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GENERAL INTRODUCTION
Many organisms possess an exoskeleton, a macromolecular armor that provides
protection from harsh environmental conditions and possible predators. Most of
the animals with an exoskeleton are arthropods, including crabs, lobsters, spiders
and insects. In arthropods the main constituent of the exoskeleton is chitin, a linear
polymer of β-1,4-linked N-acetylglucosamine (GlcNAc) moieties. Natural chitin is
an insoluble polymer of considerable mechanical and chemical strength, mainly
due to hydrogen bonding between the >NH and the >C=O groups of the N-acetyl
groups of aligning chitin polymers, that can occur in parallel (α), anti-parallel (β) or
mixture (γ) of aligned chains. Due to the abundance of arthropods in nature, chitin
is the second most abundant biopolymer, after cellulose. Besides arthropods,
other organisms also synthesize chitin for structural purposes. Fungi, for instance,
employ chitin as part of their cell wall, rendering them more resistant to the outside
environment (Figure 1A). All chitin-containing organisms need to be able to break
down their chitin to allow for remodelling. In the case of fungi for instance, chitin
has to be locally removed in the cell wall for growth and division. The degradation
of chitin is mediated by chitinases (E.C. 3.2.1.14), in concert with other chitinolytic
hydrolases. Chitinases cleave within the chitin chains or remove oligosaccharides
from the non-reducing end, and break down the polymer in combination with β-
hexosaminidases (E.C. 3.2.1.52). Besides remodelling, chitinases are also made
for other purposes. Plants, for example, although lacking chitin, produce
chitinases. Evolution has equipped them with chitinases as protection against
chitin-containing pathogens. Furthermore, several bacterial species produce
chitinases in order to eventually release GlcNAc monomers that subsequently can
be used for nutritional purposes.
Since chitin is not synthesized by mammals, chitinases were for a long time
believed to be absent in these organisms. Serendipitously, the existence of true
chitinases in mammals was firstly discovered by researchers in the Academic
Medical Center as a result of their fundamental biochemical investigations on
plasma specimens from patients suffering from Gaucher disease, a lysosomal
storage disorder. Gaucher disease is a rare, recessively inherited disorder. The
first detailed case report was published by Philippe E. Gaucher, over a century ago
(Gaucher, 1882) (Figure 1B, inset). The incidence of the disorder has been
estimated to be 1 in 50,000 to 200,000 births. Gaucher disease is caused by a
deficient capacity to degrade the glycosphingolipid glucosylceramide. This lipid
consists of a glucose moiety beta-glycosidically linked to a ceramide. Degradation
of this lipid normally occurs predominantly inside lysosomes (Figure 1,
background) by the sequential action of the acid β-glucosidase
(glucocerebrosidase) and acid ceramidase. The activity of the former enzyme
(GBA1; E.C. 3.2.1.45) is impaired in patients suffering from Gaucher disease
(Brady et al., 1965; Patrick, 1965). Although glucocerebrosidase activity is
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comparably reduced in all cell types of Gaucher patients, the lysosomal storage of
glucosylceramide is restricted to cells of the monocyte/macrophage lineage, at
least in the type 1 variant (Beutler and Grabowski, 2001). The predominant lipid
accumulation in macrophages can be ascribed to the role of these cells in
degradation of senescent red and white blood cells that are rich in
glycosphingolipids (Parkin and Brunning, 1982; Naito et al., 1988). The storage
cells show a characteristic morphology with an eccentric nucleus and a “wrinkled
tissue paper” like appearance due to the massive presence of lipid in tubular
deposits. These storage cells are referred to as Gaucher cells and are present in
various locations, predominantly the spleen, liver, bone marrow and parenchyma
of lymph nodes (Figure 1B). As a result, Gaucher patients develop gross
hepatosplenomegaly (Figure 1C). In the bone marrow, the massive accumulation
of storage cells causes displacement of the normal haematopoietic cells. In other
tissues, infiltration of Gaucher cells may lead to infarction, necrosis and fibrous
scarring. The sheer presence of storage cells does not fully explain the entire
pathology of Gaucher disease. Gaucher cells are not inert storage containers, but
metabolically active cells that are produce and secrete proteins that could drive
pathophysiological processes. It is now generally believed that the complex
mixture of factors, like cytokines, chemokines and hydrolases, originating from
storage cells themselves or from surrounding macrophages contributes to the
characteristic pathophysiology of Gaucher disease (Boven et al., 2004).
Immediately after his discovery of lysosomes, Christian de Duve proposed that
treatment of lysosomal storage disorders by supplementation with the missing
enzyme might be feasible (de Duve, 2005). Inspired by this concept, Brady and
co-workers at the National Institutes of Health elegantly exploited the presence of
the so-called mannose receptor on the cell surface of macrophages to target
therapeutic enzyme to lysosomes of lipid-laden macrophages in Gaucher patients.
For this purpose, the oligosaccharide chains of glucocerebrosidase isolated from
placenta were modified by enzymatically exposing the covered mannose residues
(Furbish et al., 1981). The concept of a mannose-terminated glucocerebrosidase
resulted in the development of the registered therapeutic enzyme alglucerase
(Ceredase, Genzyme Corporation, MA). Intravenous administration of alglucerase
was found to result in major clinical improvements (Barton et al., 1990; Barton et
al., 1991). Ceredase was replaced in the mid-nineties by recombinant produced
glucocerebrosidase from CHO cells (Cerezyme), with similar therapeutic results
(Grabowski et al., 1995).
An alternative approach for therapeutic intervention of type 1 Gaucher and other
glycosphingolipid storage disorders is substrate reduction therapy (SRT; also
termed substrate deprivation therapy; reviewed in Radin, 1996; Aerts et al., 2006).
The approach aims to reduce the rate of glycosphingolipid biosynthesis to levels
which match the impaired catabolism. Two classes of inhibitors of
glycosphingolipid biosynthesis have presently been described, both of which
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inhibit the ceramide-specific glucosyltransferase, (also termed glucosylceramide
synthase; GlcT-1; UDP-glucose: N-acylsphingosine D-glucosyl-transferase, EC
2.4.1.80). The enzyme catalyses the first step in the biosynthesis of
glucosphingolipids: the transfer of glucose to ceramide. The first class of inhibitors
is formed by analogues of ceramide. The prototype inhibitor is PDMP (D-threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol). More specific and potent
analogues have been subsequently developed (Shayman et al., 2004; McEachern
et al., 2007). The second class of inhibitors of glucosylceramide synthase is
formed by N-alkylated iminosugars. Such type of compounds were already in
common use as inhibitors of N-glycan processing enzymes and the potential
application of N-butyldeoxynojirimycin as HIV inhibitor had been studied in AIDS
patients. Platt and Butters at the Glycobiology Institute in Oxford were the first to
recognize the ability of N-butyldeoxynojirimycin (NB-DNJ) to inhibit
glycosylceramide synthesis at low micromolar concentrations (Platt et al., 1994).
Overkleeft and coworkers in their search for inhibitors of glucosidases have
serendipitously developed a more potent inhibitor of glucosylceramide synthase.
Adamantane-pentyl-deoxynojirimycin (AMP-DNM) was found to inhibit
glycosphingolipid biosynthesis at low nanomolar concentrations (Overkleeft et al.,
1998) and to prevent globotriaosylceramide accumulation in a Fabry knock out
mouse model without overt side effects (Aerts et al., 2003). Oral administration of
N-butyldeoxynojirimycin to adult type 1 Gaucher patients resulted in improvements
in hepatosplenomegaly and hematological abnormalities as well as corrections in
plasma levels of glucosylceramide (Cox et al., 2000). NB-DNJ (Zavesca, Actelion)
is now registered in Europe and the U.S.A. for treatment of mild to moderately
affected type 1 Gaucher patients that are unsuitable to receive enzyme
replacement therapy (Cox et al., 2003). Sustained effects of prolonged substrate
reduction therapy have recently been documented (Pastores et al., 2005; Elstein
et al., 2007).
The availability of costly therapeutic interventions for Gaucher disease soon
prompted a search for biomarkers of Gaucher cells that would allow accurate
monitoring of the progress of the disease and efficacy of therapy. The ideal
biomarker is detectable in plasma and directly reflects the presence of storage
cells. Although abnormalities in plasma levels of tartrate resistant acid
phosphatase (TRAP), angiotensin-converting enzyme (ACE), hexosaminidase
and lysozyme have all been reported, none of these enzymes appear to meet this
criterion (reviewed in Aerts and Hollak, 1997). Overlap between levels of these
enzymes in patients versus controls further restricts their use as biomarkers in
Gaucher disease. In an attempt to identify novel secondary biochemical
abnormalities, a thorough screening of plasma enzyme activities in plasma of
symptomatic individuals versus a variety of substrates was conducted. This led to
the discovery in plasma of Gaucher patients of a thousand-fold increased capacity
to hydrolyse the fluorogenic substrate 4-methylumbelliferyl–chitotrioside (Hollak et
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al., 1994). The responsible enzyme was named chitotriosidase. Further studies
revealed that plasma chitotriosidase originated from the lipid-laden macrophages
of Gaucher patients. As a result of this, chitotriosidase activity levels do not reflect
one particular clinical symptom, but rather reflect the total body burden on
Gaucher cells. Although chitotriosidase activity can be rapidly and sensitively
measured using 4-methylumbelliferyl-chitotrioside as substrate, the occurrence of
substrate inhibition due to the ability of the enzyme to transglycosylate
complicates the enzyme assay. The use of a slightly modified substrate provides
a much more convenient method for measuring activity of chitotriosidase (Aguilera
et al., 2003; Schoonhoven et al., 2007). 
Plasma chitotriosidase activities are greatly increased in symptomatic Gaucher
patients, but not in asymptomatic glucocerebrosidase-deficient individuals.
Chitotriosidase values drop sharply upon ERT, coinciding with clinical
improvements (Hollak et al., 1994). To assess the utility of chitotriosidase activity
measurements as a biomarker for treatment efficacy, its relationship with clinical
parameters has been studied (Hollak et al., 2001). On the basis of this
investigation, it has been proposed that in patients in whom initiation of treatment
is questionable, based solely on clinical parameters, a chitotriosidase activity
above 15,000 nmol/ml*hour may serve as an indicator of a high Gaucher cell
burden and an additional indication for the initiation of treatment. A reduction of
less than 15% after one year of treatment should be a reason to consider a dose
increase. Furthermore, a sustained increase in chitotriosidase at any point during
treatment should alert the physician to the possibility of clinical deterioration and
the need for dose adjustment, and hence are of great potential in both diagnosis
and monitoring of the disease. The regular monitoring of plasma chitotriosidase
levels in Gaucher patients is presently used world-wide to assist in clinical
management of these patients (Deegan et al., 2005; Vellodi et al., 2005; Cabrera-
Salazar et al., 2004). A pitfall regarding the use of chitotriosidase as Gaucher cell
biomarker results from the complete absence of the chitotriosidase activity in
about 6% of all individuals, including Gaucher patients. This results from
homozygosity for a null allele of the chitotriosidase gene (Boot et al., 1998).
Plasma chitotriosidase levels in heterozygotes for this mutation (about 35% of all
individuals) underestimate the actual presence of Gaucher cells in patients.
Although plasma chitotriosidase activity is now the mostly used biomarker in GD,
there is still need for other biomarkers foremost because of the high incidence of
deficiency. Recently a marked elevation in plasma of GD patients has also been
described for the chemokine CCL18 (Boot et al., 2004; Moran et al., 2000; Deegan
et al., 2005). Both chitotriosidase and CCL18 are secreted by Gaucher cells and
both the plasma levels of both markers change comparably during therapy.
Monitoring of plasma CCL18 can therefore be a useful alternative to monitor
response to therapy in Gaucher patients deficient in chitotriosidase (Deegan et al.,
2005).
The serendipitous discovery of chitotriosidase in Gaucher patients has been the
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starting point of a long series of fundamental studies on this chitinase and related
proteins that are present in man and other mammals. This thesis describes the
latest studies in this respect. In chapter 2, a detailed overview is presented of the
initial work of AMC researchers on characterization of chitotriosidase, the related
acidic mammalian chitinase (AMCase) and chi-lectins. Briefly, chitotriosidase was
firstly purified from spleen of a Gaucher patient (Renkema et al., 1995). Two major
isoforms with molecular masses of 50 and 39 kDa were isolated and both were
shown to be functional chitinases, exhibiting activity towards colloidal chitin as well
as artificial fluorogenic substrates. Their activity could be inhibited by allosamidin
and demethyl allosamidin, in a manner similar to bacterial chitinases (Renkema et
al., 1995). Using degenerate primers based on conserved regions in chitinases
from several species, the corresponding cDNA was cloned from a macrophage
cDNA library (Boot et al., 1995). Sequence alignments showed that chitotriosidase
is remarkably homologous to chitinases of various species, belonging to family 18
of glucosyl hydrolases; in particular the catalytic region consensus sequence (D-
x-x-D-x-D-x-E) is completely conserved. Alignment of chitotriosidase with other
chitinases also showed that the enzyme consists of a 39-kDa catalytic domain
connected with a C-terminal chitin binding domain through a short linker region,
again in a manner similar to other chitinases. It was found that chitotriosidase is
synthesized as a 50-kDa protein that is either secreted into the medium or,
alternatively, processed into the 39-kDa enzyme in the lysosome where it
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Figure 1. Overview of features relating to Gaucher disease and chitinases (see text for details).
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accumulates. To a quantitatively minor extent, a 39-kDa isoform containing only
one extra C-terminal residue can also be synthesized as a result from alternative
splicing (Renkema et al., 1997; Boot et al., 1995). Next, the locus of the
chitotriosidase gene was assigned to 1q31-32 by fluorescent in situ hybridization
using the genomic clone as a probe (Boot et al., 1998). The commonly
encountered recessively inherited deficiency in chitotriosidase could be attributed
to a 24-base pair duplication causing aberrant splicing (Boot et al., 1998). The high
incidence of the chitotriosidase deficiency in man prompted questions concerning
redundancy of chitotriosidase. Further investigations led to the discovery of a
second mammalian chitinase named Acidic Mammalian Chitinase (AMCase)
(Boot et al., 2001). Similar to chitotriosidase, AMCase shows chitinolytic activity
towards chitin, releasing mainly soluble chitobiose fragments and is sensitive to
inhibition by allosamidin. Like chitotriosidase, AMCase is synthesized as a 50 kDa
protein that contains a 39 kDa catalytic domain, separated from a C-terminal chitin
binding domain by a hinge region. Although the sequence similarity between the
human chitinases is high, AMCase exhibits a distinct pH activity profile, being most
active at acidic pH (Boot et al., 2001). 
The crystal structures of the native 39 kDa human chitotriosidase and complexes
with a chitooligosaccharide and allosamidin have been resolved (Fusetti et al.,
2002; Rao et al., 2003). The core domain has a (β/α)8 (TIM) barrel as observed in
the other family 18 chitinase structures for hevamine, chitinases A (ChiA) and B
(ChiB) from S. marcescens, and CTS1 from Coccidioides immitis, although helix
α1 is missing (Fusetti et al., 2002; Figure 1D). An additional α/β domain,
composed of six antiparallel β-strands and one α-helix, is inserted in the loop
between strand β7 and helix α7, which gives the active site a groove-like structure.
Like all other family 18 chitinases, chitotriosidase has the D-x-x-D-x-D-x-E motif at
the end of strand β4 with Glu140 being the catalytic acid. Two disulfide bridges
were observed between residues 26-51 and 307-370. The crystal structures reveal
an elongated active site cleft, compatible with the binding of long chitin polymers.
Given the relatively open active site architecture, chitotriosidase appears to
function as an endochitinase rather than an exochitinase. The complex with
GlcNAc2 followed by modelling of a longer chitooligosaccharide revealed that the
active site would be able to accommodate longer chitin polymers, in agreement
with its ability to degrade various forms of polymeric chitin. 
Besides the active chitinases, highly homologous mammalian proteins lacking
enzymatic activity due to substitution of active site catalytic residues have been
identified. Despite their lack of enzymatic activity, these proteins have retained
active site carbohydrate binding, and hence have been named chi-lectins
(Renkema et al., 1998; Houston et al., 2003; Bussink et al., 2006). In contrast to
both chitinases, chi-lectins lack the conserved additional chitin-binding domain
(Boot et al. 1995; Renkema et al., 1997; Boot et al., 2001). The physiological
function of the various chi-lectins is unknown. Similar to chitotriosidase and
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AMCase, chi-lectins are secreted locally or into the circulation and a role in
inflammatory conditions is suggested. For example, human cartilage GP39
(Hcgp39/YKL-40/CHI3L1), a protein expressed by chondrocytes and phagocytes
has been implicated in arthritis, tissue-remodelling, fibrosis, cancer and asthma
(Verheijden et al., 1997; Johansen, 2006). Similarly, the human chi-lectin YKL-39
(CHI3L2) and the murine chi-lectins Ym1 (Chi3L3/ECF-L) and Ym2 (Chi3L4) have
been associated with the pathogenesis of arthritis (Hu et al., 1996; Tsuruha et al.,
2002) and allergic airway inflammation, respectively (Chang et al., 2001; Ward et
al., 2001; Homer et al., 2006; Webb et al., 2001). The high molecular weight
oviductins, consisting of the amino-terminal 39 kDa catalytic domain followed by a
heavily glycosylated Ser/Thr rich domain, are secreted by nonciliated oviductal
epithelial cells and have been shown to play a role in fertilization and early embryo
development (reviewed by Buhi, 2002).
Human chitotriosidase is exclusively expressed by phagocytes, namely in
macrophages and neutrophils (Hollak et al., 1994; Escott and Adams, 1995).
Tissue macrophages can massively express chitotriosidase as has for instance
been demonstrated in Gaucher disease and atherosclerotic plaques (Renkema et
al., 1995; Boot et al., 1999). Lysosomal stress is an important inducer of
chitotriosidase in macrophages. By far the highest levels of chitotriosidase are
found in Gaucher disease, but other diseases characterized by lysosomal
accumulation of glycosphingolipids or other lipid species show increased levels as
well. Examples of this are Niemann-Pick A/B, Niemann-Pick C, Krabbe, GM1
gangliosidosis, Cholesteryl ester storage disease, Wolman disease, Morquio B,
and Tangier disease (Guo et al., 1995; Aerts et al., 2005). Elevated levels have
also been found in fucosidosis, galactosialidosis, glycogen storage disease IV and
Alagille syndrome (Michelakakis et al., 2004). 
A common denominator for the induction of chitotriosidase in macrophages is
presently not known. Possible candidates are gangliosides since secondary
abnormalities in these lipids are commonly observed in lysosomal storage
disorders (Walkley, 2004). In the case of Gaucher disease, markedly elevated
concentrations of the ganglioside GM3 in tissues and plasma have also been
recently reported (Ghauharali-van der Vlugt et al., 2008; Meikle et al., 2008).
Considerable attention is presently focused to the ganglioside GM3, given its
causal role in insulin resistance, the first abnormality in the development of type 2
diabetes. Recent literature links insulin resistance in tissues to the presence of
excessive amounts of GM3. The ganglioside GM3 and other glycosphingolipids
are found in specific (detergent resistant) membrane microdomains in close
physical proximity to the insulin receptor (Inokuchi, 2006). A regulatory role for
GM3 in insulin sensitivity is substantiated by a rapidly growing body of
experimental evidence. Tagami and coworkers firstly demonstrated that addition of
GM3 to cultured adipocytes suppresses phosphorylation of the insulin receptor
and its down-stream substrate IRS-1, resulting in reduced glucose uptake (Tagami
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et al., 2002). Inokuchi and coworkers reported that exposure of cultured
adipocytes to TNF-alpha increases GM3 and inhibits IR and IRS-1
phosphorylation. This was found to be counteracted by 1-phenyl-2-
decanoylamino-3-morpholinopropanol (PDMP), an inhibitor of glycosphingolipid
biosynthesis (Kabayama et al., 2005). Mutant mice lacking GM3 have been
reported to show an enhanced phosphorylation of the skeletal muscle insulin
receptor after ligand binding and to be protected from high-fat diet induced insulin
resistance (Yamashita et al., 2003). Consistent with this is the recent report on
improved insulin sensitivity and glucose tolerance in mice with increased
expression of the GM3 degrading sialidase Neu3 (Yoshizumu et al., 2007).
Conversely, GM3 levels are elevated in the muscle of certain obese, insulin
resistant mouse and rat models (Aerts et al., 2007). Altered sphingolipid
metabolism, reflected by increased glycosphingolipid, has also been recently
documented in relation to neuronal pathology in diabetic retinopathy (Fox et al.,
2006). Very recently Kabayama et al. provided evidence that the interaction of
GM3 with the insulin receptor is mediated by a specific lysine residue located just
above the transmembrane domain of the receptor, and that excess of GM3
promotes dissociation of the insulin receptor from caveolae, a location which is
essential for signal transduction (Kabayama et al., 2007). 
The value of pharmacological lowering of excessive ganglioside to improve insulin
sensitivity has recently been demonstrated. Holland and coworkers reported that
inhibition of the synthesis of ceramide, the precursor of glycosphingolipids,
markedly improves glucose tolerance and prevents the onset of diabetes in obese
rodents (Holland et al., 2007). Zhao et al. demonstrated that inhibition of the first
step in biosynthesis of glycosphingolipids catalyzed by glucosylceramide synthase
exerts beneficial effects. The inhibitor (1R,2R)-nonanoic acid[2-(2,3-dihydro-benzo
[1,4] dioxin-6-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt
(Genz-123346) lowered glucose and HbA1C levels and improved glucose
tolerance in insulin resistant rodents (Zhao et al., 2007). Finally, AMC researchers
showed that treatment of various rodent models of insulin resistance with the aza-
sugar N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM), a
well tolerated potent inhibitor of glucosylceramide synthase, very markedly
lowered circulating glucose levels, improved oral glucose tolerance, reduced
HbA1C, and improved insulin sensitivity in muscle and liver (Aerts et al., 2007). 
Entirely consistent with a role for the ganglioside GM3 in insulin resistance are
recent findings with Gaucher patients. The increased concentrations of GM3 in
plasma and tissue of Gaucher patients coincide with the occurrence of insulin
resistance in these individuals (Ghauharali et al., 2008; Langeveld et al., 2008a;
Langeveld et al., 2008b). Overt hyperglycaemia does however not occur in
affected Gaucher patients, probably because of increased glucose consumption
by the vast amounts of macrophages. Following rapid removal of storage
macrophages by enzyme replacement therapy, overweight and type 2 diabetes
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are more frequently encountered among Gaucher patients (Langeveld et al.,
2008b). The final chapters of this thesis (addenda I and II) deal with gangliosides,
insulin resistance and type 2 diabetes. 
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OUTLINE OF THE THESIS
This thesis deals primarily with fundamental studies on the features and origin of
mammalian chitinases. 

Chapter 2 reviews in depth various facets of chitinase biology and biochemistry.

In Chapter 3, attention is focused to the physiological function of chitotriosidase.
Its cellular origin and secretion in response to various biochemical stimuli are
reported. Evidence from in vitro and in vivo studies is presented that substantiates
a fungistatic role for chitotriosidase.

In Chapter 4, the common occurrence and consequence regarding enzymatic
features of a G102S substitution in chitotriosidase is reported. 

Chapter 5 deals with the molecular evolution of chitinases. Light is shed on the
origin of the chitinase protein family with implications for chitinase-related
biomedical research using model organisms.

Chapter 6 elaborates on species differences in chitinase expression between
mouse and man. Tissue specific expression of chitinases has been studied in
detail, revealing important differences that need to be taken into account when
extrapolating results obtained in mice to human physiology.

Chapter 7 describes a novel method of measuring chitinase activity using chito-
oligosaccharides as substrates. The improved assay offers far higher sensitivity
than previously employed assays, facilitating chitinase detection and
characterization.

In Chapter 8, structural features of the mammalian acidic chitinase, AMCase, are
described. Modelling of the protein structure combined with molecular dynamic
simulation and mutagenesis revealed the importance of subtle structural
differences among chitinases.

Chapter 9 offers a comparison between enzymatic properties of chitinases of
three species. Inter-species differences are described. Furthermore, it was
assessed whether, due to a phenomenon known as transglycosylation, the
proteins can be exploited for synthetic purposes.

Chapter 10 provides a summary and discussion of the various investigations on
chitinases. 
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The thesis contains two additional chapters that are not related to chitinases, but
concern other topics. 

Addendum 1 describes a novel method for visualizing gangliosides present on
the cell surface. 

Addendum 2 deals with a post-translational protein modification, serine/threonine
O-GlcNAcylation, that has been implicated in type II diabetes. 
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ABSTRACT
Gaucher disease (GD) is the most common lysosomal storage disorder and is
caused by inherited deficiencies of glucocerebrosidase, the enzyme responsible
for the lysosomal breakdown of the lipid glucosylceramide. GD is characterized by
the accumulation of pathological, lipid laden macrophages, so-called Gaucher
cells. Following the development of enzyme replacement therapy for GD, the
search for suitable surrogate disease markers resulted in the identification of a
thousand-fold increased chitinase activity in plasma from symptomatic Gaucher
patients and that decreases upon successful therapeutic intervention. Biochemical
investigations identified a single enzyme, named chitotriosidase, to be responsible
for this activity. Chitotriosidase was found to be an excellent marker for lipid laden
macrophages in Gaucher patients and is now widely used to assist clinical
management of patients. In the wake of the identification of chitotriosidase, the
presence of other members of the chitinase family in mammals was discovered.
Amongst these is AMCase, an enzyme recently implicated in the pathogenesis of
asthma. Chitinases are omnipresent throughout nature and are also produced by
vertebrates in which they play important roles in defence against chitin-containing
pathogens and in food processing. 

I. INTRODUCTION
In lysosomal storage diseases (LSD’s), accumulation within lysosymes takes
place of material that cannot be degraded in the organelle or of degradation
products that cannot be transported out of the organelle, giving rise to numerous
biochemical and physiological abnormalities. Investigations into the molecular
basis of these diseases have generally followed the same approach. Firstly, the
nature of the lysosomal storage material is identified. Secondly, the defect in
metabolism is determined, followed by the identification of the deficient protein.
Lastly, mutations in the genome causing the deficiencies are determined, allowing
for genetic screening of individuals showing characteristics of one of the LSD’s.
For most of these diseases, the stages have all been accomplished, opening the
possibility of therapeutic intervention by replacement of the deficient protein.
For Gaucher disease (GD), the most common lysosomal storage disorder caused
by deficiencies in glucosylcerebrosidase, enzyme replacement therapy (ERT) has
indeed proven to be successful and hence has served as a model for other LSD’s.
Gaucher disease (GD) is the most common lysosomal storage disorder and is
caused by inherited deficiencies of glucocerebrosidase, the enzyme responsible
for the lysosomal breakdown of the lipid glucosylceramide. The clinical features of
the disease were first described in detail by Philip E. Gaucher more than a century
ago and the identification of glucosylceramide (glucocerebroside) as the primary
storage material in Gaucher disease was accomplished early last century. GD is
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characterized by the accumulation of pathological, lipid laden macrophages, so-
called Gaucher cells. Biochemical investigations into the biochemical
abnormalities in GD have led to valuable insights linking abnormal lipid
metabolism to cellular responses of all sorts, although the molecular mechanisms
behind these responses often remain to be determined. Among the findings was
an enormous increase in chitinase activity in plasma of patients suffering from GD,
providing an alternative biomarker which has proved to be of important value in the
clinical management of the disease. Biochemical investigations identified a single
enzyme, named chitotriosidase, to be responsible for this activity and an excellent
marker for lipid laden macrophages in Gaucher patients. Chitinases are
omnipresent throughout nature and are also produced by vertebrates in which
they play important roles in defence against chitin-containing pathogens and in
food processing. This review focuses on the features and functions of chitinases
with emphasis to the mammalian enzymes. In addition, a recently discovered
alternative biomarker of Gaucher cells, the chemokine CCL18, is discussed.

II. LYSOSOMAL STORAGE DISORDERS AND GAUCHER DISEASE

A. INHERITED LYSOSOMAL STORAGE DISORDERS
The eukaryotic cell is characterized by the presence of numerous membrane-
enclosed compartments, of which a substantial part is dedicated to the transport,
secretion and degradation of cellular macromolecules. Lysosomes are generally
considered to be endpoints of this so-called vacuolar system, in which the
degradation of macromolecular compounds into their building blocks takes place.
Functional lysosomes are indispensable for normal turn-over of basic cellular
metabolites. The physiological importance of lysosomes is illustrated by a group of
inherited diseases in which deficiencies in one or more catabolic pathways exist:
the lysosomal storage disorders. Many of the lysosomal storage disorders are
caused by an inherited defect in a single lysosomal hydrolase or cofactor.
Lysosomal storage of natural compounds may also occur due to a defect in a
specific translocator in the lysosomal membrane. For most lysosomal diseases the
defective protein and the corresponding gene have now been characterized and
appropriate diagnostic assays have been developed (reviewed in Meikle et al.,
2004; Vellodi, 2005).

B. GAUCHER DISEASE
The most frequently encountered inherited lysosomal storage disorder in man is
glucosylceramidosis, better known as Gaucher disease. The clinical features of
the disease were first described in detail by Philip E. Gaucher more than a century
ago (Gaucher, 1882). The identification of glucosylceramide (glucocerebroside) as
the primary storage material in Gaucher disease was accomplished early last
century (Aghion, 1934). Glucosylceramide is the common intermediate in the
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degradation of gangliosides and globosides which takes place intralysosomally by
the stepwise action of exoglycosidases. In 1965 Patrick and Brady et al. showed
independently that the primary defect in Gaucher disease is a marked deficiency
in activity of the lysosomal enzyme glucocerebrosidase (Brady et al., 1965;
Patrick, 1965). This hydrolase (also known as acid β-glucosidase or
glucosylceramidase, EC 3.2.1.45) catabolizes glucosylceramide to ceramide and
glucose. 

PATHOLOGY
The clinical presentation of Gaucher disease is quite heterogeneous with respect
to age of onset, nature and progression of the symptoms, a phenomenon that is
also seen in some of the other lysosomal storage disorders. Historically a
distinction is made between three variants based on clinical features. The main
difference among the three types is the occurrence and progression of
neurological complications (Sidransky, 2004; Cox and Schofield, 1997). The non-
neuronopathic form of GD, referred to as type 1 GD, is by far the most common.
The incidence of this variant world-wide is about 1 in 50.000-200.000 births
(Gieselmann, 1995). A markedly increased incidence exists in Ashkenazi Jewish
populations (Beutler and Grabowski, 2001). The age of onset and course of the
disease varies enormously within this phenotype. Clinical representation can
occur at any age; the disease may manifest itself within the first years, but hardly
symptomatic individuals above the age of 70 have also been described. The major
symptoms in type 1 GD result from lipid-laden macrophages in specific tissues,
causing gross enlargement of spleen and liver (hepatosplenomegaly),
displacement of normal bone marrow cells and damage to the bones (Beutler and
Grabowski, 2001). The acute neuronopathic manifestation of Gaucher disease is
called type 2. This variant of the disease is very rare, and without ethnic
predisposition. The average age of onset of severe hepatosplenomegaly is about
3 months, which is rapidly accompanied by progressive neurological
complications, being usually lethal within the first two years of life (Barranger and
Ginns, 1989; Beutler and Grabowski, 2001). Type 3, a subacute neuronopathic
form of GD, is also relatively rare and occurs panethnically. The neurological
symptoms of this type are similar to those observed in type 2 GD, but with a later
onset and lesser severity. More recently it has become clear that a complete lack
of glucocerebrosidase activity results in the so-called collodion baby phenotype
characterized by ichtyotic skin (Sidransky, 2004).

GENETICS
During the last decades the precise nature of genetic lesions that underlie
Gaucher disease have been identified by analysis of the glucocerebrosidase gene
(Beutler and Grabowski, 2001). Numerous distinct mutations in the
glucocerebrosidase gene have been identified (Beutler and Gelbart, 1997;
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Horowitz and Zimran, 1994). Most of these mutations are rare and some of them
have only been found in one family. Not all the mutant glucocerebrosidases have
been expressed and subsequently characterized; therefore some of the claimed
mutations may in fact prove to be polymorphisms. Six mutant alleles account for
more than 95% of the defective glucocerebrosidase alleles in the Ashkenazi
Jewish Gaucher patient population and about 70% of the mutant alleles in the
various non-Jewish Caucasian Gaucher patient populations (Horowitz and
Zimran, 1994). The most prevalent mutation in Jewish as well as non-Jewish
Caucasian populations is the N370S mutation, the result of an adenine to guanine
substitution at cDNA position 1226 (Tsuji et al., 1988). This mutation leads to the
synthesis of normal amounts of enzyme that is routed normally to lysosomes
(Ohashi et al., 1991). However, the N370S enzyme is abnormal in catalytic
features. Under most conditions its specific activity is ten fold lower that normal.
However, at sufficiently acidic pH and in the presence of activator protein the
N370S mutant glucocerebrosidase shows a considerable residual activity (van
Weely et al., 1993). Homozygosity or heterozygosity for this allele seems to
preclude the development of neurological symptoms, and is therefore always
associated with the type 1 form of the disease (Tsuji et al., 1988; Beutler and
Grabowski, 2001). It has been shown that a large part of the N370S homozygotes
have such a mild form of the disease that they do not seek medical advice and
remain therefore undiagnosed, the so-called asymptomatic patients (Aerts et al.,
1993). The second most frequent mutation is the L444P mutation, often resulting
in neurological symptoms in homozygotes. Unlike the N370S protein, this mutation
appears to result in impaired trafficking and priming for degradation in the ER
(Ohashi et al., 1991). Less is known about the molecular consequences of other
mutations in the glucocerebrosidase protein and particular their effects on
phenotypic expression of Gaucher disease. It is important to stress in this
connection that although some relation may exist between particular genotypes
and phenotypes, clinical manifestations can differ markedly within the same
genotype. Phenotypically discordant identical twins with Gaucher disease have
been documented (Cox and Schofield, 1997; Lachmann et al., 2004). Such twin
studies and the poor predictive power of phenotype-genotype investigations in
Gaucher disease have clearly pointed out that epigenetic factors also play a key
role in Gaucher disease manifestation (Aerts et al., 1993).

GAUCHER CELLS
Although glucocerebrosidase activity is reduced in all cell types of Gaucher
patients, the lysosomal storage of glucosylceramide is restricted to cells of the
monocyte/macrophage lineage, at least in the type 1 variant. Although the precise
source of the lipid is not known, it has been speculated that a large portion is
derived from membranes of phagocytosed red and white blood cells, explaining
the predominant lipid accumulation in macrophages (Parkin and Brunning, 1982;
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Naito et al., 1988). The glucosylceramide-laden cells show a characteristic
morphology with an eccentric nucleus and a “wrinkled tissue paper” like
appearance due to the massive presence of lipid in tubular deposits. These
storage cells are called Gaucher cells and are present in various locations,
predominantly the bone marrow, spleen, liver and parenchyma of lymph nodes.
The massive accumulation of storage cells in tissues causes abnormalities in
architecture and function. In the bone marrow displacement of the normal
haematopoietic cells gradually occurs, promoting pancytopenia. In other tissues,
infiltration of Gaucher cells may lead to fibrosis, infarction, necrosis and scarring.
The sheer presence of storage cells probably does not fully explain the entire
pathology of Gaucher disease. Despite their abnormal large, swollen appearance
Gaucher cells are not inert storage containers, but are metabolically active cells
that are able to produce and secrete proteins that drive pathophysiological
processes. 
Gaucher cells, although originating from common tissue macrophages, have a
specific phenotype. Based on their phenotype and immune function two main
types of macrophages are generally distinguished: classically and alternatively
activated macrophages. Classically activated macrophages promote inflammatory
responses, whereas alternatively activated macrophages exert anti-inflammatory
responses (Goerdt and Orfanos, 1999; Gordon, 2003; Mantovani et al., 2004). In
situ analysis of Gaucher spleen sections has revealed that the Gaucher cells
resemble alternatively activated macrophages. Gaucher cells express high levels
of lysosomal acid phosphatase, HLA class II, CD68, the scavenger/lipid receptor
CD36 and signal-regulatory protein (SIRP) alpha. Gaucher cells mainly stain
positive for CD14, but fail to show CD11b expression. Typical pro-inflammatory
molecules such as interleukin IL-1beta, IL-1 alpha, IL-12p40, tumor necrosis factor
(TNF) alpha, interferon (IFN) gamma and MCP-1 were not expressed. Gaucher
cells strongly express IL-1Ra and CCL18, which are typical markers of
alternatively activated macrophages (Boven et al., 2004). Histochemical analysis
of Gaucher spleen sections has revealed that storage lesions are characterized by
a core of mature, alternatively activated, Gaucher cells surrounded by pro-
inflammatory macrophages that have apparently been recruited to the lesions.

PATHOPHYSIOLOGY
It is generally believed that the complex mixture of factors, like cytokines and
hydrolases, originating from storage cells themselves or from surrounding
classically activated macrophages contributes to the characteristic
pathophysiology of Gaucher disease. 
The activities of several common lysosomal hydrolases have been reported to be
elevated in Gaucher disease. As early as 1956 increased activity of tartrate
resistant acid phosphatase (TRAP) in plasma of type 1 Gaucher patients has been
reported (Tuchmann et al., 1956). Further studies showed that the increased
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activity was due to elevations in the isoenzyme 5B (Lam and Desnick, 1982). The
finding of increased TRAP activity was followed by reports on the presence of
several lysosomal enzymes in plasma as well as tissue samples (Ockerman and
Kohlin, 1969; Moffitt et al. , 1978). The elevated acid phosphatase has been used
as a diagnostic marker prior to the identification of the genetic defect in Gaucher
disease. Later it was suggested that the levels of beta-hexosaminidase A and B
could be used to screen for Gaucher disease in Ashkenazi Jews that underwent
testing for Tay-Sachs disease carriership, since Gaucher patients had clear
elevations in beta-hexosaminidase B, while beta-hexosaminidase A was relatively
low (Nakagawa et al., 1983). However, further studies highlighted the marked
heterogeneity in these enzyme activities, making this test unreliable for screening
purposes (Natowicz et al., 1991). The source of these elevated hydrolases is most
likely Gaucher cells or their macrophage precursors. Immunohistochemical
studies have indeed shown that TRAP can be localized to the storage cells and
surrounding activated macrophages in the spleen (Hibbs et al., 1970; Boven et al.,
2004). Differential gene expression techniques applied to Gaucher spleen
samples have identified increased levels of cathepsins S, C and K and again with
immunohistochemical staining these hydrolases were found to originate from the
Gaucher cells (Moran et al., 2000). Two other commonly elevated hydrolase
activities in Gaucher patients deserve specific mention. Serum angiotensin-
converting enzyme (ACE) levels are known to be often increased, ranging from
near normal to more than ten-fold the control median (Lieberman et al., 1976;
Silverstein et al., 1980). Increased levels of lysozyme activity have also been
documented (Silverstein and Friedland, 1977). Although many attempts have been
made to relate the elevated levels of hydrolases to specific pathology in Gaucher
disease or disease severity in general, no direct relationship has been established.
Especially cathepsin K, which is reported to have a pathogenetic role in osteolysis,
and TRAP, which is known to be secreted by osteoclasts, have been implicated in
the pathophysiology of Gaucher bone disease (Moran et al., 2000).
A variety of cytokines is produced by Gaucher cells and their surrounding
phenotypically diverse macrophages (Boven et al., 2004). Michelakakis and
coworkers were the first to report on elevated levels of TNF-alfa in plasma of type
2 and 3 Gaucher patients, and to a lesser extent in samples from type 1 Gaucher
patients (Michelakakis et al., 1996). Allen and co-workers could not confirm the
finding of elevated plasma TNF-alfa in type 1 Gaucher disease, but did observe
increases in IL-6 and IL-10 (Allen et al., 1977). In another study, Hollak and
coworkers did neither detect consistent elevated TNF-alpha or IL-6 in plasma of
type 1 Gaucher patients studied (Hollak et al., 1997). The same study, however,
revealed that IL-8 can be markedly increased in plasma of type 1 Gaucher
patients. Very recently, analysis of plasma levels of TNF-alpha and genotyping for
the -308 G—>A polymorphism in the promoter of the TNF-alpha gene was
performed in 17 patients with type I Gaucher disease. A significant correlation was
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found between serum TNF-alpha levels and TNF-alpha genotypes for
homozygotes versus heterozygotes patients (p = 0.02), with patients homozygous
for the polymorphism having the lower levels of serum TNF-alpha (Altarescu et al.,
2005). Polymorphisms in promoter regions of the TNF-alpha (and IL-6) gene may
help to explain the heterogeneous findings on plasma elevations of these pro-
inflammatory cytokines in type 1 Gaucher patients. A low-grade inflammatory
profile has been identified in Gaucher disease. In comparison to a multivariable
database from healthy controls, patients with Gaucher disease had significant
elevations in fibrinogen, accelerated erythrocyte sedimentation rate and elevated
C-reactive protein (Rogowski et al., 2005). The authors pointed out that these
parameters were not influenced by enzyme therapy, which might imply that these
abnormalities are not directly related to the stored glycolipids but could be the
result of cytokine or chemokine release. Increased levels of macrophage colony
stimulating factor (M-CSF), 2- to 5-fold above normal, have been observed in
plasma of most Gaucher patients (Hollak et al., 1997). In addition, plasma of many
Gaucher patients contains up to sevenfold increased concentrations of the
monocyte/macrophage activation marker soluble CD14 (sCD14). This finding
supports the idea that activation of monocytes/macrophages occurs in
symptomatic Gaucher patients. Another marker for macrophage activation is
soluble CD163 (sCD163). Increased concentrations have been measured in
patients with infection and myeloid leukemias. The sCD163 plasma levels in type
1 Gaucher patients were found to be far above the levels in normal subjects
(Moller et al., 2002; Moller et al., 2004).

THERAPY
The concept of treating lysosomal storage disorders by supplementation with the
missing enzyme was proposed by De Duve already in 1964, following his
discovery of lysosomes (De Duve, 1964). Especially type 1 Gaucher disease is an
attractive candidate for such a therapy, since the target cell is the macrophage and
there is no neurological involvement. Most cell types have specific receptors by
which they can internalize specific ligands by receptor-mediated endocytosis,
followed by their efficient delivery to lysosomes. One such receptor on
macrophages is the so called mannose receptor, which recognizes mannose,
fucose and N-acetylglucosamine terminal oligosaccharides on glycoproteins
(Lennartz et al., 1987). In the first attempts with enzyme supplementation therapy
for Gaucher patients, purified placental glucocerebrosidase was administered
intravenously. This enzyme preparation was found to result in a reduction of
glucosylceramide storage in the liver, without any major clinical improvement
(Brady et al., 1974; Furbish et al., 1978). It was found that the placental enzyme
which contains variably sialylated, complex type N-linked glycans was largely
taken up by cells expressing the asialo-glycoprotein receptor, like hepatocytes.
This led to the idea that macrophages might be more selectively reached by

41

GA
UC

HE
R

DI
SE

AS
E: 

TH
E

CR
AD

LE
OF

HU
MA

N
CH

IT
IN

AS
ES

CH
AP

TE
R 

2

chapter 2.qxp  18-11-2008  16:46  Pagina 41



modifying the oligosaccharide chains in the placental enzyme, by enzymatically
exposing the covered mannose residues (Furbish et al., 1981). This concept
resulted in the development of alglucerase (Ceredase, Genzyme Corporation,
MA). The effect of intravenous administration of the modified glucocerebrosidase
was studied in a group of type 1 Gaucher patients (Barton et al., 1990; Barton et
al., 1991). In general, upon enzyme therapy a marked reduction of liver and spleen
size occurs, accompanied by improvement of haemoglobin levels and platelet
counts. Skeletal improvement is less prominent, and lags clearly behind the
improvement in the other symptoms. In the mid-nineties, Ceredase was replaced
by treatment with recombinant produced glucocerebrosidase from CHO cells
(Cerezyme, Genzyme Corporation, MA), with similar therapeutic results
(Grabowski et al., 1995). Enzyme replacement therapy (ERT) has also been tried
for neuronopathic Gaucher disease. In the case of type 2 Gaucher patients the
results have not been positive. Visceral improvements occurred in these patients,
but there was no effect on the lethal neuropathology (Erikson et al., 1993). In
contrast, positive results have been obtained for type 3 Gaucher patients. Again a
marked improvement in visceral signs has been noted as well as arrest of
neurological deterioration and even in some cases signs of neurological
improvements. It seems to be recommendable to initiate therapy in these patients
prior to the onset of neuropathology (Vellodi et al., 2001).
An alternative approach for therapeutic intervention of type 1 Gaucher and other
glycosphingolipidoses is substrate reduction therapy (SRT; also termed substrate
deprivation therapy). Radin and coworkers firstly formulated the challenging
concept (see for a review Radin, 1996). The approach aims to reduce the rate of
glycosphingolipid biosynthesis to levels which match the impaired catabolism. It is
conceivable that patients who have a significant residual lysosomal enzyme
activity can gradually clear lysosomal storage material and therefore should profit
most from reduction of substrate biosynthesis.
Two main classes of inhibitors of glycosphingolipid biosynthesis have presently
been described, both of which inhibit the ceramide-specific glucosyltransferase,
(also termed glucosylceramide synthase; GlcT-1; UDP-glucose: N-
acylsphingosine D-glucosyl-transferase, EC 2.4.1.80). The enzyme catalyzes the
transfer of glucose to ceramide, the first step of the biosynthesis of
glycosphingolipids. The first class of inhibitors is formed by analogues of
ceramide. The prototype inhibitor is PDMP (D, L-threo-1-phenyl-2-decanoylamino-
3-morpholino-1-propanol). More specific and potent analogues have been
subsequently developed based on substituting the morpholino group for a
pyrrolodino function and by substitutions at the phenyl group: 4-hydroxy-1-phenyl-
2-palmitoylamino-3-pyrrolidono-1-propanol (p-OH-P4) and ethylenedioxy-1-
phenyl-palmitoylamino-3-pyrrolidino-1-propanol (EtDo-P4) (Shayman et al., 2004).
Studies in a knock out mouse model for Fabry disease have shown that oral
administration of the compounds can result in a marked reduction of the
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accumulating glycosphingolipid globotriaosylceramide. The second class of
inhibitors of glucosylceramide synthase is formed by N-alkylated iminosugars.
Such type of compounds were already in common use as inhibitors of N-glycan
processing enzymes and the potential application of N-butyldeoxynojirimycin as
HIV inhibitor had been studied in AIDS patients. Platt and Butters at the
Glycobiology Institute in Oxford were the first to recognize the ability of N-
butyldeoxynojirimycin to inhibit glycosylceramide synthesis at low micromolar
concentrations (Platt et al., 1994). The same researchers demonstrated in knock
out mouse models of Tay–Sachs disease significant reductions in
glycosphingolipid storage in the brain (Platt et al., 1997). Preclinical studies in
animals and the previous clinical trial in AIDS patients have indicated (transient)
adverse effects in the gastrointestinal tract, probably related to the ability of NB-
DNJ to inhibit disaccharidases on the intestinal brush border. Overkleeft and
coworkers in their search for inhibitors of glucosidases have serendipitously
developed a more potent inhibitor of glucosylceramide synthase. Adamantane-
pentyl-deoxynojirimycin (AMP-DNM) was found to inhibit glycosphingolipid
biosynthesis at low nanomolar concentrations (Overkleeft et al., 1998) and able to
prevent globotriaosylceramide accumulation in a Fabry knock out mouse model
without overt side effects (Aerts, unpublished observation).
The first clinical study of the use of N-butyldeoxynojirimycin (NB-DNJ) to treat a
glycosphingolipid storage disorder has been reported recently (Cox et al., 2000).
In an open-label phase I/II trial 28 adult type 1 Gaucher patients received three
times daily 100 mg NB-DNJ (OGT918; Oxford GlycoSciences). Improvements in
visceromegaly and haematological abnormalities as well as corrections in plasma
levels of glucosylceramide and biomarkers of Gaucher disease activity have been
described, although the extent of the response is less spectacular than generally
observed with high dose enzyme replacement therapy. As expected, a dose-
response relationship is demonstrable for NB-DNJ in type 1 Gaucher patients. It
has been reported that administration of three times daily 50 mg NB-DNJ is far
less effective (Heitner et al., 2002). NB-DNJ (Zavesca, Actelion) is now registered
in Europe and the U.S.A. for treatment of mild to moderately affected type 1
Gaucher patients that are unsuitable to receive enzyme replacement therapy (Cox
et al., 2003). Presently, important insights are gained regarding clinical efficacy
and safety. The sustained effects of prolonged substrate reduction therapy have
recently been reported (Elstein et al., 2004; Pastores et al., 2005). Provided that
iminosugars or other inhibitors of glucosylceramide synthase prove to be safe in
the long term, they should have an important role to play in the management of
glycosphingolipid storage disorders, including Gaucher disease.

BIOMARKERS
With the development of ERT and SRT, and because of the limited predictive value

43

GA
UC

HE
R

DI
SE

AS
E: 

TH
E

CR
AD

LE
OF

HU
MA

N
CH

IT
IN

AS
ES

CH
AP

TE
R 

2

chapter 2.qxp  18-11-2008  16:46  Pagina 43



of genotyping in Gaucher disease, an urgent need developed for surrogate
markers of Gaucher cells. Such biomarkers would allow accurate monitoring of the
progress of the disease and efficacy of therapy. The ideal biomarker is detectable
in plasma and directly reflects the presence of storage cells. Although
abnormalities in levels of tartrate resistant acid phosphatase (TRAP), angiotensin-
converting enzymes, hexosaminidase and lysozyme have all been reported, none
of these enzymes appear to meet this criterion (reviewed in Aerts and Hollak,
1997). Overlap between levels of these enzymes in patients versus controls
further restricts their use as biomarkers in Gaucher disease.

