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Abstract 

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 (endoI, endolV, and endoV) were determined 
using bond cleavage frequencies of both normal and reduced cellodextrins and k o / K  m. 
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. © 1997 Elsevier Science Ltd. All rights 
reserved. 
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1. Introduction 

Nature has equipped many fungal and bacterial 
species with a large set of (1 ~ 4)-/3-glucanases, 
sometimes containing as many as seven different 
enzymes [1]. From a genetic point of view, these 
enzymes are often rather well characterized. For in- 
stance, most of the glucanases of Trichoderma reesei 
have been sequenced and cloned. These are EGI [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 proteoly- 
sis [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 microorgan- 
ism 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 glu- 
canases share little amino acid sequence identity in a 
linear alignment. However, hydrophobic cluster anal- 
ysis [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, and it is expected that the 
same fold will be found for each member of a family 
[121. 

Cellulases can cleave (1 ~4)-/3-glycosidic link- 
ages in a variety of substrates such as cellulose, 
CMC, (1 ~3),(1-- ,4)- /3-D-glucan [5], and xylan 
[14,15]. Further, they show 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 poly- 
saccharide in the primary cell wall of plants [17]. We 
have shown previously that the glucanases of Tricho- 
derma viride (similar to T. reesei [18]) differ greatly 
in their activity towards apple xyloglucan (APfxg) 
[19]. The structure of APfxg is illustrated in 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 

Apple xyloglucan 

Potato xyloglucan 

Fig. 1. Schematic structures of APfxg and POsxg. D, 
/3-D-Glcp-(1 ~ 4)-; O, a-D-Xylp-(1--* 6)-; A, j3-D-Galp- 
(1 --~ 2)-; O, a-L-Fucp-(1 ~ 2)-; B, a-L-Araf-(l -~ 2)-. 
Sites of endoglucanase-attack are indicated by arrows. 
Cleavage of linkage indicated with open arrow is uncer- 
tain. 

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 en- 
zymes. Despite these similarities, the stereochemistry 
of the products of a hydrolysis reaction can be al- 
tered. The anomeric configuration may either be in- 
verted (single displacement) or retained (double dis- 
placement) during hydrolysis [26], but within a given 
enzyme family this stereoselectivity seems to be con- 
sistent [16,27]. It is not very likely that the mecha- 
nism of catalysis determines substrate specificity, 
because glucanases with different specificities (exo 
versus endo) can belong to the same family as is the 
case with, for instance, CBHI and EGI (family 7). 

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 Ther- 
momonospora fusca, both belonging to family 6. 
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 
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enzyme [29]. These experiments suggest that exoglu- 
canases 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 of why some 
glucanases have xyloglucanase activity and others 
have little. It has been suggested that the basis of 
substrate specificity of glycosyl hydrolases is deter- 
mined by their ability to bind different polysaccha- 
rides in their substrate-binding sites. Evidence for this 
was obtained by studying the interaction between 
various active site-directed inhibitors and fl-glucan 
endohydrolases [30]. Epoxyalkyl fl-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 (en- 
doI, endolV, and endoV) [31] were determined ac- 
cording 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 re- 
lease of oligosaccharides from these xyloglucans in 
time. A possible relationship between the number of 
substrate-binding sites, specificity, and mode of ac- 
tion of these glucanases is discussed. 

2. Experimental 

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 G 2 were purchased from Fluka AG (Buchs, 
Switzerland). Glc and cellodextrins (mixture I; Glc to 
G 6) were obtained from Merck (Darmstadt, Ger- 
many). 

Enzymes.--Three endoglucanases (endoI, endoIV, 
and endoV; EC 3.2.1.4) were purified to homogene- 
ity from a commercial enzyme preparation from Tri- 
choderma viride (Maxazyme C1, Gist-Brocades, Delft, 
The Netherlands) by Beldman et al. [31]. The en- 
zymes were electrophoretically pure and devoid of 
side activities. 

