be further substantiated using another method for labelling of 
cellodextrins instead of reduction. Until now no information was available on the number 
of subsites of endoIV (EGIII). With at least 9 subsites, this enzyme clearly differs from all 
other endo-(l-»4)-B-glucanases from Trichoderma described sofar. 

Activity of endol, endoIV, and endoV towards xyloglucan 
Turnover number of various xyloglucans.—The activities of the three endoglucanases 

towards different substrates are summarized in Table II. Although the activity towards 
CMC was in the same order of magnitude for all three enzymes, their specificity for 
xyloglucans differed considerably. EndoIV and, to a lesser extent, endoV are far better 
xyloglucanases than endol is. Despite its high degree of backbone branching, xyloglucan 
appeared to be a better substrate for endoIV than CMC was. In a previous study it was 
shown that Fuc residues hinder the degradation of xyloglucan by endoglucanases [20]. 
Table II shows that removal of these residues (APxg) enhances the action of all three 
endoglucanases, especially that of endol. The presence of extra unsubstituted Glc residues, 
as is the case in POsxg (see Fig. 1), facilitated cleavage by the endoglucanases. The 
activity of endol and endoV were affected to a larger extent than that of endoIV. The 
activity of endol on POsxg is relatively low which suggests that endol requires larger 
stretches than two unbranched Glc residues to achieve an activity comparable to that of 
endoIV or endoV. 

For comparison, the activities of the three endoglucanases towards Avicel crystalline 
cellulose [31] and oat spelts xylan [14] were included in Table II. The low activity of 
endoIV towards Avicel is at least partly explained by its poor binding to cellulose. 
Typically, the endoglucanases with a high xyloglucanase activity are also active towards 
xylan. We do not have an explanation for this observation. The two polysaccharides differ 
considerably in their degree of backbone branching as well as in their conformation 
[48,49]. 

TABLE II. Turnover number (min1) of various fi-(l-»4)-glucans and oat spelts xylan by three 
endoglucanases from Trichoderma viride. Activity towards Avicel and xylan is indicated 
qualitatively: —, no detectable activity; +, very low activity; +, low activity; + + , high 
activity. 

CMC APfxg APxg POsxg Avicel* xylan* 

+ 
± + + 
+ + + 

endol 
endoIV 
endoV 

1518 
1139 
1049 

9 
2017 
600 

32 
2237 
781 

36 
2390 
1149 

" Determined by Beldman et al. [31]. f Determined by Beldman et al. [14]. 
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Based on degradation patterns of small chromophoric substrates, Claeyssens and 
Henrissat [16] showed that substrate specificity within one cellulase family is consistent. 
EndoIV, which was tentatively classified as low mol wt endoglucanase or EGIII, belongs 
to cellulase family H [50] which has three more representatives until now: CelS from 
Erwinia carotovora [51], FI-CMCase from Aspergillus aculeatus [52], and EGIII from 
Humicola insolens [1]. It is expected that all members of family H possess xyloglucanase 
activity; for the endoglucanase from Aspergillus aculeatus this has already been confirmed 
[53]. EndoV appears to be the most versatile endoglucanase, having activity on various 
natural substrates as cellulose, xylan and xyloglucan. EndoV is probably similar to EGI 
(as discussed before), which belongs to family C. Only one other endoglucanase has been 
reported to belong to this family [1]. Its xyloglucanase activity, however, has not been 
determined. 

Release of oligosaccharides from various xyloglucans.—In order to refine our ideas on 
the binding of xyloglucan molecules into the subsites of the endoglucanases, the release of 
oligosaccharides from various xyloglucans was studied in time. Because of its 
heterogeneity, APfxg is a very suitable substrate for monitoring the release of different 
oligosaccharides. If an oligosaccharide accumulates rapidly, then this fragment is thought 
to interact well with the subsites of the enzyme. It is assumed that the oligosaccharides are 
distributed in a random fashion over the xyloglucan molecule and consequently two 
cleavages in the backbone are required to release oligosaccharide building units. The 
amount of each oligosaccharide was determined by HPAEC at various time intervals as is 
shown Fig. 6. HPAEC did not achieve separation of XXG and GLG; therefore, one line 
representing the sum of these two oligosaccharides is shown. It should be realized that the 
abundance of the individual oligosaccharides in apple xyloglucan is different. 

Fig. 6 demonstrates that the rate at which the individual oligosaccharides are released 
from xyloglucan, is determined by the structure of the oligosaccharide as well as by the 
endoglucanase being used. The most important trends are summarized below. The 
sidechain configuration of the penultimate Glc residue of an oligosaccharide building unit 
determines the rate of release of this oligosaccharide to a large extent. Fuc-containing 
oligosaccharides accumulate generally slower than other oligosaccharides. The relatively 
fast release of GFG by endol forms an exception. Removal of Fuc can have a large effect 
on the release of some oligosaccharides (compare FG and LG by endol). Endol and 
endoV are more affected by Fuc residues than endolV, which is in accordance with Table 
II. Also, Gal residues probably play a role considering the faster release of XLXG 
compared to XXLG, and XXLG compared to XLLG. The rate of release of oligo­
saccharides is further determined by their backbone length. EndoIV prefers 
oligosaccharides with a backbone of four Glc residues (XXXG and XLXG) whereas endol 
prefers two or three Glc residues (LG, XXG and GFG). EndoV holds an intermediate 
position in this. The preference to release short oligosaccharides can be overruled by Fuc 
substitution (compare FG and LG by endol). 

The results on the release of oligosaccharides from POsxg can not be discussed in 
further detail because the exact position of Ara and Gal residues is still unknown. EndoIV 
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FIGURE 6. Release of oligosaccharides from APfxg (A-C) and APxg (D-F) in time by the action 
of endol (A, D), endoIV (B, E), and endoV (C, F). The amount of a certain oligosaccharide that 
was released, is expressed as the percentage of the PAD response of this oligosaccharide in the 
chromatogram of APfxg or APxg which was completely degraded by endoIV. Different xyloglucan 
oligosaccharides are indicated according to the nomenclature of Fry et al. [38]. 

released predominantly XXGG-type of oligosaccharides whereas endoV also produced a 
GXXG-type [22]. In addition, substantial amounts of Glc and XXG-type of 
oligosaccharides accumulated in the POsxg digest obtained by endoV. The latter probably 
originate from further cleavage ("trimming") of the XXGG-type of oligosaccharides. From 
this it was concluded that endoV is better in "trimming" G elements from xyloglucan 
oligosaccharides than endoIV [22]. Degradation patterns of POsxg by endol were very 
similar to those obtained with endoV (data not shown). 

What determines xyloglucanase activity? 
The time course studies demonstrated a striking difference between endol and endoIV. 

In particular, endol preferred to release shorter oligosaccharides than endoIV. In order to 
explain this difference, the subsite models were combined with the data on the release of 
oligosaccharides. Two typical examples are shown in Fig. 7 in which the subsite maps of 
the endoglucanases (Fig. 4) have been simplified, and only positive and negative affinities 
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FIGURE 7. Schematic representation of the interaction of APfxg and endoIV (A) or endol (B). 
Assuming a random distribution of oligosaccharides over xyloglucan, two linkages should be 
cleaved to release the shaded oligosaccharide. Only in case of endoIV the second cleavage is 
shown. Dashed fragments indicate the part of the xyloglucan molecule which is removed after the 
first cleavage. Shaded substrate-binding sites bind to xyloglucan (positive subsite affinity), open 
subsites (negative subsite affinity) do not bind to xyloglucan. Other symbols as in Fig. 1. 

are indicated. The figure shows clearly that during cleavage by endoIV, there is always an 
unbranched Glc residue which interacts with a subsite having a positive affinity. 
Especially, the distant subsite "IV" is important in this respect (Fig. 7A). Endol does not 
possess a subsite like "IV", and consequently prefers to release the shorter 
oligosaccharides such as GFG and LG. An explanation for this might be the favorable 
interaction of subsite "-III" with unbranched Glc residues (Fig. 7B). 

The data discussed above suggest that binding of unbranched Glc residues plays an 
important role in the cleavage of a xyloglucan molecule. Since APfxg is built 
predominantly from XXXG, XLXG, XXFG and XLFG [20,21], it may be expected that 
APfxg is faster degraded by endoIV than by endol. This is in accordance with the data in 
Table II. Because most xyloglucans are composed of XXXG-type of building units [17], it 
is tempting to generalize our results to the statement that "xyloglucanase activity requires 
a large number of substrate-binding sites". In agreement with our data, there is some 
evidence that an endoglucanase from Pisum sativum, showing xyloglucanase activity next 
to CMCase, has at least six substrate-binding sites [54,55]. 

This study does not provide an explanation for the high xyloglucanase of endoV. It can 
not be excluded that endoV has a distant subsite "-V", which would have a similar effect 
as subsite "IV" of endoIV. In principle, the affinity of subsite "-V" could be determined 
with the BCFs of G4JG and G5iG. However, the corresponding BCF values are zero, 
and a different set of BCFs, such as G4iG2 and G5IG2, would be needed. Because G7 is 
insoluble in water, the latter BCF can not be determined. An indication for a subsite "-V" 
might be the release of GXXG-type of oligosaccharides (G element of POsxg binds in 
subsite "-V"). Another possibility might be that endoV has a much broader substrate-
binding groove than endol, which may facilitate interaction with xyloglucan molecules. 

The different mode of action of endoIV on POsxg, compared to endol or endoV, can 
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only partly be explained by our results. Interaction of subsites with unbranched Glc 
residues does not explain the cleavage patterns shown in Fig. 1. The absence of strong 
distant subsites like "III" and "IV" in endol and endoV does explain why these enzymes 
are better than endoIV in "trimming" oligosaccharides and releasing Glc. The action of 
endoglucanases on POsxg is probably determined by the position of Gal and Ara residues. 
The slower release of XXLG compared to XLXG from APxg suggests that Gal residues 
next to a G element in xyloglucan hamper the action of endoIV. This might explain why 
endoIV prefers the release of XXGG-type of oligosaccharides (Fig. 1). The release of 
XXG from POsxg by endoIV [22] is in agreement with this. Contrary to endoIV, the 
release of XLXG by endol and endoV is generally slower than that of XXXG, which 
indicates that the action of endol and endoV is more influenced by substitution than that of 
endoIV. This might explain the release of a mixture of XXGG-type and GXXG-type of 
oligosaccharides from POsxg by endol or endoV, depending on whether or not the Xyl 
residue on the nonreducing side is substituted. 
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CHAPTER 7 

Fractionation of Xyloglucan Fragments 
and Their Interaction with Cellulose1 

Tamarind seed xyloglucan was partially degraded with a purified endoglucanase 
(endoV) from Trichoderma viride. Analysis by high-performance anion-exchange 
chromatography showed that this digest was composed of fragments consisting of 1 to 
10 repeating building units (txg],-[xg]10). To study the adsorption of xyloglucan 
fragments to cellulose in detail, this digest was fractionated on BioGel P-6. Fragments 
were separated satisfactorily up to 5 repeating building units <[xg]5). The galactose 
substitution of the fragments increased with increasing molecular weight. The BioGel 
P-6 pools, as well as polymeric xyloglucan ([xg]J, were tested for their ability to 
interact with Avicel crystalline cellulose. Quantitative binding to cellulose occurred for 
sequences consisting of (at least) 4 repeating building units. The adsorption of [xg]4 to 
Avicel was very high relative to that of [xg]„. The dimensions of these fragments were 
such that they could also penetrate the smaller pores of cellulose. Apparently, the 
effective surface area for the polymers is much smaller. Adsorption isotherms of lxg]„ 
and [xg]4 showed a pattern that is typical for polydisperse systems. However, the 
mechanisms underlying these patterns were different. At high xyloglucan 
concentrations, this polydispersity resulted in preferential adsorption of the larger 
molecules in the case of [xg]„ and a more extensive colonization of the smaller pores of 
cellulose in the case of [xg]4. The pH influenced the interaction between xyloglucan 
(fragments) and cellulose to only a small extent. 

Cellulose and xyloglucan are important structural components of the primary cell wall 
of plants [1]. Both polysaccharides are composed of a B-(l-»4)-glucan backbone. In 
cellulose these chains associate laterally by hydrogen bonding to form microfibrils, but 
self-association of xyloglucan molecules is prohibited by a large number of sidechains [2]. 
Although cellulose and xyloglucan are assembled at different locations, an intimate 
interaction between these two polysaccharides exists in vivo. In the primary cell wall, 
cellulose microfibrils are extensively coated with xyloglucans [2], which prevent their 
aggregation into even larger cellulose-complexes [3,4]; only small amounts of "naked" 
cellulose occur [5]. Strong chaotropic reagents are needed to swell cellulose and solubilize 
xyloglucan from cell wall material [6], which suggests that binding of xyloglucan to 
cellulose is mediated by hydrogen bonds [1,5]. Recently, two endogenous proteins 
(expansins) were found that are thought to interfere in the noncovalent binding between 
cellulose and xyloglucan, thereby inducing cell wall extension [1,7]. 

The xyloglucan-binding capacity of cellulose in native cell walls surpasses by many 
times that found in in vitro binding experiments [8,9]. In addition to these studies on the 

'Vincken, J.-P., de Keizer*, A., Beldman, G., and Voragen, A.G.J. (1995) Plant Physiol. 108, 1579-1585 
(* Department of Physical and Colloid Chemistry, Wageningen Agricultural University, P.O. Box 8129, 6700 
EV Wageningen, The Netherlands). 
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interaction of [xg]„n and cellulose, Valent and Albersheim [10] showed that xyloglucan 
oligosaccharides (XXXG and XXFG; for nomenclature see [11]) do not bind to cellulose 
in aqueous conditions. Recently, Hayashi et al. [12] demonstrated that a minimum length 
of at least five consecutive Glc residues is required to enable binding of xyloglucan 
molecules to cellulose. Cello-oligosaccharides of similar backbone length were found to 
bind to a larger extent under the same conditions. Structural aspects might also be 
important. Based on computer simulations, Levy et al. [13] demonstrated that fucosylated 
side chains can facilitate the adoption of a flat backbone conformation. They speculated 
that these straightened regions trigger the binding of xyloglucan to cellulose. In vitro 
modification of xyloglucans by a fi-galactosidase increased self-association of the 
backbone, ultimately leading to gel formation [14]. Hisamatsu et al. [15] reported the 
existence of endoglucanase-resistant fragments that contained a Glc residue with additional 
branching at the C-2 position. These structural elements were hypothesized to destabilize 
xyloglucan-cellulose interactions. The examples indicate that, in addition to size, the side 
chain configuration also might play an important role in the adsorption behavior of 
xyloglucans. 

Efficient enzymic degradation of cell wall embedded cellulose requires a preceding 
solubilization of the xyloglucan coating [16]. Although the data of Hayashi et al. [12] 
demonstrated that the adsorption equilibrium shifts towards more bound material with 
increasing chain length, these data do not predict to what extent xyloglucans have to be 
degraded before "lift-off from cellulose microfibrils occurs. In other words, what is the 
minimum length of a xyloglucan molecule for quantitative binding to cellulose? The 
present paper reports the fractionation of such molecules and compares their in vitro 
adsorption on cellulose with that of polymeric xyloglucan. 

EXPERIMENTAL 

Materials 
Chemicals.—Avicel crystalline cellulose (type SF) was purchased from Serva (Heidelberg, 

Germany). Cotton linters cellulose powder was obtained from Fluka Chemie (Buchs, Switzerland). 
Tamarind seed xyloglucan was kindly provided by Dainippon Pharmaceutical (Osaka, Japan). 
Standards of xyloglucan oligosaccharides (XXXG, XLXG, XXLG, and XLLG) were obtained by 
enzymic degradation of apple fruit xyloglucan and subsequent fractionation by BioGel P-2 and 
HPAEC. Their characterization is described in Chapters 3 and 4. 

Enzymes.—EndoV (EC 3.2.1.4) was purified to homogeneity from a commercial preparation 
from Trichoderma viride (Maxazyme CI, Gist-Brocades, Delft, The Netherlands) by Beldman et 
al. [17]. 

Preparation of xyloglucan fragments 
Xyloglucan fragments were prepared by partial degradation of 250 mg of tamarind seed 

Abbreviations: T, adsorbed amount; other abbreviations, see page viii. 
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xyloglucan with 5 ng (c. 53 mU) of endoV in 25 mL of a 25 mM NaOAc buffer pH 5.0 (40 °C, 
9 h). The degradation was monitored using HPSEC. When the mol wt distribution was such that 
mainly dimers, trimers, and tetramers of xyloglucan oligosaccharides were present, the incubation 
was stopped by pouring the mixture into 475 mL of boiling water, followed by 10 min of heating 
(100 CC). The digest was concentrated under reduced pressure to a final volume of 4 mL. Two 
mL were then applied to a column (100 x 2.6 cm, i.d.) of BioGel P-6 (200-400 mesh, Bio-Rad, 
Richmond, CA, USA) at 60 °C and eluted (20 mL h"1) with distilled water. Fractions (2.6 mL) 
were assayed for total neutral sugar content. Appropriate fractions were combined and designated 
as / , / / , / / / , IV, V, and VI. The column was calibrated using a mixture of Dextran T150 
(Pharmacia, Uppsala, Sweden) and Glc (Kav = 0 and 1, respectively). Chromatography of a 
completely digested (endoV) tamarind seed xyloglucan was conducted in a similar way on 
BioGel P-2. 

Adsorption of Xyloglucan (Fragments) to Cellulose 
In a series of experiments some aspects of the interaction between xyloglucan and cellulose 

were studied. The length of xyloglucan molecules, the pH, and the origin of cellulose were 
parameters that were varied. Also, the oligosaccharide (building unit) composition of bound 
xyloglucan was investigated. All incubations were done in 1 mL of 25 mM buffer (specified for 
the individual experiments) containing 10 mM CaCl2 and appropriate amounts of cellulose and 
xyloglucan (fragments). After 6 h of incubation at 40 °C (head-over-tail mixing) the samples were 
centrifuged (1 min, 20,000 g), and the amount of unbound material in the supernatants was 
quantified by either HPSEC or determination of total neutral sugar content. The adsorption was 
calculated from the difference in soluble material before and after incubation with cellulose. 

To determine their critical length for quantitative binding to cellulose, 1 mg of an 
unfractionated xyloglucan digest was incubated with Avicel (50 mg) in NaOAc buffer (pH 5.8) and 
analyzed by HPSEC. In another experiment, Avicel (25 mg) was incubated with the same buffer 
containing 250 fig of purified xyloglucan fragments (BioGel P-6 pools I-VI) or [xg]„ in triplicate, 
and analyzed in a similar way. 

Adsorption isotherms were obtained by treating 50 mg of Avicel or cotton linters in NaOAc 
buffer (pH 5.8) with varying concentrations of [xg]„ (25-1000 fig). In a similar way, pools /Vand 
VI were mixed with 1 or 5 mg of Avicel. The unbound material was quantified by total neutral 
sugar analysis. To study the effect of the pH on the interaction of xyloglucan and cellulose, 
adsorption isotherms of [xg]„ to Avicel were also made using NaOAc buffers of different pH 
levels (5.0 and 4.0) and a citrate buffer of pH 3.0 under conditions similar to those described 
above. Additionally, the adsorption of pool VI (500 fig) to Avicel (5 mg) was investigated at 
different pH levels using the four buffers described previously. 