DISCOVERY OF CHITOTRIOSIDASE
In an attempt to identify novel secondary biochemical abnormalities, a thorough
screening of plasma enzyme activities in plasma of symptomatic individuals
versus a variety of substrates was conducted. This led to the discovery of a
thousand-fold increased capacity of plasma samples from symptomatic Gaucher
patients to hydrolyse the fluorogenic substrate 4-methylumbelliferyl–chitotrioside
(Hollak et al., 1994). The responsible enzyme was named chitotriosidase. Further
studies revealed that plasma chitotriosidase originated solely from the lipid-laden
macrophage. As a result of this, chitotriosidase activity levels do not reflect one
particular clinical symptom, but rather reflect the total body burden on Gaucher
cells. Although chitotriosidase activity can be rapidly and sensitively measured
using 4-methylumbelliferyl-chitotrioside as substrate, the ability of the enzyme to
transglycosylate complicates the enzyme assay. As later discussed in more detail
(in section IV.D), the use of a slightly modified substrate provides a much more
convenient method for measuring activity of chitotriosidase (Aguilera et al., 2003;
Aerts et al., 2005). 
As can be seen from figure 1, chitotriosidase activities are greatly increased in
glucocerebrosidase deficient individuals compared to controls, without overlap of
values between the cohorts. Strikingly, chitotriosidase values drop sharply upon
ERT, coinciding with clinical improvements (Hollak et al., 1994). To assess the
utility of chitotriosidase activity measurements as a biomarker for treatment
efficacy, the relationship between and clinical parameters has been studied
(Hollak et al., 2001). On the basis of this investigation, it has been proposed that
in patients in whom initiation of treatment is questionable, based solely on clinical
parameters, a chitotriosidase activity above 15 000 nmol/ml/hour may serve as an
indicator of a high Gaucher cell burden and an indication for the initiation of
treatment. A reduction of less than 15% after one year of treatment should be a
reason to consider a dose increase. Furthermore, a sustained increase in
chitotriosidase at any point during treatment should alert the physician to the
possibility of clinical deterioration and the need for dose adjustment, and hence
are of great potential in both diagnosis and monitoring of the disease. The regular
monitoring of plasma chitotriosidase levels in Gaucher patients is presently used
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world wide to assist in clinical management of these patients (Deegan and Cox,
2005; Deegan et al., 2005; Vellodi et al., 2005; Cabrera-Salazar et al., 2004).
A pitfall regarding the use of chitotriosidase as Gaucher cell biomarker results from
the complete absence of the chitotriosidase activity in about 6 % of all individuals,
including Gaucher patients. This results from homozygosity for a null allele of the
chitotriosidase gene (Boot et al., 1998). Plasma chitotriosidase levels in
heterozygotes for this mutation (about 35 % of all individuals) underestimate the
actual presence of Gaucher cells in patients. Determination of chitotriosidase
genotype in Gaucher patients is therefore recommended.
Although plasma chitotriosidase activity is now the most used biomarker in GD,
there is still need for other biomarkers foremost because of the high incidence of
deficiency. Recently a marked elevation has been described of the chemokine
CCL18 in GD (described in the final chapter). Since both chitotriosidase and
CCL18 do not reflect a specific clinical symptom but rather total body storage
burden, the search for suitable symptom-specific biomarkers remains the subject
of ongoing research.
The identification in Gaucher patients of chitotriosidase, the first chitinase
discovered in vertebrates, has stimulated clinical and fundamental research
interest in this endoglycosidase and in subsequently discovered related proteins.
In the next chapters attention is focused to the features and functions of the
intriguing chitinase protein family. 

Figure 1. Plasma chititriosidase levels in GD type 1 versus controls, showing the relationship between chitotriosidase
activity and genotype in patients and controls.
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III. CHITINASES

A. CHITIN AND CHITINASES
In this section the occurrence and synthesis of chitin as well as its degradation by
chitinases is reviewed. 

OCCURRENCE AND SYNTHESIS OF CHITIN
Polysaccharides are present in most organisms for structural purposes. Chitin, the
linear polymer of β-1,4-linked β-N-Acetyl-glucosamine (GlcNAc), is the most
abundant biopolymer in marine environments and, after cellulose, the second
most abundant in nature. Chitin is an insoluble polymer of considerable
mechanical and chemical strength, mostly due to hydrogen bonding between the
>NH group and the >C=O group of the N-acetyl groups of aligning chains (figure
2). A common modification of chitin, de-acetylation to form chitosan, therefore
considerably reduces its physicochemical resilience. Hydrophobic stacking
interactions between carbon-bound hydrogen atoms (not shown in figure 2) further
stabilizes the alignment of the chains. Chitin exists in three crystalline forms: α, in
which the chains align parallel, β in which the chain alignment is anti parallel, and
γ: a mixture of α and β. The properties of chitin are ideal for serving as coating in
a variety of organisms, in which chitin is often covalently bound to other
glycopolymers. An example of this is the cell wall of many fungi, in which chitin is
covalently bound to α-glucan (Debono and Gordee, 1994). Quantitatively, most
chitin is present in arthropods (a phylum that includes crabs, lobsters, the extinct
trylobite, spiders and insects) that utilize chitin as the main constituent of their
exoskeleton, protecting them from environmental influences and providing
structural support. Furthermore, chitin is present in algae and protists (reviewed in
Mulisch, 1993), in the septum between mother and daughter yeast cell (Cid et al.,
1995) and in the microfilarial sheaths of parasitic nematodes (Fuhrman and
Piessens, 1985; Araujo et al., 1993).

Figure 2. The chemical structure of chitin.

The sole substrate for chitin synthesis is UDP-GlcNAc, which is the endproduct of
the hexosamine biosynthetic pathway to which part of the glucose available is
diverted. Chitin synthases catalyze the stepwise addition of GlcNAc to a growing
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chain of chitin. Interest in chitin synthases has been considerable, partly due to the
fact that they are considered to be a potential target for pest control and the
development of antifungal agents (Cohen, 1990). Chitin synthases have been
identified and the corresponding genes have been cloned from a variety of
organisms, including Botrytis cinerea (Causer et al., 1994), Aspergillus fumigatus
(Mellado et al., 1995), Candida albicans (Mio et al., 1996) and various other fungi
(Bowen et al., 1992; Gow, 1994). One of the best studied organisms in this respect
is Saccharomyces cerevisiae that contains three distinct chitin synthase activities
encoded by 7 genes, all fulfilling different roles in yeast cell budding (Cid et al.,
1995; Bulawa, 1993; reviewed in Roncero, 2002). The presence of several chitin
synthase genes in a single fungal species is not uncommon, underlining the
complexity of chitin synthesis in fungi. 
Little information is available on the location of chitin synthesis, despite numerous
efforts to unravel the exact mechanism. Recent investigations have focused on the
existence of so-called chitosomes, centers of chitin synthesis eventually releasing
their cargo of small chitin molecules at the plasma membrane that can be
visualized using electron microscopy (Bracker et al., 1976, Leal-Morales et al.,
1988). However, chitin synthases are also incorporated into the plasma membrane
in insects (Locke and Huie, 1979; Zimoch and Merzendorfer, 2002), at the
interface between mother and daughter cell in S. cerevisiae (Chuang and
Schekman, 1996) and at the plasma membrane in yeast (Duran et al., 1979) as
has been determined using both EM and immuno-staining (reviewed in
Merzendorfer, 2005).
Chitin synthases belong to the large family of glycosyltransferases, a ubiquitous
group of enzymes catalyzing the transfer of sugar moieties to specific acceptors.
Based on sequence homology, chitin synthases have been grouped into family 2
of glycosyltransferases, a group with remarkable homology within its active site
sequence. In arthropods, the polymerization is believed to be initiated by a primer,
covalently bound to the enzyme. Although the identity of the primer is yet to be
identified, experimental evidence suggests that certain glycolipids, dolichol
derivatives, or chito-oligomers can serve as acceptors for GlcNAc (Quesada Allue
et al., 1975; Palli and Retnakaran, 1999; Horst, 1983). As a consequence of a
covalently linked primer, release of the chitin chain has to involve cleavage of the
bond linking the polymer and the enzyme.
Although the general consensus is that vertebrates are unable to synthesize chitin,
debate has focused on DG-42, a protein from Xenopus laevis that is differentially
expressed at gastrulation which shows sequence homology with fungal chitin
synthases. DG42 however also shows sequence homology with hyaluronan
synthase, the enzyme responsible for synthesis of hyaluronic acid, a common
biopolymer in vertebrates that acts as a lubricating agent in synovial fluid.
Hyaluronic acid is synthesized at the plasma membrane in contrast to most
glycoaminoglycans that are elongated in the Golgi-complex. It has been reported
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that mammalian cells, as well as S. Cerevisiae, transfected with DG42 cDNA are
able to synthesize high molecular weight hyaluronic acid (Meyer and Kreil, 1996).
Surprisingly, it has also been shown that DG42 in vitro can synthesize chito-
oligomers up to 6 GlcNAc residues in size (Semino and Robbins, 1995). This was
confirmed for the DG42 homologs of zebrafish and mouse, two proteins that are
also differentially expressed during embryogenesis (Semino et al., 1996). Since,
to date, only in vitro evidence is available regarding the synthesis of chito-
oligomers by DG42, the possibility of an experimental artifact cannot be excluded.
Alternatively, it has been proposed that DG42 is an enzyme that produces chito-
oligomers that are subsequently used as primers for the synthesis of hyaluronic
acid (Varki, 1996). It might be considered that, even though chitin synthase-like
proteins are present in vertebrates and plants allowing for chito-oligomers to be
synthesized, cell physiology does not allow the subsequent extension to longer
strands.

CHITINOLYTIC ENZYMES
The degradation of chitin is mediated by chitinolytic hydrolases among which a
number of distinct enzymes with different specificities can be identified. Firstly,
most organisms contain b-hexosaminidases that are able to remove the terminal
GlcNAc residue from the non-reducing end of the biopolymer (see figure 2 in
section II.A.1). Secondly, some eukaryotes contain a chitobiase that can remove
chitobiose from the reducing ends of intermediates in N-linked glycan degradation
and of chitin polymers (Gutowska et al., 2004; Charpentier and Percheron, 1983).
Finally, there are the chitinases that are able to cleave within the chitin polymer. A
distinction is made between two types of chitinases: the more common
endochitinases and exochitinases. Endochitinases are defined as enzymes
splitting hydrolyzing glycosidic bonds randomly within the chitin polymer, releasing
mainly soluble, low-molecular weight chito-oligomers (Sahai and Manocha, 1993),
whereas exochitinases catalyze the successive removal of chitobiose units from
the non-reducing end of chitin polymers (Robbins et al., 1988).

FUNCTIONS IN NON-VERTEBRATES
Chitinases have been detected in chitin-containing organisms and in species that
do not contain chitin, for example in a variety of bacteria, plants, vertebrates and
even viruses (Sahai and Manocha, 1993; Flach et al., 1992, Gooday, 1995).
Various biological functions have been attributed to the chitinases in the different
species.

Food processing
In marine environments alone, over 1011 metric tons of chitin is produced annually
(Lutz et al., 1994), resulting in the deposition of the biopolymer on the oceans floor,
a phenomenon referred to as “marine snow” in early literature. Despite this
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continuous deposition, only trace amounts of chitin are present in marine
sediments, due to chitinolytic activity of bacteria that are able to utilize chitin as
their only source of carbon and nitrogen (Gooday, 1996). 
Several chitinolytic bacterial species have been identified thus far, among which
species from Pseudomonas, Bacillus and Vibrio. The degradation process is
complex, owing to the insolubility of chitin and the need therefore to secrete
chitinases into the extracellular environment. Recently, a model has been
proposed for chitin degradation by Vibrio species involving subsequent
extracellular degradation of chitin by secreted chitinases, nutrient sensing,
chemotaxis and hydrolysis of chito-oligomers by the combined action of several
hydrolases, after which the monomer GlcNAc can be converted into fructose-6-
phosphate, NH3 and acetate in the cytosol (Li and Roseman, 2004).
In the chitinolytic soil bacterium Serratia marcescens a chitin binding protein which
lacks chitinase activity has recently been identified, which appears to be essential
for efficient hydrolysis of natural chitin (Vaaje-Kolstad et al., 2005). Interestingly,
homologues appear to exist in other chitin- hydrolyzing organisms, suggesting a
ubiquitous mechanism adopted to increase chitin processing efficiency involving
proteins other then chitinases. Several chitinolytic fungi have also been described
(reviewed in Gooday, 1995) that have an important role in recycling chitin in soil,
whereas only one archaeon has been described to date that utilizes chitin for
nutritional purposes and has been named Thermococcus chitinophagus (Huber et
al., 1995; Andronopoulou and Vorgias, 2004).
Insectivorous plants are known to employ chitinases for the digestion of a captured
prey (Gooday, 1990). Some vertebrates that prey on insects have chitinases in
their guts, presumably as tools for food processing (Flach et al., 1992; Gooday,
1995). In some cases however it is not clear whether these chitinases are of
endogenous origin, or alternatively are produced by the gut microflora. It has been
shown that fish without instruments as teeth or grinding gullets contain the highest
chitinase activity in their intestinal tract (Place, 1996; Holm and Sander, 1994),
presumably for nutritional purposes, as indicated by the ubiquitous presence of
chitobiases, allowing for complete degradation of chitin to absorbable nutritive
monomers of GlcNAc (Gutowska, 2004). However, for some species it has been
demonstrated that chitin is actually a poor nutrient (Lindsay et al., 1984). Seabirds,
for example, fed Antarctic krill, retain on average only half of the ingested chitin
(Place, 1996).

Host–parasite interaction
Owing to the chemical and mechanical resilience of chitin, several organisms have
evolved to utilize chitin synthesis as a means of internal and external
compartmentalization. In response however, pathogens of chitinous organisms
have adopted production of chitinases to aid the penetration of the host. Various
examples of bacteria and fungi that penetrate through chitinous barriers of the
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insect gut, the exoskeleton of insects and crustacea, employing chitinases, have
been described (Sahai and Manocha, 1993; Flach et al., 1992; Gooday, 1995;
Prehm, 1984; Flyg and Boman, 1988; Gooday, 1990). 
Blood sucking mosquitoes synthesize a chitinous peritrophic membrane (PM)
separating the bloodmeal from the midgut epithelium. Ookinetes of Plasmodium,
the malaria parasite, produces a chitinase in order to traverse this chitinous barrier
(Shahabuddin and Kaslow, 1993; Shahabuddin, 1995). The finding that its
inhibition by allosamidin blocks the sporogenic development of P. falciparum and
P. gallinaceum and consequently parasite transmission has gained considerable
attention because of its implication for possible therapeutic intervention in malaria
and has lead to the characterization of several Plasmodium chitinases (Vinetz et
al., 1999; Shen and Jacobs-Lorena, 1997, reviewed in Shahabuddin and Kaslow,
1994). 
Leishmania utilizes a similar mechanism (reviewed in Shahabuddin and Kaslow,
1993), however experimental evidence suggests that the PM in early stages of
infection is in fact vital to survival of the parasite (Shahabuddin and Kaslow, 1994).
Transmission of Leishmania to a vertebrate host is dependent on disruption of the
chitinous stomodeal valve (the main valve that maintains the unidirectional blood
flow during normal feeding), causing infected blood to be regurgitated into the host
(Schlein et al., 1992; Schlein et al., 1991). 
In Brugia malayi, a presumed function of its chitinase is the formation of chito-
oligomers that act as decoy molecules for defense lectins present in the gut
(Furhman et al., 1992).
Interestingly, in Tsetse flies susceptibility to Trypanosoma is thought to be
dependent on the load of a symbiotic rickettsia-like organism (RLO) that secretes
chitinases producing the decoys (Shahabuddin and Kaslow, 1993; Welburn et al.,
1993).
For Entamoeba invadens, which infects reptiles and is used as a research model
for amoebic encystations, it has been shown that formation of chitinous cysts is
blocked by the chitinase inhibitor allosamidin, suggesting that its chitinase is
essential in the process of generating an infectious stage of these protozoan
parasites (Delavega et al., 1997).
Another spectacular example of the biological importance of a chitinase is
presented by Autographa californica nucleopolyhedro virus (Hawtin et al., 1995).
The chitinase encoded by the viral genome, its expression in the late stages of
viral replication in insects, mediates not only the penetration of chitinous barriers,
but also results in liquefaction of cadavers, a pathogenic effect that enhances the
dispersal of progeny virions. Deletion of the viral chitinase however results in dry
cadavers in which the viruses are largely contained (Rao et al., 2004).

Defense mechanisms
Most plants are able to produce chitinases that are implicated in the defense
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against chitin-containing organisms, mainly fungi and insects (Sahai and
Manocha, 1993; Flach et al., 1992; Gooday, 1995; Pirttila et al., 2002; Lee and
Hwang, 2005). Plant chitinases are prominent components of the plant
pathogenesis related (PR) proteins (reviewed in Kasprzewska, 2003), induced in
the presence of pathogens (or extracts of pathogens) and also after stress
induction by wounding or exposure to certain chemicals (Hamel and Bellemare,
1995; Taira et al., 2005). Another member of the PR proteins is β-1,3-glucanase,
which is generally co-induced with chitinase, resulting in synergistic lysis of fungal
cell wall that often contain both chitin and β-1,3-glucan (reviewed in Sahai and
Manocha, 1993; Flach et al., 1992). The importance of chitinases in plants for their
resistance against fungal infections has been demonstrated by decreased
susceptibility to fungi in plants overexpressing a recombinant chitinase (Jach et
al., 1995; Grison et al., 1996). Furthermore it has been reported that spraying of
plants with a chitinase-containing substance also results in decreased
susceptibility to fungal infection (Hart et al., 1993). 
Chitinases may also mediate a defense response indirectly by releasing chito-
oligomers that have been demonstrated to induce the expression of several other
proteins related to the defensive response, even in the absence of pathogens
(Hart et al., 1993; Felix et al., 1993; reviewed in Kasprzewska, 2003). 

Morphogenesis
In chitin-containing organisms chitinases fulfill obvious roles in morphogenic
processes involving their chitinous coatings. The various types of arthropods
utilize chitinolytic enzymes to digest chitin in their exoskeleton during molting
(Gooday, 1995; Gooday, 1990; Bassler et al., 1991), and nematodes during
hatching from their chitin-coated eggs (Shahabuddin and Kaslow, 1993; Schlein et
al., 1991; Arnold et al., 1993). Recently, a chitinase of Hydractinia echinata, a
member of the phylum Cnidaria (encompassing stinging jelly fish and corals), has
been shown to be differentially expressed during polyp formation (Mali et al.,
2004). 
A wealth of information is available concerning the involvement of chitinases in
morphogenic processes in chitinous fungi, where they are required for normal
growth, hyphal formation and spore germination (Barone et al., 2003; Sahai and
Manocha, 1993; Flach et al., 1992; Gooday, 1995; Gooday, 1990; Barret-Bee and
Hamilton, 1984; Zarain-Herzberg and Arroya-Begovich, 1983; Cabib et al., 1992).
The morphogenesis is a result of ongoing chitin synthesis and its degradation by
chitinases, allowing for continuous remodeling of chitin microfibrils (Sahai and
Manocha, 1993; Gooday, 1990). Despite this delicate balance, chitin synthesis
and chitinase activities in Candida albicans and Saccharomyces cerevisiae
appear to be independently regulated (Selvaggini et al., 2004). Most chitinous
fungi possess several chitinases, up to 14 for the human pathogen Aspergillus
fumigatus (Adams, 2004), adding to the complexity of the role of chitinases in
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fungi.
Interestingly, in plants that are thought to lack chitin a role for chitinases in
morphogenic processes has been postulated. The evidence for this is largely
based on the marked expression of chitinase genes during specific morphogenic
events such as flower formation (reviewed in Sahai and Manocha, 1993, and
Kasprzewska, 2003). Mutational studies in Arabidopsis thaliana have shown that
lack of a functional type II chitinase leads to severe phenotypic changes (Zhong et
al., 2002). Furthermore, in a temperature sensitive carrot mutant, blocked in the
embryonic globular stage, embryogenesis is rescued in the presence of a
chitinase (de Jong et al., 1993; de Jong et al., 1992; Kragh et al., 1996).
Although the mechanism behind these observations remains to be determined, it
has been proposed that the regulatory role of chitinases involves degradation of
oligosaccharides that can serve as messenger molecules (Kasprzewska, 2003).
Perhaps this occurs in a manner similar to the regulation of the nodulation process
in legume plants in which chitinases have been shown to hydrolyse lipochito-
oligosaccharides, so-called Nod factors (van der Holst et al., 2001; Day et al.,
2001). These factors are the major mediators in the symbiotic relationship
between legumes plants and certain soil bacteria (usually referred to as Rhizobia)
and are of major agricultural importance because of their role in nitrogen cycling
(reviewed in D’Haeze and Holsters, 2002 and Riely et al., 2004). 

B. BIOCHEMICAL FEATURES OF CHITINASES

DETECTION AND MEASUREMENT OF CHITINASE ACTIVITY
Analytical assessment of chitinase activity is hampered by the insolubility of chitin,
a problem which can be circumvented using radio-labelled colloidal chitin.
However, even when using this substrate, precise quantification is hampered by
the fact that enzymatic activity is not only dependent on the amount of radioactivity
liberated but also on the exact size of the fragments. As a convenient alternative
to colloidal chitin, fluorogenic and chromogenic substrates, such as 4-
methylumbelliferyl-chitooligosaccharides and p-nitrophenyl-chitooligosaccharides,
are readily available and generally employed to measure chitinase activity.
Although they allow for extremely sensitive detection, care must be taken to
extrapolate results to natural substrate kinetics, since enzymatic properties of
chitinases towards these artificial substrates may differ markedly (Renkema,
1997). An additional problem in measuring chitinase activity is caused by the
ability of many chitinases to transglycosylate (see section III.C.4).
When using colloidal chitin or chitooligosaccharides as substrates for chitinase
activity analysis, measurement of both quantity and size of the fragments is
possible with a technique in which the fragments liberated are chemically labeled
by reductive amination with a fluorescent compound, followed by analysis by
HPLC (Coles et al., 1985; Anumula and Dhume, 1998). This technique has been
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used to study transglycosylation by chitinases of mammalian origin (Bussink and
Ghauharali-van der Vlugt, manuscript in preparation).
Due to the fact that chitinases are active after separation on native PAGE gels,
enzymatic degradation of chitin can also be demonstrated using gels containing
glycol chitin, which appears in the gel as clearing zones that do not stain with
fluorescent brighteners as Calcofluor-White M2R (Trudel and Asselin, 1989;
Escott and Adams, 1995). Alternatively, overlay gels with fluorescent substrates
can be employed (Tronsmo and Harman, 1993).
An important tool for studying chitinase activity, both in vivo and in vitro, are the
specific inhibitors allosamidin and demethyl allosamidin (Nishihiro et al., 1991).
Allosamidin, originally isolated from Streptomyces sp (Sakuda et al., 1987), is a
structural analogue of the transition state intermediate and proved to be
particularly useful in elucidating the reaction mechanism of chitinases.

CLASSIFICATION
Because of the enormous variety of reactions catalyzed by glycoside hydrolases,
a prelimenary classification system of the superfamily was proposed by Bernard
Henrissat which was based on similarities in amino acid sequence, rather then on
substrate specificity (Henrissat, 1991). Due to the direct relationship between
sequence and folding properties, this classification also reflects structural
similarities and hence, reaction mechanism. Following the increase in available
sequence and structural data of glycoside hydrolases, the classification has been
revised several times (URL: www.expasy.ch/cgi-bin/lists?glycosid.txt), and has
been shown to allow for fairly accurate predictions (Henrissat et al., 1995),
although not always reflecting evolutionary relationships (Beintema, 1994). All
chitinases with the exception of several plant chitinases are grouped together in
family 18 of the glycoside superfamily, all of which contain the catalytic domain
consensus sequence: [LIVMFY]-[DN]-G-[LIVMF]-[DN]-[LIVMF]-[DN]-X–E (URL:
www.expasy.ch/prosite/PDOC00839), usually abbreviated to D-X-D-X-E. The
same family includes a number of eukaryotic chitobiases, involved in the
degradation of N-linked glycans from proteins, and bacterial
endoglucosaminidases capable of releasing entire glycans from glycoproteins. 
Family 18 of glycoside hydrolases does not only contain functional chitinases of
various species, it also encompasses a group of mammalian proteins sharing high
sequence homology with chitinases, especially chitotriosidase, yet lacking
chitinase activity. This can be explained from deviations from the consensus
sequence for active chitinases, D-X-D-X-E, since these proteins lack the
glutamate residue responsible for protonation of the glycosidic bond. However,
since the residues that allow for binding of the substrate are conserved, these
proteins are able to bind to chitin with considerable affinity and hence are named
chitinoses or chi-lectins. Because they are differentially expressed upon various
environmental and chemical stimuli and overexpressed in various pathologies,
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debate has arisen concerning their function, as will be discussed below in further
detail. 

REACTION MECHANISM
Although the reactions catalyzed by glycosyl hydrolases are diverse, their reaction
mechanisms are usually quite similar, following general acid-base catalysis
(Davies and Henrissat, 1995). A common feature of acid-base catalysis is the
presence of a nucleophilic residue, as is the case in lysozyme, for example. Such
a mechanism requires a negatively charged residue in the vicinity of the scissile
bond stabilizing the carbonium reaction intermediate. However, crystals structures
of several family 18 chitinases did not reveal such a residue (Rao et al., 1995; van
Roey et al., 1994; Hart et al., 1995). This observation, together with biochemical
evidence that hydrolysis by family 18 chitinases occurs with retention of
stereochemistry (Davies and Henrissat, 1995; Iseli et al., 1996; Armand et al.,
1994) led to the proposition of a substrate assisted mechanism, in which the N-
acetyl carbonyl group of the substrate stabilizes the transition state mechanism
(figure 3). Structural analysis of family 18 chitinases complexed with allosamidin,
an analogue of the proposed reaction intermediate, as well as theoretical and
kinetic evidence have well established the existence of such a mechanism (van
Aalten et al., 2001; Rao et al., 2003; Terwisscha van Scheltinga et al., 1995;
Brameld et al., 1998; Honda et al., 2004). An important implication of this
mechanism is that, although natural chitin generally also contains glucosamine
(de-acetylated GlcNAc) units, family 18 chitinases can only hydrolyse fragments
when an N-acetyl group is present at the reducing end of the chitin strand 
(Sorbotten et al., 2005). 

Figure 3. The substrate assisted mechanism of family 18 chitinases.

Most plant chitinases hydrolyse chitin with inversion of stereochemistry, and do not
share sequence-homology with family 18 chitinases. Structural analyses have
shown they resemble lysozyme in common fold and mechanism (Hart et al., 1995;
Monzingo et al., 1996; Holm and Sander, 1994), although the substrates that are
hydrolysed are the same as those of the family 18 members, suggesting these
chitinases have evolved as a result of convergent evolution. The lysozyme-like
chitinases are grouped together in family 19 of glycoside hydrolases. Family 20 is
comprised of chitinolytic enzymes that can only cleave small fragments of chitin
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(one or two units) trap the substrate in a pocket instead of an extended groove via
a mechanism thought to be similar to that of family 18 chitinases. The classification
of chitinolytic enzymes is summarized in table I.

Table I. An overview of the classification of chitinolytic enzymes.

Family 18 19 20

Members Chitinases   Chitinases Chitobiases
bacteria plant bacteria
fungi
protozoa
arthopods Hexosaminidases
virus eukaryotes
vertebrates
plant 

Chitobiases
eukaryotes

Endo-β-N-acetyl-glucosaminidases

Mammalian Chi-lectins 

Several plant lectins

Catalytic mechanism Retention Inversion Retention

Catalytic domain Groove  Groove Pocket
structure 

CHITIN BINDING DOMAIN
Apart from the catalytic domain containing D-X-D-X-E motif, many family 18
chitinases have an additional chitin binding domain (CBD) located at either
terminus separated from the catalytic region by a short linker region (Yang et al.,
1996; Blaiseau et al., 1992; Jekel et al., 1991). So far, four distinct CBD’s have
been identified in chitinases and although the CBD is dispensable for hydrolysis of
soluble, artificial substrate, its presence alters kinetics towards natural substrate.
To compare activity towards insoluble chitin between the full-length and truncated
enzyme (lacking only the CBD), Tjoelker and co-workers performed an agar
diffusion assay, in which wells cut into agarose-containing crab shell chitin were
loaded with equimolar concentrations of either enzyme. Truncation of the protein
was shown to result in a major decrease in hydrolysis of colloidal chitin, as was
measured by destaining resulting from the dissapearence of the white chitin
particles, suggesting the CBD to be essential for hydrolyzing insoluble chitin
(Tjoelker et al., 2000).
Structural analysis of CBD’s by means of both protein crystallography and NMR
show that only a few aromatic residues are required for chitin binding (Ikegami et
al., 2000; van Aalten et al., 2000). In the case of Serratia marcescens chitinase B,
the only two-domain chitinase of which the crystal structure of the full-length
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protein is available, the presence of the CBD effectively extends the chitin binding
groove. Interestingly, in this chitinase, the linker does not appear to be very mobile
in contrast to popular thought (van Aalten et al., 2000). The CBD C-terminally
bound to human chitotriosidase contains six cysteine residues, all of which are
indispensable for chitin binding, suggesting the formation of three disulfide bonds
(Tjoelker et al., 2000).
Due to the strong CBD–chitin interaction, chitin binding can be employed for
research purposes. A cloning vector has recently become readily available that
allows the expression of a target protein conjugated to a chitin binding domain
from Bacillus circulans chitinase A1 (Ferrandon et al., 2003). Furthermore, CBD
conjugated to different fluorescent labels is also available, allowing for sensitive
detection of chitin.

C. HUMAN CHITINASES

CHITOTRIOSIDASE: MOLECULAR FEATURES
Since chitin does not exist in mammals, it was initially assumed that presence of
chitinases is also restricted to lower life forms. Even after chitinases had been
identified in bovine and goat serum (Lundblad et al., 1979; Lundblad et al., 1974),
similar activity in human serum was still attributed to activity of lysozymes that are
also able to hydrolyse chitin, albeit at slow rates. However, using the artificial
fluorescent substrate 4MU-chitotetraoside for lysozyme activity measurement, den
Tandt, Overdijk and co-workers noticed that human serum contains an enzyme
that was able to hydrolyse this substrate and was distinct from other hydrolases,
including lysozyme (den Tandt et al., 1993). This MU-TACT hydrolase, named after
the artificial substrate it cleaved, was subsequently shown to have hydrolytic
activity towards chitin as well (Overdijk and van Steijn, 1994). Attempts to purify
the responsible enzyme from human plasma have been unsuccessful. A
breakthrough was the discovery by researchers at the Department of Biochemistry
in Amsterdam of a markedly increased chitotriosidase activity in Gaucher patients
(Hollak et al., 1994). This firstly allowed the purification and molecular
characterization of a human chitinase. Two major isoforms with molecular masses
of 50 and 39 kDa have been purified from the spleen of a Gaucher patient
(Renkema et al., 1995). Both purified isoforms were shown to be completely
functional chitinases, exhibiting activity towards colloidal chitin as well as artificial
fluorogenic substrates, activity that could be inhibited by allosamidin and demethyl
allosamidin, in a manner similar to bacterial chitinases (Renkema et al., 1995).
Using degenerate primers based on conserved regions in chitinases from several
species, the gene was cloned from a macrophage cDNA library constructed from
mRNA isolated form long-term cultured peripheral blood monocytes that
spontaneously differentiate into activated macrophages that produce large
quantities of chitotriosidase (Boot et al., 1995). Sequence alignments showed that
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chitotriosidase is remarkably homologous to chitinases of various species, in
particular the chitinases from nematode B. Malayi (54% similarity, 44% identity),
the insect M. Sexta (51% similarity, 41% identity). Furthermore, the catalytic region
consensus sequence (D-X-X-D-X-D-X-E) is completely conserved. 
Alignment of chitotriosidase with other chitinases also showed that the enzyme
consists of a 39-kDa catalytic domain connected with a C-terminal chitin binding
domain through a short linker region, again in a manner similar to other chitinases
(as discussed earlier in section III.D). When isoelectric focusing was performed
after neuraminidase treatment, a shift was observed in isoelectric point. Since
inhibitors of N-glycosylation did not have an effect, it was deduced that
chitotriosidase contains O-linked glycans, which was shown not to affect
enzymatic activity (Renkema et al., 1997). The relationship between both
chitotriosidase isoforms has been elucidated using cultured macrophages as a
model to study expression of the chitinase (Renkema et al., 1997). It was found
that the enzyme is synthesized as a 50-kDa protein that is either secreted into the
medium or, alternatively, processed into the 39-kDa enzyme in the lysosome
where it accumulates. To a quantitatively minor extent, a 39-kDa isoform
containing only one extra C-terminal residue can also be synthesized as a result
of alternative splicing (figure 4) (Renkema et al., 1997; Boot et al., 1997). The
locus of the chitotriosidase gene was assigned to 1q31-32 by fluorescent in situ
hybridization using the genomic clone as a probe (Boot et al., 1998). 

57

GA
UC

HE
R

DI
SE

AS
E: 

TH
E

CR
AD

LE
OF

HU
MA

N
CH

IT
IN

AS
ES

CH
AP

TE
R 

2

Figure 4. The processing of chitotriosidase gene transcripts and protein.
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The question remains whether the earlier described MU-TACT hydrolase activity
is caused by chitotriosidase or yet another protein. Like chitotriosidase, MU-TACT
hydrolase activity is dramatically increased in Gaucher patients and it decreases
upon therapeutic intervention (Hollak et al., 1994). Furthermore, in people
deficient in chitotriosidase, MU-TACT hydrolase is absent. Nonetheless, the
reported molecular mass of 17-kDa for partially purified MU-TACT hydrolase, as
determined by gelfiltration, clearly differs from that of chitotriosidase (Overdijk et
al., 1994).
Following the discovery that chitotriosidase is highly expressed in Gaucher
disease, screening of patients for activity identified several individuals completely
deficient in enzymatic activity (Hollak et al., 1994). Subsequently, broader studies
revealed that a recessively inherited deficiency is commonly encountered as a
result of a 24- base pair duplication resulting in aberrant splicing. In fact, the
observed carrier frequency of about 35% results in 6% of individuals being
absolutely deficient in chitiotriosidase activity. It was established that this
duplication results in the formation of a 3’ cryptic splice, generating a mRNA with
an in-frame deletion of 87 nucleotides. 

3-D STRUCTURE
Crystal structures of the catalytic domains of several chitinases have been solved
in the past years, including that of chitotriosidase. All family 18 chitinases contain
a so-called TIM barrel, consisting of an eightfold repeat of a β/α unit, in which the
β-sheets are surrounded by α-helices, stabilized by hydrogen bonding. The TIM
barrel, first seen in triosephosphate isomerase (TIM), is one of the most versatile
folds known to date (Wierenga, 2001), encompassing proteins of great variety in
biological function throughout nature. Furthermore, it is the single most
represented fold in the structural database (Berman et al., 2000). Besides the
catalytic center consensus sequence, there are a number of highly homologous
stretches in the TIM barrel structure of family 18 chitinases. Although their exact
function is unknown, one of these homologous sequence regions (K-X-X-X-S/A-X-
G-G) is postulated to be important for stability and catalytic activity (Terwisscha
van Scheltinga et al., 1996; Henrissat, 1990). In family 18 chitinases, the TIM
barrel serves as a scaffold for aromatic residues involved in substrate binding
through stacking interactions and the residues involved in catalysis.
The crystal structures of the native 39 kDa human chitotriosidase and complexes
with a chito-oligosaccharide and allosamidin have been studied in detail (Fusetti et
al., 2002; Rao et al., 2003). The structure consists of two domains. The core
domain has a (β/α)8 barrel as observed in the other family 18 chitinase structures
for hevamine, chitinases A (ChiA) and B (ChiB) from S. marcescens, and CTS1
from Coccidioides immitis, although helix α1 is missing (Fusetti et al., 2002). An
additional α/β domain, composed of six antiparallel β-strands and one α-helix, is
inserted in the loop between strand β7 and helix α7, which gives the active site a
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groove character. Like all other family 18 chitinases, the chitotriosidase has the D-
X-D-X-E motif at the end of strand β4 with Glu-140 being the catalytic acid. Two
disulfide bridges were observed between residues 26-51 and 307-370.
The crystal structures reveal an elongated active site cleft, compatible with the
binding of long chitin polymers. Given the relatively open active site architecture,
chitotriosidase appears to function as an endochitinase rather than an
exochitinase. The complex with NAG2 followed by modeling of a longer chito-
oligosaccharide revealed that the active site would be able to accommodate longer
chitin polymers, which agrees with its ability to degrade various forms of polymeric
chitin. The crystal structures explain the inactivation of the enzyme through an
inherited genetic deficiency. The common mutation results in a completely inactive
enzyme with residues Val-344-Gln-372 missing. These residues correspond to the
C-terminal half of helix α7, the entire strand β8, and almost the entire β8-α8 loop.
Deletion of these secondary structure elements could lead to misfolded, and
therefore inactive, protein. More importantly perhaps, Trp-358, which lies at the
end of strand β8, is completely conserved in all active family 18 chitinases.
Inspection of chitinase structures in complex with chito-oligosaccharides shows
that this tryptophan serves as an “anvil” onto which the -1 sugar is pressed,
whereas specific hydrogen-bonds with other residues may force the sugar in the
boat conformation required for the attack of the N-acetyl group on the anomeric
carbon. Thus, deletion of Trp-358 could in itself lead to a completely inactive
enzyme. Comparison with YM1 and HCgp-39 shows how the chitinase has
evolved into these mammalian lectins by the mutation of key residues in the active
site, tuning the substrate binding specificity (Renkema et al., 1998). 

DESIGN OF CHITINASE INHIBITORS
Elucidation of the crystal structure of many chitinases of both human pathogens,
combined with the chitotriosidase structure has prompted attempts for the design
molecules that selectively inhibit chitinases. Although allosamidin is a potent
inhibitor of family 18 chitinases, its chemical synthesis remains challenging due to
the presence of the notorious beta-glycosidic bond and poor bio-availability might
pose a problem for therapeutic use. The discovery of argifin, a cyclopentapeptide
produced by a fungal species that inhibits chitinases in the low micromolar range
(Omura et al., 2000), has been the basis of further structure based inhibitor design
(Houston et al., 2002). Recently it was demonstrated that argifin and analogues
inhibit chitotriosidase, as well as family 18 chitinases from other organisms (Rao
et al., 2005a). Methylxanthine derivatives, such as caffeine, also have recently
been shown to inhibit chitinases from various species (Rao et al., 2005b). To date,
no chitinase inhibitors have been tested in humans for anti-parasitic effect. The
human enzyme appears to have significant differences in the active site as
compared with a chitinase from the pathogenic fungus C. immitis, which may be
exploitable in the design of allosamidin derivatives or other inhibitors that show
differential specificity toward human and pathogen chitinases. 
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TRANSGLYCOSYLATION
Although chitotriosidase had been shown to exhibit high hydrolytic activity towards
4MU-chitooligosaccharide substrates, an inhibition of activity occurs at high
substrate concentrations. This remarkable phenomenon was finally explained by
the demonstration that chitotriosidase is not only capable of catalyzing hydrolysis
of the chitooligosaccharide substrate, but can also transglycosylate this. Although
chitinases are not able to hydrolyse 4MU-N-acetyl-glucosaminide, it was
demonstrated that fluorescent 4MU was formed by recombinant chitotriosidase in
the presence of PNP-chitobioside or chitoologiosaccharide, an observation that
could only be explained by the occurrence of transglycosylation (Aguilera et al.,
2003). This led to the design of a novel substrate that can not be transglycosylated
and is equally well hydrolysed: 4MU–(4-deoxy)-chitobioside. With this novel
substrate a convenient and more sensitive assay of enzymatic activity of chitinase
became feasible (Aguilera et al., 2003). 
Despite the occurrence of transglycosylation, chitotriosidase can release
astonishing amounts of chito-triose from 4MU-chitotriose. Based on the specific
activity towards this substrate (Renkema et al., 1995), each molecule can catalyze
hydrolysis over 4000 times each second under standard assay conditions.
However, presumably due to a decrease in substrate availability, activity towards
chitin is thought to be considerably less.
Stereospecific transglycosylation as shown by chitotriosidase is a common feature
to glycoside hydrolases (Holtje, 1996). The fact that mammalian chitinase also
show transglycosylation raises the question whether the phenomenon has any
physiological importance or is a mere catalytic imperfection. It has, in any case,
opened the possibility of utilizing chitinases for synthetic purposes catalyzing the
formation of the synthetically challenging beta-glycosidic bond (Ochiai et al.,
2004). 

ACIDIC MAMMALIAN CHITINASE (AMCASE)
The high incidence of the chitotriosidase deficiency in man prompted questions
concerning the redundancy of chitotriosidase or alternatively, whether
compensatory mechanisms exist. To investigate this matter, tissue of rat and mice
were screened for the existence for chitinolytic activity other then that of
chitotriosidase using the artificial 4MU–chitooligosaccharide substrates. Indeed, in
extracts of intestines and stomach, high levels of activity were measured and
subsequent isoelectric focusing showed chitotriosidase could not be responsible
for this activity. Further purification and protein sequencing of the N-terminus
allowed cloning of both the mouse and human gene, subsequently, encoding the
second mammalian chitinase named Acidic Mammalian Chitinase (AMCase)
(Boot et al., 2001). Both proteins were found to have chitinolytic activity towards
chitin, releasing mainly soluble chito-biose fragments and were shown to be
sensitive to allosamidin. Like chitotriosidase, AMCase is synthesized as a 50 kDa
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protein that contains a 39 kDa catalytic domain, separated from a C-terminal chitin
binding domain by a hinge region. Despite the high sequence similarity between
the human chitinases, AMCase exhibits a distinct pH activity profile, being most
active at acidic pH (Boot et al., 2001).
Although a crystal structure of AMCase is not yet available, several insights into its
acid activity can be obtained based solely on sequence alignment with
chitotriosidase. The presence of two additional cysteine residues suggests
formation of a third disulfide bond, which would inhibit unfolding in demanding
conditions, such as extremely low pH, considerably. Indeed, when gel-
electrophorized under non-reducing conditions, AMCase moves slightly faster
then chitotriosidase, providing evidence for a difference in disulfide bonding (Boot
et al., 2001). Furthermore, the acid labile bond between aspartic acid and proline
(Piszkiewicz et al., 1970), present in chitotriosidase, is absent in both mouse and
human AMCase, indicating another mode of acid compatibility. 

Rudimentary modeling studies of mouse AMCase, using the human
chitotriosidase structure as a template, suggest an acid-adaption by means of
substitutions of acid amino acids on or close to the surface of the molecule. This
may provide the molecule with a surface buffering capacity which, as illustrated in 
figure 5, results in a dramatically altered surface potential compared to that of
chitotriosidase. The catalytic cleft however appears unaltered.

D. CHITINASES AND THE IMMUNE SYSTEM
In this section the contribution of the human chitinases chitotriosidase and
AMCase to immune responses is reviewed. Chitotriosidase has been linked to
innate immune responses against chitin-containing fungi and AMCase has been
implicated in the pathogenesis of asthma. The homologous enzymatically inactive
proteins, the so-called chitinase-like lectins (chi-lectins), such as human chitinase
3-like protein-1 (CHI3L1/HC-gp39/YKL-40 in mouse referred to as BRP39),
human chitinase 3-like protein-2 (CHI3L2/YKL-39), oviductins and mouse YM1
and YM2, are only briefly discussed. The chi-lectins lack enzyme activity due to a
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Figure 5. The surface potentials of human chitotriosidase and mouse AMCase.
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mutation of the catalytic glutamate in the active site of the enzyme. Some of the
chi-lectins such as CHI3L1 have been shown to bind strongly to chitin by virtue of
their hypothetical catalytic centre (Renkema et al., 1998; Houston et al., 2003).

CHITINASE AND CHI-LECTIN EXPRESSION IN THE IMMUNE SYSTEM
Human chitotriosidase seems to be exclusively expressed by human phagocytes,
such as macrophages and neutrophils (Hollak et al., 1994; Escott and Adams,
1995). Monocytes do not express chitotriosidase, but in vitro differentiation of
monocytes to macrophages results in the induction of mRNA and protein after 4 to
10 days, depending on the donor used. Furthermore, lipid laden tissue
macrophages express chitotriosidase as has for instance been demonstrated in
Gaucher disease and atherosclerotic plaques (Renkema et al., 1995; Boot et al.,
1999; Boven et al., 2004). Chitotriosidase is produced by bone-marrow derived
precursors of neutrophilic granulocytes and stored in specific granules (van Eijk et
al., 2005; unpublished observation). In contrast to the situation in man mouse
chitotriosidase seems to be absent in phagocytes, but is predominantly expressed
in the gastro-intestinal tract (stomach, tongue), brain, skin, bone-marrow, testis
and kidney (Boot et al., 2005; Zheng et al. 2005). However, differences seem to
exist between these different studies with regard to the exact tissue distribution.
Human AMCase is mainly expressed in the stomach and to a lesser extend in the
lung, whereas mouse AMCase is expressed in tongue, stomach and alveolar
macrophages (Boot et al., 2001; Suzuki et al., 2002; Boot et al. 2005). The fact
that in the mouse AMCase is found in alveolar macrophages while chitotriosidase
is not could imply that the macrophage chitinase in mice is AMCase instead of
chitotriosidase.
The enzymatically inactive chitinase-like proteins, the chi-lectins, are also cell-type
specifically expressed. In humans, HC-gp39 is amongst others expressed by
articular chondrocytes and synovial cells, and as for human chitotriosidase, HC-
gp39 expression is also observed in matured macrophages and specific granules
of human neutrophils (Hakala et al., 1993; Renkema et al., 1998; Volck et al.,
1998, Rehli et al., 2003). It has been suggested that it is involved in tissue
remodelling; it has been shown to dampen IL-1β and TNF-α dependent production
of matrix metalloproteinases (MMP’s) and IL-8 by human skin fibroblasts and is a
potent growth factor for these cells (Kirkpatrick et al., 1997, Recklies et al., 2002;
Ling and Recklies, 2004). Human chitinase 3-like protein-2 (CHI3L2)/YKL-39
expression is not observed in the immune system, but in chondrocytes, followed
by synoviocytes, lung, and heart (Hu et al., 1996). However, like HC-gp39 it has
been found to serve as auto-antigen in arthritic disease (Sekine et al., 2001;
Verheijden et al., 1997). 
Oviductins, also known as oviduct-specific glycoproteins, are a family of high
molecular weight glycoproteins that belong to the secretory class. Oviductins are
produced by nonciliated secretory cells of the mammalian oviductal epithelium,
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glycosylated in the Golgi apparatus, and stored in the secretory granules (Buhi,
2002). Oviductins consists of an N-terminal domain that is highly homologous to
the members of the chitinase protein family and a C-terminal mucin like domain
that is highly glycosylated (Malette et al., 1995). Although oviductins are widely
believed to be involved in the process of mammalian fertilization, including
spermatozoon function and gamete interactions, based on experimental results
obtained in vitro, its physiological significance remains controversial. Recently,
oviductin gene null mice have been described that showed no abnormalities in
fertility, suggesting that at least in mice this protein is not essential in the process
of in vivo fertilization (Araki et al., 2003).
Chi-lectins of particular interest are YM1 and the highly homologous YM2 that to
our knowledge are only identified in mice and rats and seem to be absent in man.
In mice the expression of the Ym1 homolog is high in lung and spleen and barely
detectable in the stomach, whereas the expression of the Ym2 homolog is high in
the stomach but barely detectable in lung and spleen (Jin et al., 1998; Chang et
al., 2001; Webb et al., 2001). YM1 expression appears to be selectively produced
and secreted by activated macrophages. It has been purified following oral
infection of mice with the parasite Trichinella spiralis. Ascaris suum was equally
potent in inducing YM-1 accumulation in the peritoneal cavity, whereas peritoneal
activation of macrophages with thioglycolate, Sephadex G-50 and
Cryptosporidium parvum only resulted in mild induction. It has been suggested
that YM-1 is involved in controlling inflammation in the peritoneal cavity as it is
transiently induced upon infection. YM1 crystals have been detected in the lungs
of immuno-deficient mice, like the moth-eaten mouse, the CD40L-deficient mouse,
p47phox deficient mice and a transgenic mouse with lung-specific human tumor
necrosis factor receptor expression (Guo et al., 2000; Harbord et al., 2002), while
crystals of YM2 have been detected in the stomach (Ward et al., 2001).
Furthermore, it has been reported that YM1 is chemotactic for eosinophils and is
therefore also referred to as eosinophil chemotactic factor-L (Falcone et al., 2001;
Owhashi et al., 2000). More detailed analysis of adult male ddY mice showed that
YM1 is present in immature neutrophils (Nio et al., 2004).
In conclusion, chitinases and chi-lectins are broadly expressed in macrophages
and neutrophils and seem to contribute to innate immunity and allergic responses.

