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Abstract Substrate specificity of purified acetylxylan esterase
(AcXE) from Trichoderma reesei was investigated on partially
and fully acetylated methyl glycopyranosides. Methyl 2,3,4-tri-
O-acetyl-LL-D-xylopyranoside was deacetylated at positions 2 and
3, yielding methyl 4-O-acetyl-LL-D-xylopyranoside in almost 90%
yield. Methyl 2,3-di-O-acetyl LL-D-xylopyranoside was deacety-
lated at a rate similar to the fully acetylated derivative. The other
two diacetates (2,4- and 3,4-), which have a free hydroxyl group
at either position 3 or 2, were deacetylated one order of
magnitude more rapidly. Thus the second acetyl group is rapidly
released from position 3 or 2 after the first acetyl group is
removed from position 2 or 3. The results strongly imply that in
degradation of partially acetylated LL-1,4-linked xylans, the
enzyme deacetylates monoacetylated xylopyranosyl residues
more readily than di-O-acetylated residues. The T. reesei AcXE
attacked acetylated methyl LL-D-glucopyranosides and LL-D-
mannopyranosides in a manner similar to the xylopyranosides.
z 1997 Federation of European Biochemical Societies.
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1. Introduction

Acetylxylan esterases (AcXEs) have been recognized as
components of microbial cellulolytic and hemicellulolytic sys-
tems. The enzymes liberate acetic acid from partially acety-
lated 4-O-methyl-D-glucuronoxylan, the main component of
hardwood hemicellulose [1^4]. Our recent investigations [5,6]
regarding the action of two AcXEs on partially and fully
acetylated methyl glycopyranosides provided the ¢rst insight
into their function in acetylxylan degradation.

AcXE from Schizophyllum commune preferentially deacety-
lated the 3 position in partially and fully acetylated methyl
xylopyranosides a¡ording 2,4-di-O-acetyl- and 2- and 4-O-
monoacetyl derivatives from Me-L-Xylp [5]. Likewise, 2,4,6-
tri-O-Ac-Me-L-Glcp and 4,6-di-O-Ac-Me-L-Glcp were the
principal products from 2,3,4,6-tetra-O-Ac-Me-L-Glcp. The
enzyme also catalyzed a two-step, double 2,3-deacetylation
of 2,3,4,6-tetra-O-Ac-Me-L-Manp in a highly selective way.

The ability of the AcXE from S. commune to deacetylate
the mannopyranoside suggested that the enzyme may not be
an AcXE, but rather a more general polysaccharide or carbo-
hydrate deacetylase [5].

AcXE from Streptomyces lividans did not show an ability to
deacetylate acetylated mannopyranosyl residues and appears
to be a more acetylxylan-speci¢c enzyme [6]. Also in contrast
to S. commune AcXE, the St. lividans catalyzed an essentially
simultaneous double deacetylation of 2,3,4-tri-O-Ac-Me-L-
Xylp and 2,3,4,6-tetra-O-Ac-L-Glcp at positions 2 and 3.
The observed double deacetylation kinetically resulted from
the fact that the enzyme deacetylated xylopyranosyl deriva-
tives in which position 2 or 3 was free (non-acetylated) up to
two orders of magnitude faster than derivatives in which both
the 2 and 3 positions were occupied (acetylated) [6].

The objective of the present study was to examine on sim-
ilar arti¢cial substrates the mode of action of AcXE from
Trichoderma reesei [7,8], one of the most extensively investi-
gated cellulolytic microorganisms. The results show that the
T. reesei AcXE possesses catalytic abilities intermediate be-
tween those of the two previously characterized AcXEs
from S. commune and St. lividans.

2. Materials and methods

2.1. Enzyme and its assay
The investigated AcXE produced by T. reesei RUT C-30 was pu-

ri¢ed from a cellulose-spent culture medium as described by Sundberg
and Poutanen [7]. Enzyme activity was determined on 4-nitrophenyl
acetate at 25³C as described by Johnson et al. [9]. One unit is de¢ned
as 1 Wmol of 4-nitrophenol released in 1 min.

