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ABSTRACT
Background: Most mammalian species express two active chitinases,
chitotriosidase and AMCase. Important differences in cell-type specific expression
and bodily distribution of these enzymes among species exists. In man, both
enzymes are implicated in several distinct pathological conditions. 
Methods: Using a variety of enzymatic assays, we have comparatively
investigated the enzymatic features of recombinantly produced human and murine
chitoriosidase, human and murine AMCase, and the bovine serum chitinase.
Special attention was paid to transglycosylation behaviour of the different
enzymes. 
Results: The chitinases are able to hydrolyse natural chito-oligosaccharides,
preferentially acting as chitobiosidases that release disaccharide units from the
non-reducing end. Differences were detected among the chitinases in catalytic
features including pH optimum of hydrolytic activity, preferred cleavage sites in
4MU-chito-oligomers and ability to transglycosylate. Human chitotriosidase is able
to utilize a broad range of acceptors as defined by decreased apparent substrate
inhibition. 
General significance: The differences detected in enzymatic behaviour between
chitinases of various species suggest subtle, yet important, differences in the roles
of chitinases among mammals, in line with previously observed expressional
differences. Furthermore, our acceptor screen for the transglycosylation reaction
suggests remarkable acceptor versatility, opening up the possibility of employing
chitinases for biosynthetic purposes. 

INTRODUCTION
Chitin, the linear polymer of β-1,4-linked N-acetylglucosamine (GlcNAc),
abundantly occurs in nature. It is part of the structural coating of arthropods and
cell walls of most fungi [1]. These organisms employ chitinases, proteins able to
hydrolyse the chitin polymer, for remodelling purposes, whereas bacteria express
chitinases among other chitinolytic enzymes in order to release the nutritional
GlcNAc monomer [2]. Although chitin is thought to be exogenous to mammals,
chitinases have been identified in several mammalian species and their ubiquitous
presence in higher organisms is now generally accepted. The first mammalian
chitinase was serendipitously discovered in the search for elevated serum
glycosidase activity in patients suffering from Gaucher disease, the most common
lysosomal storage disorder caused by a deficiency in the catabolism of the key
lipid glucosylceramide [3,4,5]. Over a thousand-fold increase in activity towards 4-
methylumbelliferyl-chitotriose (4MU-GlcNAc3), a chitin analogue releasing a
fluorescent group upon hydrolysis, was found in patients versus controls [3]. The
protein found responsible for this activity was named chitotriosidase and belongs
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to the family 18 of glycosylhydrolases, a group of homologous chitinases including
those from lower life forms [4]. X-ray analyses on chitotriosidase crystals have
revealed that it consists of a TIM-barrel, one of the most versatile structural motifs
in nature, which serves as a scaffold for aromatic residues involved in chitin
binding and acidic residues involved in catalysis [6,7].
In the wake of the discovery of chitotriosidase, a second mammalian chitinase was
discovered which is now known as Acidic Mammalian Chitinase (AMCase) [8],
another family 18 chitinase homologous to chitotriosidase yet distinct in pH
optimum and acid stability. Chitotriosidase is encoded by the CHIT1 gene on locus
1q32, whilst AMCase is encoded by the CHIA gene on locus 1p13 [9]. AMCase
has recently attracted considerable attention because of a report linking the
protein to the pathology of asthma [10]. Apart from pH optimum, the kinetic
features of this enzyme appear to be quite similar to that of chitotriosidase [8,11],
however expression profiling has revealed the cellular origin of both enzymes to
be completely different. In man, chitotriosidase is expressed in macrophages and
neutrophils, whereas AMCase is predominantly expressed in the lung and
stomach [8,12].
The two chitinases, chitotriosidase and AMCase, show structural similarities. Both
chitinases consist of a catalytic domain with a TIM-barrel, separated from a chitin
binding domain by a heterogenously O-glycosylated linker region [13,8]. In the
lysosome chitotriosidase can be proteolytically processed into a fully active 39 kDa
protein lacking the chitin binding domain, whereas the native 50 kDa isoform
harbouring both domains is secreted [14]. The 39 kDa isoform of AMCase has not
been isolated from tissue, however when expressed recombinantly it also retains
full activity towards small artificial substrates [13]. Although chitotriosidase exhibits
hydrolytic activity towards 4MU-chito-oligosaccharide substrates, accurate
quantification is hampered by apparent substrate inhibition at high substrate
concentrations. This phenomenon was finally explained by the demonstration that
chitotriosidase is not only capable of catalyzing hydrolysis of the chito-
oligosaccharide substrate, but also displays transglycosidase activity. This was
firstly realized upon closer examination of the enzymatic features of chitotriosidase
[15]. It was noted that although chitotriosidase is not able to hydrolyse 4MU-N-
acetyl-glucosaminide (4MU-GlcNAc), fluorescent 4MU was formed by
recombinant enzyme in the presence of PNP-chitobioside or chito-
oligosaccharides. This observation could only be ascribed to the occurrence of
transglycosylation, which led to the design of a novel substrate that cannot be
transglycosylated and is equally well hydrolysed: 4MU–(4-deoxy)-chitobioside,
allowing for a more convenient and sensitive assay of enzymatic activity [15,16].
Combining available product analyses and structural data, the catalysis of family
18 chitinases had previously been shown to proceed via a substrate-assisted
mechanism, in which the N-acetyl group of the substrate itself stabilizes the
positive charge formed after protonation of the scissile glycosidic bond, leading to
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the formation of a oxazolinium intermediate [17,18]. This stable compound
generally is allowed to react with a water molecule, completing the hydrolysis of
the substrate and restoring the original sugar conformation. Alternatively, it can
react with other molecules bearing a hydroxyl group, referred to as the acceptor,
which, in the case of transglycosylation, is another mono- or oligosaccharide.
It is well documented that fetal calf serum contains a considerable amount of
chitinolytic activity [19,20]. The responsible enzyme is quite homologous to those
encoding chitotriosidase and AMCase in mouse and man [20]. A second bovine
chitinase has sofar not been described [9]. The bovine chitinase is expressed in
the liver and it is secreted into the circulation [19]. Evolutionary analysis suggests
that the protein is monophyletic to other AMCases, therefore we will refer to it as
bovine AMCase [9]. The enzymatic features of the bovine AMCase have not yet
been reported in detail.
We have comparatively investigated in more detail the enzymatic features of the
five known human, murine and bovine chitinases. Emphasis was paid to the ability
of the recombinantly expressed enzymes to hydrolyze natural chito-
oligosaccharides and artificial fluorogenic structures (4-methylumbelliferyl-chito-
oligosaccharides). We next investigated whether transglycosylation is
commonplace among mammalian chitinases or just a catalytic imperfection of the
human chitotriosidase. Furthermore, we screened which 4-
methylumbelliferylglycosides can act as acceptor molecules in the
transglycosylation reaction, which could allow for biosynthesis of novel
heterologous oligosaccharides. The results of our investigation of enzymatic
features of the various mammalian chitinases are here reported and discussed.