The oligosaccharide (building unit) composition of material that was bound to cellulose was 
determined as follows. Cellulose (1 mg) was incubated with NaOAc buffer (pH 5.8) containing 
200 fig of pool IV as described above. After centrifugation the supernatant was removed and the 
pellet (cellulose with bound xyloglucan fragments) was resuspended in 1 mL of a similar buffer. 
This suspension was then treated with 50 /tg of endoV for 24 h (head-over-tail mixing; 40 °C). 
The parental material of pool IV was treated with endoV in a similar way. The resulting 
oligosaccharides were analyzed by HPAEC. 

Analytical Methods 
Total neutral sugar content.—The total neutral sugar content was determined colorimetrically 

with an automated orcinol/H2S04 assay [18]. Glc was used as a standard. 
Neutral sugar composition.—Tamarind seed xyloglucan and fragments thereof were hydrolyzed 

using 2 M TFA; crystalline cellulose was pretreated with 72% (w/w) H2S04 for 1 h at 30 CC, 
followed by hydrolysis with 1 M H2S04 for 3 h at 100 °C. The released neutral sugars were 
converted to their alditol acetates and analyzed by GC as described previously [16]. 
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Protein content.—The protein content of enzyme preparations was determined according to 
Sedmak and Grossberg [19]. BSA was used as a standard. 

Analysis of Xyloglucan Fragments.—Quantitative analyses of xyloglucan fragments was 
performed by HPSEC as described previously [16]. In addition, samples were analyzed by 
HPAEC using a Dionex (Sunnyvale, CA, USA) Bio-LC GPM-II quaternary gradient module 
equipped with a Dionex CarboPac PA-100 column (250 x 4 mm, 20 °C). Samples (20 /tL) were 
injected using a SP 8780 autosampler (Spectra Physics, San Jos6, CA, USA) equipped with a 
Tefzel rotor seal in a 7010 Rheodyne injector valve. Solvents were degassed and stored under 
helium using a Dionex eluent degassing module. The eluate (1 mL min"1) was monitored using a 
Dionex PED detector in the PAD mode. A reference Ag/AgCl electrode was used with a working 
gold electrode with the following pulse potentials and durations: E,, 0.1 V and 0.5 s; Ej, 0.6 V 
and 0.1 s; E3, -0.6 V and 0.1 s. The xyloglucan fragments were analyzed by application of the 
following gradient: 0-»8 min, linear gradient of 80-»170 mM NaOAc in 100 mM NaOH; 
8-*30 min, linear gradient of 170-»220 mM NaOAc in 100 mM NaOH. After each analysis the 
column was rinsed for 5 min with 1 M NaOAc in 100 mM NaOH and equilibrated in 80 mM 
NaOAc in 100 mM NaOH for 15 min. 

RESULTS 

Fractionation of Xyloglucan Fragments 
Tamarind seed xyloglucan has been shown to consist of four repeating building units: 

XXXG (c. 13 mol%), XLXG (c. 9 mol%), XXLG (c. 28 mol%) and XLLG (c. 50 mol%) 
[20]. In our study, tamarind seed xyloglucan was completely degraded by endoV and the 
resulting oligosaccharides were fractionated and quantified by BioGel P-2 chromatography 
(data not shown). The fractions were analyzed by HPAEC and the retention times of the 
four products were compared with those of standards derived from apple fruit xyloglucan. 
Our results were in close agreement with those reported by York et al. [20]. This 
collection of four oligosaccharides will be further referred to as [xg],. 

The degradation of tamarind seed xyloglucan by endoV was monitored by HPSEC, and 
continued until a pattern as shown in Fig. 1A (solid line) was obtained. The major part of 
this digest is composed of molecules that were later shown to contain one, two or three 
repeating building units ([xg],, [xg]2 and [xg]3, respectively). Elution of material with a 
retention time less 29.5 min indicated that larger molecules were also present; however, 
no complete separation of these fragments was obtained using HPSEC. When cellulose 
was added to this digest, very few molecules larger than [xg]2 were found in the 
supernatants after 6 h of incubation and subsequent centrifugation (Fig. 1A, dashed line). 
This demonstrated that chain length largely determines the adsorption behavior of 
xyloglucan molecules. Subsequently, the xyloglucan digest was fractionated on BioGel 
P-6, and six pools were obtained as indicated in Fig. IB. The Kav values of pools / and 
/ / were similar to those reported by Hayashi and Maclachlan [5] for pea xyloglucan 
oligosaccharides ([xg],) and dimers ([xg]2) thereof, respectively. When it was assumed that 
pools / / / to V correspond to [xg]3 to [xg]5, respectively, a linear relationship between 
Log(DP) and Kav was obtained in the range [xg], to [xg]5. Fractions / to / / / were 
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FIGURE 1. Elution profiles of a digest of tamarind seed xyloglucan analyzed by HPSEC (A), 
BioGel P-6 chromatography (B), and HPAEC (C). A, The degradation of xyloglucan by endoV 
was monitored using HPSEC, and the enzyme was inactivated when the profile shown as a solid 
line was obtained. Incubation {25 mM NaOAc buffer (pH 5.8) containing 10 mM CaCl2} of this 
mixture of xyloglucan fragments (1 mg) with Avicel crystalline cellulose (50 mg) for 6 h yielded 
the profile shown as a dashed line (—). B, The partially digested tamarind seed xyloglucan was 
fractionated using BioGel P-6 (for experimental details, see text). C, The same sample was also 
analyzed by HPAEC (—, PAD response; , NaOAC-gradient). Digits 1 to 9 indicate the 
number of repeating building units ([xg], to [xg],). Roman numerals / to VI are used to designate 
BioGel P-6 pools. 

analyzed by HPSEC and corresponded to peaks 1 to 3 (Fig. 1A), respectively. 
The same digest was also analyzed using HPAEC. Fig. 1C shows that this method 

gives a much higher resolution than HPSEC and BioGel P-6; the sample is composed of 
10 products. Pools / to IV corresponded with [xg], to [xg]4, respectively, in the pattern of 
Fig. 1C. Pool V contained primarily [xg]5 and some slight contamination of [xg]6. 
Typically, pool VI did not contain only products larger than [xg]5; relatively large 
amounts of smaller fragments, including [xg],, were also present. Even when taking into 
consideration the decreasing PAD response for fragments with increasing mol wts, c. 35% 
(w/w) of pool VI consisted of [xg]„<6. Self-association with larger xyloglucan fragments 
might be an explanation for this phenomenon. Fig. 1C suggests that xyloglucan molecules 
consisting of at least 10 repeating building units ([xg],0) can be separated. 

Both [xg], and [xg]2 showed multiple signals upon HPAEC (Fig. 1C) which 
demonstrated that these were heterogeneous fractions. Fraction / ([xg],) contained 
primarily XXXG and XXLG building units, but also some XLXG and XLLG (Fig. 2A). 
[xg]2 probably contains any combination of the above forms of [xg], oligosaccharides 
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FIGURE 2. HPAEC elution 
profiles of BioGel P-6 pool / 
([xg]„ A) and an endoV-
digest of BioGel P-6 pool IV 
([xg]4, B). 

which renders 16 possibilities. For [xg]3 and [xg]4, the number of possibilities increases 
dramatically. Incomplete resolution of the different compounds within one population by 
HPAEC results in an apparent homogeneity of populations larger than [xg]2. 

Sugar analysis of the BioGel P-6 pools showed that the fragments were gradually 
enriched in Gal with increasing mol wt (data not shown). This suggested that larger 
fragments were composed of different building units than the smaller molecules. To verify 
this, the fragments of pool IV were degraded to their building units with endoV. Fig. 2B 
demonstrates that XLLG is the major building unit of [xg]4, in contrast to [xg],, where 
XXXG and XXLG are the most abundant oligosaccharides (Fig. 2A). 

Adsorption of Xyloglucan Fragments of Different Length to Cellulose 
The combination of the results of Fig. 1, A and B, suggested that fractionation on 

BioGel P-6 enabled the purification of fragments of critical length in relation to adsorption 
on cellulose. Therefore, pools / to VI, as well as [xg]„, were tested for their ability to 
interact with cellulose. This is shown in Fig. 3. The [xg], oligosaccharides did not bind to 
cellulose in aqueous conditions, which is in accordance with the results of Valent and 
Albersheim [10]. Binding of only a small amount of [xg]2 and a larger amount of [xg]3 

occurred, which is in agreement with results reported by Hayashi et al. [12]. Apparently, 
[xg]5 molecules possessed the minimum length required for quantitative binding to 
cellulose under the conditions used. It should be noted that [xg]6<„<n is a part of pool VI, 
and [xg], and [xg]2, which are also present in this fraction, did not adsorb. Typically, the 
adsorption of [xg]„ was much lower compared to the adsorption of [xg]5. Obviously, the 
effective specific surface area is much smaller for the polysaccharides. 
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FIGURE 3. Adsorption of xyloglucan fragments of varying DP to Avicel crystalline cellulose. 
Various xyloglucan fragments (250 /tg) were incubated (40 °C) with 1 mL of 25 mM NaOAc 
buffer (pH 5.8) containing 10 mM CaCl2 and 25 mg of cellulose. After 6 h of incubation the 
samples were centrifuged (1 min, 20,000 g), and the supernatants were analyzed by HPSEC. The 
adsorbed amount was calculated from the ratio of the peak areas before and after incubation. Error 
bars indicate deviations of the average of three measurements. 

The above findings indicated that, relative to [xg]„, large amounts of [xg]4 and pool VI 
were needed to saturate the cellulose surface. This was further substantiated by the 
adsorption isotherms in Fig. 4, A and B. Initially, all xyloglucan bound to cellulose which 
is illustrated by the steep part of the isotherms. At higher xyloglucan concentrations, T 
increased less sharply and tended to a constant value. A difference in adsorption behavior 
between [xg]4 and pool VI became prominent here, because only for pool VI was this 
"plateau value" realized. In accordance with Fig. 3, the adsorption of [xg]„ was much 
smaller relative to, for instance, that of [xg]4. 

The origin of the cellulose was shown to influence the adsorption behavior of [xg]„ 
(Fig. 4A; compare A to • ) . The adsorption of [xg]„ to cotton linters cellulose was much 
lower than that to Avicel. Both cellulose preparations seemed to contain a small amount of 
hemicellulosic and/or pectic material. Apart from Glc (c. 92 mol%), minor amounts of 
uronic acid (c. 4 mol%), Xyl (c. 2 mol%), Man and Rha (each c. 1 mol%) were found. 
Apparently, cellulose had some ionizable groups and these might have affected the 
adsorption of xyloglucan to cellulose. Therefore, the adsorption of [xg]„ and pool VI 
were studied as a function of pH. Fig. 4A shows that adsorption of [xg]„ decreased from 
pH 5.8 to pH 4.0. The xyloglucan adsorption at pH 3.0 did not follow this tendency; the 
adsorption at pH 3.0 was similar to that at pH 5.0. This might be due to different buffer 
ions; another explanation might be protonation of xyloglucan at low pH values, but this 
was not further substantiated. Similar effects were observed for the fragments of pool VI. 

The possible heterogeneity of the [xg]4 population was discussed above. To investigate 
whether some fragments in this population adsorbed preferentially to cellulose, the 
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oligosaccharide composition of adsorbed [xg]4 was determined. To this end, [xg]4, which 
had previously been adsorbed on Avicel, was degraded by endoV after the unbound [xg]4 

had been removed by centrifugation. Analysis of the resulting oligosaccharides by HPAEC 
showed that the adsorbed [xg]4 had a higher portion of the XXXG and XXLG building 
units compared to a digest of the total population [xg]4 (data not shown). This experiment 
demonstrated that the adsorbed [xg]4 material was enriched in smaller building units and 
that subtle differences in molecular structure of [xg]4 influence their adsorption: 
substitution with Gal probably decreases the ability of fragments to penetrate the smaller 
pores in cellulose. 

DISCUSSION 

The present paper discusses several chromatographic techniques aimed at fractionation 
and analysis of large xyloglucan fragments. HPSEC was used for monitoring the 
degradation of [xg]„ and allowed simple quantification of xyloglucan by the refractive 
index. Rather pure fragments of up to five repeating building units could be obtained by 
fractionation of a partially degraded tamarind seed xyloglucan using BioGel P-6 
chromatography. HPAEC served merely as an analytical tool to check the purity of 
BioGel P-6 pools and the oligosaccharide composition of certain fragments. However, 
from the results presented here, it might be anticipated that this technique could be used 
successfully for preparative fractionation of fragments (much) larger than [xg]5. This was 
not further substantiated since a sequence of three or four xyloglucan building units 
appeared to be of critical length for interaction with cellulose. 

The observation that polymeric xyloglucan binds to cellulose whereas its individual 
building units ([xg],) do not suggests that the interaction between xyloglucan and cellulose 
is a reversible process. Adsorption of [xg]„ to cellulose can be envisaged as is indicated 
in Fig. 5 [21]. A number of building units ("trains") will interact with the cellulose 
surface. The so-called "loops" and "tails" stick out into solution. Our results suggest that 
binding of [xg]„ involves at least five building units; however, it is unknown whether 
these should occur contiguously. In principle, adsorption of xyloglucan to cellulose is a 
cooperative effect. For instance, it is thought that [xg]w can bind equally well by a train 
of six building units as by three trains of two building units. 

The first part of the adsorption isotherm represents a situation in which all xyloglucan 
molecules are bound to the cellulose surface: T increases dramatically with increasing 
[xg]» concentration. The steepness of this part of the isotherm emphasizes the high-
affinity character of xyloglucan adsorption on cellulose. Finally, this surface is saturated 
with xyloglucan, and for homodisperse systems T will reach a constant value. However, 
HPSEC analysis of [xg]„ (data not shown) showed a rather broad mol wt distribution, 
which indicates that we are dealing with a polydisperse system. When the supply of [xg]w 

exceeds the binding capacity of the cellulose, preferential adsorption of larger molecules 
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FIGURE 4. Adsorption isotherms of polymeric xyloglucan [xg],. (A) and two BioGel P-6 
fractions (B) under various conditions. A: o, Avicel (50 mg), pH 3.0; • , Avicel (50 mg), pH 4.0; 
A, Avicel (50 mg), pH 5.0; A, Avicel (50 mg), pH 5.8; • , cotton linters (50 mg), pH 5.8. B: v, 
pool /V([xg]4), Avicel (5 mg), pH 5.8; • , pool IV ([xg]4), Avicel (1 mg), pH 5.8; • , pool VI 
([xg]<s<n<ii)> Avicel (5 mg), pH 5.8. After 6 h of incubation the samples were centrifuged (1 min, 
20,000 g), and the supernatants were analyzed for their neutral sugar content, from which the 
adsorbed amount was calculated. 

occurs because their binding is more favorable in terms of entropy compared to smaller 
molecules. As a result of this, none of the isotherms (Fig. 4A) reach their plateau value 
instantaneously; rather, the isotherms level off until, finally, the cellulose surface is 
covered with the largest molecules. Thus, with increasing supply of [xg]„, loops and tails 
will contribute more and more to the adsorbed amount, although the coverage (train 
density) of the cellulose remains the same. 

Adsorption isotherms show that the origin of cellulose influences the amount of 
xyloglucan that can adsorb. Similar observations were made by Hayashi et al. [8]. The 
lower adsorption of [xg]„ to cotton linters cellulose compared to Avicel suggests a larger 
effective surface area for the latter. This seems to be in accordance with the higher 
crystallinity index for cotton linters reported by Hoshino et al. [22]. Stone and Scallan 
[23] demonstrated that cellulose is a porous matrix in which small pores contribute the 
major part of the total surface area of the cellulose. The molecules of [xg]„ are too large 
to reach the smaller pores. The stiffness of the glucan chain in solution, which is partially 
due to its extensive branching [24], probably reinforces their poor penetration. 



FIGURE 5. Schematic representation of the 
interaction of polymeric xyloglucan ([xg]„) 
and cellulose, o, Xyloglucan oligosaccharide 
([xg],) in so-called loops and tails; • , 
xyloglucan oligosaccharides that interact with 
cellulose (trains); • , cellulose. 

Apparently, the surface of many of these small pores can be colonized by [xg]4, 
considering the much higher adsorption (c. 10-fold) of these fragments compared to [xg],*. 

Maclachlan et al. [25] showed that an important part of tamarind seed xyloglucan is 
composed of XXLG-»XXLG-»XLLG fragments that were found to be reasonably enzyme 
resistant. Additionally, substitution with Gal at the penultimate position of an 
oligosaccharide seems to hinder the release of such oligosaccharides by endoV (see 
Chapter 6). These observations suggest that the degradation of xyloglucan is not 
completely random, but rather that cleavage occurs at linkages adjacent to an XXXG 
building unit. This explains why [xg], contains predominantly XXXG and XXLG and why 
larger fragments, such as [xg]4, are enriched in Gal-containing oligosaccharides. 
Theoretically, [xg]4 can adopt 256 different permutations, but this number of possibilities 
is narrowed down to some extent due to the mode of action of endoV. All [xg]4 structures 
containing only XXXG and/or XLXG are very improbable; mol wts will range from 
c. 4.8 to 5.5 kDa. These results demonstrate that [xg]4, like [xg]„, is a polydisperse 
population, but on a miniature scale. 

The polydispersity of [xg]4 finds expression in its adsorption isotherm, but because 
these molecules are too small to form loops and tails, a mechanism different from that 
described for [xg]„ must underlie this pattern. The r of [xg]4 seems to depend on the 
amount of Avicel (Fig. 4B), which suggests that not only the dimensions of [xg]4 but also 
the pore size distribution of cellulose plays an important role here. At low [xg]4 

concentrations, the surface of the smallest pores of cellulose is probably only partly 
covered with xyloglucan due to the limited supply of the smaller molecules (built mainly 
from XXXG and XXLG) within the [xg]4 population. At higher concentrations more of 
these smaller molecules are present, and the smaller pores of cellulose can be further 
colonized. Our observation suggesting that relatively more small molecules are adsorbed is 
in accordance with this. The adsorption isotherm of pool VI was the only one achieving a 
constant value under the conditions used. This value was much lower than that found for 
[xgh, which emphasized that the smaller pores contibute an important part to the total 
surface area of cellulose. 

Fig. 4A further suggests that the pore size can be manipulated to a small extent by 
changing the pH. Both cellulose preparations contained c. 8 mol% of sugar residues other 
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than Glc. The Xyl and part of the uronic acid probably originate from 4-0-methyl-
glucuronoxylans, which are known to be closely associated with cellulose just like 
xyloglucans [26]. Depending on the pH, the carboxyl groups (pKa of c. 4.5) of these 
glucuronoxylans can introduce a negative charge to the cellulose. Repulsion of these 
ionized groups is probably attended by an enlargement of the cellulose pores. A larger 
portion of the cellulose surface would be accessible for xyloglucan molecules, which 
might explain why more [xg]„ is adsorbed at increased pH. 

