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ABSTRACT: Differential scanning calorimetry has been used to study the thermal stability and oligosac-
charide-binding thermodynamics of the N-terminal cellulose-binding domain ofCellulomonas fimiâ-1,4-
glucanase CenC (CBDN1). CBDN1 has a relatively low maximum stability (∆Gmax ) 33 kJ/mol) 216
J/residue at 1°C and pH 6.1) compared to other small single-domain globular proteins. The unfolding
is fully reversible between pH 5.5 and 9 and in accordance with the two-state equilibrium model between
pH 5.5 and 11. When the single disulfide bond in CBDN1 is reduced, the protein remains unfolded at all
conditions, as judged by NMR spectroscopy. This indicates that the intramolecular cross-link makes a
major contribution to the stability of CBDN1. The measured heat capacity change of unfolding (∆Cp )
7.5 kJ mol-1 K-1) agrees well with that calculated from the predicted changes in the solvent accessible
nonpolar and polar surface areas upon unfolding. Extrapolation of the specific enthalpy and entropy of
unfolding to their respective convergence temperature indicates that per residue unfolding energies for
CBDN1, an isolated domain, are in accordance with those found by Privalov (1) for many single-domain
globular proteins. DSC thermograms of the unfolding of CBDN1 in the presence of various concentrations
of cellopentaose were fit to a thermodynamic model describing the linkage between protein-ligand binding
and protein unfolding. A global two-dimensional minimization routine is used to regress the binding
enthalpy, binding constant, and unfolding thermodynamics for the CBDN1-cellopentaose system.
Extrapolated binding constants are in quantitative agreement with those determined by isothermal titration
calorimetry at 35°C.

Enzymes which degrade carbohydrates, such as cellulases
and xylanases, often contain a discrete domain which
mediates binding to the polysaccharide and is frequently
connected to the catalytic domain by a linker segment rich
in proline and threonine (and/or serine). More than 170
cellulose-binding domains (CBDs)1 have been identified and
grouped into 12 different families based on amino acid
sequence (2). Cellulose-binding domains retain their func-
tion when proteolytically separated from the catalytic domain
(3) or when produced by recombinant gene expression (4,

5). This together with the fact that CBD-fusion proteins
retain the activity of the fusion partner (6, 7) makes these
binding domains an attractive affinity purification tag that
utilizes cellulose as an inexpensive, readily available affinity
matrix.

The â-1,4-glucanase CenC from the soil bacteriaCellu-
lomonas fimicontains two tandemly repeated N-terminal
binding domains, CBDN1 and CBDN2, which are members
of family IV cellulose binding domains (2). Recombinant
CBDN1 binds soluble cello-oligosaccharides and amorphous
(insoluble) cellulose, but not crystalline cellulose (5, 8). This
is in contrast to more familiar CBDs from families I to III
which are known to bind both amorphous and crystalline
cellulose (9, 10) although possibly only to crystalline regions.

The binding of CBDN1 to solubleâ-1,4-linked glucans and
to insoluble amorphous cellulose (e.g., phosphoric acid-
swollen cellulose) has been studied by affinity electrophore-
sis, binding assays and isothermal titration calorimetry (8),
and by NMR and difference ultraviolet absorbance spec-
troscopy (11). Isothermal titration calorimetry (ITC) results
at 35°C and pH 7 indicate binding constants ranging from
3200( 500 M-1 for cellotetraose to 24 000( 4000 M-1

for sugars with 5 or more sequential glucopyranoside units.
The binding of CBDN1 to cellotetraose, cellopentaose and
cellohexaose is 1:1, while three to four CBDN1 can bind to
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each chain of high molecular weight soluble cellulosic
polymers. These binding studies, together with NMR-based
structural information, suggest that the binding site of CBDN1

accommodatesca. 5 glucopyranosyl units.
The solution structure of CBDN1, solved by multidimen-

sional multinuclear NMR spectroscopy (11, 12), is a jelly
roll â-sandwich with five antiparallelâ-strands forming a
concave face. Amide chemical shift perturbations and
intermolecular NOEs indicate that cello-oligosaccharides bind
along thisâ-sheet cleft. Calorimetry data show that binding
of sugars to CBDN1 is enthalpically favored with entropy
compensation (8). NMR data indicate that the binding cleft
contains a strip of hydrophobic side chains flanked by polar
residues (12). Together these data present a binding mech-
anism whereby CBDN1 interacts withâ-1,4-linked glucans
through both hydrogen bonding to equatorial hydroxyl groups
of the pyranose rings and van der Waals stacking of these
sugar rings against apolar side chains.
A dependence of ligand binding on the DSC melting