MATERIALS & METHODS
RECOMBINANT PRODUCTION OF ENZYMES
The human chitotriosidase was expressed in BHK cells and purified as described
earlier [7]. All other chitinases were transiently expressed in COS-7 cells. Briefly,
COS-7 cells were plated in complete media in 25 cm2 flasks at a density of 1-3 x
105 cells per ml and left overnight to achieve the desired cell concentration of 50
to 80% confluency. On the day of transfection, the complete media was replaced
with serum-free media. Transient transfection with the expression plasmid
pcDNA3.1 containing the chitinase cDNA was achieved using the FuGene 6
transfection reagent according to manufacturers protocol (Roche Applied Science,
Indianapolis, USA). After 72 hrs, the media were collected and subjected to
chitinase assays. For the assay using the 4MU-GlcNAc substrate, the medium
was depleted of lysosomal hexosaminidases by absorption on Concanavalin A
Sepharose beads (Amersham Pharmacia Biotech AB, Uppsala, Sweden).

CHEMICALS
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The 4-methylumbelliferyl (4MU) compounds used in the investigation were all
obtained from Sigma, St. Louis, U.S.A.. As an exception, 4MU-deoxychitobiose
was synthesized as described earlier [15]. Natural chito-oligosaccharides were
obtained from Seikagaku Corporation, Tokyo, Japan.