We have shown previously that enzymic degradation of cell-wall-embedded cellulose is 
enhanced by stripping the xyloglucan coating [16]. The present paper demonstrates that 
[xg]5 adsorbs quantitatively to cellulose. This means that xyloglucans have to be degraded 
extensively (preferably to [xg]2) before cellulose becomes accessible to a cellulolytic 
enzyme combination. It should be realized that this study was done with commercially 
available Avicel cellulose and tamarind seed xyloglucan instead of apple fruit cellulose and 
xyloglucan. It was shown by solid-state 13C NMR that Avicel and apple cellulose are not 
alike [27]; further, the presence of Fuc in apple fruit xyloglucan might influence the 
binding of these molecules to cellulose [13]. Apart from this, we would like to put 
forward some thoughts on possible implications of these results in cell wall processes. 
First, the DP of xyloglucans has never been considered an important factor in the 
assembly of the cellulose-xyloglucan complex. It could very well be that the secretory 
vesicles (budded off from Golgi) contain a large collection of xyloglucan molecules 
(ranging, for instance, from [xg]4 to [xg]<„). Smaller molecules might occupy the space 
between cellulose-synthesizing terminal complexes [28] more easily than larger ones and 
serve as a kind of fixture to which larger molecules can be attached by, for instance, 
transglycosylation [29]. This might explain the much higher xyloglucan levels in native 
cellulose-xyloglucan complexes than in reconstituted ones [8]. Second, Coimbra et al. [30] 
reported a pectic fraction that was enmeshed in the cellulose microfibrils of olive. Such a 
pectin (after removal of methyl groups) could influence the pore size of cellulose in a way 
similar to a glucuronoxylan. Ricard and Noat [31] postulated a role for pectin methyl 
esterase in locally modulating the cell wall pH for "growth enzymes". Swelling of 
cellulose might also be triggered by these enzymes. Finally, and probably most 
importantly, this work provides a method for manufacturing, purifying, and analyzing a 
homologous series of xyloglucan fragments. These defined fragments and cellulose can be 
used to build model systems for testing a number of hypotheses that have recently been 
put forward: facilitated binding of fucosylated fragments [13], prohibited binding of 
endoglucanase-resistant fragments [15], and disruption of noncovalent interactions by 
expansins [7]. 
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CHAPTER 8 

Fungal and Plant Xyloglucanases May Act in 
Concert During Liquefaction of Apples' 

Efficient enzymic degradation of cellulose in isolated cell wall material of apples 
requires a preceding removal of its xyloglucan coating. In this study, raw and blanched 
apple fruit tissues were treated with pectin lyase and various (combinations of purified) 
cellulases. These experiments confirmed that xyloglucanase activity is important for 
cellulose degradation in apple fruit tissue. Apart from this, it was observed that raw 
apple material disintegrated faster than blanched. Typically, xyloglucan oligosaccharides 
XXXG and XXFG were released in different amounts from raw apple material compared 
to blanched material. The endogenous enzyme, xyloglucan endotransglycosylase (XET), 
is probably responsible for these phenomena. It is hypothesized that XET activity 
accelerates disintegration of apple tissue once its depolymerizing mode is triggered by 
xyloglucan oligosaccharides released by exogenous endoglucanases. 

The complexity of the primary cell wall of dicotyledons was extensively reviewed by 
several authors [1,2]. In these models, a cellulose-xyloglucan network, which determines 
the strength of the cell wall, is embedded in a matrix of pectic polysaccharides, which are 
thought to be responsible for cell wall porosity. Immunogold localization revealed that 
xyloglucans were almost exclusively located around the microfibrils [3]. Hardly any 
labelling was found in the middle lamella region. By coating cellulose extensively, 
xyloglucans prevent association of cellulose microfibrils into larger bundles [4-6]. It has 
become a well established fact that xyloglucans are sufficiently long to tether different 
microfibrils [4,5,7-9]. Breakage of these cross links may destroy the coherence of the cell 
wall. 

Endogenous enzymes play an important role in the development of cell walls in fruit 
tissues. In some cases their presence can even be exploited in processing of fruits. It 
appears that various enzymes are induced at different times during maturation. In apple 
fruit, the occurrence of B-galactosidase [10-12], a-arabinofuranosidase [12], endo-PGn 

[13], exo-PG [14], two forms of PME [15], and a cellulase with activity towards CMC 
[16] have been demonstrated. These enzymes are involved in the modification of cell wall 
polysaccharides, and the mode of action towards their corresponding substrates is rather 
well documented; however, their mutual relationship with respect to developmental 
processes is still poorly understood. 

A potential enzyme application in apple juice manufacturing is the liquefaction process 
which aims at a complete degradation of cell walls in apple pulp [17]. As a result of this, 

Vincken, J.-P., van den Broek, L.A.M., van der Lei, D.D., Beldman, G., and Voragen, A.G.J. Submitted 
for publication to J. Sci. Food Agric.. 
uAbbreviations: see page viii. 
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cells will collapse which enables recovery of apple juice without an energetically 
unfavorable pressing operation. For this process commercial enzyme preparations can be 
applied which contain a broad spectrum of enzyme activities. Currently, much effort is 
directed towards identifying all essential enzymes in these preparations in order to design 
more specific, tailor-made mixtures for the liquefaction of apple pulp. Enhancement of the 
enzymic degradation of cell wall embedded cellulose by a xyloglucanase purified from 
Trichoderma viride [18], suggests that xyloglucanase is such a key activity. Also, the same 
enzyme acted synergistically with pectic enzymes like PL [19]. Both observations were 
done using cell wall material isolated from apple fruit. Although this material is 
presumably intact in chemical terms, it is inevitable that (part of) the cell wall architecture 
has lost its authenticity during isolation. This, together with the presence of endogenous 
enzymes, suggests that extrapolation of the degradation of "model substrates" to the 
liquefaction of apple fruit tissue should be done with caution. The objective of this study 
is to investigate the degradation of xyloglucan in the complex matrix of apple fruit tissue. 

EXPERIMENTAL 

Materials 
Raw materials and substrates.—Apples (Malus mains L, Rosaceae, var. Golden Delicious) were 

obtained locally. After peeling and removing the core, the apples were kept on ice (c. 20 min) 
until shredded in a food processor (Braun MX32, Frankfurt, Germany, 5 mm blade). The 
shredded apples were either blanched (20 min, 70 °C) to inactivate endogenous enzymes or stored 
(c. 30 min at 4 °C) in 200 mM sodium succinate buffer (pH 4.0) containing 0.1% (w/v) ascorbic 
acid to prevent enzymic browning. Liquid to apple ratio was 2:1 in both cases. 

Avicel crystalline cellulose (type SF) was purchased from Serva (Heidelberg, Germany). CMC 
(Akucell AF type 0305) was obtained from Akzo (Arnhem, The Netherlands). Tamarind seed 
xyloglucan was kindly provided by Dainippon Pharmaceutical (Osaka, Japan). G2 was obtained 
from Merck (Darmstadt, Germany). MHR and saponified MHR from apple were obtained from 
Schols et al. [20]. Polygalacturonic acid and pectin (degree of methylation 65%) were purchased 
respectively from ICN (Cleveland, OH, USA) and Obipektin (Bischofszell, Switzerland). Potato 
arabinogalactan was prepared by van de Vis et al. [21]. Larchwood arabinogalactan (stractan) and 
branched sugar beet arabinan were obtained respectively from St. Regis Paper Company (Tacoma, 
WA, USA) and Koch and Light (Colnbrook, Bucks, UK). Cell wall material (WUS) from apple 
was prepared as described earlier [18]. 

Enzymes.—Three endoglucanases (endol, endoIV, and endoV; EC 3.2.1.4) and CBH 
(previously referred to as exoIII; EC 3.2.1.91) were purified to homogeneity from a commercial 
preparation derived from Trichoderma viride (Maxazyme CI, Gist-Brocades, Delft, The 
Netherlands) as described by Beldman et al. [22]. The characteristics of these enzymes are 
summarized in Table I. A preparation derived from Disporotrichum dimorphosporum (Xyl-5000) 
was also obtained from Gist-Brocades. PL (EC 4.2.2.10) was purified to apparent homogeneity 
from a commercial preparation derived from Aspergillus niger (Ultrazym 100, Ciba-Geigy, now 
available from Novo Ferment AG, Basel, Switzerland) by van Houdenhoven [23]. 

Preparation of xyloglucan fragments 
Xyloglucan oligosaccharides were obtained by treating 50 mg of tamarind seed xyloglucan with 

a crude Trichoderma cellulase preparation (100 fig of protein) in 5 mL of a 50 mM NaOAc buffer 
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TABLE I. Summary of the properties of some glucanases of Trichoderma viride. —, no 
detectable activity; + , very low activity; + , low activity; + + , high activity. 

Enzyme CMCase 
activity 

+ +* 
+ +* 
+ +* 

Xyloglucanase 
activity 

+* 
+ +* 
+ +* 

Activity towards 
Avicelf 

+ 
+ 
+ 
+ 

Adsorption on 
Avicel* 

yes 
no 
yes 
yes 

endol 
endoIV 
endoV 
CBH 

* Vincken et al. [27]. + Beldman et al. [22]. * Beldman et al. [30]. 

(pH 5.0; 40 °C; 24 h). The sample was heated for 30 min at 100 °C. The digest was concentrated 
under reduced pressure until dry, dissolved in 2 mL of distilled water. The crude oligosaccharide 
mixture was deproteinated by BioGel P-2 [24]. Hepta to decamer fractions were combined, and 
further referred to as [xg],. Xyloglucan fragments of four repeating building units ([xg]4) were 
obtained by partial degradation of tamarind seed xyloglucan as described earlier [25]. 

Extraction of enzymes from apple fruit tissue 
Approximately 20 g of shredded apple material and 1.5 g of PVPP were homogenized for 

1 min using an Ultra-Turrax T25 (8,000 rotations min"1, Janke & Kunkel, Staufen, Germany) in 
60 mL of a 0.25 M sodium phosphate buffer (pH 6.2; 4 °C) containing 0.4 M NaCl and 10 mM 
DTT. The homogenate was centrifuged (10 min, 2,000 g) and the supernatant dialyzed extensively 
against 25 mM NaOAc (pH 5.8). Finally, the enzyme extract was concentrated ten times by 
ultrafiltration using a Diaflo PM10 membrane (Amicon, Lexington, MA, USA). 

Enzymic degradation of various substrates 
Enzymic degradation of apple fruit tissue.—Apple fruit tissue (2 g; blanched or raw; pieces of 

10 x 3 x 2 mm) were incubated in 3 mL 200 mM sodium succinate buffer (pH 4.0) containing 
0.1% (w/v) ascorbic acid and an appropriate amount of enzyme, at 40 CC for 16 h (unless stated 
otherwise) under continuous shaking (150 rpm min"1). In a first series, the apple material was 
degraded with the commercial enzyme preparations Maxazyme and Xyl-5000. Enzyme dosage was 
such that the Avicelase activity was 10 mU for all incubations, while the concomitant 
xyloglucanase activities were 200 and 100 mU for Maxazyme and Xyl-5000, respectively. When 
indicated, the xyloglucanase level of the Xyl-5000 incubations was increased by adding 14 /tg 
(protein) of endoV (100 mU). A second series was performed with mixtures of purified 
glucanases. By combining endol and CBH at a mass ratio of 3.5:1, a "low xyloglucanase" mixture 
was obtained. A "high xyloglucanase" mixture was made using endoV instead of endol. By 
combining these two mixtures in an appropriate way, five more mixtures with intermediate 
xyloglucanase activity were prepared. Enzyme dosage was such that each incubation contained an 
equal amount of G2 releasing activity (0.26 mU), but a varying amount of xyloglucanase activity 
(5 to 40 mU). A similar experiment was performed with a doubled amount of the mixtures and a 
longer incubation period (40 h). PL (50 mU) was added to certain incubations (as indicated in 
Results) to degrade pectic material. After visual evaluation of tissue disintegration, 1 mL was 
removed from the incubation mixture, heated for 10 min at 100 °C to inactivate the enzymes, 
centrifuged (2 min, 20,000 g), and the degradation products in the supernatant were analyzed by 
HPAEC. 

Degradation of xyloglucan in WUS by enzyme extracts from apple fruit.—Apple WUS (20 mg) 
was suspended in 1.5 mL of 100 mM NaOAc buffer (pH 5.8) containing 10 mM CaCl2 [26], 
0.01% (w/v) NaN3, 1.2 /ig endoV (9 mU xyloglucanase), and varying amounts of the enzyme 
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extracts. Samples were incubated for 10 h at 40 °C using head-over-tail mixing, heated for 10 min 
at 100 °C to inactivate the enzymes, and centrifuged (1 min, 20,000 g). Supernatants were 
analyzed by HPAEC for xyloglucan degradation products. 

Degradation of xyloglucan fragments by enzyme extracts from apple fruit.—Immobilized [xg]4 

(250 fig, suspension) as well as free (unadsorbed) [xg]4 (250 /tg) or polymeric xyloglucan (250 fig) 
were incubated separately in 1 mL of 25 mM NaOAc (pH 5.8) containing 10 mM CaCl2, 
0.01% (w/v) NaN3 and 100 /iL of a freshly prepared enzyme extract. In some cases (as indicated 
in Results), the incubation mixtures contained an additional 250 /ig of [xg],. After 2 h or 24 h (40 
°C, head-over-tail mixing) the samples were centrifuged (1 min, 20,000 g), and the supernatants 
heated for 10 min at 100 CC to inactivate the enzymes. Xyloglucan degradation products were then 
analyzed by HPSEC and HPAEC. The immobilized [xg]4 was prepared as follows: purified [xg]4 

(250 ng) was adsorbed on Avicel crystalline cellulose (25 mg), according to Vincken et al. [25] in 
1 mL of 25 mM NaOAc (pH 5.8) containing 10 mM CaCl2 and 0.01% (w/v) NaN3; after 6 h of 
incubation (40 °C, head-over-tail mixing) all [xg]4 was adsorbed; the suspensions were centrifuged 
(1 min, 20,000 g), and the supernatants were removed. 

Analytical methods 
Analysis of cellulose and xyloglucan degradation products.—Cellulose and xyloglucan 

degradation products were quantified by HPAEC using a Dionex Bio-LC GPM-II quaternary 
gradient module equipped with a Dionex CarboPac PA-100 column (250 x 4 mm, 20 °C, Dionex, 
Sunnyvale, CA, USA). Samples (20 /*L) were injected using a SP8780 autosampler (Spectra 
Physics, San Jos6, CA, USA) equipped with a Tefzel rotor seal in a 7010 Rheodyne injector valve. 
Solvents were degassed and stored under helium using a Dionex eluent degassing module. The 
eluate (1 mL min"1) was monitored using a Dionex PED detector in the PAD mode. A reference 
Ag/AgCl electrode was used with a working gold electrode with the following pulse potentials and 
durations: E1; 0.1 V and 0.5 s; E2, 0.6 V and 0.1 s; E,, -0.6 V and 0.1 s. 

G2 release after treatment of apple fruit tissue was quantified by application of the following 
gradient: 0-»12 min, linear gradient of 25-»85 mM NaOH, 12-»25 min, linear gradient of 
0-»100 mM NaOAc in 85 mM NaOH. After each analysis the column was rinsed for 5 min with 
1 M NaOAc in 100 mM NaOH, and equilibrated in 25 mM NaOH for 15 min. Degradation 
products of Avicel by mixtures of purified glucanases were determined according to Vincken et al. 
[27]. Xyloglucan oligosaccharides and larger fragments were analyzed as described before [24,25]. 

HPSEC was performed as described previously [18] with a different series of BioGel TSK 
columns (60XL, 40XL, 30XL). 

Determination of enzyme activities.—Activity towards Avicel crystalline cellulose, as well as 
xyloglucanase and CMCase activity were determined by measuring the increase of reducing end 
groups [28]. Glc was used as a standard. Cellobiase activity was quantified by analyzing the 
decrease of the G2 concentration by HPAEC as described by Vincken et al. [27]. One milliunit is 
defined as the amount of enzyme that creates one nmol of reducing end groups per minute (pH 4; 
40 °C). Activity towards polygalacturonic acid, pectin, saponified MHR, branched arabinan, 
potato arabinogalactan and stractan were determined qualitatively by comparing the mol wt 
distribution of the enzyme-treated and the untreated sample using HPSEC. Activities were 
determined in 50 mM sodium succinate buffer (pH 4.0; glucanase) or 50 mM NaOAc buffer (pH 
5.0; others) after 24 h of incubation at 40 °C. The protein content of enzyme preparations was 
determined according to Sedmak and Grossberg [29]. BSA was used as a standard. 
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RESULTS 

Liquefaction of apple fruit tissue by various cellulase preparations 
The activity spectrum of Maxazyme and Xyl-5000 was determined with focus on 

different glucanases (Table II). Although CMCase activity was in the same order of 
magnitude for both preparations, Maxazyme had the highest activity towards both Avicel 
crystalline cellulose and xyloglucan. When compared to Xyl-5000, Maxazyme contains 
only minor amounts of pectinase, arabinanase and other side activities which are important 
for the degradation of apple cell wall polysaccharides. 

TABLE II. An overview of enzyme activities in two 
commercial preparations. Glucanase activities were 
determined quantitatively (mU mg"1). Other activities were 
determined qualitatively by HPSEC analysis. —, no 
detectable activity; +, low activity; + +, high activity. 

Activity towards 

CMC 
Xyloglucan 
Avicel 
G2 

Polygalacturonic acid 
Pectin (65% esterified) 
Saponified MHR 
Sugar beet arabinan 
Potato arabinogalactan 
Stractan 

Maxazyme 

14300 
9900 
502 
500 

— 
+ 
-
+ 
-
— 

Xyl-5000 

15700 
600 
60 
100 

+ + 
+ + 
+ + 
+ + 
+ 
— 

The performance of Maxazyme and Xyl-5000 in liquefaction trials was evaluated 
visually, as well as by determining the extent of cell wall degradation. The conversion of 
cellulose, which is deeply buried in the cell wall, to cellodextrins is considered to be 
indicative for this degradation. Beldman et al. [30] showed that degradation of Avicel 
crystalline cellulose by the different endoglucanases of Trichoderma viride gave different 
ratios of Glc, G2, and G3 as reaction products. G2 is generally the major product, esp. 
when the endoglucanases are used in combination with CBH (data not shown). When 
apple WUS instead of Avicel crystalline cellulose was treated with a combination of 
endoglucanase(s) and CBH, only G2 (no Glc and G3) was released as a cellulose 
degradation product [18]. Treatment of apple tissue with mixtures of purified glucanases 
gave results which were comparable to those obtained with WUS (data not shown). No G3 

was detected in any of the reaction mixtures. Glc could not be determined because it 
naturally occurs in apple tissue in large quantities. In the liquefaction experiments 
described below, the release of G2 was used as a measure for the degradation of cell wall 



112 | CHAPTER 8 

FIGURE 1. Liquefaction of raw apple fruit tissue by PL and (upgraded) commercial enzyme 
preparations. Raw apple fruit tissue was incubated in 200 mM sodium succinate buffer pH 4.0 for 
16 h at 40 °C, and 150 rpm min"1. A, no enzyme added; B, Maxazyme (10 mU of Avicelase 
activity, 200 mU xyloglucanase); C, 50 mU PL; D, combination of "B" and "C"; E, Xyl-5000 
(10 mU of Avicelase activity, 100 mU xyloglucanase); F, combination of "C" and "E"; G, as "F" 
plus 100 mU endoV. 

embedded cellulose. 
Maxazyme alone is unable to liquefy raw apple fruit tissue to a large extent within 16 h 

(evaluated visually; Fig. 1). PL is known to effectively solubilize pectins from cell walls 
[19]. Supplementation with a minimum amount of 50 mU PL was required to enable 
Maxazyme to completely liquefy the material under the same conditions. Therefore, PL 
was added in this concentration to all incubations to ensure that the cellulose-xyloglucan 
network was accessible for the glucanases. No complete liquefaction could be achieved by 
a combination of PL and Xyl-5000 although the Avicelase activity was similar as in 
experiments with Maxazyme. However, the xyloglucanase activity was a factor 2 lower, 
and this might indicate that xyloglucanase activity is an important factor in liquefaction. 
Therefore, the xyloglucanase activity of the Xyl-5000 preparation was increased to the 
level of Maxazyme by addition of an appropriate amount of endoV. Fig. 1 shows that the 
extent of disintegration in this case is comparable to the one obtained by a combination of 
PL plus Maxazyme. The G2 release upon addition of endoV increased 1.6 times but was 
still c. 5 times lower when compared to an incubation with PL plus Maxazyme. Addition 
of a similar amount of endol protein instead of endoV had no effect on the G2 release as 
well as the extent of disintegration (data not shown). The experiments described above 
were repeated with apple fruit of different maturity. The extent of disintegration, as 
determined visually, seemed to depend on the physiological state of the apple fruit, but the 
G2 release was similar for all stages of maturity (data not shown). From this it can be 
concluded that the G2 release and the disintegration of apple tissue do not necessarily 
correlate. 

