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ABSTRACT: Human acidic mammalian chitinase (AMCase), a member of the family 18 glycosyl hydrolases,
is one of the important proteins involved in Th2-mediated inflammation and has been implicated in asthma
and allergic diseases. Inhibition of AMCase results in decreased airway inflammation and airway hyper-
responsiveness in a mouse asthma model, suggesting that the AMCase activity is a part of the mechanism
of Th2 cytokine-driven inflammatory response in asthma. In this paper, we report the first detailed kinetic
characterization of recombinant human AMCase. In contrast with mouse AMCase that has been reported
to have a major pH optimum at 2 and a secondary pH optimum around 3-6, human AMCase has only
one pH optimum forkcat/Km between pH 4 and 5. Steady state kinetics shows that human AMCase has
“low” intrinsic transglycosidase activity, which leads to the observation of apparent substrate inhibition.
This slow transglycosylation may provide a mechanism in vivo for feedback regulation of the chitinase
activity of human AMCase. HPLC characterization of cleavage of chitooligosaccharides (4-6-mers)
suggests that human AMCase prefers theâ anomer of chitooligosaccharides as substrate. Human AMCase
also appears to cleave chitooligosaccharides from the nonreducing end primarily by disaccharide units.
Ionic strength modulates the enzymatic activity and substrate cleavage pattern of human AMCase against
fluorogenic substrates, chitobiose-4-methylumbelliferyl and chitotriose-4-methylumbelliferyl, and enhances
activity against chitooligosaccharides. The physiological implications of these results are discussed.

Chitinases catalyze the hydrolysis of chitin, a polysaccha-
ride of â-1,4-linkedN-acetylglucosamine (GlcNAc).1 Chitin
is a major constituent of the cell wall of fungi and the
exoskeleton of insects and crustaceans. Chitin has so far not
been found in mammals. Chitinases have been identified in
a variety of organisms from bacteria and fungi to plants and
vertebrates (1). Chitinases belong to families 18 and 19 of
glycosyl hydrolases that have distinct enzyme structures and
catalytic mechanisms (2). The catalytic domains of the family
18 chitinases have an (R/â)8-barrel fold. Family 18 chitinases
are proposed to utilize the substrate-assisted catalytic mech-
anism as illustrated in Scheme 1. The acetyl group of the
(-1) GlcNAc unit of the bound chitooligosaccharide makes
a nucleophilic attack on C-1 to yield an oxazolinium
intermediate. Subsequent general base catalysis affords the
product with retention of configuration (3-5). In contrast,
family 19 chitinases show a lysozyme-like fold that consists
mostly ofR-helices and generally are thought to use a general
acid-base mechanism, which generates the product with an
inverted configuration (5-7).

Chitinases can also be classified as endo-chitinases and
exo-chitinases. Endo-chitinases cleave chitin randomly at
internal sites, generating multimers of GlcNAc, such as
chitotetraose, chitotriose, and chitobiose. Exo-chitinases
catalyze the hydrolysis of chitin progressively from either
the nonreducing end or the reducing end to produce chito-
biose or chitotriose, respectively. Some exo-chitinases are
reported to release monomers of GlcNAc by hydrolyzing
chitin from the reducing end (1).

Acidic mammalian chitinase (AMCase) and chitotriosidase
are two of a few human chitinases that have been docu-
mented recently, although chitin and chitin synthases have
not been found in mammals (8-10). Both AMCase and
chitotriosidase are members of the family 18 glycosyl
hydrolases. Chitotriosidase is expressed by lipid-laden tissue
macrophages in humans (10, 11). Human AMCase is highly
expressed in the stomach and at a lower level in the lung.
The endogenous substrates for human AMCase and physi-
ological functions of human AMCase are currently unknown.
AMCase is characterized by an acidic isoelectric point, which
differs from the neutral/basic pI of chitotriosidase. Mouse
AMCase is reported to have a major pH optimum around 2
and a secondary optimum around 3-6 and is extremely acid
stable (9). The level of sequence identity between the human
AMCase and the mouse AMCase is 82%. Human AMCase
is a 50 kDa enzyme that contains a C-terminal chitin binding
domain, an N-terminal catalytic domain (39 kDa), and a short
hinge region (12). As in all other family 18 chitinases, the
core catalytic motif (DXXDXDXE) is conserved in AMCase.
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Recently, Zhu et al. (13) demonstrated that the expression
of AMCase by airway epithelia and pulmonary macrophages
is dramatically upregulated both in a mouse model of asthma
and in allergic asthma in human. The authors also showed
that AMCase is critical to Th2-mediated inflammation
through an IL-13-dependent mechanism, and inhibition of
AMCase with either an antibody or a chitinase inhibitor
decreases airway inflammation and airway hyper-responsive-
ness (13). Thus, AMCase is potentially a novel target for
anti-inflammatory therapy in Th2-mediated diseases such as
asthma (14). Although the exact mechanism by which
AMCase regulates Th2-driven inflammation in asthma is
unknown, the importance of AMCase activity is illustrated
by the fact that inhibition of AMCase by allosamidin
decreases bronchoalveolar lavage and parenchymal inflam-
mation (13).

A detailed kinetic characterization of human AMCase has
not been published and would certainly help in our under-
standing of the role of AMCase in inflammation and in the
design of specific and potent inhibitors of AMCase. Several
studies have shown that the level and duration of activated
Ca2+-dependent chloride conductance were increased sig-
nificantly when human bronchial epithelial cells were treated
with Th2 cytokines, IL-13 or IL-4 (15, 16). A separate study
reported the acidification of endogenous airway in acute
asthma patients (17). In the study presented here, we have
characterized the kinetic mechanism and substrate cleavage
patterns of human AMCase and also evaluated effects on
the chitinolytic activity of human AMCase by pH and ionic
strength. We have shown that human AMCase has low
transglycosylation activity, which leads to the observation
of apparent substrate inhibition and may also provide a
mechanism in vivo for feedback regulation of the chitinase
activity of human AMCase. We have also found that the
pH optimum of human AMCase is∼4-5, and the AMCase
activity is significantly enhanced in a high-salt environment,
suggesting that AMCase activity in vivo is modulated by
both pH and ionic strength.

