
Thermodynamic Analysis of Allosamidin Binding to a Family 18 Chitinase†

F. Henning Cederkvist,‡ Silje F. Saua,‡ Vigdis Karlsen,‡ Shohei Sakuda,§ Vincent G. H. Eijsink,‡ and
Morten Sørlie*,‡

Department of Chemistry, Biotechnology and Food Science, Norwegian UniVersity of Life Sciences, P.O. Box 5003,
N - 1432 Ås, Norway, and Department of Applied Biological Chemistry, UniVersity of Tokyo, Bunkyo-Ku, Tokyo 113, Japan

ReceiVed May 25, 2007; ReVised Manuscript ReceiVed July 19, 2007

ABSTRACT: Inhibition of family 18 chitinases is emerging as a target for pest and fungal control as well
as asthma and inflammatory therapy. One of the best known inhibitors for these enzymes is allosamidin,
a natural product. While interactions of this compound with family 18 chitinases have been studied in
much detail by X-ray crystallography and standard enzymology, details of the driving forces behind its
tight binding remain unknown. We have studied the thermodynamics of allosamidin binding to chitinase
B (ChiB), a family 18 chitinase fromSerratia marcescens, using isothermal titration calorimetry. At pH
6.0,Kd is 0.16( 0.04µM, and the binding reaction is entropically driven (∆Sr ) 44 cal/K mol) with an
enthalpic penalty (∆Hr ) 3.8 ( 0.2 kcal/mol). Dissection of the entropic term shows that a favorable
conformational change in the allosamidin-ChiB complex (∆Sconf ) 37 cal/K mol) is the main contributor
to the reaction. At pH 8.5,Kd decreases to 0.03µM and the binding reaction is less entropically favorable
(∆Sr ) 30 cal/K mol). While the solvation entropy change (∆Ssolv) increases from 15 cal/K mol at pH 6.0
to 46 cal/K mol at pH 8.5,∆Sconf becomes small and negative (-8 cal/K mol) because of an enthalpy-
entropy compensation. Analyses of proton transfer showed that at pH 6.0 binding of allosamidin requires
deprotonation of the Asp142-Glu144 catalytic diad. At pH 8.5, the 142-144 diad is ionized in the native
enzyme, relieving the deprotonation penalty of binding and explaining why binding becomes enthalpically
favorable (∆Hr ) -1.2 ( 0.2 kcal/mol).

Chitinases break down chitin, an insoluble linear polymer
of â-1,4-linked N-acetyl-D-glucosamine. These enzymes
belong to the glycoside hydrolase families 18 and 19 (1).
Whereas family 19 chitinases are primarily found in plants
and actinomycetes, family 18 chitinases occur in many
different organisms, including humans. Chitin metabolism,
including hydrolysis by family 18 chitinases, is an important
process in many plague organisms and parasites. For
instance, the avian malaria parasitePlasmodium gallinaceum
is dependent on chitin hydrolysis to penetrate the chitin-
containing peritrophic matrix surrounding the blood meal in
the mosquito midgut, and the presence of the family 18
chitinase inhibitor allosamidin prevents the parasite from
entering the mosquito (2). Thus, chitin metabolism is an
interesting target area for the development of drugs and
pesticides, especially since humans do not possess chitin. In
lower organisms, such as plants and fungi, the production
of chitinases is associated with defense responses to chitin-
containing organisms (3-5). Whereas humans do not possess
chitin, they do possess family 18 chitinases that perhaps are
involved in similar defense reactions (6). The recent dis-
covery of the expression of human chitinases during TH2

inflammation through an interleukin (IL)-13-dependent mech-
anism led to the theory that chitinases play a role in the
pathogenesis of TH2 inflammation and IL-13 effector
pathway activation. It was suggested that chitinase expression
in some cases may reflect a parasite-independent antiparasite
response that can lead to inflammation such as asthma (7-
10). As a consequence of the known and putative biological
roles of family 18 chitinases, inhibition of these enzymes is
a target for the development of pesticides (11-13), fungi-
cides (14, 15), medicines for allergic and inflammatory
disorders (7-10), and anti-malarials (2, 16, 17).