INDUCTION OF CHITOTRIOSIDASE IN MACROPHAGES
In figure 6 an overview of the regulation of chitotriosidase expression in
macrophages is depicted. Lysosomal stress is an important inducer of
chitotriosidase in macrophages. By far the highest levels of chitotriosidase are
found in Gaucher disease, but other diseases characterized by lysosomal
accumulation of glycosphingolipids or other lipid species show increased levels as
well albeit much lower. Examples of this are Niemann-Pick A/B, Nieman-Pick C,
Krabbe, GM1 gangliosidosis, Cholesteryl ester storage disease, Wolman disease,
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Morquio B, and Tangier disease (Boot et al., 2005; Guo et al., 1995; Aerts et al.,
2003). Elevated levels have also been found in fucosidosis, galactosialidosis,
glycogen storage disease IV and Alagille syndrome (Michelakakis et al., 2004). In
atherosclerosis, chitotriosidase and the chi-lectin HC-gp39 have been detected in
lipid laden foam cells (Boot et al., 1999). Moreover, also in β-thalassemia,
increased levels of chitotriosidase have been found (Barone et al., 1999).
Furthermore, increased levels of chitotriosidase in cerebro spinal fluid is detected
in multiple sclerosis, an auto-immune disease with accumulation of myelin in
macrophages (Czartoryska et al., 2001). In the systemic granulomatous disorder
sarcoidosis increased chitotriosidase activity in broncho alveolar lavage fluid and
plasma has been reported as well (Hollak et al. 1994; Grosso et al., 2004).

Figure 6. Regulation of chitotriosidase expression in human macrophages.

Several cytokines and their effect on chitotriosidase induction have been studied.
M-CSF, a well studied macrophage maturation factor does not induce the enzyme
when compared to maturation in medium alone. It has been found that maturation
of monocytes towards macrophages in the presence of GM-CSF super-induces
the chitinase, whereas both IFNγ (classically activated) and IL-4 (alternatively
activated) act as negative regulators. Monocyte-derived immature dendritic cells,
matured in the presence of GM-CSF and IL-4, fail to induce the enzyme (Van Eijk
et al., 2005). Interestingly, no IL-4 could be detected in Gaucher spleen, which
correlates well with the high chitotriosidase levels observed in these individuals
(Boven et al., 2004). AMCase is also absent from human alternatively activated
macrophages, whereas it is present in murine alveolar macrophages, which can
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up regulate it following Th2-stimulation (Raes et al., 2005; Zhu et al., 2004, Boot
et al., 2005). Re-stimulation of chitotriosidase expressing macrophages for
prolonged time (48 h) with IFNγ and IL-4 inhibits expression, whereas an acute (2-
4 h) transient induction is observed following stimulation with prolactin, IFNγ,
TNFα, but not with IL-10 (Malaguarnera et al., 2004; Di Rosa et al., 2005; van Eijk
et al., 2005).
Mimicry of pathogen infection through triggering of toll-like receptors (TLR) on
monocytes prevented induction of the enzyme. For TLR-2 triggering
peptidoglycan, lipoteichoic acid, zymosan and the synthetic ligands MALP-2 and
PAM3CSK4 have been used. For TLR-3 poly (I:C) has been used. Stimulation of
TLR-4 and TLR-9 was accomplished using LPS from Salmonella minnesota and
CpG, respectively (van Eijk et al., submitted for publication). In our hands re-
stimulation for 5, 24 and 48 hours of chitinase expressing macrophages did not
induce the enzyme, whereas an acute induction has been previously found in a
study with LPS (Di Rosa et al., 2005; van Eijk et al., submitted for publication). This
discrepancy may be explained by differences in the experimental approach or
source of LPS. The results suggest that immediate activation of NFκB in
monocytes may serve as a negative regulator of chitotriosidase expression.
Interestingly, expression of high levels of chitotriosidase by Gaucher cells is
accompanied by a lack of TLR-2 and 4 expression and as such NFκB activation is
prevented. In addition, Gaucher cells express high levels of SIRPα, which upon
activation negatively regulates NFκB as well (Boven et al., 2004). The precise
signals that modulate chitotriosidase expression in macrophages are presently
studied by detailed investigation of its promoter region.

CHITINASES IN HUMAN NEUTROPHILS
Polymorphonuclear neutrophils (PMN) are important mediators of the first line
defense against invading pathogens. Antimicrobial molecules are kept inside
granules until proper release triggers, such as cytokines or pathogen-derived
signals, are received by PMN. Several types of granules can be defined namely
azurophilic, specific, gelatinase and secretory granules (Borregaard and Cowland,
1997). High chitinase activity has been reported in granulocytes shortly after the
discovery of human chitotriosidase (Escott and Adams, 1995). In a proteomic
approach of released granule proteins it was found that this chitinase activity
indeed corresponds to chitotriosidase (Boussac and Garin, 2000). More recently it
has been described that chitotriosidase is present in the specific granules of
human neutrophils. In a differential degranulation approach it has been shown that
chitotriosidase was released by a condition that triggers release of specific
granules. Immunogold electron microscopy experiments revealed that
chitotriosidase and the specific granule marker lactoferrin, co-localize in these
cells. This double staining was not observed with the azurophilic granule marker
myeloperoxidase. In vitro stimulation of PMN with GM-CSF resulted in enzyme
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release. In addition, it has been found that human subjects, injected with GM-CSF,
show simultaneous release of chitotriosidase and lactoferrin (van Eijk et al., 2005).
In vivo administration of IL-12 in chimpanzees resulted in an increase of
chitotriosidase after 24 and 48h. As this was found in a relative short time period
it could be caused by neutrophil-derived activity, however the study could not
elaborate on either production by macrophages or release by neutrophils (Lauw et
al., 1999). In figure 7 a schematic representation of induction of chitotriosidase
release from PMN is depicted. Pathogen infection has also been studied in vitro
by stimulation of PMN with several TLR triggers. Of all stimuli tested, only
peptidoglycan induced release of the enzyme (up to 20% of total activity).
However, it could not be excluded that a contamination in the preparation was
responsible for this release. Activation of several kinases was observed, including
PKB, p38MAP and ERK 1/2. Release could by inhibited for 50% by either PI3
kinase, or p38MAP kinase inhibition, whereas simultaneous inhibition totally
blocked release. ERK 1/2 inhibition did not interfere with release of the chitinase.
Mild induction of release, namely less than 3% of total activity, was observed
following stimulation of TLR-2, 4 and 7/8 (van Eijk et al., submitted for publication).
Thus, chitotriosidase release from PMN can occur as a result of mimicry of a
pathogen infection.

Figure 7. Release of chitotriosidase from specific granules of human PMN.
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HUMAN CHITINASE ACTIVITY IN INNATE IMMUNITY AND ALLERGIC RESPONSES

Innate immunity
Due to the presence of chitin in coatings of several pathogens, such as fungi and
nematodes, it has been suggested that chitotriosidase serves as component of
innate immune responses (Renkema et al., 1995). Clinical evidence pointing
towards a role of this chitinase in such responses can be summarized as follows.
Chitotriosidase is raised in plasma of children suffering from acute infection with
Plasmodium falciparum malaria (Barone et al., 2003). Increases have also been
found in sera of individuals suffering from visceral Leishmaniasis (Hollak et al.,
1994). Susceptibility to Wuchereria Bancrofti, which causes lymphatic filariasis, is
found to be associated with a genetic deficiency in chitotriosidase in South India
(Choi et al., 2001). However this correlation does not seem to occur in Papua New
Guinea (Hise et al., 2003). Virtually no heterozygotes and homozygotes for the
chitotriosidase gene defect seem to occur in parasitic endemic areas such as the
Sub-Sahara, suggesting its importance there (Malaguarnera et al., 2003).
Increases have also been reported during neonatal herpes virus infection
(Michelakakis et al., 2004). Last, it has recently been found that genetic variants
in chitotriosidase are associated with Gram-negative bacteremia in children
undergoing therapy for acute myeloid leukemia (AML) and that neonates with a
bacterial infection show increases in chitotriosidase activity (Lehrnbecher et al.,
2005, Michelakakis et al., 2005). These observed associations suggest that
chitotriosidase has more pleotropic effects in innate immunity than previously
appreciated. It can be envisioned that chitotriosidase-mediated chitin degradation,
or degradation of a closely related structure, results in the exposure of otherwise
covered antigens, which than become visible to the immune system and as such
facilitate recognition by antigen presenting cells.
The incidence of Candida sepsis has been reported not to be related to deficiency
in chitotriosidase, but as only survivors were included in the study evidence is not
conclusive (Masoud et al., 2002). By contrast, strong evidence in favour of an anti-
fungal activity of chitotriosidase exists. First, it is of interest to note that
chitotriosidase activity has been found to be elevated in plasma of neonates upon
systemic Candidiasis and Aspergilosis (Labadaridis et al., 1998; Michelakakis et
al., 2005). Second, chitotriosidase was found to inhibit growth of C. neoformans,
to cause hyphal tip lysis in M. rouxii and to prevent the occurrence of hyphal switch
in C. albicans (Van Eijk et al., 2005). These data strengthen the earlier observed
chitinolytic activity towards cell wall chitin of C. albicans (Boot et al., 2001). In
addition, it has been found that recombinant human chitotriosidase showed
synergy with existing anti-fungal drugs such as the polyene amphotericin B, the
azoles itraconazole and flucanozole and cell wall synthesis inhibitors LY-303366
and nikkomycin Z (Stevens et al., 2000). Further proof of an important anti-fungal
action has been found in neutropenic mouse models of systemic Candidiasis and
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systemic Aspergillosis, the main causes of mortality in immuno-compromised
individuals. Recombinant human chitotriosidase clearly improved survival in these
mouse models (van Eijk et al., 2005). The observations made with chitotriosidase
are not entirely surprising given the well documented anti-fungal role of chitinases
in plants (Schlumbaum et al., 1986). Possibly recombinant chitotriosidase may be
attractive from a clinical perspective to treat life-threatening fungal infections.
Especially, since Gaucher patients seem to tolerate well thousand-fold elevated
serum levels. In addition, AMCase also shows chitinolytic activity towards fungal
cell wall chitin (Boot et al., 2001). The discovery of this chitinase in man has
opened the possibility that a deficiency in chitotriosidase might be partly
compensated for by the presence of the latter enzyme. Further studies are
required to elucidate on a potential contribution of AMCase to innate immune
responses. 

Allergic responses: asthma
Recently it has been demonstrated that AMCase is involved in the pathology of an
aeroallergen-induced asthma model, with a crucial role of Th2 cytokines in the
induction of this chitinase. Interference with AMCase activity in this model, either
by addition of anti-sera or addition of a chitinase specific inhibitor, alleviates
pathology (Zhu et al., 2004). Further analysis of bronchoalveolar lavage fluid from
these mice using proteomics revealed increased levels of lungkine, the chi-lectins
YM1 & 2, gob-5, surfactant protein-D and AMCase (Zhao et al., 2005).
Furthermore, it has been found that increased AMCase mRNA expression is
present in human lung tissue of asthma patients (Zhu et al., 2004). In addition, a
recent study in human subjects points towards an association between AMCase
polymorphisms and asthma (Bierbaum et al., 2005). 
The underlying mechanisms linking AMCase to asthma are still puzzling. It is
known that chitin induces a potent Th1 response and oral administration of chitin
to allergic mice results in a down regulation of serum IgE and lung eosinophilia,
thus complicating a straightforward Th2-mediated induced AMCase cause and
effect relation (Shibata et al., 1997; Shibata et al., 1997; Shibata et al., 2001;
Shibata et al., 2000). One possibility might be that due to improved hygiene and
health care in industrialized countries less chitin particles are inhaled, resulting in
a more Th2 prone micro environment in the lung with increased AMCase and
asthma as a result (Holt, 2000). It has also been argued that pathogen infections
are associated with a switch towards a Th2 micro-environment since this avoids
continuation of an otherwise destructive Th1 response (Pearce and MacDonald,
2002).
Although an appealing thought, inhibition of chitinase activity as a therapeutic
approach for asthma has to be dealt with carefully as the risk exists that important
anti-pathogenic activities of chitinases are eliminated as a consequence of total
chitinase inhibition. Another complication might be that chitinase expression differs
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between mouse and man. In mice chitotriosidase is mainly expressed in the
stratified squamous epithelium of the gastro-intestinal tract and in Paneth cells in
the crypts of Lieberkuhn. In contrast to human chitotriosidase a phagocyte specific
expression of mouse chitotriosidase was not detected (Boot et al., 2005). In man
AMCase does not seem to be expressed by macrophages, but the most likely
source are epithelial cells (Zhu et al., 2004; Boot et al., 2005; Raes et al., 2005).
In conclusion, the recent data on AMCase in asthma and the accumulating data
on defense functions of chitotriosidase towards bacteria, fungi and nematodes,
points towards an important role of the family of chitinase proteins in the human
immune system and as such are interesting targets or supplements for therapeutic
interventions.

IV. CCL18 
In this chapter a recently discovered, alternative biomarker for Gaucher cells, the
chemokine CCL18, is reviewed.

A. CCL18 AS NOVEL BIOMARKER IN GAUCHER DISEASE
In an attempt to identify novel factors that are secreted by Gaucher cells, plasma
samples of patients before and after several years of treatment were analyzed
using surface-enhanced laser desorption/ionization (SELDI) time of flight (TOF)
mass spectrometry (MS). In plasma of symptomatic Gaucher patients a peptide of
7856 Da was identified that is virtually absent in plasma of the same patients upon
several years of enzyme supplementation therapy (Boot et al., 2004). The
molecular mass and the isoelctric point of this peptide was remarkably similar to
those of pulmonary and activation-regulated chemokine (PARC, systematic name
CCL18) of which the mRNA was found to be upregulated in the spleen of a
Gaucher patient (Moran et al., 2000). Subsequent analyses revealed that this
chemokine is produced by Gaucher cells, that the plasma levels are on average
30-fold elevated in symptomatic Gaucher patients and that plasma concentrations
decrease during therapeutic intervention (Boot et al., 2004; Deegan et al., 2005).
Moreover, it was shown that plasma CCL18 and chitotriosidase decreased
proportional in treated patients which suggests that both proteins are produced by
the same cells and that lowering the total body burden of Gaucher cells is reflected
by decreased plasma levels of these proteins (Boot et al., 2004; Deegan et al.,
2005).

B. CHEMOKINE CCL18 
Chemokines are a family of low molecular mass and structurally related proteins
that are divided into C, CC, CXC and CX3C subfamilies according to their NH2-
terminal cysteine-motifs, and are important players in directing the migration and
activation of leukocytes under normal physiological and pathophysiological
conditions (reviewed by Rossi and Zlotnik, 2000; Zlotnik and Yoshie, 2000).
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CCL18 belongs to the subfamily of CC chemokines and was identified
independently by several different groups and hence is known under a number of
different names: pulmonary and activation-regulated chemokine, PARC;
macrophage inflammatory protein-4, MIP-4; dendritic cell-chemokine-1, DC-CK1;
alternative macrophage activation-associated CC chemokine-1, AMAC-1
(Hieshima et al., 1997; Wells and Peitsch, 1997; Adema et al., 1997; Kodelja et al.,
1998, respectively). The gene, that seems to be absent in rodents, encodes a
protein of 89 amino acids that after cleavage of its signal peptide (20 amino acids)
results in a 69 amino acids mature protein that lacks N-linked glycans with a
calculated molecular mass of 7851,2 Da and an isoelectric point of 9.2 (Hieshima
et al., 1997; Adema et al., 1997; Guan et al., 1999). The protein was shown to be
expressed by several different cell types such as monocytes/macrophages,
alveolar macrophages, dendritic cells, eosinophilic granulocytes, chondrocytes,
fibroblasts, keratinocytes and a number of tumor cells either constitutively or
induced by different cytokines (for an overview see the excellent review by
Schutyser et al., 2005). Therefore it belongs to the inflammatory/inducible family
of chemokines (Mantovani, 1999). However, due to its relatively high
concentration in the circulation of healthy individuals it is assumed that CCL18 is
also a constitutive/homeostatic chemokine (Mantovani, 1999).

C. POTENTIAL ROLE OF CCL18 IN GAUCHER DISEASE PATHOPHYSIOLOGY
The potential role of CCL18 in the pathophysiology of Gaucher disease remains
still an enigma and detailed knowledge of the functions of this chemokine may
shed some light on this. The in vitro biological response of CCL18 seems to be
restricted to a few different cell types. For example it has been shown to trigger a
response in certain T and B cells as well as dendritic cells, fibroblasts and
hematopoetic progenitor cells (see review by Schutyser et al., 2005 and
references therein). At physiological concentrations it has been shown to act as a
chemokine for naïve resting (CD45RA+) T lymphocytes, naïve (CD38-) B
lymphocytes, helper (CD4+) T lymphocytes, cytotoxic (CD8+) T lymphocytes,
germinal center (CD39-) B lymphocytes and monocyte derived immature dendritic
cells (Adema et al., 1997; Lindhout et al., 2001). And as such it is suggested to
participate in the homing of these cells to the secondary lymphoid organs, and
depending on the situation could either assist in the induction of tolerance
(homeostatic conditions) or help in the induction of a primary immune response in
the case of inflammatory conditions (Schutyser et al., 2005). Moreover, it has been
suggested that CCL18 could also be involved in B cell proliferation and plasma cell
differentiation (Schutyser et al., 2005). In this respect it is interesting to note the
frequent encountered abnormalities concerning serum immunoglobulins and other
manifesstations of disturbed B-cell and plasma cell function in Gaucher disease
patients. An increased incidence of B cell or plasma cell malignancies such as
multiple myeloma, leukemia, lymphoma, hypergammaglobulinemia and systemic
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amyloid light chain (AL) amyloidosis have been observed in Gaucher disease
patients (Pratt et al., 1968; Garfinkel et al., 1982; Fox et al., 1984; Marti et al.,
1988; Airo et al., 1993; Kaloterakis et al., 1999; Bertram et al., 2003; de Fost et al.,
2005). Although no correlation between CCL18 plasma levels and occurrence of
a monoclonal gammopathy was observed it could not be excluded that the high
plasma levels of this chemokine constitute a risk factor for the development of
disturbed B-cell function with additional factors such as time and/or other
cytokines influencing the eventual outcome (Boot et al., 2004). The finding that all
symptomatic Dutch Gaucher patients have at least a 10-fold increased plasma
levels of CCL18 and not all patients have disturbed B-cell function makes it difficult
to exclude a role for CCL18 in this process (Boot et al., 2004). Research in this
topic is even more hampered by the fact that rodents seem to lack a CCL18 gene
(Schutyser et al., 2005).
Although it appears that CCL18 signals via G-protein coupled receptors, the
identity of the agonistic receptor is currently unknown (Adema et al., 1997;
Lindhout et al., 2001). Interestingly it has been reported that CCL18 at
physiological concentrations can act as a natural antagonist of the CCR3
chemokine receptor present on eosinophils, Th2 cell subsets, basophils, mast
cells, neural tissue, some epithelia and CD34+ progenitor cells (Nibbs et al., 2000;
Wan et al., 2002; Olson and Ley, 2002; Lamkhioued et al., 2003). Eosinophil
chemotaxis induced by the most potent CCR3 agonists, like eotaxin and
macrophage chemoattractant protein-4 (MCP-4) can be inhibited by CCL18 at
concentrations as low as 10 nM (Nibbs et al., 2000; Wan et al., 2002). The CCL18
plasma levels in symptomatic Gaucher patients exceed these inhibitory
concentrations considerably and it seems likely that tissues rich in Gaucher cells
contain even higher CCL18 concentrations. At this moment it is not clear whether
Gaucher patients show abnormalities in CCR3 mediated chemotaxis of
eosinophils or other cells. Moreover, it can even not be excluded that the high
concentrations of CCL18 in plasma and tissues block also other chemokine
receptors, and hence might explain neutrophil chemotaxis abnormalities in
Gaucher disease (Aker et al., 1993; Zimran et al., 1993). Although it can not be
excluded that other factors are involved, the decrease in CCL18 upon therapeutic
intervention is in agreement with the observed correction of the chemotaxis defect
in Gaucher patients on enzyme replacement therapy (Boot et al., 2004; Zimran et
al., 1993). 
Several other human diseases have been reported to be accompanied with
elevated levels of CCL18 like for example atherosclerosis, sarcoidosis, active
hepatitis C infection, hypersensitive pneumonitis, allergic contact hypersensitivity,
septic as well as rheumatoid arthritis, ovarian carcinoma, gastric carcinoma and
recently Whipple disease, Niemann-Pick type B disease and beta-thalassemia
(Reape et al., 1999; Kusano et al., 2000; Schutyser et al., 2001; Pardo et al., 2001;
Schutyser et al., 2002; Mrazek et al., 2002; Goebeler et al., 2001; Leung et al.,
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2004; Desnues et al., 2005; Dimitriou et al., 2005, Brinkman et al., 2005). Different
detection methods have been employed in these previous studies, in some
investigations CCL18 mRNA was detected either by RT-PCR analysis,
microarray’s or in situ hybridization (Reape et al., 1999; Kusano et al., 2000; Pardo
et al., 2001; Mrazek et al., 2002; Goebeler et al., 2001; Desnues et al., 2005) while
in other studies ELISA’s were used to measure CCL18 protein in plasma, synovial
or ascitic fluid (Boot et al., 2004; Dimitriou et al., 2005; Schutyser et al., 2001;
Schutyser et al., 2002). 
In most cases macrophages seem to be the major source of CCL18 in the different
disorders described above. As in Gaucher disease these macrophages show
characteristics of alternatively activated macrophages that exhibit anti-
inflammatory properties as opposed to classically activated macrophages that
show more pro-inflammatory characteristics (Boven et al., 2004). Alternatively
activated macrophages express a molecular repertoire that lead to resolution of
inflammation, scavenging of cellular debris, promotion of angiogenesis and tissue
remodeling and repair. A common theme in these situations is the removal of
cellular debris, senescent cells or tumor cells by tissue macrophages that should
lead to an increased flux of particular lipids through these cells and hence to a
transient or permanent (depending on the underlying defect) accumulation of
certain lipids in the lysosomes of these cells. It is tempting to speculate that
phagocytosis or the accumulation of particular lipid species, for example
glycosphingolipids, in the lysosomes of these cells lead to a form of alternative
activation and hence the expression of CCL18 and chitotriosidase. In this respect
it is interesting to note that in some of the diseases that are accompanied by
elevated expression of CCL18 also increased expression of chitotriosidase is
observed (Hollak et al., 1994; Grosso et al., 2004, Boot et al., 1999; Brinkman et
al., 2005). It is very well possible that besides lipid accumulation also other signals
such as cytokines and cell-cell interactions aid to the eventual phenotypic
characteristics of the macrophages in these diseases. Recently it was
demonstrated that the phosphatidylinositol 3-kinase (PI3K) pathway is important
for the skewing of macrophages in the direction of alternative activation. It was
shown that elevated levels of PIP3 predisposes macrophage progenitors toward
an alternatively activated phenotype, and that Src homology 2-containing inositol-
5 -phosphatase (SHIP) acts as a potent negative regulator of this skewing (Rauh
et al., 2005). It can be envisioned that lipid accumulation either transient or
permanent results somehow result in increased cellular levels of PIP3 either
directly by stimulation of PI3K or by inhibition of SHIP and that this will result in
skewing of these cells in the direction of the alternatively activated phenotype.The
potential role of CCL18 in the pathophysiology of Gaucher disease and the effect
of lipid accumulation on the type of activation of macrophages resulting in release
of CCL18 and chitotriosidase warrants further investigation on these matters and
is topic of current research.

72

chapter 2.qxp  18-11-2008  16:47  Pagina 72



V. CONCLUDING REMARKS
Gaucher disease has served during the last decades as an inspiring and
productive model for clinical and fundamental research. It has acted as the
playground for developing enzyme replacement and substrate reduction
therapies, now being copied for other inherited disorders. Furthermore, it
has led to the search and discovery of surrogate markers for pathological
cells, resulting in laboratory tools that assist in clinical management of
patients. Finally, it led to the discovery of mammalian chitinases. This
versatile family of endoglycosidases and related proteins is now intensively
studied with emphasis to their potential role in immune responses. 
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ABSTRACT
Man has been found to produce highly conserved chitinases. The most prominent
is the phagocyte-derived chitotriosidase which plasma levels are markedly
elevated in some pathological conditions. Here, we report that both
polymorphonuclear neutrophils (PMNs) and macrophages (mφ) are a source of
chitotriosidase. The enzyme is located in specific granules of human
polymorphonuclear neutrophils and secreted following stimulation with
granulocyte-macrophage colony-stimulating factor (GM-CSF). In addition, GM-
CSF induces expression of chitotriosidase in mφ that constitutively secrete the
enzyme and partly accumulate it in their lysosomes. Studies with recombinant
human chitotriosidase revealed that the enzyme targets chitin-containing fungi.
These findings are consistent with earlier observations concerning anti-fungal
activity of homologous plant chitinases and beneficial effects of GM-CSF
administration in individuals suffering from invasive fungal infections. In
conclusion, chitotriosidase should be viewed as component of the innate immunity
that may play a role in defence against chitin-containing pathogens and the
expression and release of which by human phagocytes is highly regulated.

INTRODUCTION
Chitotriosidase was firstly discovered in plasma of patients suffering from Gaucher
disease. It was found that the thousand-fold elevated enzyme originates from lipid-
laden macrophages (mφ) that accumulate in various tissues of Gaucher patients
(1). Chitotriosidase has subsequently been purified from spleen of a Gaucher
patient and its cDNA was cloned from a human mφ cDNA library (2, 3).
Chitotriosidase is known to exist in two forms, a 50 kDa protein and a 39 kDa
enzyme that is produced thereof by proteolytic processing. The 50 kDa consists of
a C-terminal chitin-binding domain, a hinge region and the 39kDa N-terminal
domain that has chitinase activity (4). In lysosomes of mφ processing of 50 kDa
chitotriosidase to the 39 kDa form occurs. In circulation exclusively the 50 kDa
enzyme is present. A 24 bp insertion in exon 10 of the chitotriosidase gene that
prevents formation of active enzyme is occurring pan ethnically (5). In most ethnic
groups about 5% of all individuals is homozygous for this mutation and
consequently lacks chitotriosidase. A lower frequency of the deficiency occurs in
black populations. Chitotriosidase belongs to the family 18 of glycosylhydrolases
and is an endoglucosaminidase that cleaves and shows transglycosylation activity
towards chitin, the linear polymer of N-acetyl-D-glucosamine present in coatings
of many pathogens such as protozoan parasites, fungi and nematodes (4, 6, 7).
Homologous chitinases are expressed in several organisms, including plants, in
which they are thought to play a role in innate immunity and in particular defence
against fungal pathogens. These findings suggest that chitotriosidase may play a

chapter 3.qxp  18-11-2008  16:48  Pagina 97



comparable role in man. We therefore have studied the potential role of
chitotriosidase in innate immunity by investigating its cellular production and
localization, its release into the circulation and the effects of recombinant human
chitotriosidase on chitin-containing fungi. We here report that chitotriosidase
indeed inhibits hyphal growth of chitin-containing fungi. 

MATERIALS & METHODS
CELL CULTURE
Whole blood from buffy coats was depleted for erythrocytes using ammonium
chloride (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) and this fraction was
referred to as total blood cells depleted of erythrocytes. Peripheral blood
mononuclear cells (PBMCs) were isolated by density centrifugation using
Lymphoprep (Nycomed, Roskilde, Denmark). Monocytes were isolated from
PBMC by enrichment on a percoll gradient (Amersham Biosciences, Piscataway,
USA), consisting of 34, 45 and 60% layers. Monocytes were taken from the 34-
45% interface, washed in PBS, followed by a 1 hour adherence step at 37ºC. Non-
adhering cells were removed and further maturation towards mφ was achieved by
continued adherence to plastic in 12-well culture plates (Corning incorporated, NY,
USA) in RPMI 1640 (BioWhittaker, Verviers, Belgium) and 10% human serum
(HS) (BioWhittaker) to allow induction of chitotriosidase. Monocytes were also
matured in the presence of granulocyte-macrophage colony-stimulating factor
(GM-CSF; 50 ng/ml), macrophage colony-stimulating (M-CSF; 10 ng/ml),
interleukin IL-4 (40 ng/ml), or IFN-γ cell surface marker expression patterns by
FACS. Following 8 days of culture chitotriosidase expression levels were
determined by western blot analysis and enzyme activity was determined in cell
free culture supernatants. 
Polymorphonuclear neutrophils (PMN) were isolated from lymphoprep cell pellets
which were depleted for erythrocytes on a 1% dextran 500/HBSS (BioWhittaker)
gradient followed by a 10 minutes erythrocyte lysis with ammonium chloride. PMN
were taken up in RPMI/0.5% BSA and seeded at 4 million cells in a final volume
of 200 μl. PMNs were stimulated with GM-CSF (50 ng/ml), N-formyl-methionyl-
leucyl-phenylalanine (fMLP; 1 μM), platelet activating factor (PAF; 1 μM),
cytochalasin B (5  μg/ml); (all from Sigma, MO, USA). Following 10-60 minutes of
incubation, cell-free supernatants were analysed for enzyme activity.

CRYO-ULTRAMICROTOMY AND IMMUNOLABELLING
Leukocytes from peripheral blood were fixed with a mixture of 0.5% (v/v)
glutaraldehyde and 4% (w/v) paraformaldehyde and pelleted in 10% (w/v) gelatine
in PBS. Ultra-thin frozen sections were incubated at room temperature with rabbit
anti-lactoferrin antiserum (1/400 dilution; Cappel Laboratories, Malvern, USA)
followed by incubation with 5 nm gold-conjugated goat anti-rabbit IgG, then treated
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with 1% glutaraldehyde for 10 minutes to prevent any interference between the
different Ab gold complexes (Amersham Biosciences) on the sections, and finally
incubated with rabbit anti-chitotriosidase antiserum (1/100 dilution) (4) and anti-
rabbit IgG linked to 10 nm gold particles. For controls, primary Ab was replaced by
non-relevant rabbit antiserum. After immuno-labelling, the cryosections were
embedded in a mixture of methylcellulose and uranyl acetate and examined under
a Philips CM10 electron microscope.

ENZYME ACTIVITY ASSAY AND WESTERN BLOT
Chitotriosidase enzyme activity was determined in cell free supernatants of
stimulated neutrophils, in cell free culture supernatants of stimulated mf and in
lysates (prepared in PBS/0.1% Triton X-100 and sonicated for 3 cycles of 5
seconds) of non-stimulated PBMCs, non-stimulated PMN and non-stimulated total
blood cells depleted of erythrocytes using the fluorescent substrate 4-methyl
umbeliferyl β-D-N,N’,N”-(MU)-triacylchitotriose (2). For β-hexosaminidase activity,
N-acetylglucosaminide 4-MU was used. Protein concentrations were determined
according to the Bradford method (8). When culture supernatants were analysed
enzyme activities were calculated and expressed as nmol/ml*h. Cell lysate
activities were expressed as nmol/mg*h. For mφ culture supernatants nmol/ml*h
activities were calculated first and subsequently activities were expressed on the
Y-axis as fold induction compared to culture medium alone. Statistical analysis
was performed using the student’s t-test, p<0.05 was considered significant. 
For western blot analysis cell lysates of non-stimulated total blood cells depleted
of erythrocytes, non-stimulated PBMCs, non-stimulated PMN, monocytes and
matured mφ (matured in culture medium alone or stimulated with GM-CSF, IL-4,
IFNγ or M-CSF) were prepared in RIPA buffer (150 mM NaCl, 10 mM Tris pH 7.2,
0.1% SDS, 1% Triton, 1% deoxycholate, 5 mM EDTA) and lysates representing
equal amounts of protein were separated on an 8% SDS-PAGE gel, transferred to
nitrocellulose (Fischer Scientific, Pittsburgh, USA), probed using rabbit anti-
chitotriosidase polyclonal (4) or mouse anti-β-actin monoclonal (Sigma) to verify
equal sample loading and stained with specific HRP-conjugates. 

RECOMBINANT HUMAN CHITOTRIOSIDASE
Recombinant human chitotriosidase was expressed in mouse C127i cells using a
bovine papilloma virus (BPV) based vector (9). Following filtration and
concentration chitotriosidase was purified on an ANX Sepharose FF column
(Pharmacia, Uppsala, Sweden). The flow through and wash fraction were pooled,
adjusted to pH=5 and subsequently applied to a cation exchange column
(Pharmacia).
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IN VITRO STUDIES
In vitro anti-fungal activity was assessed in several assays. The agar-diffusion
assay was performed according to the method described earlier (10).
Morphological changes were monitored by light microscopy. Hypotonic medium
was applied to Mucor rouxii hyphae upon chitotriosidase or vehicle incubation and
tip lysis was monitored.  The minimal inhibitory concentration of recombinant
human chitotriosidase was determined by the broth micro-dilution assay in
accordance with the national committee for clinical laboratory standards M27-P to
address antifungal efficacy against isolates of Cryptococcus neoformans at
concentrations ranging from 128 to 0.25 μg/ml. Inhibition was evaluated after 48
hours. The hyphae formation assay was carried out according to the following
procedure; recombinant human chitotriosidase was added to wells containing
1x106 Candida albicans (strain #64, from Alan Sugar). The plate was incubated at
37ºC for 98 hours and then switched to room temperature for 24 hours to allow
formation of hyphae. 

In Vivo Studies
ICR male mice were purchased from Taconic Laboratories (Germantown, USA)
and used for all models of systemic fungal infections. Candida albicans (strain #64
from A. Sugar) were prepared in PBS at 1x107 organisms/ml. Aspergillus
fumigatus (strain #H5978864, from A. Sugar) spores were suspended in saline at
5x105 organisms/ml. Mice were rendered neutropenic with 5-Fluorouracil (150
mg/kg; Sigma), which was administered i.v. For Candidiasis studies
yclophosphamide (Sigma) was used at 30 mg/kg, for Aspergillosis at 200 mg/kg.
Cyclophosphamide was administered daily intraperitoneally (i.p.). All infections
were administered as a bolus tail vein injection. Lyophilized recombinant human
chitotriosidase was reconstituted in sterile PBS to a final concentration of 20
mg/ml. 24 hours following infection animals were dosed with an i.p. injection of
recombinant human chitotriosidase. The number of animals alive in each group
was scored daily. Percent survival was calculated by dividing the number of living
mice by the number of total mice in each group. Healthy individuals were injected
with GM-CSF as described earlier (11). PMN counts, lactoferrin levels and
chitotriosidase activity were measured in plasma samples, drawn after indicated
time points. Lactoferrin levels were determined by radioimmune assay, according
to the method described by Neijens et al. (12). All animal and human studies were
approved for by appropriate review boards. Informed consent was provided
according to the Declaration of Helsinki.
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Figure 1. Chitotriosidase is expressed in specific granules of human PMNs and can be released by GM-CSF. (A)
Non-stimulated PMNs when compared to non-stimulated total blood depleted of erythrocytes and PBMCs show
increased chitotriosidase activity in PBS/0.1% Triton X-100 cell lysates (B) and increased chitotriosidase expression
as addressed by western blot analysis for chitotriosidase (39 and 50 kDa) and β-actin (42 kDa) when compared with
whole blood depleted of erythrocytes and and PBMCs. Micrographs showing immuno double labelling of PMNs for
chitotriosidase and lactoferrin. Panels (C and D): cryosections of PMNs labelled to detect chitotriosidase (10 nm gold
particles, large arrows in panel D) and lactoferrin (5 nm gold particles, small arrows in panel D). Chitotriosidase was
found in association with the specific granules (s), which were marked with lactoferrin. The almost electron-lucent
azurophilic granules (a) were not labelled. Bars, 200 nm. (E) In vitro release of chitotriosidase from PMNs stimulated
with GM-CSF (50 ng/ml). Control: open bars, GM-CSF: hatched bars. (F) In vivo release of chitotriosidase (open
triangles), lactoferrin (o) and PMN counts (open diamonds ) in human subjects after GM-CSF injection.
Chitotriosidase activities are indicated as mean +/- SEM; *P<0.05, **P<0.01, ***P<0.001 (n=5).
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RESULTS
CHITOTRIOSIDASE EXPRESSION AND SECRETION BY HUMAN PHAGOCYTES
Human PMNs, but not lymphocytes and monocytes, are a major source of
chitotriosidase in blood of healthy individuals. This is indicated by analysis of both
enzyme activity and protein levels in non-stimulated total blood cells depleted of
erythrocytes, PBMCs and PMNs (Fig. 1 A, B). The exact sub-cellular location of
the enzyme in human PMNs was studied. For this purpose, PMNs were treated
with different combinations of stimuli to obtain differential degranulation of
intracellular granules (13). Table I shows that exposure of purified PMNs to a
condition that induces secretion of secretory vesicles (i.e. incubation with PAF)
does not result in the release of chitotriosidase. Exposure of PMNs to PAF + fMLP,
which also induces the release of components of specific granules, results in
almost complete secretion of chitotriosidase. Finally, exposure to cytochalasin B +
fMLP, which causes the secretion of proteins from all vesicles including azurophilic
granules, does not lead to substantially more secretion of chitotriosidase. This is
in contrast to the increased secretion of β-hexosaminidase, a lysosomal enzyme
present in azurophilic granules of PMNs. These results suggest that in PMNs
chitotriosidase is not present in the lysosome-like azurophilic granules, but in the
specific granules. Using immunogold double-labelling experiments chitotriosidase
was indeed only detected in lactoferrin-containing compartments, the specific
granules (Fig. 1C, D) (10, 11). No double staining for the azurophilic marker
myeloperoxidase and chitotriosidase was observed (data not shown).

Table I. Release of chitotriosidase from PMNs.
Hexosaminidase activity            Chitotriosidase activity 

(nmol/ml*h) (nmol/ml*h)

None 76 +/- 17 7 +/- 1
PAF
(secretory vesicles) 163 +/- 35 15 +/- 7

PAF + fMLP
(+ specific granules) 197 +/- 33 244 +/- 12

Cytochalasin B + fMLP 1970 +/- 184 260 +/- 22
(+ azurophilic vesicles)
Enzyme activities were measured in cell-free supernatants after 10 min stimulation. Mean values +/- S.D. of three
donors are depicted.

Consistent with its location in specific granules, GM-CSF was found to induce
release of chitotriosidase from human PMNs in vitro (Fig. 1E). This was further
confirmed by analysis of serial plasma samples from healthy individuals to which
GM-CSF had been administered (11). Analysis revealed that plasma
chitotriosidase and lactoferrin occur in parallel: two hours after GM-CSF injection
both become detectable (Fig. 1F). This is not caused by increased neutrophil cell
numbers, because these levels peak later in time (approximately 12 hours).
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Chitotriosidase, which is absent in monocytes, is expressed by mature human
macrophages, being constitutively secreted as 50 kDa protein and present as 39
kDa enzyme in their lysosomes (2, 3). To address which factors drive
chitotriosidase expression in mφ, we have cultured monocytes in culture medium
alone or in the presence of either M-CSF, IL-4, IFN-γ, or GM-CSF. We first
analysed the presence of chitotriosidase activity in culture medium using the
fluorescent 4-MU-chitotriose substrate. We observed that GM-CSF super-induces
production of chitotriosidase as measured by enzyme activity in the medium (Fig.
2A) or cellular protein levels (Fig. 2B). Consistent increases in chitotriosidase
mRNA in cells exposed to GM-CSF were observed (data not shown). In contrast,
both IFN-g (classical activation of mf) and IL-4 (alternative activation of mφ)
prevented induction of chitotriosidase. M-CSF exerted little effect on
chitotriosidase production. Monocyte-derived dendritic cells, generated in the
presence of both GM-CSF and IL-4 do not express the chitinase (data not shown).
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Figure 2. Regulation of chitotriosidase expression in human mφ. (A) Chitotriosidase activity in culture supernatants of
m  matured with medium or cytokines (for details see Methods). Activities are calculated as nmol/ml*h and expressed
on the Y-axis as fold increase compared to stimulation with medium only. Data are indicated as mean +/- SEM, and
stimulation with medium was compared to cytokine maturation, *P<0.05 and ***P<0.001, n=8. (B) Western blot
analysis of chitotriosidase (39 and 50 kDa) and β-actin (42 kDa) in RIPA cell lysates of cytokine-matured mφ. 
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IN VITRO ACTIVITY OF RECOMBINANT HUMAN CHITOTRIOSIDASE
Taking into account the phagocyte-specific expression of chitotriosidase, we next
addressed its potential role in innate immune responses. Immune-compromised
individuals show an increased risk to life-threatening fungal infections and it has
been described that following GM-CSF treatment improved anti-fungal responses
are observed, supposedly via PMNs and monocytes/mφ (14, 15). GM-CSF
induces chitotriosidase expression in maturing human mφ and also triggers
release of chitotriosidase from human PMNs. It may be therefore speculated that
human chitotriosidase, in line with the role of homologous plant chitinases, exerts
anti-fungal activity (3, 16). This possibility prompted us to study the potential
activity of chitotriosidase towards several chitin-containing fungi. For this purpose,
50 kDa human chitotriosidase was recombinantly produced and purified to
homogeneity.
We have earlier shown that recombinant chitotriosidase can degrade cell wall
chitin of C. albicans (17). We further studied the possible anti-fungal activity in
several in vitro models. In a broth micro-dilution assay we observed clear growth
inhibition of Cryptococcus neoformans. The minimal inhibitory concentration of
recombinant human chitotriosidase to inhibit growth for 48 hours of the fungi was
below 0.25 μg/ml. Strikingly, we did find profound effects when fungal morphology
was addressed by microscopy. We observed the formation of atypical blebs,
followed by hyphal tip bursting when Mucor rouxii is exposed to chitotriosidase and
subsequently placed in a hypotonic environment (Fig. 3A). Further analysis
revealed that 60% of hyphae collapsed in the hypotonic environment as a result of
chitotriosidase exposure (Fig. 3B). A more dramatic effect was found when we
studied the formation of hyphae in cultures of C. albicans. We observed that
addition of recombinant human chitotriosidase prevented the transition from the
yeast form towards the hyphal form (Fig. 3C).
In conclusion, in vitro exposure of chitin-containing fungi to recombinant
chitotriosidase results in beneficial effects as revealed by growth inhibition, hyphal
tip bursting or prevention of hyphal switch.

RECOMBINANT HUMAN CHITOTRIOSIDASE IMPROVES SURVIVAL IN NEUTROPENIC MOUSE
MODELS OF CANDIDIASIS AND ASPERGILLOSIS.
The in vivo efficacy of recombinant human chitotriosidase was studied in
neutropenic mouse models of systemic Candidiasis and systemic Aspergillosis,
the major causes of mortality in immuno-suppressed individuals (14, 15).
Recombinant human chitotriosidase, when administrated daily by i.p. injection for
10 consecutive days, promoted survival in a dose-dependent manner when
compared to control Candidiasis mice (Fig. 4A). In the control group all mice died
by day 14 of the study. In the groups treated with chitotriosidase a clear increase
in survival was observed. When treated with 10 mg/kg and 30 mg/kg, about 30-
40% of the mice survived at this time-point, whereas in the group treated with 100
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mg/kg a striking increase to 80% survival was achieved. The latter group also
demonstrates highest survival (55%) at the endpoint of the study and this is
approximately 20% in the lower dose-groups. Of note, recombinant chitotriosidase
activity rapidly disappeared from the circulation, 90% is lost 1 hour post-dose and
the tissue half-life is 3 hours. Efficacy could be improved by repetitive dosing (data
not shown). 

A comparable effect, albeit to a lesser extent, was observed in Aspergillosis mice
(Fig. 4B). When compared to control mice, increased survival was seen in the
presence of chitotriosidase. At day 8 no survivors were present in the control
group, whereas 30% survival was observed in the 8 mg/kg and 80 mg/kg groups.
At the end-point of the study the survival went down to 10% in the 8 mg/kg group,
but remained stable in the 80 mg/kg group. In conclusion, recombinant human
chitotriosidase clearly improves survival in mouse models of both systemic
Candidiasis and systemic Aspergillosis. 
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Figure 3. In vitro anti-fungal activity of recombinant human chitotriosidase. (A) Left panel: control hyphae; right panel:
recombinant human chitotriosidase (100 μg/ml)-induced hyphal tip lysis in Mucor rouxii, see arrow head. (B) Graph
of quantification of tip lysis in hypotonic environment after incubation with recombinant human chitotriosidase. (C)
Recombinant human chitotriosidase (1 mg/ml) blocks formation of hyphae in Candida albicans. Control grown C.
albicans (left panel), or in the presence of chitotriosidase (right panel).
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DISCUSSION
Our investigation has shed further light on the relationship between chitotriosidase
and phagocytes. We observed that the enzyme is selectively expressed and
released upon specific stimuli by human PMNs as well as mφ. In PMNs,
chitotriosidase is found to be stored in the specific granules from which it is
released by appropriate stimuli. This finding is consistent with the earlier
demonstration of chitinase activity in PMNs and its detection in a proteomic survey
of released granular proteins (18-20). Interestingly, human cartilage glycoprotein
39 (HCgp39/YKL40), which is homologous to family 18 chitinases but lacks
enzyme activity due to a critical amino acid substitution in the active center, is also
present in specific granules of human neutrophils (21). In certain pathological
conditions, mφ massively produce and secrete chitotriosidase, resulting in
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Figure 4. Recombinant human chitotriosidase inhibits mortality in mouse models of neutropenic Candidiasis and
Aspergillosis. (A) In Candidiasis, three doses of recombinant human chitotriosidase were used and compared to
vehicle control. Compared to the control group (open circles), a dose-dependent increase of survival is observed with
10 mg/kg (open squares), 30 mg/kg (open diamonds) and 100 mg/kg (crosses) chitotriosidase. (B) In Aspergillosis,
two doses of recombinant human chitotriosidase were used and compared to vehicle control. Compared to the
control group (open circles), a dose-dependent increase of survival is observed with 8 mg/kg (open diamonds) and
80 mg/kg (crosses) chitotriosidase.
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markedly elevated serum chitotriosidase levels. Over-production of chitotriosidase
by mφ is for instance induced by accumulation of glycosphingolipids, iron or
glycogen in lysosomes of mφ (22-24). Like chitotriosidase, HCgp39 is also
secreted by mφ and furthermore both family 18 chitinases are strongly induced in
mφ present in atheroslerotic plaques (25, 26).
The interaction between GM-CSF and chitotriosidase expression and release by
phagocytes is of great interest. Firstly, the cytokine stimulates the synthesis of
chitotriosidase in mφ. This finding is consistent with a recent report in which serial
analysis of gene expression revealed that GM-CSF matured human mφ expressed
increased chitotriosidase transcripts when compared to M-CSF maturation (27).
Secondly, GM-CSF promotes the release of chitotriosidase from PMNs via
exocytosis of specific granules. In this connection, it is of interest to mention that
administration of GM-CSF has been reported to exert beneficial effects in patients
with fungal infections (14, 15). 
Our study revealed that chitotriosidase exerts activity towards chitin-containing
pathogens both in vitro and in vivo. Firstly, chitotriosidase was found to inhibit
growth of C. neoformans, to cause hyphal tip lysis in M. rouxii and to prevent the
occurrence of hyphal switch in C. albicans. These data strengthen the earlier
observed chitinolytic activity towards cell wall chitin of C. albicans (17). Our in vitro
observations were extended in neutropenic mouse models of systemic
Candidiasis and systemic Aspergillosis, the main causes of mortality in immuno-
compromised individuals (14, 15). We observed that recombinant human
chitotriosidase clearly improved survival in these mouse models. It is of interest to
note that chitotriosidase activity has been found to be raised in plasma of
neonates upon systemic Candidiasis (28). These observations made with
chitotriosidase are not entirely surprising given the well-documented anti-fungal
role of chitinases in plants (16).  The possible use of recombinant chitotriosidase
to treat life-threatening fungal infections may be attractive from a clinical
perspective particularly since Gaucher patients seem to tolerate well thousand-
fold elevated serum levels.
In view of our findings the common deficiency in chitotriosidase is especially
intriguing. Common in various ethnic groups is a 24 bp duplication within exon 10
of the chitotriosidase gene. Homozygous individuals for this mutation have no
functional chitotriosidase. In most ethnic groups, about 35% is carrier and 5% is
homozygous to the 24 bp duplication (5). Strikingly, in sub-Saharan regions
homozygous cannot be found and virtually no carriers could be detected. On one
hand, this suggests that the maintenance of functional chitotriosidase in these
regions is necessary due to presence of widespread parasitic diseases (29). In
support of this view, it has also been reported that infections with Wuchereria
Bancrofti, which causes human filariasis, are associated with an increased
deficiency in chitotriosidase (30). Additional evidence for a role of chitotriosidase
during immunological responses is the observation that the enzyme is shortly and
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acutely up-regulated both at the level of RNA and activity following stimulation with
pro-lactin, IFNγ, TNFα and LPS, but not with IL-10 (31, 32). Here we showed that
not only IFNγ but also IL-4 prevented induction of the enzyme in maturing mφ. In
addition, we found that enzyme expression is inhibited in mature chitinase
expressing mφ after prolonged, i.e. 24 and 48 hours, stimulation with IFNγ or IL-4
(unpublished results).
On the other hand, the discovery of the existence of a second chitinase in man,
named acidic mammalian chitinase (AMCase) has opened the possibility that a
deficiency in chitotriosidase might be partly compensated for by the presence of
the latter enzyme (17). Recently, it has been demonstrated that AMCase, which is
closely related to chitotriosidase, is involved in the pathology of an aeroallergen
asthma model. Interference with AMCase activity in this model, either by addition
of anti-sera or by addition of a chitinase specific inhibitor, improves pathology (33).
The inhibition of chitinase activity as a therapeutic approach for asthma has to be
dealt with carefully as the risk exists that important anti-pathogenic activities of
chitinases are eliminated as a consequence of total chitinase inhibition. Clinical
data for instance show that chitotriosidase activity is raised in plasma of African
children infected with acute Plasmodium falciparum malaria (34). Of note, in mice,
chitotriosidase is not expressed by phagocytes but in the stratified squamous
epithelium of the mucosal surface of the tongue, in the forestomach in the
squamous epithelium layer and by Paneth cells in the crypts of Lieberkuhn (35).
In conclusion, the recent data on AMCase in asthma and the accumulating data
on defence functions of chitotriosidase towards chitin-containing pathogens point
towards an important role of the family of chitinase proteins in the human immune
system and as interesting targets for therapeutic interventions.
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ABBREVIATIONS
mφ macrophage
PBMC peripheral blood mononuclear cells
PMN polymorphonuclear neutrophils
GM-CSF granulocyte-macrophage colony-stimulating factor
IFNγ interferon gamma
M-CSF macrophage colony-stimulating
f-MLP N-formyl-methionyl-leucyl-phenylalanine
PAF platelet activating factor
AMCase acidic mammalian chitinase
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ABSTRACT
Chitotriosidase (CHIT1) is a chitinase that is secreted by activated macrophages.
Plasma chitotriosidase activity reflects the presence of lipid-laden macrophages in
patients with Gaucher disease (GD). CHIT1 activity can be conveniently measured
with fluorogenic 4-methylumbelliferyl (MU)-chitotrioside or 4MU-chitobioside as
substrate, however non-saturating concentrations have to be used due to
apparent substrate inhibition. Saturating substrate concentrations can however be
used with the newly designed substrate 4-MU-deoxychitobioside. We studied the
impact of a known polymorphism, G102S, on catalytic properties of CHIT1. The
G102S allele was found to be common in Type 1 GD patients (~24% of alleles).
The catalytic efficiency of recombinant Ser102 CHIT1 was ~70% of that of wild-
type Gly102 CHIT1 when measured with 4MU-chitotrioside at non-saturating
concentration. However, the activity was normal with 4MU-deoxychitobioside as
substrate at saturating concentration, consistent with the prediction by molecular
dynamics simulations. In conclusion, the interpretation of CHIT1 activity
measurements with 4MU-chitotrioside with respect to CHIT1 protein
concentrations depends on the presence of Ser102 CHIT1 in an individual,
complicating estimation of body burden of storage macrophages. Use of the
superior 4MU-deoxychitobioside substrate avoids such complications since the
activity towards this substrate at saturating conditions is not affected by the G102S
substitution.