MATERIALS AND METHODS

Reagents. Unless specifically mentioned, standard labora-
tory reagents were purchased from Sigma, Aldrich, Research
Organics, or EMD.

AMCase Human Cloning and CHO Cell DeVelopment.
Human stomach polyA+ RNA was purchased from BD
Biosciences and used as a template in RT-PCRs (one-step
RT-PCR kit, Qiagen) to obtain a DNA fragment containing
the full-length AMCase sequence. Primer sequences were
designed on the basis of GenBank accession number
AF290004. attB recombination sequences were included for
gateway cloning, and a coding sequence for C-terminal six-

histidine tag fusion was included for purification purposes.
The forward primer was ggggacaagtttgtacaaaaaagcaggct-
tcgaaggagatagaaccatgacaaagcttattctcctcacaggtcttg, and the
reverse primer was ggggaccactttgtacaagaaagctgggtcctagt-
gatggtgatggtgatgggagcctgcccagttgcagcaatcacagct. The PCR
product was cloned into pTMED vector (Wyeth Research)
for CMV promoter-driven expression of AMCase in a CHO
stable cell line. The stably transfected AMCase CHO cell
line was maintained in alpha medium (10% heat-inactivated
and dialyzed FBS, 2 mM glutamine, 100 units/mL penicillin,
100µg/mL streptomycin, 2.5µg/mL fungizone, and 200 nM
methotrexate).

AMCase Preparation.Full-length AMCase was purified
from serum-free CHO conditioned medium using Ni-NTA
Superflow resin (Qiagen Inc., Valencia, CA). Medium (1
L) was applied batch-wise to 6 mL of Ni-NTA resin at 4
°C within 1 h. Unbound proteins were washed away using
the wash buffer [50 mM Tris (pH 8.0), 0.3 M NaCl, and 10
mM imidazole]. AMCase was then eluted using the wash
buffer with 200 mM imidazole. AMCase was further purified
on a 1.5 mL polypropyl aspartamide (PPA) HIC resin (The
Nest Group Inc., Southborough, MA) by eluting with 50 mM
Tris (pH 8.0) and 1.0 M ammonium sulfate, followed by
Superdex-200 (Amersham Biosciences Inc., Piscataway, NJ)
gel-filtration chromatography in 25 mM Tris (pH 8.0) and
0.4 M NaCl.

Enzyme Assays.AMCase chitinolytic activity was deter-
mined by using fluorogenic substrates 4-methylumbelliferyl
â-N,N′-diacetylchitobioside (chitobiose-4MU) and 4-methyl-
umbelliferyl â-N,N′,N′′-triacetylchitiotrioside (chitotriose-
4MU), and monitored on a Molecular Devices (Sunnyvale,
CA) SpectraMax Gemini XS fluorescence plate reader with
excitation at 320 nm and emission at 455 nm. Reactions were
typically monitored continuously for 40 min, with less than
10% substrate conversion. Standard assays were performed
in triplicate at 25°C in 100 mM sodium citrate/citric acid,
200 mM sodium phosphate (pH 5.0), 0.005% Brij-35, and
1% DMSO. Because of the solubility issue, stock solutions
of substrates were prepared in 100% DMSO and diluted to
desired percentages of DMSO in the reaction buffer before
reactions. The solubility of substrate in the reaction buffer
was confirmed with a Nephelometer (Nephelostar Galaxy,
BMG Labtech, Inc., Durham, NC). The concentration of the
fluorescent 4-methylumbelliferone (4MU) product was con-
verted from RFU using a 4MU standard curve. The velocities
determined from the progress curves (the steady state rates
in the case of biphasic curves) at various substrate concentra-
tions were fit to eq 1 to determine apparentKm andkcat values
using Prism (Graph Pad Software Inc., San Diego, CA).

Scheme 1: Substrate-Assisted Catalytic Mechanism

V ) kcatES/(S+ Km) (1)
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For the pH-activity profile, reaction buffers were prepared
by mixing a sodium citrate/citric acid solution at a desired
pH value and a monobasic sodium phosphate/dibasic sodium
phosphate solution at the same pH value to give a buffer of
100 mM citrate and 200 mM phosphate at the desired pH
value without additional pH adjustment with concentrated
HCl or NaOH. Assays at various concentrations of chito-
biose-4MU and chitotriose-4MU were monitored at different
pHs. Thekcat/Km value at each pH was calculated from the
linear section of the Michaelis-Menten plot. For ionic
strength experiments, assays under low-salt conditions were
performed at 25°C in 10 mM sodium citrate/citric acid, 20
mM sodium phosphate (pH 5.0), 0.005% Brij-35, and 1%
DMSO. For assays under high-salt conditions, concentrated
salt solutions were added to give desired high-salt buffers
while the pH was maintained at 5.0 with additional HCl or
NaOH, if pH was perturbed due to introduction of high salt.

Indirect Transglycosylation Assay.The standard enzyme
assay using chitobiose-4MU as a substrate was modified to
indirectly assess the transglycosylation activity of AMCase.
The assay mixture contained chitobiose-4MU (25, 12.5, and
6.25 µM), 1 nM AMCase, and various concentrations of
chitotriose (0-1000 µM). The assay was performed in
triplicate at 25°C in 100 mM sodium citrate/citric acid, 200
mM sodium phosphate (pH 5.0), 0.005% Brij-35, and 1%
DMSO. The hydrolysis product 4MU was monitored fluo-
rometrically as in the fluorogenic assay described above. In
separate control experiments (fluorogenic assay and HPLC
analysis), chitotriose or GlcNAc-4MU by itself was shown
not to be a substrate of AMCase.