The best known inhibitor of family 18 chitinases is
allosamidin, a natural product isolated fromStreptomyces
sp. (12, 18, 18-23). Allosamidin is a pseudotrisaccharide
that binds to the-3 to-1 glycon-binding subsites of family
18 chitinases with affinities in the low and sub-micromolar
range (12, 23, 24). Its allosamizoline group resembles the
oxazolinium ion reaction intermediate that emerges in the
-1 subsite during the catalytic cycle (Figure 1) (23, 25-
27). The crystal structures of several family 18 chitinases in
complex with allosamidin (21, 23, 25, 27) or its derivatives
(24) have revealed structural details of the enzyme-ligand
interaction. This interaction is dominated by residues com-
prising the-1 subsite, which are conserved throughout the
family 18 chitinase family (see below).

Both IC50 and Ki values for the allosamidin interaction
with various family 18 chitinases have been determined (12,
20, 23, 28). An especially interesting feature of the binding
reaction is its pH dependency. Several studies report a 5-fold
up to a 10-fold reduction inKi upon increasing the pH (12,
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22, 23). IC50 and Ki values yield no information on the
enthalpic and entropic contribution to the enzyme-ligand
interaction, whereas such information is fundamental for
understanding this interaction and, consequently, inhibitor
design. The reaction enthalpy change (∆Hr) of binding
between an inhibitor and an enzyme reflects the change in
weak interactions, such as electrostatic-electrostatic interac-
tions, hydrogen bonding, and dipole-dipole interactions, for
the inhibitor and the enzyme in going from two solvated
free species to a solvated complex. The reaction entropy
change (∆Sr) is normally divided into three contributions:
the loss in translational entropy that occurs when two species
combine, the change in solvation entropy, and the change
in conformational entropy. Typically, ligand binding leads
to desolvation, resulting in a gain in entropy that is thought
to be of particular importance if hydrophobic groups are
involved in the binding (29-35). The change in conforma-
tional entropy originates from changes in conformational
freedom for both the ligand and the protein.

Studies of the binding reactions with isothermal titration
calorimetry (ITC1) enable the direct determination of the
equilibrium binding association constant (Ka) and∆Hr in one
single experiment. The reaction-free energy change (∆Gr),
∆Sr, and the equilibrium binding dissociation constant (Kd)
follow from the relationship described in eq 1.

In addition, the temperature dependence of the enthalpy
change yields the change in heat capacity (∆Cp) as described
by eq 2:

The most important quantity in the thermodynamic descrip-
tion of binding is ∆Gr since this determines the binding
affinity of a ligand, that is, substrate or inhibitor, to an
enzyme. Detailed information of the binding affinity can be
obtained by investigating the enthalpic and entropic terms.
When examining the entropic term, any entropic change at
a given temperature can be calculated once∆Cp has been
obtained and the entropy change has been determined at a

reference temperature (TR) because entropy changes are
temperature dependent (eq 3):

For entropy changes, the reference temperature normally
corresponds to temperatures at which hydration is zero. This
temperature has been estimated to be 385 K. There are
several experiments that allude to this temperature. The
entropy of transfer of six liquid hydrocarbons, as a model
for hydrophobic interaction in protein folding, reaches zero
at 385.5( 2.2 K (29). Also, plotting entropy changes versus
heat capacity changes for denaturation of 11 proteins, apolar
gases, saturated hydrocarbon gases, and solid cyclic dipep-
tides yield linear plots, and the temperature of 385 K comes
from the slopes after least-squares fits of the data (31). A
similar result was obtained when 8 different alcohols were
investigated (36). InsertingTR ) 385 K and∆STR ) 0 into
eq 3 and rearranging, the solvation entropy at any given
temperature (e.g., 298 K) can be estimated when∆Cp is
known (eq 4).