ENZYME ACTIVITY MEASUREMENTS USING ARTIFICIAL 4MU-SUBSTRATES
For enzyme activity measurements 4MU-(GlcNAc)2/3 were used as described
earlier [3]. In addition 4MU-deoxychitobiose was used as substrate [15]. Briefly,
enzyme was incubated for 20 minutes at 37°C with 4MU-chito-oligosaccharides
dissolved in McIlvaine buffer (100 mM citric acid, 200 mM sodium phosphate) at
differing substrate concentrations. For the chitotriosidases, the assays were
performed at a pH of 5.2. For the AMCases, activities were measured at pH’s 1.8
and 4.5. The reactions were stopped by the addition of excess 0.3 M glycine-
NaOH, pH 10.3. Formed 4-methylumbelliferone was detected fluorometrically
(excitation at 366 nm; emission at 445 nm). 
For demonstration of transglycosylation activity of the different chitinases a
coupled enzyme assay was used. Briefly, recombinant chitinases were incubated
with 1 mM 4-methylumbelliferyl-β-N-acetylglucosamine (4MU-GlcNAc, which can
not be hydrolyzed by chitinases) in the presence or absence of 15 mM
chitopentaose in McIlvaine buffer (100 mM citric acid, 200 mM sodium phosphate)
at the indicated pH for 120 minutes. The reactions were stopped by the addition of
excess 0.3 M glycine-NaOH, pH 10.3. Formed 4-methylumbelliferone was
detected fluorometrically (excitation at 366 nm; emission at 445 nm).

ENZYME ACTIVITY MEASUREMENTS USING NATURAL CHITO-OLIGOSACCHARIDES
Measurement of chitinase activity towards natural chito-oligosaccharides was
performed as described previously [15]. Briefly, recombinantly expressed
chitinases were incubated for different time periods with 5 mM chito-
oligosaccharides (chito- tetra-, penta-, and hexa-ose) in 50 mM acetate buffer, pH
5.2. Reactions were stopped by placing the samples in boiling water. Isocratic
HPLC chromatography with a Prevail carbohydrate ES column (Alltech), and UV
detection at 214 nm was used to analyze the product chito-oligosaccharides. The
injection volume was 10 ml, the flow rate of the eluent (62:28 (w/w)
acetonitrile:H2O) was 1 ml/min.

RESULTS
DIFFERENCES IN BODILY DISTRIBUTION OF STUDIED CHITINASES
We have studied five different mammalian chitinases that although being all
encoded by homologous genes and showing structural similarities, differ markedly
in their bodily distribution, as summarized in table I.
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Table 1. Summary of bodily distribution of chitinases in man (h), mouse (m) and cow (b).
hChito               hAMCase mChito mAMCase bAMCase

Expression Phagocytes       Stomach Stomach Stomach Liver
Plasma              Lung Tongue Salivary glands Plasma

Paneth cells      Lung
Plasma Plasma

References 29,4,12              8,12              12 8,12 19,2

PH VERSUS ACTIVITY TOWARDS 4MU SUBSTRATES
The ability of mammalian chitinases to catalyze the formation of fluorescent 4-
methylumbelliferone from 4MU-chito-oligosaccharide substrates was investigated.
For this purpose, 4MU-chitotriose, 4MU-chitobiose and 4MU-deoxychitobiose
were employed as substrate. Enzyme activity measurements with recombinantly
produced chitinases were performed as described in Materials and Methods.
Figure 1 shows that the mammalian chitinases differed in pH optimum of apparent
hydrolytic activity towards 4MU-chitobiose. Most extreme in this respect is the
mouse AMCase showing a dual pH optimum with a major optimum around pH 2
and a secondary optimum around pH 3-6. Human AMCase, human and mouse
chitotriosidase and bovine AMCase do not show the extreme acidic pH optimum,
but are active over a broad pH-range with optima around 4-5. The pH optima of
the enzymes, using 4MU-chitotriose and 4MU-deoxychitobiose as substrate, are
almost identical (data not shown).