HPLC Analysis of Chitooligosaccharide Anomeric Hy-
drolysis Products.The analysis of anomeric forms of
hydrolysis products fromN-acetylchitooligosaccharides
(GlcNAc)4-6 was achieved by HPLC, and the cleavage
pattern was assessed from the anomer formation, using a
method similar to that of Arakane et al. (18). The enzymatic
reactions were performed at 25°C using 2 nM AMCase and
50 µM substrates in 45 mM sodium phosphate (pH 5.0).
After incubation for a given period, reaction mixtures were
rapidly cooled to 4°C and immediately analyzed by Agilent
1100 HPLC. Hydrolysis products were separated on a
TSKgel Amide-80 analytical column with a 78 to 72%
acetonitrile/H2O gradient over 60 min at a flow rate of 0.8
mL/min. Elution was monitored by a diode array detector
with absorbance at 210 nm. The chitooligosaccharide con-
centration was converted fromA210 using standard curves
of (GlcNAc)2-6. The same HPLC method was used to assess
the effect of ionic strength on the AMCase reaction using
chitooligosaccharides as the substrate. Data presented here
were typically HPLC analysis of a single experiment and
converted using triplicate standard curves. Selected HPLC
analyses were performed in duplicate or triplicate. The
observed errors were within 10%.

HPLC Analysis of Hydrolysis/Transglycosylation Products.
AMCase reactions using chitobiose-4MU or chitotriose-4MU
as the substrate were carried out under the same conditions
that were used for the fluorogenic assay. After incubation
for a given period, the enzymatic reactions were terminated
by addition of excess 0.3 M glycine/NaOH (pH 10.3) and
the mixtures analyzed by Agilent 1100 HPLC. The hydroly-
sis/transglycosylation products were separated on a YMC
ODS-A C18 reverse-phase analytical column with a 5 to 15%

acetonitrile/H2O gradient containing 0.1% TFA over 60 min.
Elution was monitored with excitation at 320 nm and
emission at 455 nm by a fluorescence detector, and by a
diode array detector with absorbance at 210 nm. HPLC
fractions were collected and identified by a LCQ DECA XP
ion trap mass spectrometer (ThermoFinnigan, San Jose, CA)
and/or a Voyager DE-STR time-of-flight mass spectrometer
(Applied Biosystems, Foster City, CA) in the reflectron mode
of operation. Data presented were typically HPLC analysis
of a single experiment and converted using triplicate standard
curves. Selected HPLC analyses were performed in duplicate
or triplicate. The observed errors were within 10%.

Circular Dichroism.CD spectra of 3µM AMCase in low-
salt buffer [10 mM sodium citrate/citric acid, 20 mM sodium
phosphate (pH 5.0), 0.005% Brij-35, and 1% DMSO] and
high-salt buffer [10 mM sodium citrate/citric acid, 20 mM
sodium phosphate (pH 5.0), 0.005% Brij-35, 1% DMSO, and
3.5 N sodium chloride] were recorded on a Jasco J-715
spectropolarimeter at 25°C. The spectra were recorded over
the range of 200-320 nm. Samples were scanned five times
at a rate of 20 nm/min, and the spectra were averaged and
curves smoothed. All experiments were repeated indepen-
dently at least three times.

Intrinsic Tryptophan Fluorescence.The intrinsic tryp-
tophan fluorescence of 3µM AMCase was measured under
the same buffer conditions that were used for CD experi-
ments by exciting at 295 nm and measuring fluorescence
emission from 320 to 460 nm. Control experiments were
carried out by using a 100µM N-acetyl-L-tryptophanamide
solution under the same conditions. The fluorescence of 100
µM N-acetyl-L-tryptophanamide was comparable to that of
3 µM AMCase.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were performed on a Beckman XLI/XLA
analytical ultracentrifuge, to investigate the effects of ionic
strength on AMCase. AMCase (3µM) in low-salt buffer [10
mM sodium citrate/citric acid and 20 mM sodium phosphate
(pH 5.0)] and buffers containing various concentrations of
NaCl [10 mM sodium citrate/citric acid, 20 mM sodium
phosphate (pH 5.0), and 1, 2, or 3.5 N NaCl] was loaded
into two-channel (1.2 cm path length) carbon-Epon center-
pieces in an An-60 Ti titanium rotor. Scans were recorded
at 20 °C with a rotor speed of 40 000 rpm, and the signal
was detected at 280 nm with a spacing of 0.006 cm in the
continuous mode. The sedimentation profiles were analyzed
to obtain the distributions of the sedimentation coefficients
using Sedfit (19). Samples were assayed for activity after
AUC experiments (24 h later) and retained>90% of their
original activities.

Size-Exclusion Chromatography and Multiangle Light
Scattering.Size-exclusion chromatography (SEC) coupled
with multiangle laser light scattering (MALLS) was used to
obtain the molar mass of AMCase. The online light scattering
measurements were performed on a Wyatt’s DAWN EOS
multiangle scattering laser photometer with a 25 mW GaAs
(gallium arsenide) laser at 690 nm. The concentration of
AMCase was monitored by either the absorbance or dif-
ferential refractive index. The MALLS method yields a molar
mass distribution and their moments [number-averaged mass
(Mn), weight-averaged mass (Mw), and thez-averaged mass
(Mz)], polydispersity, and the root-mean-square (rms) radius,
rg. The DNDC software was used to calculate the refractive
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index (RI) calibration constant. ASTRA software was used
to process the light scattering data. AMCase was chromato-
graphed on a Phenomenox Bio-Sep SEC4000 size-exclusion
column with an Agilent 1100 instrument.

RESULTS

Enzyme Assay and pH Profile of Human AMCase.The
chitinolytic activity of AMCase was assayed in a fluorogenic
assay by using fluorogenic 4-methylumbelliferyl (4MU)
chitooligosaccharide as substrate. The assay monitored
continuously the fluorescence of 4MU generated from the
specific cleavage of theâ-glycosidic linkage between 4MU
and GlcNAc. To determine the optimum assay pH, the
chitinolytic activity of human AMCase was monitored by
the fluorogenic assay from pH 2 to 10. Results indicate that
there is one optimum pH around 4-5 for kcat/Km,2 for
chitobiose-4MU or chitotriose-4MU (Figure 1). No chiti-
nolytic activity of human AMCase was detected at pH>8.
A previous study has shown that mouse AMCase has a pH
optimum around 2 and a secondary optimum around 3-6
using chitobiose-4MU as the substrate at a single concentra-
tion of 27 µM (9). For the rest of this report, assays were
conducted at pH 5, unless specified otherwise.