2.2. Substrates
Fully acetylated methyl glycopyranosides were obtained by acety-

lation of methyl glycosides purchased from Sigma Chemical Co. (St.
Louis, MO, USA) with acetanhydride in pyridine [10]. Diacetates
(2,3-, 2,4- and 3,4-) of methyl L-D-xylopyranoside were generous gifts
from Dr. P. Kovac (National Institutes of Health, Bethesda, MD,
USA), Dr. J. Hirsch (Institute of Chemistry, Slovak Academy of
Sciences, Bratislava, Slovakia) and Dr. A. Fernandes-Mayorales
(Instituto de Quimica Organica General, CSIC, Madrid Spain).

2.3. Enzyme-substrate mixtures
Reactions were performed in homogeneous solutions containing

0.1 M sodium phosphate bu¡er (pH 6.0) at 40³C. Saturated solutions
of substrates were used and their concentrations determined by the
phenol-sulfuric acid reagent [11]. Measured concentrations were as
follows: methyl 2,3,4-tri-O-acetyl-L-D-xylopyranoside 14.5 mM, meth-
yl 2,3,4,6-tetra-O-acetyl-L-D-glucopyranoside 10.4 mM and methyl
2,3,4,6-tetra-O-acetyl-L-D-mannopyranoside 6.4 mM. Methyl 2,3-,
2,4- and 3,4-di-O-acetyl-L-D-xylopyranosides were reacted at 15 mM.
All reactions were initiated by the addition of prewarmed enzyme
solution. The enzyme concentration varied with di¡erent substrates
and will be given in the ¢gure captions and table heading.
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2.4. Analysis of reaction mixtures
Aliquots from the incubation mixtures were taken periodically and

evaluated by TLC on Silica gel 60 (Merck) in ethyl acetate^benzene^
2-propanol (2:1:0.1, v/v). The sugars were visualized with N-(1-naph-
thyl)ethylenediamine dihydrochloride reagent [12]. Chromatographic
mobilities of various methyl O-acetyl-glycosides have been previously
reported [5]. A separate set of aliquots were immediately frozen on
dry ice and freeze-dried. Dried samples were subjected to quantitative
analysis by GLC after conversion of reaction products to their trime-
thylsilyl ethers [5]. Initial rates of deacetylation were calculated from
the plots of the ratio of deacetylated products versus time of incuba-
tion.

2.5. Identi¢cation of deacetylation products
Deacetylation products from various methyl O-acetyl-glycopyrano-

sides were identi¢ed by GLC-MS and NMR spectroscopy as de-
scribed earlier [5]. When necessary, individual derivatives were iso-
lated from mixtures by preparative TLC using conditions described
above, followed by elution with chloroform (triacetates), ethylacetate
(tri- and diacetates) or ethanol (monoacetates). Details of all proce-
dures have been described elsewhere [5].

3. Results

3.1. Action of AcXE on methyl per-O-acetyl-D-glycosides
Deacetylation of 2,3,4-tri-O-Ac-Me-L-Xylp by T. reesei

AcXE leads to 4-O-Ac-Me-L-Xylp in a high yield (V88%)
(Fig. 1). The monoacetate appeared in the reaction mixture
as the major product at an early stage of the reaction. Due to
this fact it was impossible to decide which of the two positions
2 and 3 was deacetylated as the ¢rst one or more rapidly. Of
the two theoretical intermediates of the double deacetylation,
only 3,4-di-O-Ac-L-Xylp transitionally appeared. The absence
of 2,4-di-O-Ac-L-Xylp does not necessarily mean the enzyme
was unable to ¢rst remove the acetyl group from position 3.
Conversely, this observation could have resulted from fast
conversion of 2,4-di-O-Ac-L-Xylp to 4-O-Ac-Me-L-Xylp. As
will be shown below, 2,4-di-O-Ac-L-Xylp is a slightly better
substrate for the second deacetylation than 3,4-di-O-Ac-Me-L-
Xylp. A second detected diacetate, 2,3-di-O-Ac-Me-L-Xylp,
appeared at later stages in the reaction mixture, due to a
slow deacetylation at position 4. The removal of the acetyl
group from the 4 position apparently resulted in a less reactive
substrate which persisted in the reaction mixture. Similarly,
subsequent conversion of 4-O-Ac-Me-L-Xylp to a completely
deacetylated product is very slow (Fig. 1) further indicating
that AcXE cannot hydrolyze the acetyl group in position 4 as
fast as those in positions 2 and 3, regardless of the presence or
absence of a neighboring carbon free hydroxyl group.