The G2 release from blanched apple tissue was studied with mixtures of purified 
glucanases. By combining endol and/or endoV with CBH, it was possible to treat the 
blanched material with enzyme cocktails containing equal amounts of G2 releasing activity, 
but having a different xyloglucanase activity. PL (50 mU) was included in all mixtures for 
reasons mentioned above. Fig. 2 shows that more G2 is released with increasing 
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FIGURE 2. Release of G2 from 
apple fruit tissue by mixtures of 
purified glucanases. Blanched apple 
fruit tissue was incubated (200 mM 
sodium succinate buffer pH 4.0, 
16 h, 40 °C, 150 rpm min1) with 
PL in combination with various 
glucanase mixtures which were 
equal in Avicelase activity 
(0.26 mU) but different in their 
xyloglucanase activity (5 to 
40 mU). G2 was quantified by 
HPAEC. 

xyloglucanase activity, until the xyloglucanase activity reached a level of c. 25 mU. 
Apparently, "naked" surface area is the limiting factor in cellulose degradation. The 
xyloglucanase activity removes the xyloglucan coating from cellulose, thereby improving 
the accessibility of the cellulose surface for esp. CBH. At xyloglucanase levels larger than 
c. 25 mU, the G2 release is probably limited by the amount of CBH. The extent of 
disintegration of the apple fruit tissue in these experiments was comparable to sample "C" 
in Fig. 1, in which the apple material seems hardly degraded. The experiments were 
repeated with a doubled dose of glucanases as well as with an increased incubation time 
(40 h). Incubations with low xyloglucanase activity still showed some pieces of tissue, 
whereas the apple material in incubations with high xyloglucanase activity was completely 
liquefied (data not shown). 

An interesting observation was that raw apple material disintegrated to a larger extent 
with mixtures of purified glucanases than their blanched analogues from the same apple 
batch. In some cases the liquefied raw apple material had an appearance comparable to 
sample "F" or "G" in Fig. 1; however, the G2 release was similar to that from the 
blanched samples. Apparently, the extent of disintegration of raw tissue (as determined 
visually) does not always correlate to G2 release. Substrate modification as a result of 
blanching [31] might be an explanation for this phenomenon; however, a role for 
endogenous enzymes in the enhanced tissue disintegration seems also possible. 

Incubations with an enzyme extract from apple fruit 
The enzyme extract from apple fruit was assayed for enzymes with the ability to 

degrade xylogucan. A 2 h treatment of tamarind seed xyloglucan with an enzyme extract 
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FIGURE 3. HPSEC elution patterns (BioGel TSK 
60XL/40XL/30XL series) of polymeric xyloglucan before 
and after treatment with an enzyme extract derived from 
apple fruit tissue. The xyloglucan was degraded in presence 
and absence of [xg],. Broken lines, -..- lines, and solid lines 
correspond to patterns obtained after 0, 2, and 24 h of 
incubation, respectively. 

from apple had almost no effect on the mol wt distribution of this polysaccharide. 
Prolonged incubation (24 h) showed that the mol wt distribution shifted to a lower value 
(Fig. 3). These data suggest that small amounts of a xyloglucanase activity are present in 
the extract. The shift in mol wt was more profound when [xg], was added to the reaction 
mixture. Apparently, the presence of [xg], triggered the depolymerization of xyloglucan 
(Fig. 3). Similar experiments were done with [xg]4 instead of polymeric xyloglucan (data 
not shown). HPSEC analysis showed small but reproducible differences in mol wt 
distribution of [xg]4 upon treatment with the enzyme extract when compared to a blank. 
From this it was concluded that the enzyme extract had a much higher impact on the mol 
wt distribution of polymeric xyloglucan than on that of xyloglucan fragments. 

The effect of the enzyme extract on [xg]4 is better visualized by HPAEC as is shown in 
Fig. 4. Small (but reproducible) amounts of larger products than the original material 
were formed ([xg]6 and [xg]7), which demonstrated that the enzyme extract contained 
transglycosylase activity. Typically, minor amounts of [xg], and [xg]5 were found. Upon 
incubation of [xg]4 with the enzyme extract, in the presence of a similar amount of [xg],, 
small amounts of [xg]4 reacted. This was attended with a small increase of the amount of 
[xg]2 and [xg]3, and much smaller quantities of the fragments [xg]6 and [xg]7 as above 
(data not shown). In this case, [xg], competes as an acceptor substrate with (donor 
substrate) [xg]4. 

The ability of the enzyme extract to create "naked" cellulose microfibrils was also 
investigated. Hereto, Avicel crystalline cellulose was first coated with [xg]4, which is the 
smallest xyloglucan fragment that binds quantitatively to cellulose [25]. The enzyme 
extract was unable to remove large amounts of [xg]4 from Avicel, only minor amounts of 
[xg]2 were solubilized (data not shown). This release was not enhanced by addition of 
[xg],. 



Liquefaction of Apple Fruit Tissue | 115 

4 S 6 7 
» T T T 

7 
DOOD 

+ 

2lxg]4 

— 
DO*-«-»-« 

+ 
DO 

[xg]6 *[xg]2 

oo«-»-»-» DO*<KKK) 

[xg]6+[xgj4 [xg]7+[xg]3 

5 10 15 20 25 

Retention time (min) 

FIGURE 4. HPAEC elution patterns 
of [xg]4 before and after treatment with 
an enzyme extract derived from apple 
fruit tissue in the absence of [xg],. 
Number of repeating building units is 
indicated at the top. • , • , O 
represent [xg], fragments of the donor 
substrate, first and second acceptor 
substrate, respectively. Shaded areas 
indicate the products formed upon 
transglycosylation. Broken lines, and 
solid lines correspond to patterns 
obtained after 0, and 24 h of 
incubation, respectively. 

Xyloglucan degradation in blanched and raw apple tissue 
After degradation of apple tissue by PL and mixtures of purified glucanases, the 

xyloglucan degradation products were analyzed by HPAEC. All liquefaction experiments 
with blanched apple material yielded similar products as when an alkali-extracted apple 
xyloglucan was degraded by endoV. This pattern is shown in Fig. 5A. The HPAEC 
profiles obtained after degradation of blanched apple tissue differed from Fig. 5A in that 
XXFG and XLFG (for nomenclature see [32]) were often present in smaller amounts. This 
is probably due to the fact that not all apple material was degraded, and the slow release 
of these fucosylated oligosaccharides by endoglucanase [24]. 

The degradation of raw apple fruit tissue with a similar enzyme mixture as the one 
used for liquefaction of blanched material showed different elution patterns for every other 
apple batch; however, these incubations demonstrated a consistency in having a smaller 
XXXG (peak no. 4) to XXFG (peak no. 5) ratio (Fig. 5B and 5C). XLFG was present in 
only minor quantities. The appearance of relatively large amounts of smaller xyloglucan 
oligosaccharides (Fig. 5B) might indicate the presence of endogenous glycosidases in this 
apple batch, which have modified the xyloglucan oligosaccharides either during maturation 
(and storage) of the apple or during the liquefaction experiment. The nature of these 
glycosidases was not further investigated. The XXXG to XXFG ratio in Fig. 5C is 
relatively low compared to that in Fig. 5B. In addition, the smaller xyloglucan 
oligosaccharides are less abundant than in Fig. 5B, which suggests that an endogenous 
enzyme other than glycosidase(s) is responsible for the pattern of Fig. 5C. 

To verify the effect of endogenous enzymes on the XXXG:XXFG ratio, apple WUS 
was treated with endoV (to generate xyloglucan oligosaccharides) and various amounts of 
the enzyme extract. HPAEC-analysis showed that the xyloglucan oligosaccharide 
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Retention time 
FIGURE 5. Representative HPAEC elution patterns of xyloglucan oligosaccharides obtained after 

degradation of an alkali-extracted apple xyloglucan (A) and of different batches of raw apple fruit 
tissue (B and C) with the same mixture of purified glucanases (Avicelase activity 0.26 mil; 
xyloglucanase activity 40 mU). Apple fruit tissue was incubated in 200 mM sodium succinate 
buffer pH 4.0 for 16 h at 40 °C, and 150 rpm min'. 1, FG; 2, GFG; 3, XXG; 4, XXXG; 
5, XXFG; 6, XLXG; 7, XLFG. 

composition altered with increasing amounts of the extract: XXFG becomes relatively 
more abundant than XXXG. This is illustrated in Table III. In theory the decreasing 
amount of XXXG might be explained by the concerted action of a B-glucosidase and an a-
xylosidase in the enzyme extract. However, this does not seem very likely, because no 
increased amounts of oligosaccharides with a retention time smaller than XXXG were 
observed. Another possibility is that the XXXG:XXFG ratio decreases as a result of the 
action of a B-galactosidase, catalyzing the conversion of XLFG to XXFG. The amount of 
XXFG remained more or less the same for the various amounts of the enzyme extract 
used, which shows that such a conversion does not take place. HPAEC analysis showed 
that no oligosaccharides were present in the enzyme extract. 

DISCUSSION 

In absence of pectinase no appreciable liquefaction of apple tissue was observed. 
Apparently, a pectinase is necessary to increase the accessibility of the cellulose-
xyloglucan network for the glucanases. Contrary to cell wall material (WUS) isolated 
from apples [18], intact apple tissue still contains all water-soluble pectins, and therefore 
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TABLE III. The influence of addition of various amounts of 
endogenous enzymes from apple on the release of xyloglucan 
oligosaccharides from apple WUS by endoV (1.2 jig) 
expressed as the ratio of peak areas of XXXG:XXFG. 

Enzyme combination XXXGrXXFG 

endoV 3.0 
endoV plus 20 pL extract 2.6 
endoV plus 50 /tL extract 2.2 
endoV plus 100 pL extract 1.9 
endoV plus 200/tL extract 1.3 

addition of a pectinase, in this case PL, is relatively more important in tissue degradation. 
This is in accordance with Baron-Epel et al. [33] who demonstrated that pectins play an 
important role in controlling the porosity in soybean cells. A mild pectinase treatment 
enlarged the channels in these cell walls. 

We have shown previously [18] that effective degradation of cell wall embedded 
cellulose involves the concerted action of three enzymes: endol, endoIV and CBH. The 
xyloglucanase activity (endoIV) enhances the accessibility of cellulose for true cellulolytic 
enzymes (endol and CBH). From Table I it can be concluded that a two-enzyme system of 
endoV plus CBH might be equally effective since endoV combines the positive aspects of 
endol and endoIV. Fig. 2 clearly demonstrates that a minimum level of xyloglucanase 
activity is needed to degrade cell wall embedded cellulose in apple fruit tissue effectively. 
This confirms that previous observations with isolated apple cell walls [18] are also 
applicable to tissue. However, the degradation of tissue is not as straight forward as it 
seems. If the liquefaction of raw apple material and blanched tissue is compared, the more 
extensive disintegration of the former suggests that endogenous enzymes act cooperatively 
with the exogenous glucanases. 

Recently, a new type of wall-loosening enzyme, XET, has been discovered in various 
plant tissues [26,34-36]. By breaking and reconnecting load-bearing bonds, XET enables 
cell wall flexibility without loss of strength, a prerequisite to explain cell expansion [8]. In 
the presence of suitable xyloglucan oligosaccharides, however, XET actually catalyzes the 
depolymerization of xyloglucan. This PS-*OS endotransglycosylation is thought to play a 
key role in fruit ripening [37-39]. The enzyme did not show any activity towards other C-
(l-»4)-glucans like cellulose and CMC [26]. The reduction in mol wt of tamarind seed 
xyloglucan upon treatment with the enzyme extract from apple was much larger in the 
presence of [xg][ than in its absence (Fig. 3). This demonstrates that XET is also present 
in apple. 

The absence of [xg], and [xg]5 (Fig. 4) might hold some clues for the mode of action 
of XET. Most likely, [xg]4 is cleaved in the middle giving the first generation products 
[xg]2 and [xg]6. Nishitani and Tominaga [35] showed that XET activity decreases with 
decreasing mol wt of the donor substrate. Therefore, [xg]6 will be a better substrate for 
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XET than [xg]4, although it is present in only small amounts. A mid-chain cleavage of 
[xgL gives a second generation of products [xg]3 and [xg]7 ([xg]4 is the most abundant 
acceptor substrate). This reaction scheme is summarized in Fig. 4. 

It has been shown previously that XXXG is the most abundant oligosaccharide as 
building unit of apple xyloglucan [24]. Further, XXXG accumulates much faster than, for 
instance, XXFG upon degradation of apple xyloglucan by different endoglucanases [27]. 
This means that XXXG should be more abundant than XXFG at any stage during the 
liquefaction of apples. Fig. 5C, and to a lesser extent 5B, show that this is not the case. 
Typically, XXXG is a better acceptor substrate for XET than XXFG [26], and is therefore 
continuously used for transfer reactions. The oligosaccharide fingerprints suggest that the 
XET level depends on the maturity of the apple fruit. In agreement with our results, 
Redgwell and Fry [37] have demonstrated that the level of XET activity in kiwi is 
ripening-related. 

The above indicates that XET plays an active role during the liquefaction of apple fruit 
tissue. The varying level of XET might (at least partly) explain why apple material from 
different batches, treated with a similar glucanase mixture, vary so much in their extent of 
disintegration. The interplay of exogenous and endogenous enzymes in the degradation of 
cellulose-xyloglucan complex during the liquefaction process is hypothesized in Fig. 6, 
and will be discussed below. Although removal of pectin is important to improve the 
accessibility of the complex, its degradation by PL is omitted from the schemes. 

Stage 1.—In absence of xyloglucan oligosaccharides, XET catalyzes a PS-*PS 
endotransglycosylation, which can result in a rearrangement of xyloglucan molecules. 

Stage 2.—Addition of endoV and CBH (and PL) starts the liquefaction process. The 
mol wt of the enzymes probably restricts them from penetrating the tissue. Xyloglucan is 
degraded by endoV at the outer surface of the tissue. Efficient degradation of cellulose by 
CBH is delayed because further removal of the xyloglucan coating by endoV is required 
[18]. XET continues as above. 

Stage 3.—Oligosaccharides are much smaller than the enzymes and it is expected that 
they can diffuse into the tissue. Their concentration will become higher than that of 
polymeric xyloglucan. As a result of this, oligosaccharides will become the most 
important acceptor substrate of XET. The depolymerizing mode of XET is triggered; the 
PS-»PS endotransglycosylation slowly shifts towards a PS-»OS type of 
endotransglycosylation. EndoV continues to generate xyloglucan oligosaccharides and 
"naked" cellulose. CBH starts releasing G2. 

Stage 4.—As a result of the PS-*OS endotransglycosylation, the cross links between 
cellulose microfibrils are cut, and the tissue starts loosing its coherence. EndoV and CBH 
continue as above. 

Stage 5.—The loss of coherence leads to a complete disintegration of apple tissue. 
EndoV and CBH do not suffer from diffusion limitation anymore. EndoV will convert all 
coated cellulose to "naked" cellulose (endoV prefers xyloglucan over cellulose as a 
substrate; see Table I). With decreasing length of donor substrates XET activity declines 
and becomes negligible for [xg]g [35]. Xyloglucan fragments larger than [xg]4 bind 
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FIGURE 6. Schematic representation to explain the synergism between fungal cellulases (endoV 

and CBH) and XET during degradation apple fruit tissue. All incubations contained PL but this 
enzyme was not included in the schemes. The six stages are explained in the text. Solid rectangle, 
the border of a piece of apple; dashed rectangle, the original dimension of the apple piece; three 
parallel solid lines, a cellulose microfibril; - , G2; • and O, xyloglucan oligosaccharides ([xg],). 

quantitatively to cellulose [25]. Therefore, XET will not play a major role .in removing the 
xyloglucan coating from cellulose. 

Stage 6.—The remaining "naked" cellulose is degraded by the concerted action of 
endoV and CBH in the final stage of the liquefaction process. 

Our results could be of importance to fruit juice manufactures, who observe that 
maturity and storage conditions influence liquefaction. The presence of XET in situ might 
be an important factor to explain why some apples are easier to liquefy than others. 
Apples having a high XET level will be degraded from both the inside and the outside. 
Apple is a climacteric fruit which suggests that, in analogy to kiwi [37], XET activity in 
pre-climacteric fruit may be induced by ethylene treatment. Future research is aimed at 
obtaining apples with different XET-levels in order to substantiate the role of XET during 
liquefaction further. 
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CHAPTER 9 

Xyloglucan Endotransglycosylase Activity in Apples 
Is Ripening-Related: 

Implications for Fruit Juice Processing1 

In order to assess the role of endogenous enzymes during apple juice manufacturing 
by enzymic liquefaction, apples of different maturity were assayed for various enzyme 
activities. Xyloglucan endotransglycosylase (XET) activity increased dramatically from 
early September to mid October, and decreased slowly during cold storage. It was 
shown that XET is probably the most important, endo-acting activity in apple. The 
apples of different maturity were also treated by pectin lyase and various concentrations 
of cellulase. It appeared that less cellulase was needed for disintegration of apples with 
a high level of XET activity. This suggests that XET facilitates the liquefaction process. 
Under certain conditions, "high XET" apples could be transformed into a cloudy apple 
juice. This cloud is composed of predominantly cellulose and xyloglucan, and may be 
regarded as a dispersion of cellulose particles which is stabilized by xyloglucan 
molecules. 

Cellulose and xyloglucan are important structural polysaccharides in the primary cell 
wall of plants. The xyloglucans associate intimately with cellulose and the length of 
xyloglucan molecules is such, that many cellulose microfibrils can be crosslinked [1,2]. 
The resulting network determines the strength of the cell wall to a large extent. Breakage 
of these crosslinks by cellulase preparations may destroy the coherence of the cell wall. 

We have been investigating the enzymic degradation of apple cell walls (liquefaction) 
as an alternative for pressing in apple juice manufacturing. These studies have pointed out 
that, next to pectinases, cellulases play an important role in this process [3,4]. The 
cellulase preparation from Trichoderma viride contains all enzyme activities that are 
required for a complete conversion of cellulose-xyloglucan networks. Cellulose 
degradation is facilitated when its xyloglucan coating is removed by certain 
endoglucanases [5,6]. The xyloglucans have to be degraded extensively before they are 
released from the cellulose surface [7]. 

Next to fungal enzymes, endogenous enzymes also seem to play a role in xyloglucan 
breakdown. In a previous paper it was shown that XET" is active during liquefaction of 
apple tissue [8]. XET can cleave polymeric xyloglucan and transfer part of this molecule 
to the nonreducing end of either polymeric (PS-»PS) or oligomeric (PS-OS) xyloglucan 
fragments [9,10]. The latter is attended with a strong decrease in mol wt. We have 
postulated that fungal glucanases and XET act in concert during liquefaction of apple 

'Vincken, J.-P., Zabotina", O.A., Beldman, G., and Voragen, A.G.J. To be submitted (* Institute of Biology 
of the Russian Academy of Sciences, P.O. Box 30, 420503, Kazan, Russia). 
Abbreviations: see page viii. 
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tissue whereby endoglucanases generate oligomeric acceptor substrates for XET. 