4MU SUBSTRATE CONCENTRATION VERSUS ACTIVITY
Next the relation between substrate concentration and 4MU release was
investigated for 4MU-chitobiose, 4MU-chitotriose and 4MU-deoxychitobiose. Due
to the broad pH range at which AMCases are active (as shown in fig. 1), they were
analyzed at both pH 4.5 and pH 1.8. 
Interpretation of the rates of 4MU release from 4MU-chitobiose and 4MU-
chitotriose is complicated by the fact that these substrates can also act as
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Figure 1. pH profiles for all five chitinases.
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acceptors in transglycosylation reactions, resulting in underestimation of catalytic
activity. As firstly demonstrated by us and later by Chou et al. [15,11], the
transglycosylation ability of chitinases is indirectly reflected by apparent substrate
inhibition. At high substrate concentration transglycosylation is favoured and
hydrolytic activity is concomitantly reduced. Interestingly, all the recombinant
enzymes show a comparable activity towards the 4MU-deoxychitobiose substrate
(Vmax: 5-7 mmol/mg enzyme*hour). This substrate can not participate as acceptor
in transglycosylation, due to the lack of the hydroxyl on the carbon-4 atom. Since
transglycosylation is known to be increased at high substrate concentrations, the
inhibition of 4MU release can be used as a measure of transglycosylase activity. 
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Figure 2 shows that human and mouse chitotriosidase (consistent with its
denomination) releases 4MU best from 4MU-chitotriose compared to 4MU-
chitobiose. This depends in part to the substrate concentration used, since at
higher substrate concentration transglycosylation influences the 4MU release. The
difference in apparent substrate inhibition observed between human and mouse
chitotriosidase suggests that the transglycosylation efficiency of human
chitotriosidase is higher in the presence of equivalent concentrations of 4MU-
chitotriose and 4MU-chitobiose compared to the mouse chitotriosidase, as well as
to all other chitinases tested under these conditions. Moreover, the mouse
chitotriosidase, unlike the other four, displays comparable kinetics towards 4MU-
chitobiose and 4MU-deoxychitobiose. Apparent substrate inhibition is also
observed for all other enzymes with 4MU-chitotriose as substrate. Although not all
enzymes show apparent substrate inhibition using the 4MU-chitobiose substrate,
it can not be excluded that at higher substrate concentrations this would be the
case.

Table 2. Transglycosylation of natural chito-oligosaccharides. Chitinases (Equal activity towards 4MU-
deoxychitobiose activity at pH 4.5) were incubated with 4MU-GlcNAc in the presence or absence of chitopentaose at
the indicated pH the release of 4MU is measured after a 2 hour incubation time. (B-A is a measure of
transglycosylation activity).

4MU-N-acetyl-β-glucosamine + +
chitopentaose - +

4MU release (arbs) A 4MU release (arbs) B B-A
pH 1.8
mAMCase 14.4 54.3 39.9
hAMCase 14.2 22.1 7.9
bAMCase 14.6 21.1 6.5
pH 4.5
mAMcase 19.6 131.7 112.1
hAMCase 20.1 43.6 23.5
bAMCase 17.3 37.7 20.4
pH 5.2
mChito 12.9 38.8 25.9
hChito 10.6 27.9 17.3

HYDROLYSIS AND TRANSGLYCOSYLATION OF CHITO-OLIGOSACCHARIDES
Definitive proof of transglycosylation activity by the recombinant chitinases was
obtained by analysis of the transglycosylation activity using chitopentaose as
substrate and 4MU-GlcNAc as acceptor followed by 4MU release (see table 2).
This led in all cases, to formation of fluorescent 4MU. Since 4MU-GlcNAc by itself
can not be hydrolyzed by chitinases, the observation of 4MU formation can only
be ascribed to the hydrolysis of 4MU-chitotrioside formed by transglycosylation,
i.e. the transfer from a chitobiose moiety from chitopentaose to the C4-hydroxyl of
4MU-GlcNAc (see also [15]). Using this assay strongest transglycosylation activity
was observed for mAMCase at pH 4.5. In contrast to the difference in apparent
substrate inhibition between human and mouse chitotriosidase there seems to be
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hardly any difference when 4MU-GlcNAc is used as acceptor. These combined
results suggest that among the various chitinases differences exists in acceptor
preferences.
The fragments released (as a result of hydrolysis) and formed (as a result of
transglycosylation) following incubation with chito-oligosaccharides were
investigated in more detail for two enzymes, human chitotriosidase and mouse
AMCase. For this purpose, both enzymes were incubated with 5 mM chito-
oligosaccharide (chitohexaose) and reaction products were analyzed by HPLC
analysis. As illustrated in figure 3, human chitotriosidase and murine AMCase
were able to fragment chito-oligosaccharides from chitohexoase, preferentially
releasing chitobiose units (figure 3A, upper panel and 3B, both panels). Larger
oligosaccharides, the presence of which can only be attributable to
transglycosylase activity, could also be detected, albeit in low concentrations. The
formation of larger fragments was more pronounced using human chitotriosidase
(3A, lower panel) than when using murine AMCase, The larger fragments were
generated at both near-neutral (3B, upper panel) and acidic pH (3B, lower panel).
Results were comparable when using chitotetraose and chitopentaose as
substrate (not shown).