The AcXE exhibited similar regioselectivity as above to-
wards 2,3,4,6-tetra-O-Ac-Me-L-Glcp (Fig. 2). The enzyme re-
moved ¢rst two acetyl groups from positions 2 and 3, a¡ord-

ing 4,6-di-O-Ac-Me-L-Glc. The intermediates of this
conversion, the 2,4,6- and 3,4,6-tri-O-acetates, were not de-
tected in the reaction mixture, probably due to fast removal
of the second acetyl group from position 3 or 2. The reaction
mixture contained a low level of triacetates which were
formed by removal of the acetyl group from positions 4 and
6, positions which are attacked by the enzyme at the slowest
rate. Both 2,3,4-tri-O-Ac- and 2,3,6-tri-O-Ac-Me-L-Glcp per-
sisted in the reaction mixture for long durations, analogous to
the behavior of the enzyme towards 2,3-di-O-Ac-Me-L-Xylp.
In contrast to AcXEs of St. lividans and S. commune, 4,6-di-
O-Ac-Me-L-Glc was further converted, mainly to 4-O-Ac-Me-
L-Glc (60% yield) and partially to 6-O-Ac-Me-L-Glc.

T. reesei AcXE was also tested on several other per-O-acet-
ylated methyl glycopyranosides. TLC demonstrated that the
enzyme deacetylated 2,3,4,6-tetra-O-Ac-Me-K-Glcp, 2,3,4,6-
tetra-O-Ac-Me-L-Galp, 2,3,4,6-tetra-O-Ac-Me-L-Galp and
2,3,4,6-tetra-O-Ac-Me-K- and -L-Manp. However, rates were
slower than those observed for 2,3,4,6-tetra-O-Ac-Me-L-Glcp.
In all cases, the deacetylation did not cease at the level of 4,6-
di-O-Ac derivatives but continued further to monoacetates
and even to completely deacetylated derivatives. The ¢nal
deacetylation of monoacetates was more pronounced with L-
as opposed to K-glycosides.
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Fig. 1. Time course of 2,3,4-tri-O-Ac-Me-L-Xylp (14.5 mM) deacety-
lation by AcXE from T. reesei (0.05 U/ml) as evaluated by gas
chromatography of trimethylsilyl ethers. Symbols: a, 2,3,4-tri-O-Ac-
Me-L-Xylp ; b, 3,4-di-O-Ac-Me-L-Xylp ; P, 2,3-di-O-Ac-Me-L-Xylp ;
E, 4-O-Ac-Me-L-Xylp ; O, fully deacetylated substrate.

Table 1
Enzymic and spontaneous transformation of Me-L-Xyl tri- and di-O-acetates

Deacetylation by T. reesei AcXE Spontaneous transformation

Substrate Initial rate Major products Rate Products (4 h)

mM/min mM/min/U ml31 mM/min 2,3-:2,4-:3,4-

2,3,4-tri-Ac 0.28 5.7 4-Ac, 3,4-di-Ac not applicable
2,3-di-Ac 0.15 3.0 4-Ac-, 2-Ac 0.0057 1:0.1:04
2,4-di-Ac 0.30 61.2 4-Ac 0.022 0.15:1:0.7
3,4-di-Ac 0.28 56.0 4-Ac 0.018 0.07:0.5:1

