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ABSTRACT: Glucosyltransferases (GTFs) secreted by mutans streptococci and some other lactic acid bacteria
catalyze glucan synthesis from sucrose, and possess a C-terminal glucan-binding domain (GBD) containing
homologous, directly repeating units. We prepared a series of C-terminal truncated forms of the GBD of
Streptococcus sobrinusGTF-I and studied their binding to dextran by isothermal titration calorimetry.
The binding of all truncates was strongly exothermic. Their titration curves were analyzed assuming that
the GBD recognizes and binds to a stretch of dextran chain, not to a whole dextran molecule. Both the
number of glucose units constituting the dextran stretch (n) and the accompanying enthalpy change (∆H°)
are proportional to the molecular mass of the GBD truncate, with which the Gibbs energy change calculated
by the relation∆G° ) -RT ln K (R, the gas constant;T, the absolute temperature;K, the binding constant
of a truncate for a dextran stretch ofn glucose units) also increases linearly. For the full-length GBD (508
amino acid residues),n ) 33.9,K ) 4.88× 107 M-1, and∆H° ) -289 kJ mol-1 at 25°C. These results
suggest that identical, independent glucose-binding subsites, each comprising 14 amino acid residues on
average, are arranged consecutively from the GBD N-terminus. Thus, the GBD binds tightly to a stretch
of dextran chain through the adding up of individually weak subsite/glucose interactions. Furthermore,
the entropy change accompanying the GBD/dextran interaction as given by the relation∆S° ) (∆G° -
∆H°)/T has a very large negative value, probably because of a loss of the conformational freedom of
dextran and GBD after binding.

Glucosyltransferases (GTFs)1 or glucansucrases (EC 2.4.1.5)
are extracellular enzymes produced by several groups of
lactic acid bacteria, including mutans streptococci. They
catalyze the transfer of glucosyl units derived from the
cleavage of sucrose to a growingR-glucan chain (1). One
of several characteristic properties of these enzymes is their
high affinity for R-glucans produced by their own actions.
Hence, GTFs are conventionally grouped as glucan-binding
proteins (GBPs: reviewed in ref2). With one known
exception (3), the glucan-binding domain (GBD) is located
in the C-terminal portion of GTFs containing approximately
500 amino acids (4).

The GBD is composed of a series of homologous tandem
repeats. Based on the degree of sequence similarity, these
repeats have been grouped into four different classes, namely,
A, B, C, and D repeats, although all the repeats are
immunologically cross-reactive (5). These repeats vary in
length from 20 to 48 amino acid residues, but all of them
include highly conserved glycine and aromatic residues. The
A-repeat motif is universally found in the GBDs of all GTFs
and in nonenzyme GBPs of mutans streptococci (1, 2). It
has sequence similarity to the cell wall (CW)-binding motifs
of toxins A and B ofClostridium difficileand the lysins of
Streptococcus pneumoniae(6, 7). However, it has recently
been shown that proteins containing the A-repeat motif and
those containing the CW-binding motif have different binding
specificities to carbohydrate ligands (8). A hypothesis was
also proposed to explain the similarity/dissimilarity in the
sequence and size of these repeats, which suggests that repeat
sequences evolve from multiple duplication of a common
fundamental repeat (“YG” motif) in response to selective
pressure (9).

With regard to the role of GBD repeats, a number of
studies have been performed to understand the importance
of some specific amino acid residues in such repeats for
glucan binding as well as the minimum number of repeats
essential for GTF functions (8, 10-13). Dissociation con-
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stants have recently been estimated for the binding of the
GBDs of GTFs and GBPs to dextran (8, 14). Although these
studies have revealed the structural and functional signifi-
cance of the repeat structure of GBDs, the mechanism of
their interaction with glucans is poorly understood. For
example, it has not yet been elucidated whether a GBP
molecule recognizes and binds to a whole glucan molecule
or a stretch of its chain. In other words, the stoichiometric
relationship between the GBD and glucan remains to be
determined. It is also unknown what kinds of interactive
forces are effective between GBP and glucan.

In this study, we prepared a series of genetically truncated
forms of a catalytic domain-deficient GBD fromStrepto-
coccus sobrinus6715 (serotype g) GTF-I (15, 16), which
consists of six A repeats and five C repeats, and analyzed
the interaction of these forms with dextran by isothermal
titration calorimetry (ITC). The catalytic domain-deficient
GBDs exhibit significant glucan binding and are useful to
analyze the binding characteristics (8, 9, 13-15). Dextran
is a glucan that is composed of contiguousR-1,6-linked
D-glucopyranose units containing a small percentage of
mostly R-1,3-linked branching points and is routinely used
in most experimental studies on GTFs and GBPs. The ITC
data was analyzed assuming that the GBD recognizes and
binds to a dextran stretch consisting of a certain number of
glucose units. We thus estimated its number together with
accompanying thermodynamic parameters (Gibbs energy
change and enthalpy and entropy changes). These parameters
thus estimated are linear functions of the number of amino
acid residues constituting the GBD truncates. The implica-
tions of this result together with the nature of GBD/dextran
interaction (sources of enthalpy and entropy changes) are
discussed in the light of the structural characteristics of both
the GBD and dextran.