Consequently, XET will start catalyzing a PS-*OS endotransglycosylation. In this 

situation, xyloglucan crosslinks can be split and the cellulose-xyloglucan network 

collapses. It is thought that such a mechanism promotes the disintegration of apple tissue 

during liquefaction [8]. In order to test this hypothesis, apples with a different XET level 

were required. Therefore, XET activity was monitored during apple development, and 

apples of different stages were subjected to a simple liquefaction test. The present paper 

provides new evidence to confirm our hypothesis. Some implications for fruit juice 

processing are discussed. 

EXPERIMENTAL 

Materials 
Apples (Malus malus L., cv. Jonagold) were picked at time intervals of c. two weeks, starting 

at the end of June. Peel and core were removed. Part of the apples was directly treated as 
described under "liquefaction experiments". The remaining material was cut in small pieces (cubes 
of c. 125 mm3), frozen in liquid nitrogen and stored at -20 °C. Apples were harvested finally at 
October 15 and subsequently stored at 4 °C. During the period in cold storage apples were 
sampled with longer time intervals (1-2 months), and treated as described above for the freshly 
picked ones. 

A crude cellulase preparation (Maxazyme), endoV, CBH and PL were similar to those 
described previously [8]. Xyloglucan oligosaccharides ([xg],) were prepared as described before 
[8]. Methyl esterified pectin (DM of 65%), branched pectic polysaccharides (MHR), CMC, 
tamarind xyloglucan and galactan (potato) were obtained as described previously [8]. An apple 
arabinan was provided by Rohm GmbH (Darmstadt, Germany). 

Labelling of xyloglucan oligosaccharides 
The oligosaccharides of [xg], were tagged with 2-aminopyridine by reductive amination [11-

13]. Three g of 2-aminopyridine was dissolved in 3 mL of water, and the pH was adjusted to 7 
with c. 2 mL of glacial HOAc. Subsequently, 100 mg of sodium cyanoborohydride and 100 mg of 
[xg], were added to 5 mL of this solution, and the mixture was left for 18 h at 80 CC. After 
cooling to room temperature, the 2-aminopyridine and the labelled oligosaccharides (referred to as 
pa-[xg],) were bound on Dowex 50W H+ (50 g; Sigma). After 1 h, the mixture was poured onto a 
glass filter and the underivatized material and sodium borate were removed by washing with 1.5 L 
of water. After this, 2-aminopyridine and pa-[xg], were eluted by 1.5 L of 0.2 M ammonia. This 
solution was evaporated to dryness. The pa-[xg], were washed in 25 mL of dichloro-
methane:methanol (4:1). After centrifugation (10 min, 4,000 g) the supernatant containing the 2-
aminopyridine was removed. This procedure was repeated once. The pa-[xg], were dissolved in 
water and freeze-dried. Approximately 10% of [xg], was recovered as pa-[xg],. 

Determination of activity of endogenous enzymes 
Quantification of XET activity.—Frozen apple pieces (2 g), 150 mg of PVPP and 4 mL of a 

0.25 M sodium phosphate buffer (pH 6.2) containing 0.4 M NaCl and 0.01% (w/v) NaN3, were 
homogenized for 15 s at 4 °C, using an ultra-turrax (TP 18-10, Ika Werk, Staufen, Germany). 
After 1 h of extraction at 4 °C (with periodically shaking), the suspensions were centriftiged 
(10 min, 2,000 g). All extractions were performed in triplicates. The pH in all extracts was 
adjusted to pH 5.8 by combining 1 mL of extract with 110 /tL of water, containing an appropriate 



Implications ofXETfor Fruit Juice Processing | 125 

amount of HOAc. XET activity was determined at various stages of development by incubating 
70 /iL of a substrate stock solution (containing 4 mg mL'1 polymeric tamarind xyloglucan and 
400 fig mL"1 pa-[xg],) with 70 /iL of the extract (pH 5.8) for 5 h at 40 °C. Enzymes were 
inactivated by heating for 10 min at 100 °C. Incorporation of label in high mol wt material was 
quantified using HPSEC (BioGel TSK 40XL, 30XL, and 20XL columns in series) combined with 
a refractive index detector (see [5]) as well as with a Spectroflow 773 UV detector (310 nm; 
Kratos, Westwood, NJ, USA). 

Qualitative assay of other "endo" activities.—In order to determine whether XET is the most 
important "endo" activity in apples, three extracts (mid September, mid October and end 
February) were tested at three different pH values (4.0, 5.0 and 5.8) for enzyme activities other 
than XET. The following substrates were used: methyl esterified pectin, MHR, CMC, tamarind 
xyloglucan, apple arabinan and potato galactan. Incubation procedures were similar as described 
above. All samples were analyzed qualitatively by HPSEC to investigate if mol wt distributions 
had shifted upon incubation. Similar experiments were carried out with tamarind xyloglucan in the 
presence of [xg],. 

Liquefaction experiments 
Fresh apple material (1 g; cubes of c. 125 mm3) was incubated at 40 CC (150 rotations min"1) 

with 3 mL of 0.2 M NaOAc buffer (pH 4) containing 1% (w/v) ascorbic acid, 0.01% (w/v) NaN3, 
50 mU PL and 9 different concentrations of Maxazyme {220 /ig (corresponding to 110 mU 
Avicelase activity and 2200 mU xyloglucanase activity), 73 /ig, 24 /ig, 8 fig, 3 fig, 1 fig, 300 ng, 
100 ng and 33 ng of protein}. Incubations without enzyme addition and with 50 mU PL alone 
were included in these series. Protein content was determined according to Sedmak and Grossberg 
[14] using BSA as a standard. After 15 h of incubation, the minimum amount of cellulase to 
achieve complete disintegration of apple tissue was determined visually. 

Isolation and characterization of cloud material 
Within the liquefaction series of November 28, cloud material was most abundantly present 

when apple tissue was treated with 1 fig of Maxazyme. After removing undegraded apple pieces, 
the suspension containing the cloud material was centrifuged (10 min, 4,000 g). The supernatant 
was removed, and the cloud material was washed with 5 mL of water, and subsequently 
centrifuged. This procedure was repeated 5 times, and after this the cloud material was freeze-
dried. The sugar composition of this material was determined as described elsewhere [5]. 

Cloud material (2 mg) was suspended in 1.5 mL of NaOAc buffer (pH 5) containing 0.01% 
(w/v) NaN3, 5 fig of endoV and 25 fig of CBH. After 72 h of incubation at 40 °C, an aliquot of 
50 fiL was analyzed using HPAEC as described previously [15]. The incubation was continued for 
another 24 h after addition of 110 fig of Maxazyme. Subsequently, enzymes were inactivated by 
heating for 10 min at 100 °C. An aliquot of 50 fiL was analyzed using HPAEC. 

RESULTS 

XET activity during apple development 

In the period of June 1994 to October 1994 apples were sampled from the tree c. twice 

a month. The apples continued to grow until mid September and they turned color 

(green-»red) around the end of this month. For each batch of apples, XET activity was 

determined according to a slightly modified procedure described by Nishitani and 

Tominaga [10,16]. The PS-OS endotransglycosylation is clearly illustrated by Fig. 1. The 

incorporation of labelled xyloglucan oligosaccharides in larger molecules is attended with 
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FIGURE 1. Quantitative determination of XET activity using HPSEC. Samples were analyzed 
simultaneously for refractive index (A) and UV signal (B). Dashed lines represent the situation at 
the start of the incubation; solid lines show the pattern after 5 h of incubation. For details see text. 

a decrease in mol wt of polymeric xyloglucan. Under the conditions used, the 
endotransglycosylation proceeded linearly in time until c. 40% of label was transferred 
(data not shown). 

XET level of apples was determined at various stages of development. In order to 
ensure that no acceptor substrate limitation occured, incubation times were chosen such 
(5 h) that less than 40% of label was transferred. No XET activity was detected in any of 
the samples from the end of June until mid August. After this, XET activity increased 
linearly in time until a constant value was reached in mid October (Fig. 2). During cold 
storage, the XET level eventually decreased slowly. 

Other enzyme activities during apple development 
Three enzyme extracts (mid September, mid October and February) were tested for 

their ability to depolymerize a number of polysaccharides which are representative for 
those encountered in apple (except CMC). Experiments were carried out at three different 
pH values: pH 4.0, this pH has been used in liquefaction experiments; pH 5.0, 
intermediate value; pH 5.8, the pH optimum of XET [9]. All samples were analyzed for a 
shift in mol wt distribution compared to a blank (data not shown). Although some activity 
was detected towards CMC and xyloglucan (no [xg], added), none of these 
polysaccharides were depolymerized to a similar extent as xyloglucan in the presence of 
[xg],. A minor shift in mol wt distribution was found upon incubation of galactan and 
arabinan, whereas pectin and MHR were not degraded at all. These experiments 
demonstrated that XET is (by far) the major endo-acting enzyme activity in apple. With 
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FIGURE 2. Development of XET activity in apples in relation to their liquefaction behavior. 
XET activity is indicated by the solid line. • , average of three independent XET measurements; 
error bars display maximum deviation of these measurements. The amount of cellulase required 
for complete disintegration of apple is shown by the dashed line. Day 1 corresponds to the 1" of 
July. For details, see text. 

respect to liquefaction of apples, it is interesting 
considerable activity at pH 4.0 (data not shown). 

to note that XET still showed 

Liquefaction experiments 
In order to investigate if apples with a high level of XET activity disintegrated faster 

than those with a low level, apple pieces of each stage of maturity were treated with 
different amounts of Maxazyme. PL was added in non-limiting amounts to all incubations. 
The smallest amount of cellulase that completely disintegrated apple tissue, was 
determined visually. Fig. 2 shows that the amount of cellulase needed is inversely 
proportional to the XET level of apples from the same batch. This suggests that XET 
accelerates the disintegration of apple tissue. 

During these liquefaction experiments an interesting observation was done. A cloud 
was formed during liquefaction of apples from October 12, October 20 and November 28 
(and to a lesser extent February 28) with intermediate doses of cellulase; this cloud was 
unaltered after several days at room temperature. The larger doses of cellulase (24, 73, 
and 220 /j.g) did not yield any cloud material. Apparently, the cloud material could be 
degraded by the cellulase preparation. With smaller amounts of cellulase (33 and 100 ng) 
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FIGURE 3. Cloud material derived from November 28 
apples after treatment with PL (A) and with PL plus 1 ng 
of cellulase (B). The cloud material was washed 
extensively with distilled water. 
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FIGURE 4. HPAEC elution profile showing the oligosaccharide building units of cloud material 
(solid line). The oligosaccharide composition of an alkali-extracted apple xyloglucan is shown for 
comparison (dashed line). Xyloglucan oligosaccharides are denoted above their corresponding 
peaks according to the nomenclature of Fry et al. [17]. 

the apple material was hardly degraded and no cloud was formed. The cloud material was 
isolated quantitatively from the November 28 apples (1 fig of cellulase), which yielded 
c. 4 mg of material from 1 g of apple fruit tissue (dry weight). The cloud material has an 
appearance as is shown in Fig. 3. The particles do not precipitate further; this situation 
can be maintained for several weeks at 4 °C. The presence of large amounts of Glc and 
Xyl in this material (Table I) suggests that the cloud was built predominantly from a 
cellulose-xyloglucan network {c. 75% (w/w)}. This was further substantiated by enzymic 
degradation (endoV and CBH) of the cloud material which yielded G2 and xyloglucan 
oligosaccharides (Fig. 4). The peaks eluting around 5 min were also present in the blank, 
which did not contain any other compounds than these (data not shown). In order to 
investigate whether the cellulose-xyloglucan network was completely degraded, the 
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TABLE I. Sugar composition (mol%) of cloud in "juice" obtained by 
liquefaction of "high XET" apples with PL and a small amount of cellulase. 

Rha 

1 

Fuc 

1 

Ara 

8 

Xyl 

11 

Man 

5 

Gal 

7 

Glc 

61 

GalA 

6 

reaction mixture obtained with endoV plus CBH was subsequently treated with 
Maxazyme. This yielded a similar pattern as the solid line in Fig. 4 with the difference 
that G2 was further degraded to Glc (data not shown). From this it was concluded that, 
with respect to xyloglucan, the cloud material is mainly composed of XXXG (for 
nomenclature, see [17]) and XXFG building units. Typically, relatively small amounts of 
GFG, XXXG and XLFG were found, when compared to the degradation products of an 
alkali-extracted apple xyloglucan (Fig. 4) [15,18]. The presence of GalA, Rha and Ara 
showed that the cloud material also contains pectic polysaccharides. It is speculated that 
these polysaccharides are similar to modified hairy regions [19], a rhamnogalacturonan 
backbone having arbinan sidechains. 

DISCUSSION 

In the present study we have used a different apple variety compared to previous 
investigations. However, sugar composition of cell wall material is in close agreement 
with that of Golden Delicious apples, and also the oligosaccharide composition of alkali-
extracted xyloglucan was very similar (data not shown). Therefore, we believe that the 
results described in this paper are also applicable to Golden delicious apples. 

The onset of ripening of climacteric fruits is characterized by a number of events which 
start more or less at the same time. The level of ethylene in the full-grown fruit increases, 
which is attended with an increase in respiration (climacterium), turning color and 
synthesis of proteins [20-22]. The level of XET in apples closely corresponds to this 
general pattern. This shows that XET does probably not play a role during fruit growth, 
but that it is mainly ripening-related. Similar observations have been made for kiwi fruit 
(also climacteric) [23]. In these experiments the ripening process was mimicked by 
supplying exogenous ethylene to unripe kiwifruit. Their results suggested that XET is 
involved in fruit softening. 

Our results show that "high XET" apples disintegrate with a smaller amount of 
cellulase than "low XET" apples (see Fig. 2). This is primarily due to XET, because no 
other endo-acting enzyme activities were found in apple tissue in such large amounts. 
Relatively large amounts of B-galactosidase are known to be present in apple [24]. This 
enzyme was not further investigated here, because it is unable to cleave potential 
crosslinks like galactan, and no major effect during liquefaction is anticipated. The 
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findings above provide further evidence for our hypothesis that XET and fungal 
xyloglucanases act in concert during the degradation of the cellulose-xyloglucan network 
in apple fruit [8]. These results suggest that XET is a major factor in the processibility of 
apple fruit during liquefaction. 

It might be argued that the accelerated disintegration of tissue is due to structural 
changes in the fruit rather than to synergism between xyloglucanases. It has been shown 
for tomatoes [25,26] and persimmon fruit [27] that the mol wt distribution of 
hemicellulose shifts to lower values as ripening proceeds. Similar observations were made 
for cellulose in tomatoes [26] and avocado [28]. For apple no such investigations have 
been done. However, based on the observation that more cellulase is needed to 
disintegrate apples from February, April and May compared to apples from October, it is 
expected that these irreversible structural changes play a minor role in our experiments. 

There is of course a possibility that an unknown enzyme activity has been overlooked, 
just like XET has not been recognized for a long time. In principle, our work should be 
verified with XET-sense and XET-antisense apple constructs. However, production of 
transgenic apple is still difficult because of their long regeneration time. For tomato such 
constructs have already been made [29,30]. 

Under certain circumstances and with apples of a certain degree of ripeness, a cloud 
was formed during liquefaction. It can be calculated that for these cases the amount of 
XET activity and that of fungal xyloglucanase activity are in the same order of magnitude 
(1.7 and c. 10 mU, respectively). The ratio between XET and cellulase seems to be rather 
critical for cloud formation. A minimum amount of cellulase is required to trigger PS-*OS 
endotransglycosylation by XET, while a too large dose degrades the cloud completely. It 
is important to note that large amounts of XET will not degrade the cloud material. The 
enzyme shows no activity towards cellulose and very little activity towards, for instance, 
[xg]g [10]. These fragments are sufficiently long to bind to cellulose [7]. This suggests 
that XET is very suitable for breaking xyloglucan crosslinks between cellulose 
microfibrils, but not to remove the xyloglucan coating from cellulose. 

Extraction of xyloglucan from cell wall material is usually much more efficient when 
strong alkali is used to swell cellulose [31]. From this it was concluded that part of the 
xyloglucan is entrapped by cellulose fibres. This entrapment explains why native cellulose-
xyloglucan complexes contain much more xyloglucan than reconstituted ones [7]. Native 
apple cellulose-xyloglucan complexes are composed c. 40% of xyloglucan [5]. For the 
cloud material this percentage is a little smaller (c. 35%), which suggests that the 
xyloglucan moiety, in particular, is partially degraded during liquefaction. A schematical 
representation of the cloud material is shown in Fig. 5: a dispersion of cellulose particles 
which is prevented from flocculating by the presence of xyloglucan molecules. It is 
thought that the stabilization is primarily due to steric repulsion, although the presence of 
GalA (Table I) suggests that electrostatic forces may also play a role. The substrate 
specificity of XET suggests that the "tails" sticking out in solution comprise several 
oligosaccharide units. It is unknown if a minimum length of these tails is required for 
stabilization. The observations described here may be of a similar kind as those referred 
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"high" XET 

"low" cellulase 

FIGURE 5. Schematic representation of cloud material in apple juice obtained by liquefaction. In 
the primary cell wall of apples, cellulose microfibrils are interconnected by xyloglucans. 
Depending on the amount of cellulase, it is possible to cleave predominantly xyloglucan crosslinks 
during liquefaction of "high XET" apples. Symbols: shaded figures represent a cross section of a 
cellulose particle; •, individual xyloglucan oligosaccharides. 

to as "cell wall swelling" by Redgwell and Fry [23]. 
The ability of cellulases to disperse cellulose particles has been observed before. Most 

cellulases are built from two functional domains, the catalytic core and a nonhydrolytic 
CBD, which are connected by a linker peptide [32]. The two domains can be separated by 
proteolytic cleavage. The isolated CBDs of (at least) two glucanases from Cellulomonas 
fimi can disperse bacterial cellulose [33], but little is known about the stability of such 
dispersions. In contrast to this, the primary cell wall of apple contains a "precursor" for a 
rather stable dispersion of cellulose which can be effected by degradation of pectin and 
cleavage of xyloglucan crosslinks. Our results show that it is, in principle, possible to 
obtain a cloudy (apple) juice by the liquefaction process. Success of such an operation 
depends on the ability to formulate an enzyme preparation with a pectinase and an 
appropriate xyloglucanase; truly cellulolytic enzymes are probably not important. With 
respect to cloudy juices, XET might be an enzyme of technological importance. 
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CHAPTER 10 

General Discussion 

During the past six years cellulase research has greatly benefitted from the possibilities 
to produce mutant proteins. These mutants have been successfully used to investigate the 
structure and function of the different domains of these cellulases. This, together with 
information on the three-dimensional structures of some of these enzymes has provided a 
much better (but still incomplete) picture of the mechanism of cellulose hydrolysis [1-5]. 
In contrast to the degradation of cellulose, relatively little is known about the action of 
individual glucanases on other, structurally related, substrates such as xyloglucan. In the 
same period, plant cell wall chemists have elucidated the primary structures of many 
xyloglucan building units [6-11], while plant physiologists have gathered a body of 
evidence to show that xyloglucans play a key role in processes that involve 
rearrangements in cell wall architecture [12,13]. Enzymes like XET1 [14-17] as well as 
so-called expansins (nonhydrolytic proteins which are thought to reversibly disrupt 
noncovalent bonds) [18-20] might be involved in such processes, but their exact function 
remains to be established. By studying the enzymic liquefaction of apples, we had the 
unique opportunity of being in the interface of these two fields. 