Kinetic Mechanism of AMCase. The kinetic mechanism
of AMCase was first examined using chitobiose-4MU as the
substrate. The progress curves of 4MU formation with varied
substrate concentrations were collected. Under normal assay
conditions (1 nM AMCase), the progress curves were linear
during the assay period (Figure 2A). The rate of 4MU
formation was slower at substrate concentrations of 100 and
200 µM than at 50 µM, reflecting apparent substrate
inhibition (Figure 2A,C). This observation is not due to the
inner filter effect. In a separate control experiment, the
fluorescence of 4MU was not quenched by chitobiose-4MU
up to 400µM. It is interesting to note that when the AMCase
concentration was reduced to 0.25 nM, the progress curves
of higher substrate concentrations, such as 100 and 200µM,
appeared biphasic (Figure 2B). These progress curves
consisted of a fast phase within the initial several minutes,
during which apparent substrate inhibition was absent,

followed by a slower steady state phase. This result strongly
suggests that apparent substrate inhibition is unlikely due to
cooperative substrate binding or substrate inhibition. Instead,
this deviation from the Michaelis-Menten behavior can be
explained by an additional slow transglycosylation reaction
as shown in Scheme 2. HPLC and mass spectrometry
analysis confirmed the formation of chitotetraose-4MU, a
transglycosylation product (experimental molecular mass of
989.2 Da, theoretical molecular mass of 989.0 Da).

In Scheme 2, biose-4MU binds to AMCase to form an
ES complex and the cleavage of theâ-glycosidic linkage
between 4MU and GlcNAc releases 4MU (P1). The nonco-

2 Due to the apparent substrate inhibition, Michaelis-Menten analysis
can provide accurate values of onlykcat/Km.

FIGURE 1: pH profile of human AMCase. The activity of AMCase
was monitored by a fluorogenic assay from pH 2 to 9, using various
concentrations of chitobiose-4MU (9, dashed line, lefty axis) and
chitotriose-4MU (2, solid line, righty axis). Assays were performed
in triplicate. The kcat/Km value was calculated as described in
Materials and Methods.

FIGURE 2: Progress curves of AMCase hydrolysis reactions. (A
and B) Progress curves of the hydrolysis reaction of various
concentrations of chitobiose-4MU [200 (9, red), 100 (2, blue), 50
(1, green), 25 ([, purple), 12.5 (O, black), 6.25 (0, brown), 3.13
(4, olive), and 1.56µM (3, dark magenta)] by 1 and 0.25 nM
AMCase, respectively. Assays were performed in triplicate. (C)
Steady state rate plotted against the concentration of chitobiose-
4MU: the rate within the first 20 min of plot A (b, blue, left y
axis) and the rate within the first 3 min of plot B (9, red, righty
axis; nonlinear regression to eq 1 generated aKm,appof 61 ( 1 µM
and akcat of 0.81 ( 0.03 s-1).
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valent enzyme oxazolinium intermediate EA (also see
Scheme 1) then partitions between hydrolysis to form product
chitobiose (P2) and transglycosylation reaction with a second
molecule of substrate to produce transglycosylation product
chitotetraose-4MU (P3). The steady state rate equation of
4MU formation (P1) derived from Scheme 2 is given by eq
2 (see the Supporting Information for details),

whereKm1 andKm2 are intrinsic Michaelis constants,k2, k3,
and k5 are rate constants for products P1, P2, and P3,
respectively,E0 is the enzyme concentration,S is the
concentration of the first substrate, andB is the concentration
of the second substrate for the transglycosylation reaction.
In this reaction, the second substrate is the same as the first
substrate. However, Scheme 2 and eq 2 can be applied to
reactions in which the second substrate differs from the first
substrate. In light of Scheme 2, the initial fast phase in Figure
2B approximately represents the presteady state preceding
the slower transglycosylation reaction. Fitting of the average
rate within 3 min to the Michaelis-Menten equation (eq 1)
yielded aKm value of 61µM and akcat value of 0.81 s-1

(Figure 2C). These values may be slightly underestimated
since the progress curves for higher substrate concentrations
are not exactly linear within the initial 3 min. WhenB ) 0
in Scheme 2, the model is reduced to the simple hydrolysis
reaction free from the influence of transglycosylation reac-
tion, as shown in eq 3.kcat andKm for this simple hydrolysis
reaction are represented by eqs 4 and 5.

Since the experimentally determinedkcat is 0.81 s-1, this sets
a lower limit of 0.81 s-1 for k2 (eq 4). At this limitingk2

value,Km1 would equal 61µM. When the second substrate
is saturating, eq 2 is simplified to eq 6:

Clearly, to have a reduced rate of 4MU formation due to
transglycosylation,k5 must be smaller thank3. The maximal
level of apparent inhibition is dependent onk2/k5: the higher
the ratio, the higher the level of apparent inhibition.

To directly observe the transglycosidase activity of AM-
Case, chitohexaose and unhydrolyzable GlcNAc-4MU (see
Indirect Transglycosylation Assay in Materials and Methods)
were incubated with AMCase. Fluorescent 4MU product was
indeed observed after a lag period (Figure 3A). Formation
of 4MU confirms the transglycosidase activity of AMCase
since 4MU can only come from the follow-up hydrolysis of
transglycosylation products in this reaction. When unhydro-
lyzable chitotriose (see Indirect Transglycosylation Assay
in Materials and Methods) and GlcNAc-4MU were incubated
with AMCase, no reaction was observed (Figure 3A).
Clearly, cleavage is a prerequisite step before transglycosyl-
ation.