thermogram of a protein was first predicted by Schellman
(13, 14) using thermodynamic and statistical mechanical
methods. He showed that the free energy of interaction of
ligands with proteins is a simple function of the coupled
unfolding and binding equilibrium constants. The increase
in stability of lysozyme to thermal and guanidine hydro-
chloride denaturation in the presence of tri-N-acetylglu-
cosamine (15) agreed with Schellman’s prediction. Namely,
that an increase in stability of an enzyme in the presence of
a specific small molecule ligand results because the unfolding
equilibrium is shifted to the native state. Similar results have
been found using differential scanning calorimetry for several
protein-ligand systems (16-21).
Recently, several methods for determining binding con-

stants using calorimetry have been described (22-27) and
used to characterize protein-ligand interactions (21, 28, 29).
These methods have been successfully applied to both strong
and weak protein-ligand interactions. While isothermal
titration calorimetry (ITC) will give more precise values for
binding constants at temperatures below 50°C, the DSC
method extends the temperature range of validity of binding
data and may allow large binding constants (i.e.,> 108 M-1;
out of the range of the ITC) to be determined.
In this work, DSC was used to characterize the thermo-

dynamics of the folding-unfolding transition of CBDN1 and
the effect of oligosaccharide binding on the stability of this
protein. A global-minimization algorithm is presented for
regressing from DSC data the thermodynamics of linked
binding and unfolding reactions based on the excess enthalpy
equation of Brandts and Lin (23). The algorithm is applied
to the thermodynamic characterization of both the thermal
stability of CBDN1 and the binding of cellopentaose (G5) to
CBDN1. There have been several calorimetric studies of the
binding of soluble sugar ligands to proteins. These include
ITC studies of carbohydrate-binding antibodies (30, 31),
glucoamylase (32, 33), lectins (34, 35), and cellulose- and
starch-binding domains (8, 36, 37). Related DSC studies
of lysozyme (15), L-arabinose-binding protein (16), lectin
from winged bean (38), and maltose-binding protein (39)
have also been reported. This, however, is the first applica-
tion of DSC to the characterization of the reversible thermal
unfolding (and soluble-sugar binding) of an isolated, well-
characterized carbohydrate-binding domain. Beyond its

value in our further understanding of carbohydrate-binding
proteins, knowledge of stability and binding constants of
CBDN1 at elevated temperatures will be significant in the
application of this domain to affinity purification systems.

MATERIALS AND METHODS

Production and purification of recombinant CBDN1 has
been described by Tomme et al. (8). The molecular weight
of the 152-residue protein CBDN1 is 15 425 Da.
Cellopentaose (G5) (fine grade, 95+%) was purchased

from Seikagaku Corp. (Tokyo). Buffer solutions (50 mM)
were prepared from the following salts: pH 4-5, acetic acid
(Fisher) and sodium acetate (BDH, 99.5%); pH 6-7, dibasic
and monobasic sodium phosphate (Fisher); pH 9-10, glycine
(Sigma, 99%) and sodium hydroxide (Fisher); and pH 11,
dibasic sodium phosphate and sodium hydroxide (Fisher).
All solutions were prepared using distilled water filtered with
the Nanopure system.

Differential Scanning Calorimetry

DSC measurements were performed with a Calorimetry
Sciences Corp. model 4215 differential scanning calorimeter.
Protein samples were exchanged into the appropriate buffer
using a 10-mL Amicon ultrafiltration cell with a 1-kDa MWC
Omega membrane (Filtron Technology Corp.). The cell was
filled 5 times with fresh buffer. The final buffer eluted was
used as the reference in the DSC scans. Protein concentra-
tions were determined by UV spectroscopy (280 nm) using
the extinction coefficient of 21370 M-1 cm-1 (12). In
experiments with G5, the ligand was dissolved in buffer and
added to the exchanged protein solution to obtain the desired
protein and ligand concentrations. Background excess
thermal power scans were obtained with the reference buffer
in both sample and reference cells. These were subtracted
from the scans for each 0.5-mL sample solution containing
1.5-2.0 mg mL-1 CBDN1 (at pH 7, the protein concentration
was varied between 0.6 and 2.5 mg mL-1) and from 0 to 15
mM G5. All samples were degassed by water-aspirated
vacuum for 15 min prior to loading. The scan rate used
was 1°C min-1 for all DSC runs reported. Reversibility of
unfolding was determined by reheating the sample after
cooling in the calorimeter. Scan-rate independence of DSC
thermograms was verified for scan rates from 0.25 to 2°C
min-1.
Assignment and subtraction of the native-state heat capac-

ity Cp,n(T) from the absolute heat-capacity dataCp(T) to yield
Cp
ex, the excess heat capacity function, follows the method

of Straume and Freire (26). In this method, the temperature
dependence ofCp,n is fit to a linear function as a part of the
global minimization routine used to regress unfolding and
binding thermodynamics (see Results and Discussion).