INTRODUCTION
Gaucher disease (GD; MIM 230800), is a recessively inherited disease that is due
to deficient activity of the lysosomal glucocerebrosidase (GBA; MIM 606463) [1].
Although glucocerebrosidase is present in lysosomes of all cell types, type I
Gaucher disease (GD) patients exclusively develop storage of glucosylceramide
(GL-1) in macrophages. It is believed that the storage material in macrophages
stems from the breakdown of exogenous lipids derived from the turnover of blood
cells. The characteristic lipid-laden macrophages, Gaucher cells, accumulate in
the liver, spleen, and bone marrow. Gaucher disease is characterized by
hepatosplenomegaly, haematological abnormalities, and skeletal involvement
[1,2]. There is a remarkable spectrum of clinical severity among Type 1 GD
patients. The limited correlation of genotype with phenotype stimulated a search
for secondary biochemical markers that might indicate disease severity [for review,
see ref. 3]. The importance of markers reflecting disease progression and
correction further increased with the introduction of enzyme replacement therapy
(ERT) [4] and substrate reduction therapy (SRT) [5,6]. Several serum
abnormalities in GD patients have been documented (i.e., Macrophage colony-
stimulating factor, angiotensin converting enzyme, tartrate-resistant acid
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phosphatase, CD163, and CCL18), [7-9]. The most striking abnormality is
elevated plasma chitotriosidase (CHIT1) activity [10]. CHIT1 is a chitinase
secreted by alternatively activated human macrophages [11,12]. CHIT1 is
produced as a 50 kDa protein, consisting of a chitin-binding domain, a hinge
region and a 39 kDa catalytic domain in which the enzymatic activity resides [13].
The enzyme is secreted as 50 kDa protein into the circulation [14]. Plasma
chitotriosidase activity is increased in several lysosomal [15-19] and nonlysosomal
diseases [20]. In untreated GD patients, the median activity is about 600-fold
greater than that in normal controls [10]. Plasma CHIT1 activity has proven useful
for monitoring disease severity and the effectiveness of therapy in GD including
ERT [21-25], and more recently, substrate reduction therapy [26,27]. In 2004, the
International Collaborative Gaucher Group (ICGG) formally recommended plasma
chitotriosidase activity as the biomarker of choice for evaluating GD patients and
monitoring the effectiveness of ERT. Monitoring therapeutic response by
measurement of plasma chitotriosidase activity suffers from two limitations. The
assay of CHIT1 activity with commercially available substrates is complicated by
the existence of apparent substrate inhibition due to transglycosidase activity [28].
Because of this, activity cannot be measured at saturating substrate
concentrations and does not accurately reflect chitotriosidase protein levels. A
novel substrate, 4MU-deoxychitobiose, has been developed that allows more
accurate and sensitive measurement of chitotriosidase [28,29]. Another pitfall
results from the complete absence of the enzymatic activity in about 6% of
Caucasian individuals and even higher percentages in individuals of Asian
ancestry [30-32]. This trait is caused by homozygosity for a 24-base pair
duplication in exon 10, designated dup24, in the CHIT1 gene, preventing formation
of active enzyme [30]. Plasma CHIT1 levels in heterozygotes for this null allele
underestimate the actual presence of Gaucher cells in patients. Determination of
CHIT1 genotype in Gaucher patients is therefore recommended. A further
polymorphism resulting in a G102S substitution exists in the CHIT1 gene (MIM
600031). This was firstly reported by Gray and collaborators (patent application
WO 97/47752). Coinciding with our investigation, Desnick and coworkers reported
the common occurrence of the G102S allele among GD patients and normal
subjects [31]. The Ser102 CHIT1 enzyme was found to show a reduced catalytic
efficiency towards the artificial substrate 4MU-chitotrioside as compared to wild-
type enzyme. We have investigated in detail the frequency of G102S CHIT1 allele
and the impact of the amino acid substitution on catalytic efficiency towards
various substrates. The interpretation of plasma chitotriosidase activities when
measured with various substrates with respect to estimating disease severity is
discussed.

116

chapter 4.qxp  18-11-2008  16:49  Pagina 116



MATERIALS AND METHODS
PATIENT SPECIMENS
Peripheral blood was collected from Type 1 GD patients and normal subjects
evaluated at the Academic Medical Center. All specimens were obtained with
informed consent and approval of the ethical review board of the institution.
Baseline data on sex, age, splenectomy, severity score index and genotype were
recorded. Volumes of liver were derived from MRI images as described earlier
[24]. Excess liver volume was derived by subtracting a notional ‘expected’ liver
volume (2.5% of body weight) from the observed liver volume.

PLASMA CHITOTRIOSIDASE ENZYME ASSAYS
Chitotriosidase activity in plasma samples, stored at -80 °C, was measured with
the natural chitin fragment chitohexaose, or the fluorogenic substrates 4MU-
chitotrioside, 4MU-chitobioside and 4MU-deoxychitobioside. Chitohexaose was
obtained from Seikagaku Corporation, Tokyo, Japan, 4MU-chitotrioside and 4MU-
chitobioside from Sigma, St Louis, MO. 4MU-deoxychitobiose was synthesized as
earlier described [28]. Briefly, for the enzyme activity assay with 4-MU-substrates,
25 ml serum, diluted with BSA/PBS (bovine serum albumin/phosphate buffered
saline, 1 mg/ml) and 100 ml substrate mixtures were incubated for 20 min at 
37°C. For the determination of activity ratios, the substrate mixtures contained
0.0113 mM 4MU-chitotriose, or 0.027 mM 4MU-chitobiose or 0.250 mM 4MU-
deoxychitobiose and 1 mg/ml BSA in McIlvain buffer, pH 5.2. Reactions were
stopped with 2.0 ml 0.3 M glycine NaOH buffer pH 10.6 and the formed 4MU was
detected fluorometrically (excitation at 366 nm; emission at 445 nm). Only less
than 10% difference in the duplicates was allowed. One unit (U) of activity is
defined as 1 nmol of substrate hydrolyzed per hr. Activity towards the natural oligo-
saccharide chitohexaose was measured using a HPLC method essentially as
described previously [28]. Rather than relying on UV detection, sensitivity was
increased by labelling of released fragments with fluorescent anthranilic acid
(Bussink, submitted for publication). 

IN GEL ENZYMATIC ASSAY
In gel chitinase activity was determined in a 12% polyacrylamide gel containing
SDS, run in absence of β-mercaptoethanol. Renaturing of separated proteins was
accomplished by incubating the gel for 16 hrs at room temperature in a casein-
containing suspension (2.5 gr/L casein, 20 mM Tris, 2 mM EDTA, pH 8.5). Prior to
exposure to artificial substrate the gel was washed three times in 30 mM
NaAc/HAc (pH 5.2). The gel was soaked in 250 mM 4MU-deoxychitobiose for one
minute, after which the fluorescent signal was determined at various exposure
times in a Roche Lumi-Imager with settings optimized for 4MU fluorescence.
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CHIT1 GENOTYPING
DNA was isolated from peripheral blood using the Gentra PureGene kit
(Minneapolis, USA). Detection of the common dup24 insertion in exon 10 of the
CHIT1 gene (NM_003465.1) was performed as described (30). The G102S
mutation was detected by polymerase chain reaction amplification of the
appropriate fragment (primers: RB203 5‘-ggcagctggcagagtaaatcc-3‘ & RB204 5’-
cccagaaggaaattcagccc-3’) and sequencing (Big Dye Terminator sequencing kit,
Applied Biosystems, according to manufacturers protocol on an Applied
Biosystems 377A automated DNA sequencer).

ISOLATION AND EXPRESSION OF NORMAL AND MUTANT CHIT-1 DNA
CHIT1 cDNA was cloned previously (13). A fragment of the cDNA encoding the 39
kDa catalytic domain was used for recombinant protein production. The G102S
point mutation was introduced directly into the wild-type CHIT1 cDNA in the
expression plasmid, pcDNA3.1, using a fragment containing the G102S amplified
from an individual that contained this polymorphism. Large-scale production and
purification of the wild-type and mutant cDNA expression plasmids were
performed using Qiagen Plasmid Midi Kits.
COS-7 cells were plated in complete media in six-well plates at a cell density of 1-
3 x 105 cells per well and left overnight to achieve the desired cell concentration of
50 to 80% confluency. On the day of transfection, the complete media in each well
was replaced with 1 mL of serum-free media. Transient transfection with the
expression plasmid pcDNA3.1 containing the wild-type or mutant CHIT1 cDNA
was achieved using FuGene 6 transfection reagent according to the
manufacturer’s protocol (Roche Applied Science, Indianapolis, USA). After 72 hr,
the media was collected and subjected to chitotriosidase assays.

WESTERN BLOT ANALYSIS
An antiserum raised against recombinant produced chitotriosidase [11] was used
to visualize chitotriosidase protein on western blots. The presence of N-linked
glycans was determined by monitoring the shift in molecular mass of
chitotriosidase upon digestion with endoglycosidase F (PNGase F, New England
Biolabs).

DETERMINATION OF SPECIFIC ACTIVITY OF NORMAL AND SER102 CHIT1
The specific activity of recombinantly produced wild-type and Ser102 CHIT1 was
comparatively assessed by comparison of intensity of cross reactive material with
western blot analysis using a similar input of enzymatic activity of both enzymes.
Quantification of cross reactive material was performed using Quantity One
analysis software (Bio-Rad laboratories). For comparison, a pure standard of
recombinant chitotriosidase, previously produced enzyme at large scale and for
which specific activity had been determined by protein measurement [33]. The
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specific activity of plasma wild-type and Ser102 CHIT1 was also determined using
label-free LC-MS as recently described [34]. Plasma was analyzed from an
individual expressing both G102S and wild-type chitotriosidase, and an individual
expressing only wild-type enzyme. 

MODELLING OF THE G102 SUBSTITUTION AND MOLECULAR DYNAMICS SIMULATION
The model of Ser102 CHIT1 was based on the crystal structure of native
chitotriosidase (Research Collaboratory for Structural Bioinformatics (RCSB)
protein data base (PDB) acc. nr: 1LQ0, resolution 2.20 Å) [35]. The glycine at
position 102 was converted into a serine using the program Deepview [36]. Both
the native and modified structure were subjected to energy minimalization in
GROMACS version 3.3.1 with the GROMOS96 forcefield using the steepest
decent method [van Gunsteren, W. F., and H. J. C. Berendsen. 1987. GROMOS-
87 Manual. BIOMOS BV, Groningen, The Netherlands]. Preparation of the
systems for molecular dynamics (MD) included solvation of the protein structure in
a periodic, cubic box, addition of polar and aromatic hydrogen atoms (at a pH of
5.2), addition of SPC water molecules [37], removal of water molecules residing in
hydrophobic cavities and charge neutralization by exchanging waters with chloride
ions. Prior to actual MD the systems were subjected to another round of energy
minimalization, followed by 20 ps of MD with position restraints on heavy protein
atoms and an unconstrained equilibration run of 1 ns. Both temperature and
pressure in the systems was kept constant, at 300 K and 1 bar, respectively, using
the Berendsen-thermostat and -barostat. Bonded interactions were described with
the GROMOS96 forcefield, van der Waals interactions and short range
electrostatic interactions were treated with a cut-off radius of 1.0 nm and long-
range electrostatic interactions were treated with the particle mesh Ewald method
[38]. Using the LINCS algorithm to constrain bonds [39] allowed for a timestep of
2 fs. Prepared as such, the dynamics of the two systems were sampled during
three separate MD runs of 10 ns, initiated from different starting velocities. From
the resulting trajectories Root Mean Square Fluctuations (RMSF) were calculated
using the tools included in the GROMACS software package.

STATISTICAL ANALYSIS
The data were analyzed using the Mann-Whitney U test. Correlations were tested
by the rank correlation test (Spearman coefficient, ρ). P values less than 0.05 were
considered statistically significant.

RESULTS
FREQUENCY OF CHIT1DUP24 AND CHIT G102S
The CHIT1 genotype was determined in a large number of Gaucher patients of
European ancestry (n=86). Among the Gaucher patients, 3.5% and 41.7% were
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homozygous or heterozygous, respectively, for the G102S mutation, with an allele
frequency of 0.24 (41/172). Among the same patients, 6% and 27% were
homozygous or heterozygous for the dup24 allele respectively, with an allele
frequency of 0.20 (35/172). The numbers of detected homozygotes for the G102
allele and the dup24 allele were consistent with the Hardy Weinberg equilibrium.
Sequencing the CHIT1 gene of selected cases revealed that in the GD patient
cohort all four conceivable CHIT alleles occurred (allele containing duplication
without G102S mutation, allele containing duplication with G102S mutation, allele
without duplication and without G102S mutation, allele without duplication and
with G102S mutation).

ENZYMATIC ACTIVITY OF CHITOTRIOSIDASE TOWARDS VARIOUS ARTIFICIAL SUBSTRATES
Chitotriosidase activity in plasma samples of 47 type 1 Gaucher patients with an
established CHIT genotype was measured using 4MU-chitotrioside and 4MU-
deoxychitobiose as substrates. A significant correlation between G102S genotype
and the activity towards the two artificial substrates became apparent when
analyzing the results for individuals lacking the dup24 allele (figure 1). Individuals
that solely express the wild-type Gly102 enzyme (genotype G/G) display the
highest 4MU-chitotrioside/4MU-deoxychitobioside (trio/deoxybio) activity ratios,
while individuals that express solely the Ser102 enzyme (genotype A/A) have
substantially lower trio/deoxybio activity ratios. The heterozygotes (genotype G/A)
show intermediate values.

Figure 1. Activity of plasma CHIT1 towards artificial substrates according to CHIT1 genotype. Ratios of activities
towards substrates 4MU-chitotrioside and 4MUdeoxychitobioside as measured for plasma samples according to
genotype of patients. Horizontal bars represent median values.
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In the case of carriers of the dup24 allele a broad range of reduced trio/deoxybio
activity ratios was observed (not shown). As established by sequencing of large
segments of CHIT1 genes, this is explained by the fact that in some individuals the
G102S mutation is on the same allele as the duplication and only wild-type protein
is produced, whilst in others the G102S mutation is on the wild-type allele and
G102S substituted enzyme is solely present. 
Next, the activity of recombinant produced 39 kDa wild-type and Ser102 CHIT1
towards 4MU-chitotrioside and 4MU-deoxychitobiose was determined.
Recombinant Ser102 CHIT1 showed a clearly reduced (75% of wild type enzyme)
trio/deoxybio activity ratio, mimicking the findings made with plasma enzymes.
This suggests that the catalytic efficiency of Ser102 CHIT1 towards 4MU-
deoxychitobioside is normal, but slightly impaired towards 4MU-chitotrioside. Of
note, enzyme activity measurement with the substrate 4MU-chitobioside revealed
that the G102S substitution, either in plasma enzyme or recombinant
chitotriosidase, did not affect markedly the bio/deoxybio activity ratio (not shown).

GLYCOSYLATION OF G102S CHITOTRIOSIDASE
The G102S mutation creates a potential glycosylation site at Asp100 within the 39
kDa catalytic domain of chitotriosidase. To test the possibility that the mutant
enzyme is indeed glycosylated, we compared recombinant produced 39 kDa wild-
type and Ser102 CHIT1 using western blot analysis. As can be seen from figure
2A the mutant enzyme shows an additional, less intense, cross-reactive protein
with a slightly higher molecular mass than 39 kDa. To assess the nature of this
additional isoform, we subjected the recombinant proteins to endoglycosidase F
digestion. Figure 2B shows that the additional isoform of the mutant enzyme is
sensitive to the endoglycosidase F digestion, suggesting that it is glycosylated.
Following electrophoretic protein separation in a SDS-acrylamide gel, two
isoforms could also be visualized by detecting hydrolysis of the fluorogenic 4MU-
deoxychitobiose substrate (figure 2C, upper panel). Apparently, both isoforms are
enzymatically active.
Next, plasma samples of Gaucher patients with different genotypes (G/G, G/A and
A/A), and lacking the dup24 allele, were subjected to western blot analysis. Figure
2D shows that in the case of plasma from patients that strictly express the wild-
type enzyme of 50 kDa, only a single cross-reactive band is detected. However,
samples from patients that carry the mutant allele display an additional cross-
reactive band above the 50 kDa protein, that was found to be sensitive to
endoglycosidase F digestion (not shown). The additional band is more intense in
the case of homozygotes for Ser102 CHIT1 (A/A) than heterozygotes (G/A) (figure
2D).

SPECIFIC ACTIVITY OF WILD-TYPE AND SER102 CHIT1
To determine whether the G102S substitution in CHIT1 affects catalytic efficiency
towards 4MU-chitotrioside and 4MU-deoxychitobioside, the specific activity of
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COS-produced recombinant wild-type and Ser102 CHIT1 was studied.
Unfortunately, an accurate direct measurement of protein concentration was not
feasible given the low quantities of recombinant enzymes available. Using SDS-
PAGE and western blotting, the catalytic efficiency of 39 kDa wild-type and Ser102
CHIT1 was compared (figure 3). Applying an equal amount of activity towards
4MU-deoxychitobioside for both enzymes, resulted in equally intense amounts of
cross reactive material. However, applying an equal amount of activity towards
4MU-chitotrioside for both enzymes, resulted in less cross reactive material in the
case of wild-type enzyme (60-80% compared to mutant enzyme). Thus, the
specific activity of Ser102 CHIT1 towards 4MU-chitotrioside appears to be
reduced. Recently, a label-free LC-MS method was developed that allows
absolute quantification of CHIT1 protein in plasma specimens [34]. CHIT1 protein
concentrations in plasma samples were measured in both a heterozygous
individual and a homozygous wild type individual. The specific activity towards
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Figure 2. Analysis of glycosylation of Ser102 CHIT1. Western blot and in-gel activity analyses of the glycosylation
pattern of both recombinant and plasma proteins. A: western blot of recombinant 39 kDa CHIT1 proteins. B: effect of
digestion with endoglycosidase F. C: in-gel activities of both proteins at increasing concentrations (upper panel) with
parallel western blot signal (lower panel). D: western blot of plasma CHIT1 isoforms in relation to Gaucher patients’
genotypes.
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4MU-chitotrioside was lowest in the case of the plasma sample containing both
enzymes (3.25 mmol/mg.hour), and highest in plasma containing only wild-type
CHIT1 (4.09 mmol/mg.hour). This confirms the observations (figure 3) that Ser102
CHIT1 is only slightly impaired in activity towards 4MU-chitotrioside.
Other enzymatic features of wild-type and Ser102 CHIT1 were comparatively
investigated. Both enzymes showed apparent substrate inhibition with 4MU-
chitotrioside as substrate, a phenomenon that is caused by transglycosylation of
this substrate (not shown). Fortunately, the substrate 4MU-deoxychitobioside can
not be transglycosylated and shows Michaelis-Menten kinetics allowing
determination of Km. The Km of Ser102 CHIT1 for the 4MU-deoxychitobioside
(determined by means of Eadie–Hofstee plotting and linear regression) is 102 +/-
6 μM, substantially higher than that of wild type enzyme (43 +/- 1 mM). Both
recombinant proteins were found to be active towards the natural chito-oligomer
chitohexaose releasing both chitobiose and chitotriose moieties from the
chitohexaose (Table 1). The ability of G102S chitotriosidase to hydrolyze this
natural chitin oligomer appeared only marginally reduced compared to wild-type
enzyme. 

Figure 3. Apparent specific activity of recombinant wild-type and Ser102 CHIT1. Equal amounts of activity of
recombinant wild-type and Ser102 CHIT1, either with 4MUchitrioside (left) or 4MU-deoxychitobioside (right) were
subjected to Western blot analysis and quantified as described in the experimental procedures.

Table 1. Formation of fragments from chitohexaose (expressed in μM) by wild-type and Ser102 CHIT1.
Substrate (GlcNAc)6  60  μM Substrate (GlcNAc)6  120  μM

wt Ser102 wt Ser102
(GlcNAc)2 23.6 28.0 19.7 28.1
(GlcNAc)3 27.7 40.2 20.0 36.1
(GlcNAc)4 13.3 15.9 13.5 19.2
(GlcNAc)6 33.0 21.0 90.0 88.0

MODELLING OF THE G102S SUBSTITUTION
The three-dimensional structure of CHIT1 has been extensively studied by
crystallography [35,40] and therefore a reliable prediction can be made for the
enzyme structure containing a serine instead of glycine at amino acid position 102.
The protein was shown to adopt a highly stabilized (β/α)8-fold, also known as TIM
barrel. Mutation of the glycine into a serine did not alter the overall structure, as
can be concluded from the near superimposability of the energy minimalized
structures of the 102G and 102S proteins (r.m.s. deviation 0.02 Å). However, since
Ser102 is located close to the binding cleft, we investigated whether possible
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hydrogen-bonding interactions of the serine hydroxyl could result in altered
substrate-binding. Since the G102S mutation was shown to effect hydrolysis of the
chitotrioside-substrate and to a lesser extent the chitobioside-substrate, it was
hypothesized that differences in binding of the third sugar (at the -3 position) are
responsible for the observed differences in activity.
Therefore, the published crystal structure of the chitotriosidase-allosamidin
complex was carefully examined [40]. Allosamidin is a potent chitinase inhibitor
consisting of two N-acetylglucosamine residues and a group that mimics the
transition-state analogue and therefore can be used to assess positioning of the
second and third sugar residues in the binding cleft. The structure indeed reveals
a hydrogen bonding interaction between the N-acetyl moiety of the third sugar and
Asn100. 
In order to evaluate differences between both proteins we performed molecular
dynamics (MD), simulations in which atoms are allowed to interact for a period of
time under known laws of physics, providing insight in the motion of atoms.
Simulations of both native wild-type and mutant unglycosylated structures were
performed. The 10 ns MD runs show a considerable overall rigidity of secondary
structures, as shown by r.m.s. fluctuations (RMSF, a measure for flexibility) of
0.05-0.15 nm, consistent with the compact, highly stabilized structure of the (β/α)8
barrel. Furthermore, the catalytic glutamic acid is accessible to solvent, compatible
with hydrolase activity. Comparison of the residue-specific RMSF between wild-
type and G102S chitotriosidase shows a markedly decreased mobility for residues
96-104 in the G102S protein, corresponding to the loop separating β3 and α3
containing Asn100 (figure 4A). Visual inspection of the MD trajectories indeed
shows the hydroxyl oxygen of Ser102 to be able to form additional hydrogen
bonds with the peptide backbone at Phe101 and Lys105 and the side chain of both
Gln104 and Lys105, resulting in a demobilization of the loop (figure 4B). Since the
G102S substitution results in a marked decrease in flexibility it is conceivable that
the sugar at the -3 position can no longer be stabilized by Asn100, which is likely
to result in a lower activity of the enzyme towards the 4MU-chitotrioside substrate.
It presently remains, however, unclear how the mutation affects the binding
constant of the enzyme for 4MU-deoxychitobioside.

CORRELATION OF WILD-TYPE AND SER102 CHIT1 WITH SEVERITY OF GAUCHER DISEASE
MANIFESTATION
CHIT1 is a useful biomarker to estimate disease severity and to monitor the
effectiveness of ERT. Since CHIT1 is secreted from pathological lipid laden
Gaucher cells that predominantly accumulate in liver, spleen and bone marrow, a
correlation between enzyme activity and both excess-liver and -spleen volume
was proposed and indeed demonstrated [25]. The findings presented above show
that the G102S substitution results in an underestimation of the amount of CHIT1
protein when measured enzymatically with 4MU-chitotrioside. In light of this, we
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examined for a cohort of type 1 GD patients lacking the dup24allele and with an
intact spleen, the correlation of excess liver volume and plasma CHIT1 employing
both 4MU-chitotrioside and 4MU-deoxychitobiose as substrates. We observed a ρ
of 0.58 (P=0.0004) when plasma chitotriosidase activities were measured with
4MU-chitotrioside. Using 4MU-deoxychitobiose for activity measurements,
statistical significance increased to 0.66 (P<0.0001). Thus, the correlation
between excess liver volume and CHIT activity indeed improves when using 4MU-
deoxychitobiose as substrate for enzyme measurements.

Figure 4. Structural implications of the G102S mutation. A: R.m.s. fluctuations (RMSF) in the effected domain (residue
numbers are shown on the x-axis, RMSF in nm on the y-axis) in wild-type (in grey) and Ser102 CHIT1 (in black). The
values represent averages obtained from three independent runs. B: Superposition of wild-type and mutant structures
(grey is wild-type). Amino acids 70-95 of both enzymes are coloured according to RMSF on a scale from blue (RMSF
= 0 nm) to red (RMSF = 0.25 nm). The location of the mutation is highlighted (green in wild-type protein, yellow in
Ser102 CHIT1). Sidechains of Ser102 and Lys105 having hydrogen bonded interactions are shown.
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DISCUSSION
Coinciding with our investigation, the research groups of Desnick and Beutler
independently characterized CHIT1 genotypes in various groups of individuals
[31,32]. Like us, Desnick and coworkers noted in their study the common
occurrence among GD patients and normal subjects of the dup24 and G102S
alleles [31]. Interestingly, the observed frequency of the G102S allele was about
0.3 in subjects of various ancestries, including African. This is in sharp contrast to
the situation for the dup24 allele that is far less frequent among individuals of
African extraction as compared to subjects of European ancestry [32,41,42].
Concomitantly, Beutler and coworkers determined in an impressive series of
individuals the frequency of the dup24 allele, being 0.56 (n=2054) in subjects of
Asian ancestry, 0.17 (n=984) in subjects of European ancestry and 0.07 (n=536)
in subjects of African ancestry [32]. They also reported high G102S allele
frequencies for various ethnic groups, being 0.27, 0.26, and 0.24 for European
(n=180), African (n=150) and Asian (n=904) groups, respectively. The results of
our study with Gaucher patients of European ancestry are remarkably consistent
to the reports by the groups of Desnick and Beutler. The frequency of the G102S
allele in the patient population studied by us was 0.24 and that of the dup24 allele
was 0.20. Of note, we observed that the 24 bp duplication and G102S mutation
are not strictly linked and that all possible combinations of the CHIT1 alleles occur.
It thus seems most likely that the two mutations in CHIT1 are ancient and that
already among the founders of non-African ethnic groups carriers of all four
different CHIT1 alleles must have existed.
The consequences of the G102S substitution in CHIT1 for its enzymatic efficiency
are of interest. Desnick and coworkers reported a markedly (about 4-fold) reduced
catalytic activity of Ser102 CHIT1 towards the artificial substrates 4MU-
chitotrioside [31]. In contrast, Beutler and collaborators found no indications for
significantly reduced activity of Ser102 CHIT1 [32]. In our hands, the specific
activity of recombinant Ser102 CHIT1 towards 4MU-chitotrioside is about 70 % of
normal. A similar extent of reduction in specific activity was noted for plasma-
derived Ser102 CHIT1. Desnick and coworkers compared the specific activity of
wild-type and Ser102 CHIT in media of COS-transfected cells using silver-staining
after gel electrophoresis. In their case, the protein signal staining intensities of
aliquots containing almost equal 4MU-chitrioside hydrolyzing activity were much
higher in the case of Ser102 CHIT1 than wild-type enzyme. It was concluded that
Ser102 CHIT1 only showed 23% of wild-type catalytic activity. In our hands, the
differences between wild-type and Ser102 CHIT1 in activity towards 4MU-
chitotrioside are much smaller. A possible, quite trivial explanation for the apparent
differences in findings among various research groups may be that very low
substrate 4MU-chitotrioside concentrations have to be used in assays of CHIT1
activity. The binding constant of Ser102 CHIT1 for this substrate could very well
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differ from that of wild-type Gly102 enzyme. Unfortunately, this constant can not
be experimentally determined due to the ongoing transglycosylation of the 4MU-
chitotrioside substrate [28]. However, using 4MU-deoxychitobioside as substrate,
which can not undergo transglycosylation, a substantially higher Km in the case of
Ser102 CHIT1 was observed by us. It is therefore conceivable that the binding
constant for 4MU-chitotrioside is indeed effected by the G102S substitution in
CHIT1 and that, in combination to this, slight differences in assay concentration of
4MU-chitotrioside among research groups might generate different results for
relative specific activity of Ser102 CHIT1. Our finding that the G102S substitution
has only a very small effect on hydrolysis of the natural chito-oligosaccharide
chitohexaose indicates that Ser102 CHIT1 is not intrinsically impaired in hydrolytic
activity. The same is suggested by the normal activity of the enzyme towards 4MU-
deoxychitobioside.Structural modelling of the mutation combined with MD
simulations offers an explanation for the observed difference in activity towards
4MU-chitotrioside. A decrease in flexibility was observed locally in the Ser102
protein, which is likely to result in slightly alterder substrate binding.
The consequence of the partial glycosylation of Ser102 CHIT1 is still unclear. Our
investigation did not point to a major difference in enzymatic activity of
glycosylated and unglycosylated enzyme when measured with 4MU-
deoxychitobioside as substrate. Obviously, it can not be excluded that the
glycosylated isoform is more rapidly (lectin-mediated) cleared from the circulation.
Given the current application of plasma CHIT1 as measure for the body burden of
Gaucher cells in GD patients and its use to assess disease severity and efficacy
of therapeutic intervention, the genetic heterogeneity in the CHIT1 gene is of
importance. This has been elegantly pointed out by Desnick and coworkers [31].
Interpretation of plasma CHIT1 activities, especially when determined with 4MU-
chitotrioside as substrate, should take into account the CHIT1 genotype of an
individual. Importantly, the newly developed substrate 4MU-deoxychitobiose offers
a convenient solution. The catalytic efficacy towards this substrate seems not
affected by the G102S substitution. The fact that 4MU-deoxychitobiose can not
serve as acceptor in transglycosylation offers further advantages such as the use
of saturating substrate concentration.
Correction of measured plasma CHIT1 for patients carrying the G102S allele may
be considered. According to the observed reduction in specific activity of Ser102
CHIT1, correction would imply multiplying measured levels of plasma
chitotriosidase activity measured with 4MU-chitotrioside at our assay conditions
with a factor of 1.3 in the case of carriers for the G102S allele and by a factor of
1.6 in the case of homozygotes for G102S allele. Applying such correction to our
dataset improved the correlation between excess liver volume and plasma
chitotriosidase in Gaucher patients: uncorrected ρ of 0.58 (P=0.0004), corrected ρ
of 0.65 (P=0.0001), the latter almost identical to the ρ of 0.66 (P<0.0001) observed
for chitotriosidase data obtained with 4MU-deoxychitobioside as substrate.
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Obviously, it should be realized that the correction factor may differ between
research groups, being highly dependent on the precise assay conditions, in
particular 4MU-chitotrioside concentration. Moreover, it should be kept in mind
that, although appealing, such correction is not feasible in carriers of both the
G102S allele and dup24 allele. In such cases it is not known a priori whether the
two mutations are at the same or distinct CHIT alleles. In the former situation no
correction should be made and in the latter the correction should be by a factor of
1.6 when using our assay conditions.
In conclusion, the G102S substitution in CHIT1 occurs commonly among
individuals of European ancestry, including Gaucher patients. Since this
substitution negatively affects activity of CHIT1 towards 4MU-chitotrioside,
measured plasma enzyme activities with this substrate may in some individuals
insufficiently reflect chitotriosidase protein, the latter being related to the presence
of storage cells. This could result in an underestimation of disease severity. For an
optimal interpretation of plasma chitotriosidase activities in relation to monitoring
disease severity, the use of the 4MU-deoxychitobioside substrate has to be
therefore strongly recommended.
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ABSTRACT
Family 18 of glycosyl hydrolases encompasses chitinases and so-called chi-
lectins lacking enzymatic activity due to amino acid substitutions in their active
site. Both types of proteins widely occur in mammals although these organisms
lack endogenous chitin. Their physiological function(s) as well as evolutionary
relationships are still largely enigmatic. An overview is presented of all family
members and their relationships are described. Molecular phylogenetic analyses
suggest that both active chitinases (chitotriosidase and AMCase) result from an
early gene duplication event. Further duplication events, followed by mutations
leading to loss of chitinase activity, allowed evolution of the chi-lectins. The
homologous genes encoding chitinase(-like) proteins are clustered in two distinct
loci that display a high degree of synteny among mammals. Despite the shared
chromosomal location and high homology, individual genes have evolved
independently. Orthologues are more closely related than paralogues, and
calculated substitution rate ratios indicate that protein-coding sequences
underwent purifying selection. Substantial gene specialization has occurred in
time, allowing for tissue-specific expression of pH optimized chitinases and chi-
lectins. Finally, several family 18 chitinase-like proteins are present only in certain
lineages of mammals, exemplifying recent evolutionary events in the chitinase
protein family.

INTRODUCTION
Chitin, the linear polymer of N-acetylglucosamine (GlcNAc), is the second most
abundant polysaccharide in nature and serves as an indispensable structural
component in a variety of organisms, including fungi and arthropods (Tharanathan
and Kittur 2003). Based on sequence homologies chitinases fall into two groups:
families 18 and 19 of glycosyl hydrolases (Henrissat 1991). Members of family 18
employ a substrate assisted reaction mechanism (Terwisscha van Scheltinga et al.
1995; van Aalten et al. 2001), whereas those of family 19 adopt a fold and reaction
mechanism similar to that of lysozyme (Monzingo et al. 1996), suggesting these
families evolved independently to deal with chitin. 
Early reports on chitinolytic activity in vertebrates (Jeuniaux 1961) were confirmed
following investigations on Gaucher disease, the most common lysosomal storage
disorder in man caused by an inherited deficiency in glucocerebrosidase (Beutler
et al. 1995). In plasma of symptomatic patients with Gaucher disease activity
towards the artificial substrate 4-methylumbelliferyl-chitotriose is elevated several
hundred-fold (Hollak et al. 1994). The responsible enzyme, named chitotriosidase,
was shown to be a true chitinase, hydrolyzing natural chitin and showing high
sequence homology to chitinases from lower organisms (Hollak et al. 1994;
Renkema et al. 1995; Boot et al. 1995). Other members of the mammalian
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chitinase family have been discovered since, including a second chitinase which,
given its acidic pH optimum, was named Acidic Mammalian Chitinase (AMCase)
(Boot et al. 2001). Since chitin is an important structural component of pathogens
like fungi as well as a constituent of the mammalian diet, a dual function for
mammalian chitinases in innate immunity and food digestion has been envisioned
(Suzuki et al. 2002; Boot et al. 2005a). Indeed, for human chitotriosidase, an
enzyme predominantly expressed by phagocytes, a fungistatic effect has been
demonstrated recently (van Eijk et al. 2005). Several studies have tried to link a
common chitotriosidase deficiency (Boot et al. 1998) to susceptibility for infection
by chitin-containing parasites (reviewed by Bussink et al. 2006). The physiological
function of the second mammalian chitinase, AMCase, has recently attracted
considerable attention due to a report linking the protein to the pathophysiology of
asthma (Zhu et al. 2004).
Besides active chitinases, highly homologous mammalian proteins lacking
enzymatic activity due to substitution of active site catalytic residues have been
identified. Despite their lack of enzymatic activity, these proteins have retained
active site carbohydrate binding, and hence have been named chi-lectins
(Renkema et al. 1998; Houston et al. 2003; Bussink et al. 2006). Like the active
chitinases, chi-lectins belong to family 18 of glycosyl hydrolases, consisting of a
39 kDa catalytic domain having a TIM-barrel structure, one of the most versatile
folds in nature (Sun et al. 2001; Wierenga 2001; Fusetti et al. 2002; Fusetti et al.
2003; Houston et al. 2003). In contrast to both chitinases, chi-lectins lack the
conserved additional chitin-binding domain (Boot et al. 1995; Renkema et al.
1997; Boot et al. 2001). Despite the detailed knowledge regarding structure,
insight in the exact physiological function of the various chi-lectins is limited
(reviewed by Bussink et al. 2006). Similar to chitotriosidase and AMCase, chi-
lectins are secreted locally or into the circulation and a role in inflammatory
conditions is suggested. For example, human cartilage GP39 (Hcgp39/ YKL-40/
CHI3L1), a protein expressed by chondrocytes and phagocytes has been
implicated in arthritis, tissue-remodelling, fibrosis and cancer (Johansen et al.
1993; Hakala et al. 1993; Verheijden et al. 1997; Recklies et al. 2002; reviewed by
Johansen 2006). Similarly, the human chi-lectin YKL-39 (CHI3L2) and the murine
Ym1 (Chi3L3/ ECF-L) have been associated with the pathogenesis of arthritis (Hu
et al. 1996; Tsuruha et al. 2002) and allergic airway inflammation, respectively
(Chang et al. 2001; Ward et al. 2001; Homer et al. 2006).
The high molecular weight oviductins, consisting of the amino-terminal 39 kDa
catalytic domain followed by a heavily glycosylated Ser/Thr rich domain, are
secreted by nonciliated oviductal epithelial cells and have been shown to play a
role in fertilization and early embryo development (reviewed by Buhi 2002).
In order to elucidate the evolution of members of family 18 of glycosyl hydrolases
in mammals, we extensively surveyed available sequence information in terms of
conserved protein features, molecular phylogeny, substitution rate ratios and
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chromosomal distribution. This combined approach renders new insights in
evolutionary origins, selective pressures and genomic synteny. Moreover, our
investigation has established the true orthologous relationships among
mammalian chitinase(-like) proteins.

METHODS
DATABASE SEARCHES
DNA and protein sequences for all of the members of glycosyl hydrolase family 18
were obtained by BLAST searches (blastn and blastp and translated blasts) of
public databases, mainly the NCBI and ENSEMBL databases
(http://www.ncbi.nlm.nih.gov and http://www.ensembl.org/index.html). The
sequences were checked against published sequences in literature, as well as
genomic information. For mBclp2, only a partial sequence was available and the
entire coding sequence was determined from the genomic sequence, based on
consensus splice sites. All cDNA sequences obtained were checked against
protein sequences and vice versa, both by BLAST searches and manual
inspection. 

PROTEIN:  ALIGNMENT AND FEATURES
Signal peptides and chitin binding domain-coding sequences were omitted, hence
only sequence information corresponding with the 39 kDa catalytic domain of the
active chitinases was used for the alignment. ClustalX was implemented for both
protein and DNA-alignments (Thompson et al. 1997), checked manually and
where necessary alignments were edited. ESPript 2.2 (Gouet et al. 1999) was
used for visualization of the protein alignment (using RISLER similarity scoring)
and automatic superimposition of secondary structures (Gouet et al. 2003) of
human chitotriosidase based on a published crystal structure (pdb-accession
code: 1LQ0). The assigned helices, strands and turns were checked manually
against the published chitotriosidase structures. 
Calculated iso-electric points were determined using the pI/MW tool on the
ExPASy server (http://www.expasy.org/tools/pi_tool.html) (Gasteiger et al. 2003). 

SYNTENY ANALYSIS
Genomic mapping was performed manually by linking the coding sequences
retrieved (see above) to genomic location according to both the NCBI and
Ensemble databases. 

PHYLOGENETIC ANALYSIS
Maximum likelihood and parsimony analyses based on the cDNA alignment were
performed by PHYLIP version 3.65, available at
http://evolution.genetics.washington.edu/phylip.html (Felsenstein 2006) making
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use of the DnaML (after rejection of the molecular clock hypothesis by performing
likelihood ratio testing) and DnaPars programs. Support values were generated on
a thousand bootstrapped replicate datasets. For the likelihood analyses rates were
considered equal over sites. In order to avoid bias caused by order of the
sequence input, the order was randomized in all analyses. The consensus tree
and bootstrap support values were determined using the Consense program,
implemented in the PHYLIP package. The cladogram was generated by aligning
the nucleotide sequences coding for the 39 kDa domain with the aid of ClustalX.
The input comprised 34 taxa (excluding monkey sequences and including the
outgroup sequence), with 1127 characters in each taxon. Inclusion and exclusion
of gaps resulted in identical branching and near identical bootstrap values. The
input for supplemental figure 2 was extended with the 2 Xenopus tropicalis
chitinase sequences.

CALCULATION OF SUBSTITUTION RATES
Rate ratios of non-synonymous to synonymous substitutions dN/dS (ω) were
calculated by PAML version 3.15 (Yang 1997), using a maximum likelihood
approach based on the consensus tree topology as determined by PHYLIP (see
supplemental figure 1). The program Codeml was used to calculate ω values for
branches, under the “free-ratio” model that allows a different ω for specified
branches (model = 2). Codeml was also used to calculate ω values for sites
(specific codons) under models that either exclude (M0 and M1a) or allow (M2a)
positive selection. Performing likelihood ratio testing compared the different
models.

RESULTS
IDENTIFICATION OF MAMMALIAN CHITINASE PROTEIN FAMILY MEMBERS
Mining the literature and using NCBI or ENSEMBL BLAST searches led to the
identification of 44 members of the chitinase protein family from 11 different
mammalian species. Supplemental table IA provides an overview of all sequences
retrieved, including species specification, common protein aliases, existence of
expression data and NCBI accession numbers. Included are 2 chitinases from X.
tropicalis and a chitinase from C. elegans that was used as an outgroup in the
phylogenetic analyses. Supplemental table IB provides an overview of relevant
genes identified in the mammalian genomes that are completely (H. sapiens, P.
troglodytes and M. musculus) or nearly completely sequenced (R. norvegicus and
B. taurus). 
The true chitinase genes (coding for chitotriosidase and AMCase) are present in
all mammalian species for which (near) complete genome data exist. The bovine
chitotriosidase gene, mapped to chromosome 16, could only be partially aligned
due to incompleteness of the genomic sequence. 
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The genes of the chi-lectins CHI3L1 (encoding Hcgp39 or GP39) and OVGP1
(oviductin) are also present in all analyzed species. Only in the case of rat
oviductin the complete coding sequence could not be retrieved due to gaps in the
available genomic sequence. The bovine genome contains a second GP39 like
gene that is highly homologous (96% nucleotide identity) named BP40 that seems
specific for the artiodactyls (even-toed ungulates or hoofed mammals). 
Other chi-lectin genes are more specific for particular species. For example, the
CHI3L2 (YKL-39) is present in the primate and cow genomes but not in the
genomes of rodents. The opposite is the case for the Chi3l3 (Ym1), Chi3l4 (Ym2)
and Bclp2 (brain chitinase like protein 2) genes found only in rodent and not in
primates genomes. Interestingly, BLAST searches on the rodent genomes
revealed the presence of a previously unidentified paralogue, here referred to as
BYm (basic Ym). BYm lacks the catalytic glutamic acid, suggesting it to be a chi-
lectin, and shows a high homology to Ym1 and Ym2. Expressed sequence tag
(EST) data indicate the gene to be transcribed in murine olfactory epithelium and
neonates. Previously, Jin et al. (1998) identified a cluster of four genes related to
Ym1, naming the other three Ym2, Ym3 and Ym4. The newly identified BYm is not
identical to any of these genes, suggesting it is a novel enzymatically inactive
member of the chitinase protein family. So far, there are no indications that the
Ym3 gene is expressed. The Ym4 gene is not a complete gene since it lacks most
upstream exons while those that are present contain a stop codon, suggesting it
to be a pseudogene (Jin et al. 1998). 

PROTEIN ALIGNMENT AND FEATURES
In order to investigate the overall homology and shared features of the members
of the chitinase protein family listed in supplemental table I, we aligned the 39 kDa
TIM-barrel domain. Left out of this alignment were other primate species than
humans (chimpanzee and macaque) given the extreme homology.  Figure 1
shows the high overall homology in the mammalian TIM-barrel domains, as
indicated by the grey and black boxes. The secondary structures of chitotriosidase
as observed in its crystal structure, generally correspond with regions of higher
conservation, whereas loops separating two helices or strands correspond with
gaps in the alignment. When secondary structures seen in crystal structures of two
other family members, Hcgp39 and Ym1 (Houston et al. 2003; Sun et al. 2001,
respectively) are superimposed on the alignment, the outcome is similar (not
shown).  
The cysteine residues involved in disulfide-bond formation, known to be essential
for correct folding and stability of the TIM-barrel, are completely conserved (see
figure 1). Interestingly, both the AMCases and Ym proteins have two additional
conserved cysteine residues, potentially allowing formation of a third disulfide-
bond: at position 28 and 371 (Sun et al. 2001; Boot et al. 2001). The latter cysteine
is located just outside the 39 kDa domain and is therefore not depicted in figure 1.
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The calculated isoelectric points of the chitinase(-like) proteins are also strongly
conserved, as shown in table I. Both mouse and rat BYm have a basic pI. All
AMCases have an acidic pI, being neutral in an acidic environment, in agreement
with the observed expression in the gastro-intestinal tract (Suzuki et al. 2002; Boot
et al. 2005a). The oviductins, thought to be ubiquitously expressed in the slightly
basic oviduct (Hugentobler et al. 2004), have basic pI’s. The largest variation in pI
exists among chitotriosidases (see table I). Taken together, the data on overall
homology, conserved cysteines and isoelectric point indicate interspecies
retention of protein structure among orthologues.

Table I. Theoretically determined iso-electric points

Chito AMCase  GP39/BP40   YKL39    Oviductin            Ym1/2/3 BYm
& Bclp2

H. sapiens 6.52 5.42 8.65 7.24 9.17 - -
P. troglodytes 7.10 - 8.65 7.24 9.17 - -
M. mulatta 7.76 4.90 8.19 6.83 9.17 - -
M. musculus 5.94 5.14 8.65 - 8.49 5.16, 5.45, 5.62, 5.16 8.92
R. norvegicus 8.49 5.02 8.98 - - 5.67 8.82
B. taurus - 5.12 8.65, 8.80     8.89 9.41 - -
C. hircus - - 8.93 - - - -   
O. aries - - 8.66 - 9.44 - -
S. scrofa - - 9.14, 8.92 - 9.22 - -
C. familiaris - 4.68 - - 9.33 - -
M. auratus - - - - 8.71 - -

PHYLOGENETIC ANALYSES
The maximum likelihood tree shown in figure 2, generated as described in
Methods, is supported by high bootstrap support values. Importantly, a consensus
maximum parsimony analysis resulted in identical branching (see supplemental
figure 1). The tree reveals clustering of all orthologues that are grouped in either
the AMCase- or chitotriosidase clade. Both clades contain chi-lectins next to the
chitinases, allowing a discrimination of AMCase-lectins and chitotriosidase-lectins.
The chitotriosidase clade contains YKL39, GP39 and BP40 homologues. The
latter two show complete conservation of the putative N-linked glycosylation
sequence NIS near the N-terminus (see figure 1). The AMCase clade contains all
oviductins and the rodent Ym proteins.

SUBSTITUTION RATE RATIOS

The phylogenetic tree provides information on evolutionary relationships of
chitinase(-like) protein-coding genes. It however does not provide information on
selective forces. Since the AMCases have evolved to function in an acid
environment, it might be hypothesized that there have been episodes of positive
selection after the initial gene duplication to allow for rapid adaptation, in analogy
to mammalian stomach lysozymes (Messier and Stewart 1997; Yang 1998). In
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Figure 1 continued. 
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5Figure 1. Protein alignment of the mature 39kDa catalytic domain of mammalian chitinase(-like) proteins. Completely

conserved amino acids are indicated with black boxes and those with a high similarity score (according to RISLER)
are boxed in grey. The secondary structures (strands: arrows, helices and turns: T's) of human chitotriosidase, as
published, are superimposed on the alignment. Cysteines involved in disulfide-bridging are indicated by the numbers
below the alignment. Abbreviations: Chito-Chitotriosidase; AMCase-Acidic Mammalian Chitinase; hcGP39-human
cartilage glycoprotein 39; Ovi-Oviductin; BYm-Basic Ym; Bclp2-Brain chitinase-like protein-2; h-H. sapiens; m-M.
musculus; r-R. norvegicus; b-B. taurus; c-Capra hircus; o-Ovis aries; s-Sus scrofa; cf-Canis familiaris; ma-
Mesocricetus auratus. For further details see text. 