Moreover, the loss in translational entropy (∆Smix) of the
binding reaction can be calculated as a statistical correction
that reflects the mixing of solute and solvent molecules that
effectively accounts for the entropy change due to changes
in translational/rotational degrees of freedom (eq 5) (37-
39).

Since the change in reaction entropy can be derived from
the ITC experiment, and as∆Ssolv and∆Smix can be calculated
at any temperature and pH,∆Sconf can be derived using eq
6.

Using this relationship, it is possible to determine the extent
of conformational changes induced by inhibitor binding.
When this approach has been used, experimental data from
ITC experiments compare well with structure-based predic-
tions for the binding of hydroxamic acid and carboxylic acid
inhibitors to the stromelysin-1 catalytic domain (40), 6-me-
thyltetrahydropterin to phenylalanine hydroxylase (41), and
ovomucoid third domain to elastase (37).

Here, we have studied the binding of allosamidin to ChiB,
one of three family 18 chitinases produced by the soil
bacteriumSerratia marcescens(42). The structure and the
catalytic mechanism of ChiB have been studied in much
detail. Available data include crystal structures of wild-type
and mutant enzymes with and without allosamidin, kinetic
parameters for various substrates, and structural and binding
data for interactions with a variety of inhibitors (20, 23, 27,
43-48). Thus, ChiB may serve as a model enzyme for
family18 chitinases.

MATERIALS AND METHODS

Isolation of ChiB and Allosamidin. Wild-type ChiB from
Serratia marcescenswas overexpressed inEscherichia coli

1 Abbreviations: ITC, Isothermal titration calorimetry; ChiB, chiti-
nase B ofSerratia marcescens.

FIGURE 1: Oxazolinium ion and allosamidin. (A) The proposed
positively charged reaction intermediate (oxazolinium ion), exem-
plified by a trisaccharide bound to subsites-3 (left) to -1 (right).
(B) Allosamidin.

∆Gr ) -RT lnKa ) RT lnKd ) ∆Hr - T∆Sr (1)

∆Cp ) (∂∆Hr

∂T ) (2)

∆ST ) ∆STR + ∫TR

T
∆Cpd lnT (3)

∆Ssolv, 298 K) ∆Cp ln(298 K
385 K) (4)

∆Smix ) R ln( 1
55.5) (5)

∆Sr ) ∆Ssolv + ∆Sconf + ∆Smix (6)
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and purified as described elsewhere (49). Allosamidin was
isolated fromStreptomycessp., and the purity was controlled
by 1H NMR as described elsewhere (18). Previously, the
structure of allosamidin had been verified by both NMR and
crystallography (19).

Isothermal Titration Calorimetry Experiments. ITC experi-
ments were performed with a VP-ITC system from Microcal,
Inc (Northampton, MA) (50). Solutions were thoroughly
degassed prior to experiments to avoid air bubbles in the
calorimeter. Standard ITC conditions were 500µM of
allosamidin in the syringe and 16µM of ChiB in the reaction
cell in 20 mM potassium phosphate buffer of pH between
6.0 and 8.5. The concentration of other buffers, PIPES,
imidazole, HEPES, tricine, and TRIS, was also 20 mM. The
heats of ionization of these buffers are as follows: potassium
phosphate, 1.22 kcal/mol (51); PIPES, 2.74 kcal/mol (51);
imidazole, 8.75 kcal/mol (51); HEPES, 5.02 kcal/mol (51);
Tricine, 7.64 kcal/mol (51); and TRIS, 11.2 kcal/mol (52).
For a typical titration of ChiB with allosamidin, 16µM ChiB
was placed in the reaction cell with a volume of 1.4214 mL,
and 500µM of allosamidin was placed in the ITC syringe.
Aliquots of 5µL were injected into the reaction cell at 140
s intervals with a stirring speed of 260 rpm. The titrations
were normally completed after 25 injections.

