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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 domatetfilomonas fimp-1,4-
glucanase CenC (CB). CBDni has a relatively low maximum stabilitAGmax = 33 kJ/mol= 216
J/residue at £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 GBI 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 CBfa. The measured heat capacity change of unfoldieG,(=

7.5 kJ mot? 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
CBDnj, an isolated domain, are in accordance with those found by Priva)der many single-domain
globular proteins. DSC thermograms of the unfolding of GBID the presence of various concentrations

of cellopentaose were fit to a thermodynamic model describing the linkage between-pligim binding

and protein unfolding. A global two-dimensional minimization routine is used to regress the binding
enthalpy, binding constant, and unfolding thermodynamics for the (GBEellopentaose system.
Extrapolated binding constants are in quantitative agreement with those determined by isothermal titration
calorimetry at 35°C.

Enzymes which degrade carbohydrates, such as cellulase$). This together with the fact that CBD-fusion proteins
and xylanases, often contain a discrete domain which retain the activity of the fusion partne8,(7) makes these
mediates binding to the polysaccharide and is frequently binding domains an attractive affinity purification tag that
connected to the catalytic domain by a linker segment rich utilizes cellulose as an inexpensive, readily available affinity
in proline and threonine (and/or serine). More than 170 matrix.

cellulose-binding domains (CBDd)ave been identified and The -1,4-glucanase CenC from the soil bacteGiallu-
grouped into 12 different families based on amino acid |pmonas fimicontains two tandemly repeated N-terminal
sequencel). Cellulose-binding domains retain their func- binding domains, CBR, and CBLy,, which are members
tion when proteolytically separated from the catalytic domain of family IV cellulose binding domains2j. Recombinant

(3) or when produced by recombinant gene expression ( cBD,, binds soluble cello-oligosaccharides and amorphous
(insoluble) cellulose, but not crystalline celluloge ). This
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each chain of high molecular weight soluble cellulosic value in our further understanding of carbohydrate-binding

polymers. These binding studies, together with NMR-based proteins, knowledge of stability and binding constants of

structural information, suggest that the binding site of GBD CBDy; at elevated temperatures will be significant in the

accommodatesa. 5 glucopyranosyl units. application of this domain to affinity purification systems.
The solution structure of CBR, solved by multidimen-

sional multinuclear NMR spectroscopgd( 12), is a jelly =~ MATERIALS AND METHODS

roll -sandwich with five antiparallgB-strands forming a Production and purification of recombinant CRDhas
concave face. Amide chemical shift perturbations and peen described by Tomme et &8).( The molecular weight
intermolecular NOEs indicate that cello-oligosaccharides bind f the 152-residue protein CBRIs 15 425 Da.

along thiss-sheet cleft. Calorimetry data show that binding Cellopentaose (G5) (fine grade, 8%) was purchased
of sugars to CB is enthalpically favored with entropy  from Sejkagaku Corp. (Tokyo). Buffer solutions (50 mM)
compensationd). NMR data indicate that the binding cleft \yere prepared from the following salts: pH-8, acetic acid
contains a strip of hydrophobic side chains flanked by polar (Fisher) and sodium acetate (BDH, 99.5%); pH7 dibasic
residues 12). Together these data present a binding mech- 514 monobasic sodium phosphate (Fisher); pH., glycine
anism whereby CBR) interacts withp-1,4-linked glucans (Sigma, 99%) and sodium hydroxide (Fisher): and pH 11,
through both hydrogen bonding to equatorial hydroxyl groups gjihasic sodium phosphate and sodium hydroxide (Fisher).

of the pyranose rings and van der Waals stacking of thesep| solutions were prepared using distilled water filtered with
sugar rings against apolar side chains. the Nanopure system.

A dependence of ligand binding on the DSC melting
thermogram of a protein was first predicted by Schellman Differential Scanning Calorimetry
(13, 14) using thermodynamic and statistical mechanical

methods. He showed that the free energy of interaction of DSC measurements were performed with'a Calor_imetry
ligands with proteins is a simple function of the coupled Sciences Corp. model 4215 differential scanning calorimeter.