Preparation of normal cellodextrins.--Normal cel- 
lodextrins (Glc t o  G 6) were prepared by partial hy- 
drolysis of 6 g Avicel with 15 mL 80% ( w / v )  
H2SO 4 according to a slightly modified procedure of 
Voloch et al. [33]. Portions of 500 mg of the hydro- 
lysate 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 ac- 
cording to their neutral sugar content. The column 
was calibrated using a mixture of Glc, G 2, and 
Dextran T150 (Pharmacia, Uppsala, Sweden). The 
purified cellodextrins were concentrated under re- 
duced pressure, freeze-dried, and redissolved to give 
a stock solution of ca. 5 mM. The concentration of 
cellodextrins in this solution was determined colori- 
metrically. 

Preparation of reduced cellodextrins.--Reduced 
cellodextrins (Glc * to G 6 ) were prepared by treating 
ca. 2.5 mmol of the purified normal cellodextrins 
with 500 /xL of 1.5 M NHaOH containing 75 
mg mL-1 NaBH 4 for 1 h at 30 °C. Reaction mixtures 
were acidified by dropwise addition of glacial HOAc. 
Glc * and G 2 were desalted using columns (30 × 80 
ram) of Dowex 50W X8 (H +) and AG3 X4A (OH-)  
resins (Bio-Rad) in series. G 3 to G 6 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 ca. 5 mM. The concentra- 
tion of reduced cellodextrins in this solution was 
determined colorimetrically. 

Removal of Fuc from APfxg by mild acid hydroly- 
sis.--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. 

Determination of BCFs.--BCFs were determined 
in 400 /zL 20 mM succinate buffer (pH 4.0; 40 °C) 
containing 25 /zM of a normal or reduced cellodex- 
trin (appropriately diluted from stock solutions G 2 to 
6 6 o r  G3* to G 6 ) and 15 /zM 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 en- 
zymes, evaporated to dryness under a stream of air, 
and dissolved in 100 /zL of water. The individual 
degradation products were quantified by HPAEC. 
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Response factors for the individual oligosaccharides 
were accounted for. 

Determination of the kinetic parameter ( k o / Km)" 
- - F o r  these experiments only normal cellodextrins 
were used. From an identical reaction mixture (4.0 
mL) as described above, 400 /zL  aliquots were taken 
at various time intervals and handled as above. From 
the HPAEC data a ln([S]o/[S]) versus time plot could 
be constructed from which the kinetic parameter 
ko /K  m was determined. 

Molar activity towards various xyloglucans.-- 
APfxg, APxg, and POsxg (500/zg) were dissolved in 
100/zL of 50 mM succinate buffer (pH 4) containing 
0.01% (w/v )  NaN 3 as a preservative, and incubated 
for 1 or 12 h at 40 °C with of endoI, 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 carious xyloglu- 
cans in time.--APfxg and APxg (2 mg dissolved in 1 
mL of 50 mM succinate buffer, pH 4, containing 
0.01% ( w / v )  NaN 3) were (partially) degraded with 
endoI (ca. 10/~g), endoIV (ca. 100 ng) or endoV (ca. 
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 /.~L 
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 (ca. 1 /xg). 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 oligo- 
saccharide in the chromatogram of the completely 
degraded xyloglucan. POsxg was treated in a similar 
manner, but using a different enzyme dose: 5 ~g, 
0.140 /xg, and 5 /xg of endoI, endoIV, and endoV, 
respectively. 

Total neutral sugar content.--The total neutral 
sugar content was determined colorimetrically with 
an automated orcinol /HzSO 4 assay [35]. Glc was 
used as a standard. 

Neutral sugar composition.--APxg was hydro- 
lyzed (1 h, 121 °C) using 2 M TFA. The released 
neutral sugars were determined by HPAEC as de- 
scribed by de Ruiter et al. [36]. 

Protein content.--The protein content of enzyme 
preparations was determined according to Sedmak 
and Grossberg [37]. Bovine serum albumin was used 
as a standard. 

Analysis of normal and reduced cellodextrins.-- 
Quantitative analysis of normal and reduced cellodex- 
trins 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. Sam- 
ples (20/zL)  were injected using a SP8780 autosam- 
pler (Spectra Physics, San Jos6, CA, USA) equipped 
with a Tefzel rotor seal in a 7010 Rheodyne injector 
valve. Solvents were degassed and stored under he- 
lium using a Dionex eluent degassing module. The 
eluate (1 mL min - j )  was monitored using a Dionex 
PED detector in the PAD mode. A reference 
Ag/AgC1 electrode was used with a working gold 
electrode with the following pulse potentials and 
durations: E l, 0.1 V and 0.5 s; E 2, 0.6 V and 0.1 s; 
E 3, - 0 . 6  V and 0.1 s. 