Analysis of Calorimetric Data. ITC data were collected
automatically using the Microcal Origin v.7.0 software
accompanying the VP-ITC system (50). All data were
corrected for heat of dilution by subtracting the heat
remaining after the saturation of binding sites on the enzyme
prior to further data analysis. Data were fitted using a
nonlinear least-squares algorithm using a single-site binding

model employed by the Origin software that accompanies
the VP-ITC system. All data from the binding reactions fitted
well with the single-site binding model, yielding the stoi-
chiometry (n), equilibrium binding association constant (Ka),
and the enthalpy change (∆Hr) of the reaction. The value of
n was found to be between 0.9 and 1.1 for all reactions. The
changes in reaction free energy (∆Gr) and entropy (∆Sr) as
well as the dissociation constant (Kd) were calculated using
eq 1.

RESULTS

Binding of Allosamidin to ChiB. The binding of allosa-
midin to ChiB in 20 mM potassium phosphate at different
temperatures (20-37 °C) and pH (6.0-8.5) was studied by
ITC. Figure 2 shows typical ITC thermograms and theoretical
fits to the experimental data for two different pH values (pH
6.0, Figure 1A, and pH 8.5, Figure 1B).

At t ) 30 °C, Kd is in the submicromolar area (0.16(
0.04µM, pH 6.0) and decreases to 0.03/0.04µM at pH 7.0
and higher values (Table 1). At pH 6.0, the binding of
allosamidin is clearly entropically driven, with an enthalpic
penalty: ∆Sr ) 44 cal/K mol and∆Hr ) 3.8 ( 0.2 kcal/
mol. At higher pH, the binding reaction becomes exothermic,
and the entropic term becomes smaller. At the highest pH
tested, pH 8.5,∆Hr ) -1.2 ( 0.2 kcal/mol and∆Sr ) 30
cal/K mol. Measurements of the temperature dependency of
∆Hr yielded∆Cp values (Figure 3). Interestingly, the change
of heat capacity of the binding reactions also showed a clear
pH dependency (Table 1), with values decreasing from-63
( 4 cal/K mol at pH 6.0 to-190( 13 cal/K mol at pH 8.5.

FIGURE 2: Thermograms (upper panels) and binding isotherms with theoretical fits (lower panels) obtained for the binding of allosamidin
to ChiB at pH 6.0 (A) and pH 8.5 (B) at 30°C in 20 mM potassium phosphate. Allosamidin (500µM, injections of 4µL) was titrated into
the reaction cell containing ChiB (16µM, 1.4214 mL).
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Parametrization of the Entropic Term.The entropic term,
∆Sr, can be split into three terms, as shown in eq 5:∆Ssolv,
∆Smix, and ∆Sconf. The availability of∆Cp values for the
binding of allosamidin to ChiB at selected pH enables the
estimation of∆Ssolv using the relationship in eq 3. Table 2
shows that∆Ssolv increases with increasing pH, from 15 cal/K
mol at pH 6.0 to 46 cal/K mol at pH 8.5.

Because the loss of translational entropy,∆Smix, is
independent of pH, it is possible to calculate the change in
entropy with respect to conformational changes,∆Sconf, may
be calculated from∆Sr and∆Ssolv, using eq 6. Table 2 shows

that ∆Sconf is large and positive at pH 6.0 (37 cal/K mol)
and, thus, the main contributor to the driving force of the
binding reaction. At higher pH values∆Sconf decreases, and
at pH 8.5,∆Sconf has a small negative value (-8 cal/K mol).

Effect of Buffer Ionization and pH on Binding Enthalpy.
Potential protonation/deprotonation effects coupled to al-
losamidin binding to ChiB were investigated by testing the
contribution from buffer ionization to∆Hr (53). ITC experi-
ments were carried out at identical buffer concentrations at
pH 6.0 with three reaction buffers and at pH 8.5 with four
reaction buffers having different ionization enthalpies at
30 °C. The∆Hr obtained was plotted as a function of the
ionization enthalpy of the buffer (Figure 4) and fitted to eq
7 (53).