The present work was built on the observations of Renard and coworkers, who showed 
that one particular endoglucanase worked synergistically with PL in the degradation of 
apple cell walls [21,22]. The cooperative action of the two enzymes was attended with the 
solubilization of large amounts of pectic material and xyloglucan. In our study, we have 
focussed on the degradation of the cellulose-xyloglucan network. The substrate specificity 
of endoglucanases of Trichoderma viride with respect to xyloglucans has been determined 
in great detail. In addition, we have tried to extrapolate our results obtained with isolated 
cell wall material to the more complex degradation of apple tissue. This has provided 
compelling evidence that xyloglucan is the "Achilles heel" of the cell wall during 
liquefaction of apples, as suggested in Chapter 1. In this last chapter some important 
implications of our work will be discussed. 

CLASSIFICATION OF XYLOGLUCANS 

During the biosynthesis of xyloglucan, the basic skeleton of these molecules is first laid 
down by alternate transfer of Glc and Xyl to a nascent polysaccharide [23]. In a later 
stage, these structures are "decorated" with Gal, Fuc and/or Ara. The presence of Fuc 
residues in particular, is often regarded as being characteristic for xyloglucans from 

Abbreviations: see page viii. 
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dicotelydons. The xyloglucan from monocotyledons generally lacks Fuc residues. There 
are a number of exceptions to this rule [24,25], and fucosylation does therefore not appear 
to be an appropriate criterium for classification. More characteristic, however, are the 
differences observed in the degree of backbone branching. In Chapter 5 we have shown 
that potato xyloglucan has an unique building unit structure. This observation has 
prompted us to compare all known xyloglucan structures with respect to the degree of 
backbone-branching with Xyl (Fig. 1), and to add some notes to a number of reports in 
the literature. It is believed that all xyloglucans are composed of either XXXG-type or 
XXGG-type of building units, as will be discussed below. 

XXXG. Many xyloglucans derived from often entirely unrelated species belong to this 
class [6-11,24-30]. In this group, three out of four Glc residues are substituted with a-D-
Xy\p-(l-*6)-, and some of these can be substituted with 6-D-Galp-(l-*2)-. Tamarind 
xyloglucan does not bear other substituents (Q is a hydrogen; see Fig. 1) but many other 
xyloglucans, including that of apple as was shown in Chapter 3 and 4, are fucosylated (Q 
is a-L-Fucp-(l-»2)-). Oligosaccharides XXFG, XLFG and XFFG have been characterized 
in detail [6,9], but the existence of XFLG or XFXG has not (yet) been demonstrated 
unambiguously. The xyloglucan from sycamore seems to be an exceptional case in that it 
contains oligosaccharides with additional sidechains at position Y (B-D-Xyl/>-(l-»2)-, a-L-
Ara/-(l-»2)-, or a-L-Ara/-(l-*3)-8-D-Xyl/>-(l-»2)-) and Z (6-D-Xyl/>-(l-»2)-) [8,10,26]. 
Substitution at these positions provides resistancy against endoglucanases. Sofar, there has 
been no clear evidence for the presence of a-L-Ara/-(l-»2);a-D-Xyl/»-(l-»6)-sidechains in 
this group, as commonly found in Solanaceae xyloglucan [31] (see also Chapter 5). 

XXGG. In Chapter 5 we have shown that xyloglucan from potato has a different 
branching pattern than that of the xyloglucans belonging to the previous group. These 
xyloglucans have clusters of two instead of three branched Glc residues which alternate 
with a sequence of two "bare" Glc residues. Until now, potato [31] and tomato (Vincken, 
unpublished results), both belonging to the Solanaceae, are the only representatives. There 
is some evidence suggesting that the xyloglucan from tobacco also is a member of this 
group (see further). Xyl residues can be substituted with a-L-Ara/-(l-*2)- and B-D-Gal/J-
(l-*2)-residues. The presence of Fuc as well as the peculiar substitution at position Y and 
Z has not (yet) been demonstrated for this group. 

The literature suggests that a XXG branching pattern also exists; the building units of 
this type of xyloglucan are composed of two contiguous branched Glc residues, followed 
by one unbranched Glc residue. Degradation of xyloglucan from Nicotiana tabacum by a 
partially purified Trichoderma cellulase yielded predominantly XXG, [SX]G and SSG but 
also large amounts of Glc [32]. The presence of Glc in this xyloglucan digest might be 
explained by the action of an endoV-type of endoglucanase (see Chapter 5) in combination 
with some residual B-glucosidase in the enzyme preparation used. This, and the fact that 
tobacco belongs to the Solanaceae, suggests that this xyloglucan is more likely to be a 
member of the XXGG group. In fact, it may be questioned if a "poly-XXG" exists at all. 
In vitro experiments have misleadingly suggested that it is possible to synthesize 
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FIGURE 1. An overview of different branching patterns of xyloglucan. • , B-D-Glc/>-(l-»4)-; O, 
a-D-Xyl/?-(l-»6)-; A, B-D-Gal/?-(l-»2)-. Q represents either a hydrogen or an a-L-Fucp-(l-»2)-
residues. Y can represent a B-D-Xyl/>-(l-*2)-, an a-L-Ara/-(l-»2)-, an a-L-Ara/-(l-»3)-fl-D-Xyl/>-
(l-»2)-sidechain, or a hydroxyl. Z can represent a fi-D-Xyl/?-(l-»2)-residue or a hydroxyl. 

xyloglucan molecules that are composed of XXG building units [33,34]. Degradation of 
such an "in vitro" polysaccharide by a cellulase preparation did not only yield XXG, but 
also a large amount of Glc. This suggests that the actual building unit structure of these 
polymers corresponds to XXGG, and not to XXG. Further, it should be noted that, for 
instance, sycamore [6] and apple xyloglucan (see Chapter 3) contain small amounts of 
XXG-type of oligosaccharides. These are probably a result of post-depositional 
modifications by an a-xylosidase, followed by a B-glucosidase [17]. XET may be involved 
in introducing such building units at a mid-chain position, as discussed in detail in 
Chapter 4. 

Xyloglucan derived from immature barley plants [35] and rice seedlings [36] were 
hypothesized to be composed of XXGGG-type of building units. However, both papers 
leave room to speculate that the number of unbranched Glc residues is overestimated, 
because the actual presence of XXGGG was not demonstrated. In principle, the branching 
pattern of these two xyloglucans may be of a XXGG-type, similar to that of Solanaceae 
xyloglucans. Xyl residues may be substituted with Ara or Gal residues but this extra 
substitution is less common than in xyloglucan from potato. The xyloglucan from 
immature barley plants and rice seedlings is insoluble in water, which may be related to 
the relatively small amount of Ara and Gal residues. 

Others. Sofar, a-D-Xyl/?-(l-»6)- was diagnostic for xyloglucans. Recently, a R-D-Xylp-
(l-»4)-B-D-Glcp-(l-»4)-B-D-Glcp trisaccharide was identified after alkaline extraction of 
the green alga Ulva lactuca, and subsequent enzymic degradation of this extract [37]. In 
this case, however, Xyl residues seem to be an integral part of the backbone. Although no 
detailed structure for the polysaccharide is available, this example shows that xyloglucans 
of a completely different kind also exist. In a later study, similar xyloglucans (or 
glucoxylans?) were found in a different green alga [38], having molar Xyl: Glc ratios 
ranging from 0.2 to 1.3. All xyloglucans discussed sofar contain unbranched Glc residues 
at regular intervals which makes them susceptible to degradation by endoglucanase. An 
exception to this is a polysaccharide that coats the seeds of Helipterum eximium [39]. 
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Every single B-D-Glcp-(l-»4)-residue contains two sidechains: 6-D-Gah>(l-»2)-a-D-Xylp-
(l-*6)- and a-L-Ara/-(l-*2)-. This polysaccharide was resistant against endoglucanase, 
even after selective removal of the Ara residues with mild acid. 

The comparison above suggests that xyloglucans from different sources show more 
structural similarity than previously thought. In fact, it seems likely that there are only 
two forms, poly-XXXG and poly-XXGG. All xyloglucans have a building unit length of 4 
Glc residues in common, but they differ in the degree of backbone-branching with Xyl. 
The data of Hayashi and Matsuda [33] and Gordon and Maclachlan [34] suggest that the 
different forms of xyloglucan may originate from the ability of certain species to mobilize 
sufficient UDP-Xyl. Further, it is interesting to note that all xyloglucans known to date 
are composed of building units that have at least two adjacent branched Glc residues. The 
importance of this observation is that all xyloglucans (except those belonging to "others") 
possess building units which meet the minimum acceptor requirements of XET [40] (see 
also Chapter 1). 

SYNERGISM IN ENZYMIC DEGRADATION OF 

CELLULOSE-XYLOGLUCAN NETWORKS 

Cellulolytic fungi and bacteria excrete a variety of cellulases, i.e. endoglucanases, 
CBHs, and glucosidases, for the conversion of cellulose to soluble sugars. Endoglucanases 
primarily cleave internal glucosidic linkages in the disordered, amorphous regions of 
cellulose, thereby generating new chain-ends for CBHs to act on [41,42]. Next to this 
"endo-exo" type of synergism, also CBHI and CBHII can act in concert ("exo-exo") [43-
45]. Electron microscopic studies of the action of two CBHs from Trichoderma reesei 
towards cellulose from Valonia macrophysa have revealed that the action of CBHII is 
confined to only one end of the microcrystals [46], while CBHI acts more laterally [47]. 
Biely and coworkers [48] have shown that CBHII prefers to attack the nonreducing end of 
cellodextrins and CBHI the reducing end. 

The majority of cellulases are composed of two discrete functional domains, a catalytic 
core and a cellulose-binding domain (CBD), which are connected by a (glycosylated) 
linker peptide [1]. The domains can be separated by (limited) proteolysis, after which the 
activity of the enzyme towards cellulose is greatly reduced; the hydrolytic properties 
towards soluble substrates are not affected [49-51]. Degradation of cotton cellulose with 
various mixtures of core protein and CBD derived from Cellulomonas find endoglucanase 
A has shown that the two domains act synergistically. The core releases predominantly 
soluble sugars whereas the CBD disrupts the cellulose surface and releases small particles 
from this. However, none of the mixtures was as effective as the intact enzyme [3]. Thus, 
in addition to intermolecular synergism {"endo-exo" and "exo-exo"), cellulose conversion 
is further facilitated by intramolecular synergism between the catalytic core and the CBD. 
Din and coworkers [3] have suggested that the C, (a system to increase the accessibility of 
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cellulose) and Cx (a hydrolytic system) factors, as proposed by Reese et al. [52] in 1950, 
correspond to the CBD and core, respectively, and not to CBH and endoglucanase which 
has long been believed. It is expected that this is also true for other cellulases. 

The mechanism of action of CBHI and CBHII is fairly well understood, and also the 
role of endoglucanase in cellulose conversion seems to be obvious. However, the question 
why fungi excrete so many endoglucanases is generally not addressed. This thesis provides 
a possible answer to this question by demonstrating that some endoglucanases have also 
target substrates other than cellulose. We have shown that Trichoderma viride excretes at 
least three different endoglucanases (Chapter 6): one with a high xyloglucanase activity 
(endoIV), one for the degradation of cellulose (endol), and one combining both activities 
(endoV). Chapter 2 and 8 illustrate that xyloglucanase activity is required for efficient 
degradation of cellulose in the primary cell walls of plants by endol and CBH. In fact, 
this may be regarded as a fourth type of synergism in cellulase systems ("endo-endo"). 

SUBSTRATE-BINDING AND MODE OF ACTION OF XYLOGLUCANASES 

In our study, we have adopted a different nomenclature for endoglucanases than the one 
generally used in literature. In Chapter 6, we have tentatively characterized endoIV and 
endoV as being similar to EGIII (family H or no. 12 [53]) and EGI (family C or no. 7 
[53]), respectively. In Chapter 5 it was shown that these two endoglucanases differ in their 
mode of action towards potato xyloglucan, and it is expected that this mode of action is 
consistent for all endoglucanases within one family. In Chapter 6 we have suggested that 
the ability of an endoglucanase to bind unbranched Glc residues of a xyloglucan molecule 
in its substrate-binding sites may determine whether an endoglucanase will exhibit 
xyloglucanase activity. This is illustrated in Fig. 2A for "the best xyloglucanase" from 
Trichoderma viride, endoIV, where subsite "IV" plays an important role in substrate-
binding. Keeping the two basic types of xyloglucan, poly-XXXG and poly-XXGG, in 
mind (see discussion above), endoIV seems very well equipped for xyloglucan 
degradation, because subsite "IV" always interacts with an unbranched Glc residue. 

In Chapter 6, the subsite affinities were also calculated for the other xyloglucanase 
from Trichoderma viride, endoV. This yielded a picture as is shown in Fig. 2B. Because 
our results were not decisive on the subsite affinity of "-IV", this substrate-binding site is 
indicated with a question mark. However, it is clear that the high xyloglucanase activity of 
endoV can not be explained by substrate-binding in subsite "IV", because subsite "IV" did 
not show affinity for Glc residues. Possibly endoV has a subsite "-V", which could serve 
a similar purpose in xyloglucan degradation as subsite "IV" of endoIV. It is noteworthy 
that the observed release of a GXXG-type of oligosaccharide from POsxg is compatible 
with the hypothesis of binding unbranched Glc residues in subsite "-V". Next to the 
binding of unbranched Glc residues, the endoglucanases may have some structural 
arrangements for xyloglucanase activity, such as a wide substrate-binding groove to 
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FIGURE 2. Schematic representation of substrate-binding for five different types of 
"xyloglucanases". A, endoIV from Trichoderma viride; B, endoV from Trichoderma viride; C, 
XET from Vigna angularis; D, XET from Tropaeolum majus (nasturtium) seeds; E, Xyloglucan 
hydrolase from azuki bean epicotyls. The sum of subsite affinity "-I" and "I" of endoIV and 
endoV is negative (indicated with open subsites); open subsites are repulsive; shaded subsites are 
attractive; darker shading indicates stronger substrate-binding. Roman numbers indicate the 
individual substrate-binding sites. Catalytic residues are located between "-I" and "I". For 
simplification, xyloglucan molecules are shown as sequences of G and X code letters. Small 
xyloglucan molecules are drawn straight; larger molecules are thought to have a different 
conformation as the small ones, and are represented as twisted structures. Note that certain 
xyloglucanases can only cleave large molecules. 

accomodate the heavily branched xyloglucan. Unfortunately, no three-dimensional 
structures of any of the endoglucanases belonging to the families C and H are available. 

Plants have a number of enzymes that can cleave the backbone of xyloglucan. Some of 
these may act similar as the two enzymes discussed above [24]. Next to these 
endoglucanases, plants can possess enzymes that are highly specific for xyloglucan, and 
that can not cleave CMC. These enzymes can catalyze the endotransglycosylation of 
xyloglucan molecules, and are often referred to as XET (see also Chapter 1). In Chapter 8 
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and 9, we have shown that such transglycosylases are also present in apple fruit. Until 
now, only the XETs from Vigna angularis [15] and from nasturtium seeds [16] have been 
purified to homogeneity, and their N-terminal amino acid sequences were used to isolate 
several cDNA clones from various plant tissues [54-56]. The various cDNA sequences 
were compared and from these results a phylogenetic tree was constructed [55,57]. It 
appeared that the nasturtium XET was only distantly related to all other XETs which are 
currently known. Recently, a novel xyloglucan-specific enzyme was purified from extracts 
of azuki bean epicotyls, and this enzyme was claimed to lack transglycosylase activity 
[58]. It is unknown if this enzyme bears any sequence identity with the XETs mentioned 
above. 

Although the various XETs are characterized reasonably well with respect to their 
cDNA sequences, a rather incomplete picture of their biochemical features exists. 
However, when combining the data from the literature, we believe that, with respect to 
(donor) substrate specificity and catalytic mechanism, the xyloglucan-specific glucanases 
from plants can be subdivided into three groups: (i) cleaves only large molecules and is a 
strict transglycosylase; (ii) cleaves also smaller molecules and favours transglycosylation 
over hydrolysis; (iii) cleaves only large molecules and is a strict hydrolase. It seems likely 
that the differences between these three groups of enzymes find their origin in substrate-
binding, as is the case with the endoglucanases of Trichoderma viride. However, the 
(donor) substrate specificity and/or transglycosylase activity suggests that substrate-binding 
in plant xyloglucanases differs from that of fungal xyloglucanases. Some thoughts on the 
mechanism(s) of substrate-binding of plant xyloglucanases will be elaborated below. With 
respect to the following, it should be kept in mind that the different (groups of) enzymes 
have never been compared directly using similar assay conditions and substrates. This is 
certainly of great importance, and the (near) future will show if our classification is 
correct. 

Before speculating on substrate-binding by XET, XET is first compared with a 
different type of enzyme, i.e. bacterial B-(l-»3)(l-»4)-glucanases. XET and the bacterial B-
(l-»3)(l-»4)-glucanases can be assigned to the same protein family (no. 16) [53], which 
implies that these proteins are folded in a similar way. From two of the B-(l-»3)(l-»4)-
glucanases (Bacillus) the three-dimensional structure has been solved [59-61], and it may 
be expected that some of this structural information also applies to XET. The B-
(l-»3)(l-*4)-glucanases are compact proteins with a sandwich-like jellyroll architecture. A 
groove, where the actual catalysis takes place, spans the concave side of the molecule. 
The other side of the enzyme contains a Ca2+ binding site which probably plays a role in 
stabilizing the protein, together with one disulfide bridge. This seems to be in agreement 
with Fry's observations [14] that addition of CaCl2 or mercaptoethanol influences XET 
activity. Another important observation is that the catalytic site residues of these B-
(l-»3)(l-»4)-glucanases, Glul05 and Glul09, are not located in the center of the substrate-
binding groove, but towards the "reducing end" of the groove [61]. If we extrapolate this 
to XET, less substrate-binding sites towards the reducing end of the catalytic site are 
expected (see Fig. 2C). Finally, the amino acid sequence Asp-Glu-Ile-Asp-//e-Glu-Phe-



140 | CHAPTER 10 

Leu-Gly, which was postulated to play an important role in the actual cleavage of B-glucan 
by the B-(l-»3)(l-»4)-glucanases [62], is conserved in all XETs, with the exception of the 
italicized He residue (replaced by Phe in XETs) [56,57] 

Based on the observation that the average mol wt of xyloglucan remains the same 
during treatment with XET from Vigna angularis, it was concluded that this XET has 
exclusively transglycosylase activity (xyloglucan as acceptor substrate), and no hydrolase 
activity (water as acceptor substrate) [15,57]. Similar results have been reported recently 
for a tomato XET [63]. In order to explain this, Nishitani [57] has suggested that first the 
acceptor substrate should bind to the enzyme (see Fig. 2C), before the actual binding and 
subsequent cleavage of the donor molecule takes place. In this way water may be excluded 
from the catalytic site. It has been shown that the transglycosylation reaction occurs only 
when the acceptor substrate meets certain requirements. No transglycosylation was 
observed with cellobiose, cellotetraose to cellohexaose, laminarihexaose, XGG and GXG 
as acceptor substrate [14,15,40]. XXG appeared to be the smallest acceptor molecule, and 
from this it was concluded that XET requires acceptor substrates with two adjacent X 
elements. These results suggest that the binding of acceptor molecules is mediated by the 
Xyl sidechains, rather than by the glucan backbone. Further, it has been shown that 
XXXG is a better acceptor than XXG [40], whereas XXXGXXXG-based structures (and 
presumably larger molecules as well) seem equally effective as XXXG [15]. Therefore, 
three Xyl-binding sites ("I", "II", and "HI") are indicated in Fig. 2C. 