Mixtures containing both normal and reduced cel- 
lodextrins 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, equi- 
libration 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 equili- 
brated for 15 min in 200 mM NaOH. An intemal 
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 com- 
plete 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 rain. 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 moni- 
tored by HPAEC using a similar system as described 
above. Oligosaccharides derived from APfxg or 
APxg, were eluted with the following NaOAc gradi- 
ent 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 
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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 xyloglu- 
can oligosaccharides is described elsewhere [20-22]. 
Nomenclature of these oligosaccharides is according 
to Fry et al. [38]. 

3. Results and discussion 

BCFs of  normal and reduced cellodextrins.--The 
individual normal cellodextrins were incubated with 
the three endoglucanases at low substrate concentra- 
tions (25 /zM), and analyzed by HPAEC. Under the 
conditions used, no evidence for multi-substrate reac- 
tion mechanisms (transglycosylation or condensation) 
was found. In preliminary studies only endoV showed 
transferase activity at increased substrate concentra- 

tions (1 mM) of G4, G 5, and G 6. 
BCFs were calculated from the peak areas of the 

degradation products of purified oligosaccharides us- 
ing 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 ca. 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 G 2. The 
three endoglucanases showed a different mode of 
action towards normal cellodextrins (Fig. 2A). The 
BCFs of symmetrical cleavages in Fig. 2A are real; in 
all other cases the BCFs are distributed over two 
bonds. To quantify all cleavages other than G 2 $ G 2 
and G 3 $ G 3, the cellodextrins have to be labelled. 

Among the methods currently in use to label oligo- 
saccharides for determination of BCFs, radio-label- 
ling 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 disadvan- 

A 

No substrate for endol, 
endolV and endoV 

B 

Substrate cleaved by endol, 
endolV and endoV 

0.54 0.46 endol 
1.00 0 endolV 
0.16 0.84 endoV 

0.34 0.66 endol 0.17 0.41 0.42 endol 
0.20 0.80 endolV 0.31 0.54 0.15 endolV 
0.81 0.19 endoV 0.11 0.83 0.08 endoV 

IP'~ d mL  C "~L b " ~  a v v VdL d ' l l P '  c r ib '  b d L  a 

0.93 0.07 endol 0.03 0.15 0.79 0.02 endol 
0.71 0.29 endolV 0.21 0.14 0.46 0.19 endolV 
0.89 0.11 endoV 0.04 0.82 0.14 0 endoV 

db '  e "~L d ~ C "lb" b d L  a "qW ~ ~ ~ ~ e r ib '  d ' * ~  c ~ b " l~  a l w '  I P '  

0.49 0.51 0 endol 0.01 0 0.4g 0.50 0 endol 
0.29 0.64 0.07 endolV 0.07 0.14 0.28 0.51 0 endolV 
0.35 0.65 0 endoV 0.04 0,43 0.12 0.41 0 endoV 

Fig. 2. BCFs of normal (A, G 2 to G 6) and reduced cellodextrins (B, G3* to G6* ) by three endoglucanases of Trichoderma 
ziride. In case of asymmetric cleavage of normal cellodextrins (not G 2 $ G 2 and G 3 ~, G3) 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 G 5, 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 ~M in 20 mM succinate buffer (pH 4.0), containing 15 
/zM GlcA; 40 °C. 0 ,  nonreducing Glc residue; Q~, reducing Glc residue; C), Glc residue labelled by reduction with NaBH4; 
a to e, indicate different linkages starting from the (former) reducing terminus. 
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Fig. 3. Elution pattern of normal and reduced cellodextrins 
upon HPAEC. Symbols: - - ,  PAD response; ---, 
NaOAc gradient. Elution times of normal (Glc to G 6) and 
reduced cellodextrins (Glc* to G 6 ) are indicated. 