Figure. 3. Activity towards natural chito-oligosaccharides: release and formation of fragments following incubation
with (GlcNAc)6 in time. A. human Chitotriosidase: The upper panel shows all fragments formed by both hydrolysis and
transglycosylation. The bottom figure zooms in on the larger fragments that result from transglycosylation. B. Murine
AMCase. Fragments released have been determined at pH 4.5 and 1.8 (upper and lower panel, respectively).
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ACCEPTOR SPECIFICITY OF HUMAN CHITOTRIOSIDASE
Of all recombinant chitinases, human chitotriosidase shows by far the highest
apparent substrate inhibition towards relatively low concentrations of 4MU-
chitotrioside (see fig. 2). We therefore investigated transglycosylation for this
particular chitinase in more detail, with emphasis on acceptor specificity. To
develop an easy screen for the identification of acceptor molecules we made use
of the finding that the presence of chitotetraose (or other chito-oligomers) reduced
the apparent substrate inhibition shown by chitotriosidase with 4MU-chitotrioside
as substrate. Chitotetraose exerts this effect by competing with 4MU-chitotriose as
acceptor in transglycosylation and thus reduces the ongoing formation of 4MU-
chitopentaose or 4MU-chitohexase at high 4MU-chitrioside concentrations. We
screened various oligosaccharides, including 4MU compounds, as possible
acceptor molecules in the transglycosylation reaction by monitoring their ability to
suppress apparent substrate inhibition of chitotriosidase with 4MU-chitotrioside as
substrate. As shown in figure 4, addition of heterologous glycosides results in an
increase in 4MU release. The activity at low concentrations is not affected,
suggesting hydrolysis is not inhibited. Therefore, the increase can only be
attributed to competition for the transglycosidase reaction. Further compounds
have been tested, including lactose and even methanol and ethanol, producing
similar results, albeit at very high (molar range) concentrations. Importantly, all
monosaccharides tested, including GlcNAc, do not have any effect on the
substrate inhibition in the low milli-molar range, suggesting the cyclic saccharide
structure to be essential for acceptor activity.

Figure 4. Acceptor screen for heterologous transglycosylation by human Chitotriosidase. Concentration of 4MU-
chitotriose versus activity with and without 1 mM of heterologous acceptor.