: S P ; Protein samples were exchanged into the appropriate buffer
unfolding and binding equilibrium constants. The increase ' . . o9 .
in stability of lysozyme to thermal and guanidine hydro- USing @ 10-mL Amicon ultrafiltration cell with a 1-kDa MWC

chloride denaturation in the presence of Nracetylglu- Omega membrane (Filtron Technology Corp.). The cell was

cosamine 15) agreed with Schellman’s prediction. Namely, ﬁ”e% 5 tirrr11es Wfith fresh'bu:lferb;'ge final buFf)fer e.luted was
that an increase in stability of an enzyme in the presence of US€d as the reference in the scans. Protein concentra-

tions were determined by UV spectroscopy (280 nm) using
the extinction coefficient of 21370 M cm™® (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
rom the scans for each 0.5-mL sample solution containing
.5—2.0 mg mL-t CBDy; (at pH 7, the protein concentration
was varied between 0.6 and 2.5 mg miLand 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~? 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 &€2
min~t,

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 systemsi1(6—21).

Recently, several methods for determining binding con-
stants using calorimetry have been descri2-@7) and
used to characterize proteitigand interactions41, 28, 29).
These methods have been successfully applied to both stron
and weak proteirligand interactions. While isothermal
titration calorimetry (ITC) will give more precise values for
binding constants at temperatures below °&) the DSC
method extends the temperature range of validity of binding
data and may allow large binding constants (kRe1(® 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 CRPand

the effect of oligosaccharide binding on the stability of this Assi t and subtracii fth i tate heat
protein. A global-minimization algorithm is presented for ssignmentand sublraction of the native-state neat capac-

regressing from DSC data the thermodynamics of linked it{XCPv“(T) from the absolute heat-capacity deIgT) to yield
binding and unfolding reactions based on the excess enthalpyp - (€ €xcess heat capacity function, follows the method
equation of Brandts and Lir28). The algorithm is applied of Straume and Fr_elrQ(S). In_ this meth(_)d, the temperature
to the thermodynamic characterization of both the thermal dependence df, s fit to a linear function as a part of the
stability of CBDy; and the binding of cellopentaose (G5) to g!obgl minimization rqutme used to regress l.JnfoIdllng and
CBDy.. There have been several calorimetric studies of the Pinding thermodynamics (see Results and Discussion).
binding of soluble sugar ligands to proteins. These include

ITC studies of carbohydrate-binding antibodieg®,(31), NMR Spectroscopy

glucoamylase 32, 33), lectins @4, 35), and cellulose- and Uniformly 15N labeled CBR; was prepared as described
starch-binding domains8( 36, 37). Related DSC studies previously 1). *H—'N HSQC experiments were recorded
of lysozyme (5), L-arabinose-binding proteirl§), lectin using the enhanced-sensitivity pulsed field gradient approach
from winged bean 38), and maltose-binding proteir89) of Kay et al. @0). Selective water flip-back pulses were

have also been reported. This, however, is the first applica-incorporated to minimize the perturbation of the bulk water
tion of DSC to the characterization of the reversible thermal magnetization41, 42). The sample conditions were 0.7 mM
unfolding (and soluble-sugar binding) of an isolated, well- CBDy; in 50 mM sodium phosphate, 50 mM NaCl, 0.02%
characterized carbohydrate-binding domain. Beyond its NaN;, pH 6.0, and 10% BD/90% HO. Spectra were
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sl T T T ] Table 1: Thermodynamic Parameters for the Native-to-Denatured
Transition of CBR;
ol To AH(To) AS(298 Ky  AG(298 Ky
) pH (K) (kImolY)  (kJmolrtK™1)  (kJ moi™)
kv sl i 5.14 324.0¢:0.4) 363.6418) 0.50(0.11) 21.141.7)
T 550 323.2 372.1 0.55 21.4
g 1 6.10 324.2 410.4 0.64 24.9
I 20t J 7.09 3225 391.4 0.62 225
=~ 736 3217 370.4 0.58 20.5
S a 9.06 318.2 361.8 0.65 17.9
© 10 § 10.58 316.7 322.2 0.57 14.7
10.86 316.5 319.4 0.56 14.4
oL @ = 11.06 309.4 295.4 0.68 9.2
L L TERPRRS E SV S S a Calculated usingACp, = 7.5 kJ moi* K. ® Thermal unfolding
280 285 300 305 310 315 320 325 330 335 40 345 was irreversible at pH 5.14 and belowThermal unfolding was partially
T (K) reversible at pH 10.58 and above. Average errorsTinand AH
Ficure 1: DSC thermograms for the unfolding of CRDat calculated as standard deviations from mean value of repeated runs.