tage of this method is its inability to quantify unla- 
belled products. This quantitation is important to 
verify that no second generation of degradation prod- 
ucts is formed. The sum of molar amounts of all 
labelled products should be equal to that of all unla- 
belled products. Also, nucleophilic competition be- 
tween 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 simulta- 
neously is very similar to that of Bray and Clarke 
[43], differing slightly in NaOAc gradient and in 
internal standard (GlcA instead of Ara). A satisfac- 
tory 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 deriva- 
tization of the oligosaccharides. BCFs of reduced 
cellodextrins were determined in a similar manner as 

described for the normal ones. Fig. 2B demonstrates 
different cleavage patterns for the three endoglu- 
canases. EndoI and endoV seemed to act in a reverse 
fashion in that the former enzyme preferentially re- 
leased G2* whereas the latter releases G 2. Sites of 
attack were more evenly distributed over the alditols 
in case of endoIV; however, there was some prefer- 
ence to form G 2 . 

Until now, it was not known to what extent reduc- 
tion affects the mode of action of the endoglucanases 
of Trichoderma uiride. Comparison of the BCFs of 
G 4 to G 6 and 6 4 tO 6 6 should indicate whether 
reduction really affects the interaction between Glc 
residues and subsites. For instance, the BCF of link- 
age 'b '  of G 4 should be equal to that of linkage 'b '  
of G 4 (symmetrical cleavage). Also, the sum of BCFs 
of linkage 'a '  and 'c '  of G 4 should be similar to that 
indicated underneath linkage 'a '  of G 4 (asymmetrical 
cleavage). When deviations larger than 0.10 (corre- 
sponding to two times the experimental error) oc- 
curred, reduction was thought to influence the mode 
of action of the enzyme. These cases are underlined 
in Fig. 2B. From Fig. 2 it must be concluded that the 
effect of reduction on BCFs is largely enzyme depen- 
dent. EndolV was affected to a larger extent than 
endoV, whereas endoI was not affected. The chain 
length of the oligosaccharides also seemed to be 
important in this respect, although no clear correla- 
tion was found. Reduction of the oligosaccharides did 
not simply shift the location of cleavage towards 
linkage 'e ' .  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 hydroly- 
sis patterns much. 

Determination of the kinetic parameter k o / K  m. 
- - B y  monitoring rate of substrate loss in time for G 3 

to  G6, ln([S]0/[S]) versus time plots could be con- 

Table 1 
Kinetic parameter k o / K  m of three endoglucanases of Trichoderma viride for normal cellodextrins (G 3 to G6). The kinetic 
parameter was evaluated from the slope of the linear part of ln([S]o/[S]) versus time plots 

Enzyme k o / K  m (min- 1 M- l ) for 

G3 G4 G5 G6 
EndoI  2 x 10 +5 1 x 10 +7 11 X 10 +7 9 x 10 +7 
E n d o l V  << 1 X 10 +3 0.081 x 10 +7 4 X 10 +7 21 X 10 +7 
E n d o V  35 x 10 +5 5 x 10 +7 7 x 10 +7 8 x 10 +7 
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structed for the three endoglucanases (data not 
shown). All plots proved to be linear for a limited 
period of time. Assuming that [S] 0 << K m, the slope 
of these lines equals the kinetic parameter V / K  m 

from which k o / K  m can be deduced by dividing by 
the enzyme concentration [32]. Kinetic parameters are 
summarized in Table 1. The cellodextrins were de- 
graded faster with increasing chain length, except for 
endoI (optimal substrate is Gs). This increase in 
k o / K  m was most spectacular with endolV and proba- 
bly its maximum activity has not yet been reached. 
Unfortunately, no oligosacharides larger than G 6 

could be used due to their poor solubility. 
Subsite mapping of endoL endolV, and endoV.--  

The first step in enzymic hydrolysis of polysaccha- 
rides can be envisaged as binding of several glycosyl 
residues with an array of subsites; each subsite inter- 
acts with one sugar residue. Homologous cellodex- 
trins have often been used as tools to elucidate the 
subsite structure of /3-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 k o / K  m, provided certain require- 
ments are met. Parameters should be determined at 
very low substrate concentrations to simplify the 
Michaelis-Menten equation ([S] 0 presumably much 
smaller than Km), and to prevent bi-substrate pro- 
cesses, 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 interac- 
tion of an enzyme subsite with a glycosyl residue for 
the transition state of the reaction. The interaction 
energy of one subsite can then be calculated by 
subtracting the two appropriate free energies for bind- 
ing of an oligosaccharide with a chain length of n 
and n -  1. 