DISCUSSION
Our present study further demonstrates the remarkable heterogeneity in features
of mammalian chitinases. There exists a striking homology between the exons of
genes encoding the catalytic domain of mammalian chitinases, reflected in
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structural similarities in the catalytic domain of these proteins. However, a very
cell-type specific expression of chitinases has evolved. For example, in man the
expression of chitotriosidase is tightly regulated and occurs solely in phagocytic
cells and after secretion from these cells also in the circulation. Expression of
AMCase occurs largely in epithelial cells and seems constitutive. In sharp
contrast, in mouse AMCase is also produced in macrophages where its
expression is regulated [1,10,12,28]. Completely different again is the situation in
the cow where the chitinase is largely expressed in liver and secreted into the
circulation [19].
Next to the regulation of their expression and bodily distribution, the enzymatic
features of various chitinases have also evolved differently. Our study reveals that
all the mammalian chitinases studied are still capable of hydrolyzing natural chito-
oligosaccharides, preferentially acting as chitobiosidases that release
disaccharide units from the non-reducing end. However, using artificial fluorogenic
chito-oligosaccharide substrates clear differences in features among the
chitinases become apparent. For example, murine AMCase shows a prominent
activity at extremely low pH, probably reflecting its role in food processing in the
stomach [8,12]. Human AMCase is also remarkable stable at very acidic pH but its
optimal activity is between pH 4-5. The same holds for the bovine AMCase. In
sharp contrast, the human and murine chitotriosidase are not acid stable,
coinciding with their absence in the stomach [8]. A structural study has recently
shed light on these differences. It was shown that acid stability in AMCases is
mostly conferred by a lower surface charge (and iso-electric point). Activity at low
pH is modulated by the presence of a histidine residue in the active site, which is
conserved in AMCases but absent in chitotriosidases [13]. With artificial 4MU-
chito-oligosaccharide substrates, subtle differences in substrate preference can
be detected. Human chitriosidase preferentially releases 4MU from 4MU-
chitotrioside, whilst the other chitinases preferentially release 4MU from 4MU-
chitobiosde. We noted earlier that human chitotriosidase releases PNP better from
PNP-chitobioside than from PNP-chitotrioside [4]. The different handling of PNP-
and 4MU-substrates by chitotriosidase strikingly illustrates that the leaving group
strongly influences the preferred cleavage site in the chito-oligomer.
An intriguing aspect of the mammalian chitinases is their ability to
transglycosylate. Again, it is unclear whether this phenomenon has any
physiological importance or is a mere artefact occurring only at extreme
concentrations of acceptors. So far no evidence exists of occurrence of
transglycosylation in vivo. It is however of interest to mention that chitotetraose, a
transglycosylation product formed from chito-oligomers, acts as a signalling
molecule in both plants and zebra fish [reviewed in 21]. Our study revealed that in
the test tube chitinases from various species are able to utilize a variety of sugar
acceptor molecules and thus reshuffle sugar moieties among glycoconjugates. It
can therefore a priori not be excluded that upon encountering chitin from
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pathogens chitinases generate structures by transglycosylation that can be
recognized by the immune system and excite an appropriate response.
The intrinsic transglycosylation capacity of chitinases may be exploited for
synthetic purposes [22,23]. Synthesis of complex glycoconjugates still remains a
challenge for organic chemists. Taking advantage of the inherent stereo-specificity
of enzymes, approaches have been developed using glycosyltransferases for
synthetic purposes [reviewed in 24]. However, these enzymes utilize expensive
and unstable activated glyco-compounds as substrates. Furthermore, the
enzymes themselves are not readily available and often unstable. Glycosidases,
however, are generally stable and inexpensive enzymes that, although generally
dedicated to hydrolysis of glyco-oligomers and -polymers, can also perform
biosynthetic roles, due to the occurrence of transglycosylation. Several examples
already exist of utilizing engineered glycosidases in order to enhance
transglycosylation [25,26]. However, these all involve proteins employing a
retaining general acid/base reaction mechanism in which a nucleophilic
carboxylate residue can be mutated, unlike family 18 chitinases that utilize a
substrate assisted mechanism and therefore lack this residue. As such, this
engineering approach is not viable for this class of proteins. A transglycosylation
enhancing mutation has been reported for chitinases [27], yet despite the
abundance of structural information on human chitotriosidase, the precise
molecular prerequisites for transglycosylation are still poorly understood.
Comparison of the sequences of human and murine chitotriosidase might provide
important clues, since the latter shows less apparent substrate inhibition using
4MU substrates, suggesting differences in acceptor preferences. There are
multiple differences between the two enzymes near the +1, +2 and +3 substrate
binding sites. Extrapolating structural data of human chitotriosidase to the
homologous mouse orthologue by homology modelling might ultimately identify
the amino acids involved in these acceptor preferences. Our acceptor screen
suggests that human chitotriosidase is surprisingly undemanding with respect to
acceptor molecules, as demonstrated by the fact that even methanol and ethanol
are able to serve as acceptor molecules. It appears that, when sterically allowed,
any alcohol might fulfil this role, opening up the possibility for effectively “capping”
an almost unlimited number of compounds with chitobioside.
In conclusion, mammalian chitinases show subtle differences in catalytic features
including pH optimum of hydrolytic activity, preferred cleavage sites in 4MU-chito-
oligomers and their ability to transglycosylate. Further investigations are required
to establish whether these subtle differences serve some physiological function.
The noted differences in the catalytic features of mammalian chitinases suggest
that it may be feasible to develop specific inhibitors of human AMCase, a chitinase
of which excessive activity has been implicated in asthma and allergic diseases
[10,28].

213

EN
ZY

MA
TI

C
FE

AT
UR

ES
OF

HU
MA

N, 
MU

RI
NE

AN
D

BO
VI

NE
CH

IT
IN

AS
ES

CH
AP

TE
R 

9

chapter 9.qxp  18-11-2008  16:55  Pagina 213



ACKNOWLEDGEMENTS
We wish to acknowledge Wilma Donker-Koopman, Mariette Helmond, Anneke
Strijland and Saskia Scheij for their skilful technical assistance. We like to thank
Albert Groen for his assistance in the preparation of the manuscript.