Figure 1 continued. 
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addition, the repeated occurrence of the chi-lectin (loss of enzymatic function)
mutations suggests site-specific positive selection. In order to evaluate more
closely such selective forces, substitution rate ratios of non-synonymous versus
synonymous mutations (dN/dS, ω) have been calculated with PAML. Values < 1
indicate the occurrence of purifying (negative) selection, i.e. elimination of
mutations that would result in a change in protein composition, whereas values >1
indicate a selective pressure to maintain the changes in the protein (positive
oradaptive selection). 
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Figure 2. Maximum likelihood tree of mammalian chitinase(-like) genes. The number on every node indicates the
support bootstrap value for the likelihood analyses of a thousand replicate datasets. Only values other than 1000 are
shown. The tree was re-rooted by an outgroup (ceCht-1-Caenorhabditis elegans chitinase-1). Abbreviations as in
figure 1. For further details see text. 
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Omega values were firstly calculated using the branch model in order to assess
selection within clades. As a positive control a dataset consisting of 7 primate
lysozyme sequences was used, in which the occurrence of positive selection had
previously been determined (Messier and Stewart 1997; Yang 1998). Although the
results obtained by Yang could be exactly reproduced, applying various similar
models to the chitinase family dataset did not reveal episodes of adaptive
selection. For the most parameter-rich model used, in which in addition to a single
omega for each orthologue every ancestral branch was allowed a different omega,
all omega values were found to be substantially lower than 1, thus giving no direct
support for the occurrence of positive selection. Table II shows free in-group
omega values for all orthologues using this model. Values for ancestral branches
ranged from 0.11 to 0.44 in all models. 
It is conceivable that the chitinase(-like) proteins contain constrained amino acid
sites subjected to purifying selection with omega close to zero as well as sites that
could be subjected to positive selection. A large number of constrained sites would
mask a signal of positive selection when the omega values are averaged over all
sites. Omega values were therefore also calculated using the so-called site-model.
Swanson et al. had to employ a similar approach to identify a few amino acid
positions in oviductins that were subjected to positive selection (Swanson et al.
2001). An analysis using a dataset consisting only of oviductin sequences
confirmed the reported findings by Swanson et al. but expansion of the dataset
with other family members did not identify amino acid positions in other chitinase(-
like) proteins subjected to positive selection. 

Table II. Substitution rates dN, dS and their ratio ω(dN/dS) for each orthologous group

Chito AMCase GP39/BP40  YKL39 Oviductin Ym1/2/3 & Bclp2 BYm

dN 0.11 0.11 0.17 0.17 0.20 0.04 0.11
dS 0.48 0.61 0.60 0.83 0.82 0.10 0.29
ω(dN/dS) 0.23 0.18 0.28 0.21 0.25 0.37 0.38

GENOMIC SYNTENY OF CHITOTRIOSIDASE AND AMCASE LOCI IN MAN AND RODENTS
The chromosomal location of all chitinase(-like) protein coding genes in mouse
and man have been mapped. The chitotriosidase locus (1q32 in humans and 1F4
in mice) encoding chitotriosidase and GP39 and flanked by the genes coding for
adenosine A1 receptor (ADORA1) and fibromodulin (FMOD) is syntenic (Boot et
al. 2005a). In figure 3 the synteny analysis is extended to the AMCase loci,
corresponding to locus 1p13 in humans and 3F3 in mice. Again, the human and
murine regions are flanked by the same genes, in this case coding for adenosine
A3 receptor (ADORA3) and transmembrane protein 77 (TMEM77). The presence
of an ADORA paralogue on chitotriosidase and AMCase loci suggests that the
genes encoding the two active chitinases result from a large-scale duplication. 
The AMCase locus reveals major differences between mouse and man. Firstly,
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additional open reading frames exist in the mouse genome encoding Ym1, Ym2,
Bclp2 and BYm (encoded by Chi3l3, Chi3l4, BCLP2 and LOC229688,
respectively), whereas these genes are absent from human chromosome 1p13.
The opposite holds true for Chi3L2 encoding YKL39. Secondly, additional
AMCase-like pseudogenes, LOC728204 and LOC149620, are present on human
chromosome 1. Finally, the orientation of many genes in the human and mouse
AMCase loci differ (see figure 3), suggesting the occurrence of multiple and
diverse recombination events. 
It is of interest to note that the chito-lectin gene YKL39 is part of the AMCase locus
in man and cow, but based on both phylogenetic analyses as well as protein
features YKL39 likely results from a gene duplication event in the chitotriosidase
locus. Apparently in the case of the YKL39 gene an additional rearrangement
occurred.
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Figure 3. Synteny of loci encoding chitinase(-like) proteins between mice and men. Schematic overview of the synteny
of mouse locus 1F4 with human 1q32 and mouse locus 3F3 with human 1p13. The orientation and position of the
genes are indicated with arrows. The genes of members of the chitinase protein family are depicted in black arrows,
whereas the other genes in the loci are depicted in grey arrows.
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DISCUSSION
Our investigation rendered new insights into the evolutionary relationships of
mammalian chitinase(-like) proteins. Phylogenetic analyses and genomic synteny
both point to the same evolution of mammalian family 18 chitinase proteins (figure
4). Firstly, a gene duplication event allowed the specialization of two active
chitinases, chitotriosidase and AMCase. Duplications of both chitotriosidase and
AMCase genes, followed by loss of enzymatic function mutations, led to the
subsequent evolution of chi-lectins. 

Figure 4. Overview of the evolution of chitinase(-like) genes. The closed circles represent the 'ancestral' gene
duplications; The cross  indicates the loss of catalytic activity mutations; The open circle indicates the rodent specific
gene duplication; The open square indicates the artiodactyle specific gene duplication. 'Chito-lectins' are chi-lectins
evolved from the chitotriosidase gene (duplication).

The duplication of the active chitinase most likely has an ancient origin as
Xenopus already has two active chitinases, one of which, like AMCase, is
expressed in the stomach (Fujimoto et al. 2002). Indeed, the Xenopus AMCase
homologue clusters with the mammalian AMCases (see supplemental figure 2).
This suggests that the gene duplication allowing evolution of chitotriosidases and
AMCases occurred very early in tetrapod evolution in the wake of the development
of the acidic stomach. The evolution of the various mammalian chi-lectins is most
likely a more recent event. The existence of a molluscan chi-lectin remarkably
homologous to Hcgp39 has been reported (Badariotti et al. 2006). However, the
molluscan sequence does not clade within the GP39 group (results not shown),
suggesting it to be a product of an independent gene duplication and loss of
function mutation. BLAST searches on the genome of the nematode C. elegans
reveal several genes likely to encode chi-lectins, yet phylogenetic analyses again
show none of them to group within the tree (results not shown). Recently, the
occurrence in several plant species of chi-lectins homologous to chitinases has
also been reported (van Damme et al. 2006). Mutations resulting in loss of
chitinolytic activity have apparently independently occurred in a variety of
lineages. 
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It is theoretically conceivable that the various types of chi-lectins in mammalian
species have interdependently evolved by concerted evolution, a process driven
by unequal crossover and gene conversion (reviewed in Nei and Rooney 2005).
The lack of conservation of gene orientation within the AMCase locus (figure 3)
indeed suggests that recombination has occurred. However, phylogenetic
analyses show that orthologues are far more closely related than paralogues,
which does not substantiate concerted evolution as an important contributing
mechanism underlying the diversification of chi-lectins. Instead, based on the
observed relationships and selective pressures, the evolution of this gene family
is in accordance with a form of multigene family evolution now referred to as “birth-
and-death evolution under strong purifying selection” (reviewed in Nei and Rooney
2005).
Our study revealed the existence in mice of a previously unidentified chi-lectin,
referred to as hypothetical protein (BYm). Despite the fact that it belongs to the
group of AMCase- (or acidic-) lectins, it displays a basic iso-electric point,
suggesting substantial specialization. The absence of the gene in animals other
than rodents points to a relatively recent gene duplication, nicely illustrating the
remarkable ongoing evolution of chitinase(-like) proteins in mammals. Likewise,
the occurrence of GP40 seems restricted to artiodactyls. GP40 has been found to
be present in dry mammary secretions at times when extensive tissue remodelling
occurs (Srivastava et al. 2006), hence its presence may reflect differences in
mammary function between artiodactyls and other mammals.
Structural features among orthologues of the chitinase protein family are
extremely well conserved among mammals; yet there are differences in
expression among species. A striking example in this respect is chitotriosidase in
man and rodents (Boot et al. 2005a). The marked conservation of structural
features of the catalytic domain of chitinases may be imposed by severe
restrictions in changes compatible with preservation of catalytic function.
Mammalian chitinases appear strongly subjected to negative (purifying) selection,
substantially more than the functionally similar lysozymes. This is nicely illustrated
by the fact that comparison of substitution rate ratios between lysozyme from
Rhesus macaque and that of hominoids point strongly towards positive selection
whereas such comparisons for chitotriosidase and AMCase result in omega
values far below 1. A large number of constrained sites in both chitinases should
mask any signal of positive selection when the omega values are averaged over
all sites. Site-specific models for ω calculation did not give values above 1, though
positive selection in the diversification of the two chitinases and their respective
chi-lectins clearly occurred. To detect a very strong indicator of positive selection
as ω > 1, it is necessary not only to look at a specific site but also at specific time
interval (Sharp 1997; Zhang et al. 2005). 
The high homology between members of the chitinase(-like) protein family may
cause confusion when comparing genes of different species (Raes et al. 2005;
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Boot et al. 2005b; Reese et al. 2007). There are considerable differences between
species regarding presence or absence of particular chi-lectins. One example in
this respect is Ym1. This protein has been extensively studied since it is secreted
by alternatively activated macrophages in mice under a variety of inflammatory
conditions (Chang et al. 2001; Welch et al. 2002; Zhao et al. 2005; Iwashita et al.
2006; Reese et al. 2007). The implications for human pathology, however, may be
considered limited since no true human orthologue of Ym1 exists.
In conclusion, our investigation of family 18 glycosyl hydrolases has revealed that
active chitinases and chi-lectins are widespread and conserved in the mammalian
kingdom. An ancient gene duplication first allowed the specialization of two active
chitinases, chitotriosidase and AMCase, and subsequent gene duplications
followed by loss of enzymatic function mutations, have led to the evolution of a
broad spectrum of chi-lectins in mammals. 
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Supplemental Figure 1. The cladogram represents the majority rule consensus trees of both the maximum likelihood
calculations as well as the parsimony analyses, produced by PHYLIP (see Methods section). The first number on
every node indicates the support bootstrap value for the likelihood analyses of a thousand replicate datasets; the
second number represents bootstrap values for parsimony analyses. Only values other than 1000/1000 are shown.
The tree was re-rooted by an outgroup (C. elegans chitinase ceCht-1).
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Supplemental Figure 2. Maximum parsimony tree of mammalian and Xenopus tropicalis chitinase(-like) genes. The
number on every node indicates the support bootstrap value for the parsimony analyses of a thousand replicate
datasets. Only values other than 1000 are shown. The tree was re-rooted by an outgroup (ceCht-1-Caenorhabditis
elegans chitinase-1). Abbreviations as in figure 1. For further details see text. 
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Supplemental Table IA. Sequences retrieved from databases

NCBI ID NCBI ID
Protein Alias       Gene name   Nucleotide Protein Expr.#

Homo sapiens
1 Chitotriosidase CHIT1 NM_003465 NP_003456 V
2 Hcgp39 YKL-40 CHI3L1 NM_001276 NP_001267 V
3 YKL39 CHI3L2 NM_001025199 NP_00102037 V
4 AMCase CHIA AF290004 AAG60019 V
5 Oviductin OVGP1 AY189737 AAO37816 V

Pan troglodytes
6 Chitotriosidase CHIT1 XM_514112 XP_514112
7 GP39 GP38k NM_514111 XP_514111
8 YKL39 CHI3L2 XM_513645 XP_513645
9 AMCase CHIA XR_024811 n.a.**
10 Oviductin OVGP1 XM_001159353 XP_001159353

Macaca mulatta 
11 Chitotriosidase CHIT1 XM_001103012 XP_001103012
12 GP39 XM_001103739 XP_001103739
13 YKL39 CHI3L2 XM_001093397 XP_001093397
14 n.a.** XR_011432 n.a.**
15 AMCase CHIA XM_001104487 XP_001104487 V
16 Oviductin OVGP1 NM_001042787 NP_001036252 V 

Mus musculus 
17 Chitotriosidase Chit1 AY536287 AAS47832 V
18 GP39 BRP39 Chi3l1 BC003780 AAH03780 V
19 Ym1 ECF-L Chi3l3 BC061154 AAH61154 V
20 Ym2 Chi3l4 NM_145126 NP_660108 V
21 Ym3 Chi3l5 XP_894344 XP_894344
22 Bclp2 Bclp2 n.a.* n.a.*
23 AMCase Chia BC034548 AAH34548 V
23 BYm BC051070 AAH51070 V
25 Oviductin Ovgp1 NM_007696 NP_031722 V

Rattus norvegicus 
26  Chitotriosidase Chit1 XM_001061784 XP_001061784 V
27  GP39 Chi3l1 BC091365 AAH91365 V
28  Ym1 ECF-L Chi3l3 XM_001069857 XP_001069857
29  AMCase Chia AY486074 AAR28968 V
30 BYm XM_001069894 XP_001069894

Bos taurus 
31 GP39 YKL40/ CLP-1 CHI3L1 BT021835 AAX46682 V
32 BP40 SPC-40 AY291312 AAP41220 V
33 YKL39 XM_591204 XP_591204 V
34 AMCase CBPb04 CHIA NM_174699 NP_777124 V
35 Oviductin OVGP1 XM_611787 XP_611787 V

Capra hircus
36 BP40 MGP-40 AY081150 AAL87007 V

Ovis aries
37 BP40 SPS-40 AY392761 AAQ94054 V
38 Oviductin NM_001009779 NP_001009779

Sus scrofa
39 GP39 GP38k CHI3L1 Z47803 CAA87764 V
40 BP40 AY762599 AAV30548
41 Oviductin OGVP1 NM_214070 NP_999235 V

Canis familiaris 
42 AMCase XM_537030 XP_537030 V
43 Oviductin XM_847145 XP_852238 V

Mesocricetus auratus 
44 Oviductin U15048 AAC53584 V

Caenorhabditis elegans
45 Cht-1 NM_076187 NP_508588 V

Xenopus tropicalis
46 Chitotriosidase NM_001005792 NP_001005792 V
47 AMCase BC090382 AAH90382
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*: Not available, the coding sequence was determined from the genomic sequence
**: Orthologues of human AMCase, Protein sequence not available, predicted pseudogene
#: Expressional data available in UniGene's EST ProfileViewer or literature
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Supplemental Table IB. Overview of genes identified in genomes that are (almost) completely sequenced.

H. sapiens P. troglodytes M. musculus R. norvegicus B. taurus

Chitotriosidase V V V V V*
GP39 V V V V V
BP40 V
YKL39 V V V
Ym1 V V
Ym2 V
Ym3 V
Bclp2 V
BYm V V
AMCase V V V V V
Oviductin V V V V* V

*: The genomic location of these genes has been identified, however due to lack of sequence information the entire
coding sequence could not be retrieved.
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ABSTRACT
Two distinct chitinases have been identified in mammals: a phagocyte specific
enzyme, named chitotriosidase, and an acidic mammalian chitinase (AMCase)
expressed in the lungs and gastrointestinal-tract. Increased expression of both
chitinases has been observed in different pathological conditions: chitotriosidase
in lysosomal lipid storage disorders like Gaucher disease and AMCase in
asthmatic lung disease. Recently it was reported that AMCase activity is involved
in the pathogenesis of asthma in an induced mouse model. Inhibition of chitinase
activity was found to alleviate the inflammation driven pathology. We studied the
tissue-specific expression of both chitinases in mice and compared it to the
situation in man. In both species AMCase is expressed in alveolar macrophages
and in the gastrointestinal tract. In mice chitotriosidase is only expressed in the
gastrointestinal tract, the tongue, fore-stomach and Paneth cells in the small
intestine, whilst in man the enzyme is exclusively expressed by professional
phagocytes. This species difference seems to be mediated by distinct promoter
usage. In conclusion, the pattern of expression of chitinases in the lung differs
between mouse and man. The implications for the development of anti-asthma
drugs with chitinases as targets are discussed.

INTRODUCTION
In recent time mammalian chitinases have attracted considerable attention. Of
particular interest is the claim that activity of an endogenous lung chitinase plays
a key role in the pathogenesis of asthma in an induced mouse model (Zhu et al.,
2004). The existence of endogenous mammalian chitinases has been relatively
recently documented. The finding of a profound chitotriosidase activity in plasma
of Gaucher patients formed the basis for subsequent identification and
characterization of a human phagocyte-specific chitinase, named chitotriosidase
(Hollak et al., 1994; Renkema et al., 1995; Boot et al., 1995). Human tissue
macrophages are able to produce large amounts of chitotriosidase upon
appropriate stimulation, such as the massive lipid accumulation that occurs in
macrophages of Gaucher patients. Macrophages secrete a 50 kDa active enzyme,
which consists of a catalytic domain and a C-terminal chitin-binding domain
separated by a hinge region (Renkema et al., 1997; Tjoelker et al., 2000).
Chitotriosidase is not expressed in other cell types with the exception of
progenitors of neutrophilic granulocytes. These cells synthesize 50 kDa
chitotriosidase that is stored in their specific granules (Boot et al., 1995; Boussac
and Garin, 2000).
The physiological function of chitotriosidase is not completely resolved. Its
phagocyte-specific expression suggests a role in innate immunity. Highly
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homologous plant chitinases are prominent “pathogenesis-related proteins” that
are induced following attack by pathogens, and take part in the defense against
chitin-containing fungi (Schlumbaum et al., 1986; Sahai and Manocha, 1993). A
similar role for chitotriosidase in the human innate immune system is indicated by
our observation that recombinant chitotriosidase is fungistatic in mice models of
systemic fungal infections (Stevens et al., 2000, M.C. van Eijk, R.G. Boot and
J.M.F.G. Aerts, manuscript in preparation). Interestingly, about 1 in 20 individuals
is completely deficient in chitotriosidase activity, due to a 24 bp duplication in the
gene which occurs panethnically (Hollak et al., 1994; Boot et al., 1998). This high
prevalence of deficiency suggests that human chitotriosidase either no longer
fulfills an important function under normal conditions or that other mechanisms
may compensate the lack of a functional chitinase (Boot et al., 1998). The
occurrence of deficiency in chitotriosidase is associated with susceptibility to
infection with Wuchereria bancrofti a filarial parasite whose microfilarial sheath
contains chitin (Choi et al., 2001). In search of compensatory chitinases in
mammals we identified and characterized a second mammalian chitinase named
Acidic Mammalian Chitinase (AMCase) (Boot et al., 2001). This 50 kDa enzyme is
structurally highly related to chitotriosidase. 
AMCase occurs in the gastrointestinal tract and lungs of rodents and man. Suzuki
and coworkers also detected AMCase mRNA in exocrine cells of the serous type
of mice (Suzuki et al., 2002). Unlike human chitotriosidase, AMCase has an acidic
pH optimum and is very acid stable (Boot et al., 2001). The enzyme appears to be
adapted to function in the extreme stomach environment where it may fulfill a role
in defense and/or digestion of chitin-containing organisms. 
In the lung of mice, but not of man, AMCase is the sole detectable endogenous
chitinase.  In a number of recent reports the mRNA expression of AMCase in the
lung of mice was shown to be highly regulated (Zhu et al., 2004; Xu et al., 2003;
Sandler et al., 2003; Zimmermann et al., 2004). Intravenous injection of
Schistosoma mansoni eggs was found to cause massive expression of AMCase
in the lung of wildtype mice and animals with an exaggerated Th2 response which
is dominated by the cytokines IL4 and IL13. This induction did not occur in mice
with an exaggerated Th1 response or IL13-knockout mice (Sandler et al., 2003).
Zimmermann et al. reported highly induced AMCase mRNA levels in mouse
models of experimental asthma either induced by ovalbumin (OVA) or by
Aspergillus fumigatus antigen (Zimmermann et al., 2004). This induction was
mediated by the STAT6 signalling pathway, again suggesting a role for IL4 or IL13
(Zimmermann et al., 2004). Very recently it was shown for an aeroallergen asthma
mouse model that AMCase is induced in the lung via a Th2-specific, IL13-
mediated pathway (Zhu et al., 2004). Interestingly, AMCase activity appeared
instrumental for the pathogenesis of asthma. Inhibition of AMCase, either by a
specific antibody or the specific chitinase inhibitor allosamidin, alleviated the Th2
mediated inflammatory damage that occurs in asthma (Zhu et al., 2004). It has
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been suggested that inhibition of chitinase activity may render an attractive new
therapy of asthma (Zhu et al., 2004; Couzin, 2004).
So far all attention in studies with mouse models has been focused on AMCase
whereas chitotriosidase, the dominant chitinase in man, has received little
attention. The expression of chitotriosidase and AMCase in mice was investigated
by us in more detail. We show here that remarkable differences between man and
mouse exist regarding cell-type and tissue specific expression of chitinases.
Comparison of promoter sequences of the human and murine chitinase genes
helps to explain the species specific tissue expression of chitinases. The
implications for extrapolating observations on chitinase made in mouse models to
the human situation are discussed.

MATERIAL AND METHODS
ENZYME ASSAYS
Chitinase enzyme activity was determined with the fluorogenic substrates 4MU-
chitobiose (4-methylumbelliferyl β-D-N,N’-diacetylchitobiose, Sigma, St Louis,
MO) and 4MU-chitotriose (4-methylumbelliferyl β-D-N,N’,N’’-triacetylchitotriose,
Sigma). Assay mixtures contained 0.027 mM substrate and 1 mg/ml of bovine
serum albumin (BSA) in McIlvaine buffer (100 mM citric acid, 200 mM sodium
phosphate) at the indicated pH. The standard enzyme activity assay for human
chitotriosidase with 4MU-chitotriose substrate was performed at pH 5.2, as
previously described (Hollak et al., 1994). The standard AMCase enzyme activity
assays with 4MU-chitobiose substrate were performed at pH 4.5. 

RNA ISOLATION, NORTHERN BLOT AND RNA MASTER BLOT ANALYSIS
Total spleen RNA was isolated using the RNAzol B (Biosolve, Barneveld, The
Netherlands) RNA isolation kit according to the manufacturers instructions. For
Northern blot analysis, 15 μg samples of total RNA were run in 10 mM Hepes (pH
7.5), 6% formaldehyde-agarose gels, transferred to Hybond N nylon membranes
(Amersham, Buckinghamshire, UK) by the capillary method, and immobilized by
UV cross-linking. Full length mouse chitotriosidase cDNA was used as probe.
Human RNA Master Blots (Clontech, Palo Alto, CA) were used to examine the
tissue distribution of the human chitotriosidase transcript according to the
instructions of the manufacturer, using the full length human chitotriosidase cDNA
as probe. The probes were radiolabelled with 32P using the random priming
method. Hybridization conditions were exactly as described before (Boot et al.,
1995).

ISOELECTRIC FOCUSING
The native isoelectric point of chitinases was determined by flatbed isoelectric
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focusing in granulated Ultrodex gels (Pharmacia, Uppsala, Sweden) as described
(Renkema et al., 1995).

CDNA CLONING OF THE MOUSE CHITOTRIOSIDASE
Reverse transcription-polymerase chain reaction (RT-PCR) fragments were
generated from mouse pooled tissue total RNA using degenerate oligonucleotides,
as described (Boot et al., 1995). Obtained fragments were cloned in pGEM-T
(Promega, Madison, WI) and sequenced. A comparison with the GenBank mouse
EST (expressed sequence tag) database using the Basic local alignment search
tool (BLAST) at NCBI (National Center for Biotechnology Information) showed that
several EST clones matched the mouse chitotriosidase cDNA sequence. Full-
length mouse chitotriosidase cDNA was generated using specific primers based
on these deposited sequences. The nucleotide sequence of two independent
clones from the PCR were sequenced from both strands by the procedure of
Sanger using fluorescent nucleotides on an Applied Biosystems (ABI) 377A
automated DNA sequencer following ABI protocols.

TRANSIENT EXPRESSION IN COS-1 CELLS
Transient expression of the various cDNA’s in COS-1 cells was performed in order
to generate recombinant enzyme exactly as described previously (Boot et al.,
1995).

TISSUE PROCESSING
More detailed practical protocols for fixation, paraffin embedding, mounting, and
sectioning have been described (Moorman et al., 2000). In short, tissues removed
from a FVB mouse were fixed for 4 hr to overnight in freshly prepared 4%
formaldehyde in PBS by rocking at 4 cC. The tissues were next dehydrated in a
graded ethanol series, paraffin-embedded, cut into sections, and carefully
mounted on aminoalkylsilane-coated slides to prevent loss of the tissue sections
during the extensive treatments of the ISH procedure. 

RNA PROBES AND PROBE SPECIFICATION
Digoxigenin-labeled probes were made according to the manufacturer’s
specifications (Roche; Mannheim, Germany). RNA probes complementary to the
full-length mouse mRNA’s encoding chitotriosidase, AMCase, GOB-5 or calcium-
activated chloride channel 3, glutamine synthase and lysozyme P were used. Due
to the high identity the lysozyme probe under the conditions used also detects the
lysozyme M mRNA.

NONRADIOACTIVE IN SITU HYBRIDIZATION
Nonradioactive in situ hybridisation was performed as described (Moorman et al.,
2001). In short, after removal of paraffin, sections were pretreated by proteolytic
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digestion for 5–15 min at 37oC with 20 μg/ml proteinase K dissolved in PBS,
followed by a 5-min rinse in 0.2% glycine/PBS and two rinses of 5 min in PBS.
Sections were then re-fixed for 20 min in 4% formaldehyde/0.2% glutaraldehyde
dissolved in PBS to ensure firm attachment of the sections to the microscope
slides, and washed twice in PBS for 5 min. Sections were pre-hybridized in
hybridization mix without probe for 1 hr at 70oC and then hybridized overnight at
70oC. The hybridization mixture was composed of 50% formamide, 5 x SSC, 1%
block solution (Roche), 5 mM EDTA, 0.1% Tween-20, 0.1% Chaps (Sigma; St.
Louis, MO), 0.1 mg/ml heparin (Becton-Dickinson; Mountain View, CA), and 1
mg/ml yeast total RNA (Roche). Probe concentration was about 1 ng/μl.
Approximately 6 μl hybridization mix was applied to the sections and no coverslips
were used. After hybridization sections were rinsed in 2 x SSC, pH 4.5, washed
three times for 30 min at 65 cC in 50% formamide/2 x SSC, pH 4.5, followed by
three 5-min washes in PBST. Probe bound to the section was immunologically
detected using sheep anti-digoxigenin Fab fragment covalently coupled to alkaline
phosphatase and NBT/BCIP as chromogenic substrate, essentially according to
the manufacturer’s protocol (Roche). Sections were washed with double-distilled
water, dehydrated in a graded ethanol series and xylene, and embedded in
Entellan.

RESULTS
The mouse and human ortholog of the acidic mammalian chitinase (AMCase)
have been identified recently (Boot et al., 2001). The human AMCase gene is
located on chromosome 1p13 whilst the locus of the human chitotriosidase gene
is found on chromosome 1q32 (Boot et al. ,1998). The mouse AMCase gene is
located on chromosome 3F3 a region that is syntenic with human 1p13. Recently,
we and others have cloned the mouse ortholog of human chitotriosidase
(GenBank Accession numbers: AY536287,1 and AY458654,1 respectively).
Alignment of mouse and human chitotriosidase amino acid sequences revealed
that there is an identity of 75% and a similarity of 78%. In order to group all the
known mouse and human chitinase protein family members and determine
whether this cloned sequence is the true ortholog of human chitotriosidase,
multiple sequence alignments of their cDNA’s, coding for the catalytic 39 kDa
domain only, were made using the ClustalX program (Thompson et al., 1997). The
sequences used for this alignment are human-chitotriosidase (GenBank
Accession Number: U29615), human-HC gp39 (GenBank Accession Number:
M80927), human-AMCase (GenBank Accession Number: AF290004), human-
oviductin (GenBank Accession Number: U09550), human-YKL39 (GenBank
Accession Number: U49835), mouse-BRP39 (GenBank Accession Number:
X93035), mouse-YM1 (GenBank Accession Number: M94584), mouse-AMCase
(GenBank Accession Number: AF290003) and mouse-oviductin (GenBank
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Accession Number: D32137). Grouping of these members is calculated by the
method of Neighbor Joining by Saitou and Nei (Saitou and Nei 1987). This
analysis showed that the cloned mouse sequence is grouped together with human
chitotriosidase. It suggests that the mouse sequence is more homologous to
human chitotriosidase than to any other member of the chitinase protein family,
which is indicative of being each others orthologs.
Using the Mouse Genome Server from the Mouse Genome Sequencing
Consortium (at http://www.ensembl.org/Mus_musculus) we identified genomic
sequences that contained the chitotriosidase gene, enabling the determination of
intron-exon boundaries. The boundaries are all conserved between human and
mouse chitotriosidase genes (data not shown). Moreover, it was found that the
mouse chitotriosidase gene is located on chromosome 1 band E4 near the
boundary with F. This region is syntenic with human chromosome 1q32. On
human 1q32 only 2 genes of members of the chitinase protein family are located
namely, chitotriosidase (CHIT1) and HC gp39 (CHI3L1) (Jin et al., 1998). On
mouse chromosome 1 band E4 the mouse BRP39 (Chi3l1) the mouse ortholog of
HC gp39 was already identified (Jin et al., 1998). The data present on the Mouse
Genome Server shows that besides the BRP39 gene the mouse chitotriosidase
gene is also found at this locus (see figure 1 for overview). Besides the syntenic
chromosomal locations, the homology in intronic sequences of the mouse and
human chitotriosidase genes indicate that they are orthologs.

Figure 1. Schematic overview of the synteny of mouse locus 1E4 with human 1q32. On the lefthand side mouse
chromosome 1 with a part of locus 1E4 is indicated. On the righthand side the human syntenic region 1q32 is shown.
The orientation and position of a few genes in the direct neighborhood of the mouse and human chitotriosidase gene
are depicted. The genes of members of the chitinase protein family are depicted in dark gray arrows, while the other
genes are indicated with light gray arrows. The genes are: BTG2, Btg2: B-cell translocation gene 2; CHIT1, Chit1:
chitotriosidase; CHI3L1, Chi3l1: cartilage glycoprotein 39; MYBPH, Mybph: myosin binding protein H; ADORA1,
Adora1: adenosine A1 receptor; LOC388729: gene coding for the human hypothetical protein with GenBank
Accession Number: XP373882.
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Comparison of the properties of human and mouse chitotriosidases revealed that
both enzymes show a pH optimum that is relatively broad and peaks around pH 6
(see figure 2A). Like human chitotriosidase the mouse enzyme is not acid stable,
in sharp contrast to the mouse AMCase which is extremely acid stable (see figure
2B).

Figure 2. Panel A: pH activity profile of the different recombinant chitotriosidases. The pH optima were determined
by monitoring enzyme activity at the indicated pH in McIlvaine buffer. Purified human recombinant chitotriosidase (l),
purified recombinant mouse chitotriosidase (s). Panel B: Acid stability. Purified recombinant mouse chitotriosidase,
human chitotriosidase and mouse AMCase were pre-incubated for 30 minutes at the indicated pH in McIlvaine buffer
prior to enzyme activity measurement at the assay pH (see Material and Methods). Activity prior to incubation at the
indicated pH is defined as 100%.

Northern blot analysis of different mouse tissues with the mouse chitotriosidase
cDNA probe revealed highest expression in tongue and slightly less in the
stomach. In other tissues expression was not detectable (see figure 3A). The
expression pattern of human chitotriosidase is remarkably different. Human
chitotriosidase is expressed at relatively high level in lymph node, bone marrow
and lung as determined with commercial tissue dot blot (see figure 3B), no
expression of chitotriosidase was detectable in the human stomach. Human
AMCase was found to be relatively high expressed in the stomach and to a lesser
extend in the human lung using the same commercial RNA Master Blot (Boot et
al., 2001). Moreover, previously it has also been observed by northern blot
analysis that AMCase is expressed predominantly in the stomach, salivary glands
and lungs of mice (Boot et al., 2001).
Non-radioactive in situ hybridization (ISH) was used to examine more closely the
cellular sources of mouse chitotriosidase and mouse AMCase. As references the
expression of other genes was visualized. The genes used as reference are:
lysozyme P because of the analogy with chitinases, GOB-5 a calcium-activated
chloride channel and goblet cell marker and glutamine synthase as a positive
control for expression in the stomach and liver.
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Figure 3. Tissue distribution of mouse chitotriosidase mRNA. Panel A: Northern blot of RNA isolated from the
indicated mouse tissues. 15 mg total RNA was separated on an agarose gel as described in Material and Methods.
The full length mouse chitotriosidase cDNA was used as probe. Lower part of the figure shows the ethidiumbromide
stained gel as a control for RNA loading. The position of the 18S ribosomal RNA band is indicated. Lane 1, bone
marrow; lane 2, lymph node; lane 3, tongue; lane 4, brain; lane 5, stomach; lane 6, lung; lane 7, kidney; lane 8, liver;
lane 9, colon; lane 10, small intestine. Panel B: The relative expression levels of human chitotriosidase in various
tissues as determined by dot blot analysis using a RNA Master Blot (Clontech) as described under “Material and
Methods”. The tissue with the highest levels of chitotrisodase is defined as 100%. 

Using ISH, no mRNA for chitotriosidase and AMCase was detectable in brain,
colon, pancreas, liver, heart, kidney, skin and spleen (data not shown) in
agreement with the results obtained with the northern blot analysis. The
expression of chitinases in the gastrointestinal tract of mice is complex. Starting in
the mouth profound expression of both chitinases is observed. Chitotriosidase
expression was mainly detected in the mucosal surface of the tongue in the
stratified squamous epithelium of the papilla (see figure 4 A-E). While AMCase is
mainly found in the specialized minor lingual salivary glands of the serous type,
the so called glands of von Ebner (see figure 4 F-G), in agreement with the results
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described (Suzuki et al., 2002; Goto et al., 2003). In the major salivary glands
intense expression of AMCase was observed in the parotid gland (see figure 5 A-
C), no expression of chitotriosidase was noted (data not shown).

Figure 4. Nonradioactive in situ hybridization on the tongue of normal mice. Nonradioactive in situ hybridisation was
performed on sections of the mouse tongue. Probe bound to the sections were immunologically detected using sheep
anti-digoxigenin Fab fragment covalently coupled to alkaline phosphatase and NBT/BCIP as chromogenic substrate.
The sections are not counter stained, and blue/black precipitates indicate specific mRNA expression. Panel A:
Overview of the whole tongue. Upper serial section is stained with hematoxylin-azophlochsin, middle section shows
expression of chitotriosidase and lower section shows expression of AMCase. Panel B: Close up of hematoxylin-
azophlochsin stained upper surface of the tongue with the filliform papillae (see upper rectangle, overview panel A.
Original magnification x400). Panel C: Close up of the upper surface of the tongue showing expression of
chitotriosidase in the stratified squamous epithelium (see upper rectangle, overview panel A. Original magnification
x400). Panel D: Close up of the hematoxylin-azophlochsin stained lower surface of the tongue (see lower rectangle,
overview panel A. Original magnification x200). Panel E: Close up of the same region as in 4D, showing expression
of chitotriosidase in the stratified squamous epithelium (Original magnification x200). Panel F: Close up of the minor
lingual salivary glands (see righthand rectangle, overview panel A). The arrow indicate the serous type glands (von
Ebner’s glands), while the arrowhead indicate the mucous type of the lingual salivary glands (Original magnification
x200). Panel G: Close up of the same region as in panel F showing expression of AMCase in the lingual gland of the
serous type, the glands of von Ebner (Original magnification x200).
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Moreover, unlike the situation in human, both chitinases are highly expressed in
the mouse stomach (figure 5 D-H). However, chitotriosidase expression is
restricted to the nonglandular fore-stomach where mRNA is found in the stratified
squamous epithelial layer. Glutamine synthase mRNA is also found in this region
of the stomach, in a cell-layer just beneath that of the chitotriosidase expressing
cells (see figure 5 G-H). In agreement with the results of Suzuki et al. and Goto et
al. we found that AMCase is expressed in the glandular portion of the stomach, at
the bottom of the gastric glands in chief cells (figure 5 D-E) (Suzuki et al., 2002;
Goto et al., 2003). The pyloric glands in the antrum of the stomach show no
expression of the chitinases. Further down the gastro-intestinal tract, in the
duodenum but also other parts of the small intestine, chitotriosidase is expressed
by Paneth cells in the crypts of Lieberkühn (see figure 5 I-K). A similar expression
is observed for lysozyme. We were unable to detect AMCase in the intestine.
The expression of chitinases in the lung is of particular interest. In normal human
lung chitotriosidase is prominently expressed by alveolar macrophages. In sharp
contrast, we were unable to detect significant amounts of chitotriosidase mRNA in
murine lung. On the other hand, AMCase mRNA is expressed by alveolar
macrophages in the mouse (see figure 6). 
In order to rule out mice strain related effects as the basis for the observed
differences in chitotriosidase expression the activity of chitinases was measured
in various relevant tissues (among them; lung, liver, spleen, stomach, several
parts of the intestine, kidney, salivary glands tongue and blood) from male FVB
and C57BL/6 mice at different pH’s. The relative distribution of activities was
identical for both mice strains at all pH’s measured, clearly indicating that the
pattern of chitinase expression in these different mouse strains is preserved.
However, it was noticed that enzyme levels were about 3 fold higher in FVB
tissues compared to the corresponding tissues from C57BL/6 mice.
The remarkable difference in expression of mouse and human chitotriosidase was
further investigated by analysis of the promoter regions. Mouse EST cDNA
sequences containing the 5’ untranslated region indicate that the mouse
chitotriosidase gene has an extra exon compared to the human gene. This first
exon is located a least 7000 bp upstream. The human chitotriosidase promoter is
homologous to a region found in mouse intron 1 just upstream of exon 2. In
conclusion the promoter of the mouse chitotriosidase gene differs fundamentally
from the human one (figure 7). This likely explains the noted differences in cell
type expression of human and mouse chitotriosidase.168
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Figure 5. Nonradioactive in situ hybridization on the gastrointestinal tract of normal mice. Nonradioactive in situ
hybridisation was performed on sections containing different tissues of the gastrointestinal tract. Probe bound to the
sections were immunologically detected using sheep anti-digoxigenin Fab fragment covalently coupled to alkaline
phosphatase and NBT/BCIP as chromogenic substrate. The sections are not counter stained, and blue/black
precipitates indicate specific mRNA expression. Panel A: Overview of the major salivary glands with specific AMCase
expression in the parotid gland (arrow). Panel B: Serial section of the salivary glands stained with hematoxylin-
azophlochsin. Panel C: Close up of a part of the parotid gland (arrow from panel B, Original magnification x100)
stained with hematoxylin-azophlochsin. Panel D: Overview of the whole stomach with specific expression of AMCase
in the glandular portion of the stomach (arrows). Panel E: Close up of the glandular portion of the stomach with strong
expression of AMCase at the bottom of the gastric glands in chief cells (Original magnification x200). Panel F:
Overview of the whole stomach with specific expression of chitotriosidase in the non-glandular fore-stomach (arrow).
Panel G: Close up of the fore-stomach with strong expression of chitotriosidase in the stratified squamous ephithialial
layer (Original magnification x200). Panel H: Same region and magnification with expression of glutamine synthase
in a cell layer just beneath in the stratified squamous ephithialial layer (Original magnification x200). Panel I:
Expression of lysozyme P in by Paneth cells in the crypts of Lieberkühn in the ileum (arrow) (Original magnification
x50). Panel J: Serial section of the ileum with specific expression of chitotriosidase in the same Paneth cells (arrow).
Panel K: Close up of the intestinal wall showing expression of chitotriosidase in Paneth cells (arrow) (Original
magnification x200). Panel L: Close up of an intestinal villus with specific expression of GOB-5 (arrow), which
specifically stains goblet cells in the intestine (Original magnification x200).
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Figure 6. Nonradioactive in situ hybridization on mouse lung. Nonradioactive in situ hybridisation was performed as
described in the Material and Methods. Probe bound to the sections were immunologically detected using sheep anti-
digoxigenin Fab fragment covalently coupled to alkaline phosphatase and NBT/BCIP as chromogenic substrate. The
sections are not counter stained, and blue precipitates indicate specific mRNA expression. In the mouse lung strong
mRNA expression could be detected for lysozyme M (panel A & B). Strong expression in less cells could be detected
for AMCase in the mouse lung (panel C & D) (Original magnification: panel A & C is x200 and panel B & D is x400).
The probe that was used to detect lysozyme M is that of lysozyme P, since the mRNA sequences is of both lysozyme
genes is almost identical both mRNA are detected with the used probe.

Figure 7. Schematic overview of mouse and human chitotriosidase gene. Homology between mouse and human
chitotriosidase exons is indicated with dotted lines. Promoters are indicated with the black flags. The shaded flag
indicates the region in mouse intron 1 that is homologous to the human chitotriosidase promoter.
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DISCUSSION
Striking analogies exist between mammalian chitinases and lysozymes. Both
classes of enzymes are endoglucosaminidases with a compact globular structure
lacking N-linked glycans. Expression of both classes of enzymes is highly
regulated, being restricted to certain cell types. A dual function in defence and
polysaccharide processing is envisioned for lysozymes and chitinases. For
example in many animals lysozyme functions as a bacteriolytic enzyme expressed
in tissue macrophages, but during evolution of various species it has also been
recruited for a nutritional function in the gastrointestinal tract (Dobson et al., 1984;
Jolles et al., 1984). The expression in man of chitotriosidase in phagocytes and
that of acid stable AMCase in the gastrointestinal tract is reminiscent of this. Like
lysozyme, gastrointestinal chitinases might have a dual function in defence and
food processing. Research on lysozyme has provided insight in the mechanisms
that allow the evolution of specialized lysozymes, driven by the need of a specific
organism. For example, ruminants have duplicated the lysozyme gene to yield
about ten copies of which several are expressed in the gastrointestinal tract. Some
of these enzymes have evolved into extremely acid stable proteins with an acidic
pH optimum dependent on the site of expression (Prager, 1996; Irwin, 1996). A
very similar process seems to have taken place in the mammalian chitinase family.
Duplications have occurred, ultimately leading to specialized chitinases. In the
gastrointestinal tract of the mouse chitotriosidase is produced at sites of near
neutral pH such as the mouth, the non-glandular portion of the stomach and the
small intestine. The expression from the oral cavity to the fore-stomach seems to
be restricted to the stratified squamous epithelial cell layer. Chitotriosidase and
AMCase activity can be found in the lumen of the gastro-intestinal tract,
suggesting that these cells secrete the enzyme to the luminal site. However,
besides AMCase, considerable chitotriosidase activity can also be found in the
circulation. At this moment we do not know the exact cellular source of
chitotriosidase in the blood. We therefore can’t exclude that a portion of the
chitotriosidase produced by the stratified epithelial layer is secreted to the blood.
Alternatively, it is possible that another, so far unidentified, cell type is responsible
for the chitotriosidase in the circulation.
The acid stable AMCase is produced predominantly in the glandular portion of the
stomach, at the bottom of the gastric glands in chief cells, close to the acid
producing parietal cells, consistent with its features. Stomach lysozymes from
ruminants have adapted to function optimally in the hostile acid environment by
subtle changes in amino acid composition. The same is also the case for the
mouse AMCase that has also adapted to function in the stomach. Analysis of the
three dimensional structure of chitotriosidase and AMCase should reveal the key
amino acid substitutions required for the adaptation. The available information on
the structure of chitotriosidase should assist further investigations on this matter
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(Fusetti et al., 2002). 
The human AMCase is less well equipped to function in a highly acidic
environment compared to the mouse enzyme. Differences in physiology or diet
may have contributed to this. Live insects are an important component in the diet
of wild mice (Landry, 1970).
Intriguingly, in the cow AMCase is produced and secreted by the liver and present
in large amounts in serum (Suzuki et al., 2001). The function of the enzyme is
unclear. It seems likely that expression is driven by yet another type of promoter,
adding to the rapidly growing complexity of the mammalian chitinase protein
family. 
Over-expression of chitinases occurs in a number of pathologies in mouse and
man. Chitotriosidase is the dominant chitinase in man that is highly expressed in
specific cell-types including tissue macrophages. In various disorders in which
activated macrophages are implicated elevated plasma chitotriosidase levels
occur, for example lysosomal lipid storage disorders, sarcoidosis, visceral
Leishmaniasis, extended atherosclerosis such as Tangier disease and
thalassemia  (Hollak et al., 1994; Grosso et al., 2004; Boot et al., 1999; Barone et
al., 1999). In sharp contrast, in mice expression of chitotriosidase is confined to
the gastro-intestinal tract and AMCase seems to be the sole endogenous chitinase
in tissues such as lung. These species differences seem to be due to distinct
promoters of the chitotriosidase genes in mouse and man. The mouse
chitotriosidase transcription start site is located far upstream compared to the
human situation since the mouse gene contains an extra exon at the 5’ end.
Homology is noted between the human promoter and a region in intron 1 of the
mouse gene, just upstream of the second exon. Whether this region can indeed
act as an alternative promoter for the mouse chitotriosidase gene is at present not
known and topic of further investigation. The promoter regions of the mouse and
human AMCase genes are relatively comparable. 
In contrast to Suzuki and co-workers (Suzuki et al. 2002), we were able to detect
AMCase mRNA in murine lung with ISH, confirming our northern blot analysis
(Boot et al. 2001). This discrepancy might be due to differences in mice strains or
the sensitivity of the ISH methods. The expression of AMCase mRNA is found to
be induced in the lung of mice under various pathological conditions, most
strikingly in Th2 driven asthma models (Zhu et al., 2004; Xu et al., 2003; Sandler
et al., 2003; Zimmermann et al., 2004). Prominently increased expression of
AMCase has also been observed in lung biopsies from asthmatic patients (Zhu et
al., 2004). 
A surprising role has recently been ascribed to chitinases in the pathogenesis of
asthma. It was found that inhibition of chitinase activity in lungs of asthmatic mice
alleviates the inflammatory pathology (Zhu et al., 2004). This opens a potential
new avenue for therapeutic intervention, i.e. the use of specific chitinase inhibitors
such as allosamidin (Zhu et al., 2004). However, extrapolation of the findings with
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mice to man is complicated by the fact that it is presently unclear whether besides
AMCase chitotriosidase is also over-expressed in lung of asthmatic patients. It has
been shown that in sarcoïdosis, a systemic granulomatous disease,
chitotriosidase is elevated in plasma and broncho-alveolar lavage (Hollak et al.,
1994; Grosso et al., 2004). It is therefore unclear whether inhibition of both
AMCase and chitotriosidase would be required for intervention in the inflammatory
process in lungs of asthmatic patients. It may also be possible that selective
inhibition of AMCase is more desirable. In this connection, it will be of interest to
study whether the relatively common chitotriosidase deficiency influences the
clinical course of asthma.
In conclusion the remarkable differences in cell-type and tissue specific
expression of chitotriosidase in man and mouse seem to be mediated by usage of
different promoter regions, gene duplications and different environmental
pressures during the evolution of these different species. Further research is
required regarding the physiological functions of the chitinase and their potential
harmful role in excessive inflammatory responses.
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ABSTRACT
Chitinases are hydrolases capable of hydrolyzing the abundant natural
polysaccharide chitin. Next to artificial fluorescent substrates, more physiological
chito-oligomers are commonly used in chitinase assays. Analysis of chito-
oligosaccharides products is generally accomplished by UV detection. However,
the relatively poor sensitivity forms a serious limitation. 
Here we report on a novel, much more sensitive assay for the detection of chito-
oligosaccharides reaction products released by chitinases, based on fluorescent
detection, following chemical labelling by 2-aminobenzoic acid. Comparison with
existing UV-based assay shows the novel assay to offer the same advantages yet
allows for detection of chito-oligosaccharides in the low picomolar range.
β-1,4-linked N-acetylglucosamine (GlcNAc), is a structural component of cell walls
of fungi and coatings of insects and crustaceans (1). Most organisms are capable
of degrading chitin by the action of β-1,4-N-acetylglucosaminidases, releasing
terminal GlcNAc monomers, in combination with chitinases cleaving internal sites
within the chitin chain. Chitinases are universally found in fungi, bacteria,
parasites, plants, and insects (2). The existence in vertebrates of two homologous
chitinases, chitotriosidase and AMCase, has more recently also been documented
(3, 4). The vertebrate chitinases belong to the family 18 of glycosylhydrolases and
are highly homologous to enzymes from lower organisms (5). Crystallographic
analysis of the 3D structure of family 18 chitinases has revealed strict conservation
of a characteristic elongated cleft structure in the active site, compatible with
binding long chitin polymers (6, 7). Substrate degradation occurs with retention of
the configuration at the anomeric carbon (8). A common feature of family 18
chitinases is the ability to transglycosylate (9, 10).
Chitinases nowadays receive considerable attention given their importance in very
diverse processes such as the life cycles of chitin-containing organisms, food
processing, defence against pathogens and innate immunity. The two human
chitinases are of clinical interest. Chitotriosidase (Chit1) is produced by
alternatively macrophages in specific disease conditions (19). In serum of patients
suffering from lysosomal lipid storage disorders (11), thalassemia (12),
sarcoidosis, and visceral Leishmaniasis (3), as well as in cerebral spine fluid of
patients with multiple sclerosis (13), significantly elevated chitotriosidase activities
are detectable. The abnormality is exploited for diagnostic and monitoring
purposes. For example, the efficacy of the extremely costly enzyme replacement
therapy of Gaucher patients is monitored by following corrections in plasma
chitotriosidase activity levels (14, 15). The homologous acidic chitinase, named
AMCase (CHIA), has recently been implicated in the pathology of asthma and
other allergic conditions (22, 23). 
In the past several methods have been developed to detect and quantify
chitinases by measuring their enzymatic activity. Employed as substrates are
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colloid chitin, glycol chitin, chitosan (partially deacylated chitin), chitin azure and
small chito-oligomers. Chitinase activity is for example detected in zymograms
impregnated with glycol chitin or chitosan using Calcofluor staining (16).
Alternatively, small fragments released by a chitinase from chitin particles are
isolated, followed by enzymatic liberation of GlcNAc monomers which can be
spectrophotometrically detected (17). Most convenient and sensitive for the
enzymatic assay are chromogenic p-nitrophenyl-β-chito-oligomers or fluorogenic
4-methylumbelliferyl-β-chito-oligomers (3). These artificial substrates are
employed in test tube assays and also in overlays of gels (18). A considerable
drawback of the small artificial substrates is that they also act as acceptor in
transglycosylation catalyzed by chitinases. To reduce this phenomenon, sub-
saturating substrate concentrations have to be used. Consequently, accurate
quantification of chitotriosidase protein levels by enzyme assay with the artificial
substrates requires tedious serial dilutions. Recently, an alternative substrate, 4-
methylumbelliferyl-β-deoxychitobiose, has been developed that does not act as
acceptor in transglycosylation (9). Degradation of this substrate by chitinases
follows Michaelis-Menten kinetics and saturating substrate concentrations can
therefore be used in enzyme assays. 
More physiological substrates for chitinases are chito-oligomers containing four to
eight, β-1,4-linked GlcNAc residues. The fragmentation of such substrates by a
chitinase can be monitored by high performance liquid chromatographic (HPLC)
separation and UV detection of chito-oligomers. Such assay is particularly
attractive since natural substrates are employed and information is obtained about
the preferentially released fragment.
Figure 1 shows a UV-chromatogram of standard chito-oligosaccharides ranging in
size from 2-6 GlcNAc residues (purchased from Seikagaku Corporation, Tokyo,
Japan), applied in equivalent amounts. The samples were subjected to isocratic
high performance liquid chromatography with a Prevail carbohydrate ES column
(Alltech), and UV detection at 205 nm was used to analyze chito-oligosaccharides.
The injection volume was 10 μl, the flow rate of the eluent (62:28 (w/w) acetonitrile:
H2O) was 1 ml/min. Oligosaccharide amounts were determined by quantification
of peaks (area under the curve; AUC). It should be noted that the molar absorption
is proportional to the number of GlcNAc residues. Furthermore, two overlapping
peaks are observed for each oligosaccharide, due to chirality of the reducing end
sugar. Using UV- detection, we showed previously that preferentially chitobiose is
released, from various chito-oligosaccharides, upon incubation with recombinant
human chitotriosidase (9). Linearity of the assay at a substrate concentration of 2
mM with respect to enzyme input and time (for at least 45 minutes) were
established. The duplicates were within 5%, and the inter-assay variation was
small (CV= 0.05). The limit of detection of chitobiose by UV absorption was 0.1
nmole. The relatively poor sensitivity of detection of chitobiose forms a serious
limitation. Plasma of normal subjects contains a relative small amount of

180

chapter 7.qxp  18-11-2008  16:53  Pagina 180



chitotriosidase. Per 0.1 ml, in one hour only about 20 nmoles of chitobiose is
maximally released from substrate.

