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ABSTRACT: The structural thermodynamics of the recognition of complex carbohydrates by proteins are
not well understood. The recognition ofO-antigen polysaccharide by phage P22 tailspike protein is a
highly suitable model for advancing knowledge in this field. The binding to octa- and dodecasaccharides
derived fromSalmonella enteritidis O-antigen was studied by isothermal titration calorimetry and stopped-
flow spectrofluorimetry. At room temperature, the binding reaction is enthalpically driven with an
unfavorable change in entropy. A large change of-1.8( 0.2 kJ mol-1 K-1 in heat capacity suggests that
the hydrophobic effect and water reorganization contribute substantially to complex formation. As expected
from the large heat-capacity change, we found enthalpy-entropy compensation. The calorimetrically
measured binding enthalpies were identical within error to van’t Hoff enthalpies determined from
fluorescence titrations. Binding kinetics were determined at temperatures ranging from 10 to 30°C. The
second-order association rate constant varied from 1× 105 M-1 s-1 for dodecasaccharide at 10°C to
7 × 105 M-1 s-1 for octasaccharide at 30°C. The first-order dissociation rate constants ranged from 0.2
to 3.8 s-1. The Arrhenius activation energies were close to 50 and 100 kJ mol-1 for the association and
dissociation reactions, respectively, indicating mainly enthalpic barriers. Despite the fact that this system
is quite complex due to the flexibility of the saccharide, both the thermodynamic and kinetic data are
compatible with a simple one-step binding model.

Carbohydrate-protein interactions play an important role
in many biological recognition processes. Compared to
protein-protein interactions (1-4), the relation between
structure and thermodynamics of carbohydrate binding is
much less well understood, although there are some very
well studied systems (5-14) and although the concept of
empirical parameters for calculating thermodynamic data
from the change in accessible surface area has been applied
here, too (14-16). Generally, most carbohydrate-protein
interactions are enthalpically driven and opposed by an
unfavorable change in entropy (17, 18). Most of the
determined changes in heat capacity for these binding
reactions with small oligosaccharides were small (<0.5 kJ
mol-1 K-1) and negative. Enthalpy-entropy compensation
for different ligands to the same protein and even for totally
different systems was described (17). This was mainly
interpreted to be due to solvent reorganization (19). This and

other results led to the conclusion that release of solvent
molecules from polyamphiphilic surfaces can drive binding
reactions not only by an increase in entropy (hydrophobic
effect) but also by a decrease in enthalpy (20-23). Structural
and solution data for binding of monosaccharides and small
oligosaccharides to lectins and transport proteins indicate a
somewhat higher number of hydrogen bonds and a higher
binding enthalpy per contact surface than in protein folding
and protein-protein complexes (15). Very little is known
about binding of larger, more complex oligosaccharides to
proteins, because only in some cases are both structural and
thermodynamic data available. One such protein recognizing
a large complex carbohydrate is the tailspike protein of
Salmonellaphage P22. Three to six homotrimers composed
of 72 kDa subunits must be attached to each phage to form
infectious virus particles. The tailspikes bind theO-antigen
polysaccharide of the host cells belonging to serotype A, B,
or D1. Their O-antigens have the main chain trisaccharide
repeating unitR-D-mannose-(1f4)-R-L-rhamnose-(1f3)-R-
D-galactose-(1f2) in common, but differ in the 2,6-dideoxy-
hexose substituent at C-3 of the mannose. The tailspike
protein also has a hydrolyzing activity toward theR-L-Rha-
(1f3)-R-D-Gal glycosidic bond, producing tandem repeats
(octasaccharide) as the main product. The endorhamnosidase
activity is required for infectivity (U. Baxa, R. Seckler, C.
Haase-Pettingell, and J. King, unpublished results), but its
precise function in the infection cycle is not well understood.
Binding and hydrolysis reactions have been characterized
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by fluorescence titration and with the help of fluorescence-
labeledO-antigen fragments (24). The atomic structure of
theO-antigen binding carboxy-terminal domain of TSP has
been determined to a resolution of 1.56 Å (25, 26). The
structure of the amino-terminal domain, the connection to
the phage head, was determined separately (25). The main
part of TSP is a right-handed parallelâ-helix consisting of
13 turns. The carbohydrate binding site runs parallel to the

helix axis flanked by a 63-residue domain and three smaller
loops inserted in theâ-helix (Figure 1). Crystal structures
of complexes with oligosaccharide fragments from different
O-antigen serogroups disclosed the largest interaction sur-
faces of carbohydrates liganded to proteins known to date
(25, 27).