NMR Spectroscopy

Uniformly 15N labeled CBDN1 was prepared as described
previously (11). 1H-15N HSQC experiments were recorded
using the enhanced-sensitivity pulsed field gradient approach
of Kay et al. (40). Selective water flip-back pulses were
incorporated to minimize the perturbation of the bulk water
magnetization (41, 42). The sample conditions were 0.7 mM
CBDN1 in 50 mM sodium phosphate, 50 mM NaCl, 0.02%
NaN3, pH 6.0, and 10% D2O/90% H2O. Spectra were
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acquired with a Varian Unity 500 MHz spectrometer and
analyzed using NMRPipe (43).
After recording the spectrum of native, oxidized CBDN1

at 7 and 35 °C, 100-fold excess (100 mM) ofD,L-
dithiothreitol (DTT) was added to the sample, followed by
a brief period of heating to 90°C. The spectrum of the
reduced protein was then reacquired at 7 and 35°C. The
heating step was utilized to overcome the slow kinetics of
disulfide reduction at pH 6. The validity of this approach
was confirmed in a separate control experiment carried out
with unlabeled CBDN1 at pH 8. Under these alkaline
conditions, the protein was readily reduced and unfolded at
room temperature. After prolonged exposure to air at pH 6
and 8, CBDN1 refolded due to loss of the reducing agent
and reoxidation of the disulfide bond. The presence of the
disulfide was confirmed using native and denaturing poly-
acrylamide gel electrophoresis. The spectra of reoxidized
CBDN1 and of CBDN1 passed through a cycle of thermal
unfolding and refolding in the absence of DTT are identical
with that recorded initially for the untreated, native protein.
To provide reference spectra for unfolded CBDN1, solid urea
and 100 mM DTT were added to an identical sample of the
15N-labeled protein. The final urea concentration was 6.9
M as determined by refractive index measurement.

RESULTS AND DISCUSSION

Thermostability of CBDN1

Figure 1 shows DSC thermograms forca. 0.1-mM
solutions of CBDN1 in 50-mM buffer at pHs from 6 to 11.
The unfolding of CBDN1 is fully reversible between pH 5.5
and 9, as shown by the near overlapping thermogram
obtained at pH 9 when the sample is reheated. Above pH
9, the unfolding of CBDN1 is partially (ca.50%) reversible.
Below pH 5.5, however, unfolding is irreversible. Little to
no endotherm is obtained upon rescanning the sample, and,
at pH 4.6, a white precipitate appears in the cell following
the experiment. Aggregation of CBDN1 at lower pH is most
likely due to the well-established tendency of the solubility
of a protein to reach a minimum at or near its isoelectric
point (pI). Based on primary sequence, the calculated pI of
CBDN1 is 3.5 (8).

Data reduction in this work is based on the two-state
equilibrium model of Privalov (44), which assumes thermo-
dynamic reversibility. Model analysis was therefore re-
stricted to pH 5.5 and above. No concentration or scan-rate
dependence of the thermograms was observed over this pH
range.
Figure 1 shows the fit of the two-state equilibrium model

(44) to the unfolding thermograms for CBDN1 between pH
6 and 11 (Table 1). Results from the two-state model fit
are good, agreeing to within experimental error ((19 kJ/
mol) with the calorimetric (peak area) enthalpies of unfolding
∆Hcal and with the van’t Hoff enthalpy∆HvH calculated from
the shape of the thermogram (44):

where Tm is the temperature at which the heat capacity
change relative to baseline is a maximum (∆Cp

max), andR
is the gas constant. Between pH 5.5 and 11, the ratio of
∆Hcal to ∆HvH is 1.0( 0.1, consistent with an equilibrium
two-state transition involving a single domain. Below pH
5.5, ∆HvH is greater than∆Hcal, suggesting nonspecific
oligomerization of the native-state protein at low pH.
Fukada et al. (16) have shown reversible unfolding of