Using unhydrolyzable substrate chitotriose as substrate B,
the standard AMCase assay using chitobiose-4MU as the
substrate was used to indirectly assess the transglycosylation
reaction. It is assumed that by calculating the initial rate,
the contribution from the secondary 4MU formation from
AMCase hydrolysis of transglycosylation product chitotet-
raose-4MU is minimal. Figure 3B showed reactions of 6.25,
12.5, and 25µM chitobiose-4MU and a varying concentra-
tion of chitotriose. Global fitting of the data into eq 2 by
fixing Km1 at 61µM gave the following: k2 ) 0.75( 0.01
s-1 and k3Km2 ) 5.6 ( 1.0 µM s-1. This k2 value is very
close to thekcat of 0.81 s-1, consistent with thek2 step being
the rate-limiting step for hydrolysis. Chitinase-1 fromCoc-
cidioides immitis, another member of the family 18 chiti-
nases, has also been reported to have a rate-limitingk2 step
(20). Assuming ak3 of 3.8 s-1 (5k2), Km2 is estimated to be
1.5µM. The value ofk5 is near zero from global fitting, but
individual fitting gave a rough estimate of∼10-3 s-1. The
results are clearly consistent with the relationk5 , k3.
Therefore, the apparent inhibition due to transglycosylation
is because of the trapping of AMCase as the transglycosyl-
ation Michaelis complex (EAB).

Hydrolysis of GlcNAc Oligomers by AMCase. The ano-
meric forms of GlcNAc oligomer cleavage products from
AMCase were determined by normal-phase HPLC, and the
cleavage patterns were assessed from anomer formation. As
shown in Figure 4,R andâ forms of (GlcNAc)n have a 1:0.7
ratio for all GlcNAc oligomers at room temperature. Figure
4A shows major AMCase hydrolysis products from (GlcNAc)6

are (GlcNAc)2, (GlcNAc)3, and (GlcNAc)4. The two anomers
of each product elute separately as a function of time. After
reaction for 10 min, theR:â ratios of (GlcNAc)2, (GlcNAc)3,
and (GlcNAc)4 were∼1:3.2,∼1:1.6, and∼1:1, respectively;
and theR:â ratio for the remaining (GlcNAc)6 was 1:0.6.
The results confirm the retaining mechanism of AMCase.
To explain theR:â ratios of (GlcNAc)2 and (GlcNAc)4
products, AMCase must prefer theâ anomer of (GlcNAc)6
over theR anomer and must clip off (GlcNAc)2 units from
the nonreducing end. Correspondingly, to explain theR:â
ratio of the (GlcNAc)3 product, AMCase must also prefer
the â anomer of (GlcNAc)6 over theR anomer. The initial
rate for cleavage between (GlcNAc)2 and (GlcNAc)4 is 3.9
s-1, which is ∼2-fold greater than the initial rate (2.0 s-1)
for cleavage between (GlcNAc)3 and (GlcNAc)3. Therefore,
AMCase appears to recognize and cleave hexasaccharide

Scheme 2: Kinetic Scheme of the AMCase Reaction
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substrate from the nonreducing end primarily by disaccharide
units and secondarily by trisaccharide units. Cleavage
patterns of (GlcNAc)5 and (GlcNAc)4 are shown in panels

B and C of Figure 4, and data also suggest that AMCase
prefers theâ anomer of (GlcNAc)4-5 as a substrate and
recognizes and hydrolyzes chitooligosaccharides from the
nonreducing end primarily via a disaccharide.

Ionic Strength Effects. Effects of ionic strength on the
chitinolytic activity of AMCase were assessed by both a
fluorogenic assay using chitobiose-4MU and chitotriose-4MU
as substrate and a HPLC assay using chitooligosaccharide
as substrate. When chitobiose-4MU was used as substrate,
we observed that AMCase activity increased in the presence
of high salt concentrations, and the magnitude of this effect
is dependent on the nature of the anion (Figure 5). AMCase
is ∼15-fold more active in the presence of 3.5 N NaCl. The
overall anion effect follows the Hofmeister series when the
salt concentrations are less than 2 N, except for citrate:
sulfate > phosphate> chloride > bromide > citrate >
acetate> iodide (21). The weaker effect of citrate that
usually sits on the top of Hofmeister series is likely due to
partial ionization at our experimental pH of 5. When the salt
concentration is higher than 2.0 N, the relative activities of
AMCase decreased for sulfate and phosphate series. We
speculate that this abnormal behavior is due to anion/water
clusters formed at high sulfate or phosphate concentrations.
The effect of cation is dependent on anionic partners, and

FIGURE 3: Transglycosylation reaction. (A) Progress curves of the hydrolysis reaction of the transglycosylation product from the mixture
of 167µM chitohexaose (O) or chitotriose (0) with 167µM GlcNAc-4MU and 67 nM AMCase. (B) AMCase-catalyzed hydrolysis reactions
at three chitobiose-4MU concentrations [25 (2), 12.5 (1), and 6.25 mM ([)] in the presence of various chitotriose concentrations were
monitored by the fluorogenic assay in triplicate.

FIGURE 4: Hydrolysis of the GlcNAc oligomer by AMCase. HPLC
analysis of the anomeric forms of the GlcNAc oligomer cleavage
products from AMCase: GlcNAc oligomer standards and (GlcNAc)6
(A), (GlcNAc)5 (B), and (GlcNAc)4 (C).

FIGURE 5: Effects of ionic strength on AMCase using chitobiose-
4MU as the substrate. The chitinolytic activity of AMCase is
monitored by the fluorogenic assay at 3.125µM chitobiose-4MU
in the presence of various concentrations of anionic sodium salts:
NaCl (9), Na2SO4 (2), NaPi (1), NaOAc ([), NaBr (b), NaI (0),
and Na citrate (4) buffers. The average of three experiments is
plotted.
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sodium chloride elevates the activity of AMCase more
significantly than other chloride salts that were tested (data
not shown).