In the paper presented here, we investigate the thermo-
dynamics ofO-antigen binding by isothermal calorimetry

FIGURE 1: Binding site of TSP. (A) Stereoview of the octasaccharide binding site surface. Atoms directly contacting the saccharide are
colored yellow, and atoms involved in water-mediated contacts are colored green. Atoms not involved in saccharide binding are colored
cyan. Octasaccharide bonds are shown as red sticks. Water atoms having contacts to both the protein and the saccharide are shown as green
balls. The figure was made using InsightII (Molecular Simulations, San Diego, CA). (B) Schematic representation of the hydrogen bonds
between TSP and the octasaccharide. Atoms are shown as balls colored by the following code: carbon, black; nitrogen, dark blue; and
oxygen, red. Water molecules are shown as light blue balls. Bonds between ligand atoms are red, and bonds of protein residues are yellow.
The figure was made using LIGPLOT (63).
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and present a detailed kinetic analysis of the binding reaction
by stopped-flow fluorescence measurements. The results are
discussed against the background of the crystal structure of
the complex.

MATERIALS AND METHODS

Materials.Wild-type TSP∆N1 and TSP∆N D392N were
expressed and purified as described previously (24, 64). The
protein was stored in 40% saturated (NH4)2SO4 and 50 mM
Tris/HCl (pH 8.0). The concentration was determined using
a specific absorption at 280 nm of 1.14 cm2 mg-1.

O-Antigen fragments fromSalmonella enteritidisSH1262
(serogroup D1, O-antigen 9,12) were purified and character-
ized as described previously (24).

Isothermal Titration Calorimetry.Proteins were dialyzed
against 50 mM sodium phosphate (pH 7.0). The final dialysis
buffer was used to dissolve defined quantities of oligo-
saccharides. Titrations were performed with a VP-ITC
microcalorimeter (MicroCal, Inc., Northampton, MA) or an
OMEGA microcalorimeter (MicroCal, Inc.). The stirred cell
contained about 25µM tailspike subunits, and the syringe
contained between 0.3 and 0.5 mMO-antigen fragments. A
titration experiment consisted of 25 injections of 8 or 10µL
with a 20 s duration and 230 s intervals each. In some
experiments, an initial injection of 1µL was performed which
was not used in data fitting. The titration data were corrected
for small heat changes observed in control titrations of
O-antigen fragments into buffer. Data were fit to a single-
binding site model using Origin (version 5.0, MicroCal, Inc.).

Stopped-Flow Measurements.An SX-18MV (Applied
Photophysics, Leatherhead, U.K.) stopped-flow spectrofluo-
rimeter was used for all kinetic measurements. The binding
kinetics were followed by the change in fluorescence above
300 nm with excitation at 280 nm (5 nm bandwidth). All
measurements were performed in 50 mM sodium phosphate
buffer (pH 7.0). Equal volumes of TSP∆N (20 µg/mL, 0.33
µM binding sites) andO-antigen fragments (1-200 µM)

were mixed for each measurement. The temperature was
controlled by a cryostat. For each concentration, at least 10
curves were averaged to calculate the apparent rate constant.

RESULTS AND DISCUSSION

The protein investigated here lacks the N-terminal head-
binding domain. The shortened protein is fully functional in
carbohydrate binding and hydrolysis (28). It is used here
because it is readily accessible to crystallographic analysis,
in contrast to the complete tailspike protein.

Isothermal Titration Calorimetry.A typical titration of
TSP withO-antigen fragments is shown in panels A and B
of Figure 2. The data of all measurements are summarized
in Table 1. Titrations were performed with the wild-type
protein and a mutant (D392N) with strongly reduced
hydrolyzing activity. As the binding properties for this mutant
are nearly identical to those of the wild type, this mutant
could play an important role in elucidating the involvement
of hydrolyzing activity in the infection process of the
Salmonellacell. This mutant was also used in this study to
assess the binding of tailspike protein to dodecasaccharide
(three repeating units), which is significantly hydrolyzed by
the wild-type protein during a titration experiment.