Another interesting feature of the Vigna angularis XET is that a minimum length of the 
donor substrate (10 kDa or more) is required for activity [15]. Given the dimensions of 
the XET protein (c. 32 kDa), it seems very unlikely that this specificity is determined by 
an impressive number of substrate-binding sites [61]. Another possibility is that XET only 
binds xyloglucans with a certain conformation in its putative substrate-binding sites "-«" to 
"-I" (exact number unknown), and that this conformation depends on the mol wt of the 
xyloglucan. The observation that xyloglucan molecules with a mol wt smaller than 10 kDa 
do not stain with iodine, whereas larger ones do, supports this view [64]. With respect to 
iodine staining, similar observations have been done for amylose. Investigations of the 
conformation of amylose in solution [65,66] have suggested that amylose is built from 
several helical segments (responsible for iodine staining), which are interrupted by more 
random parts. 

Summarizing, the mechanism of action of Vigna XET may be pictured as follows. 
First, the Xyl residues of the acceptor substrate (either an oligosaccharide or the 
nonreducing building unit of a polysaccharide) strongly bind to substrate-binding sites "I" 
to "III". Second, the substrate-binding sites to the left of the catalytic residue bind 
segments of a xyloglucan donor molecule with the appropriate conformation. Both the 
donor and the acceptor molecule are now precisely positioned, and the actual 
transglycosylation can proceed. In order to explain the release of the hybrid xyloglucan 
molecule from the enzyme, we postulate that the conformation of the donor molecule has 
changed as a result of the cleavage. The hybrid molecule is not recognized anymore by 
substrate-binding sites "-n" to "-I", and is ejected. The repulsive forces in these substrate-
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binding sites should exceed the attractive binding of Xyl residues of the hybrid molecule 
in substrate-binding sites "I" to "III". In principle, it can not be ruled out that a donor 
molecule interacts with substrate-binding sites "-n" to "III", i.e. a mid-chain xyloglucan 
oligosaccharide binds in subsites "I" to "III". The product of this reaction would be the 
donor molecule, which is very inefficient in catalytic terms. Therefore, it would not be 
surprising when subsites "I" to "III" specifically bind oligosaccharides or nonreducing 
building units of larger xyloglucan molecules, having a different conformation than the 
donor molecules. 

The nasturtium XET is a member of the second group of plant xyloglucanases (Fig. 
2D). Contrary to the XET from Vigna [15], the nasturtium XET seems also capable of 
xyloglucan hydrolysis (water as an acceptor substrate) [16,55,67,68], although the 
transglycosylation reaction is favoured [68]. An explanation for this might be that subsites 
"I" to "III" do not have such a high affinity for xyloglucan acceptor molecules as those in 
the Vigna XET. As a result of this water may get the opportunity to compete as an 
acceptor substrate with xyloglucan molecules. Therefore, substrate-binding sites "I" to 
"III" are indicated in Fig. 2D with a lighter shading pattern compared to Fig. 2C. The 
presence of both hydrolases and transglycosylases within one enzyme family is not unique 
for XETs, but has also been observed with a-amylases and cyclodextrin 
glycosyltransferases [53,69,70]. Although a number of these enzymes have been studied in 
much greater detail than XETs, the basis for the actual transglycosylation activity is still 
not understood [71]. A second important difference between the Vigna and the nasturtium 
XET is that the latter enzyme can cleave small (for instance [xg]2) [16] as well as large 
xyloglucan donor molecules [67,68]. Presumably, the nasturtium XET does not 
discriminate between xyloglucans with a different conformation. In this respect the 
nasturtium XET behaves like endoIV or endoV. We speculate that there is a relationship 
between the lower subsite affinity of subsite "I" to "III" of nasturtium XET and its less 
stringent donor substrate specificity. Because the acceptor substrate is not as tightly bound 
as is the case with the Vigna XET, the hybrid xyloglucan molecules are much easier 
released from the enzyme, and an extra impulse by conformational changes of the donor 
molecule is not required. 

The xyloglucanase from azuki beans described by Tabuchi et al. [58] may be the first 
member of a third group of plant xyloglucanases. This enzyme probably shows a similar 
donor substrate specificity as the Vigna XET, because only large xyloglucan molecules are 
cleaved (indicated by a twisted molecule in Fig. 2E). Further, this enzyme does not have 
any transglycosylase activity under the conditions tested. It seems likely that subsites "I" 
to "III" do not bind Xyl sidechains of xyloglucan at all (subsites "I" to "III" not shaded in 
Fig. 2E). 

The speculations above suggest that the endoglucanases from Trichoderma viride and 
plant xyloglucanases differ considerably in substrate-binding. The Trichoderma 
endoglucanases recognize (part of) any 6-(l-*4)-glucan backbone, whereas the Vigna XET 
is very specific for xyloglucan, probably recognizes certain conformations in the donor 
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substrate and Xyl sidechains in the acceptor substrate, and only catalyzes 
transglycosylation reactions. The nasturtium XET and the azuki xyloglucanase are also 
highly specific for xyloglucan, but have an intermediary position with respect to their 
mechanism of catalysis (transglycosylation or hydrolysis), and presumably differ in their 
ability to cleave smaller xyloglucan fragments (nasturtium). The special requirements for 
plant xyloglucanases make it very difficult to perform subsite mapping as described for 
endoglucanases from Trichoderma in Chapter 6. 

In Chapter 5 we have shown that POsxg is a very useful substrate to detect differences 
in the mode of action of endoglucanases. It will be worthwhile to investigate the action of 
XET towards POsxg. It is expected that the plant xyloglucanases will cleave in a similar 
manner as endoIV (XXGGiXXGG), because the other alternative (XXGIGXXGG) will 
generate molecules which are not suitable as acceptor substrates in transglycosylation 
reactions. Hereby, we assume that multiple forms of XET have similar acceptor 
requirements [40], but this has not (yet) been substantiated. Further, potato xyloglucan is 
a good source for new acceptor substrates such as LSGG. It would be interesting to 
investigate whether XET can utilize oligosaccharides with a disaccharide sidechain at the 
nonreducing end as acceptor substrate. 

IMPLICATIONS FOR FRUIT JUICE PROCESSING 

In Chapter 1 of this thesis a short overview was given on the introduction of enzyme 
preparations in fruit juice processing. The liquefaction process was discussed as one of the 
more recent developments in this field. For this process, technologists have relied on 
rather crude cocktails, containing multiple enzyme activities. However, emerging genetic 
techniques will enable them in the near future to switch from these ill-defined enzyme 
mixtures to much more specific, recombinant single enzyme components [72]. By 
combining these components, tailor-made preparations can be formulated which are easy 
to adapt to any kind of application or (maturity of) fruit. The main objective of our study 
was to investigate which glucanases should be used in these formulations to achieve an 
optimal liquefaction of apples. 

Previous research in our laboratory had resulted in the purification of nine glucanases 
from Trichoderma viride: endol to endoVI and exol to exoIII [73]. In our study, we have 
focussed on the substrate specificity of the endoglucanases. The six endoglucanases were 
subjected to subsite analysis, and it appeared that endoll and endoVI were very similar to 
endol and endoV, respectively (data not shown). In fact, endol and endoll differed only in 
their binding to and activity towards crystalline cellulose [74]; the hydrolytic properties 
towards soluble substrates were similar. This, and a comparison of the mol wt of the two 
enzymes, suggest that endoll represents the endol catalytic core (thus, endol without 
CBD). For similar reasons, endoVI probably represents the endoV core protein. It has 
been reported before that endoglucanases can be truncated in the culture filtrates of 
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Trichoderma viride [75]. EndoIII has four substrate-binding sites (data not shown). This, 
in combination with other characteristics of the enzyme [73,74], suggests that endoIII is 
similar to CBHII from the literature [76-78]. From the exoglucanases, only exoIII has 
been used; exol and exoll were available in small amounts. ExoIII is the most abundant 
protein in the Trichoderma preparation [73]. Further, the properties of exoIII correspond 
very well to those of CBHI [79], which suggests that these enzymes are similar. In order 
to verify these comparisons, N-terminal sequencing of our glucanase-proteins was 
performed. However, it appeared that the N-termini of all glucanases were blocked. The 
endoIV protein was fragmented by CNBr treatment, and an internal sequence of twenty 
amino acids was obtained (PTTASWSGSGRNIRANVAYD) which closely matched (90%) 
part of the sequence reported in the literature (PTTASWSYSGSNIRANVAYD) [80]. 

Based on the above reasonings, we have restricted our investigations to endol, endoIV 
and endoV. With respect to tailor-made enzyme preparations for liquefaction of apple 
fruit, we have shown that not just any endoglucanase can be used. EndoIV is important, 
not only for loosening the cell wall in cooperation with PL, but it can also play a role in 
fine-tuning the actual cellulose degradation in the primary cell wall (Chapter 2). EndoV is 
probably more suitable for this purpose because it is the most versatile endoglucanase. It 
can be used for stripping the xyloglucan coating from cellulose as well as for cellulose 
degradation itself. Further, it seems reasonable to expect that endoV will act 
synergistically with pectinases. Therefore, the combination of endol plus endoIV (Chapter 
2) was replaced by endoV in liquefaction experiments (Chapter 8). In Chapter 8, it was 
demonstrated that xyloglucanase activity plays a role in fine-tuning the degradation of 
cellulose in apple fruit tissue, which was in accordance with earlier results using apple 
WUS. Next to this, another function of xyloglucanase activity in the degradation of apple 
fruit tissue was proposed, e.g. generating oligosaccharides which can serve as acceptor 
substrate for XET in apple. This synergism between fungal and apple xyloglucanases 
might explain why raw apple material disintegrates much faster than blanched apple 
material upon treatment with a combination of PL, endoV and CBH. In Chapter 9, 
additional evidence for this hypothesis was obtained by showing that the amount of 
cellulase needed for complete disintegration of apple tissue is inversely proportional to the 
level of XET activity in apple. Although our data support an important role for XET in 
apple liquefaction, it should be kept in mind that other (unknown) enzymes might be 
induced at the same stage of maturity as XET, and that structural changes in the apple can 
not be ruled out. A number of questions remains. It is, for instance, not known to what 
extent the size of an enzyme influences its efficiency in liquefaction. The relatively small 
size of endoIV (23.5 kDa) compared to endoV (57 kDa) may proove an important factor 
in penetrating apple tissue. The difference in size of these enzymes is such that a different 
diffusion may be expected [81,82]. Further, the role of endoIII remains to be clarified. If 
this enzyme is similar to CBHII, then a faster conversion of cellulose is to be expected 
("exo-exo" synergism). 

An interesting observation in Chapter 9 was that a controlled degradation of the 
cellulose-xyloglucan network can result in a cloudy apple juice. Until now, such juices 
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were produced by a conventional pressing operation, but not by an operation involving 
cellulases. The clouds from conventional processes consisted of a positively charged 
protein nucleus with a negatively charged coating of pectin (Fig. 3A) [83]. Electrostatic 
repulsion of negatively charged particles prevented the cloud from flocculating. The cloud 
is destroyed by treatment with PG (plus PME) or PL which results in a partial degradation 
of the coating, and a subsequent aggregation of cloud particles [84,85]. The action of 
PME in combination with the presence of Ca2+ also has a negative effect on the cloud 
stability [86]. As the demethylation of pectin progresses, cloud particles will eventually 
precipitate with Ca2+. PME from plants is more efficient in this respect than fungal PME. 
Plant PME deesterifies in a blockwise-fashion and consequently the resulting pectins are 
very sensitive to Ca2+ [87]. Fungal PME acts more at random but, in this case more 
methyl groups have to be removed before "egg-box" structures can be formed. 

Our results show that a strictly controlled liquefaction can result in a cloud of a 
completely different nature. These clouds are built predominantly from cellulose 
microfibrils and xyloglucan (Chapter 9). The stability of this type of cloud probably finds 
its origin in steric repulsion; xyloglucans prevent spontaneous contact formation of 
cellulose particles (see Fig. 3B). The observation that XETs are not active towards 
cellulose [14], and that Vigna XET degrades xyloglucan only partially [15], suggest that 
XET may be a very suitable enzyme for making cloudy apple juice by liquefaction. It is 
speculated that cloud stability can be affected by many enzymes. Endol, CBH (both 
enzymes are less efficient on cellulose that is coated with xyloglucan) and especially 
endoV are undesirable, because these glucanases can degrade the cellulose moiety of the 
particles (especially when allowed to act together). EndolV and endoV core protein will 
trim the xyloglucan "tails" sticking out in solution. However, it is unknown whether a 
minimum length of these tails is required for a stable cloud. Therefore, the effect of 
endolV and endoV core protein, or xyloglucanases in general, on cloud stability needs to 
be further investigated. Cloud stability may also be manipulated by nonhydrolytic proteins 
such as CBDs. Depending on their origin, CBDs can differ considerably in their affinity 
for substrates such as amorphous cellulose, crystalline cellulose and chitin [88-90]. In 
principle, CBDs have the ability to disrupt cellulose microfibrils [91], and to disperse 
cellulose particles [92]. With respect to plant cell wall cellulose, it is speculated that they 
can play a role in exposing xyloglucans that were previously entrapped inside cellulose 
fibres. An advantage of this is that hydration of the cloud particles may be improved, 
which presumably has a positive effect on cloud stability. It is important to realize that 
xyloglucan molecules are much more accessible for xyloglucanases in this situation. 

The discussion above points out that the stability of cellulose-xyloglucan clouds may be 
influenced by several components from cellulase preparations. This implies that the new 
concept for a cloudy juice can not be realized by using the classical approach of 
formulating enzyme preparations for liquefaction, i.e. combining the excretion products of 
different fungi, or the same fungus grown under different conditions. Most certainly, this 
will introduce undesirable enzyme activities, which emphasizes the need for tailor-made 
enzyme preparations. At this moment, the new "cloudy juice concept" relies heavily on a 
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FIGURE 3. Schematic representation of two different clouds in apple juice and factors 
influencing their stability. A, "conventional" cloud in apple juice, obtained after pressing, is 
composed of a protein nucleus (shaded circle) with a coating of pectin (open circle) [83]. Cloud 
stability is lost upon action of PG or PL (1) [84], plant PME (2) or fungal PME (3). B, a cloud in 
apple juice obtained by controlled liquefaction. Shaded figures represent a cross section of 
cellulose particles; •, individual xyloglucan oligosaccharides. The influence of various enzymes 
and enzyme domains is hypothesized. XET (1) will not degrade the xyloglucan "tails" further 
because its activity declines when xyloglucan chains become shorter. In principle, cloud loss will 
be achieved with endol, endoV or CBH (2). A combination of these enzymes will enhance this 
process. Action of endoIV and endoV core protein (3) will trim the xyloglucan tails. The 
implications of this are still unclear; steric repulsion is diminished which probably leads to 
destabilization of the cloud. CBDs can disrupt the cellulose surface (4). CBDs will increase the 
hydration of cloud particles, and in the absence of xyloglucanases a more stable cloud is expected. 

ripening-related endogenous enzyme, XET. There are two options to make the process 
less dependent on the degree of ripening of the raw material. First, the underlying 
mechanism of the stability of cellulose-xyloglucan clouds should be further studied. If the 
length of the xyloglucan tails appears to be unimportant for stability, then controlled 
liquefaction to a cloudy juice may be achieved relatively easy by using pectinases in 
combination with a pure xyloglucanase. If a minimum length of the xyloglucan tails is 
required, an option might be to include XET in tailor-made enzyme preparations. With 
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amino acid sequences of XET available, this will probably be possible in near future [54-
57]. It may be anticipated that, with respect to cell wall degradation, exogenous XET does 
not cut crosslinks as fast as endogenous XET because it has to penetrate the cell wall by 
diffusion. A disadvantage of most XETs is that its depolymerizing mode has to be 
triggered by oligosaccharides. With respect to our application, the xyloglucanase from 
azuki bean [58] seems to be most suitable: this enzyme does not need oligosaccharides for 
depolymerization of xyloglucan (hydrolase), and looses activity with decreasing length of 
xyloglucan molecules. 

Juice manufacturers often observe that the amount of enzyme required for complete 
liquefaction depends on the maturity of the apple fruit. Our results indicate that the 
presence of XET in apple tissue, and its synergism with fungal endoglucanases, provides a 
plausible explanation for these observations (Chapter 8 and 9). In order to substantiate this 
further, activity spectra of various enzyme preparations used in industrial liquefaction are 
needed, as well as an inventory on their performance as a function of time. An interesting 
thought is that the throughput of apples in the liquefaction process could be increased if all 
apples would contain a high level of XET. In such a case, tissue will disintegrate much 
faster and, consequently, cell wall degradation will not suffer from a limited diffusion of 
enzymes. Construction of apples with an elevated level of XET by genetic engineering 
would be necessary to achieve this, but this is still a long way to go. Further, it is not 
known whether this has an effect on the physiological processes in the apple fruit. 

Finally, it is important to note that our results have a much broader field of application 
than just apples. Cellulose and xyloglucan are major cell wall polysaccharides in many 
fruits and vegetables, and also XET occurs ubiquitously [14]. This thesis shows that 
modification of cellulose-xyloglucan networks deserves more attention with respect to 
(fruit juice) processing than has been the case. 
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SUMMARY 

Commercial enzyme preparations are frequently applied in the large-scale production of 
apple juice. The liquefaction process, for instance, aims at a complete degradation of the 
cell wall polysaccharides which determine the strength of apple tissue to a large extent. 
Enzymic liquefaction is very attractive from an industrial point of view, because it offers a 
high juice yield with a relatively low energy input. The commercial preparations used for 
this purpose are generally undefined mixtures of enzymes obtained by fermentation. In 
many cases the required activities are present in only limiting amounts. Nowadays, it is 
possible to produce relatively pure enzymes individually using genetic techniques. This 
provides the opportunity to formulate tailor-made enzyme preparations which contain all 
important enzymes for liquefaction in an optimal ratio. 

In order to formulate tailor-made preparations it is necessary to know which enzymes 
are required for liquefaction. The degradation of pectic polysaccharides has been studied 
extensively in this respect. Relatively little is known about the breakdown of the cellulose-
xyloglucan network, which comprises approximately 50% of the cell wall polysaccharides 
and determines the strength of the cell wall. This thesis describes (i) the primary structure 
of apple xyloglucan, (ii) the interaction between cellulose and xyloglucan, and (iii) the 
enzymes that play a role in the degradation of the cellulose-xyloglucan network of apple 
cell walls. 

For model studies, cell wall material was prepared from ground apple fruit tissue by 
extensive extraction with water. Various polysaccharides were subsequently extracted from 
these cell walls with alkaline solutions of different strength (0.05 M, 1 M, and 4 M 
KOH). Pectin was removed from the 4 M KOH extract by anion-exchange 
chromatography, resulting in a fraction which consisted of predominantly xyloglucan 
(Chapter 2). Methylation analysis of this polysaccharide was consistent with a J5-(l-»4)-
glucan backbone containing the following elements: ft-Glcp, a-Xylp-(l-*6)-R-Glcp, B-Gal/>-

(l-»2)-a-Xyl/>-(1^6)-fi-Glc/> and a-Fuc/Kl-»2)-B-Gal/>-(1^2)-a-Xyl/K1^6)-B-Glc/>. 
According to the current nomenclature these elements are abbreviated as G, X, L en F, 
respectively. 