We therefore investigated the possibility to generate an improved method for
measuring chitinase activity by fluorescent labelling of products. To tag
oligosaccharides, we used 2-aminobenzoic acid (2-AA), obtained from Sigma.
Carbohydrates were fluorescently labelled with 2-AA by reductive amination as
described previously (20). Prior to HPLC analysis, samples were purified using
disposable Discovery SPE columns (20). Figure 2A shows a fluorescence-
chromatogram of 2-AA labelled standard chito-oligosaccharides applied in
equimolar amounts. The amount of fluorescence per chito-oligosaccharide (AUC)
is identical since in each molecule only the reducing end is labelled with the
fluorescent tag. Since chirality of the reducing end sugar is lost upon labelling,
single peaks are observed. We noted no differences in efficiency of labelling
between chito-oligosaccharides with 3-6 GlcNAc residues (not shown). In all
cases the efficiency was >90%, similar to observations made with other
carbohydrates (20, 21). Figure 2B shows the chromatogram of the incubation
mixture of chitohexaose with recombinant chitotriosidase. The detection limit for 2-
AA tagged chitobiose was 0.1 pmole, being 1000 fold better as with UV.
We next tested the value of the assay using plasma of normal subjects and
Gaucher patients as source of enzyme. Due to the massive amount of enzyme
present in plasma from Gaucher patients, enzyme input was adjusted using the
artificial substrate 4MU-deoxychitobiose, using no more enzyme than
corresponding to a rate of hydrolysis of 700 nmol/ml*hr against the deoxybiose
substrate. Plasma from patients was diluted with PBS accordingly. Aliquots of 10
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Figure 1. HPLC chromatogram of chito-oligosaccharides standards GlcNAc1,2,3,4,5,6 detected by UV. The size of the
oligo-saccharides is indicated for every peak.
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μl of (diluted) plasma were incubated with chitohexaose (0.2 mM) for different time
periods, ranging from 0 until 90 minutes. Part of the incubation mixture, 0.33%
(injection volume= 10 μl), was subjected to HPLC analysis. It was established that
the assay was linear in time for at least 45 minutes. The amount of chitobiose
formed was in a broad range completely proportional to the enzyme input.
Importantly, chitotriosidase activity in plasma obtained from normal subjects could
be measured reliably. The duplicates of assays with plasma samples were within
5%, and the interassay variation was small (CV= 0.057). We checked whether
human plasma contains endogenous chitobiose which would interfere with the
assay. Examination of a large series of samples indicated that this is not the case,
not even in individuals suffering from a systemic infection with chitin-coated
Aspergillus.
In conclusion, we have developed a novel method to quantify chitinases
employing natural chito-oligomer as substrate and fluorescent labelling of products
with 2-aminobenzoic acid. The method is robust and very sensitive. It can be
conveniently applied to measure chitotriosidase in plasma specimens of normal
subjects and patients suffering from a condition characterized by elevated
macrophage chitinase.
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ABSTRACT
Mammals express two active chitinases, chitotriosidase and AMCase. Only
AMCase displays an extremely acidic pH optimum, consistent with its observed
presence in the gastro-intestinal tract. A structural model of AMCase reveals the
presence of a conserved histidine residue in the active site. Mutational analyses
and molecular dynamics simulations show that His187 is responsible for the acidic
optimum and suggest pH dependent modulation of the reaction mechanism that is
unique to AMCases. Concluding, His187 is a crucial structural component of the
active site of AMCase and this unique feature may serve as a lead for the
development of specific inhibitors.

INTRODUCTION
Chitinases are enzymes able to hydrolyse chitin, the linear polymer of β-1,4-linked
N-acetyl glucosamine (GlcNAc), which is synthesized by a variety of lower
organisms for structural purposes [1]. Despite the absence of endogenous chitin,
two active chitinases are expressed in mammals. Investigations into the lysosomal
storage disorder Gaucher disease serendipitously resulted in the identification of
the first mammalian chitinase, chitotriosidase [1-3]. Soon after the second
chitinase was discovered which due to its acidic pH optimum was named Acidic
Mammalian Chitinase (AMCase) [4]. Both chitinases are 50 kDa proteins,
consisting of a 39 kDa catalytic region separated from a chitin-binding domain by
a hinge region [4,5]. They both show considerable homology to chitinases from
lower organisms and are members of glycoside hydrolase family 18 according to
the classification by Henrissat [6]. In man, chitotriosidase is the sole chitinase
present in the circulation, consistent with its recently observed anti-fungal activity
[7]. Despite this function in the innate immune system, in man a frequent mutation
occurs, rendering approximately 6% of most ethnic groups completely deficient in
the enzyme [8]. Investigations into the tissue-specific expression of chitinase
mRNA and protein have revealed marked inter-species differences between mice
and man [9]. In both species AMCase is expressed in the lung and gastro-
intestinal tract. The occurrence of acidic chitinases in the stomach of Xenopus and
Gallus species suggests the protein to have evolved as a result of a gene
duplication early in tetrapod evolution [10].
A study of the kinetics of the enzyme revealed the protein to be able to catalyze
the hydrolysis of chitin substrates as well a the reverse synthesizing reaction due
to a phenomenon common to family 18 glycoside hydrolases known as
transglycosylation [11,12]. Importantly, AMCase has recently attracted
considerable attention due to a report linking the enzyme to pathogenesis of
asthma [13]. The protein was reported to be elevated in a mouse model of
bronchial asthma. Moreover, inhibition with the transition-state analogue

chapter 8.qxp  18-11-2008  16:54  Pagina 189



allosamidin ameliorated the Th2 driven, IL13 dependent inflammation, suggesting
chitinase activity to play a role in the disease, even in the absence of chitin.
Several genetic variants were later proposed to be partly responsible for
predisposition to the disease [14]. The precise role of AMCase in immune-
mediated diseases is still far from clear since a later report suggested chitinase
activity to exert a benificial effect by negatively regulating chitin-induced tissue
infiltration of innate immune cells associated with allergy [15].
Crystal structures of several family 18 chitinases have been solved, including that
of chitotriosidase. The protein adopts a (β/α)8 barrel fold, one of the most versatile
folds known. Despite its fairly compact structure, the molecule shows an elongated
cleft thought to be capable of binding long chitin-oligomers, compatible with the
enzymes presumed endo-chitinolytic activity [16]. Co-crystallization experiments
of chitotriosidase with the chitin analogue allosamidin, a micromolar inhibitor,
revealed extensive electrostatic interactions and hydrogen bonding as well as
hydrophobic stacking interactions between aromatic residues and the hydrophobic
acetyl moiety of the chitin-analogue to allow for substrate binding [17].
The reaction mechanism of family 18 glycoside hydrolases was previously shown
to proceed via substrate assisted catalysis, based on experiments performed on a
bacterial chitinase, Chitinase B [18]. The role of Asp117, located two amino acids
from the catalytic Glu119, in substrate binding is thought to be pivotal, in that it
changes conformation upon binding of the substrate. pKa calculations combined
with mutational analysis performed on a homologous chitinase later indicated
Asp115 and Asp117 to share a proton at all physiologically relevant pH’s in the
native enzyme, with Asp117 capturing the proton upon binding of the substrate,
leaving Asp115 deprotonated [19,20]. Subsequently, Glu119 is responsible for
protonation of the glycosidic bond, after which hydrolysis takes place.
No structural information has been reported on AMCase to date. However,
sequence homology within family 18 chitinases suggests a common reaction
mechanism. This study investigates the molecular origin of the acidic optimum of
Acidic Mammalian Chitinase by adopting a molecular modelling approach
combined with molecular dynamics (MD) simulations, revealing adaptions
necessary for functioning in an acidic environment.

MATERIAL AND METHODS
HOMOLOGY MODELLING & MOLECULAR DYNAMICS
The models of human and murine AMCase were based on the crystal structure of
native chitotriosidase 1LQ0 (resolution 2.20 Å). Initial modelling of the AMCase
structures was accomplished online using the SWISSPROT server [21]. In order
to construct a model of the H187N mutant, the histidine at position 187 was
converted into a asparagine using the program Deepview [21]. Both the native and
modified models were subjected to energy minimalization in GROMACS version

190

chapter 8.qxp  18-11-2008  16:54  Pagina 190



3.3.1 with the GROMOS96 forcefield [22] using the steepest decent method. The
quality of the models based on a variety of stereochemical parameters was
determined by PROCHECK [23]. Surface electrostatic potentials of the modelled
structures were calculated and visualized using Deepview [21]. MD was
performed as described in the supplemental information.

MUTAGENESIS, RECOMBINANT PROTEIN EXPRESSION AND ENZYMATIC ASSAYS
The H187N point mutation was introduced directly into the wild-type murine
AMCase cDNA in the expression plasmid, pcDNA3(1), using the high fidelity Quik-
ChangeTM Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) following the
manufacturer’s protocol. Large-scale production and purification of the wild-type
and mutant cDNA expression plasmids were performed using Promega Wizard
Plus Midiprep kits. Recombinant expression in COS-7 cells was accomplished as
described earlier [3]. For the enzyme activity assay with 4-MU-substrates, 25 μl
medium and 100 μl substrate mixtures were incubated for one hour at 37 °C. The
substrate mixtures contained 0.111 mM 4MU-deoxychitobiose and 1 mg/ml BSA in
McIlvain buffer, at different pH. Reactions were stopped with 2.0 ml 0.3 M glycine
NaOH buffer pH 10.6 and the formed 4MU was detected fluorometrically
(excitation at 445 nm; emission at 366 nm). Only less than 10% difference in the
duplicates was allowed. One unit (U) of activity is defined as 1 nmol of substrate
hydrolyzed per hour.

RESULTS AND DISCUSSION
HOMOLOGY COMPARISONS AND OVERALL AMCASE STRUCTURE
In order to gain insight into structure function-relationships we aligned both
chitinases of various species. The alignment shown in figure 1 shows substantial
overall conservation, in particular of the active site sequence, yet orthologue
specific amino acids exist at various positions. In order to assess their importance
in the catalytic mechanism we created models for AMCase based on the published
chitotriosidase structure [16]. The overall structure shows high similarity with the
experimentally determined crystal structure of chitotriosidase. This is reflected in a
low root mean square deviation (RMSD) for Cα atoms between the mouse
AMCase model and chitotriosidase structure of 0.54 Å. PROCHECK detected no
major deviations from optimal geometry.

AMINO ACID DIFFERENCES BETWEEN AMCASE AND CHITOTRIOSIDASE
Amino acid substitutions resulting in increased protein stability or increased
enzymatic activity at low pH should be distinguished. The majority of substitutions
in AMCases compared to chitotriosidase reside on the protein surface. This
suggests they are adaptions conferring stability rather than adaptions directly
modulating the reaction mechanism. Indeed, calculation of the surface potential of
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both mouse and human AMCase shows that its substitutions result in a
predominantly negative charge at the surface, as compared to chitotriosidase
(figure 2). This most likely restricts intramolecular repulsion as a consequence of
excessive protonation at low pH. Evolution of digestive lysozymes has followed a
similar pattern [24]. 
Additionally, since AMCase contains two additional cysteines compared to
chitotriosidase, a third disulfide bond most likely enhances the fold integrity in an
acidic environment. Indirect evidence for this is provided by the observation that
AMCase shows a different electrophoretic behaviour in the absence of a reducing
agent, suggesting a difference in disulphide bonding between the two mammalian
chitinases [4]. 

Figure 1. Alignment of the 39 kDa domain of vertebrate chitotriosidase and AMCase. h:homo sapiens; cf: canis
familiaris; b: bos taurus; m: mus musculus; r: rattus rattus; gg: gallus gallus. Boxing is according to RISLER similarity
scoring. 
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Figure 2. Surface potential of murine AMCase, human chitotriosidase and human AMCase. Red and blue represent
a negative and positive surface charge, respectively (-/+ 2.5 kT/e). 

INFLUENCE OF HISTIDINE 187
The mapping of sequence differences onto the modelled structures revealed that
only a single paralogue specific substitution, His187, is located close to the active
site. This histidine is conserved in all AMCases (figure 1). Replacing His187 with
an asparagine in murine AMCase, the amino acid conserved at this position in
chitotriosidase, revealed a clear difference in pH-dependent activity compared to
wild type enzyme. Strikingly, activity at low pH is nearly abolished, wheras the
near-neutral activity is affected far less (figure 3). 

Figure 3. pH activity profile of wild-type and mutagenized His187Asn murine AMCase. Activity was measured with
4MU-deoxychitobioside as substrate as described in Materials and Methods. 
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In order to elucidate the role of this residue, MD simulations were performed on
several systems: AMCase (both human and murine) with fully protonated His187,
AMCase with deprotonated His187, the mutant murine AMCase His187Asn and
chitotriosidase. All systems show considerable rigidity of secondary structure
during the 10 ns runs, as shown by r.m.s. fluctuation (RMSF, a measure for
flexibility) of 0.05-0.25 nm, consistent with the compact, highly stabilized structure
of the (β/α)8 barrel. As expected, in view of hydrolase activity, the catalytic glutamic
acid (Glu119), is accessible to solvent. Importantly, the simulations show a clear
salt bridge interaction between deprotonated Asp117 and protonated His187 that
remains constant during the full 10 ns. This distance is increased and fluctuates in
both the mutant and chitotriosidase, suggesting that this strong interaction is
absent in these enzymes (figure 4). The results were highly similar simulating both
murine and human AMCase, suggesting the role of His187 to be ubiquitous in both
enzymes.

Figure 4. Distances in time between Asp117 and His187/Asn187. Distances were calculated for (4) systems: (1)
murine AMCase with protonated His187; (2) murine AMCase with deprotonated His187; (3) His187Asn mutant murine
AMCase; (4) chitotriosidase. The distances plotted are between the Cγ atoms of both amino acids. The values shown
are representative for each of three independent MD runs.Fig. 4. Distances in time between Asp117 and
His187/Asn187. Distances were calculated for (4) systems: (1) murine AMCase with protonated His187; (2) murine
AMCase with deprotonated His187; (3) His187Asn mutant murine AMCase; (4) chitotriosidase. The distances plotted
are between the Cγ atoms of both amino acids. The values shown are representative for each of three independent
MD runs.

ACID PH OPTIMUM
A mechanistic explanation for the acid optimum and role of His187 can be given
based on the reaction mechanism postulated earlier [20]. One of the pivotal steps
in catalysis is the rotation of Asp117, preceding binding of the substrate by
allowing formation of an H-bond with the N-acetyl moiety of the chitinous
substrate. This can only be achieved by disruption of the stabilized system in
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which Asp115 and Asp117 share a proton. Such a role can easily be envisioned
for protonated His187 based on the fact that it is located close to the Asp115
carboxylate (figure 5).

Figure 5. Location of His187 within the active site of mouse AMCase. MD snapshot showing interactions between the
buried (protonated) His187, (deprotonated) Asp117, Asp115 and Tyr6. The solvated catalytic Glu119 is also shown.

For the observed pH optimum of mouse AMCase to be explained by protonation
of His187, the effective pKa should be dramatically decreased, however this is not
without precedent. pKa values of histidines are known to vary greatly depending
on their electrostatic environment [25]. In the case of Bacillus circulans xylanase,
for instance, the pKa value of a histidine residue (His149) is estimated to be <2.3,
based on NMR titration experiments [26]. This is likely in part due to the
hydrophobic environment surrounding the residue. More importantly perhaps, the
histidine is inaccesible to solvent. Similarly, in AMCase, the presence of several
“acidic” hydroxyl (Tyr6) and carboxylic acid groups (Asp115 and Asp117) in close
vicinity may result in a change in effective pKa of the histidine (figure 5).
Furthermore, visual inspection of the AMCase simulations shows that His187 is
inaccessible to bulk water in both protonation states. The lack of stabilizing water
molecules close to His187 is likely to favor a neutral state at low pH. Although our
study renders proof for an important role of His187 in the extremely acidic pH
optimum of mouse AMCase, other structural features most likely also have an
impact. For example, the acidic activity of human AMCase is not as pronounced
as that of mouse AMCase, despite the presence of His187 [4,12]. As the surface
potential of mouse AMCase is significantly lower (figure 2), the loss of structural
stability at very low pH may limit the extreme acidic activity of human AMCase.
Concluding, His187 represents a major difference in the active site of AMCase
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compared to that of chitotriosidase. The amino acid allows activity at extremely low
pH, provided that the overall protein fold is stable at this extreme condition. The
unique His187 feature of AMCases may serve as a lead for the development of
specific inhibitors.

SUPPLEMENTAL INFORMATION
Preparation of the systems for MD included selection of the appropriate amino-
acid protonation states, solvation of the protein structure in a periodic, cubic box,
and addition of polar and aromatic hydrogen atom at acidic pH. For His187, we
performed simulations of the fully protonated (HisH) and the partially protonated
form (HisB), with the proton at nitrogen NE2. Subsequently, SPC water molecules
were added [27], water molecules residing in hydrophobic cavities were removed
and charge neutralization was accomplished by exchanging waters with chloride
ions. Prior to actual MD the systems were subjected to another round of energy
minimalization, followed by 20 ps of MD with position restraints on heavy protein
atoms and an unconstrained equilibration run of 1 ns. Both temperature and
pressure in the systems was kept constant, at 300 K and 1 bar, respectively, using
the Berendsen-thermostat and -barostat. Bonded interactions were described with
the GROMOS96 forcefield [28], van der Waals interactions and short range
electrostatic interactions were treated with a cutoff of 1.0 nm and electrostatic
interactions were treated with the particle mesh Ewald method [29]. Using the
LINCS algorithm to constrain bonds [30] allowed for a timestep of 2 fs. Prepared
as such, the dynamics of each system were sampled during three independent
MD runs of 10 ns, initiated from different starting velocities. From the resulting
trajectories distances between atoms were calculated using tools included in the
GROMACS software package.
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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).

A
hChitotriosidase

B
mAMCase (pH 4.5)

mAMCase (pH 1.8)

C
on

ce
nt

ra
tio

n 
(m

M
)

C
on

ce
nt

ra
tio

n 
(m

M
)

C
on

ce
nt

ra
tio

n 
(m

M
)

C
on

ce
nt

ra
tio

n 
(m

M
)

6

5

4

3

2

1

0
0 50 100 150

t (mins)

0.25

0.20

0.15

0.10

0.05

0.00

t (mins)
0 50 100 150

10.0

7.5

5.0

2.5

0.0

t (mins)
0 50 100 150

t (mins)
0 50 100 150

17.5

15.0

12.5

10.0

7.5

5.0

2.5

0.0

(GlcNAc)1
(GlcNAc)2
(GlcNAc)3
(GlcNAc)4
(GlcNAc)5
(GlcNAc)6
(GlcNAc)7
(GlcNAc)8
(GlcNAc)9
(GlcNAc)10

(GlcNAc)1
(GlcNAc)2
(GlcNAc)3
(GlcNAc)4
(GlcNAc)5
(GlcNAc)6
(GlcNAc)7
(GlcNAc)8

chapter 9.qxp  18-11-2008  16:55  Pagina 210



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].
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SUMMARY & GENERAL DISCUSSION
In this chapter, the results of the various investigations are summarized and
discussed including future perspectives for research, according to topic.

1. PHYSIOLOGICAL FUNCTIONS OF MAMMALIAN CHITINASES.
Chitotriosidase
The discovery of chitotriosidase has brought chitinase-related research into the
realm of medical biochemistry. Due to the presence of chitin in coatings in several
pathogens, such as fungi and nematodes, it was suggested that chitotriosidase
serves as a component of the innate immune responses (Renkema et al., 1995),
in analogy with the well-described anti-fungal roles of chitinases in plants
(Schlumbaum et al., 1986). 

A series of investigations have indirectly addressed the putative role of
chitotriosidase in immunity. Firstly, expression of chitotriosidase in response to
infections with various chitin-containing pathogens has been studied.
Chitotriosidase activity was indeed found to be raised in plasma of neonates upon
systemic Candidiasis and Aspergillosis (Labadaridis et al., 1998; Labadaridis et
al., 2005). Furthermore, chitotriosidase activity is elevated in plasma of children
suffering from acute infection with Plasmodium falciparum malaria (Barone et al.,
2003). Increases in plasma chitotriosidase have also been found in sera of
individuals suffering from visceral Leishmaniasis (Hollak et al., 1994). Secondly,
following the identification of the common deletion that causes chitotriosidase
deficiency (Boot et al., 1998), several studies have focused on susceptibilities for
infections in relation to this genetic defect. Susceptibility to Wuchereria Bancrofti,
which causes lymphatic filariasis, is associated with the deletion in chitotriosidase
in South India (Choi et al., 2001). However this correlation seems to be absent in
Papua New Guinea (Hise et al., 2003; Hall et al., 2007). Importantly, almost no
heterozygotes and homozygotes for the deficiency seem to occur in regions
notorious for widespread parasitic diseases, such as the Sub-Sahara, suggesting
its importance in these areas (Malaguarnera et al., 2003). Deficiency of
chitotriosidase was reported to be unrelated to the incidence of Candida sepsis,
however as the authors state only survivors were included in this study and
therefore the evidence is not conclusive (Masoud et al., 2002). It has recently been
found that the chitotriosidase gene deletion is associated with Gram-negative
bacteremia in children undergoing therapy for Acute Myeloid Leukemia and that
neonates with a bacterial infection show increases in chitotriosidase activity
(Lehrnbecher et al., 2005; Michelakakis et al., 2004). Although there is currently
no other evidence supporting a role for chitotriosidase in bacterial infections, these
unexpected associations suggest that chitotriosidase has more pleotropic effects
in innate immunity than previously appreciated. 
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The data above suggest a role for chitotriosidase in innate defence. However, the
evidence for this is provided largely based on associations rather than
fundamental biochemical observations. Important observations regarding the
function of chitotriosidase have been obtained by extensive characterization of the
enzyme. Shortly after the discovery of the enzyme, it was already determined that
the human enzyme is mainly produced by phagocytes (Boot et al., 1995).
Subsequently, chitinolytic activity towards the cell wall of Candida albicans was
demonstrated (Boot et al., 2001). Furthermore, it has been found that recombinant
human chitotriosidase showed synergy with existing anti-fungal drugs such as the
polyene amphotericin B, the azoles itraconazole and flucanozole and cell wall
synthesis inhibitors LY-303366 and nikkomycin Z (Stevens et al., 2000). Despite
these findings, a thorough immunological characterisation of chitotriosidase had
previously not been performed. 
In chapter 3 of this thesis an in-depth investigation is reported concerning the
production, release and anti-fungal properties of human chitotriosidase. The
enzyme was shown to be produced by both neutrophils and macrophages, and to
reside within the specific granules in polymorphonuclear neutrophils. Massive
secretion was observed upon stimulation with GM-CSF, but not with IFNg, M-CSF
or IL4. It is of interest to note that beneficial effects of GM-CSF in fungal infections
have been reported earlier (Jones, 1999). It is conceivable that the observed
induction of chitotriosidase release, at least partially, explains this finding. 
Our study furthermore contained the definitive demonstration of both in-vitro and
in-vivo antifungal activity of chitotriosidase. Exposure of various chitin-containing
fungi to recombinant chitotriosidase resulted in growth inhibition, hyphal tip
bursting or, in the case of the pathogenic Candida albicans, prevention of hyphal
switch. These observations were extended in neutropenic mouse models of
systemic Candidiasis and Aspergillosis, the main causes of mortality in immuno-
compromised individuals. In the mice a clearly improved survival was observed
upon treatment with chitotriosidase. These results suggest that therapeutic use of
chitotriosidase for treatment of life-threatening fungal infections may be feasible.
Importantly, since Gaucher patients seem to tolerate chitotriosidase levels well
over a thousand fold higher than normal, no side effects are to be expected.
However, because of the high dosage of recombinant protein required and
resulting high cost, clinical research towards employing chitotriosidase against
fungal infections has come to a halt. More economical production of recombinant
protein in plants may perhaps result in the future use of human chitotriosidase as
a therapeutic agent.
Despite the anti-fungal role of chitotriosidase, investigations on the nature and
incidence of the mutation resulting in expression of inactive chitotriosidase has
provided valuable insight into the physiological function of the enzyme that can not
be overlooked. It is clear that, under most conditions, chitotriosidase may be
considered redundant in man. Firstly, the deficiency does not result in a clear
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phenotype. Secondly, the incidence of the deletion is high (~6% for most ethnic
groups), it occurs pan-ethnically and follows the Hardy-Weinberg equilibrium,
suggesting there has not been substantial evolutionary pressure towards
expression of active chitotriosidase (Boot et al., 1998). The fact that chitotriosidase
is a fully functional, yet apparently redundant protein raised the question whether
compensatory mechanisms exist in order to deal with chitin. Subsequent
investigations resulted in the discovery of the second mammalian chitinase, Acidic
Mammalian Chitinase (AMCase).

AMCase
The second mammalian chitinase shares many characteristics with
chitotriosidase, not surprising considering the high sequence homology between
the two proteins. Both are active towards crab shell chitin as well as chitin present
in the fungal cell wall. However, AMCase displays a remarkably acidic pH
optimum, consistent with its expression in the gastro-intestinal tract (Boot et al.,
2001). This suggests adaptation for degradation of chitin taken in orally.
However, the view that AMCase plays predominantly a role in food processing
changed dramatically with several reports relating the protein to the pathogenesis
of asthma and other allergic lung inflammatory conditions.
When injected intravenously with chitin-containing Schistosoma mansoni eggs,
both wild type mice and animals with an exaggerated Th2 response, dominated by
the cytokines IL4 and IL13, were found to massively express AMCase in the lung.
This induction did not occur in mice with an exaggerated Th1 response or IL13-
knockout mice (Sandler et al., 2003). Similarly, Zimmermann et al. reported highly
induced AMCase mRNA levels in mouse models of experimental asthma either
induced by ovalbumin (OVA) or by Aspergillus fumigatus antigen (Zimmermann et
al., 2004). This induction was mediated by the STAT6 signaling pathway, again
suggesting a role for an excessive Th2 response mediated by IL4 or IL13
(Zimmermann et al., 2004). Employing a similar mouse model of asthma, Zhu et
al. showed that inhibition of AMCase, either by a specific antibody or the specific
chitinase inhibitor allosamidin, alleviated the Th2 mediated inflammatory lung
damage that occurs in asthma (Zhu et al., 2004). Interestingly, AMCase activity
appeared instrumental for the pathogenesis of asthma, through a yet to be
specified, chitin-independent mechanism. Therefore, it was suggested that
inhibition of chitinase activity may render an attractive new therapy of asthma (Zhu
et al., 2004; Couzin, 2004). Additional genetic studies indeed suggest AMCase
genotype is related to incidence of asthma, whereas chitotriosidase genotype is
not (Bierbaum et al., 2005; Bierbaum et al., 2006, respectively).
A more recent report suggests that chitin itself induces the accumulation in tissue
of IL4-expressing innate immune cells, including eosinophils and basophils, when
given to mice. Moreover, this response was absent if the chitin was pre-treated
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with AMCase, or when chitin was given to mice overexpressing AMCase (Reese
et al., 2007). The suggestion that chitinase activity alleviates a chitin-induced
allergic response is in conflict with the observations described by Zhu et al. (2004).

Several observations appear to favour the opinion that AMCase is beneficial in
asthma. Firstly, the study of Zhu et al. does not specify a substrate for the
AMCase, since the observations are thought to be chitin-independent. Based on
structural studies, performed on various chitinases, including the study describing
structural features of AMCase in chapter 8 do generally not hint towards the
existence of an alternative endogenous substrate. Secondly, important differences
in chitinase expression exist among species, suggesting a lack of an ubiquitous
role of chitinases in inflammation. These differences, described extensively in
chapter 5 and 6 and discussed below,  make it difficult to extrapolate the results
obtained in a mouse model to the human situation. Thirdly, there have been many
reports of incidence of occupational asthma, which have been related to the
inhalation of airborne chitin, suggesting chitin indeed may induce an exaggerated
Th2 response (for an example: Cartier et al., 1984). It may be considered more
appealing to think of the exogenous chitin as the culprit, whereas AMCase being
capable of degrading chitin may alleviate chitin induced allergic responses.
It is possible the observations made by Zhu et al. are strictly model dependent.
Since the OVA stimulations lead to massive overproduction of AMCase protein, it
is conceivable that secondary physical rather than biochemical effects take place.
The related protein YM1 has been shown to form eosinophilic crystals within cells,
when expressed at sufficiently high amounts (Guo et al., 2000). Indeed, the
observations made by Zhu et al. were prompted by the identification of AMCase in
crystals residing within the lungs (Couzin, 2004). It is possible that these crystals,
the formation of which may be inhibited in the presence of inhibitor or anti-bodies,
result in tissue damage unrelated to enzyme activity.

In any case, it is likely much future research will be performed on the precise role
of AMCase. Conditional knock outs should prove informative in order to assess the
nature and dynamics of chitinase function, in response to a variety a stimuli,
among which chitin. Additional genotyping in relation to incidence of allergy will in
the future undoubtedly provide clues whether AMCase, like chitotriosidase, is
redundant in man or performs major physiological roles other than defense and/or
food processing.

2. EVOLUTIONARY ORIGIN AND SPECIES SPECIFIC EXPRESSION OF CHITINASE
AND RELATED PROTEINS.

With the on-line availability of the genomes of many species, comparison of
genomic information among species has become feasible without the need for
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laboratory work, but remains tedious and time-consuming. Yet it represents one of
the easiest ways to assess whether a certain protein or perhaps mechanism is
ubiquitous in nature, which may provide important clues concerning its function
and importance. 
In the case of the chitinase protein family, many related proteins in mammals had
already been discovered and characterized, all belonging to family 18 of glycoside
hydrolases. Apart from the two active chitinases, the protein family encompasses
so-called chi-lectins, homologous proteins that lack their enzymatic capabilities
due to the lack of the catalytic acidic residue. Similar to chitinases, chi-lectins are
secreted locally or into the circulation and a role for inflammatory conditions is
suggested for many of them. Ym1, for instance, had been associated with allergic
airway inflammation in a mouse model, as has AMCase (Homer et al., 2006).
However, extensive blast searches using the Ym1 cDNA sequence did not reveal
an orthologue in man, suggesting species specific differences. Furthermore,
nomenclature of this group of proteins has often led to confusion, for example in
the case of Ym1 (Boot et al., 2005b). 

In order to shed light on inter-species genomic differences, extensive in silica
analyses were performed, which are described in chapter 5. As a starting point,
all available sequences of mammalian chitinase(-like) genes and proteins were
gathered from various databases. The resulting list and alignment, consisting of 44
sequences from 11 mammalian species, shows the mammalian chitinase protein
family to be widespread and generally conserved, yet important differences exist.
Several members (like Ym1) are found to be species-specific, whereas some
expressed proteins had previously been unidentified. Phylogenetic analyses were
performed using various algorithms, resulting in the elucidation of the evolutionary
history. Both active chitinases result from an ancient gene duplication, predating
the evolution of mammals, giving rise to two groups of genes (now referred to as
the chitotriosidase- and AMCase-clade). Further gene duplications have occurred
more recently, followed by loss of function mutations, giving rise to the chi-lectins.
Some evolutionary events occurred in certain lineages only, suggesting protein
specialization. For instance, the occurrence of GP40 seems restricted to
ruminants. GP40 has been found to be present in dry mammary secretions at
times when extensive tissue remodelling occurs (Srivastava et al., 2006); hence
its presence may reflect differences in mammary function between ruminants and
other mammals. The phylogenetic analyses was shown to be roughly in
accordance with genomic syntheny between and man, as was determined by
mapping the loci of the genes on their genomes.
Although the phylogenetic analyses have revealed the direction evolution of
chitinase(-like) genes has taken, it does not offer information concerning
evolutionary forces. In order to gain insight into the mechanism behind the
observed phylogeny, the ratio of the non-synonymous versus synonymous

225

SU
MM

AR
Y

& 
GE

NE
RA

L
DI

SC
US

SI
ON

CH
AP

TE
R 

10

chapter 10 summary & discussion.qxp  18-11-2008  16:57  Pagina 225



substitution rates (Ω) can be calculated. Usually this ratio is <1, meaning that
evolution has acted to generally maintain current protein composition (purifying
evolution). However, in the case of lysozymes, enzymes that like chitinases have
dual functions in both defense mechanisms and food processing, it has been
shown that there have been certain episodes in which positive selection (>1)  has
occurred (Messier and Stewart, 1997; Yang, 1998). These episodes are thought to
coincide with the recruitment of lysozyme to the stomach of old world monkeys.
Apparently, the presence of a specialized acidic lysozyme in the stomach has
been of sufficient importance for adaptive evolution to have occurred. Due to the
functional analogy of lysozymes with chitinases, it was of interest to perform a
similar analyses on the chitinase(-like) gene data-set. Although the lysozyme
results reported by Yang (1998) could be reproduced, no signature for adaptive
evolution of mammalian chitinase(-like) genes could be detected. It is, however, of
importance to note that adaptive evolution is not a necessity for specialization,
which has occurred substantially in chitinase(-like) proteins. Iso-electric points, for
instance, vary greatly among the proteins, most likely reflecting differences in
tissue-specific expression.

Several of the chitinase(-like) proteins occur only in rodents, yet they have named
as potential targets in various human inflammatory disorders (Ym1 for example:
Reese et al., 2007). Needless to say, investigations into the role of these proteins
in human pathology using a mouse model would be fruitless. Investigations such
those reported in chapter 5 show that species differences have clear, yet
sometimes overlooked implications for medical biochemistry. Therefore, a survey
of genomic differences between model organisms and man would be advisable,
preceding laboratory investigations. Nowadays, in most cases all the information
required is available online. 
On a more fundamental level, this chapter offers an example of how various
evolutionary forces can shape a certain protein family, which may be used as a
blueprint for the elucidation of evolutionary features of other protein families.

Where chapter 5 dealt strictly with analyses of genomic information (and
predicted protein products), chapter 6 zooms in on differences in expression of
active chitinases between mouse and men.
Because of the various reports linking AMCase to the pathogenesis of asthma and
other types of airway inflammations, much attention has focused on the role of this
enzyme in mouse models, whereas chitotriosidase, the dominant chitinase in man,
received relatively little attention in this regard. Tissue expression of both
chitotriosidase and AMCase in mice were therefore studied in detail and the
results were compared to the situation in man. To this end both RNA northern/dot
blots and in-situ hybridization were employed on various tissues of wild-type mice,
revealing remarkable differences. Whereas in man chitotriosidase is phagocyte
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specific and the sole chitinase present in the circulation and AMCase is only found
in the (slightly) acidic lung and gastro-intestinal tract, in mice the situation is more
complicated. Northern blots reveal the presence of chitotriosidase mRNA only in
tongue and stomach, although the enzyme is also present in the circulation,
perhaps originating from stomach epithelial cells. Chitotriosidase mRNA is also
expressed in murine stomach, yet in the stratified squamous epithelial cells of the
non-glandular fore-stomach that has a near neutral pH, whereas AMCase is
expressed in the lower, more acidic, glandular regions of the stomach. Further
down the gastrointestinal tract chitotriosidase is expressed in the Paneth cells in
the crypts Lieberkühn of the small intestine. Due to the potential role of chitinases
in airway inflammation, the expressional pattern in lung is of special interest.
Again, marked differences exist; AMCase appears to be only chitinase present in
murine lung, originating from alveolar macrophages, whereas in man both
enzymes are present. Possible pharmacological inhibition of chitinases in order to
treat allergic airway inflammation therefore should be unadvisable when based
solely on data obtained in mice.
Intriguingly, in the cow AMCase is present in high amounts in the circulation as a
result of hepatic secretion (Suzuki et al., 2001), whereas chitotriosidase appears
absent altogether, thus representing yet another expressional profile.
The development of specific inhibitors inhibiting only one of the two mammalian
chitinases would be especially useful in light of the differential expressional pattern
among mammalian chitinases. Therefore, knowledge of structural differences
between chitotriosidase and AMCase would be valuable. Structural features of
AMCase are described and compared with those of chitotriosidase in chapter 8
and will be discussed below.

Taken together, chapters 5 and 6 provide valuable fundamental information that
should not be overlooked when extrapolating chitinase-related data obtained in
model organisms to the human situation. 

3. STRUCTURAL FEATURES OF MAMMALIAN CHITINASES.
Structural features of chitinases have been extensively studied, mostly following
X-ray diffraction of chitinase crystals. In general, family 18 chitinases remain stable
at high concentrations and readily form crystals. Furthermore, their globular and
compact structure generally allows for high quality models to be generated from
the X-ray diffraction data. 
Crystal structures solved of mammalian chitinase(-like) proteins include that of
chitotriosidase, Hcgp39, and Ym1. Like other proteins in this family, they consist
of a so-called TIM barrel, first seen in triose-phosphate isomerase (TIM). The TIM
barrel offers a structural platform for many diverse proteins and therefore it
represents the single most represented fold in the structural database to date
(Wierenga, 2001; Berman et al., 2000). 
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Chitinase B (Chi B) from Serratia marcescens has served as a model enzyme in
structural biology of chitinases. It represents the only chitinase for which the
crystal structure of the full length isoform has been solved, including chitin binding
domain (CBD) (van Aalten et al., 2000). Surprisingly, the linker separating the CBD
from the catalytic domain is not as flexible as previously assumed. Attempts to
obtain crystals from 50 kDa chitotriosidase, which includes the CBD, have thus far
been unsuccessful (unpublished results). 
Most hydrolases employ a general acid-base catalytic mechanism, in which a
nucleophilic residue stabilizes the positive charge formed by hydrolysis of the
glycosidic bond. In chitinases, such a nucleophilic residue could not be identified.
Eventually, several investigations showed that the N-acetyl group of the chitinous
substrate itself stabilizes the transition state by formation of an oxazolinium
intermediate (Terwisscha van Scheltinga et al., 1995; van Aalten et al., 2001). An
important consequence of this substrate assisted catalysis is that de-acetylation of
chitin by various ubiquitous de-acetylases decreases its compatibility as substrate. 

Various crystal structures of catalytic 39 kDa domain of chitotriosidase have been
solved, including that of the native protein, and in complex with chito-
oligosaccharides and various inhibitors (Fusetti et al., 2002; Rao et al., 2003).
Overall, the structure reveals an elongated active site cleft, compatible with the
binding of long chitin polymers and therefore endochitinolytic activity. Due to the
fact that the enzyme retains activity inside the crystal, structures of ligand bound
wild type chitotriosidase have not revealed the precise binding mode to chitin. To
this end, it has been attempted to solve the crystal structure of a mutant protein
which lacks the catalytic glutamic acid yet retains binding capability to chitin (a so-
called neo-lectin). Unfortunately, the crystal structure revealed complete disorder
in the active site (unpublished observations). Apparently, the point mutation
introduced (E140L) results in instability of the catalytic centre, exemplifying the
intricacies of oligo-saccharide binding.
Crystal structures have been solved of many chi-lectins, which lack the catalytic
glutamate, among which that of Hcgp39 and Ym1 (Fusetti et al., 2003; Sun et al.,
2001, respectively). Despite having retained overall structure, the active site
appears to have undergone substantial specialization, in order to allow binding of
specific oligo-saccharides, differing from chitin.
Regardless of the fact that for most chitinase(-like) proteins crystallography and
structure elucidation has been successful, structural information concerning
AMCase has been lacking. Despite numerous attempts, AMCase crystals have not
been obtained, presumably due to instability at high concentrations (unpublished
observations). In order to gain insight into structural differences between
chitotriosidase and AMCase, an in-silica approach was adopted.
Based on an experimentally determined structure, structural features of a
homologous protein may be approximated by homology modelling, employing
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energy minimalizations following amino acid substitutions on the template
structure. Furthermore, present day computing power and software allows for
Newton’s equations of motion to be solved for complex systems such as proteins
in solution, giving rise to molecular dynamics (MD) simulations of biological
systems. This allows movement of a single solvated protein to be simulated, a
feature that has no experimental counterpart. Using these computational
techniques, molecular aspects of both AMCase and chitotriosidase have been
studied, which are described in chapters 8 and 4, respectively. 

As a starting point for the investigations described in chapter 8, crude models of
both human and murine AMCase were created on-line using the SWISSPROT
server (Guex and Peitsch, 1997), supplying the published chitotriosidase structure
and an alignment containing both query and template sequences. Basically, the
algorithm that is employing results in amino acid substitutions on the template
structure followed by energy minimalizations. Subsequently, several rounds of
more extensive energy minimalizations were performed using GROMACS
(Lindahl et al., 2001). Several sophisticated algorithms are employed in order to
avoid being trapped in local minima of the energy landscape that could result in an
erroneous final structure. 
Comparison of structural features of both chitinases revealed most substitutions to
reside on or near the protein surface. Comparison of surface charges revealed
AMCases to be generally more negatively charged, representing one adaption
towards functioning in an acidic environment. The catalytic centre of AMCase
compared to chitotriosidase is relatively unaltered, a single histidine residue
however, is located only several Ångstroms from the acidic residues involved in
catalysis. In order to study the role of His187 in catalysis, a mutant enzyme was
expressed, in which the His187 was converted into an asparagine, the amino acid
conserved in chitotriosidase at this location. The mutant displayed a marked
decrease in acidic activity, whereas near-neutral activity was affected to a far
lesser extent. Concomitantly, using GROMACS MD simulations were performed in
order to investigate intramolecular interactions of this His187. To this end,
movements of atoms in solvated AMCase were simulated during 10 nanoseconds,
simulating various protonation states of key residues, including His187. This
revealed interactions of protonated His187 with key active site residues that
should facilitate binding of substrate at acidic pH. Taken together, these results
indicate that His187 acts as an acidic switch in Acidic Mammalian Chitinase.
Furthermore, since it represents the sole difference in the active site of
mammalian chitinases, this specific structural feature could be exploited in order
to develop specific inhibitors.

In chapter 4 a common polymorphism in human chitotriosidase is described, that
results in the expression of a protein with slightly different enzymatic
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characteristics. As will be discussed in the next section, the presented results have
clear and significant implications for the use of chitotriosidase activity as a
biomarker. It was revealed that activity towards the artificial substrate that contains
three N-acetylglucosamine moieties, 4MU-chitotrioside, was affected by the
polymorphism, whereas activity towards 4MU-chitobioside, containing only two
sugars, was near identical. The structural basis of this phenomenon was
examined by MD simulations using the published chitotriosidase crystal structure
as starting point. 
The mutation concerns a single nucleotide polymorphism (SNP),  resulting in the
substitution of a glycine by a serine at position 102. Although these amino acids
only differ slightly, the presence of the extra hydroxyl group in serine may result in
additional hydrogen bonded interactions. Employing MD on two systems,
simulating both wild type and G102S mutant protein intramolecular movements in
water, subtle differences could be detected that could explain the observed
differential activities. In the wild type protein, the presence of the glycine allows for
flexibility of a loop that, based on the crystal structure of chitotriosidase in complex
with allosamidin (Rao et al., 2003), is involved in binding of the third sugar in
chitinous substrates. In the mutant G102S protein, flexibility is markedly
decreased due to hydrogen bonded interactions of Ser102, not allowing proper
placement of the loop for stabilization of the third sugar. Taken together, this most
likely explains the differential activity towards 4-methylumbelliferyl-chitotrioside
(4MU-chitotrioside), and the lack of an effect on activity towards 4MU-chitobioside.

4. ENZYMATIC FEATURES OF MAMMALIAN CHITINASES.
Following the discovery of chitotriosidase, it was found that substantial inhibition
of activity occurred at high substrate concentrations of both 4MU-chitobioside and
4MU-chitotrioside. This finding was finally explained in an elegant experiment in
which chitotriosidase was incubated with both PNP-chitobioside (a substrate for
chitinases) and 4MU-N-acetylglucosaminide (not a substrate for chitinases). The
resulting release of 4MU fluorescence could only be attributed to the occurrence
of transglycosylation (Aguilera et al., 2003). Accurate activity measurement
towards the two commercially available artificial substrates, 4MU-chitotriose and
4MU-chitobioside is hampered by the occurrence of transglycosylation, since low
concentrations have to be used to avoid dominant substrate inhibition. This led to
the development of the novel substrate 4MU-(4-deoxy)-chitobioside, that cannot
be transglycosylated and therefore displays approximate Michaelis-Menten
kinetics (Aguilera et al., 2003; Schoonhoven et al., 2007).

Chapter 9 offers an overview of enzymatic behaviour of mammalian chitinases of
various species. As is the case in genomics and tissue-specific expression,
discussed in previous sections, enzymatic behaviour also differs among proteins
from different species. For these analyses, five recombinantly produced chitinases
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were employed: both chitinases from mouse and man, and bovine AMCase.
Studying substrate inhibition in assays using 4MU substrates, it was shown that
the occurrence of transglycosylation depends heavily on the substrate used (4MU-
bioside or 4MU-trioside) and pH. Despite the fact that transglycosylation appears
ubiquitous, marked differences exist. Murine chitotriosidase, for instance, appears
hardly able to use 4MU substrates as acceptor, whereas human chitotriosidase
was shown to be the most efficient in transglycosylation using these acceptors.
Additionally, using human chitotriosidase, it was shown that compounds other than
chito-oligosaccharides may act as acceptors in the transglycosylation reaction.
This opens up the possibility of employing chitinases for biosynthetic purposes,
especially attractive since stereo-specific glycosides are notoriously challenging
compounds to synthesize chemically. Although the yields reported in chapter 9
are estimated to generally be low, advances in structural biology of chitinases may
result in mutants with increased transglycosylation potential. Furthermore, it has
been shown that certain conditions may result in a shift in enzymatic behaviour
towards transglycosylation. Various salts, for instance, influence enzymatic
behaviour (Chou et al., 2006; Usui et al., 1990). Although a preliminary screen has
not revealed favourable conditions for transglycosylation (unpublished findings),
thorough screens may yet reveal interesting findings.