EXPERIMENTAL PROCEDURES

Chemicals.Dextran T25 (dextran standard 25,000;Mw/
Mn ) 1.3) and T10 (10 kDa;Mw/Mn ) 1.7) were purchased
from Fluka and Pharmacia, respectively. Other chemicals
were of analytical grade.

Plasmid Construction.Plasmids of pGBD6R that encodes
the full-length GBD (amino acids 1084-1592) from S.
sobrinus GTF-I and pGBD4RS that encodes a fragment
containing four N-terminal A repeats (amino acids 1084-
1329) were constructed by inserting theHindIII-digested
segments of pAB5 and pAB2 (15), respectively, at the
HindIII site in the multicloning site of pUC18. Other
plasmids encoding the GBD truncates with different lengths
(pGBD2R, pGBD3R, pGBD4RL, and pGBD5R) were pre-
pared by introducing a stop codon into pGBD6R at the start
of each A repeat (Figure 1). The QuikChange Site-Directed
Mutagenesis Kit (STRATAGENE) was used for site-directed
mutagenesis. All plasmids encoded a cysteine-containing
extra peptide (TMITNSSSVPGDPLESTCRH) from pUC18
at the N-terminal end of the GBD truncate (see below).

Protein Expression and Preparation.Proteins were ex-
tracted fromEscherichia coliJM109 transformed with the
constructed plasmids and grown at 37°C in 2× YT medium
containing 100 µg mL-1 ampicillin (15). The protein
expression was induced by isopropyl-â-D-thiogalactoside at
an OD660nm of 1.0. After 3 h of incubation, the cells were

harvested by centrifugation and washed twice with 5 mM
MgCl2, 5 mM KCl, and 10 mM Tris-HCl (pH 7.4). The cells
were stored in a freezer (-20 °C) until use. Frozen cells
were suspended in 4 M guanidine hydrochloride (GdnHCl)/
10 mM K-phosphate buffer (pH 6.8) and treated by an
ultrasonic disruptor (UD-201; Tomy Seiko Co., Tokyo,
Japan) for 5 min on ice. The suspension was centrifuged,
and the supernatant was dialyzed against 10 mM K-phosphate
buffer (pH 6.8) for GBD2R, GBD4RS, GBD4RL, and
GBD5R; against the same buffer supplemented with 1.5 M
GdnHCl and 1 M NaCl for GBD3R; and against the same
buffer supplemented with 0.2 M GdnHCl and 1 M NaCl for
GBD6R. After removing the insoluble material by centrifu-
gation, the extract was mixed with Sephacryl S-300 (Phar-
macia) equilibrated with 10 mM K-phosphate buffer (pH
6.8). The gel was washed with the same buffer and poured
into a column (12× 280 mm). The adsorbed proteins were
eluted by a linear 0-4 M GdnHCl gradient in 10 mM
K-phosphate buffer (pH 6.8) (17). GBD2R and GBD3R were
eluted at GdnHCl concentrations of 1.5 and 2.6 M, respec-
tively, and the other GBD proteins at 3.2 M. The main eluted
peak contained the monomers and dimers of the expressed
GBD proteins. The dimer was formed by disulfide cross-
linking via the cysteine residue in the N-terminal extra
peptide, as described above. Hence, the sample was first
treated with 10 mM dithiothreitol at 25°C for 30 min and
dialyzed against 10 mM K-phosphate buffer (pH 6.8) for 3
h, and the cysteine residue was then alkylated with 10 mM
N-ethylmaleimide at 25°C for 30 min. The protein was again
adsorbed onto Sephacryl S-300 and eluted with 4 M GdnHCl/
10 mM K-phosphate buffer (pH 6.8). The purity of protein
samples was examined by SDS-PAGE (Figure 2).

Protein and Dextran Concentrations.Protein concentration
was determined from the absorbance at 280 nm using a molar
extinction coefficient, which was calculated from the deduced
amino acid compositions (15, 18). Dextran concentration was
determined by the phenol-sulfuric acid method by using
glucose as the standard (19).