The apple xyloglucan was degraded to oligosaccharides with a purified endoglucanase 
(endoIV) derived from Trichoderma viride. Most fragments were isolated from this 
mixture using chromatography (separation based on molecular weight and charge). The 
purified oligosaccharides were characterized by the analysis of monosaccharide 
composition and molecular weight (in some cases with fragmentation of the molecule), 'H-
NMR spectroscopy, and enzymic degradation studies (Chapter 3 and 4). A hepta-
(XXXG), octa- (XLXG), nona- (XXFG), and decasaccharide (XLFG) were the most 
important building units of apple xyloglucan. From this it was concluded that apple 
xyloglucan has a XOAG-type of branching pattern, where "o" represents a X or L 
element, and " A " a X, L or F element (Chapter 10). Small building units, such as a tri-
(XG), two penta- (XXG and FG), and a hexasaccharide (GFG), were also found. These 
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small building units might be formed from the larger ones as a result of the action of 
endogenous enzymes during apple maturation (Chapter 4). 

The endoglucanases of Trichoderma viride differ greatly in their substrate specificity. 
The activity of endoIV towards xyloglucan is 50 times that of endol, whereas both 
enzymes show similar activity towards carboxymethyl cellulose (Chapter 2). Apparently, 
cleavage of the B-(l-*4)-glucan backbone by endol is hindered by the presence of many 
sidechains. It was known from the literature that xyloglucans with a lower degree of 
backbone-branching than in apple can also occur in plant cell walls. An example of this is 
potato xyloglucan, and it was expected that this would be an interesting substrate to 
investigate the action of the different endoglucanases further. The exact structure of potato 
xyloglucan was, however, unknown. The branching pattern of potato xyloglucan was 
elucidated (Chapter 5), using a similar procedure as described for apple xyloglucan. 
Potato xyloglucan differs from that of apple in (i) the presence of a-Ara/-(l-»2)-a-Xyl/?-
(l-»6)-6-Glcp elements (S), (ii) the absence of F elements, and (iii) the branching pattern 
which corresponds to • •GG ("•" represents a X, L or S element). Especially the last 
remark is very interesting, because this suggests that all xyloglucans, of different origin, 
have building units with a backbone length of four Glc residues in common (Chapter 10). 

In Chapter 6 the substrate specificity of three endoglucanases from Trichoderma viride 
was further investigated. Although the three enzymes have a similar activity towards 
carboxymethyl cellulose, it appeared that their activity towards natural substrates greatly 
differed. Endol has a relatively low activity towards xyloglucan, but a relatively high 
activity towards cellulose; the opposite applies for endoIV. EndoV is the most versatile 
endoglucanase, because of its relatively high activity towards both cellulose and 
xyloglucan. The action of endol and endoV towards apple xyloglucan, and to a lesser 
extent that of endoIV, is hindered by the presence of Fuc residues in this substrate 
(Chapter 3 and 6). EndoIV and endoV degrade potato xyloglucan in a different fashion 
(Chapter 5). EndoIV releases predominantly »«GG oligosaccharides, whereas endoV 
predominantly produces G««G, »«G (• , see above) and Glc. However, determination of 
the exact position of the X, L, and S elements in the different oligosaccharides is 
necessary to understand the mode of action of these two enzymes completely. Potato 
xyloglucan is, despite its relatively low degree of backbone branching, not a good 
substrate for endol. The types of oligosaccharides released by endol from potato 
xyloglucan are similar to those released by endoV (Chapter 6). 

The question why endoIV and endoV have a high xyloglucanase activity and endol a 
low is also addressed in Chapter 6. Based on the bond cleavage frequencies and the 
conversion rate of different cellodextrins, the number of substrate-binding sites was 
determined for the three enzymes. EndoIV appears to have more substrate-binding sites (at 
least 9) than endol (5). Our results were not decisive for endoV. These results, combined 
with those of the release of oligosaccharides from apple xyloglucan, suggest that binding 
of G elements of xyloglucan into the substrate-binding sites of an endoglucanase is 
important for xyloglucanase activity. Because endoIV has many substrate-binding sites, 
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this enzyme seems very well equipped to bind molecules which are composed of X O A G 

or • •GG building units (• , see above). This is in accordance with the high xyloglucanase 
activity of endoIV. Chapter 10 discusses whether substrate-binding by fungal and plant 
xyloglucanases is based on a similar principle. 

Sofar, only the activity of endoglucanases towards xyloglucans, which were isolated 
from cell walls, has been discussed. In order to investigate whether xyloglucanase activity 
is important in the liquefaction process, apple cell walls as well as apple fruit tissue were 
treated with various (mixtures of) glucanases. The cellulose in isolated cell wall material 
was more efficiently degraded when xyloglucanase activity was present (Chapter 2). 
Apparently, the accessibility of cellulose for true cellulolytic enzymes (such as endol and 
CBH) is improved by removal of its xyloglucan coating by endoIV. Similar observations 
were done during liquefaction of apple fruit tissue. Chapter 7 shows that extensive 
degradation of xyloglucan is required for removal of the coating from cellulose, because 
fragments composed of five oligosaccharides still bind to cellulose. 

Comparison of the results of various liquefaction trials (apples from different batches, 
similar amounts of glucanases) showed that cellulose degradation did not correlate to the 
extent of disintegration of apple tissue (Chapter 8). It was also shown that an endogenous 
enzyme, xyloglucan endotransglycosylase (XET), is active during liquefaction of apples. 
Based on these two observations it was postulated that XET and fungal enzymes act in 
concert during the liquefaction of apples. In this hypothesis, the accelerated disintegration 
of certain apples is explained by XET activity. In Chapter 9, apples of different stages of 
maturity were screened for the presence of various enzymes. XET appeared to be the 
most abundant, endo-acting enzyme in apple, and its activity was related to the stage of 
ripening of the apple. The apples from various stages of maturity were treated with pectin 
lyase and different amounts of a glucanase preparation derived from Trichoderma viride. 
The amount of glucanase needed for a complete disintegration of apple fruit tissue was 
inversely proportional with the amount of XET that was present in the tissue. These 
observations provided additional evidence for the hypothesis mentioned above. Further, it 
was observed that a dispersion of cellulose-xyloglucan particles was formed upon 
treatment of ripe apples with PL and a relatively small amount of the glucanase 
preparation. The underlying mechanism for the stability of this dispersion remains 
unknown. 

Summarizing, this thesis shows that (i) not any endoglucanase can be used in tailor-
made enzyme preparations for liquefaction of apples, (ii) xyloglucanase activity plays an 
important role in fine-tuning the degradation of cellulose in apple cell walls, and (iii) 
xyloglucan is the "Achilles-heel" of the apple cell wall, the degradation of which is of 
technological importance. An example of the latter is the release of cellulose particles 
from the plant cell wall by xyloglucanase. These particles might be used as cloudifyer in 
fruit juices. 
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SAMENVATTING 

Bij de industriele bereiding van appelsap wordt op grote schaal gebruik gemaakt van 
commerciele enzympreparaten. Een voorbeeld hiervan is het vervloeiingsproces. 
Gedurende dit proces worden de diverse eel wand polysachariden, hoofdverantwoordelijk 
voor de stevigheid van het appelweefsel, zo volledig mogelijk afgebroken. Het 
vervloeiingsproces combineert een hoge sap opbrengst met een relatief lage 
energiebehoefte, hetgeen dit proces vanuit industrieel oogpunt bijzonder aantrekkelijk 
maakt. De gebruikte enzympreparaten zijn vaak ongedefinieerde, door fermentatie 
verkregen, mengsels van vele enzymen, waarin de gewenste enzymen niet zelden in 
limiterende hoeveelheden voorkomen. Sinds kort is het mogelijk om afzonderlijke 
enzymen in relatief zuivere vorm te produceren m.b.v. moleculair biologische technieken. 
Daardoor wordt de mogelijkheid geschapen om de belangrijkste enzymen voor het 
vervloeiingsproces in de juiste verhouding te mengen, zodat de bestaande preparaten op 
termijn vervangen kunnen worden door meer uitgekiende mengsels van enzymen. 

De centrale vraag bij het samenstellen van uitgekiende enzymmengsels is: "Welke 
enzymen zijn belangrijk?" Voor pectine, een belangrijk polysacharide in de appelcelwand, 
is deze vraag grotendeels beantwoord. Voor cellulose en xyloglucaan, twee polysachariden 
die samen een even groot aandeel in de appelcelwand hebben als pectine, was dit tot nu 
toe minder duidelijk. Dit proefschrift beschrijft de fijnstructuur van appelxyloglucaan, de 
interactie tussen xyloglucaan en cellulose, en de enzymen die betrokken zijn bij de afbraak 
van het cellulose-xyloglucaan netwerk in appelcelwanden. 

Voor modelstudies was het noodzakelijk te beschikken over zowel appelcelwanden als 
een gezuiverd appelxyloglucaan. Door appelweefsel veelvuldig met water te extraheren 
werd een materiaal verkregen dat vnl. appelcelwanden bevatte. Dit onoplosbare materiaal 
werd vervolgens geextraheerd met alkalische oplossingen (0.05 M, 1 M en 4 M KOH) om 
het xyloglucaan uit de celwand los te maken (Hoofdstuk 2). Het 4 M KOH extract bleek 
naast veel xyloglucaan, ook pectine te bevatten. M.b.v. anionenuitwisselings-
chromatografie werd het aanwezige pectine uit het 4 M KOH extract verwijderd. Het 
resterende materiaal bestond uit vrijwel zuiver xyloglucaan. Methyleringsanalyse 
ondersteunde de aanwezigheid van de volgende elementen in een 6-(l-»4)-glucaan 
hoofdketen: 6-Glcp, a-Xylp-(l-*6)-B-Glcp, 6-Gal^-(1^2)-a-Xyl/>-(l-»6)-B-Glcp en a-Fucp-
(l-»2)-6-Gal/J-(l-»2)-a-Xyl^-(l-»6)-13-Glcp. Deze elementen worden volgens de gangbare 
nomenclatuur afgekort tot respectievelijk G, X, L en F. 

Het poly mere appel xyloglucaan werd m.b.v. een gezuiverd endoglucanase (endoIV), 
afkomstig van de schimmel Trichoderma viride, afgebroken tot oligosachariden. M.b.v. 
chromatografische technieken (scheiding op molecuulgrootte en op lading in alkalisch 
milieu) werden de meeste fragmenten uit dit mengsel geisoleerd. Deze oligosachariden 
werden gekarakteriseerd op basis van bepaling van de suikersamenstelling en het 
molecuulgewicht (in enkele gevallen met fragmentatie van het molecuul), 'H-NMR 
spectroscopic en enzymatische afbraakstudies (Hoofdstuk 3 en 4). Hieruit werd 
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geconcludeerd dat een hepta- (XXXG), octa- (XLXG), nona- (XXFG) en decasacharide 
(XLFG) de belangrijkste bouwstenen van appelxyloglucaan zijn. In zijn algemeenheid kan 
gesteld worden dat appelxyloglucaan een XOAG-type vertakkingspatroon heeft, waarin 
"o" een X of L, en " A " een X, L of F element kan vertegenwoordigen (Hoofdstuk 10). 
Kleinere bouwstenen als een tri- (XG), twee penta- (XXG en FG) en een hexasacharide 
(GFG) werden ook gevonden. Het lijkt aannemelijk dat de kleine bouwstenen tijdens de 
ontwikkeling van de appel uit de grotere gevormd worden door de werking van endogene 
enzymen (Hoofdstuk 4). 

De endoglucanases van Trichoderma viride kunnen sterk verschillen in hun substraat-
specificiteit. EndoIV heeft een ongeveer vijftig maal hogere activiteit t.a.v. xyloglucaan 
dan endol, terwijl de activiteit van beide enzymen t.a.v. carboxymethylcellulose ongeveer 
gelijk is (Hoofdstuk 2). Blijkbaar werkt endol minder goed op sterk vertakte B-(l-»4)-
glucanen dan endoIV. Uit de literatuur was het bestaan van xyloglucanen met een minder 
sterk vertakte hoofdketen dan die van bv. appelxyloglucaan bekend. Een voorbeeld 
hiervan is aardappelxyloglucaan en verwacht werd dat dit een interessant substraat zou zijn 
om de werking van de verschillende endoglucanases verder te bestuderen. Echter, de 
fijnstructuur van aardappelxyloglucaan was onbekend. Deze werd (gedeeltelijk) ontrafeld 
(Hoofdstuk 5), gebruikmakend van een soortgelijke procedure als beschreven voor appel 
xyloglucaan. Aardappelxyloglucaan verschilt van dat van appel in (i) de aanwezigheid van 
a-Ara/-(l-»2)-a-Xyl/?-(l-»6)-fl-Glc/> elementen (S), (ii) de afwezigheid van F elementen, en 
(iii) het vertakkingspatroon dat voor aardappel voldoet aan »«GG (waarin " •" een X, L 
of S element kan vertegenwoordigen). Vooral het laatste punt is erg belangrijk, omdat dit 
suggereert dat alle xyloglucanen, van verschillende origine, bouwstenen met een 
ruggegraat van vier Glc residuen gemeen hebben (Hoofdstuk 10). 

In Hoofdstuk 6 wordt de substraatspecificiteit van een drietal endoglucanases van 
Trichoderma viride bestudeerd. Alhoewel de drie enzymen een nagenoeg gelijke activiteit 
t.a.v. carboxymethylcellulose hebben, blijkt hun activiteit t.a.v. meer natuurlijke 
substraten sterk verschillend. Endol heeft een relatief lage xyloglucanase activiteit en een 
relatief hoge activiteit t.a.v. cellulose; voor endoIV geldt het omgekeerde. EndoV is het 
meest veelzijdige endoglucanase vanwege zijn relatief hoge activiteit t.a.v. zowel cellulose 
als xyloglucaan. De activiteit van endol en endoV t.a.v. appelxyloglucaan, en in mindere 
mate die van endoIV, wordt negatief beinvloed door de aanwezigheid van Fuc residuen in 
dit substraat (Hoofdstuk 3 en 6). Hoofdstuk 5 laat zien dat endoIV en endoV aardappel­
xyloglucaan op verschillende wijze kunnen afbreken. EndoIV maakt vnl. • •GG oligo-
sachariden vrij, terwijl endoV vooral G»»G, ««G (•, zie boven) en Glc vrijmaakt. 
Echter, exacte toekenning van de plaats van de X, L en S elementen in de verschillende 
oligosachariden is noodzakelijk om het werkingsmechanisme van deze twee enzymen 
volledig te kunnen begrijpen. Aardappelxyloglucaan blijkt, ondanks de lagere vertakkings-
graad van de hoofdketen, geen goed substraat voor endol te zijn. Wat betreft het 
vrijmaken van oligosachariden uit aardappel xyloglucaan lijkt endol op endoV 
(Hoofdstuk 6). 
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Verder probeert Hoofdstuk 6 een antwoord te geven op de vraag waarom endoIV en 
endoV xyloglucanase activiteit hebben en endol nauwelijks. Op basis van splitsings-
patronen van cellodextrines, alsmede de snelheid waarmee dit gebeurt, wordt voor de drie 
afzonderlijke enzymen het aantal substraatbindingsplaatsen bepaald. EndoIV blijkt meer 
substraatbindingsplaatsen (minstens 9) te hebben dan endol (5). Op basis van onze 
resultaten kunnen geen sluitende conclusies t.a.v. endoV getrokken worden. Deze 
resultaten, in combinatie met die van het vrijmaken van oligosachariden uit appel 
xyloglucaan, suggereren dat binding van G elementen van xyloglucaan in de 
substraatbindingsplaatsen van het endoglucanase belangrijk is voor xyloglucanase activiteit. 
EndoIV lijkt met zijn vele substraatbindingsplaatsen bij uitstek geschikt om ketens 
opgebouwd uit X O A Q of • •GG_ (zie bovenstaande) te binden, hetgeen bevestigd wordt 
door zijn hoge xyloglucanase activiteit. In hoofdstuk 10 wordt gespeculeerd of de 
substraatspecificiteit van sommige xyloglucanases uit planten op een zelfde principe 
berust. 

Tot dusverre is alleen de activiteit van endoglucanases t.a.v. uit de plantecelwand 
geisoleerde xyloglucanen aan de orde geweest. Om te bestuderen of xyloglucanase 
activiteit belangrijk is in vervloeiing van appelcelwanden, werden zowel gei'soleerd 
celwandmateriaal als appelweefsel blootgesteld aan behandelingen met verschillende 
glucanases. De afbraak van cellulose in geisoleerd celwandmateriaal verloopt efficienter in 
aanwezigheid van xyloglucanase activiteit (Hoofdstuk 2). Blijkbaar wordt de toegankelijk-
heid van cellulose voor strikt cellulolytische enzymen als endol en cellobiohydrolase 
bevorderd door verwijdering van de xyloglucaan laag door endoIV. Soortgelijke 
waarnemingen worden gedaan tijdens vervloeiing van appelweefsel. In Hoofdstuk 7 wordt 
gesuggereerd dat een vergaande afbraak van xyloglucaan noodzakelijk is ter verwijdering 
van deze laag omdat fragmenten bestaande uit vijf oligosachariden nog steeds aan cellulose 
binden. 

Vergelijking van de resultaten van verscheidene vervloeiingsproeven (appels uit 
verschillende partijen, identieke enzymdosering) laat zien dat cellulose afbraak en de mate 
waarin appelweefsel uiteenvalt niet gecorreleerd zijn (Hoofdstuk 8). Tevens werd 
aangetoond dat tijdens vervloeiing van appelweefsel een endogeen enzym, xyloglucaan 
endotransglycosylase (XET), actief is. Op basis van deze twee waarnemingen werd een 
hypothese opgesteld waarin XET en exogene xyloglucanases samenwerken tijdens het 
vervloeiingsproces. Hierbij zou een hoge XET activiteit een versnelde desintegratie van 
appelweefsel verklaren. In Hoofdstuk 9 worden appels uit verschillende ontwikkelings-
stadia geanalyseerd op het voorkomen van diverse enzymen waaronder XET. XET blijkt 
het meest voorkomende endo-splitsende enzym in appel te zijn, en de activiteit van dit 
enzym is sterk gerelateerd aan de rijpheid van de appel. De appels afkomstig uit de 
verschillende ontwikkelingsstadia werden vervloeid met pectine lyase en verschillende 
hoeveelheden van een glucanase preparaat afkomstig van Trichoderma viride. De 
hoeveelheid glucanase nodig voor volledige desintegratie van het appelweefsel was 
omgekeerd evenredig met de XET activiteit in het appelweefsel. Dit is een sterke 
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aanwijzing dat bovengenoemde hypothese correct is. Verder werd waargenomen dat onder 
bepaalde omstandigheden tijdens vervloeiing een dispersie van cellulose-xyloglucaan 
deeltjes onstaat. Het mechanisme achter de stabiliteit van deze dispersie is nog onbekend 
(Hoofdstuk 9 en 10). 

Samenvattend kan gezegd worden dat (i) niet ieder willekeurig endoglucanase gebruikt 
kan worden in de formulering van uitgekiende enzymmengsels voor de vervloeiing van 
appels, (ii) xyloglucanase activiteit een belangrijke rol speelt in optimalisering van de 
cellulose afbraak in appelcelwanden, (iii) xyloglucaan de "Achilles-hiel" van de 
appelcelwand is en dat diens afbraak van technologisch belang kan zijn. Bij dit laatste punt 
moet vooral gedacht worden aan het "losknippen" van cellulose deeltjes uit de 
plantecelwand m.b.v. een xyloglucanase. Deze cellulose deeltjes zouden een toepassing als 
"cloudifyer" in vruchtesappen kunnen hebben. 
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