Ionic strength effects were also monitored at different
chitobiose-4MU concentrations at various NaCl concentra-
tions (Figure 6). At higher salt concentrations, the activity
of AMCase increased considerably as expected; however,
apparent substrate inhibition was also more significant under
higher-salt conditions. As we have shown earlier, the
maximal level of apparent inhibition depends on thek2/k5

ratio (Scheme 2). In the presence of a high level of salt, the
rate of 4MU formation is significantly enhanced at lower
substrate concentrations (Figure 6). As discussed previously,
k2 is most likely the rate-limiting step under normal assay
conditions. Thus,k2 must also be significantly enhanced
under high-salt conditions. Separate HPLC analysis (Table
1) confirmed that high salt significantly enhances the rate
of 4MU formation and showed that high salt slightly
increases the rate of the transglycosylation reaction. Thus,
the overallk2/k5 ratio is increased under high-salt conditions,
which explains corresponding higher-level apparent substrate
inhibition under high-salt conditions.

When chitotriose-4MU was used as a substrate, we also
observed a similar enhanced rate of 4MU formation in high-
salt environments. However, HPLC analysis of chitotriose-
4MU revealed a more complex story. Figure 7 shows an
example of time course HPLC analysis of chitotriose-4MU

hydrolysis by AMCase at low and high salt concentrations.
Detailed results of initial rates of substrate hydrolysis and
product formation are listed in Table 1. Under low-salt
conditions, the major site of cleavage of chitotriose-4MU
by AMCase is theâ-1,4-glycosidic linkage between the
second and third GlcNAc from the nonreduction end (Figure
7A and Table 1). The rate of this cleavage is∼3-4-fold
faster than the cleavage occurring between GlcNAc and
4MU. However, high-salt conditions both enhance the rate
of cleavage between GlcNAc and 4MU and decrease the rate
of the cleavage between the second and third GlcNAc such
that the major cleavage site is switched to that between
GlcNAc and 4MU (Figure 7B and Table 1). For both
chitobiose-4MU and chitotriose-4MU substrates, we also
observed minor but detectable reaction that removes one
GlcNac from the nonreducing end under certain conditions
(Table 1).

We next examined possible effects of ionic strength on
AMCase-catalyzed cleavage of natural chitooligosaccharides
(GlcNAc)4-6 using normal-phase HPLC. Our results showed
that reaction rates of chitooligosaccharides were also en-
hanced by higher ionic strengths (Figure 8). In the presence
of 1.5 N NaCl, the rates of cleavage of chitopentaose and
chitotetraose by AMCase increased∼3-fold while the
cleavage rate for chitohexaose increased 7-fold. Apparent
substrate inhibition was also observed at chitooligosaccharide
concentrations higher than 100µM (data not shown), and
the salt effect was not observed at chitooligosaccharide
concentrations higher than 200µM. Unlike fluorogenic
substrates chtiobiose-4MU and chitotriose-4MU, no change
in the cleavage pattern of chitooligosaccharides was ob-
served.

Biophysical Properties of AMCase under High-Salt Con-
ditions. Biophysical methods were applied to elucidate
possible changes in the structure of AMCase under high-
salt conditions. Circular dichroism results between 200 and
320 nm revealed no significant secondary structural changes
between low- and high-salt conditions (data not shown). No
significant structural changes were detected by the intrinsic
tryptophan fluorescence method. The tryptophan fluorescence
was essentially the same under low- and high-salt conditions
(data not shown). Sedimentation velocity experiments showed
that the monomeric AMCase migrates with a sedimentation

Table 1: Initial Rates of Substrate Disappearance and Product Formationa from Hydrolysis of Fluorogenic Substrates by AMCase at Three
Substrate Concentrations under Low- and High-Ionic Strength Conditions

initial ratesubstrate
concentration (µM)

ionic
strengthb chitotriose-4MU chitobiose-4MU GlcNAc-4MU 4MU transglycosylationc

chitotriose-4MU 3.1 low -2.66 0 2.02 0.64 0
high -6.93 0 1.62 5.37 0

50 low -7.69 0.14 5.51 1.21 0.82
high -9.92 0 1.57 4.86 3.48

100 low -3.66 0 2.63 0.67 0.36
high -4.32 0 0.83 2.66 0.84

chitobiose-4MU 3.1 low 0 -0.07 0 0.07 0
high 0 -0.75 0 0.75 0.09

50 low 0 -1.08 0.13 0.81 0.25
high 0 -3.65 0 3.05 0.65

100 low 0.0003c -1.35 0.12 0.82 0.55d

high 0.02c -4.6 0 2.79 1.57d

a Initial rate within 10 min (nanomolar per second).b Low-salt buffer: 10 mM sodium citrate/citric acid, 20 mM sodium phosphate (pH 5.0),
0.005% Brij-35, and 1% DMSO. High-salt buffer: 3.5 N NaCl, 10 mM sodium citrate/citric acid, 20 mM sodium phosphate (pH 5.0), 0.005%
Brij-35, and 1% DMSO.c Since most transglycosylation products appeared after 40 min, the average rates were used here.d Including chitotriose-4MU.

FIGURE 6: Chitobiose-4MU dose titrations at various salt concen-
trations. The steady state rate plotted against the concentration of
chitobiose-4MU at various NaCl concentrations of 3 (9), 2 (2), 1
(1), 0.5 ([), 0.25 (O), and 0 N (0). Assays were performed in
triplicate.
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coefficient of ca. 4.0 S (∼50 kDa) at all tested concentrations
of NaCl (0, 1, 2, and 3.5 N). The SEC-MALLS experiment
under low-salt conditions confirmed the monomeric state of
AMCase (data not shown). Attempts to acquire SEC-
MALLS data under high-salt conditions were not successful.
Overall, these results suggest that ionic strength does not
promote AMCase oligomerization and does not alter the
global structure of AMCase.

DISCUSSION

AMCase is one of the critical proteins that are involved
in Th2-mediated inflammation. Even though the physiologi-
cal substrate(s) of AMCase in human and the exact mech-
anism by which AMCase regulates Th2-driven inflammation
are still unknown, this enzyme is rapidly emerging as a novel
therapeutic target in the area of asthma and allergic diseases.
This study attempts to gain further insight into the kinetic
mechanism of human AMCase. Detailed knowledge of
AMCase mechanism may help the identification of the

endogenous substrate(s) of AMCase, the design of specific
and potent inhibitors of AMCase, and the elucidation of the
mechanism of the involvement of AMCase in inflammation.