different pH (values shown above curves) in 50-mM buffer. Filled Errors inAS(298 K) andAG(298 K) are calculated by propagation of
circles are experimental data for the first scan; open circles are for errors analysis.
the second scan at pH 9; lines are nonlinear least-squares fit to a
two-state model of unfolding. Data reduction in this work is based on the two-state
. . . . equilibrium model of Privalov44), which assumes thermo-
:ﬁgr';i% Vll’;r:] al\\l/l\e/llgini l;né;y 500 MHz spectrometer and dynamic reversibility. Model analysis was therefore re-
Af¥er recordigng the sgectrl.Jm of native, oxidized GRD stricted to pH 5.5 and above. No concentration or scan-rate
’ dependence of the thermograms was observed over this pH
at 7 and 35°C, 100-fold excess (100 mM) ob,L- rar?ge 9 W v v 'SP
dlthlpthreltgl (DTT) was added to the sample, followed by Figure 1 shows the fit of the two-state equilibrium model
a gnefdpenotd'of heattlr?g to %C'. Tgetsgectgénso_;hthe (44) to the unfolding thermograms for CBpbetween pH
reduced protein was then reacquired at 7-an > 1he 6 and 11 (Table 1). Results from the two-state model fit
heating step was utilized to overcome the slow kinetics of are good, agreeing to within experimental errarl@ kJ/
disulfide reduction at pH 6. The validity of this approach mol) with the calorimetric (peak area) enthalpies of unfolding

was confirmed in a separate control experiment carrlgd outAHcal and with the van't Hoff enthalpy\H. calculated from
with unlabeled CBR; at pH 8. Under these alkaline the shape of the thermogrardj;
conditions, the protein was readily reduced and unfolded at '

room temperature. After prolonged exposure to air at pH 6 ART.2AC Max
and 8, CBL; refolded due to loss of the reducing agent = m—>p 1)
and reoxidation of the disulfide bond. The presence of the Y AH,

disulfide was confirmed using native and denaturing poly-

acrylamide gel electrophoresis. The spectra of reoxidized Wwhere Tn, is the temperature at which the heat capacity
CBDy; and of CBIy; passed through a cycle of thermal change relative to baseline is a maximuAy™), andR
unfolding and refolding in the absence of DTT are identical is the gas constant. Between pH 5.5 and 11, the ratio of
with that recorded initially for the untreated, native protein. AHca to AHy4 is 1.0+ 0.1, consistent with an equilibrium
To provide reference spectra for unfolded Gg3solid urea two-state transition involving a single domain. Below pH
and 100 mM DTT were added to an identical sample of the 5.5, AHy is greater thanAHc,, suggesting nonspecific
15N-labeled protein. The final urea concentration was 6.9 oligomerization of the native-state protein at low pH.