In this equation,∆Hind is the buffer independent enthalpy
change andnH+ is the number of protons taken up or released
by the enzyme upon ligand binding (53). The slope of the
linear regression indicates that at 0.9 protons are transferred
from the enzyme-ligand complex to the buffer (nH+ )
-0.90( 0.03) at pH 6.0 and that 0.2 protons are taken up
by the enzyme-ligand complex from the buffer during
formation of the ChiB-allosamidin complex (nH+ ) 0.20
( 0.05) at pH 8.5. The intercepts give the buffer-independent
enthalpy change to be 4.2( 0.2 kcal/mol at pH 6.0 and-1.7
( 0.4 kcal/mol at pH 8.5.

DISCUSSION

Carbohydrate Binding to Glycoside Hydrolases and Lec-
tins. Carbohydrate structures have an indisputable importance
in biology. Their complexity ensures a high specificity in
binding glycoside hydrolases or carbohydrate-binding pro-
teins, lectins. Focus on the thermodynamics of carbohydrate
binding to such enzymes has proved vital to better under-
standing the binding mechanisms. Parametrization of the
entropy term has previously been described for the binding

Table 1: Thermodynamic Parameters Obtained for the Binding of
Allosamidin to ChiB att ) 30 °C in 20 mM Potassium Phosphate

pH
Kd

(µM)
∆Gr

(kcal/mol)
∆Hr

(kcal/mol)
∆Sr

(cal/K mol)
∆Cp

(cal/K mol)a

6.0 0.16( 0.04 -9.4( 0.1 3.8( 0.2 44( 1 -63 ( 4
6.5 0.13( 0.01 -9.5( 0.1 3.5( 0.1 43( 1 -60 ( 4
7.0 0.03( 0.01 -10.4( 0.2 2.6( 0.1 43( 1 -120( 9
7.5 0.04b -10.3b 0.3( 0.1 35 -131( 8
8.0 0.04b -10.3b 0.1( 0.2 34 -193( 9
8.5 0.033( 0.004 -10.4( 0.1 -1.2( 0.2 30( 1 -190( 13

a These data are derived from the temperature dependence of∆Hr;
see Figure 3 and text.b Interpolated fromKd and∆G data att ) 20,
25, and 37°C.

FIGURE 3: Temperature dependence of the enthalpy change for the
binding of allosamidin to ChiB in 20 mM potassium phosphate at
different pH values, as measured by ITC. The results shown are
the mean values from three independent measurements at each pH
and temperature. The slope of the linear regression of∆Hr vs
temperature yields a∆Cp ) -63 ( 4 cal/K mol for pH 6.0 (9),
-131 ( 8 cal/K mol for pH 7.5 (b), and-190 ( 13 cal/K mol
for pH 8.5 (2). The plots for pH 6.5 (∆Cp ) -60 ( 4 cal/K mol),
pH 7.0 (∆Cp ) -120 ( 9 cal/K mol), and pH 8.0 (∆Cp ) -193
( 9 cal/K mol) were omitted for clarity.

Table 2: Division of the Entropic Term of Allosamidin Binding in
20 mM Potassium Phosphate Buffers

pH
∆Sr

(cal/K mol)

∆Smix

(cal/K mol)
a

∆Ssolv

(cal/K mol)
b

∆Sconf

(cal/K mol)
c

6.0 44 -8 15 37
6.5 43 -8 14 37
7.0 43 -8 20 31
7.5 35 -8 22 21
8.0 34 -8 46 -4
8.5 30 -8 46 -8
a ∆Smix ) R ln(1/55.5)) -8 cal/K mol (“cratic” term).b ∆Ssolv,calc

) ∆Cp ln(T298 K/T385 K). c ∆Sr ) ∆Ssolv + ∆Smix + ∆Sconf.