Human AMCase is a member of the family 18 glycosyl
hydrolases and thus is expected to follow the substrate-
assisted catalytic mechanism as shown in Scheme 1. During
initial kinetic characterization of human AMCase, we
observed apparent substrate inhibition of the enzyme in a
fluorogenic assay (Figure 2A,B). Several simple mechanisms
that may explain this deviation from the Michaelis-Menten
model include the inner filter effect, cooperativity of substrate
binding, and substrate inhibition. We showed that the
fluorescence of the 4MU product is not quenched by the
substrate, thus ruling out the inner filter effect. Hence, the
simple hydrolysis reaction as shown in Scheme 1 cannot
adequately explain the results in Figure 2A. At a reduced
AMCase concentration, we observed biphasic progress curves
at higher substrate concentrations (Figure 2B). The fact that
apparent substrate inhibition was not present during the initial
phase (Figure 2B,C) suggests the observed kinetics is not
due to cooperativity of substrate binding or substrate inhibi-
tion. We propose an additional “slow” transglycosylation step
in the AMCase reaction as shown in Scheme 2. This model
can now fully account for progress curves in panels A and
B of Figure 2 if k5 is slower thank3. Indeed, the transgly-
cosidase activity was directly observed when chitohexaose
and unhydrolyzable GlcNAc-4MU were incubated with
AMCase (Figure 3A). We next applied unhydrolyzable
chitotriose as the second substrate for transglycosylation.
Fitting of data to steady state eq 2 provided an estimate of
10-3 s-1 for k5, confirmingk5 , k3. Equation 2 also dictates
the maximal level of apparent inhibition is dependent on the
k2/k5 ratio. This prediction has been validated by assay results
from various experimental conditions (ionic strength and pH).
We observed that a higher ionic strength leads to a higher
level of apparent substrate inhibition, while a lower pH (pH
data not shown) leads to weaker inhibition. In both cases,

FIGURE 7: Effects of ionic strength on AMCase using chitotriose-4MU as the substrate. HPLC time course plots of 110µM chitotriose-
4MU hydrolyzed by 1 nM AMCase under (A) low-salt (0 N NaCl) and (B) high-salt (3.5 N NaCl) conditions: total (O), chitotriose-4MU
(1, red), chitobiose-4MU (2, pink), GlcNAc-4MU (9, blue), 4MU ([, green), and transglycosylation (b, ice blue).

FIGURE 8: Effects of ionic strength on AMCase using chitooli-
gosaccharides as the substrate. Steady state rate of chitotetraose
(1), chitopentaose (2), and chitohexaose (b) plotted against the
concentration of NaCl.
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the level of inhibition can be adequately explained by an
increase or decrease in thek2/k5 ratio. In addition, the estimate
of Km2 for transglycosylation is more than 1 order of
magnitude lower than theKm1 for hydrolysis. This implies
that the transglycosylation reaction of AMCase may provide
negative feedback regulation in vivo of the chitinase reaction
of AMCase. We speculate that the negative feedback
regulation might help explain the so-called hygiene hypoth-
esis (22). It has been shown that only chitin of a certain size
(1-20 µm) is able to decrease serum IgE levels and lung
eosinophilia (23) and to downregulate symptoms of allergic
hypersensitivity in mouse models of allergy (24). Clearly,
further investigation of yet-to-be identified endogenous
substrates of AMCase would help to elucidate this compli-
cated inflammatory mechanism.

Apparent substrate inhibition has been reported in many
chitinase systems (20, 25, 26). There have been generally
two types of explanations in the literature. Some have been
tentatively attributed to complex substrate inhibition due to
the binding of multiple substrate molecules (20, 25), while
others have been attributed to transglycosylation (26). In the
case of human chitotriosidase where transglycosylation was
observed with chitobiose-4MU, the kinetics reverted back
to normal Michaelis-Menten behavior when 4MU-(4-
deoxy)chitobiose, a nonacceptor for transglycosylation, was
used as the substrate (26). Therefore, the futile cleavage of
transglycosylation products was proposed to account for the
apparent substrate inhibition (26). In our opinion, this
explanation of how the transglycosidase activity of chito-
triosidase results in apparent substrate inhibition is not
sufficient. Because all kinetic data in this chitotriosidase
paper were measuring initial velocities, negligible amounts
of transglycosylation products cannot be the main factor. On
the basis of our model, the slow transglycosylation step
should also be responsible for apparent substrate inhibition
in the case of chitotriosidase. For chitinase-1 fromCoccid-
ioides immitis (CiX1) in which transglycosylation was
observed, the data simulation showed the rate of transgly-
cosylation is faster than the rate of hydrolysis (20). According
to eq 2 derived in our study, transglycosylation cannot be
the major factor for apparent substrate inhibition in CiX1,
consistent with the authors’ proposal of complex substrate
inhibition due to multiple-substrate binding. In all previous
published examples, transglycosylation has not been quan-
titatively characterized.