Substrates, 15 mM; concentration of AcXE of T. reesei 0.05 U/ml (2,3,4-tri-O-Ac and 2,3-di-O-Ac), 0.005 U/ml (2,4-di-O-Ac and 3,4-di-O-Ac).
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3.2. Action on diacetates of Me-L-Xylp
The observation that 2,3,4-tri-O-Ac-Me-L-Xylp was deacet-

ylated to 4-O-Ac-Me-L-Xylp without signi¢cant accumulation
of di-O-acetylated intermediates suggested that the enzyme
slowly hydrolyzed the ¢rst acetyl group and then more rapidly
removed the second acetyl group. This consideration was sub-
stantiated by experiments in which the initial rate of deacety-
lation of 2,3,4-tri-O-Ac-Me-L-Xylp was compared with that of
all three possible Me-L-Xylp diacetates (Table 1). 2,3,4-Tri-O-
Ac-Me-L-Xylp was converted mainly into 4-O-Ac-Me-L-Xylp,
but relatively slowly. The 4-acetate was also the sole product
of a more rapid AcXE action on 2,4-di-O-Ac-Me-L-Xylp and
3,4-di-O-Ac-Me-L-Xylp. Thus, the enzyme rapidly deacety-
lated positions 2 and 3 when one of the two positions was
not esteri¢ed. When both positions 2 and 3 were acetylated
and position 4 was underivatized, as it is in 2,3-di-O-Ac-Me-L-
Xylp, the initial deacetylation products were 4-O-Ac-Me-L-
Xylp and 2-O-Ac-Me-L-Xylp. 4-O-Ac-Me-L-Xylp likely was

a result of spontaneous or enzyme-mediated acetyl migration
from position 3 to position 4.

Table 1 presents the initial rates of deacetylation of the four
substrates, and also shows the major initial products. Two
substrates, 2,3,4-tri-O-Ac-Me-L-Xylp and 2,3-di-O-Ac-Me-L-
Xylp, were hydrolyzed 10 and 20 times more slowly than
2,4- and 3,4-di-O-Ac-Me-L-Xylp. The rates of deacetylation
were greater than the rates of spontaneous transformation
of the diacetates (Table 1), measured without enzyme under
identical experimental conditions [5]. Thus, product formation
was not signi¢cantly in£uenced by spontaneous acetyl group
migration and resulted from enzyme action.

4. Discussion

Like AcXEs from S. commune [5] and St. lividans [6], the T.
reesei AcXE displays a di¡erent regioselectivity for deacetyla-
tion of methyl glycosides when compared to lipases used for
carbohydrate deacetylation [13^18]. The deacetylation regio-
selectivity for positions 2 and 3 corresponds to the function of
the enzyme in acetylxylan degradation.

It is interesting to compare in more detail the yet known
catalytic abilities of AcXE from T. reesei with those of AcXE
from S. commune [5] and St. lividans [6]. Some of the catalytic
properties of the AcXE from T. reesei are similar to the prop-
erties of the S. commune enzyme, while others resemble those
of the St. lividans AcXE. The action of T. reesei AcXE on
2,3,4-tri-O-Ac-Me-L-Xylp is similar to that of St. lividans
AcXE, both yielding 4-O-Ac-Me-L-Xylp. The S. commune en-
zyme yielded a mixture of 2-O-Ac-Me-L-Xylp and 4-O-Ac-
Me-L-Xylp. However, while the St. lividans AcXE removes
both acetyl groups almost simultaneously, the double deace-
tylation of the T. reesei enzyme is more of a two-step process.
Experiments with Me-L-Xylp diacetates explain the slight dif-
ference in the action of St. lividans and T. reesei AcXEs on
2,3,4-tri-O-Ac-Me-L-Xylp. The AcXE from S. lividans has an
unusually high deacetylation preference for the 2 or 3 position
when the 3 or 2 position, respectively, is not acetylated [6].
Derivatives in which both these adjacent positions are acety-
lated, 2,3,4-tri-O-Ac-Me-L-Xylp and 2,3-di-O-Ac-Me-L-Xyl,
are very poor substrates of the St. lividans enzyme in compar-
ison with the other two diacetates. Initial rates of deacetyla-
tion between these two pairs of substrates di¡er by two orders
of magnitude in the case of St. lividans enzyme [6]. The di¡er-
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Fig. 3. Steps proposed for the conversion of 2,3,4-tri-O-Ac-Me-L-Xylp (I) to 4-O-Ac-Me-L-Xylp (V) by AcXE from T. reesei. The diacetate (II)
was not detected in the reaction mixture probably due to its fast deacetylation to the monoacetate. The ¢ve-membered intermediate (IV) is pro-
posed to be common for deacetylation of both positions 2 and 3. Thin arrows mark slow steps; thick arrows fast steps.