It is interesting to speculate on potential biological functions, in the past or in the
present, of transglycosylation. Stereospecific transglycosylation is a common
feature of glycosyl hydrolases (Holtje, 1996). It is possible that, prior to evolution
of glucosyltransferases utilizing nucleotide-activated sugars, there were other, less
sophisticated, mechanisms of early biopolymers synthesis. Perhaps early in
evolution, enzymes generally dedicated to hydrolysis, such as chitinases, also
performed synthetic roles. The investigations on chitinase transglycosylation
behaviour, among others those described in chapter 9, show that
transglycosylation is ubiquitous, heavily dependent on substrate concentration
and can be influenced by certain conditions such as salt concentrations; all of
these aspects may be considered prerequisites for physiological relevance of
transglycosylation.
Furthermore, based on the ability of chitinases to allow for compounds other than
chitin as acceptors in the transglycosylation reaction, it is theoretically possible
that, under certain conditions, chitinases effectively catalyze the transfer of two or
three GlcNAc moieties from chitin to other compounds. This stereospecific
“capping” by GlcNAc oligomers could in turn exert biological activity. In plants, for
instance, so-called Nod factors have been identified, that consist of chito-
oligosaccharides covalently bound to lipid species. These factors play a role in the
nodulation process in legume plants and can be cleaved by chitinases (van der
Holst et al., 2001; Day et al., 2001). However, to date, in mammals no compounds
have ever been identified containing outstanding (GlcNAc)2 or (GlcNAc)3.
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Apart from employing artificial fluorescent compounds as substrates, chapter 9
also describes an assay using natural chito-oligosaccharides. The released
products are subsequently separated by HPLC, and detected using UV
spectroscopy. The results show chitobiose to be preferentially released by all
chitinases, and chitotriose to a minor extent. Larger fragments, that could only
have been formed by the occurrence of transglycosylation, were also detected. 
A disadvantage of this assay, however, is the low sensitivity; much enzyme is
required in order to generate sufficient amounts of products for detection.
Therefore, a novel assay was developed which is based on fluorescent detection,
which is described in chapter 7. The assay involves chemical labelling of the
chito-oligosaccharides by anthranilic acid (2-aminobenzoic acid, 2-AA). Reductive
amination of the aldehyde formed by ring-opening of the reducing sugar is
performed, labelling each chito-oligosaccharide with a single fluorescent tag. This
assay was applied to chito-oligosaccharides before and after incubation with
chitotriosidase, revealing the assay to be adequately linear in time and enzyme
concentration. Furthermore, it was applied to serum from both Gaucher patients
and controls, showing serum does not contain interfering endogenous chito-
oligosaccharides and generally displaying high reproducibility and linearity. 
The novel assay offers a novel, highly sensitive, method for measuring chitinase
activity employing natural chito-oligosaccharides that undoubtedly will be used for
identification and characterization of chitinase activity in complex mixtures.

5. CHITOTRIOSIDASE AS BIOMARKER.
As a result of the successful development of ERT and SRT for Gaucher disease
(GD), an urgent need arose for biomarkers of Gaucher cells that would allow
accurate monitoring of the progress of the disease and efficacy of therapy. Ideally,
a biomarker is detectable in plasma and directly reflects the presence of storage
cells. Furthermore, no overlap should exist between levels in patients versus
controls. Plasma levels of tartrate resistant acid phosphatase (TRAP),
angiotensin-converting enzyme (ACE), hexosaminidase and lysozyme had
previously been reported to be abnormal, however none of these enzymes appear
to meet this criterion (reviewed in Aerts and Hollak, 1997). In order to detect further
abnormalities present in plasma of Gaucher patients, a hydrolase screen was
performed using a variety of artificial substrates, subsequently resulting in the
identification of an over 1000-fold increase in activity towards the substrate 4MU-
chitotrioside in plasma from Gaucher patients (Hollak et al., 1994). Further
investigations resulted in the identification of chitotriosidase to be solely
responsible for this activity (Hollak et al., 1994; Renkema et al., 1995). Due to the
fact that chitotriosidase originates from lipid laden macrophages, its activity levels
do not reflect one particular clinical symptom, but rather the total body burden of
Gaucher cells. Plasma chitotriosidase activities are greatly increased in
symptomatic Gaucher patients, but not in asymptomatic glucocerebrosidase-
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deficient individuals. Importantly, chitotriosidase values drop sharply upon ERT,
coinciding with clinical improvements (Hollak et al., 1994). The regular monitoring
of plasma chitotriosidase levels in Gaucher patients is presently used world-wide
to assist in clinical management of these patients (Deegan et al., 2005; Vellodi et
al., 2005; Cabrera-Salazar et al., 2004). 

By far the highest levels of chitotriosidase are found in GD, but an increasing
number of diseases characterized by lysosomal accumulation of
glycosphingolipids or other lipid species show increase levels as well. For
instance, in Niemann-Pick A/B, Niemann-Pick C, cholesteryl ester storage, Krabbe
disease, GM1 gangliosidosis, fucosidosis, galactosialidosis, Wolman disease,
Morquio B and Fabry disease, increases in chitotriosidase have been reported
(Michelakakis et al., 2004; Guo et al., 1995; Aerts et al., 2005; Vedder et al., 2006). 
In none of these disorders chitotriosidase is elevated to such an extent as in GD,
and the potential for use as biomarker remains subject to investigation (Isman et
al., 2008). In general, most lysosomal storage disorders display an increase in
chitotriosidase activity. Reversely, this suggests that elevated levels of
chitotriosidase activity in plasma from patients with unexplained diseases may be
indicative for a lysosomal disorder.

Despite the sensitivity and convenience of the chitotriosidase assay using 4MU-
chitotrioside as substrate, the occurrence of transglycosylation complicates the
enzyme assay. Non-saturating concentrations have to be used in order to avoid
substrate inhibition. The use of the deoxybioside substrate, which can not undergo
transglycoslyation, provides a much more convenient method for measuring
activity of chitotriosidase (Aguilera et al., 2003; Schoonhoven et al., 2007). 

In addition to the common deletion resulting in expression of a non-functional
chitotriosidase, a polymorphism exist, which results in a substitution of a glycine
into a serine at position 102. Investigations into the occurrence and enzymatic
implications of the G102S mutation have been the subject of the investigations
described in chapter 4. The G102S allele was found to be common in GD
patients, with an allelic frequency of 0.20. No association was found with the
chitotriosidase deletion. Activities were measured towards the three artificial 4MU
substrates, using both patient material and recombinantly produced G102 and
S102 enzyme. It was shown that specific activity towards 4MU-chitotrioside was
lower for the S102 protein, by about 30%. The activity towards both 4MU-bioside
and 4MU-deoxybioside, however, was unaltered. Structural investigations were
performed, discussed previously in the structural section, which have provided a
molecular basis for these results. Furthermore, employing western-blot and a
novel in-gel activity assay it was established that a small part of S102 protein is
glycosylated at the asparagine at position 100. In light of the fact that 4MU-
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chitotrioside is currently the commonly used substrate for the chitotriosidase
assay, the implications of these investigations are obvious: 4MU-chitotrioside
should be replaced by 4MU-deoxychitobioside. This substrate not only offers
better kinetics due to the abolishment of transglycosylation, these investigation
show that the common G102S substitution has no effect. When using 4MU-
chitotrioside, genotyping for this polymorphism would be highly recommended.

Coinciding with our laboratory investigations described in chapter 4, both Grace
et al. and Lee et al. examined chitinase activity in relation to CHIT1 genotype, with
emphasis on the G102S substitution (Grace et al., 2007; Lee et al., 2007).
Although in general the results are similar, different relative specific activities are
reported by all three groups. This is most likely due to small differences in assay
substrate concentrations used, which may lead to large differences in activity,
underlining once again the usefulness of the deoxychitobioside substrate, of which
the kinetics are Michealis-Menten-like and therefore may be used at saturating
concentrations. 

Although plasma chitotriosidase activity may nowadays be regarded as the
biomarker of choice in GD, there is still need for other biomarkers, foremost
because of the high incidence of deficiency. Recently a marked elevation in
plasma of GD patients has also been described for the chemokine CCL18 (Boot
et al., 2004; Moran et al., 2000; Deegan et al., 2005). Like chitotriosidase, CCL18
is secreted by Gaucher cells and therefore also reflects total Gaucher cell body
burden. Analysis of response to therapy showed CCL18 to change comparably to
chitotriosidase upon therapy. Therefore, monitoring of plasma CCL18 can be a
useful alternative to monitor response to therapy in Gaucher patients deficient in
chitotriosidase (Deegan et al., 2005). Recently, CCL18 in urine from patients was
shown to correlate well with plasma values, offering an advantage over the use of
chitotriosidase, of which urinary secretion is dependent on kidney involvement and
therefore not accurately reflecting plasma levels (Boot et al., 2006).

6. CHITINASE EXPRESSION, GANGLIOSIDES AND INSULIN RESISTANCE. 
Despite the identification of elevated chitinases in several abnormal pathologies,
the molecular mechanisms of induction of chitotriosidase remain enigmatic. 
For AMCase, massive induction of expression has only been clearly demonstrated
in murine lung. It is clear that Th2-driven, IL13-dependent activation of the STAT6
pathway may result in massive expression of AMCase (Zimmerman et al., 2004;
Sandler et al., 2003; Zhu et al., 2004). 
Based on the fact that lysosomal storage disorders are generally accompanied by
abnormally high chitotriosidase secretion, it can be concluded that lysosomal
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stress induces chitotriosidase expression in macrophages. In addition to the
storage diseases listed in the previous section, several other conditions, that are
not primarily lysosomal, exist in which chitotriosidase is elevated such as glycogen
storage disease IV, Tangier disease, sarcoidosis and Alagille syndrome
(Michelakakis et al., 2004; Guo et al., 1995; Grosso et al., 2004). Furthermore, in
atherosclerosis, a pathological process in blood vessel walls, accumulation of
cholesterol, which occurs in foam cells, results in secretion of chitotriosidase and
the chi-lectin hcgp39 (Boot et al., 1999). In multiple sclerosis, in which
accumulation of myelin occurs in macrophages, chitotriosidase is also elevated
(Czartoryska et al., 2001; unpublished results). Individuals suffering from
thalassemia, caused by a defect in hemoglobin synthesis, are treated with
frequent blood transfusions. Due to the uptake of these transfusion cells, it has
been suggested that secondary accumulation of lipid or iron occurs in lysosomes,
giving rise to induction of the chitinase (Barone et al., 1999). In malaria, plasma
chitotriosidase has been shown to be elevated (Barone et al., 2003). This might be
a response to the presence of the Plasmodium pathogen, however in malaria, due
to parasite-induced damage, increased turn-over of red blood cells also occurs.
Chitotriosidase may in addition be induced by exogenous compounds. Patients
receiving a plasma expander in the form of hydroxy-ethyl starch, that also suffer
from impaired renal function, acquired lysosomal storage in macrophages
resulting in increased chitotriosidase levels (Auwerda et al., 2006). However, the
exact nature of the storage material has not been determined.

A common denominator for all these diseases appears to be the accumulation of
cellular material, often in the form of lipids, due to increased cellular turn-over.
Since macrophages are predominantly responsible for clearance, these cells
undergo a phenotypic change. Immunological analyses indeed showed Gaucher
cells to display a distinct phenotype that resembles that of alternatively activated
macrophages, expressing cytokines, such as CCL18, typical for this type of
macrophage (Boven et al., 2004).

Although it is fairly clear that in macrophages the need to perform excessive
clearance of cellular material induces secretion of chitotriosidase, the exact
molecular mediator responsible remains subject of debate. Excessive iron has
been proposed to be involved, however the evidence is limited. Increased turn-
over of red blood cells in GD, malaria and thalassemia are accompanied with
higher levels of iron in macrophages. Also, levels of the intra-cellular iron-binding
ferritin have been found to correspond fairly well with chitotriosidase secretion
(Barone et al., 2003). However, a causal relationship has never been shown and
the human chitotriosidase promoter does not appear to contain an iron-responsive
element (unpublished observations).
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Alternatively, metabolites of the accumulating products may mediate
chitotriosidase secretion. Very recently, it was shown that sphingosine-1-
phosphate (S1P), a phosphorylated constituent of ceramide, may induce an
alternatively activated-like phenotype in macrophages (Hughes et al., 2008). S1P-
induced expression of chitotriosidase, however, has not been reported. 
A group of lipids that is prominently increased in most lysosomal storage disorders
are sialic acid-containing glycosphingolipids, known as gangliosides (reviewed by
Walkley, 2004). Markedly elevated concentrations of the ganglioside GM3 in
tissues and plasma of Gaucher patients have been recently reported (Ghauharali-
van der Vlugt et al., 2008; Meikle et al., 2008). Importantly, also diseases without
primary defects in ganglioside degradation exhibit increases in gangliosides
(Walkley, 2004). 

A rapidly increasing body of evidence suggests that certain populations of
gangliosides correspond to certain cellular phenotypes. An important function of
gangliosides is their control of responses of the cell to outside signals.
Furthermore, they appear to function as metabolic flags, allowing for appropriate
modulation of signalling events in response to specific cellular nutrients. In relation
to diabetes type II, GM3 appears especially important. GM3 levels are elevated in
the muscle of certain obese, insulin resistant mouse and rat models (Aerts et al.,
2007). Addition of GM3 to cultured adipocytes was shown to suppress insulin-
receptor phosphorylation, whereas inhibition of GM3 synthesis had the opposite
effect (Tagami et al., 2002; Kabayama et al., 2005, respectively).

Based on a chemical approach developed by Carolyn Bertozzi and co-workers
(Saxon and Bertozzi, 2000), a novel method was developed to label cellular
gangliosides, which is described in addendum I. A slightly modified version of N-
acetylmannosamine (ManNAc, a common sugar), was added to cell cultures. It
was shown by Bertozzi that this modification, an azide moiety on the acetyl group,
does not impede its entry into normal metabolic pathways. The major portion of
ManNAc is converted into sialic acid, which is attached to either N-linked protein
glycans or gangliosides. The azide may subsequently be covalently linked to a
variety of reporter groups by performing the chemical reaction known as the
Staudinger ligation. As described in addendum I, using the newly developed
inhibitor of ganglioside synthesis, AMP-DNM (N-(5-adamantane-1-yl-methoxy)-
pentyl-1-deoxynojirimycin) (Overkleeft et al., 1998; Aerts et al., 2007), a reduction
of ~80% in cell surface labelling was observed, showing the majority of the
labelled sugar to reside in gangliosides. Reversely, inhibiting N-linked protein
glycosylation resulted in a 20% decrease in labelling whereas using both inhibitors
combined, labelling was almost completely abolished. In order to ascertain the
nature of the labelled species, gangliosides were isolated and analyzed by HPLC,
showing the portion of labelled ganglioside GM3 to be prominent. A disadvantage
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of this approach is the inherent lack of specificity since both N-linked glycans and
gangliosides are labelled, although using inhibitors a shift in selectivity can be
obtained. Furthermore, since sialic acid is labelled, no distinction is made between
different gangliosides. However, a major and unique advantage of this method is
that a variety of reporter groups or any other chemical moiety can be attached to
gangliosides covalently. Since recent evidence suggests gangliosides to reside
within cellular platforms that are important in signalling, such as rafts, techniques
such as FRET (Fluorescent Resonance Energy Transfer) may be combined with
this labelling, in order to study ganglioside-protein interactions involved in signal
transduction. Alternatively, growth factors or other signalling molecules (such as
insulin) could be covalently linked to the ganglioside, perhaps resulting in
constitutive activation of nearby receptors. The applications of this novel method
appear endless, as long as the appropriate chemistry can be applied.

Next to excessive gangliosides, type II diabetes is characterised by an imbalance
in O-GlcNAcylation of specific proteins (Akimoto et al., 2005; Vosseller et al.,
2002). O-GlcNAcylation represents one of the latest additions to post-translational
protein modifications in which a single GlcNAc moiety is linked to specific proteins
and occurs dynamically, in a way analogous to protein phosphorylation (Comer
and Hart, 2000). The link between gangliosides and this phenomenon was studied
using inhibitors of glycosphingolipid biosynthesis and is described in addendum
II. It was shown that improvement of insulin sensitivity, by inhibition of
glucosylceramide synthesis, both in-vivo as well as in-vitro is accompanied by a
reduction in overall protein O-GlcNAcylation levels. The lowering of these levels
could not be attributed to direct inhibition of the O-GlcNAc transferase, nor did the
inhibitor have an effect on the O-GlcNAc hydrolase. Therefore, the lowering of
ganglioside levels is assumed to be responsible for reduction of O-GlcNAcylation.
Further research is needed to ascertain whether this is a direct result of improved
glucose homeostasis or that additional ganglioside-mediated mechanisms are
involved. 

7. CONCLUDING REMARKS
Although chitinases are generally not very well known, chitinase-related research
embodies enormously diverse aspects of modern fundamental and applied life
sciences. This thesis therefore contains diverse topics, ranging from applications
in clinical decision making to protein structure, and from immunology to molecular
evolution. Due to the growing interest in alternatively activated macrophages in
relation to several pathologies, it is very well possible that the use of
chitotriosidase as a biomarker in the near future may be considered
commonplace; a unique feature for a protein which may be considered redundant.
The 4MU-deoxybioside substrate will be employed more often, due to more
favourable kinetics and ambiguity in regard to G102S phenotype. The current
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surge of interest in AMCase in relation to allergies may lead to novel insights
regarding its functions. Development of specific inhibitors of mammalian
chitinases may be feasible in the near future. Investigations on chi-lectins, for
which novel roles are continuously being proposed, are also ongoing efforts.
Potential inducers of chitinase and chi-lectin expression include molecules, such
as gangliosides, that are current subjects of many investigations related to diverse
cellular processes. Concluding, chitinase-related research is conducted at the
intersection of biology, medicine and biochemistry and offers a rewarding line of
research for those interested in both fundamental and applied bioscience. 
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ABSTRACT
Peracetylated N-α-azidoacetylmannosamine is metabolized by cells to CMP-
azidosialic acid. It has earlier been demonstrated that in this way azidosialic acid-
containing glycoproteins are formed that can be labeled on the cell surface by a
modified Staudinger ligation. We here firstly demonstrate that the same procedure
also results in formation of azidosialic acid-containing gangliosides.
Deoxymannojirimycin, an inhibitor of N-glycan processing in proteins, lowers by
about 25% the total cell surface labeling in Jurkat cells. Inhibition of ganglioside
biosynthesis with N-(adamantanemethyloxy)pentyl-deoxynojirimycin reduces by
about 75% cell surface labeling. In conclusion, exposure of cells to peracetylated
N-α-azidoacetylmannosamine allows in vivo chemical tagging of gangliosides. 

INTRODUCTION
Glycoconjugate-metabolizing glycosyltransferases and glycosidases have
become important drug targets in recent years. Nature provides numerous lead
compounds, primarily polyhydroxylated alkaloids (denominated iminosugars),
which exert important biological activities by inhibiting specific glycosidases [1, 2].
Effective therapeutic strategies based on interfering with glycoprocessing
enzymes have recently been described. Two iminosugar-based drugs are now
used in the clinic. Miglitol (N-hydroxyethyldeoxynojirimycin), inhibiting the
intestinal glycosidases sucrase and maltase, is used for the treatment of diabetes
mellitus type II [3]. Miglustat (N-butyldeoxynojirimycin), inhibiting the
glycosyltransferase glucosylceramide synthase, is in use for the treatment of
Gaucher disease [4-6]. Glucosylceramide synthase, the transferase responsible
for the assembly of glucosylceramide from UDP-glucose and ceramide, is a key
enzyme in the biosynthesis of neutral glycosphingolipids and sialic acid-containing
gangliosides. More recently, the reduction of ganglioside levels has been identified
as therapeutic approach for diabetes mellitus type II [7-9]. Partial inhibition of
glucosylceramide synthase therefore also appears an attractive therapeutic target
for prevention and treatment of diabetes mellitus type II.
As part of our efforts in obtaining effective glucosylceramide synthase inhibitors,
we searched after means to monitor the inhibitory effect of selected iminosugars
on ganglioside biosynthesis in living cells. Bertozzi and coworkers earlier
developed a strategy for in vivo labeling of cell surface glycoproteins [10-13]. Their
approach is based on the finding that N-α-azidoacetylmannosamine is accepted
by the CMP-sialic acid biosynthesis machinery. The resulting CMP-azidosialic acid
in turn is recognized by sialic acid transferases, leading to the biosynthesis and
cell surface expression of azidosialic acid containing N-linked glycoproteins. The
azide can next be chemoselectively tagged by a modified Staudinger ligation. To
promote formation of azidosialic acid, Bertozzi and coworkers established that

Addendum 1.qxp  18-11-2008  17:00  Pagina 247



peracetylated N-α-azidoacetylmannosamine is vividly taken up by cells and
efficiently metabolized to N-α-azidoacetylmannosamine by cytosolic esterases
[10]. The realization that gangliosides, like GM3, also contain a sialic acid residue
at the non-reducing end, led us to explore whether the strategy developed by
Bertozzi would also have merit in cell surface labeling of gangliosides. We here
demonstrate the validity of this with the finding that Jurkat cells cultured in the
presence of peracetylated N-α-azidoacetylmannosamine express azidosialic acid-
containing glycosphingolipids at levels at least as high as azidosialic acid-
containing N-linked glycoproteins. We further show that cell surface labeling of
azidosialic acid-containing glycoproteins and gangliosides can be suppressed
independently by the proper selection of iminosugars, respectively those that
inhibit N-linked glycan processing mannosidases or those that inhibit
glucosylceramide synthase.

MATERIALS & METHODS
CHEMICALS
Peracetylated N-azidoacetylmannosamine was synthesized as previously
described [11]. Phosphine-biotin was synthesized as earlier described [14]. N-
(adamantanemethyloxy)pentyl deoxynojirimycin was synthesized as reported
earlier [15]. All other chemical solvents and reagents were of analytical grade,
obtained from commercial suppliers and used without further purification unless
stated otherwise. 

CELL CULTURE CONDITIONS
Jurkat cells were grown and maintained  in RPMI 1640 medium with 2 mM L-
glutamine  (Biowhittaker, Baltimore, U.S.A.) containing 10% FCS (Gibco,
Carlsbad, U.S.A.) at 5% CO2. Cells were seeded at approximately 1.5 x 105 ml in
5 ml flasks for flow cytometry or 50 ml flasks for lipid analysis. Cell viability was
assessed during maintenance and before and after the various stages of labeling
using trypan blue dye exclusion.
Both peracetylated N-azidoacetylmannosamine and N-(adamantanemethyloxy)
pentyl deoxynojirimycin were added to cell cultures from stock solutions in DMSO.
The final concentration of DMSO in the culture medium was 1% (v/v).
Deoxymannojirimycin (Sigma-Aldrich, Nieuwegein, The Netherlands) was added
from stock solution in ethanol. As negative controls equal volumes of the
appropriate solvent were added to the cell culture. 

LABELING OF CELL SURFACE AZIDES
After three days of incubation in the presence of 50 μM peracetylated N-
azidoacetylmannosamine, cells were collected by centrifugation at 1500 rpm for
10 minutes, washed three times in cold PBS and resuspended in PBS containing
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2% (v/v) foetal calf serum. The cells were distributed in a 6-well plate in 1 ml, after
which an equal amount of 0.5 mM biotin-phosphine in PBS was added. Following
incubation at room temperature for 3 hours under mild shaking, the cells were
collected by centrifugation and washed three times in cold PBS. The cells were
either labeled with streptavidin – FITC for the purpose of flow cytometry or total
lipids were isolated as described below. FITC-labeling was accomplished by
incubation of cells with 1 ml of 1:1000 streptavidin – FITC (Gibco, Carlsbad,
U.S.A.) in PBS for one hour in the dark at 4°C, after which the cells were washed
three times in cold PBS. Flow cytometry was performed using a FACSscan
(Beckton Dickinson, Palo Alto, USA) with settings optimized for FITC
fluorescence.

ISOLATION OF GANGLIOSIDES AND GANGLIOSIDE LIGATION PRODUCT
Lipids were extracted with chloroform/methanol (1:1 (v/v)) and phase separation
was performed according to Bligh and Dyer [16]. The aqueous phase was
evaporated to dryness under N2. The samples were desalted on a SPE C18
column (Bakerbond, Deventer, The Netherlands). In short, the dried fractions were
dissolved in 1 ml of water containing 0.1 M NaCl (pH 4.5). The solution was
applied on the column, which had been pre-equilibrated with 2 ml of the same
watery solution. Subsequently, the column was desalted with 30 ml of water, after
which the lipids were eluted with 20 ml of a mixture containing equal volumes of
chloroform and methanol. The eluens was evaporated to dryness under N2. 

IN VITRO STAUDINGER LIGATION OF METABOLICALLY LABELED GANGLIOSIDES
Desalted gangliosides were dissolved in a 500 μl of a mixture of equal volumes of
chloroform and methanol containing phosphine-biotin in a final concentration of 1
mM. Next, 100 μl of water was added and the reaction was allowed to proceed
overnight at room temperature under mild stirring, after which the organic solvents
and the water were evaporated to dryness under N2. 

GANGLIOSIDE DETECTION
Gangliosides were detected by analysis of the acidic glycolipid fraction obtained
after Folch extraction using chloroform/methanol/water (65:25:4) as solvent [17].
Gangliosides were quantified following release of oligosaccharides from
glycosphingolipids by ceramide glycanase detection [18]. The oligosaccharides
were labeled at their reducing end with the fluorescent compound anthranilic acid
(2-aminobenzoic acid), prior to analysis using normal-phase high-performance
liquid chromatography. 
Glucosylceramide synthase activity in living cells was determined using as
substrate fluorescently labeled C6-NBD-ceramide [19]. Briefly, cells were
incubated with 150 mM lipid and harvested at different time points. Lipids were
extracted, separated by thin layer chromatography and NBD-ceramide and NBD-

249

CH
EM

IC
AL

TA
GG

IN
G

OF
GA

NG
LIO

SI
DE

S
AD

DE
ND

UM
1

Addendum 1.qxp  18-11-2008  17:00  Pagina 249



glucosylceramide were quantified [19]. Endogenous cell surface GM3 was
visualized by flow cytometry using monoclonal anti-GM3 antibody (Seikagu,
Tokyo, Japan) and FITC-conjugated secondary antibodies according to the
procedure described earlier [20].

RESULTS
CELL SURFACE LABELING OF AZIDOSIALOSIDES
Jurkat cells were cultured for 3 days in medium containing 50 mM peracetylated
N-α-azidoacetylmannosamine (Ac4ManNAz). Labeling of cell surface
azidosialosides was performed as described in Materials and methods. Cells were
harvested and washed in labeling buffer and labeled for 3 hours with phosphine-
biotin. Next, cells were incubated with streptavidin-FITC, washed and
resuspended for flow cytometry analysis. Intense labeling of the cell surface was
obtained by this procedure. The presence of Ac4ManNAz did not influence the rate
of cell proliferation. Cell viability, as assessed by trypan blue exclusion, was not
affected by the procedure. Very similar results with obtained with marine B16
melanoma cells, cultured in DMEM containing 10% FCS, 100 units/ml of penicillin
and 0.1 mg/ml of streptomycin at 10% CO2 (not shown).

DISTINCTION OF AZIDE-CONTAINING N-LINKED GLYCOPROTEINS AND GANGLIOSIDES
To distinguish between the presence of azide moieties in N-linked glycoproteins
and gangliosides, cells were cultured in the presence or absence of 1 mM
Deoxymannojirimycin (DMM) and 10 mM N-(adamantanemethyloxy) pentyl
deoxynojirimycin (AMP-DNM). DMM specifically inhibits processing of high
mannose type N-linked glycan to sialic acid-containing complex type structures.
We demonstrated earlier that 1 mM DMM prevents formation of complex type-
glycan in glycoproteins in various cell types [21]. Using radioactive motioning
labeling, we observed that the presence of 1 mM DMM in the culture medium of
Jurkat cells also completely blocked conversion of EndoH-sensitive glycan to
resistant structures in newly formed glucocerebrosidase molecules, indicating
effective inhibition of glycan processing (not shown). The presence of 1 mM DMM
in the culture medium did not reduce the cell surface concentration of the
ganglioside GM3 as detected by flow cytometry using antibody directed to the
ganglioside. 
AMP-DNM specifically inhibits the first step in glycosphingolipid biosynthesis
catalyzed by glucosylceramide synthase (IC50: ~150 nM). Incubation of Jurkat
cells with 10 mM AMP-DNM also complete inhibits in these cells the conversion of
C6-NBD-ceramide to C6-NBD-glucosylceramide and subsequent
glycosphingolipids (see Figure 1). We also observed by flow cytometry analysis
that after 3 days culture of Jurkat cells in the presence of 10 mM AMP-DNM, cell
surface ganglioside GM3 is reduced by 80% (not shown). AMP-DNM is known not
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to interfere with glycoprotein biosynthesis and processing [22].
Culturing of Jurkat cells for 3 days in the presence of 1 mM DMM and 0.05 mM
Ac4ManNAz resulted in a 24.0% reduction of fluorescent cell surface labeling
(Figure 2). In a second independent experiment the reduction of fluorescence by
DMM was 27%. The presence of 10 mM AMP-DNM led to an 86.5% reduction of
fluorescence (Figure 2). In the second independent experiment the reduction of
fluorescence by AMP-DNM was 68%. The combined presence of DMM and AMP-
DNM led to almost complete (95%) loss of fluorescence in all experiments. Very
similar observations were made with murine melanoma cells (not shown). Our
findings suggest that a very large proportion of the cell surface azidosialosides in
Jurkat cells are found in sialic acid containing glycosphingolipids. 

Figure 1. Inhibition of glucosylceramide synthesis in Jurkat cells by AMP-DNM. Jurkat cells were incubated for 1 hr
with C6-NBD-Cer and formation of C6-NBD-GlcCer and C6-NBD-SM (sphingomyelin) after 4 hrs was monitored as
described in Materials and methods. Lysosomal degradation of C6-NBD-GlcCer was prevented by the presence of 1
mM conduritol β-epoxide. Cells were exposed during incubation and chase with indicated amounts of AMP-DNM.
Cellular NBD-sphingolipid is put as 100%.

DEMONSTRATION OF FORMATION OF AZIDOGM3
To further substantiate that azido-gangliosides are indeed formed in Jurkat cells
exposed to Ac4ManNAz, we isolated gangliosides and analyzed their
oligosaccharides released by ceramide glycanase treatment and fluorescent
labeling with anthranilic acid. In Jurkat cells, the gangliosides almost exclusively
consist of GM3 molecules. Figure 3 shows that two trisaccharides derived from
GM3 were detected. The retention time of the first peak coincides with the normal
sialic acid-galactose-glucose-AA generated from GM3. Incubation with phosphine
reagent did not influence its chromatographic behavior. The second peak shifted
in its retention time after incubation with the phosphine reagent, indicating that it
indeed contains an azide moiety. 
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Figure 2. Cell surface labeling of cells cultured with Ac4ManNAz in the absence or presence of DMM and AMP-DNM.
Jurkat cells were labeled with Ac4ManNAz, incubated with phosphine-biotin and next streptavidin-FITC as described
Materials & Methods. Cell surface labeling was determined by FACS. A. Example of the effect of AMP-DNM. Overlay
histogram showing labeled cells cultured in the absence of AMP-DNM, on the right, and the downward shift in cells
cultured with 10  M AMP-DNM, dotted in the middle. Cells cultured in absence of Ac4ManNAz, but exposed to the
Staudinger reagent are shown on the left. Note the log- scale on the x- axis. B. Overview of impact of AMP-DNM (10
M) and DMM (1 mM) on labeling of Jurkat cells cultured in presence of Ac4ManNAz.

Figure 3. Analysis of oligosaccharides derived from GM3. Demonstration of azidoGM3 formation in cells cultured with
Ac4ManNAz.Jurkat cells were labeled with Ac4ManNAz and glycosphingolipids were isolated as described in
Materials and methods. Oligosaccharides were removed from glycosphingolipids by ceramide glycanase digestion,
labeled with anthranilic acid and separated by HPLC as described in Materials and methods. Oligosaccharides were
reacted with phosphine-biotin or incubated identically without the agent. The dotted line, a double peak of two closely
related molecular species (a1 and a2), displays the oligo-saccharides not exposed to the Staudinger reagent. The
solid line represents the chromatogram of oligo-saccharides exposed to the Staudinger reagent derived, revealing a
selective shift of a2 to b.
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DISCUSSION
Our study reveals that exposure of Jurkat cells to Ac4ManNAz results in formation
of chemically tagged ganglioside, in particular of the most abundant ganglioside
GM3. The proportion of azidoGM3 is about 60% of total GM3, suggesting a very
efficient incorporation of azidosialic acid in gangliosides. This is not entirely
surprising since different forms of sialic acid occur in nature, species that are either
acylated or glycolated at the N-atom. Apparently, the azide group modification in
sialic acid is equally well tolerated by the ganglioside biosynthetic machinery. It is
of interest to note that the proportion of cell surface tagged glycoproteins is
actually lower than that of gangliosides. Again this is not entirely surprising if one
considers the estimated ratio of ganglioside to glycoprotein molecules at the cell
surface. Gangliosides are largely located at the cell surface. Since nearly all
ganglioside is GM3 in Jurkat cells, these cells contain per gram wet weight about
200 nanomole sialic acid associated to glycolipid. Assuming that about 1% of all
cellular protein is cell membrane glycoprotein with an average mass of 50 kDa,
Jurkat cells would contain about 20 nanomole glycoprotein per gram wet weight.
To explain the observed ratio of FITC-labeled ganglioside to glycoprotein of 3: 1,
it would at least require on average 3 sialic acids per membrane glycoprotein. 
The pioneering work of Bertozzi has led to a convenient procedure to chemically
tag sialic acid-containing glycoconjugates that can be subsequently labeled at the
cell surface. Our study reveals that this also includes gangliosides besides
glycoproteins. The approach may have interesting applications. First, it offers a
novel tool to screen synthetic and natural compounds that interfere in ganglioside
biosynthesis and/or trafficking to the cell surface. Second, given the postulated
role for GM3 in modulating insulin receptor mediated signaling it may be of interest
to analyze the impact of various synthetic tags on this process that is impaired in
type 2 diabetes mellitus.
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ABSTRACT
Insulin resistance and hyperglycemia are prominently corrected in obese rodents
by reduction of tissue glycosphingolipids with the inhibitor of glucosylceramide
synthase N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM).
Excessive O-GlcNAcylation of proteins, including mediators of insulin signalling,
also occurs during hyperglycemia, and contributes to impaired insulin signalling.
Here we show that in ZDF rats, AMP-DNM treatment improves insulin sensitivity
and concomitantly reduces excessive O-GlcNAcylation of proteins in adipose
tissue, muscle and liver. Furthermore, it was established by immunoprecipitation
studies that several proteins of the insulin signalling cascade, such as IRS-1, PI3K
and PKB, are excessively O-GlcNAcylated in untreated ZDF rats and that this was
corrected by AMP-DNM treatment. In the case of cultured HepG2 cells, AMP-DNM
also reduced protein O-GlcNAcylation. Molecular mimicry between ceramide
glucosylation and serine O-GlcNAcylation, led us to examine whether AMP-DNM
directly interferes with the activity of enzymes involved in O-GlcNAcylation.
Neither recombinantly produced O-β-N-acetylglucosaminyltransferase (OGT) nor
O-beta-N-acetylglucosaminidase (O-GlcNAcase) was affected by AMP-DNM. The
N-acetylglucosamine analogue of AMP-DNM, theoretically more closely mimicking
the transition state intermediate of O-GlcNAc modification, did also not change
protein O-GlcNAcylation or inhibit OGT. In conclusion, the noted correction in
protein O-GlcNAcylation in ZDF-rats and HepG2 cells treated with AMP-DNM is
not due to a direct interference of the aza-sugar with enzymes involved in protein
O-GlcNAc modification. 

INTRODUCTION
Obesity is well known to be associated with the development of type 2 diabetes
mellitus (T2DM), for which insulin resistance is the first discernable abnormality.
The correlation of intramyocellular lipid levels and insulin resistance suggests that
lipotoxicity is a key player in the development of insulin resistance (1). A growing
body of data links increased cellular concentrations of ceramide and/or its
glycosphingolipid metabolites to insulin resistance (2). A regulatory role for
glycosphingolipids, in particular the ganglioside GM3, in insulin sensitivity is
indicated by observations with cultured cells and rodent models of insulin
resistance. Interaction of gangliosides with the insulin receptor was originally
described by Nojiri et al. for leukemic cell lines (3). Next, Tagami and co-workers
demonstrated that addition of GM3 to cultured adipocytes suppresses
phosphorylation of the insulin receptor (IR) and its down-stream substrate IRS-1,
resulting in reduced glucose uptake (4). Inokuchi and co-workers demonstrated
that exposure of cultured adipocytes to TNF-alpha increases GM3 and inhibits IR
and IRS-1 phosphorylation. These effects are counteracted by 1-phenyl-2-
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decanoylamino-3-morpholinopropanol (PDMP), an inhibitor of glycosphingolipid 
biosynthesis (5). Mutant mice lacking GM3 were found to be protected from high-
fat diet induced insulin resistance (6). Improved insulin sensitivity and glucose
tolerance has recently been reported for mice with increased expression of the
GM3 degrading sialidase Neu3 (7). Conversely, elevated GM3 synthase
expression levels in the muscle of certain obese, insulin resistant mouse and rat
models have been described (4). Increased glycosphingolipid has also been
recently implicated in neuronal pathology in diabetic retinopathy (8). Recently
Kabayama et al. provided evidence that GM3 interacts with the insulin receptor via
a specific lysine residue located just above the transmembrane domain of the
receptor, and that excess of GM3 promotes dissociation of the insulin receptor
from caveolae, thus disrupting signal transduction (9). The value of
pharmacological lowering of excessive ganglioside to improve insulin sensitivity
has recently been demonstrated by others (10, 11) and us (12). Holland and co-
workers reported that inhibition of the synthesis of ceramide, the precursor of
glycosphingolipids, markedly improves glucose tolerance and prevents the onset
of frank diabetes in obese rodents (10). Zhao et al. demonstrated that inhibition of
the first step in biosynthesis of glycosphingolipids catalyzed by glucosylceramide
synthase exerts beneficial effects. The inhibitor (1R,2R)-nonanoic acid[2-(2,3-
dihydro-benzo [1,4] dioxin-6-yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-
tartaric acid salt (GENZ-123346) lowered glucose and HbA1C levels and improved
glucose tolerance in insulin resistant rodents (11). Finally, we showed that
treatment of various rodent models of insulin resistance with the aza-sugar N-(5-
adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin (AMP-DNM), a well
tolerated nanomolar inhibitor of glucosylceramide synthase, very markedly
lowered circulating glucose levels, improved oral glucose tolerance, reduced
HbA1C, and improved insulin sensitivity in muscle and liver (12). 
Insulin signalling involves autophosphorylation of the insulin receptor on specific
tyrosine residues followed by phosphorylation of IRS-1 and IRS-2 (13). Next,
phosphorylated IRS proteins mediate the recruitment and activation of
phosphatidylinositol 3-kinase (PI3K). Activated PI3K produces the lipid
phosphatidylinositol (3,4,5)-triphosphate (PIP3), which then recruits the
serine/threonine kinases phosphoinositide-dependent protein kinase-1 (PDK-1)
and protein kinase B (AKT/PKB) via their pleckstrin homology domains to the
plasma membrane. The constitutively active PDK-1 phosphorylates and activates
PKB, which in turn promotes glycogen synthesis and translocation of the glucose
transporter 4 (GLUT4) to the plasma membrane (14). Furthermore, activation of
PKB regulates protein synthesis by activation of the mammalian target of
rapamycin (mTOR), resulting in subsequent phosphorylations of the p70
ribosomal protein S6 kinase (p70S6K) and the ribosomal protein S6 (15). Several
regulatory mechanisms exist to prevent excessive insulin signalling. Signalling is
counteracted by specific protein phosphatases and phosphoinositide
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phosphatases acting on activated components of the signalling pathway (13).
Phosphorylation of IRS proteins by serine/threonine kinases is emerging as a
mechanism for negative-feedback inhibition of insulin signalling and for cross-talk
from other signalling pathways (13). In addition, a feedback is formed by p70S6K-
dependent phosphorylation of IRS proteins leading to proteasomal degradation of
IRS proteins (16). Another regulatory mechanism is the modification of specific
components of the signal transduction pathway by covalent attachment of N-
acetylglucosamine (O-GlcNAc) to serine and threonine residues, competing with
phosphorylation (17, 18). In this way several components of the insulin signal
transduction pathway, like IRS and PKB, are negatively regulated (19, 20). Only
two enzymes are responsible for the addition and removal of O-GlcNAc: O-β-N-
acetylglucosaminyltransferase (OGT) and O-beta-N-acetylglucosaminidase (O-
GlcNAcase). OGT and O-GlcNAcase can be found in the same functional
complex, but little is still known about the regulation of their activities (21).
Recently, two reports provided evidence that OGT is activated and recruited to the
plasma membrane as a direct result of insulin signalling (22, 23), due to an
interaction of the enzyme with PIP3 (22), providing a possible means of
termination of the insulin signal. 
Activity of OGT is very sensitive towards UDP-GlcNAc concentrations (24). UDP-
GlcNAc is produced from glucose by the hexosamine biosynthetic pathway (HBP).
An increase in the HBP flux due to hyperglycemia results in an elevated degree of
protein O-GlcNAc, a phenomenon observed in diabetes type 2 (17). Molecular
mimicry exists between protein O-GlcNAcylation by OGT and ceramide
glucosylation by glucosylceramide synthase (GCS). This is due to the fact that the
precursor of ceramide, sphinganine, is formed by condensation of a serine to
palmitate (25). To the hydroxyl-group of the serine element in sphinganine, the
glucose moiety from UDP-glucose is beta-glycosidically linked by GCS. In the
case of protein O-GlcNAcylation, to the hydroxyl of serine residues in acceptor
proteins OGT beta-glycosidically links the N-acetylglucosamine from UDP-GlcNAc
(17). We examined whether AMP-DNM, besides improving insulin signalling, also
corrects protein O-GlcNAcylation. Given the similarities in ceramide glucosylation
and serine O-GlcNAcylation, and the fact that AMP-DNM inhibits potently
glucosylceramide synthase, we next examined the possibility whether AMP-DNM
also directly affects enzymatic activity of OGT or O-GlcNAcase. For this study, a
theoretically closer mimic of the N-acetylglucosamine transition state, AMP-
GlcNAc (N-(5-adamantane-1-yl-methoxy)-pentyl-1-1,5-dideoxy-1,5-imino-2-
deoxy-2-(N-acetyl) aminoglucose), was designed and also examined. The
outcome of the investigation is here reported and discussed.
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MATERIALS & METHODS
AMP-DNM (N-(5-adamantane-1-yl-methoxy)-pentyl-1-deoxynojirimycin) was
synthesized as described previously (26). The N-acetylglucosamine iminosugar
analogue of AMP-DNM, AMP-DNM-NAc (N-(5-adamantane-1-yl-methoxy)-pentyl-
2-acetamido-1,5-imino-1,2,5-trideoxy-D-glucitol) (Scheme 1), was synthesized as
follows. Treatment of 2-[(benzyloxycarbonyl)amino]-3,4,6-tri-O-benzyl-1,2,5-
trideoxy-1,5-imino-D-glucitol (27) with two equivalents of 5-(adamantane-1-yl-
methoxy)-1-pentanal (26) under the agency of sodium cyanoborohydride (2 eq) in
a methanol/acetic acid solution (0.1 M; 99/1 v/v) with sodiumsulphate (2 eq)
produced the N-alkylated intermediate. This intermediate was purified and
subjected to a hydrogen atmosphere for 2 hours in the presence of palladium on
activated carbon (Degussa type; 25 wt%) in ethylacetate/acetic acid (0.1 M; 50/1
v/v). The crude reaction mixture was filtered, concentrated under reduced
pressure and treated with acetic anhydride/pyridine (0.2 M, 1/15 v/v) for 20 hrs.
The purified N-acetylated penultimate was exposed to a hydrogen atmosphere for
20 hrs in the presence of palladium on activated carbon (10% Pd, 25 wt%) in
ethanol/1M aqueous hydrochloric acid (0.05 M, 100/1 v/v) to yield AMP-DNM-NAc
after filtration, concentration under reduced pressure and silica gel column
purification (gradient: 5 to 15% methanol in chloroform with 5%
ammoniumhydroxide). Purity and identity of AMP-DNM-NAc was confirmed with
HRMS, 1H-NMR and 13C-APT NMR analysis.
Genz-123346 ((1R,2R)-nonanoic acid[2-(2,3-dihydro-benzo [1,4] dioxin-6-yl)-2-
hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt) (Scheme 1),
hereafter called GENZ, was synthesized as described previously (11). PUGNAc
(O-(2-Acetamido-2-deoxy-D-glucopyranosylidene)amino-N-phenyl carbamate)
was obtained from Toronto Research Chemicals, Inc. (Ontario, Canada). Human
insulin Actrapid was obtained from Novo Nordisk (Bagsvaerd, Denmark). Peptides
for the OGT assay were from Eurogentec S.A. (Liege, Belgium). The chemicals for
enhanced chemi-luminescence (ECL) were from Sigma (St. Louis, MO, USA).
Complete protease inhibitor cocktail tablets were from Roche Diagnostics (Almere,
Netherlands). Phosphospecific anti-AKT (Thr473), phosphospecific anti-mTOR
(Ser2448) phosphospecific anti-IR (Tyr1146), anti-IRS-1 and anti-PKB were
obtained from Cell Signaling Technology Inc. (Leusden, The Netherlands). Anti-
PI3K p85 antibody was from Millipore (Bedford, MA, USA). Anti-O-GlcNAc
antibody was from Affinity BioReagents Inc. (Golden, CO, USA). Anti-OGT
antibody was from Sigma (St. Louis, MO, USA). Goat anti-rabbit-HRP and goat
anti-mouse-HRP were from Biorad (Hercules, CA, USA). Cell culture reagents
were from Gibco BRL Life technologies (Paisley, Scotland). All other chemicals
were obtained from Sigma (St. Louis, MO, USA). AMP-DNM, AMP-GlcNAc and
GENZ were dissolved in dimethyl sulfoxide (DMSO); the final DMSO
concentration did not exceed 0.25% (v/v) and these concentrations did not affect
any of the processes studied.
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Scheme 1. Compounds used in this study. See Materials & Methods for synthesis.

CELL CULTURE
HepG2 cells were cultured at 37 °C under a 5% CO2 air atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM) containing 20 mM glucose and 10% fetal calf
serum (FCS). HepG2 cells were incubated for 3-5 days with inhibitors in DMEM
supplemented with 10% FCS or 18 hrs with PUGNAc. Subsequently, cells were
washed 3 times with ice-cold phosphate-buffered NaCl solution (PBS) and lysed
with ice-cold lysis buffer (20 mM Tris (pH 7.5), 50 mM NaCl, 250 mM sucrose, 50
mM NaF, 5 mM Na4P2O7, 1 mM dithiothreitol, 1.0% Triton X-100 and 100 μM
PUGNAc) supplemented with cocktail protease inhibitor tablets (1 tablet per 20 ml
of lysis buffer). Cell lysate was cleared by centrifugation in a microcentrifuge for 15
mins at 4 °C and stored at –80 °C.

ANIMALS
All animal experiments were approved by the appropriate ethics committee for
animal experiments. ZDF (ZDF/GMi-fa/fa) rats and lean littermates were obtained
from Charles River Laboratories (Wilmington, MA). Animals were fed a standard
lab diet (RMH-B; Hope Farms, Woerden, The Netherlands). The iminosugar AMP-
DNM was mixed in the food. After treatment for 10 weeks animals were fasted for
16 hrs, and insulin (0.75 units/kg body weight) was administrated intravenously.
After 5 mins animals were killed and the different tissues were collected and lysed
in ice-cold lysis buffer (20 mM Tris (pH 7.5), 50 mM NaCl, 250 mM sucrose, 50
mM NaF, 5 mM Na4P2O7, 1 mM dithiothreitol, 1.0% Triton X-100 and 100 μM
PUGNAc) supplemented with cocktail protease inhibitor tablets (1 tablet per 20 ml
of lysis buffer). Cell lysate was cleared by centrifugation in a microcentrifuge for 15
mins at 4 °C and stored at –80 °C until analysis. For the GENZ compound animals
were gavaged orally once a day for 4 weeks.

IMMUNOBLOTTING AND IMMUNOPRECIPITATION
Cellullar protein was determined by the bicinchoninic acid assay according to the
manufacture’s instructions (Pierce Company, Rockford, MI, USA) and 30 μg of
protein was separated by SDS-PAGE. After separation, a standard Western
blotting procedure was performed and the polyvinylidene fluoride (PVDF) blots
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were incubated with the appropriate antibodies. The proteins were visualised by
enhanced chemiluminescence (ECL). For immunoprecipitation cell lysates
containing 1 μg of protein were incubated with 5 μl of anti-O-GlcNAc antibody
overnight at 4 °C and captured with 20 μl of suspended (25% v/v) Protein G-
agarose beads (GE Healthcare, Diegem, Belgium) for 2 hrs at 4 °C, washed 4
times in ice-cold PBS and boiled for 5 mins in Laemmli sample buffer. 