At all the temperatures that were investigated, there is a
large negative binding enthalpy, but a strong dependence on
temperature was also observed. The resulting∆Cp appeared
to be temperature-independent in the investigated temperature
range (Figure 2C) and amounted to-1.84( 0.16 kJ mol-1

K-1 for octasaccharide binding to the wild-type protein and
-1.68 ( 0.17 and -1.98 ( 0.15 kJ mol-1 K-1 for
octasaccharide and dodecasaccharide binding to D392N,
respectively (refer to Table 1). The entropic contribution is
unfavorable for binding in the investigated temperature range.
There is almost perfect enthalpy-entropy compensation at
different temperatures due to the large heat capacity change
(29-33). Comparison of the dissociation constants with data
obtained by fluorescence titration shows a reasonably good
agreement (Figure 2D).

Possible reasons for a change in heat capacity upon binding
are (1) conformational changes in protein or saccharide, (2)
changes in ionization, (3) changes in the water network in

1 Abbreviations: ASA, accessible surface area; ITC, isothermal
titration calorimetry; TSP, tailspike protein; TSP∆N, tailspike protein
lacking the N-terminal domain.

Table 1: Results of ITC Experiments for the Binding of Octasaccharide to TSP Proteins

T (°C) nb
KD

b

(µM)
-∆G° a

(kJ mol-1)
-∆H° b

(kJ mol-1)
-T∆S°

(kJ mol-1)
∆Cp

(kJ mol-1 K-1)

10.1 1.02 1.6 31.4 35.7( 0.7 4.3
10.4 1.03 1.7 31.3 43.8( 0.5 12.5
25.0 1.00 4.5 30.5 61.4( 0.9 30.9

wt/octa 25.2 0.98 3.9 30.9 69.5( 0.6 38.6 -1.84( 0.15
30.0 0.97 10.6 28.8 83.0( 1.7 54.2
32.1 1.00 10.9 29.0 82.9( 3.1 53.9
40.0 1.08 22.0 27.9 85.3( 2.6 57.4
9.2 1.05 0.9 32.7 41.4( 0.5 8.7

10.4 1.03 1.0 32.6 43.8( 0.5 11.2
D392N/octa 17.0 0.98 1.1 33.0 48.5( 0.5 15.5 -1.68( 0.17

25.2 0.95 2.2 32.3 69.9( 0.5 37.3
30.0 0.98 3.2 31.9 68.6( 1.0 37.0
40.0 0.93 9.0 30.2 94.9( 1.2 64.7

D392N/dodeca 15.0 0.97 0.65 34.1 50.2( 0.5 16.1
25.0 0.92 1.2 33.8 66.9( 0.5 33.1 -1.98( 0.2
40.0 0.89 6.6 31.0 98.1( 5.5 67.1

a ∆G° was calculated fromKD, and the standard deviation was<0.5 kJ mol-1. b Standard deviations were directly obtained from the fitting
routine for∆H°, n, andKA. Standard deviations forn andKD were in no case higher than 4 and 10%, respectively.
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the binding site, and (4) release of water from hydrophobic
surface upon binding. Recently, the change in the hydrogen
bonding network from cooperatively ordered in the complex
to floating in aqueous solution was proposed as a fifth reason
(34). Ionization does not appear to play a major role, as the
dissociation constant of octasaccharide is only slightly
influenced by different buffers (Tris or phosphate) and by
different ionic strengths measured from 0 to 200 mM (35),
and isothermal titration calorimetric experiments in Tris
buffer showed no difference to phosphate buffer (data not
shown). Comparison of the crystal structures shows that the
conformation of the protein does not change from the free
to the saccharide-bound form (27). The only difference is a
lower temperature factor of some residues in the binding site,
which is often seen in protein-ligand complexes. The
conformation of the saccharide is fixed upon binding,
whereas a distribution of conformations in solution was found
by NMR methods (36). In Table 2, the conformation in the
complex is compared to the most relaxed conformation in
solution determined by molecular modeling and NMR (36-
38). Although there might be differences in the torsion angles
Ψ of the Gal-Man glycosidic bonds, the bound conforma-
tion is close to the minimum energy conformation of the
O-antigen oligosaccharide. Freezing this conformation upon
binding is not expected to give rise to a large enthalpy
change, but may contribute to the unfavorable binding
entropy and to the heat capacity change.

Traditionally, a large negative∆Cp is taken as a sign of
hydrophobic interactions (39-41), i.e., the release of water
from hydrophobic surfaces upon binding, although large
changes in heat capacity could also arise due to changes in
the hydrogen bonding network (34). The difference in
solvent-accessible surface area due to complex formation
(∆ASA) between TSP andO-antigen measures 1260 Å2, and
about 60% of the buried surface is nonpolar.