FIGURE 1: Schematic structures of GBD-truncated proteins.
GBD truncates start at Ile1084 of GTF-I and terminate at the
amino acid numbers indicated on the right; the truncates are named
based on the number of A repeats (black bars). The figures in
parentheses indicate the number of amino acid residues in GBD
truncates.
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Isothermal Titration Calorimetry.An MCS-ITC (Micro-
Cal, Inc.) was used at 5°C, 15 °C, and 25°C. Protein
samples were dialyzed against 10 mM K-phosphate
(pH 6.8) or the same buffer supplemented with 0.2 M
GdnHCl and 1 M NaCl to increase the solubility of truncated
GBDs. Dextran (T10 or T25) was dissolved in the same
buffer as that used for dialysis, and an aliquot of the
solution was injected every 5 min into the protein solution
until no further heat production was observed. The
dextran concentrations used were as follows: 0.9-2.5 mg
mL-1 for GBD4RS, GBD4RL, and GBD5R and 0.18-0.3
mg mL-1 for GBD6R. The protein concentrations used
were as follows: GBD4RS, 14.7-16.8 µM; GBD4RL,
12.0-12.5 µM; GBD5R, 11.8-12.1 µM; and GBD6R,
0.90-2.25µM. For all experiments, the heat of mixing was
measured by injecting the dextran solution into the dialysis
buffer.

Data Analysis.We assumed that one molecule of GBD
binds to a stretch of dextran chain consisting ofn glucose
units, (-Glc-)n, forming the complex, GBD‚(-Glc-)n:

The equation for fitting binding isotherms for this interaction
can be derived as follows. First, the concentration of dextran
is converted into its glucose equivalent concentration ([Glc]t),
which gives the total concentration of the dextran stretch as
[Glc] t/n. The equilibrium (binding) constant (K) for GBD
binding to a dextran stretch is then related to the total GBD
concentration ([GBD]t) as follows:

whereY is the fraction of the dextran stretch-bound form of
GBD and [Glc]/n is the free dextran stretch concentration;
hence [GBD]tY and [GBD]t(1 - Y) are concentrations of
dextran stretch-bound and free GBD, respectively. Combin-
ing eqs 1 and 2 gives the quadratic equation forY, which is
solved as follows:

The observed heatq should be proportional to the amount
of the dextran stretch-bound GBD in the volume of the
reaction cell (V0, 1.3 mL), which is hence related to the
enthalpy change per mole of the GBD (∆H) as follows:

The raw ITC data were integrated and corrected for the
mixing heat of dextran using the software (the Origin Lab)
installed in the MCS-ITC instrument. To obtain the binding
parameters for the model described above, the cumulative
heat was plotted as a function of the molar ratio of the
glucose equivalent concentration of dextran to the protein
concentration. The titration curve thus obtained was fitted
to eq 4 by using the analytically determined values of [GBD]t

and [Glc]t with K, ∆H, andn as adjustable parameters, for
which “the user-defined function tool” in the data analysis
program of the Origin software (ver. 6.1J) was used.

The thermodynamic parameters are all given as the GBD-
mole based values unless otherwise specified. The standard
Gibbs energy change∆G° and the standard entropy change
∆S° were calculated using the equations∆G° ) -RT ln K
and∆G° ) ∆H° - T∆S°, respectively, whereR is the gas
constant andT is the absolute temperature. The standard
enthalpy change∆H° is routinely approximated by the
observed enthalpy change.

Circular Dichroism.A JASCO J-720 spectropolarimeter
was used to record the circular dichroism (CD) spectra of
the GBD (11.8µM GBD4RS, 4.7µM GBD4RL, 6.6 µM
GBD5R, and 1.0µM GBD6R) in 10 mM K-phosphate buffer
(pH 6.8) at 20°C using a quartz cell with a path length of
1 mm. The spectra were measured from 200 to 250 nm.

Differential Scanning Calorimetry.The heat capacity of
truncated GBDs (0.1-0.3 mg mL-1 in 10 mM K-phosphate
buffer (pH 6.8) containing 0.2 M GdnHCl and 1 M NaCl)
was measured in a VP-DSC (MicroCal, Inc.). Temperature
was scanned at a rate of 1°C min-1. The enthalpies of
unfolding were evaluated from the area between the dif-
ferential scanning calorimetry (DSC) trace and the baseline
that is linearly interpolated between pre- and post-transition
baselines.

RESULTS

Preparation of GBD Truncates.A series of the truncated
forms of the GBD fromS. sobrinusGTF-I were prepared in
a manner such that each truncate contained different numbers
of A or C repeats (Figure 1). All the truncated forms were
found to bind to Sephacryl (cross-linked dextran gels); hence
they were purified by repeated adsorption onto Sephacryl
gel followed by elution with GdnHCl (Figure 2). The
recovery rates after the second adsorption/elution step were
70%-90%. This indicates that their denaturation by GdnHCl
is reversible. The method usingR-1,6-glucan-containing
matrices and GdnHCl was earlier employed for purifying
GTF from S. sobrinus(17).