FIGURE 4: Plot of the enthalpy change of the binding reaction vs
the ionization enthalpy change of different buffers at pH 6.0 (9)
and pH 8.5 (2). Experiments were performed at 30°C in 20 mM
buffer solutions. The∆Hion values used for pH 6.0 were potassium
phosphate, 1.22 kcal/mol (51); PIPES, 2.74 kcal/mol (51); imida-
zole, 8.75 kcal/mol (51); and those for pH 8.5 were potassium
phosphate, 1.22 kcal/mol (51); HEPES, 5.02 kcal/mol (51); Tricine,
7.64 kcal/mol (51); TRIS, 11.2 kcal/mol (52).

∆Hr ) ∆Hind + nH+‚∆Hion (7)
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of four mannose oligosaccharides to the lectin concanavalin
A (conA) and a lectin fromDioclea grandifora(54). All
binding reactions were enthalpically driven with entropic
penalties mainly dominated by∆Ssolv. For example, methyl
3-O-(R-D-mannopyranosy1)-R-D-mannopyranoside binding
to conA was found to have∆H of -7.4 kcal/mol,∆Ssolv of
28.2 cal/K mol, and∆Sconf ) -25.0 cal/K mol. In another
study, the binding of a trimeric xylosaccharide (X3) and
hexameric xylosaccharide (X6) to an inactive xylanase was
also found to be enthalpically driven with entropic penalties
as well at 298 K. (For X3 ∆G ) -7.0 kcal/mol,∆H ) -10.5
kcal/mol, ∆S ) -11.6 cal/K mol, and∆Cp ) -94 cal/K
mol; these data imply that∆Ssolv ) 24 cal/K mol and that
∆Sconf ) -27.7 cal/K mol, using the calculation method
presented above; for X6 binding ∆G ) -8.8 kcal/mol,∆H
) -15.0 kcal/mol,∆S) -20.4 cal/K mol, and∆Cp ) -380
cal/K mol; calculated,∆Ssolv ) 97 cal/K mol and∆Sconf )
-109.7 cal/K mol for X6 binding (55).) In this latter study,
it is especially interesting to note that while∆Ssolv increases
from 24 cal/K mol to 97 cal/K mol on going from a trimer
to a hexamer, the∆Sconf decreases from-27.7 cal/K mol to
-109.7 cal/K mol. Both results are expected since longer
saccharides will expulse more water than shorter ones and
be more flexible, and, hence, lose more conformational
freedom upon complexation. In another example, Garcia-
Hernandez et al. showed that binding of chitotriose to
lysozyme also is driven by enthalpy with an entropic penalty
dominated by∆Sconf (∆G ) -6.8 kcal/mol,∆H ) -15.2
kcal/mol, ∆S ) -27 cal/K mol, and∆Cp ) -120 cal/K
mol; calculated,∆Ssolv ) 26,8 cal/K mol and∆Sconf ) -45,8
cal/K mol) (56).

Even though it appears that a vast majority of carbohydrate-
binding events come with an entropic penalty, it has been
suggested that isofagamine binding to almondâ-glucosidase
was entropically driven as determined by a van’t Hoff
analysis (-ln Ki vs 1/T) (57). It was later confirmed through
direct ITC measurements that even though the main contri-
bution to the driving force was enthalpy change, indeed a
positive entropy change was associated with binding (∆G
) -10.6 kcal/mol,∆H ) -9.7 kcal/mol,∆S) 3 cal/K mol,
and∆Cp ) -50 cal/K mol; calculated,∆Ssolv ) 12,8 cal/K
mol and∆Sconf ) -1.8 cal/K mol) (58). In this case, the
∆Sconf penalty is much less dominant than in the examples
described above. The Davies group has followed up this work
with a study of no less than 18 glycoside hydrolase inhibitors
binding to theThermotoga maritimafamily 1 â-glucosidase
(TmGH1) (59). Eleven of these inhibitors displayed a positive
entropy change while all 18 had a negative enthalpy change
(parametrization of the entropy change could not be done
because∆Cp values were not reported for this study). Thus,
while binding in all cases was at least partly enthalpically
driven, the contribution of the entropic term varied consider-
ably. For the strongest binding inhibitor, the entropic
contribution to∆G was larger than the enthalpic contribution
(∆G ) -10.9 kcal/mol,∆H ) -4.6 kcal/mol, and∆S )
21 cal/K mol). The present study provides an example of a
case where the entalpic term is unfavorable, and entropic
contributions are dominating in part of the pH spectrum that
was tested.