BCFs of G * * 3 to G 6 and the k o / K  m values of their 
reducing homologues, G 3 to G 6 (see Fig. 2 and Table 
1, respectively) meet the requirements of the method 
of Suganuma et al. [32]. Subsite affinities for Glc 
residues were calculated for ten hypothetical subsites 
of endoI, endoIV, and endoV as is shown in Fig. 4. 
The two subsites adjacent to the catalytic group 
cannot be evaluated by this procedure [32]. Presum- 
ably, the sum of subsite affinity ' - I '  and that of 'I ' 
is negative for the three endoglucanases used in this 
study because G 2 is not cleaved by these enzymes. 
Small BCFs were not considered in these calculations 
because they are liable to relatively large experimen- 
tal errors. The number of subsites clearly differed for 
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Fig. 4. Histogram of subsite interaction energy with Glc 
residues of cellodextrins for three endoglucanases of Tri- 
choderma viride. Subsite affinities were determined ac- 
cording to the method of Suganuma et al. [32] using BCFs 
of reduced cellodextrins (shaded bars). Vertical lines in 
bars ('r) 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. • indicates the catalytic group. 

the three endoglucanases. EndolV had the largest 
number of subsites (at least 9; ' - IV' ~ 'V'),  whereas 
endoI had only 5 subsites ( ' - I I I '  ~ 'II'). EndoV has 
7 substrate-binding sites ( ' - I V '  ~ 'III') although the 
affinity of 'III' is rather low. Typically, the negative 
affinity of subsite ' - I I I '  was flanked by positive 
affinities of subsite ' - I V '  and ' - I I ' .  Due to the 
limited solubility of G 7 and larger cellodextrins more 
distant subsites like ' - V '  and 'VI' cannot be evalu- 
ated. However, their existence cannot be excluded. 

As normal and reduced cellodextrins can be posi- 
tioned differently in the substrate-binding sites of 
endolV and endoV, 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 ' - I I '  of endolV will be used as an 
example to illustrate our approach. The affinity of 
this subsite was calculated using G 4 and Gs* (Fig. 
5). However, since reduction influenced the BCFs of 
both cellodextrins, the subsite affinity of ' - I I '  was 
also calculated using G 5 and G 6 , although the BCFs 
of these oligosaccharides are smaller. In this case, 
29% of all cleavages of G 5 gave Glc and G 4. The 
exact location of cleavage [linkage number 'a '  
(G 4 SG) or ' d '  ( G S G 4 ) ]  is, however, unknown. As- 
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Fig. 5. An example of reevaluation of subsite affinities of 
subsite ' - I I '  of endoIV. Different binding modes of nor- 
mal 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. 2Fig. 4. 

suming that only linkage number 'd '  is split (BCF = 
0.29), recalculation of this subsite affinity yields 
RT X ln[(0.14 X 2.1 X 10+8)/(0.29 X 3.9 X 10+7)] 
= 2.5 kJmol  -] .  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 (ln 0). There- 
fore, a BCF of 0.05 was assumed instead, yielding a 
subsite affinity of 7.0 kJ mol-~. The value of 0.05 
corresponds to the experimental error. Other sub- 
strate-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 ' - I V '  of endoV 
should be approached with some caution. 

The nomenclature of our endoglucanases deviates 
from that generally adopted in literature. In order to 
compare our data with those in literature, we have 
tentatively characterized endoI, endoIV, and endoV 
as being EGII [2,41], EGIII [4], and EGI [3,15], 
respectively. The presumed homology is based on 
similarities in molecular weight, iso-electric point 

[31], adsorption behavior [47], the ability to degrade 
xylan [14], and transferase activity. For endolV, we 
have obtained an internal sequence of 20 amino acids 
[48], which was 90% homologous with part of the 
sequence reported for EGIII [4]. Our results on the 
number of subsites of endoI and endoV are in agree- 
ment with those of EGII [41] and EGI [15,39], respec- 
tively. The k o / K  m for G 6 of EGI was not determined 
by these authors, and consequently a putative binding 
site ' - I V '  could not be evaluated. Our results sug- 
gest a reasonable probability of a positive affinity of 
subsite ' - I V ' ,  but this should be further substanti- 
ated using another method for labelling of cellodex- 
trins 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)-/3-glucanases from 
Trichoderma described so far. 