For protein folding reactions and protein-protein interac-
tions, both the binding enthalpy and the change in heat
capacity were successfully predicted by using the empirical

FIGURE 2: Results from ITC experiments. (A and B) Calorimetric titration of 25.6µM TSP∆N D392N with 0.5 mM dodecasaccharide at
15 °C. Panel A shows the measured heat change vs time and B the titration curve normalized to molar concentrations. The best fit of the
data to a model with one set of binding sites obtained by nonlinear regression is shown as a solid line in the lower panel. (C) Dependence
of ∆Hcal on the temperature [results for wild-type TSP∆N (b) and TSP∆N D392N with octasaccharide (2) and TSP∆N D392N with
dodecasaccharide (9)]. The solid line indicates the linear regression of the wild-type titrations. (D) van’t Hoff plot of calorimetric measurements
(2) compared with the results of fluorescence titrations ([) and kinetic measurements with octasaccharide (b). The solid line shows a
van’t Hoff plot created with the results of a titration of wild-type TSP∆N with octasaccharide at 25°C and a∆Cp of 1.84 kJ mol-1.

Table 2: Torsion Angles (Degrees) of Glycosidic Bonds in
O-Antigena

Φ
(bound)b

Φ
(free)c

Φ
(free)d

Ψ
(bound)b

Ψ
(free)c

Ψ
(free)d

S1Gal-S2Man -47.4 -46 -35 30.7 -19 29
S3Tyv-S2Man -53.5 -48 -51 10.0 -8 7
S2Man-S4Rha -25.7 -39 -7.3 -13
S4Rha-S5Gal 55.2 50 13.1 6
S5Gal-S6Man -31.7 -46 -35 34.7 -19 29
S7Tyv-S6Man -50.4 -48 -51 12.0 -8 7
S6Man-S8Rha -41.0 -39 10.6 -13

a Φ and Ψ refer to the H1-C1-O1-Cx and C1-O1-Cx-Hx
torsion angles, respectively, wherex is the linkage position of the
adjacent sugar residue.b From the crystal structure of PDB entry 1TYU.
c Taken from refs37 and38. d Taken from ref36. The values in the
table are either the first or second minimum given in the reference
which are different by only 2 kJ mol-1.
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formula ∆H ) ∆hpol∆ASApol + ∆hap∆ASAap and ∆Cp )
∆cp,ap∆ASAap + ∆cp,pol∆ASApol, where the parameters are
derived from available data sets (1, 40, 42). The same was
done recently for the interaction of small oligosaccharides
with lectins (15). Using the parameters∆hpol and ∆hap

derived from protein folding reactions,∆H° at 25°C would
amount to about-45 kJ mol-1, whereas the parameter set
introduced recently for lectins results in a value of-79 kJ
mol-1. The latter result compares well with the measured
value of about-67 kJ mol-1.

Interestingly, the number of direct hydrogen bonds in the
O-antigen tailspike complex (1.8 per 100 Å2 ∆ASApol) is
much lower than the average number of 3.5 per 100 Å2

∆ASApol in the lectin complex data set of Garcia-Hernandez
and Hernandez-Arana (15). These authors argued that the
slightly higher number of 3.5 hydrogen bonds per 100 Å2

∆ASApol in lectin saccharide complexes compared to 3.0 per
100 Å2 ∆ASApol in proteins could account for the more than
2-fold difference in the parameter∆hpol they had to use to
describe the data set. Counting indirect, water-mediated
hydrogen bonds in the TSP octasaccharide complex brings
the number up to 3.0 per 100 Å2 ∆ASApol, which still is
only the number found for proteins. Thus, direct hydrogen
bonds might not be that important. Instead, as stated by
Lemieux and co-workers, the solvent release from poly-
amphiphilic surfaces could supply a large part of the enthalpy
(20, 21, 23). It seems plausible therefore that different
parameter sets have to be established whenever different
polyamphiphilic surfaces are involved in binding reactions
as in protein-protein and protein-carbohydrate interactions.

Estimation of the change in heat capacity with parameters
derived from protein folding reactions (40, 42) and also
successfully used for protein-protein interactions (1) resulted
in values of around-0.9 kJ mol-1 K-1 which is only half
of the measured value of-1.8 kJ mol-1 K-1. This might be
due to the fact that hydroxyl groups are behaving surprisingly
hydrophobically in terms of their contribution to the heat
capacity change (43). If the hydroxyl groups are judged to
be nonpolar (of the 1260 Å2 ∆ASA, about 88% are
nonpolar), the calculated heat capacity change resulted in
values of around 1.7 kJ mol-1 K-1, which seems to be in
good agreement with the measured value. In contrast, protein
folding parameter sets were successfully used to predict the
change in heat capacity for some complexes with smaller
saccharides (16) without taking hydroxyl groups as hydro-
phobic surface. Whether it is necessary to define new
parameter sets for the binding of large carbohydrates to
proteins remains to be seen when more thermodynamic and
structural data on such interactions become available and
when the role of hydroxyl groups becomes clearer.