DriVing Force of Allosamidin Binding to ChiB. At pH 6.0,
the binding of allosamidin to ChiB is strictly entropically
driven (44( 1 cal/K mol) with an enthalpic penalty (3.8(

0.2 kcal/mol). This is in contrast to what is normally observed
for interactions between carbohydrates and glycoside hy-
drolases and lectins (see above). The parametrization of the
entropy change shows that∆Sconf (37 cal/K mol) contributes
more to the driving force of the binding process than∆Ssolv

(15 cal/K mol). The positive∆Sconf is rather surprising
because ligand binding to glycoside hydrolases tends to lead
to rigidification of flexible regions that interact with the
ligand (60-62). ChiB contains several loops with relatively
high B-factors near the substrate-binding groove, but these
loops primarily interact with ligands binding in aglycon
subsites (27, 43). Allosamidin binds to the glycon subsites
and interacts only with residues that have lowB-factors in
the structure of the ligand-free enzyme.

At higher pH values, the allosamidin-ChiB complex
shows typical enthalpy-entropy compensation, that is, as
the strength of the intermolecular forces increases, the degree
of freedom for the complex decreases (63). As the weak
interactions in the complex become stronger (i.e., lower∆Hr),
the entropic term becomes less favorable. The decrease in
the entropic term,∆Sr, with increasing pH is due to the loss
of 45 cal/K mol in∆Sconf in going from pH 6.0 to 8.5. The
increase in∆Ssolv (29 cal/K mol) over the same pH range
does not cover the∆Sconf loss. All in all, the results show
that entropic effects play a major role in driving allosamidin
binding.∆Ssolv contributes at all pH values tested, whereas
∆Sconf contributes at pH values up to 7.5. At high pH, the
reduction of entropic effects is compensated by a more
favorable enthalpic term, and only at high pH do enthalpic
effects contribute to the binding reaction at all.

Proton Transfer to and from the Allosamidin-ChiB
Complex. The structure of allosamidin has been solved in
complex with various family 18 chitinases (21, 23, 25, 27)
(Figure 5). These complexes show that binding is dominated
by interactions between the allosamizoline group and highly
conserved residues in the-1 subsite that are crucial for
catalytic activity and substrate binding. The most prominent
of these residues is Asp142 (ChiB numbering), which is the
middle residue in the characteristic DXDXE sequence motif
that includes the catalytic acid (Glu144 in ChiB). Asp142
interacts with the positive charge on allosamizoline while
being hydrogen bonded to Glu144 (Figure 6). The explana-
tion for the observed decrease inKd with increasing pH is
most likely that it is due to the titration of Asp142 and/or
Glu144 and of allosamidin itself (21, 23, 25, 27).