FIGURE 2: SDS-PAGE of purified GBD truncates. The far left
lane is a mixture of molecular weight markers.
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The solubility of the GBD truncates was not high, ranging
from 5 to 20 µM in low salt buffers such as 10 mM
K-phosphate buffer (pH 6.8). Therefore the supplementation
of GdnHCl (0.2 M) and NaCl (1 M) was essential to increase
the solubility of the GBD truncates for ITC. As indicated
by the finding that the GBD truncates did not dissociate from
the Sephacryl gel at GdnHCl concentrations below 1 M (see
Experimental Procedures), the addition of GdnHCl at con-
centrations up to 0.2 M hardly affects the binding of the
GBD truncates to dextran. In addition, the far-UV CD
spectrum of GBD4RS obtained in the presence of 0.2 M
GdnHCl and 1 M NaCl was not significantly different from
that in their absence (See Figure S1 of the Supporting
Information).

ITC of Dextran Binding to GBD Truncates.ITC using
dextran as the titrant was performed for a series of GBD
truncates, except for GBD3R and GBD2R (their affinity for
dextran was too low to be measured using the ITC instru-
ment). A representative result (dextran T25 vs GBD5R) is
shown in Figure 3. The exothermic heat signal was observed
following each injection of dextran into the GBD solution
(Figure 3A).

The ITC data were initially analyzed assuming that a GBD
molecule binds to a whole dextran molecule; hence the

cumulative heat was plotted as a function of the molar ratio
of T25 to GBD5R (Figure 3B). While the plot shows that
the dextran has saturable binding to GBD with no charac-
teristic feature of cooperative binding, it also suggests that
the binding stoichiometry between dextran and GBD as
indicated by the inflection point is unusually low. The curve-
fitting analysis indicated that the value of binding stoichi-
ometry was as low as 0.18, which decreased further to 0.12
for GBD4RS (data not shown). Since it was highly unlikely
that such a large fraction of the protein could not bind to
dextran due to denaturation (if this were the case, the∆H°
for undenatured GBD would be unrealistically large), these
results suggested a novel view of the GBD/dextran interac-
tion. Thus, several molecules of GBD can bind to a single
chain of dextran. In other words, the GBD may be a protein
that recognizes and binds to a stretch of dextran chain rather
than a whole dextran molecule. In addition, the length of
such a stretch itself may vary with the molecular size of the
GBD truncate.

ITC data for a series of GBD truncates were then analyzed
to determine the length of a stretch of dextran chain
interacting with the truncate as well as other binding
parameters. For this purpose, dextran concentrations were
converted into glucose equivalent concentrations, and the
observed heat was plotted as a function of their molar
ratio to the protein for all GBD truncates examined at
three different temperatures (Figure 4). The heat at
saturating concentrations of dextran, corresponding to the
enthalpy change∆H° for dextran binding of a GBD truncate,
increased with the molecular mass of truncate. As can be
seen intuitively, the molar ratio at which the inflection
point of the isotherm occurs also increased in a similar
manner. Analysis was then carried out using a simplifying
model assuming that the GBD binds to a stretch of dextran
chain consisting of a certain number of glucose units. The
titration curves were fitted to obtain the ITC parameters, and
the calculated thermodynamic parameters are summarized
in Table 1.

Table 1 also shows the data regarding the effects of high
salt concentration (0.2 M GdnHCl+ 1 M NaCl), dextran
size (T10 vs T25), and buffer component (phosphate vs 3-(N-
morpholino)propanesulfonic acid (MOPS)). It is apparent that
these variations in the ITC conditions did not significantly
affect the binding parameters and the inferred thermodynam-
ics of GBD binding to dextran. However, then and ∆H°
values observed in the absence of 0.2 M GdnHCl and 1 M
NaCl were slightly smaller than those observed in their
presence. This may result from a slight protein aggregation
caused by the low solubility of the GBD truncates. It was
noted that the∆H° value measured in phosphate buffer was
not very different from that measured in MOPS buffer. This
suggests that the protonation heat of the buffer (∆Hbuffer) does
not contribute to the observed enthalpy; this is because the
∆Hbuffer values for phosphate and MOPS are 5.1 and 21.8
kJ mol-1, respectively (20). In other words, no net proton
exchange occurs upon the binding of GBDs to dextran.