Most experimentally determined heat capacity changes
upon binding of saccharides to proteins range from large
negative (44) to near zero (45), as was also found for most
interactions of proteins with small ligands (46). Some
positive heat capacity changes (47) and even a strong
dependence of∆Cp on temperature have been reported (31).
However, these systems are complicated by conformational
changes in the protein from which a large part of the heat
capacity change may originate.

van’t Hoff enthalpies calculated from the binding constants
determined by ITC may be compared to the van’t Hoff
enthalpies previously determined by fluorescence titrations
at different temperatures (24), and to the van’t Hoff enthal-
pies calculated from the binding equilibrium constants
resulting from the stopped-flow kinetic measurements (com-
pare below and Table 3). All van’t Hoff enthalpies (Figure
2D) are in the same range as the calorimetric enthalpy∆Hcal,
and the∆HvH/∆Hcal ratios are between 0.7 and 1.1, which is
in reasonable agreement with the expected value of 1.0.

For the antibody Se155-4 which also recognizesO-antigen
from serogroup BSalmonella, a similar free energy of
binding was found (31), but in this system, both the enthalpy
and the entropy are driving the reaction at room temperature
(11). This might be due to the high level of aromatic side
chains in the binding region of this antibody contributing
about 130 Å2 to ∆ASA (50% of∆ASA on the protein side)
(48, 49). In TSP, the aromatic side chains of Trp365 and
Trp391 are involved in the binding of octasaccharide but
their ∆ASAs only contribute 90 Å2 (15% of ∆ASA on the
protein side). Both the antibody Se155-4 and TSP are highly
specific forSalmonella O-antigen, but whereas the antibody
mainly recognizes the 3,6-dideoxyhexose side chain (abe-
quose) and also the adjacent monosaccharides galactose and
mannose (11, 48, 49), the specificity of TSP is mainly
reached by spreading the binding contacts over at least six
monosaccharides of the octasaccharide (two repeating units)
and TSP can bind theO-antigen regardless of the configu-
ration of the 3,6-dideoxyhexose side chain (24, 27). Still the
3,6-dideoxyhexose side chain contributes an important part
of the free energy of binding since no binding was detected
in saccharide fragments without side chains (U. Baxa and
R. Seckler, unpublished results;50).

Binding Kinetics.The intrinsic tryptophan fluorescence of
TSP decreases about 20% upon saccharide binding (24).
Using this effect, the kinetics of octasaccharide and dodec-
asaccharide binding were measured over a temperature range
from 10 to 30°C. The decrease in tryptophan fluorescence
upon mixing TSP and saccharide solution was followed. A
representative stopped-flow fluorescence trace is shown in
Figure 3A. Experiments were performed under pseudo-first-

Table 3: Kinetics of Binding ofO-Antigen Fragments to Wild-Type TSP∆N

octasaccharide dodecasaccharide

kon (×105 M-1 s-1) koff (s-1) KD
a (µM) kon (×105 M-1 s-1) koff (s-1) KD

a (µM)

10 °C 1.8( 0.1 0.25( 0.02 1.4 1.0( 0.08 0.17( 0.02 1.7
20 °C 2.6( 0.13 0.85( 0.04 3.2 2.2( 0.15 1.0( 0.06 4.5
30 °C 7.1( 0.6 3.8( 0.2 5.3 3.7( 0.32 2.1( 0.17 5.7
Ea (kJ mol-1)b 50 ( 15 100( 8 47( 10 90( 8
a Dissociation constants calculated from kinetic data (KD ) koff/kon). b Arrhenius activation energies were calculated from the corresponding rate

constants using the slopesm of linear regressions and the relationm ) -Ea/R. Errors of the activation energies are estimated from the standard
deviation of the single rate constants.
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order conditions (excess oligosaccharide), and the constant
kapp for a first-order reaction was determined. Plots ofkapp

versus ligand concentration resulted in straight lines (e.g.,
Figure 3B), and the data could be interpreted as a single-
step reaction without kinetic intermediates (P+ S h PS).
The values ofkon andkoff were determined from the slope
and intercept of the linear plots. All data are summarized in
Table 3. The equilibrium dissociation constants calculated
from thekon andkoff values at different temperatures compare
well with the dissociation constants from isothermal calo-
rimetry and fluorescence titrations (Figure 2C). The activa-
tion energies were obtained from linear Arrhenius plots (r2