Actiuity towards various xyloglucans.--The activi- 
ties of the three endoglucanases towards different 
substrates are summarized in Table 2. 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 endoI. Despite its high degree of backbone 
branching, endoIV degraded xyloglucan twice as fast 
as CMC. In accordance with [20], Table 2 shows that 
removal of Fuc from APfxg enhances the action of 
all three endoglucanases, especially that of endoI. 
The presence of extra unsubstituted Glc residues, as 
is the case in POsxg (see Fig. 1), facilitated cleavage 
by the endoglucanases. The activity of endoI and 
endoV were affected to a larger extent than that of 
endoIV. The activity of endoI on POsxg is relatively 
low which suggests that endoI requires larger stretches 
than two unbranched Glc residues to achieve an 
activity comparable to that of endoIV or endoV. For 
comparison activities towards Avicel crystalline cel- 
lulose [31] and oat spelts xylan [14] were included in 
Table 2. Typically, endoglycanases with a high activ- 

Table 2 
Molar activity [(mole reducing end groups formed)min 1 (mole of enzyme)- ~ ] towards CMC and various xyloglucans by 
three endoglucanases from Trichoderma uiride. Activity towards Avicel and oat spelts xylan is indicated qualitatively: - ,  
no detectable activity; +__, very low activity; +,  low activity; + +, high activity 

CMC APfxg APxg POsxg Avicel a Xylan b 

EndoI 1518 9 32 36 + - 
EndoIV 1139 2017 2237 2390 ± + + 
EndoV 1049 600 781 1149 + + + 

Determined by Beldman et al. [31]. 
b Determined by Beldman et al. [14]. 
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ity towards xyloglucan are also active towards xylan, 
although the two polysaccharides differ considerably 
in their degree of backbone branching as well as in 
their conformation [49,50]. 

Based on degradation patterns of small chromo- 
phoric substrates, Claeyssens and Henrissat [16] 
showed that substrate specificity within one cellulase 
family is consistent. EndoIV, which was tentatively 
classified as low-molecular-weight endoglucanase or 
EGIII, belongs to cellulase family 12 [51] which has 
three more representatives until now: CelS from Er- 
winia carotouora [52], FI-CMCase from Aspergillus 
aculeatus [53], and EGIII from Humicola insolens 
[1]. It is expected that all members of family 12 
possess xyloglucanase activity; for the endoglucanase 
from Aspergillus aculeatus this has already been 
confirmed [54]. EndoV appears to be the most versa- 
tile 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 7. Only one other endoglu- 
canase, of unknown xyloglucanase activity, has been 
reported to belong to this family [1]. 

Release of  oligosaccharides from uarious xyloglu- 
cans.--The amount of oligosaccharides released from 
APfxg 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 xy- 
loglucan, is determined by the structure of the oligo- 
saccharide as well as by the endoglucanase being 
used. The most important trends are summarized 
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Fig. 6. Release of oligosaccharides from APfxg (A-C) and APxg (D-F) in time by the action of endoI (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 endolV. 
Different xyloglucan oligosaccharides are indicated according to the nomenclature of Fry et al. [38]. 
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below. The sidechain configuration of the penulti- 
mate Glc residue of an oligosaccharide building unit 
determines the rate of release of this oligosaccharide 
to a large extent. Fuc-containing oligosaccharides 
generally accumulate slower than other oligosaccha- 
rides. The relatively fast release of GFG by endoI 
forms an exception. Removal of Fuc can have a large 
effect on the release of some oligosaccharides (com- 
pare FG and LG by endoI). EndoI and endoV are 
more affected by Fuc residues than endoIV, which is 
in accordance with Table 2. Also, Gal residues proba- 
bly play a role considering the faster release of 
XLXG compared to XXLG, and XXLG compared to 
XLLG. The rate of release of oligosaccharides is 
further determined by their backbone length. EndoIV 
prefers oligosaccharides with a backbone of four Glc 
residues (XXXG and XLXG) whereas endoI 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 endoI). 