Thermodynamic Parameters for the Binding of GBD
Truncates to Dextran.The negative∆H° value, the number
of glucosyl units interacting with the GBD truncate (n), and
the binding constant (K) increased with the size of the
truncate. However, while∆H° andK values showed small

FIGURE 3: The calorimetric titration of a GBD truncate with
dextran. (A) A representative thermogram. ITC was performed by
injecting 3µL of dextran T25 solution (1.8 mg mL-1) into 1.3 mL
(initial volume) of 11.8µM GBD5R at 5 min intervals. (B) A
representative binding isotherm. The cumulative heat (Q) was
corrected for the heat of mixing of dextran with buffer and the
values of-Q were plotted as a function of the molar ratio of dextran
T25 to GBD. The data are fitted using a nonlinear least-squares
method with an assumption of 1:1 binding between dextran T25
and GBD molecules. The values ofn, K, and∆H are 0.18, 1.2×
107 M-1, and-186 kJ mol-1, respectively. The intersection of the
initial slope of the increase in cumulative heat with the line denoting
the maximum value of the heat gives the inflection point (dotted
lines).
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but clear temperature dependence, then values were inde-
pendent of temperature.

The binding constant between a GBD truncate and a
dextran stretch ranges from 106 to 108 M-1, the inverse values
of which are in reasonable agreement with the dissociation
constants previously estimated by different methods for the
dextran binding of the GBD of GTFs and GBPs (8, 14). For
all truncates, the∆G° value ()-RT ln K) was less negative
than the ∆H° value; therefore, dextran binding is ac-
companied by a large negative∆S° ()(∆H° - ∆G°)/T).

Thermodynamic Dissection of the GBD into Binding
Subsites.All the binding parameters vary with the molecular
mass of the GBD truncate; hence, we plotted the thermo-
dynamic parameters as a function of the number of residues
counted from the N-terminus of the GBD (Figure 5). The
value of n is proportional to the number of amino acid
residues (Figure 5A). This result strongly indicates that the
GBD consists of multiple, identical, independent glucose-
binding sites, each of which interacts with a glucose unit on
a single dextran chain. The slope of the regression line is
equal to 0.070 with the unit of glucose units per amino acid
residue of GBD. Taking its reciprocal, a round value of 14
was obtained. Since its unit is then the number of residues

per glucose unit, it is the average number of amino acid
residues that constitute a GBD subsite interacting with a
glucose unit of a dextran stretch recognized by a whole GBD.

The -∆H° value is also proportional to the number of
amino acid residues (Figure 5B, closed symbols), with which
the -∆G° varies linearly as well though not markedly
(Figure 5B, open symbols). These facts substantiate that all
glucose-binding subsites are identical and independent. The
enthalpy change for the glucose-binding subsite to interact
with a glucose unit (-∆H°/n) can be estimated as 6-9 kJ
mol-1 at 25°C. Since the-∆G° marginally depends on the
number of amino acid residues, the-T∆S° ()∆G° - ∆H°)
linearly increases just like the-∆H° (Figure 5C).

Conformation and Thermal Stability of the GBD Trun-
cates. The decrease in the binding affinity of the GBD
truncates that are shorter than GBD6R might be caused by
improper conformation and/or instability of the proteins.
Therefore, we tested whether the deletion of C-terminal
residues significantly altered the conformation and stability
of GBD truncates (GBD4RS, GBD4RL, GBD5R, and
GBD6R). First, the conformations of GBD truncates were
analyzed by far-UV CD. All CD spectra showed a broad
maximum at 227 nm (Figure 6), which is consistent with

FIGURE 4: Plots of the binding heat as a function of the molar ratio of glucose units of dextran to GBD. The cumulative heats (-Q) were
converted into heat per mole of the GBD truncates. Panels A, B, and C show data obtained at 5°C, 15°C, and 25°C, respectively. Open
circles, closed circles, open squares, and closed squares indicate the heat of GBD4RS, GBD4RL, GBD5R, and GBD6R, respectively. The
titration curves were fitted to eq 4 with parameters from Table 1 (solid lines).

Table 1: Thermodynamic Parameters of the Binding of Truncated GBDs to Dextrana

ITC parameters calculated parametersb

protein T(°C) ∆H° (kJ mol-1) n K (M-1) ∆G° (kJ mol-1) ∆S° (kJ K-1mol-1) ∆Cp
c (kJ K-1mol-1)

GBD4RS 5.0 -86.5 18.3 1.92× 106 -33 -0.19 -2.0( 0.3
15.0 -101 19.3 1.18× 106 -33 -0.23
25.0 -127 18.0 3.96× 105 -32 -0.32
25.0d -109 15.8 4.50× 105 -32 -0.26
25.0e -136 18.0 2.29× 105 -31 -0.35
25.0f -137 17.8 6.08× 105 -33 -0.35