Calculations of electrostatic interactions and pKa values
in ChiB have shown that the Asp140-Asp142-Glu144 triad
contains two protons at pH 6.1, regardless of ligand

FIGURE 5: Crystal structure of the active site of ChiB with
allosamidin bound (27) (PDB code 1e6r). E144 and D142 are both
within hydrogen bond distance of the allosamizoline.
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binding (43). Both calculations and structural analyses
showed that these protons reside on the Asp142 and Glu144
diad in enzyme complexes and that there is a strong hydrogen
bond between Asp 142 and Glu144. Optimal binding of a
charged ligand such as allosamidin would require the
deprotonation of the 142-144 diad (Figure 6) (27, 43).
Calculations for the ligand-free enzyme indicated that the
lowest pKa in the diad is that of Glu144 (pKa ) 7.1; (43)).
The pKa of allosamidin has not been measured yet, while
2-amino-oxazolines have been found to have pKa values
around 8.6 (64). Allosamidin displays similarities to these
compounds. At pH 6.0, allosamidin will then most likely be
protonated. The buffer dependency of the binding reaction
at pH 6.0 shows that 0.9 protons are transferred from the
allosamidin-ChiB complex to the buffer. This is most likely
due to a deprotonation of the 142-144 diad, resulting in
the formation a negative charge that can participate in an
electrostatic-electrostatic interaction with the positively
charged allosamidin (Figure 6). The fact that 0.2 protons are
transferred to the enzyme-inhibitor complex from the buffer
solution at pH 8.5 (where the 142-144 diad is likely to be
largely deprotonated in the native enzyme) could be taken
to imply that approximately 20% of the allosamidin mol-
ecules that bind to the enzyme need to pick up a proton from
the solvent to maintain the electrostatic-electrostatic interac-
tion. That is, 20% of the allosamidin molecules in solution
are deprotonated, whereas the rest of the allosamidin units
that complex with ChiB are protonated when in solution.
This would suggest that the pKa value of allosamidin is close
to 9.0 rather than 8.5.

pH Dependency of Binding.Studies of pH dependency
presented above show that at higher pH values, the entropic
effects of complex formation become less favorable, whereas
enthalpic effects become much more favorable, the net effect
being a clear decrease inKd. A similar dependency of binding
on pH has been observed previously forKi values estimated
from simple IC50 measurements (0.16µM, pH 6.0 and 0.04
µM, pH 8.0 vs 0.2µM, pH 6.1 and 0.04µM, pH 8.0) (23).
Vaaje-Kolstad et al. also found that the pH dependency of
Ki was strongly reduced upon mutating Asp142 in ChiB to
Asn, showing that titration of the enzyme is an important

component of the pH dependency (23). The proton-transfer
studies show that one reason for∆Hr becoming more
favorable at increased pH is that the deprotonation penalty
diminishes as a result of ionization of the 142-144 diad in
the ligand-free enzyme. The pH dependency of∆Sconf is not
easy to explain in molecular terms but may, in general terms,
be linked to the enthalpy-entropy compensation of allosa-
midin binding as discussed above. The increase in∆Ssolv with
increasing pH may be explained on the basis of a developing
negative charge due to the deprotonation of the Asp142-
Glu144 diad. This negative charge will require increased
solvation (65). Thus, at higher pH, the active site of ChiB
will bind more water molecules than that at lower pH, and
more water will be expulsed upon allosamidin binding,
leading to an increase in the entropy gain. Dunitz has shown
that the release of a highly ordered water molecule may
generate a favorable entropy change up to 7 cal/K mol (66).
Increased solvation of the empty active site at higher pH is
also consistent with the observed decrease in∆Hr with
increased pH. Water expulsed from the active site upon
allosamidin binding will contribute favorably to the enthalpy
of binding by formation of stronger hydrogen bonds when
returning to bulk solvent (67).

In this study, ITC has been used to measure the thermo-
dynamics for the binding of allosamidin, the best known
inhibitor of family 18 chitinases, to ChiB ofSerratia
marcescens. Analysis of the different energetic contributions
showed that allosamidin binding to ChiB differs from what
is normally observed for carbohydrate-protein binding
reactions in that the reaction comes with an enthalpic penalty
and a large and positive conformational entropy change at
low pH. These results provide expanded insight into the
repertoire of energetic contributions used in natural glycoside
hydrolase-inhibitor interactions and add to the knowledge
base needed for future inhibitor design.
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