L-arabinose binding protein. In addition, Novokhatny and
Ingham (39) found reversible thermal unfolding of the
maltose-binding protein MalE ofEscherichia coli. Schwarz
et al. (38) studied the thermal unfolding of the basic lectin
from winged bean (WBIA) which binds galactose and its
derivatives. Under all conditions, unfolding was only
partially reversible. Schwarz et al. (38) nevertheless applied
the simple reversible mass-action model of Schellman (13)
to evaluate binding thermodynamics from DSC thermograms
in the presence of monomeric derivatives of galactose by
assuming denaturation takes place according to the two-step
Lumry-Eyring reaction model (18) developed for protein
denaturation by Sa´nchez-Ruiz (45):

where N is the native state, U is the reversibly unfolded state,
and D is an irreversibly denatured state. The Sa´nchez-Ruiz

FIGURE 1: DSC thermograms for the unfolding of CBDN1 at
different pH (values shown above curves) in 50-mM buffer. Filled
circles are experimental data for the first scan; open circles are for
the second scan at pH 9; lines are nonlinear least-squares fit to a
two-state model of unfolding.

Table 1: Thermodynamic Parameters for the Native-to-Denatured
Transition of CBDN1

pH
To
(K)

∆H(To)
(kJ mol-1)

∆S(298 K)a
(kJ mol-1 K-1)

∆G(298 K)a
(kJ mol-1)

5.14b 324.0((0.4) 363.6((18) 0.50((0.11) 21.1((1.7)
5.50 323.2 372.1 0.55 21.4
6.10 324.2 410.4 0.64 24.9
7.09 322.5 391.4 0.62 22.5
7.36 321.7 370.4 0.58 20.5
9.06 318.2 361.8 0.65 17.9
10.58c 316.7 322.2 0.57 14.7
10.86c 316.5 319.4 0.56 14.4
11.06c 309.4 295.4 0.68 9.2

aCalculated using∆Cp ) 7.5 kJ mol-1 K-1. b Thermal unfolding
was irreversible at pH 5.14 and below.c Thermal unfolding was partially
reversible at pH 10.58 and above. Average errors inTo and ∆H
calculated as standard deviations from mean value of repeated runs.
Errors in∆S(298 K) and∆G(298 K) are calculated by propagation of
errors analysis.

∆HvH )
4RTm

2∆Cp
max

∆Hcal
(1)

N 798
KD

U 98
k
D (2)
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model is valid for systems where the reversible unfolding
reaction occurs rapidly relative to the second, irreversible
step over the entire temperature range of the thermal
transition. As a result, a true thermodynamic equilibrium
between N and U is maintained during the unfolding process
and it is possible to extract thermodynamic information from
the thermogram (18, 46). Tests for model validity include
the presence of partial reversibility upon rescan, and invari-
ance of thermogram shape and position with scan rate. Both
criteria hold for the partially reversible thermograms shown
in Figure 1 for denaturation of CBDN1 between pH 10.6 and
pH 11.1.
In contrast to mono- and disaccharide-binding proteins,

reversible unfolding of a polysaccharide binding protein has
only been shown for the starch-binding domain (SBD) of
Aspergillus nigerglucoamylase. Tanaka et al. (47) found
the SBD to be the only domain (of five) in the protein to
unfold reversibly and according to the two-state equilibrium
model, although a complex, somewhat questionable decon-
volution algorithm was required to reach this conclusion. No
attempt was made by Tanaka et al. to regress unfolding
thermodynamics (e.g., Gibbs energies of denaturation) from
the deconvoluted thermograms for the SBD.
The heat capacity change of unfolding∆Cpwas calculated

from the dependence of∆H(To) on To, where To is the
melting temperature defined at the midpoint in the unfolding
transition, between pH 5.5 and 11. Here,To corresponds to
Tg in the original model of Schellman (13). Within
experimental error,∆Cp is temperature independent through-
out the transition regions (35-55 °C) with a regressed value
of 7.5((1.3) kJ mol-1 K-1. In theory (48), ∆Cp must vary
with temperature, but the dependence in this case is too small
to measure given the accuracy of the DSC used in these
studies. Assuming a constant∆Cp, the entropy and Gibbs
energy changes for the native-to-denatured state transition
at 25 °C (Table 1) can be calculated according to the
reversible thermodynamic theory of Privalov (49)

whereSD, for instance, is the entropy of the denatured state.
The Gibbs free energy of stabilization maximum∆Gmax

corresponds to the unfolding temperatureTs where∆S is
equal to zero so thatTs ) To exp(-∆H(To)/To∆Cp). Mea-
sured unfolding thermograms between pH 5 and 11 indicate
that the thermal stability of CBDN1 is a maximum atca.pH
6.1. Figure 2 shows calculated reversible unfolding energies
and entropies against temperature at pH 6.1 (assuming a
constant∆Cp ) 7.5 kJ mol-1 K-1). At 1 °C, the native-
state protein reaches its maximum stability of 33 kJ mol-1,
which is equivalent to a per residue Gibbs energy change of
216 J mol-1. Becktel and Schellman (48) have argued that
the maximum stability of globular proteins should normally
lie between 200 and 500 J (mol residue)-1. Thus, CBDN1
has a relatively low maximum stability compared to other