Fig. 2. Time course of 2,3,4,6-tetra-O-Ac-Me-L-Glcp (10.4 mM) de-
acetylation by AcXE of T. reesei (0.07 U/ml) as evaluated by gas
chromatography of trimethylsilyl ethers. Symbols: a, 2,3,4,6-tetra-
O-Ac-Me-L-Glcp ; P, 4,6-di-O-Ac-Me-L-Glcp ; b, 2,3,4-tri-O-Ac-Me-
L-Glcp ; O, 2,3,6-tri-O-Ac-Me-L-Glc; E, 4-O-Ac-Me-L-Glcp ; 7, 6-
O-Ac-Me-L-Glcp.
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ence was only one order of magnitude for the T. reesei en-
zyme. Despite this slight di¡erence it may be suggested the T.
reesei AcXE, similar to the St. lividans AcXE, deacetylates
monoacetylated xylopyranosyl residues of acetylxylan much
faster than doubly acetylated residues. The deacetylation
mechanism of positions 2 and 3, when the neighboring posi-
tions 3 and 2 are non-acetylated, might involve an enzyme-
catalyzed formation of a ¢ve-membered transition state (Fig.
3), from which the acetyl group is ¢nally released. Such inter-
mediates are believed to be involved in the spontaneous mi-
gration of acetyl groups along the glycopyranoid ring [19].
The ability of another AcXE to deacetylate equally well posi-
tions 2 and 3 via the ¢ve-membered intermediate makes the
question on regiospeci¢city of AcXEs for positions 2 and 3
irrelevant.

Of the three discussed AcXEs, only the T. reesei and S.
commune enzymes hydrolyze aryl acetates, such as 4-nitro-
phenyl- or 4-methylumbelliferyl-acetate. Also, similarly to
the S. commune AcXE, but in contrast to the S. lividans en-
zyme, the T. reesei AcXE deacetylates 2,3,4,6-tetra-O-Ac-Me-
L-Manp. However, deacetylation does not stop at the stage of
4,6-di-O-Ac-Me-L-Manp, as it does with the S. commune
AcXE, but continues to monoacetyl and fully deacetylated
derivative. The ability of T. reesei enzyme to deacetylate de-
rivatives of mannose suggested that the enzyme is not speci¢c
for acetylxylan and could be a more general acetylpolysac-
charide esterase. Recent data of Tenkanen [20] do not support
this assumption because the enzyme showed no activity on
acetylgalactoglucomannan. This observation, however, does
not exclude the capability of the enzyme to operate on acety-
lated mannooligosaccharides.

Correlation of the catalytic properties with the secondary
structure of the three investigated AcXEs is still not possible,
because there is no amino acid sequence homology between
the AcXEs of St. lividans [21] and T. reesei [22]. Additionally,
a sequence of 50 NH2-terminal amino acids of the AcXE from
S. commune (P. Biely, M. Hrmovaè, G.L. Coêteè and G.B.
Fincher, unpublished results) reveals no homology with the
other two enzymes. Apparently, all three enzymes probably
evolved from di¡erent ancestors, as proposed earlier for other
AcXEs by Margoles-Clark et al. [22]. However, the NH2-ter-
minal sequence of S. commune AcXE displays 65^68% homol-
ogy with NH2-terminal sequences of acetylesterase and acetyl-
xylan esterase from Aspergillus species [23^25]. A 50%
sequence identity was reported between the xylan-speci¢c ace-
tylesterase domain of the bifunctional xylanase from Cellulo-
monas ¢mi and AcXE from St. lividans [26]. No doubt with
more data it will be possible to group these enzymes into
families.
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