) 0.92-0.99). These can only give a rough estimate at the
middle temperature of 20°C, because Arrhenius plots cannot
be expected to be linear over a larger temperature range due
to the large heat capacity change. Within the experimental
error, the activation energies are equal for both octasaccharide
and dodecasaccharide and amount to about 50( 15 and
100 ( 10 kJ mol-1 for the association and dissociation
reactions, respectively (Table 3). These relatively high
activation energies indicate mainly enthalpic barriers, pos-
sibly caused by the desolvation of the protein and saccharide
necessary prior to association, and again emphasizing the
role of the solvent in this reaction. Having estimates for both
dissociation and association activation energy allows us to
calculate the enthalpy change of the binding reaction at
20 °C. With about-50 ( 10 kJ mol-1, this is in good
agreement with the calorimetrically determined enthalpy of
-58 kJ mol-1 at 20°C (Table 1 and linear fit in Figure 2C).

The observed association rates are in a range observed
for many other protein-saccharide systems, even when much
smaller oligo- and monosaccharides are involved (51-53).
For an association reaction requiring rotational alignment and
specific interactions of two macromolecules, the rate esti-
mated theoretically lies between 0.5× 106 and 5× 106 s-1

M-1 (54). A faster rate is often observed when electrostatic
interactions accelerate the reaction (55, 56). This obviously
does not apply here, where neutral carbohydrates are
involved. The flexibility of oligosaccharides may also slow
the reaction, as a special conformation of the saccharides
might need to be picked out for a productive collision. In
summary, the measured association rates of TSP and
octasaccharide appear to be reasonable. Quantitative model-

ing with Brownian dynamics simulation, as was done for
protein-protein interactions (54), would be difficult here due
to the flexibility of the saccharide.

Fluorescence change is routinely used for kinetic measure-
ments of carbohydrate binding to proteins (57). Either the
intrinsic protein fluorescence, as in this study, or a fluoro-
phor-labeled saccharide can be used (58, 59). Another
possible method, surface plasmon resonance, was used to
determine the binding kinetics of antibody Se155-4 and a
single chain fragment derived from this to immobilized
O-antigen polysaccharide and trisaccharide (60, 61). The
association rates were around 5× 104 M-1 s-1, but dimeric
scFv fragments had association rates about 5-fold higher (62),
indicating that not every collision is productive and that two
binding sites on one molecule can increase the probability
for a productive binding. For monomeric scFv fragments,
the rates were around 0.1 s-1, and as expected, dissociation
is much slower for whole antibody and dimeric scFv
fragments due to bivalent binding (62). Both dissociation
and association are about 10-fold slower in this system than
for the TSP octasaccharide system (Table 3), showing that
saccharide binding to TSP is highly dynamic.

CONCLUSIONS

The binding of P22 TSP toO-antigen fragments is an
enthalpically driven reaction at room temperature, but
connected with a large negative change in heat capacity. This
large heat capacity change is largely due to hydrophobic
interaction and water reorganization, because the protein
conformation does not change upon saccharide binding and
the structure of the bound saccharide is close to the minimum
energy conformation in solution. Predicting the change in
heat capacity and the binding enthalpy from the change in
accessible surface area using empirical parameter sets yields
satisfactory results only for the binding enthalpy but under-
estimates the change in heat capacity.

The important role of solvent in this binding process is
also supported by the large enthalpic barriers in both the
association and dissociation reactions. The association rate
lies in a similar range as described for the binding of other
carbohydrates to proteins. As in this system no hint of an
association intermediate was found, the association velocity

FIGURE 3: Results from stopped-flow experiments. (A) Trace of the change in the intrinsic tryptophan fluorescence due to the binding of
0.17µM wild-type TSP∆N with 6 µM octasaccharide at 20°C (O). The solid line shows the best fit of the data with a monoexponential
model. (B) Saccharide concentration dependence of the apparent rate of complex formation measured at 10°C. The slope of the linear
regression gives the association rate constant (1.8× 106 M-1 s-1), and the ordinate intercept yields the dissociation rate constant (0.25 s-1).
Error bars indicate the standard deviation of at least 10 measurements.
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seems to be governed by the need for rotational alignment
and the flexibility of the saccharide.
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