M as determined by refractive index measurement. Fukada et al. ¥6) have shown reversible unfolding of
L-arabinose binding protein. In addition, Novokhatny and
RESULTS AND DISCUSSION Ingham @9) found reversible thermal unfolding of the
. maltose-binding protein MalE dEscherichia coli Schwarz
Thermostability of CBR et al. 38) studied the thermal unfolding of the basic lectin

from winged bean (WBIA) which binds galactose and its

solutions of CBR; in 50-mM buffer at pHs from 6 to 11. deri\_/atives. U_nder all conditions, unfolding was pnly
The unfolding of CBRy is fully reversible between pH 5.5  Partially reversible. Schwarz et aB§) nevertheless applied
and 9, as shown by the near overlapping thermogram the simple reversible mass-action model of Schellniz) (
obtained at pH 9 when the sample is reheated. Above pH !0 evaluate binding thermodynamics from DSC thermograms
9, the unfolding of CBR; is partially (ca.50%) reversible.  in the presence of monomeric derivatives of galactose by
Below pH 5.5, however, unfolding is irreversible. Little to @ssuming denaturation takes place according to the two-step
no endotherm is obtained upon rescanning the sample, and-umry—Eyring reaction model8) developed for protein

at pH 4.6, a white precipitate appears in the cell following denaturation by Sehez-Ruiz 49):

the experiment. Aggregation of CRbat lower pH is most K

likely due to the well-established tendency of the solubility N—U-%XD 2)

of a protein to reach a minimum at or near its isoelectric

point (). Based on primary sequence, the calculatedfp ~ where N is the native state, U is the reversibly unfolded state,
CBDygs is 3.5 B). and D is an irreversibly denatured state. Tha®ez-Ruiz

Figure 1 shows DSC thermograms faa. 0.1-mM
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model is valid for systems where the reversible unfolding 1000
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@, 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 CBR 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 a#t79) 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
thermodynamicsd.g, Gibbs energies of denaturation) from 120
the deconvoluted thermograms for the SBD. s : : .

The heat capacity change of unfolding, was calculated 20 40 &0
from the dependence ohH(T,) on T, whereT, is the T (°C)

melting temperature defined at the midpoint in the unfolding £, re 2: Enthalpy (dashed line), entropy (solid line), and Gibbs

transition, between pH 5.5 and 11. Hefgcorrespondsto  energy changes for the native-to-denatured state transition o, CBD
Ty in the original model of Schellmanl1®). Within at pH 6.1.

experimental errorAC, is temperature independent through-
out the transition regions (355 °C) with a regressed value  (small) globular proteins. Although data are limited, it
of 7.5&1.3) kJ mot* K~%. In theory @8), AC, must vary appears that a low maximum stability may be a common
with temperature, but the dependence in this case is too smalkcharacteristic of sugar-binding proteins. Maltose-binding
to measure given the accuracy of the DSC used in theseprotein, for instance, has a maximum stability of only 95 J
studies. Assuming a constaAC,, the entropy and Gibbs  (mol residue)* which occurs at a relatively high temperature
energy changes for the native-to-denatured state transitionof 28 °C (39), and arabinose-binding protein has a maximum
at 25 °C (Table 1) can be calculated according to the stability of 160 J (mol residue} at 9 °C (16).
reversible thermodynamic theory of Privalod9f Becktel and Schellmamg) and, most notably, Pace and
Laurents 50) have also argued that the valueTaf which
AH(T,) typically falls between—-10 and 35°C, is indicative of the

T polarity of a protein. Although the complex dependence of
0 AGnax (&andTs) on numerous system variables renders such
an analysis only qualitative at best, relatively hydrophilic
proteins such as RNAse T1 usually exhibit IGwvalues
(<5 °C) while hydrophobic proteins havi values near 35
°C (50). The low temperature of maximum stability
observed for CBR; (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
corresponds to the unfolding temperatdiewhere AS is protein interior into water upon unfolding, the specific
equal to zero so thals = T, exp(—AH(To)/T,AC,). Mea- enthalpies of unfolding of single-domain globular proteins
sured unfolding thermograms between pH 5 and 11 indicatetend to approach a common value cd. 55 J g when
that the thermal stability of CBRQ is a maximum ata. pH extrapolated to the enthalpy convergence temperafiyte
6.1. Figure 2 shows calculated reversible unfolding energies(44). A similar argument holds for the unfolding entropy
and entropies against temperature at pH 6.1 (assuming aAS so that a universal value of the specific entropy of
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whereS, for instance, is the entropy of the denatured state.
The Gibbs free energy of stabilization maximuGax