(small) globular proteins. Although data are limited, it
appears that a low maximum stability may be a common
characteristic of sugar-binding proteins. Maltose-binding
protein, for instance, has a maximum stability of only 95 J
(mol residue)-1 which occurs at a relatively high temperature
of 28 °C (39), and arabinose-binding protein has a maximum
stability of 160 J (mol residue)-1 at 9 °C (16).
Becktel and Schellman (48) and, most notably, Pace and

Laurents (50) have also argued that the value ofTs, which
typically falls between-10 and 35°C, is indicative of the
polarity of a protein. Although the complex dependence of
∆Gmax (andTs) on numerous system variables renders such
an analysis only qualitative at best, relatively hydrophilic
proteins such as RNAse T1 usually exhibit lowTs values
(<5 °C) while hydrophobic proteins haveTs values near 35
°C (50). The low temperature of maximum stability
observed for CBDN1 (1 °C) suggests that the interior of the
protein is relatively hydrophilic (see next section).
Due to the opposite temperature dependencies of the

enthalpies of transfer of polar and nonpolar groups from the
protein interior into water upon unfolding, the specific
enthalpies of unfolding of single-domain globular proteins
tend to approach a common value ofca. 55 J g-1 when
extrapolated to the enthalpy convergence temperatureTH*
(44). A similar argument holds for the unfolding entropy
∆S so that a universal value of the specific entropy of
unfolding ofca.0.135 J g-1 K-1 is often found at an entropy
convergence temperatureTS* which is observed (but not
theoretically proven) to be essentially equal toTH* (1, 51,
52). If a temperature independent value of∆Cp is used, both
TH* and TS* are about 110°C. (Privalov and Makhatadze
(53) have argued that this value should increase to about
130 °C when the temperature dependence of∆Cp is

FIGURE 2: Enthalpy (dashed line), entropy (solid line), and Gibbs
energy changes for the native-to-denatured state transition of CBDN1
at pH 6.1.

∆S(T) ) SD - SN )
∆H(To)
To

+ ∆Cp ln(TTo) (3)

∆G(T) ) GD - GN ) ∆H(To) - T∆S(To) + ∆Cp[T-

To - T ln(TTo)] (4)
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considered.) The extrapolated specific enthalpy and entropy
of unfolding for CBDN1 at 110°C (using a constant∆Cp of
7.5 kJ mol-1 K-1) are 55.2 J g-1 and 0.163 J g-1 K-1,
respectively, indicating that CBDN1 unfolds like a single-
domain globular protein and suggesting that it may serve as
an excellent model system for studying structure-stability-
function relationships in carbohydrate-binding reactions.

Predicted Changes in Accessible Polar and Apolar
Surface Area upon Unfolding

Several similar methods have been proposed for calculat-
ing thermodynamic properties of protein unfolding based on
model compound studies utilizing the change in solvent
accessible nonpolar∆ASANP and polar∆ASAP surface area
(54-58). We compared our results for the unfolding of
CBDN1 to those calculated by the liquid hydrocarbon/amide
model of Spolar et al. (57) and by the solid cyclic dipeptide
model of Murphy and Freire (56). The predicted changes
in nonpolar and polar surface areas for the unfolding of
CBDN1 are 8076 and 3383 Å2, respectively. These values
were calculated with the program VADAR (59) using the
Lee and Richards (60) algorithm. The native state is taken
as the mean minimized NMR structure of CBDN1 (12). The
unfolded state is modeled as an extended (â-form) structure
with backboneφ and ψ angles of-140° and +140°,
respectively. Combining these results with the hydrocarbon/
amide model of Spolar et al. (57) gives a theoretical∆Cp of
8.3 kJ mol-1 K-1, in reasonably good agreement with our
calorimetric values. Similar results were obtained with the
model of Murphy and Freire (56).
In the previous section, we argued that the low value of