REFERENCES
[1] A.P. Bussink, M. van Eijk, G.H. Renkema, J.M. Aerts, R.G. Boot, The biology of the Gaucher cell:
the cradle of human chitinases, Int. Rev. Cytol. 252 (2006) 71-128.

[2] K.L. Meibom, X.B. Li, A.T. Nielsen, C.Y. Wu, S. Roseman, G.K. Schoolnik, The Vibrio cholerae chitin
utilization program, Proc. Natl. Acad. Sci. U.S.A. 101 (2004) 2524-9.

[3] C.E. Hollak, S. van Weely, M.H. van Oers, J.M. Aerts, Marked elevation of plasma chitotriosidase
activity. A novel hallmark of Gaucher disease, J. Clin. Invest. 93 (1994) 1288-92.

[4] G.H. Renkema, R.G. Boot, A.O. Muijsers, W.E. Donker-Koopman, J.M. Aerts, Purification and
characterization of human chitotriosidase, a novel member of the chitinase family of proteins, J. Biol.
Chem. 270 (1995) 2198-202.

[5] R.G. Boot, G.H. Renkema, A. Strijland, A.J. van Zonneveld, J.M. Aerts, Cloning of a cDNA encoding
chitotriosidase, a human chitinase produced by macrophages, J. Biol. Chem. 270 (1995) 26252-6.

[6] F.V. Rao, D.R. Houston, R.G. Boot, J.M. Aerts, S. Sakuda, D.M. van Aalten, Crystal structures of
allosamidin derivatives in complex with human macrophage chitinase, J. Biol. Chem. 278 (2003)
20110-6.

[7] F. Fusetti, H. von Moeller, D. Houston, H.J. Rozeboom, D.W. Dijkstra, R.G. Boot, J.M. Aerts, D.M.
van Aalten, Structure of human chitotriosidase. Implications for specific inhibitor design and function of
mammalian chitinase-like lectins, J. Biol. Chem. 277 (2002) 25537-44.

[8] R.G. Boot, E.F. Blommaart, E. Swart, K. Ghauharali-van der Vlugt, N. Bijl, C. Moe, A. Place, J.M.
Aerts, Identification of a novel acidic mammalian chitinase distinct from chitotriosidase, J. Biol. Chem.
276 (2001) 6770-8.

[9] A.P. Bussink, D. Speijer, J.M. Aerts, R.G. Boot, Evolution of mammalian chitinase(-like) members of
family 18 glycosyl hydrolases, Genetics 177 (2007) 959-70.

[10] Z. Zhu, T. Zheng, R.J. Homer, Y.K. Kim, N.Y. Chen, L. Cohn, Q. Hamid, J.A. Elias, Acidic
mammalian chitinase in asthmatic Th2 inflammation and IL-13 pathway activation, Science 304 (2004)
1678-82.

214

chapter 9.qxp  18-11-2008  16:55  Pagina 214



[11] Y.T. Chou, S. Yao, R. Czerwinski, M. Fleming, R. Krykbaev, D. Xuan, H. Zhou, J. Brooks, L. Fitz,
J. Strand, E. Presman, L. Lin, A. Aulabaugh, X. Huang, X, Kinetic characterization of recombinant
human acidic mammalian chitinase, Biochemistry 45 (2006) 4444-54.

[12] R.G. Boot, A.P. Bussink, M. Verhoek, P.A. de Boer, A.F. Moorman, J.M. Aerts, Marked differences
in tissue-specific expression of chitinases in mouse and man, J. Histochem. Cytochem. 53 (2005)
1283-92.

[13] A.P. Bussink, J. Vreede, J.M. Aerts, R.G. Boot, A single histidine residue modulates enzymatic
activity in Acidic Mammalian Chitinase. FEBS Lett. 582 (2008) 931-5.

[14] G.H. Renkema, R.G. Boot, A. Strijland, W.E. Donker-Koopman, M. van den Berg, A.O. Muijsers,
J.M. Aerts, Synthesis, sorting, and processing into distinct isoforms of human macrophage
chitotriosidase. Eur. J. Biochem. 244 (1997) 279-85.