GBD4RL 5.0 -121 24.0 9.86× 106 -37 -0.30 -1.7( 0.5
15.0 -146 24.5 6.47× 106 -38 -0.38
25.0 -155 24.4 3.05× 106 -37 -0.40

GBD5R 5.0 -160 30.8 6.16× 106 -36 -0.45 -1.2( 1.7
15.0 -201 31.8 3.50× 106 -36 -0.57
25.0 -184 28.0 2.31× 106 -36 -0.50

GBD6R 5.0 -214 34.2 1.34× 108 -43 -0.61 -3.8( 1.0
15.0 -234 33.3 2.90× 107 -41 -0.67
25.0 -289 33.9 4.88× 107 -44 -0.82

a All measurements were carried out using dextran T25 in 10 mM K-phosphate buffer (pH 6.8) containing 0.2 M GdnHCl and 1 M NaCl unless
otherwise indicated. The fitting errors of ITC parameters were in the range of 6.0-20 kJ mol-1 for ∆H° and 1.0-2.0 forn, whereas the corresponding
values for the binding constant (K) were well within a half order of magnitude or equivalent to a range of(2 kJ mol-1 for ∆G°. b ∆G° ) -RT ln
K; and∆S° ) (∆G° - ∆H°)/T. c The slope of the regression line with the fitting error of the∆H° plot versus temperature.d Measured in 10 mM
K-phosphate buffer (pH 6.8) not containing 0.2 M GdnHCl and 1 M NaCl. e Dextran T10 was used.f Measured in 10 mM MOPS buffer (pH 6.8)
containing 0.2 M GdnHCl and 1 M NaCl.
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highâ-sheet and random coil contents in the GBD secondary
structure predicted from the amino acid sequence of the GBD
portion ofS. sobrinusGTF-I (15). This result also shows a
good agreement with that reported earlier for GBP-A (21)
and the GBD of GTF-J (13). Next, the thermal stability of
the GBD truncates was examined by DSC. Each protein
shows an endothermic unfolding transition withTm around
40 °C, which slightly shifts toward higher temperatures with
an increase in the truncate size (Figure 7). Furthermore, in
all the GBD truncates measured, the values of the weight-
based specific calorimetric enthalpy for their thermal transi-
tion fall within a range of values generally observed for
compact proteins (22-30 kJ g-1) (22). These results indicate

that, regardless of molecular mass, the secondary structures
and thermal stability are similar in all the GBD truncates
tested. Therefore, the deletion of C-terminal residues does
not greatly alter the conformation and stability of the GBD
truncate (GBD4RS to GBD6R). This result is also consistent
with the fact that the GBD is composed of many identical
structural units.

DISCUSSION

Binding of Dextran as a MultiValent Ligand to the GBD
Repeat Domain.In earlier studies on interaction of GBPs
with dextran, it appears that the molar binding stoichiometry
of 1:1 has been tacitly assumed between protein and glucan
molecules. In this study, however, we showed that the GBD
recognizes and binds to a stretch ofR-1,6-linked chain rather
than a whole dextran molecule. Our basic assumption is that
dextran is a linear array of ligands (glucose units). A similar
assumption was first used when analyzing the interaction of
basic fibroblast growth factor with heparin (23), a polysac-
charide chain containing repeating disaccharide units com-
posed ofD-glucosamine and uronic acid. However, the GBD/
dextran binding is unique in that it is an interaction between
a protein having multiple ligand-binding sites and dextran
as a homo-polydentate carbohydrate ligand.

FIGURE 5: Thermodynamic parameters as a function of the number
of amino acid residues in GBD truncates. (A) Number of glucose
units interacting with GBD truncates,n. (B) Binding Gibbs energy
change,-∆G° (open symbols), and binding enthalpy,-∆H°
(closed symbols). (C) Binding entropy term,-T∆S°. Data obtained
at 5°C, 15°C, and 25°C shown as squares, triangles, and circles,
respectively, were plotted against the number of amino acid
residues corrected for the 20 extra residues translated from the
vector pUC18. For-∆H° and-T∆S°, a linear regression line was
fitted to a data set obtained at different temperatures, while the
regression lines forn and -∆G° were fitted by ignoring the
temperature effect.

FIGURE 6: Circular dichroism spectra of GBD4RS (open circles),
GBD4RL (closed circles), GBD5R (open squares), and GBD6R
(closed squares) in 10 mM K-phosphate buffer (pH 6.8) at 20°C.