Ts (1 °C) for CBDN1 suggests that it is a relatively hydrophilic
protein. Expressing the heat-capacity correlation of Spolar
et al. (57) on a per residue basis (whereNr is the number of
residues), denoted by *,

removes molecular weight effects and thereby should provide
a quantitative scale of interior protein hydrophilicity. As
shown in eq 5,∆Cp* decreases with increasing interior
protein hydrophilicity. Hydrophilic proteins, irrespective of
their molecular weight, should therefore be characterized by
a quantitatively similar, relatively low value of∆Cp*; all
hydrophobic proteins should yield a comparatively high value
of ∆Cp*. Figure 3 plots measured per residue heat-capacity
data taken from this work and Spolar et al. (57) as a function
of ∆ASA*NP (Å2 (mol residue)-1). ∆Cp* varies fromca.42
J (mol residue)-1 K-1 for hydrophilic proteins such as RNase
A (61) to 73.5 J (mol residue)-1 K-1 for very hydrophobic
proteins such as maltose-binding protein (39). Reexpressing
the heat-capacity correlation of Spolar et al. (57) according
to eq 5 therefore increases the information content of their
correlation to include a gauge of protein hydrophobicity. A
striking example of this is given by the measured∆Cp (not
included in the original analysis of Spolar et al.) for the two

strongly hydrophobic proteins,Staphylococcusnuclease (∆Cp

) 10.9 kJ mol-1 K-1; 62) and maltose-binding protein (∆Cp

) 27.2 kJ mol-1 K-1; 39). Although there is a more than a
2-fold difference in∆Cp values,∆Cp* is nearly identical for
the two proteins: 71.1 and 73.5 J (mol residue)-1 K-1,
respectively.

The measured∆Cp for unfolding of CBDN1 yields a per
residue heat capacity change∆Cp* of 49.3 J (mol residue)-1

K-1. As indicated in Figure 3, CBDN1 is among the more
hydrophilic single-domain proteins studied to date. Inspec-
tion of the sequence of CBDN1 reveals a slight excess of
hydrophilic amino acids (defined here to include D, E, H,
K, N, P, Q, R, S, T) over hydrophobic (A, C, F, G, I, L, M,
V, W, Y), with an unusually high number of threonines.
Interestingly, CBDN1 contains 21 acidic residues (D, E) yet
only three basic residues (R).

Contribution of the Disulfide Bond to Stability

CBDN1 has one disulfide bond between Cys33 and Cys140.
This intramolecular cross-link bridges twoâ-strands on the
sheet opposite the binding face of the domain (12). The
position of the exposed disulfide bond suggests that it serves
to stabilize the folded state rather than to direct the precise
structure of the binding site. Figure 4 shows1H-15N HSQC
NMR spectra for CBDN1 at 35°C in both its oxidized and
reduced forms. Each peak in the spectra corresponds to a
1H-15N pair in the backbone and side chains of the protein,
and as such is an exquisitely sensitive measure of conforma-
tion. The spectra for reduced and oxidized CBDN1 in 7-M
urea at 35°C are also shown to provide fingerprints of the
fully denatured state. Reduction of the disulfide bond with
100-mM DTT (ca. 100-fold excess with respect to CBDN1)
results in complete denaturation of CBDN1 as reflected in
the close similarity of the collapsed spectrum with those
measured for the protein in 7-M urea. Although subtle
differences can be seen between the three spectra of the
unfolded protein, we have no evidence for significant residual
structure in the reduced protein. Reoxidation of the reduced

∆Cp* (J (mol residue)
-1 K-1) ) 1

Nr
(1.34∆ASANP -

0.586∆ASAP) (5)

) 1.34∆ASA*NP -

0.586∆ASA*P

FIGURE 3: Per residue heat capacity change upon unfolding as a
function of the per residue change in apolar solvent-accessible
surface area:2, 9, andb are data of Spolar et al. (57) for various
globular proteins, data of Novokhatny and Ingham (39) for maltose
binding protein, and our results for CBDN1, respectively. Line
represents least-squares linear fit of the data of Spolar et al. (57).
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sample leads to quantitative refolding of the domain to its
native state. It is noteworthy that the unfolded, reduced
CBDN1 remains fully soluble at NMR concentrations in the
absence of added denaturant. This is consistent with the
hydrophilic nature of CBDN1 and its ability to undergo
reversible thermal unfolding.
Lowering the solution temperature of the reduced protein

sample to 7°C, which is nearTs (1 °C), does not result in
measurable refolding. This indicates that the disulfide bond
makes a substantial contribution to the stability of CBDN1.
At 7 °C,∆G of unfolding of the native (oxidized) structure
is 33 kJ mol-1 (see Figure 2). Thus, the cumulative effects
of reducing the single Cys33 to Cys140 disulfide bond lead
to a reduction in folded-state stability∆(∆G) of at least that
amount.
It is generally assumed that disulfide bonds stabilize folded