[15] B. Aguilera, K. Ghauharali-van der Vlugt, M.T. Helmond, J.M. Out, W.E. Donker-Koopman, J.E.
Groener, R.G. Boot, G.H. Renkema, G.A. van der Marel, J.H. van Boom, H.S. Overkleeft, J.M. Aerts,
Transglycosidase activity of chitotriosidase: improved enzymatic assay for the human macrophage
chitinase. J. Biol. Chem. 278 (2003) 40911-6.

[16] A. Schoonhoven, B. Rudensky, D. Elstein, A. Zimran, C.E. Hollak, J.E. Groener, J.M. Aerts,
Monitoring of Gaucher patients with a novel chitotriosidase assay, Clin. Chim. Acta. 381 (2007) 136-9.

[17] A.C. Terwisscha van Scheltinga, S. Armand, K.H. Kalk, A. Isogai, B. Henrissat, B.W. Dijkstra,
Stereochemistry of chitin hydrolysis by a plant chitinase/lysozyme and X-ray structure of a complex
with allosamidin: evidence for substrate assisted catalysis, Biochemistry 34 (1995) 15619-23. 

[18] D.M. van Aalten, D. Komander, B. Synstad, S. Gaseidnes, M.G. Peter, V.G. Eijsink, Structural
insights into the catalytic mechanism of a family 18 exo-chitinase, Proc. Natl. Acad. Sci. U.S.A. 298
(2001) 8979-84.

[19] M. Suzuki, M. Morimatsu, T. Yamashita, T. Iwanaga, B. Syuto, A novel serum chitinase that is
expressed in bovine liver, FEBS Lett. 506 (2001) 127-30.

[20] G. Lundblad, M. Elander, J. Lind, K. Slettengren, Bovine serum chitinase, Eur. J. Biochem. 100
(1979) 455-60.

[21] J. Bakkers, J.W. Kijne, H.P. Spaink, Function of chitin oligosaccharides in plant and animal
development, EXS 87 (1999) 71-83.

[22] H. Fujimoto, T. Takayanagi, K.J., Synthesis of N-acetylglucosamine-modified ara-C and its effect
on ovarian cancer cells, Med. Chem. 37 (1994) 3668-70.

215

EN
ZY

MA
TI

C
FE

AT
UR

ES
OF

HU
MA

N, 
MU

RI
NE

AN
D

BO
VI

NE
CH

IT
IN

AS
ES

CH
AP

TE
R 

9

chapter 9.qxp  18-11-2008  16:55  Pagina 215



[23] T. Usui, H. Matsui, K. Isobe, Enzymic synthesis of useful chito-oligosaccharides utilizing
transglycosylation by chitinolytic enzymes in a buffer containing ammonium sulfate, Carbohydr. Res.
203 (1990) 65-77.

[24] J. Thiem, Applications of enzymes in synthetic carbohydrate chemistry, FEMS Microbiol. Rev. 16
(1995) 193-211.

[25] H. Fujimoto, T. Takayanagi, K. Ajisaka, Synthesis of N-acetylglucosamine-modified ara-C and its
effect on ovarian cancer cells, J. Med. Chem. 37 (1994) 3668-70. 

[26] L.F. Mackenzie, Q. Wang, R.A.J. Warren, S.G. Withers, Glycosynthases: Mutant Glycosidases for
Oligosaccharide Synthesis, J. Am. Chem. Soc. 120 (1998) 5583-5584.

[27] N.N. Jr. Aronson, B.A. Halloran, M.F. Alexeyev, X.E. Zhou, Y. Wang, E.J. Meehan, L. Chen,
Mutation of a conserved tryptophan in the chitin-binding cleft of Serratia marcescens chitinase A
enhances transglycosylation, Biosci. Biotechnol. Biochem. 70 (2006) 243-51.

[28] T.A. Reese, H.E. Liang, A.M. Tager, A.D. Luster, N. van Rooijen, D. Voehringer, R.M. Locksley,
Chitin induces accumulation in tissue of innate immune cells associated with allergy, Nature 447 (2007)
92-6.

[29] M. van Eijk, C.P. van Roomen, G.H. Renkema, A.P. Bussink, L. Andrews, E.F. Blommaart, A. Sugar,
A.J. Verhoeven, R.G. Boot, J.M. Aerts, Characterization of human phagocyte-derived chitotriosidase, a
component of innate immunity, Int. Immunol. 17 (2005) 1505-12.

216

chapter 9.qxp  18-11-2008  16:55  Pagina 216