FIGURE 7: Thermal unfolding of GBD truncates in 10 mM
K-phosphate buffer (pH 6.8) containing 0.2 M GdnHCl and 1 M
NaCl. Pre- and post-transition baselines are connected linearly
(dashed lines). The peaks of theCp of GBD4RS, GBD4RL,
GBD5R, and GBD6R are 37.2°C, 41.1°C, 42.4°C, and 42.5°C,
respectively. The numbers in parentheses indicate the weight-based
specific calorimetric enthalpies, which were estimated from the area
under the peak of each DSC trace.
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Based on the proportionality of the thermodynamic
parameters to the number of residues in the GBD, GBD can
be dissected into the glucose-binding subsites consisting of
14 amino acid residues on average. A tacit assumption is
that the subsites are arranged throughout the entire GBD
sequence regardless of their structures. By contrast, in earlier
proposals, GBD repeats have been classified based on
sequence analysis data and defined to have lengths ranging
between 14 and 48 residues (8, 24, 25). A characteristic
feature common to these repeats is that all include conserved
glycine and aromatic residues (tryptophan, tyrosine, and
phenylalanine). The importance of these residues has recently
been demonstrated by site-directed mutagenesis (8). Among
these repeats, the YG repeat is of interest in the present
context because it consists of 21 residues, and as many as
23 of its homologues are almost evenly distributed in the
GBD used in this study (26). Thus, according to the present
result, two YG repeats (21× 2 ) 42 residues) may
correspond to three of the aforementioned glucose-binding
units together (14× 3 ) 42 residues). In other words, a
plausible hypothesis is that two YG repeats fold into a tertiary
structure so that the conserved aromatic residues interact with
three glucose units. It was proposed that the repeats classified
by a different criterion (A, B, C, and D) have evolved from
multiple duplication of an ancestral homologue of the YG
repeat (9). If this were the case, one or more glucose-binding
units would also be included in these sequence-based repeats.
For example, the highly conserved A repeat consisting of
33 residues (1) can accommodate at least two such units.
However, the elucidation of the three-dimensional structure
of GBD is prerequisite to reconcile the present thermody-
namically defined dissection with the structure-based clas-
sification of the GBD repeats.

Thermodynamic Nature of the Interaction between the
GBD and Dextran.When plotted against-T∆S, all ∆H°
values lie on the same line irrespective of the truncate sizes
(Figure 8). The slope of this line is essentially equal to unity
(1.06), indicating that the increase in favorable enthalpy
change is almost completely offset by the increase in
unfavorable entropy change; this results in a marginal
increase in the affinity toward dextran. In other words, all
glucose-binding subsites are equivalent in terms of quantita-
tive contribution by enthalpy (energy) and entropy (order)
and are arranged in tandem from the GBD N-terminal side.
Thus, while each subsite can interact independently but only
weakly with a glucose unit, the total effect of a number of

such weak interactions is the molecular basis of the formation
of tightly associated dextran-GBD complexes. A similar
multivalent interaction has recently been demonstrated by
structural and thermodynamic studies on the tight binding
between glycogen and pullulanases fromS. pneumoniaeand
S. pyogenes(27).

Sources of Enthalpy and Entropy Changes. (A)∆H°. The
-∆H° values per glucose unit are in the range of 6-9 kJ
mol-1. In terms of an interacting monosaccharide unit base,
these values are comparable to those of cellulose binding of
Cellulomonas fimiâ-1,4-glucanase C (28). In this case,
together with other protein-sugar interactions (29), the
observed∆H° is attributed to the formation of a hydrogen
bond between a sugar hydroxyl group and a polar amino
acid side chain and/or van der Waals contact between a sugar
chain (C-C bonds) and aromatic residues. A number of these
amino acid residues occur as major constituents of the repeat
structure of GTF-I GBD.

With regard to the temperature dependence of∆H°, it
appears that, for each GBD truncate, the dextran binding is
accompanied by a negative value of the heat capacity change
(∆Cp) (Table 1), which is large enough to suggest the release
of hydrophobic hydration water (30, 31). However, the
accurate estimation of the∆Cp per glucose unit was
hampered in the present study because of the measurements
of ∆H° only at three different temperatures and the ac-
companying experimental errors.

(B) ∆S°. There are three generally accepted major effects
in aqueous solution that are accompanied by large entropy
changes: changes in solvation (∆Ssol), rotational and trans-
lational motions (∆Srt), and conformations of interacting
solutes (∆Sconf) (32). If the release of hydrophobic hydration
water is solely responsible for the observed∆Cp values
(Table 1), the corresponding value of∆Swould be very large,
approximately 1 kJ K-1 mol-1 for GBD6R at 25°C (a first
approximation using values tabulated for the transfer of
hydrocarbons from water to an organic solvent) (33).
Although the contribution of the dehydration of dextran to
∆Ssol cannot be calculated, we assume that it should be>0.
Thus, a substantial amount of favorable entropy change
(∆Ssol) must be offset or rather superseded by an unfavorable
entropy decrease from other sources.