proteins, at least in part, by restricting the conformational
freedom of the unfolded state (63, 64). On the basis of a
random-coil polymer result of Flory (65), Pace et al. (66)
have suggested that a good estimate of this conformational
entropy loss∆Sconf (J mol-1 K-1) accompanying formation
of a disulfide bond can be obtained from

wheren is the number of residues between the cross-linked
side chains. Equation 6, which strictly applies only to a

single polypeptide chain in a random-coil configuration,
predicts that the reduction in conformational entropy upon
oxidation will increase, thereby enhancing the stability of
the folded state, with greater separation of the cysteines in
the primary sequence. This effect has been confirmed
qualitatively by Zhang et al. (42) using cyclic permutation
of the N- and C-termini of disulfide-bridged variants of T4
lysozyme. Nevertheless, proteins containing a disulfide
bridge which connects cysteines separated by more than 100
intervening amino acids are relatively rare. Srinivasan et
al. (67) found that the number of residues between cysteines
varied from 4 to 129 with two distinct peaks in the
distribution of loop sizes: a broad peak between 10 and 30
residues (68), and a sharp peak between 60 and 70 residues.
CBDN1 contains a single disulfide bridge which forms a 108-
amino acid loop. This effectively joins the chain near the
carboxy and amino termini, making it a good model for
assessing the limit to which forming a single disulfide bond
can decrease the conformational entropy of the unfolded
state. Enthalpic contributions to hydrophobic dehydration
generally approach zero at 300 K (49). Application of eq 6
yields a value for-T∆Sconf at 300 K ofca. 20.2 kJ mol-1,
which is of the same order as the minimum∆(∆G) change
(>24 kJ mol-1) resulting from formation of the disulfide
bond at this temperature.

FIGURE 4: 1H-15N HSQC NMR spectra at 35°C and pH 6 of (A) native, oxidized CBDN1, and of CBDN1 denatured by (B) reduction, (C)
addition of 7-M urea (oxidized), and (D) reduction in the presence of 7-M urea.

∆Sconf ) -4.184(2.1- 3/2R ln n) (6)
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On the basis of solvent transfer experiments for model
compounds, Doig and Williams (69) argue that cross-links
destabilize the folded state entropicallydespite the large
reduction in conformational freedom (∆Sconf) of the denatured
(oxidized) polypeptide chain. This somewhat surprising
assertion, which conflicts with the conclusions of Pace et
al. (66), suggests that the observed overall stabilization of
the folded state is instead an enthalpic consequence of
significantly less water being required to solvate the dena-
tured protein in its oxidized form. For a small loop, the
argument of Doig and Williams seems reasonable since the
peptide region bounded by the cysteines in the denatured
reduced state is likely to contain a smaller number of
intraprotein interactions. Experimental validation of the
model for small loops has come from DSC studies of
modifying the Cys77-Cys95 loop of human lysozyme (70)
and the Cys14-Cys38 loop of bovine pancreatic trypsin
inhibitor (71). In both cases,∆H(298 K) was higher for the
cross-linked protein, which must occur if the disulfide bridge
entropically destabilizes the folded state.

The argument of Doig and Williams, however, is less
convincing when a large loop is considered, as in the case
of CBDN1. Dill and Shortle (72), for instance, contend that
denatured chain conformations can contain regions of
significant (solvent-excluded) structure, a result which is
finding increasing support from solution NMR data (73). It
is therefore difficult to argue that formation of a single
disulfide bridge between distant cysteines will neccessarily
lead to a lower net hydration of apolar surface area in the
denatured state. For hen egg-white lysozyme, Cooper et al.
(74) have shown that reduction of the Cys6-Cys127
disulfide bridge reduces∆G(298 K) by ca. 28 kJ mol-1

without an observed change in∆H. Our results are
consistent with these and the arguments of Pace et al. (66).
They suggest that for large loops, the loss in stability resulting
from reduction of the disulfide bridge can be attributed to
an increase in the entropy difference between the denatured
and folded structures.

Thermal Unfolding of CBDN1 in the Presence of
Cellopentaose

Figure 5 shows DSC thermograms for the unfolding of
CBDN1 in the presence of G5. As predicted by Schellman
(13, 14), binding of G5 to native-state CBDN1 increases the
thermal stability of the protein as measured byTm. A simple
mass-action based model derived by Fukada et al. (16) has
been used in several studies (17, 38, 47) to estimate the van’t
Hoff binding enthalpy and its temperature dependence from
this shift in the observed transition region with increasing
ligand concentration. The theory does not, however, allow
for straightforward regression of the binding constant (i.e.,
∆Gb, where subscript b denotes binding).