The results on the release of oligosaccharides from 
POsxg cannot be discussed in further detail because 
the exact position of Ara and Gal residues is still 
unknown. EndoIV released predominantly XXGG- 
type of oligosaccharides whereas endoV also pro- 
duced 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 oligosaccha- 
rides than endoIV [22]. Degradation patterns of POsxg 
by endoI were very similar to those obtained with 
endoV (data not shown). 

What determines xyloglucanase activity?--The 
time course studies demonstrated a striking difference 
between endoI and endoIV. In particular, endoI pre- 
ferred to release shorter oligosaccharides than en- 
doIV. 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 endoglu- 
canases (Fig. 4) have been simplified, and only posi- 
tive and negative affinities 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. The distant 
subsite 'IV' is especially important in this respect 
(Fig. 7A). EndoI does not possess a subsite like 'IV', 

- IV  - I I I  - I I  - I  I II III ~V V 

A I#T FI TI-IT FI _ FV 

- Ib l  -PI - I  I II 

Fig. 7. Schematic representation of the interaction of APfxg 
and endoIV (A) or endoI (B). Assuming a random distribu- 
tion 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 suhsites (negative subsite affinity) do not 
bind to xyloglucan. Other symbols as in Fig. 1. 

and consequently prefers to release the shorter oligo- 
saccharides such as GFG and LG. An explanation for 
this might be the favorable interaction of subsite 
' - I | I '  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 
degraded faster by endoIV than by endoI. This is in 
accordance with the data in Table 2. Because most 
xyloglucans are composed of XXXG-type of building 
units [17], it is tempting to generalize our results and 
state that 'xyloglucanase activity requires a large 
number of substrate-binding sites'. In agreement with 
our data, there is some evidence that an endoglu- 
canase from Pisum sativum, showing xyloglucanase 
activity next to CMCase, has at least six substrate-bi- 
nding sites [55,56]. 

This study does not provide an explanation for the 
high xyloglucanase of endoV. It cannot be excluded 
that endoV has a positive affinity in a distant subsite 
' - V '  or in a subsite ' - I ' ,  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 G 4 $ G and G 5 $ G. However, the 
corresponding BCF values are zero, and a different 
set of BCFs, such as  G 4 ~, G 2 and G 5 $ G 2, would be 
needed. Because G v is insoluble in water, the latter 
BCF cannot be determined. The sum of the affinities 
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of subsite ' - I '  and 'I' is presumably negative (see 
before), but this does not rule out that subsite ' - I '  
has a positive affinity. Unfortunately, no clearcut 
methodology is available to determine the subsite 
affinities of ' - I '  and 'I' individually. A third possi- 
bility to explain the xyloglucanase activity of endoV 
might be that endoV has a much broader substrate-bi- 
nding groove than endoI, which may facilitate inter- 
action with xyloglucan molecules. 

The different mode of action of endolV on POsxg, 
compared to endoI or endoV, can only partly be 
explained by our results. Interaction of subsites with 
unbranched Glc residues does not explain the cleav- 
age patterns shown in Fig. 1. The absence of strong 
distant subsites like 'III' and 'IV' in endoI and 
endoV does explain why these enzymes are better 
than endolV in 'trimming' oligosaccharides and re- 
leasing 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 
endolV. This might explain why endolV prefers the 
release of XXGG-type of oligosaccharides (Fig. 1). 
The release of XXG from POsxg by endolV [22] is in 
agreement with this. Contrary to endolV, the release 
of XLXG by endoI and endoV is generally slower 
than that of XXXG, which indicates that the action of 
endoI and endoV is more influenced by substitution 
than that of endolV. This might explain the release of 
a mixture of XXGG-type and GXXG-type of oligo- 
saccharides from POsxg by endoI or endoV, depend- 
ing on whether or not the Xyl residue on the nonre- 
ducing side is substituted. 
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