Family 18 chitinases cleave theâ-1,4-glycosidic bond to
produce theâ anomer as a product through the retaining
mechanism. HPLC analysis of (GlcNAc)4-6 confirms that
hydrolysis products of AMCase areâ anomers. Surprisingly,
AMCase also prefers theâ form of chitooligosaccharide as
a substrate. This preference of theâ form of the substrate
and the formation of theâ anomer product may be features
that could be utilized in the design of substrate mimics as
inhibitors of AMCase. On the basis of hydrolysis of
(GlcNAc)4-6, AMCase appears to recognize and cleave
chitooligosaccharide substrates from the nonreducing end
primarily by disaccharide units and secondarily by trisac-
charide units. Boot et al. (9) reported that mouse AMCase
cleaves colloidal chitin to generate (GlcNAc)2 as the only
product. Therefore, AMCase may function as an exo-
chitobiosidase, and to a lesser extent as a chitotriosidase.
The more definitive classification of AMCase awaits ad-

ditional HPLC experiments with longer length chitooligosac-
charides. For human chitotriosidase whose sequence is 57%
identical with that of human AMCase, while published
experimental data do not conclusively support classification
of chitotriosidase as an endo- or exo-chitinase, the enzyme
has been suggested to be an endo-chitinase based upon its
X-ray crystal structure (27). The primary amino acid
sequence of human AMCase shows the presence of two more
conserved cysteine residues in the catalytic core than in
human chitotriosidase. If the classification of AMCase and
chitotriosidase holds, this diversification may be attributed
to differences between their substrate binding domains and/
or conformational dynamics that are constrained by the extra
disulfide bond in AMCase.

Enhancement of chitinolytic activity of human AMCase
against chitobiose-4MU and chitotriose-4MU was observed
under higher-ionic strength conditions. This activation is
highly anion-dependent and appears to follow the Hofmeister
series. The effect of the cation was less pronounced and
dependent on anionic partners under our assay conditions.
HPLC analysis reveals that salt alters the cleavage pattern
against chitotriose-4MU such that AMCase behaves primarily
as a chitotriosidase under high-salt conditions while primarily
as a chitobiosidase under low-salt conditions. Changes in
the substrate cleavage pattern also suggest that the effects
of ionic strength are unlikely due to nonspecific salting-out
of the substrate. Under high-salt conditions, the chitinolytic
activities of AMCase against natural chitooligosaccharides
were also enhanced when the concentrations of substrates
were lower than 200µM. At high substrate concentrations,
the observed rates were complicated by apparent substrate
inhibition due to transglycosylation and no salt effect was
observed.

Characterization of AMCase by various biophysical meth-
ods suggests that high salt does not alter the global structure
of AMCase. However, the enhanced catalytic activity and
altered cleavage pattern of chitotriose-4MU under high-salt
conditions must imply localized conformational changes
around the active site of AMCase. The observed in vitro salt
effects of AMCase could have physiological implications in
vivo. AMCase is an important downstream Th2 effector of
cytokine IL-13-mediated inflammation pathway (13). Al-
lergic airway inflammation could affect the absorption and
secretion of electrolytes across the apical and basolateral
membranes through ion (Na+, K+, and Cl-) selective
channels (28). Several lines of evidence have already
indicated that cytokines IL-13 and IL-4 regulate epithelial
electrolyte transport (15, 16, 29). Thus, AMCase activity in
vivo may be modulated by ionic strength.

Although fluorogenic substrates chitotriose-4MU and
chitobiose-4MU have been widely used for chitinase studies,
salt-regulated chitinase activity against fluorogenic substrates
identified in this study indicates that maintaining a constant
salt concentration is crucial in meaningfully comparing
chitinase activities under two sets of conditions. This fact
has largely been ignored in the literature studies of chitinases.
Only limited studies have reported the effects of ionic
strength on chitinase. The chitin-binding domain of chitinase
A1 from Bacillus circulanshas enhanced chitin binding
activity in the presence of 0.5 M NaCl (30), and one mutation
of this protein has been shown to reduce its chitin binding
activity in the presence of 0-1.0 M NaCl but allows strong
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binding to chitin at 2.0 M NaCl (31). Another study shows
that chitinase B fromMicrobulbifer degradanshas no
significant changes in chitinolytic activity against fluorogenic
substrates at 1.0 M NaCl (32). These observations indicate
that ionic strength may have differential effects on different
chitinases, although they all share the same conserved
catalytic motif (DXXDXDXE).

Both fluorogenic assays and HPLC analysis (data now
shown) indicate that the chitinolytic activity of human
AMCase has one optimum pH forkcat/Km around 4-5. A
previous study of mouse AMCase reported a distinct major
pH optimum around 2, in addition to a pH optimum between
3 and 6 (9). Human AMCase is strongly expressed in stom-
ach and at a lower level in the lung. Even though the phys-
iological substrates of human AMCase are not known, it is
generally believed that the stomach AMCase functions as a
food processor (9). A pH optimum of 4-5 casts some doubt
on human AMCase’s primary role as a chitin hydrolase in
the stomach. On the other hand, the fact that fluid condensed
from the breath of patients with acute asthma is acidic (pH
∼5.2) and fluid from the breath of normal men is slight basic
(pH ∼7.7) (17) underscores the possible physiological
relevance of an optimum pH around 4-5 for chitinolytic
activity of human AMCase in the lung. Results from HPLC
analysis also indicate that transglycosidase activity of human
AMCase is higher at pH 2 than at pH 5 and 7 (data not
shown), suggesting that the transglycosylation reaction may
have a lower pH optimum than the hydrolysis reaction. Since
transglycosylation and hydrolysis are generally expected to
use the same catalytic machinery of the enzyme, we do not
understand currently distinct pH optima for the two reactions.
As discussed earlier, the transglycosylation reaction can
account for the observed apparent substrate inhibition of the
hydrolysis reaction and possibly provides the feedback
regulation of the hydrolysis reaction. The distinct pH optima
of transglycosylation and hydrolysis thus may add another
layer of regulation of human AMCase activity.

In summary, this report presents the first detailed kinetic
characterization of human AMCase. We showed that a slow
transglycosylation step in the AMCase reaction leads to the
observation of apparent substrate inhibition and may provide
feedback regulation of AMCase in vivo. We demonstrated
that AMCase prefers theâ anomer of chitooligosaccharides
and mainly functions as an exo-chitobiosidase. Our results
reveal that AMCase experiences elevated chitinolytic activity
in a high-ionic strength environment. The pH optimum of
human AMCase is consistent with possible roles in lung
inflammation. The studies reported here provide a spring-
board for further elucidating the mechanism of involvement
of AMCase in inflammation and developing more specific
and potent inhibitors of AMCase that may be utilized in
treatment of asthma and other allergic diseases.
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