A more exact route to determining binding thermodynam-
ics from DSC data is through the excess heat capacity
Cp
ex(T), which is the direct thermodynamic observable in the

DSC thermogram. Assuming all transitions are two-state
and the ligand binds only to the native state, Brandts and
Lin (23) derived the following expression for the excess
enthalpyHex(T) accompanying reversible protein unfolding
in the presence of ligand:

where [P′] is the unfolded protein concentration, Pt is the
total protein concentration, and [PL] is the concentration of
bound folded protein. In eq 7, [P′]/Pt represents the fraction
of denatured protein, where [P′] is defined by the equilibrium
unfolding reaction

which is characterized by a standard-state denaturation
enthalpy change∆H(To) and heat-capacity change∆Cp(To).
The fraction of bound protein, [PL]/Pt, diminishes to zero
as the denaturation reaction proceeds according to eq 8 and
the equilibrium binding reaction

characterized by a binding enthalpy∆Hb(To) and heat
capacity∆Cpb(To).
Differentiation of Hex(T) with respect to temperature

givesCp
ex

which, when combined with the equations for conservation
of mass of protein and ligand, can be directly regressed to
the set of DSC thermograms for CBDN1 in the presence of
G5 shown in Figure 5 provided an appropriate fitting
algorithm is established.
The excess heat-capacity function was fit to the experi-

mental data by minimizing the least squares residualø2

FIGURE 5: DSC thermograms of the unfolding of CBDN1 in the
presence of various concentrations of G5 (concentrations (mM)
shown above curves), 50-mM phosphate buffer, pH 7.09. Filled
circles are experimental data; lines are nonlinear least-squares global
fit of eq 10 describing coupled ligand binding and protein unfolding
(see eq 7). The thermal unfolding temperatureTo in the absence of
ligand is 49°C, whereKb ) 3500 M-1 and∆Hb ) -53 kJ mol-1.

Hex(T) )
[P′]
Pt
[∆H(To) + ∆Cp(T- To)] +

[PL]
Pt

[∆Hb(To) + ∆Cpb(T- To)] (7)

P/ P′ K )
[P′]
[P]

(8)

P+ L / PL Kb )
[PL]

[P][L]
(9)

Cp
ex ) (∂Hex(T)

∂T )
p,x

(10)
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where (Cp
ex)obs and (Cp

ex)calc are the measured and calculated
values, respectively,np is the number of experimental data
points, andwi is the weighting factor associated with each
point. In the present analysis, all weighting factors were
set equal to unity to preserve thermodynamic consistency.
The nonlinear set of equations which result from eq 11 is
solved by a Gauss-Newton method incorporating the
Levenberg-Marquardt modification (75) to ensure rapid
convergence and a second-order accurate numerical dif-
ferentiation scheme to calculate the gradient matrix.
Results of the nonlinear least-squares global fitting of eq

10 to the set of DSC thermograms measured in the presence
of G5 are shown in Figure 5. (Cp

ex)calc contains seven
parameters which must be known or regressed. Four of these
parameters [∆H(To), K(To),∆Cp(To), andTo] were taken from
DSC results for CBDN1 in the absence of ligand (see Table
1). The remaining three parameters [∆Hb(To), Kb(To), and
Cpb(To)] were regressed. The results of the global fitting gave
values forKb(To) and∆Hb(To) of 3500 M-1 and-53 kJ
mol-1, respectively.ø2 was insensitive to the value of∆Cpb-
(To), making it impossible to directly regress this parameter.
However, a value for∆Cpb at 35°C of -0.21 kJ mol-1 K-1

has been previously measured by isothermal titration calo-
rimetry (8). This value of∆Cpb was therefore assumed to
be temperature independent and used in our analysis.
Figure 6 shows the temperature dependence of∆Gb, ∆Hb,

andT∆Sb as calculated from our DSC data. At 35°C, the
values extrapolated from our global-fitting analysis (∆Gb-
(35 °C) ) 23.6 kJ mol-1 and∆Hb ) -50 kJ mol-1) agree
well with those determined using isothermal titration calo-
rimetry (∆Gb(35 °C) ) 25.5( 2.7 kJ mol-1 and∆Hb )
-53.0(1.3 kJ mol-1) by Tomme et al. (8). The increase
in the enthalpic driving force for binding with increasing
temperature, combined with the concomitant strong decrease
(i.e., greater loss) in entropy, suggests that the degree of
structure of the hydration layer on the protein- and ligand-
binding surfaces prior to binding makes a significant
contribution to the overall binding energetics. At elevated
temperatures, we would expect the degree of ordering of the

hydration layer to be reduced, so that the dominant entropic
effect becomes the loss in conformational freedom of the
sugar chain upon binding.
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