HUMAN OGT AND O-GLCNACASE PRODUCTION
To obtain the complete coding sequences for both OGT and O-GlcNAcase PCRs
were performed on cDNA from human brain with the following primers:
ggatccatgctgcagggtcacttttg (sense) and gcggccgcttatgctgactcagtgacttcactt
(antisense) for OGT and ggtaccgcacacttggagctgaag (sense) and
gcggccgctcacaggctccgaccaag (antisense) for the full length O-GlcNAcase.
The PCR products were cloned into the pGEMT vector (Promega, Madison, WI)
and the nucleotide sequence was sequenced by the procedure of Sanger using
fluorescent nucleotides on an Applied Biosystems 377A automated DNA
sequencer following the manufacturers protocols.
The OGT PCR product was subcloned into pET-29a-c (Novagen). This construct
named pET-29OGT is designed to express OGT with an S-tag. The vector pET-
29OGT was transformed into competent Rosetta-gami B (DE3) Escherichia coli
(Novagen). 100 ml cultures were grown at 20 °C in Luria-Bertani (LB) medium
induced for 3 hrs with 1 mM IPTG. After induction E. coli cells were spun down and
resuspended in 1 ml PBS with protease inhibitors followed by sonication on ice
and centrifugation. The supernatant was mixed 1:2 with ice-cold 30% PEG-8000
dissolved in 25 mM Hepes, 10 mM MgCl2 pH 7.2. The mixture was centrifuged in
a table centrifuge at 4 °C for 20 mins to precipitate proteins. The protein pellet was
washed once with 1 ml ice-cold transferase assay buffer (TAB) containing 25 mM
Hepes, 10 mM MgCl2, and 1 mM EDTA and resuspended in 0.35 ml TAB.
The O-GlcNAcase PCR product was subcloned into the expression vector
pcDNA3.1. Transient transfection of COS-7 was accomplished using the FuGene
6 transfection reagent according to the manufacturer’s protocol (Roche). After 72
hrs, the medium was collected. In order to remove glycosylated lysosomal
hexosaminidases it was subjected to Concanavalin A precipitation. Prior to
incubation with excess ConA sepharose (Amersham) for 1 hr at 4 °C the medium
was diluted 1x with PBS containing 1 M NaCl. Subsequently, the supernatant was
used for O-GlcNAcase activity assays.

OGT ASSAY
The peptide glycosylation assay was performed as described previously (22) with
minor modifications. For a standard reaction the following reagents were mixed in
a 1.5 ml microcentrifuge tube: 5 μl of 10x transferase assay buffer (TAB)
containing 25 mM Hepes, 10 mM MgCl2, and 1mM EDTA, 0.1 μCi of [3H] UDP-

264

Addendum 2.qxp  18-11-2008  17:01  Pagina 264



GlcNAc, 10 μl of 30 mM positive peptide (PGGSTPVSSANMM), negative peptide
(PGGSTPVASANMM) or glucosylceramide synthase (GCS) peptide
(STQVAMQNSGSYSISQF), 20 μl of human OGT supernatant, and distilled water
to give a final volume of 50 μl. To mixtures containing positive peptide iminosugar
was added. The mixture was incubated for 2 hrs at room temperature. Subsequent
addition of 450 ml of 50 mM formic acid ended the reaction. Peptides mixtures
were loaded onto a 0.8 ml SPSephadex (SP-C25-120, Sigma) column. After 5
washing steps with 0.5 ml 50 mM formic acid the peptide was eluted with 0.8 ml
0.5 M NaCl. Labelled peptides were quantified by liquid scintillation.

O-GLCNACASE ASSAY
O-GlcNAcase activity was determined using a fluorometric assay. 5 μl of ConA
supernatant was incubated with 2 mM 4-methylumbelliferyl (4MU) N-Acetyl-β-D-
glucosaminide, diluted in McIlvain buffer, pH 6.3. In order to inhibit residual
lysosomal hexosaminidases, to all samples GalNAc was added to a final
concentration of 50 mM. Samples were incubated for 1 hr at 37 °C after which the
reactions were stopped with 2.0 ml 0.3 M Glycine NaOH buffer, pH 10.6. The
formed 4MU was detected fluorometrically (excitation at 366 nm; emission at 445
nm). Only less than 10% difference in the duplicates was allowed.

REAL TIME-PCR
RNA was isolated from pulverized muscle using TRIzol. Tissue was homogenized
using a rotor-stator homogeniser. RNA concentrations were measured on a
Nanodrop Spectrophotometer (Nanodrop Technologies). cDNA was made with
Superscript II (Gibco BRL) using equal amounts of RNA. Ten times diluted cDNA
was used for gene-specific analysis by real-time RT-PCR using an iCycler
MyiQTM system (Biorad Laboratories). Expression levels were normalized to
hypoxanthine phosphoribosyltransferase. The ΔΔCt method (28) was used to
analyse the data. The primers used were the following: for hypoxanthine
phosphoribosyltransferase sense primer ttgctcgagatgtcatgaagga and antisense
primer agcaggtcagcaaagaacttatag, for OGT forward primer
ggtgacaatgcagacaccac and reverse primer ggtacggggaacttcctctc and for O-
GlcNAcase forward primer tgttgagtttccagtaagagc and reverse primer
tggcctttagtgaagacagg.

GLUCOSYLCERAMIDE SYNTHASE ASSAY
Activity of glucosylceramide synthase in HepG2 cells was determined as
described previously using fluorescently labeled NBD (4-fluoro-7-nitrobenz-2-oxa-
1,3-diazole)-ceramide as substrate (29).
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RESULTS
AMP-DNM ENHANCES INSULIN SIGNALLING IN ZDF RATS
In an earlier study we already showed that AMP-DNM has beneficial effects on
insulin resistance in cultured cells and reduces hyperglycemia in ZDF rats (12). We
next examined more closely the effects of AMP-DNM on insulin signalling in
different tissues of ZDF rats treated with or without 25 mg AMP-DNM/kg*day for
10 weeks. For this purpose, animals were injected intravenously with insulin (0.75
units/kg body weight) and sacrificed after 5 min. Adipose tissue, skeletal muscle
and liver were collected and components of the insulin signalling pathway were
analyzed. Insulin signalling is reduced in various tissues from untreated ZDF rats
compared to their lean littermates, and this resistance is reversed by treatment of
the animals with AMP-DNM (Fig. 1). In all tissues insulin signalling was enhanced
by treatment of the animals with AMP-DNM. For example, in fat tissue improved
insulin signalling was detectable at the level of the insulin receptor and at the
downstream targets PKB and mTOR (Fig. 1C). 

Figure 1. Improved insulin signalling in tissues of AMP-DNM treated ZDF rats. ZDF rats were treated for 10 weeks
with 0 or 25 mg AMP-DNM/kg*day (n=4 for each group). To animals starved overnight, insulin (0.75 units/kg) was
administered via the vena porta. Tissues were collected after 5 min. As a control, lean littermates were analysed.
Insulin receptor autophosphorylation and phosphorylation of, PKB and mTOR were visualized. To ensure equal
loading β-actin was measured. Ctl: untreated animal; Ins: insulin treated animal; AMP-DNM+Ins: AMP-DNM and
insulin treated animal.

AMP-DNM REDUCES O-GLCNAC MODIFICATION OF PROTEINS
Employing a monoclonal antibody recognizing N-acetylglucosamine moieties
linked to protein serine/threonine residues, western blot analysis revealed
increased O-GlcNAcylation in several proteins in tissues from ZDF rats compared
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to lean littermates (Fig. 2A). Animals treated with AMP-DNM showed a protein O-
GlcNAcylation comparable to that of lean littermates (Fig. 2A). Thus, AMP-DNM
treatment not only improved insulin signalling, but also had a corrective effect on
the degree of protein O-GlcNAc. It was established by immunoprecipitation studies
that several proteins of the insulin signalling cascade, such as IRS-1, PI3K and
PKB, are excessively O-GlcNAcylated in the liver of untreated ZDF rats, consistent
with previous literature reports (19, 20). Treatment with AMP-DNM corrected this
phenomenon (Fig. 2B).

Figure 2. Decreased protein O-GlcNAcylation in tissues from AMP-DNM treated ZDF rats. (A) Animals were treated
as described in Figure 1. Western blots prepared from different tissue lysates were developed with an anti-O-GlcNAc
antibody. Blots were stained for total protein to ensure equal loading. (B) Tissue lysates were immunoprecipitated with
anti-O-GlcNAc antibody and immunoblotted with antibodies against IRS-1, PI3K or PKB. Ctl: untreated animal; Ins:
insulin treated animal; AMP-DNM+Ins: AMP-DNM and insulin treated animal. IP: immunoprecipitation; WB: Western
blot.

The same phenomenon regarding reduction of protein O-GlcNAcylation by AMP-
DNM was observed in experiments with cultured HepG2 cells (Fig. 3A). Incubation
of cells with AMP-DNM for 3 days significantly reduced glycosylated protein. Also
in HT-29 cells it was shown that specific components of the insulin signalling
pathway are modified by O-GlcNAc in an AMP-DNM sensitive manner (not
shown).
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Figure 3. Effect of AMP-DNM, GENZ and AMP-GlcNAc on protein O-GlcNAcylation in HepG2 cells. (A) HepG2 cells
were incubated with 1 μM AMP-GlcNAc, 1 μM AMP-DNM or 0.25 μM GENZ for 3 days. Cell lysates were
immunoblotted and incubated with an anti-O-GlcNAc antibody. (B) O-GlcNAc modified proteins were
immunoprecipitated with an anti-O-GlcNAc antibody and immunoblotted with antibodies to either IRS-1 or PKB. IP:
immunoprecipitation; WB: Western blot.

OGT AND O-GLCNACASE MRNA AND OGT PROTEIN LEVELS ARE NOT INFLUENCED BY
AMP-DNM
The degree of O-GlcNAcylation of proteins is the resultant of addition and removal
of O-GlcNAc moieties by OGT and the neutral β-hexosaminidase O-GlcNAcase,
respectively. In order to ascertain whether the observed differences were due to
transcriptional regulation, the expression of OGT and O-GlcNAcase 
mRNA was examined by RT-PCR (Fig. 4). In liver of ZDF rats, expression of OGT
mRNA was not significantly higher (p=0.3) compared to lean littermates, and was
not affected by AMP-DNM treatment (Fig. 4A). No differences in concentration of
OGT protein in livers obtained from various types of rats were detected (Fig. 4A).
The expression of O-GlcNAcase mRNA was also not different in livers from ZDF
rats upon treatment with AMP-DNM, nor in tissue from lean littermates (Fig. 4B).
O-GlcNAcase protein content could unfortunately not be directly assessed due to
lack of a specific antibody. Similar observations to those with tissues of ZDF rats
were made with cultured HepG2 cells; changes in protein O-GlcNAcylation
induced by AMP-DNM were not accompanied by changes in OGT or O-
GlcNAcase expression (data not shown).
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Figure 4. Effect of AMP-DNM on OGT and O-GlcNAcase mRNA and protein levels. (A) Real time PCR analysis of
OGT mRNA expression and western blot analysis of OGT protein in liver of ZDF rats treated with 0 or 25 mg AMP-
DNM/kg*day (n=4 for each group) for 6 weeks. (B) Real time PCR analysis of O-GlcNAcase mRNA expression in liver
of ZDF rats treated with 0 or 25 mg AMP-DNM/kg*day (n=4 for each group) for 6 weeks.

No effect of AMP-DNM on in vitro activity of recombinant OGT and O-
GLCNACASE
Given the similarity in both sugar transfer reactions catalyzed by OGT and GCS,
we considered the possibility that AMP-DNM not only directly inhibits GCS activity
but also that of OGT. Such combined action of AMP-DNM would even stronger
promote the observed insulin-sensitizing effect of the iminosugar. To examine this
possibility, we expressed, as described earlier by Hart and co-workers, human
OGT in E. coli, and analyzed its enzymatic activity using a suitable synthetic
peptide as acceptor and UDP-[3H] GlcNAc as donor (22). The expressed human
OGT was found to O-GlcNAcylate the peptide PGGSTPVSSANMM (pep+) as
expected (Fig. 5A). The same peptide with its serine substituted to alanine (pep-)
was found not to be O-GlcNAcylated. Inclusion of AMP-DNM in the assay had no
effect on the transfer of [3H] GlcNAc to the acceptor peptide (Fig. 5A). 

Figure 5. Effect of AMP-DNM on activity of recombinant OGT and O-GlcNAcase activities. Enzyme assays were
performed as described in Experimental Procedures. Presented are mean values (± SD). (A) OGT enzyme activity is
presented as counts per minute (cpm). (B) O-GlcNAcase enzyme activity is presented as percentage of control with
control set to 100.
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Next we examined the effect of AMP-DNM on the activity human O-GlcNAcase
overexpressed in COS cells with 4-methylumbelliferyl-beta-N-acetylglucosamine
as substrate at neutral pH. It was observed that AMP-DNM has no effect on O-
GlcNAcase activity (Fig. 5B). The established inhibitor of O-GlcNAcase, PUGNAc,
completely inhibited O-GlcNAcase activity in the assay (Fig. 5B).

LACK OF REGULATORY O-GLCNAC MODIFICATION OF GLUCOSYLCERAMIDE SYNTHASE
Glycogen synthase contains a regulatory loop, in which several serine residues
may undergo O-GlcNAc modification (30). The sugar modification affects the
phosphorylation of an adjacent serine residue and thus the enzymatic activity of
glycogen synthase. Some homology exists between the amino acid stretch in
glycogen synthase and one in GCS (see Fig. 6A). We therefore examined whether
GCS is subject to regulation by O-GlcNAc modification. For this purpose, a
synthetic peptide from GCS (STQVAMQNSGSYSISQF), was tested as an
acceptor of [3H] GlcNAc in the glycosylation assay with recombinant OGT. No
glycosylation of the GCS fragment was detected (Fig. 5A). To test further whether
GCS activity is regulated by O-GlcNAcylation, cultured HepG2 cells were treated
with PUGNAc for 18 hours, resulting in increased protein O-GlcNAcylation (Fig.
6B), and slight stimulation of glucosylceramide synthesis (Fig. 6C). AMP-DNM
was used as negative control.

Figure 6. Homology between glucosylceramide synthase and glycogen synthase. Shown is the homology between
GCS and glycogen synthase (A). Predicted O-GlcNAc sites in both sequences by YinOYang 1.2a are presented in
bold. (B) HepG2 cells were incubated with 100  M PUGNAc for 18 h. Cell lysates were immunoblotted and incubated
with an anti-O-GlcNAc antibody. (C) Activity of GCS was measured as described in Experimental Procedures.
a(http://www.cbs.dtu.dk/services/YinOYang/).

270

O-GlcNAc

50

100

150

250

25

A

Ctl pugnac

B

%
 in

hi
bi

tio
n

Ctl pugnac AMP-DNM AMP-GlcNAc
0

20

40

60

80

100

120

140

GWKFSMSTQVAMQNSGSYSISQF
GFKYPRPSSVPPSPSGSQTSSPQ
* *      *    ***   *

Glucosylceramide synthase
Glycogen synthase

C

Addendum 2.qxp  18-11-2008  17:01  Pagina 270



SYNTHESIS AND EFFECTS OF THE N-ACETYLGLUCOSAMINE ANALOGUE OF AMP-DNM
To establish more firmly whether OGT is sensitive to inhibition by hydrophobic
deoxynojirimycin-type compounds, the N-acetylglucosamine analogue of AMP-
DNM : N-(5-adamantane-1-yl-methoxy)-pentyl-1-1,5-dideoxy-1,5-imino-2-deoxy-
2-(N-acetyl) aminoglucose. This analogue, AMP-GlcNAc, was examined with
respect to inhibitory features. We first examined its ability to inhibit the synthesis
of glucosylceramide using fluorescent NBD-ceramide as substrate. AMP-GlcNAc,
up to concentrations of 50 micromolar, did not inhibit formation of fluorescent NBD-
glucosylceramide (Fig. 6C). Next, we investigated the effect of AMP-GlcNAc on
protein O-GlcNAcylation. Exposure of HepG2 cells to AMP-GlcNAc did not affect
the degree of O-GlcNAcylation of proteins as detected by Western blot (Fig. 3A).
This sharply contrasts with the strong reduction of protein O-GlcNAcylation by
AMP-DNM. Furthermore, AMP-GlcNAc could not lower O-GlcNAc levels on IRS-1
and PKB protein as seen with AMP-DNM (Fig. 3B). Finally, the effect of AMP-
GlcNAc on the activities of recombinant expressed OGT and O-GlcNAcase was
analyzed. Again, no effects on these activities were observed (Fig. 5A and B). 

Figure 7. Effect of GENZ on protein O-GlcNAcylation in rats. (A) ZDF rats were treated for 4 weeks with 0 or 100 mg
GENZ/kg*day (n=4 for each group) via oral cavage. Muscle tissue lysates were immunoblotted with an anti-O-GlcNAc
antibody. As loading control  -actin was used. (B) O-GlcNAc modified proteins were immunoprecipitated with an anti-
O-GlcNAc antibody and immunoblotted with antibodies to either IRS-1 or PKB. IP: immunoprecipitation; WB: Western
blot.
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INHIBITION OF GLUCOSYLCERAMIDE SYNTHASE IS ACCOMPANIED BY REDUCED PROTEIN O-
GLCNACYLATION
Besides AMP-DNM, (1R,2R)-nonanoic acid[2-(2,3-dihydro-benzo [1,4] dioxin-6-
yl)-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-L-tartaric acid salt (GENZ) is a
potent inhibitor of glucosylceramide synthase (11). Its effect on protein O-
GlcNAcylation was examined. Treatment of ZDF rats resulted in a reduction of
protein O-GlcNAcylation in muscle as indicated by Western blot analysis using
anti-O-GlcNAc monoclonal antibody (Fig. 7A). Like AMP-DNM, inhibiting GCS with
GENZ lowers the amount of O-GlcNAcylation on IRS-1 and PKB (Fig. 7B). The
same effect of GENZ was noted with cultured HepG2 cells (Fig. 3A). Furthermore,
in HT-29 cells it was shown that specific components of the insulin signalling
pathway are modified by O-GlcNAc in a GENZ dependent manner (not shown).
The comparable effects of both inhibitors of glucosylceramide synthase on protein
O-GlcNAcylation suggest that reduction of glucosylceramide or its
glycosphingolipid metabolites is required for the observed phenomenon.

DISCUSSION
Consistent with our earlier findings (12), the present study reveals that oral
treatment of obese ZDF rats with AMP-DNM ameliorates glycemic control. Insulin
signalling was improved by the aza-sugar in the liver, skeletal muscle and adipose
tissue. The prominent insulin-sensitizing effects of AMP-DNM are rather striking,
which made us consider the existence of an additional target for AMP-DNM
besides glucosylceramide synthase. An attractive candidate in this respect
seemed OGT, the transferase involved in protein O-GlcNAcylation. Perturbations
in protein O-GlcNAc modification are implicated in various human diseases
including diabetes mellitus (18). Abnormal O-GlcNAc modification of the insulin
signalling pathway, in particular of IRS-1 and PKB, is thought to contribute to
insulin resistance (17, 19). We noted that AMP-DNM treated rats and cultured
HepG2 cells showed a reduction in protein O-GlcNAcylation and influenced O-
GlcNAc modification of IRS-1, PI3K and PKB. This prompted us to investigate the
possibility that AMP-DNM directly inhibits OGT. Our investigations show that this
is not the case. Recombinant OGT was not inhibited by AMP-DNM in its transfer
of GlcNAc to a synthetic acceptor peptide. The GlcNAc analogue of AMP-DNM,
AMP-GlcNAc, also did not inhibit OGT in this assay. Despite the fact that
considerable molecular mimicry exists between ceramide glucosylation by GCS
and serine O-GlcNAcylation by OGT, only the former enzyme is inhibited by AMP-
DNM. 
Some homology exists between an AA stretch in GCS and a regulatory loop of
glycogen synthase. Interestingly, this regulatory loop of glycogen synthase
undergoes O-GlcNAc modification of a serine residue, which negatively affects the
activating phosphorylation at the adjacent residue (30). Due to the homology
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between both enzymes, we investigated whether such a mechanism exists for
GCS, which would for the first time provide a link between nutrient sensing, by
means of O-GlcNAcylation, and glycosphingolipid synthesis. However, no
indication was obtained that GCS is regulated by O-GlcNAcylation. Firstly, a
synthetic peptide of the region of GCS homologous to glycogen synthase did not
serve as acceptor for O-GlcNAc. Secondly, treatment of cultured cells with
PUGNAc, conditions increasing protein O-GlcNAcylation, resulted only in a slight
increase of GCS activity. It has to be therefore concluded that the formation of
glucosylceramide by GCS is not influenced by O-GlcNAc modification. 
The results of our investigation indicate that inhibition of glycosphingolipid
biosynthesis results in reduction of protein O-GlcNAcylation rather than vice versa.
Consistent with this is the observation that excessive protein O-GlcNAcylation,
induced by addition of glucosamine or PUGNAc to the medium, is partly lowered
in the presence of AMP-DNM and GENZ, two potent inhibitors of GCS. In contrast
to this, AMP-GlcNAc, that does not inhibit GCS, did not affect protein O-
GlcNAcylation. These observations suggest that reduction of glycosphingolipids is
essential to prevent excessive O-GlcNAcylation. The underlying mechanism is
unclear. No effect of AMP-DNM on the expression of OGT was detected. The aza-
sugar did also not influence the hydrolase O-GlcNAcase. Recently, it was
discovered that OGT is recruited to the plasma membrane as a direct result of
insulin signaling due to an interaction of the enzyme with PIP3 (22). It could be
envisioned that alteration of the glycosphingolipid composition of the plasma
membrane influences this interaction, and therefore warrants further investigation.
In summary, our study shows that OGT, unlike GCS, is insensitive to direct
inhibition by a hydrophobic deoxynojirimycin-type compound. Corrections in
protein O-GlcNAcylation, specifically those that are involved in the insulin
signaling pathway, imposed by AMP-DNM appear to occur secondary to reduction
of glycosphingolipids. 
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NEDERLANDSE SAMENVATTING
Voor diegenen die de titel van dit proefschrift al niet begrijpen (wat niet zo vreemd
is) volgt hieronder een samenvatting voor leken.

ACHTERGROND
Zoogdieren, waaronder mensen, bevatten een zogenaamd endo-skelet, een
structuur bestaande uit een combinatie van mineralen en eiwitten (botten), die van
binnenuit structuur biedt aan het organisme. 
Veel andere organismen hebben een exoskelet, een macromoleculair pantser dat
structuur geeft en bescherming biedt tegen adverse omstandigheden en
eventuele natuurlijke vijanden. De meeste dieren met een dergelijk pantser
behoren bij de zogenaamde artropoda, beter bekend als geleedpotigen, een
groep organismen waartoe o.a. alle insecten, krabben, kreeften en spinnen
behoren. In deze soorten bestaat dit exoskelet voornamelijk uit een stof genaamd
chitine.
Aangezien de artropoda veelvuldig voorkomen in de natuur (vier van de vijf
diersoorten op aarde behoort bij deze groep) is chitine, na cellulose (gemaakt door
planten en bomen), de meeste geproduceerde biologische polymeer in de natuur.
Chitine bestaat uit lange, aaneengeregen ketens van de stof N-acetyl
glucosamine (GlcNAc). Chemisch gezien lijkt GlcNac erg op glucose, dat
gewoonlijk als bron wordt gebruikt voor de productie van chitine. De ketens van
polymerisch GlcNAc klonteren samen, wat resulteert in een hard en chemisch
resistent materiaal.
Naast de artropoda bevatten andere, veel kleinere, organismen ook chitine. De
celwand van schimmels, bijvoorbeeld, bevat chitine om deze stevigheid te
verschaffen. Daarnaast zijn er minuscule wormen die chitine aanmaken om
verschillende redenen.
Aangezien al deze organismen in staat moeten zijn om hun chitine als het ware te
verversen (om te kunnen groeien, onder andere), maken zij, naast eiwitten die
chitine maken, ook eiwitten die het kunnen afbreken. Deze laatste groep eiwitten
wordt chitinasen genoemd. 

Zoals gezegd hebben zoogdieren een endoskelet en zijn niet in staat chitine te
produceren. Hierdoor heeft men altijd aangenomen dat zoogdieren ook geen
chitinasen zouden kunnen maken. Begin jaren 90 is in het AMC echter ontdekt dat
ook zoogdieren deze eiwitten maken, zoals verderop zal worden besproken.
De grote vraag is uiteraard waarom wij wel chitinasen produceren, terwijl we het
niet nodig hebben voor de afbraak van lichaamseigen chitine. Zoals gezegd maakt
een aantal kleinere organismen ook chitine, waaronder een aantal pathogene
(ziekteverwekkende) organismen, zoals schimmels. Een voor de hand liggende
verklaring voor het bestaan van chitinasen in zoogdieren is dat het een
bescherming zou vormen tegen schimmels. Het chitine bevindt zich immers in de
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celwand van de schimmel waar het stevigheid biedt; men kan zich voorstellen dat
een chitinase deze stevigheid zou kunnen verminderen, waardoor de schimmel
vatbaarder zou worden voor aanvallen van het immuunsysteem. Anders gezegd,
de evolutie heeft ons waarschijnlijk uitgerust met chitinasen om schimmel infecties
makkelijker tegen te gaan.
Een ander mechanisme zou eventueel ook een rol kunnen hebben gespeeld in het
ontstaan van chitinasen in zoogdieren, als we bedenken dat veel van de chitine-
bevattende organismen (voornamelijk garnalen, krabben en kreeften) een
onderdeel vormen van het dagelijks dieet van veel zoogdieren. Bij het verteren
van deze dieren zal ook het chitine verteerd moeten worden; het is echter een
hard en onoplosbaar materiaal. De aanwezigheid van een chitinase in de maag
zou de vertering van bijvoorbeeld garnalen beter mogelijk maken.
Samenvattend, er zijn twee klassieke verklaringen voor het bestaan van
chitinasen in zoogdieren: als defensie mechanisme tegen pathogenen en om de
digestie van chitine in de maag en darmen mogelijk te maken.

Terug naar de ontdekking van de chitinases. 
Deze zijn bij wijze van toeval ontdekt als gevolg van uitvoerig onderzoek naar een
zeldzame, erfelijke aandoening: de ziekte van Gaucher. Deze ziekte wordt
gekenmerkt door de opstapeling van de stof glucosylceramide. Deze stof (een
glycolipide) is betrokken bij talloze belangrijke processen in cellen en wordt
continu aangemaakt en afgebroken. Patiënten met de ziekte van Gaucher zijn
deficiënt in de afbraak van glucosylceramide, waardoor het in cellen ophoopt. Dit
komt door een genetisch defect dat ertoe leidt dat het verantwoordelijke eiwit voor
de afbraak, genaamd glucocerobrosidase, niet optimaal functioneert. De ophoping
van glucosylceramide leidt tot ernstige klinische symptomen, zoals een ernstig
vergrote milt en lever en botproblemen. 
Sinds tientallen jaren bestaat er een succesvolle therapie voor de ziekte voor
Gaucher. Het is mogelijk gebleken recombinant geproduceerd glucocerebrosidase
toe te dienen, dat het opgehoopte glucosylceramide kan afbreken. Deze therapie
leidt tot een enorme verbetering van klinische symptomen en kwaliteit van leven.
Naast deze enzym vervangingstherapie is er een tweede therapie beschikbaar
gekomen, die zich richt op het verminderen van de hoeveelheid (af te breken)
glucosylceramide. Van een groep stoffen is bekend dat ze de werking van het eiwit
remmen dat verantwoordelijk is voor de synthese van glucosylceramide. Door
deze oraal toe te dienen neemt de last aan glucosylceramide af en zodoende ook
de stapeling.

Door de beschikbaarheid van deze succesvolle therapieën werd het belangrijk om
biochemische parameters te hebben die een concrete afspiegeling zijn van het
ziekteverloop en de verbetering van klinische symptomen na initiatie van therapie.
Deze zogenaamde biomarker zou, vanuit praktisch oogpunt, te meten zijn in bloed
en een directe afspiegeling vormen van de stapeling van glucosylceramide. Na de
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introductie van de enzym vervangingstherapie is in het AMC een uitgebreide
screen uitgevoerd op de aanwezigheid van enzymen (actieve eiwitten), die
afwijkende activiteit vertonen in het bloed van patiënten met de ziekte van
Gaucher. Dit heeft uiteindelijk geresulteerd in de identificatie van een enzym
waarvan de activiteit meer dan duizend keer verhoogd is bij patiënten met de
ziekte van Gaucher. Niet alleen was deze ontdekking van grote praktische waarde
in relatie tot het gebruik als biomarker bij de ziekte van Gaucher, deze was ook
van grote fundamentele waarde. Het betrof namelijk een enzym waarvan tot op
dat moment werd aangenomen dat zoogdieren deze niet konden maken: een
chitinase. Op basis van de enzymatische activiteit is het eiwit chitotriosidase
genoemd.

Niet lang na de ontdekking van chitotriosidase is de tweede chitinase dat voorkomt
in zoogdieren, in het AMC ontdekt, genaamd AMCase ("Acidic Mammalian
Chitinase"). Dit eiwit vertoont de hoogste activiteit in zuur milieu, overeenkomstig
met de locatie in de maag en darmen.

INDELING VAN DE HOOFDSTUKKEN
De ontdekking van chitotriosidase is het startpunt geweest van een groot aantal
studies naar het voorkomen en de functie van chitinasen in zoogdieren. Dit
proefschrift beschrijft een aantal van de laatste studies in dit vakgebied.
Aansluitend bevat dit proefschrift twee hoofdstukken die niet direct betrekking
hebben tot chitinasen (de addenda).

Na de algemene inleiding (hoofdstuk 1) wordt in hoofdstuk 2 ingegaan op de
functies van chitinasen in verscheidene organismen, met nadruk op die in de
mens. De pathologie van de ziekte van Gaucher wordt besproken, evenals de
beschikbare therapieën en het gebruik van chitotriosidase als biomarker.
Hiernaast wordt de ontdekking van de tweede zoogdieren chitinase (AMCase)
besproken en de mogelijke rol van het eiwit in andere ziekten.

Hoofdstuk 3 betreft een uitgebreide studie naar de functie van chitotriosidase. Er
wordt data gepresenteerd waaruit blijkt dat het eiwit uit cellen wordt gesecreteerd
naar aanleiding van bepaalde specifieke stimuli, zodoende inzicht gevend in de
fysiologische rol van het eiwit. Ook wordt beschreven hoe de groei van een aantal
schimmels ernstig geremd wordt in aanwezigheid van chitotriosidase. Dit vormt
overtuigend bewijs dat chitotriosidase een anti-fungale werking heeft. Op basis
van deze data kan men suggereren dat toedienen van het enzym aan mensen met
een levensbedreigende schimmelinfectie van therapeutische waarde zou kunnen
zijn.

In hoofdstuk 4 wordt ingegaan op de rol van chitotriosidase als biomarker. Het is
gebleken dat een groot deel van de bevolking een iets andere vorm van het eiwit
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maakt, als gevolg van een mutatie in het gen dat de informatie bevat voor de
productie van chitotriosidase. In dit hoofdstuk wordt beschreven dat dit kan leiden
tot een foutieve meting van enzymactiviteit, met duidelijke gevolgen voor het
gebruik van enzymactiviteit als biomarker. Dit probleem is echter eenvoudig te
verhelpen als men gebruik zou maken van een simpele modificatie van de
bestaande activiteit bepaling. Op basis van verscheidene uitvoerige analyses van
zowel genen als eiwitten wordt het voorstel onderbouwd om de bestaande
(wereldwijd gebruikte) activiteits meting aan te passen.

In de hoofdstukken 5 en 6 wordt de oorsprong van chitinasen beschreven. In
hoofdstuk 5 betreft het de evolutionaire oorsprong. Als startpunt zijn de
sequenties (de exacte samenstelling) van alle beschikbare chitinases en verwante
eiwitten van zoogdieren verzameld door middel van zoekopdrachten bij
verscheidene online databases. De laatste jaren is door technologische
vooruitgang (zowel op moleculair als op computer gebied) de beschikbare
hoeveelheid op te vragen sequenties exponentieel toegenomen. Door het
vergelijken van de verkregen sequenties door middel van verschillende computer
programma's is het mogelijk de evolutionaire verwantschappen binnen de
eiwitfamilie in kaart te brengen. Uit deze analyses is gebleken dat er verregaande
verschillen bestaan tussen verschillende groepen zoogdieren. Knaagdieren
maken een aantal eiwitten, waarvoor in andere zoogdieren (waaronder mensen)
geen tegenhanger bestaat. Deze inzichten kunnen grote gevolgen hebben, vooral
gezien het veelvuldig gebruik van muismodellen in de hedendaagse biomedische
wetenschap.
Op een meer fundamenteel niveau geven de data gepresenteerd in hoofdstuk 5
inzicht in de evolutionaire krachten die resulteren in de (hedendaagse)
samenstelling van een eiwitfamilie. Een dergelijke aanpak kan gebruikt worden om
inzicht te verschaffen in de functie van een willekeurige eiwitfamilie.

In hoofdstuk 6 wordt er ingezoomd op de verschillen in chitinasen tussen muis en
mens. Er is uitgebreid gekeken naar de aanwezigheid van beide chitinasen in
verschillende weefsels afkomstig van muis en mens. Deze data zijn bijzonder
relevant gezien een publicatie in een vooraanstaand wetenschappelijk blad met
als conclusie dat AMCase is betrokken bij de ontwikkeling van allerlei allergieën,
waaronder astma. De conclusies die hier getrokken worden zijn echter vrijwel
volledig gebaseerd op data verkregen met behulp van muizen. De data
gepresenteerd in hoofdstuk 6 laten zijn dat er relevante verschillen bestaan tussen
beide soorten wat betreft de productie van chitinasen. Zo is het AMCase in bloed
van de muis aanwezig, terwijl bij de mens alleen chitotriosidase kan worden
aangetroffen. De ontdekking dat in de long van de mens zijn beide chitinasen
aanwezig, is belangrijk met het oog op de eventuele relatie met het ontstaan van
astma. Door deze studie komt het extrapoleren van data verzameld op basis van
muizen-studies naar de menselijke situatie hierdoor in een nieuw daglicht te staan.
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Het meten van chitinase activiteit wordt gewoonlijk gedaan met behulp van
kunstmatige substraten, die als ze door een chitinase worden afgebroken, een
meetbaar (fluorescent) molecuul loslaten. Het nadeel van een dergelijke
enzymatische activiteits meting (assay) is het artificiële karakter ervan, aangezien
deze stoffen in de natuur niet voorkomen. In hoofdstuk 7 wordt een nieuwe assay
beschreven waar gebruik wordt gemaakt van kleine stukjes chitine, het natuurlijke
substraat voor chitinasen. Op basis van bestaande literatuur is een methode
ontwikkeld waarbij de chitine fragmenten kunnen worden geknipt door chitinasen,
waarna de fragmenten fluorescent worden gelabeld en vervolgens gescheiden
door chromatografie. Het is gebleken dat deze methode vele malen gevoeliger is
dan bestaande assay en zal in de toekomst ongetwijfeld worden gebruikt voor het
meten van chitinase activiteit in complexe mengsels.

Sinds enkele tientallen jaren is mogelijk om driedimensionale structuren van
eiwitten te bepalen met behulp van complexe experimentele methoden. De
structuur van humaan chitotriosidase is bijvoorbeeld opgelost niet lang na de
ontdekking van het eiwit. Voor het tweede zoogdieren chitinase, AMCase, zijn alle
pogingen om de structuur experimenteel op te lossen vooralsnog vruchteloos
gebleken. Inmiddels is het echter mogelijk om de structuren van eiwitten te
benaderen door middel van op computergebruik gebaseerde technieken. Op
basis van de structuur van een verwant eiwit en computer software is het mogelijk
gebleken de structuur van het AMCase van zowel de muis als de mens te
benaderen, zoals beschreven in hoofdstuk 8. Niet alleen een statische structuur
wordt gepresenteerd, er is ook gebruik gemaakt van "molecular dynamics" (MD),
waarin bewegingen van het eiwit worden gesimuleerd. Het gebruik van deze
computer simulaties in combinatie met laboratorium werk heeft onder andere
geleid tot de identificatie van een enkel aminozuur (aminozuren zijn de
bouwstenen van eiwitten) in AMCase dat verantwoordelijk is voor de activiteit bij
lage pH (in zure omgevingen zoals de maag). Dit hoofdstuk beschrijft voor het
eerst de structurele verschillen tussen beide chitinasen en kan worden gebruikt bij
het ontwikkelen van stoffen die chitinase activiteit zouden kunnen beïnvloeden.

In hoofdstuk 9 worden wederom chitinasen tussen verschillende soorten
vergeleken, maar dit maal met het oog op enzymatische karakteristieken. Eerder
in dit proefschrift is beschreven dat chitinasen niet alleen chitine en verwante
stoffen kunnen afbreken (de knip), onder bepaalde omstandigheden is ook de
tegenovergestelde reactie mogelijk (de plak). Enzymatische eigenschappen van
recombinant geproduceerde chitinasen van de mens, muis en koe zijn vergeleken.
Wederom zijn er relevante verschillen geconstateerd die inzicht geven in de
functie van chitinasen.
Naast een vergelijking van de verschillende chitinasen wordt in dit hoofdstuk data
gepresenteerd die laten zien dat humaan chitotriosidase de plak reactie ook uit
kan voeren met stoffen anders dan chitine. Als gevolg hiervan kan theoretisch een
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onbeperkt aantal stoffen (oligosacchariden, in dit geval) worden geproduceerd. Dit
zet de deur open voor het eventuele gebruik van chitinasen in de enzymatische
productie van oligosacchariden. Dit kan interessant zijn, zeker gezien het feit dat
dit soort stoffen chemisch moeilijk zijn te maken.

In hoofdstuk 10 worden, op basis van een verdeling per thema, de behaalde
resultaten samengevat en bediscussieerd. Ook worden lopende onderzoeken
besproken en wordt een toekomstperspectief gegeven voor chitinase-gerelateerd
onderzoek.

Tot slot bevat dit proefschrift twee additionele hoofdstukken (de addenda), die niet
direct gerelateerd zijn aan chitinasen. Er bestaat echter wel een verband met de
ziekte van Gaucher. 
Zoals gezegd hoopt in deze ziekte het lipide glucosylceramide zich op. Deze stof
wordt op zijn beurt weer gebruikt als bouwsteen om een groep (nog complexere)
stoffen te maken die bekend staan als gangliosiden. Door het vet-achtige karakter
van gangliosiden worden ze voornamelijk aangetroffen in het plasmamembraan,
de celwand van zoogdiercellen waar de eerste communicatie met de buitenwereld
plaatsvindt.
Gangliosiden worden dan ook de laatste jaren veel in verband gebracht met het
verwerken van extracellulaire signalen (signaal transductie). Er zijn sterke
aanwijzingen dat een veranderd vetmetabolisme, zoals het geval is bij diabetes
type II, leidt tot een toename van gangliosiden. Het lijkt erop dat hierdoor een
aantal signalerende moleculen, waaronder insuline, niet meer het gewenste effect
hebben. Farmacologisch ingrijpen met als doel het verlagen van de hoeveelheid
gangliosiden op het plasmamembraan is hierdoor een zeer aantrekkelijke aanpak
om ziekte als diabetes type II tegen te gaan.

Addendum 1 beschrijft een nieuwe methode om gangliosiden aan te tonen. Uit
eerdere publicaties is gebleken dat het mogelijk is om het metabolisme van
gekweekte cellen (en zelfs organismen, zoals recentelijk is aangetoond) om de
tuin te leiden door chemische varianten van veel gebruikte cellulaire bouwstenen
te gebruiken. Ondanks deze kleine chemische variatie worden de bouwstenen op
relatief normale manier door de cellen verwerkt en bevatten een chemische groep
die het mogelijk maakt de stoffen later te visualiseren. De data gepresenteerd in
addendum 1 laten zien dat deze "chemisch handvat" aanpak ook uitstekend
geschikt is om gangliosiden aan te tonen. In vergelijking met andere
visualisatietechnieken biedt deze methode het voordeel dat hier de gangliosiden
irreversibel worden gelabeld. Niet alleen is visualisatie mogelijk maar ook
manipulatie: de gangliosiden kunnen als het ware worden vastgepakt. In de
toekomst zou de techniek kunnen worden gebruikt om de ingewikkelde processen
te onderzoeken die zich afspelen op het plasma membraan.
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Zoals gezegd wordt diabetes type II gekarakteriseerd door een toename aan
gangliosiden. Veel andere mechanismen spelen ook een rol bij het ontstaan van
het ziektebeeld, waaronder een zogenaamde post-translationele eiwit modificatie
bekend als O-GlcNAcylering. Kort gezegd komt het op het volgende neer: aan
eiwitten aanwezig in een cel kan, door de cel zelf, een chemische groep worden
gekoppeld (in dit geval GlcNAc, toevalligerwijs dezelfde stof die in andere
organismen de bouwsteen vormt voor chitine, zoals eerder besproken). Niet
alleen kan deze eiwitmodificatie de biologische activiteit van het desbetreffende
eiwit veranderen, het aantal modificaties dat optreedt wordt mede bepaald door de
concentratie GlcNAc (een suiker) in de cel. Dit betekent dat er een mechanisme
bestaat waarbij de suiker concentratie in de cel directe gevolgen heeft voor de
activiteit van diverse eiwitten. In diabetes type II komt deze modificatie relatief
vaak voor.
De relatie tussen beide mechanismen (gangliosiden en O-GlcNAcylering) is
bestudeerd en wordt beschreven in addendum 2. Met behulp van een stof die
zeer potent de aanmaak van gangliosiden kan remmen, is gekeken of de verlaging
van gangliosiden gepaard gaat met een verandering aan O-GlcNAcylering. Het is
gebleken dat dit inderdaad het geval is: zowel in een muismodel van diabetes type
II als in gekweekte cellen is een reductie waargenomen aan O-GlcNAcylering als
gevolg van de verlaging aan gangliosiden. Hoewel het mechanisme achter de
gedane observaties nog niet is opgehelderd, levert dit onderzoek belangrijke
aanwijzingen over de biochemie van het ontstaan van diabetes type II.
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DANKWOORD
Ben ik al op 300 pagina's? Dan houd ik het kort. Ik ben erg dankbaar aan iedereen
die van mijn promotietijd een onvergetelijke ervaring hebben gemaakt. 

Beste Rolf, ik heb de deur bij je plat gelopen, geloof ik. Enorm bedankt voor het
overbrengen van al je kennis en het enthousiasme voor het onderzoek; je manier
van werken heb ik altijd erg sympathiek gevonden. 

Beste Hans, elke bespreking met je was een indrukwekkende ervaring. Dank je
wel voor het delen van vele inzichten, dat je zoveel tijd voor me hebt weten vrij te
maken en voor de mogelijkheid om zoveel diverse onderzoeken te hebben kunnen
doen. Ook ben ik je dankbaar voor de manier waarop je mensen bij elkaar weet te
brengen, ik denk dat het sociale karakter van de biochemie voor een groot deel bij
jou begint.

Het is aan jullie beiden te danken dat ik zo'n vakidioot ben geworden.

Marri, ik ben blij dat het eerste gezicht dat ik 's ochtends zag als ik het lab opkwam
meestal het jouwe was. Je motivatie is indrukwekkend en werkt aanstekelijk.
Bedankt voor al je hulp. 

Karen, ik mis je vrolijkheid en ideeën. Het was erg leuk je kamergenoot te zijn en
om met je samen te werken. Mooi dat je ook gaat promoveren, veel succes.

Tineke, ik werd altijd blij bij het horen van je snelle tred in de gang. Het was
gezellig om naast je op het lab te staan. 

Nick, leuk dat je op het laatst nog mijn kamergenoot werd. Je enthousiasme werkt
aanstekelijk en je hulp bij het tot stand komen van het proefschrift was, zoals je
ongetwijfeld wel weet, onmisbaar. En je kunt ook nog aardig zingen en tokkelen.

Shreyas, bedankt voor de mooie omslag en,             Ik word altijd erg vrolijk van
je (en ook van Jeffrey de verschrikkelijke).

Lieve Ans, dank je wel voor je sociale karakter en al je hulp.

Peter, het is een vreemd idee dat je niet meer op het AMC werkt. Voor mij was je
ongeveer deel van het meubilair (in goede zin dan). Bedankt voor de
samenwerking bij het O-GlcNAc stuk. 

Judith, we hebben je erg gemist in de koffiekamer tijdens je zwangerschappen en
vinden eigenlijk dat je maar niet meer zolang weg moet blijven. 

Fred, bedankt voor je wijze lessen (dingen die je jaren geleden gezegd hebt
komen nu nog bij me boven) en je hulp bij het voorbereiden van presentaties. 

Wilma, bedankt dat je je enorme expertise (en je soepballen) met mij hebt willen
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delen. Krijg je leukere cadeaus voor je verjaardag nu ik weg ben? 
Mariëtte, waar ben je nou? Wacht, ik kom je wel een boekje thuis brengen. Het
was altijd erg gezellig om met je samen te werken.

Nora, wat ben je druk, ik heb je veel te weinig gesproken de laatste tijd. Je was
een erg leuke collega-aio, veel succes bij het schrijven van je proefschrift.

Marco, bedankt voor de fijne samenwerking en kennismaking met gevorderde
immunologie. We moeten een keer gaan vissen; en neem je Diogo ook mee naar
het feest?

Saskia, bedankt voor je sociale instelling (o.a. je hulp bij het FACS-fiasco, als je
dat nog weet) en voor het dragen van ontzettend gave outfits. 

Cindy, bedankt voor je humor en gezelligheid in de koffiekamer en je mooie
zeehondenogen.

Roel, ouwe reus! Het was gezellig met je.

Boris, erg leuk dat je in mijn commissie wilt plaatsnemen. Mooi dat er nu ook
iemand is bij de biochemie die structuur werk doet, het is tenslotte de afdeling
biochemie. 

Dave, ik moet altijd erg om je lachen. Ik vond het geweldig om met je te werken
aan het mooiste hoofdstuk van dit proefschrift en dat je altijd tijd voor me had als
het echt ingewikkeld werd, met formules en dat soort ouderwetse dingen (zie ook
stelling 4). Ga eens mee varen.

Richard, bedankt voor het vakkundig oplossen van (voor mij ingewikkelde, maar
voor jou geloof ik nogal onnozele) computer en andere technische problemen.

Voor goede (promotie) adviezen, praatjes op de gang, lasagne, bami, foto's en/of
bakkie koffie: bedankt Milka, Mariëlle, Aldi, Ben, Gerard, Elisa, Yung Yung en
Mina. Ook bedankt mijn laatste leuke kamergenootjes Flo en Ingar.

Carlos bedankt: world's best dressed scientist. Dat kunnen we niet zeggen van
Bert, maar toch was de uitleg over cholesterol nog nooit zo duidelijk.

Sijmen, ik was je bijna vergeten, maar dat krijg je als je stopt met roken. Het was
erg mooi om dagelijks met je de verhoudingen in de afdeling door te nemen. 

Romana, Duco en Annette: bedankt voor de goede zorgen, mappen en klappers,
koekjes en kiekjes in de koffiekamer.

Anneke, mijn enige trouwe kamergenoot, als ik aan het AMC denk dan denk ik aan
jou! Zorg je goed voor mijn plant?

Hoewel ik zelf niet direct betrokken ben geweest bij de klinische kant van het
onderzoek, heeft de samenwerking met de kliniek mij altijd zeer gemotiveerd.
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Kliniek bedankt en Carla, leuk dat je in mijn commissie plaats wilt nemen. 

De rest van de afdeling medische biochemie: bedankt voor de inspirerende
praatjes op donderdagmiddag en gezelligheid in de koffiekamer en op borrels en
feestjes. 

Ook bedankt studenten voor het blijven hangen na borrels en feestjes, sigaretten
roken, muziek, kroeg- en voetbal-verhalen enz.. 

Verder bedankt: Yvonne Donselaar en Shirley Abels, de Harries, Cross Beta
Biosciences, het sequence lab voor het bellen waar ik bleef 's ochtends, Roy
Erkens, de mensen van het rekencentrum SARA, de massaspectrometristen van
beneden, de 1ste hulp, orthopedie, verpleegafdeling H5 en de Toko voor prima
paddenstoelen soep en broodjes Kwek. 

Van buiten het AMC: Daan van Aalten, mijn tijd in Dundee is erg leerzaam
geweest, bedankt daarvoor. 
Jocelyne, de MD simulaties zijn geweldig. Ik ga ermee verder; kan ik je nog mailen
als ik tegen problemen aanloop? 
Hermen Overkleeft en Paul van Swieten, leuk dat ik nog wat echte scheikunde heb
kunnen doen. Hermen, bedankt dat je bij mijn promotie wilt opponeren. 

Professoren Jon Laman, René van Lier en Ronald Oude Elferink, enorm bedankt
voor het plaatsnemen in mijn commissie. 

En dan:
Korff, mijn beste student (moleculen bouwen van bierviltjes klinkt nu vrij suf, maar
was toen best mooi). Bijna 10 jaar geleden kwam je even wat eten, mooi dat je
bent blijven hangen. Ik ben blij dat je straks naast me zit.

Dennis en Maud, bedankt voor jullie vele goede zorgen, gezelligheid en wijn.
Jeroen en Natasja bedankt voor pils, gezelligheid en massages. Ontzettend mooie
gekken van JC Gevat: we zien elkaar te weinig, ga eens gewoon in Amsterdam
wonen.

Lieve Hilde, Gavin en kleine William, ik ben erg blij dat jullie in Nederland zijn gaan
wonen, het is altijd gezellig bij jullie. Wanneer mag ik weer oppassen? Hilde, ik
vind het erg leuk dat je mijn paranimf bent.

Lieve papa en mama, ik ben niet altijd even makkelijk geweest, geloof ik. Bedankt
voor meer dan ik hier zou kunnen schrijven.
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