According to a recent theory (32), the overall rotational
and translational motions contribute negligibly to the binding
affinity (free energy) in molecular association/recognition
processes in aqueous solutions, i.e.,∆Srt < 10R.We assume
that the rotational and translational entropy is negligible
compared with∆S°.

Thus, a loss of conformational entropy is most likely to
be the main component of entropy cost, which probably
results from a decrease in the conformational freedom of
both dextran and protein upon their binding. We first consider
the conformation of dextran by focusing only on its chain
entropy. The C5-C6 bond of each glucose unit constituting
a dextran chain freely rotates; thus, the chain conformation
of dextran closely resembles random coil conformation. A
calculation of molecular dynamics revealed six lowest-energy
minima at theR-1,6-glucosidic linkage (C1-O1-C6-C5)
of isomaltose on the adiabatic map (34). This indicates that
6m-1 conformations should exist in anR-1,6-linked polymer
of m glucose units. When trapped by GBD-binding sites,
the conformational freedom of these units should be greatly

FIGURE 8: Plot of∆H° as a function of-T∆S°. Circles, triangles,
squares, and diamonds represent the parameters for GBD4RS,
GBD4RL, GBD5R, and GBD6R, respectively. A straight line was
drawn by linear regression for pooled data of all truncates.
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diminished. Quantitatively, the number of conformations of
GBD-bound dextran would become negligibly small in
comparison to 6m-1. If this were the case, the loss of
conformational entropy (chain entropy) of the stretch of
dextran chain consisting ofn glucose units could be
calculated as follows:

The values of∆Sconf,dex thus calculated are compared with
those of the observed∆S° (Figure 9). Two interesting
features are prominent. One feature is that, for a smaller
truncate, the calculated dextran entropy loss is roughly equal
to the observed entropy decrease. The other feature is that
the higher the temperature, the bigger the gap between the
calculated and observed values. This might arise in part from
the fact that other conformational freedoms of dextran such
as intramolecular interaction between branches, which could
be temperature dependent, are not considered in the above
calculation. Nonetheless, these results suggest that the loss
of the conformational freedom of dextran chain must be one
of the major sources of entropy cost accompanying the
interaction with GBD, and that there exists a protein size-
and temperature-dependent source or sources for entropy
cost, which are only partly detected by calorimetry.

Thus, another major contribution to entropy cost most
likely results from a decrease in the conformational freedom
of the GBD protein upon binding to dextran. The secondary
structure of the protein with highâ-sheet and random coil
contents may suggest that the GBD is fairly flexible in
structure. In fact, its dextran-induced conformational change
is shown by limited proteolysis (35). When a truncated form
of GTF-I, which contains the catalytic domain and GBD4RS
and exhibits significant dextran binding and glucan synthesis
(15, 35), was subjected to tryptic digestion, the GBD portion
was rapidly digested in the absence of dextran but not in its
presence. This fact supports the notion that the flexibility of
the GBD in the unbound state is more or less lost on binding
to dextran. Because of the lack of quantitative data, it can
only be stated that the magnitude of the conformational
change of the GBD should be sufficiently large to offset or

outweigh the undetected favorable entropy gain by dehydra-
tion (∼1 kJ K-1mol-1 for GBD6R).

Comparison with Other Carbohydrate-Binding Proteins.
Finally, we should refer to other carbohydrate-binding
proteins, e.g., cellulose- and starch-binding proteins (28, 36-
39). Their binding to respective ligands is moderately strong
(K > 104-106 M-1) and is accompanied by negative∆H°
and∆S° values; therefore, their thermodynamics are quali-
tatively similar to those of the GBD. However, both∆H°
and∆S° are significantly smaller, which is probably due to
their interaction with considerably smaller sugar units
(oligosaccharides consisting of only 3 to 6 sugar units). The
important point is that these sugar ligands possess their own
structures with more or less constrained geometry and
orientation of the chains. The chain conformation freedom
is severely limited in the helicalR-1,4-linked chain of
amylose as well as in the straightâ-1,4-linked chain of
cellulose, which has been elegantly demonstrated by recent
atomic force microscopy (40). This observation is in sharp
contrast to the random coil structure of dextran (42). Thus,
it appears reasonable that an interaction between the topo-
logically inflexible sugar units and amino acid residues of
sugar-binding proteins occurs in a regiospecific manner as
shown in the atomic structures of cellulose- and amylose-
binding proteins (37, 39, 42). By this virtue, the offsetting
effect of unfavorable∆S would be relatively small. In this
regard, the mode of interaction between the random coil/â-
sheet-rich GBD and the flexible dextran chain is remarkably
unique. The present study clearly shows that its binding
specificity and strength arise from the total sum of individu-
ally weak subsite/glucose unit interactions at the cost of a
large value of entropy resulting from a loss of the confor-
mational freedom of interacting molecules.
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