constantAC, = 7.5 kJ mot! K™1). At 1 °C, the native-
state protein reaches its maximum stability of 33 kJ Thol
which is equivalent to a per residue Gibbs energy change of
216 J mot!. Becktel and Schellmar8) have argued that
the maximum stability of globular proteins should normally
lie between 200 and 500 J (mol residue) Thus, CBRy;

has a relatively low maximum stability compared to other

unfolding ofca.0.135 J g* K™1is often found at an entropy
convergence temperatuig* which is observed (but not
theoretically proven) to be essentially equalTigr (1, 51,

52). If atemperature independent valueAdE, is used, both

Ty* and Ts* are about 110C. (Privalov and Makhatadze
(53) have argued that this value should increase to about
130 °C when the temperature dependence A€, is



Binding and Stability of CBR; Biochemistry, Vol. 37, No. 10, 1998533

considered.) The extrapolated specific enthalpy and entropy 9O———m———F———F—————1 71—
of unfolding for CBDy; at 110°C (using a constarmC; of
7.5 kJ mot! K1) are 55.2 J g' and 0.163 J gt K1,
respectively, indicating that CBR unfolds like a single-

<]
o

)

domain globular protein and suggesting that it may serve as f‘
an excellent model system for studying structuséability— Eg 70 7
function relationships in carbohydrate-binding reactions. k>
q') =
Predicted Changes in Accessible Polar and Apolar S 00
Surface Area upon Unfolding E }
250 1

Several similar methods have been proposed for calculat- , ™~
ing thermodynamic properties of protein unfolding based on Lj
model compound studies utilizing the change in solvent 40
accessible nonpolaxASAnr and polarAASAg surface area e
(54-58). We compared our results for the unfolding of 45 %0 5% 60 & 70 75 80 8
CBD\; to those calculated by the liquid hydrocarbon/amide AASA‘NP (A® (mol residue)™)

model of Spolar et al.57) and by the solid cyclic dipeptide F , . . .

. . IGURE 3: Per residue heat capacity change upon unfolding as a
model of Murphy and Freire5¢). The predicted changes fnction of the per residue change in apolar solvent-accessible
in nonpolar and polar surface areas for the unfolding of surface areaa, B, and® are data of Spolar et al57) for various
CBDy; are 8076 and 3383 Arespectively. These values globular proteins, data of Novokhatny and Ingha88) for maltose
were calculated with the program VADARSY) using the binding protein, and our results for CRE respectively. Line
Lee and RichardssQ) algorithm. The native state is taken represents least-squares linear fit of the data of Spolar e88l. (
as the mean minimized NMR structure of CR¥12). The
unfolded state is modeled as an extengeébfm) structure
with backbone¢ and y angles of —14C° and +140C,
respectively. Combining these results with the hydrocarbon/
amide model of Spolar et al57) gives a theoreticahC,, of o . _
8.3 kJ mof! K1, in reasonably good agreement w?th our the two proteins: 71.1 and 73.5 J (mol residuek ™,
calorimetric values. Similar results were obtained with the respectively.
model of Murphy and Freire5). The measuredC, for unfolding of CBLy; yields a per

In the previous section, we argued that the low value of residue heat capacity chang€,* of 49.3 J (mol residuey
Ts (1 °C) for CBDy; suggests that it is a relatively hydrophilic K™ As indicated in Figure 3, CBR) is among the more
protein. Expressing the heat-capacity correlation of Spolar hydrophilic single-domain proteins studied to date. Inspec-
et al. 67) on a per residue basis (whe¥gis the number of  tion of the sequence of CBR reveals a slight excess of

strongly hydrophobic protein§taphylococcusucleaseAC,
= 10.9 kJ mot? K~1; 62) and maltose-binding protei\C,
= 27.2 kJ mot? K=1; 39). Although there is a more than a
2-fold difference inAC, values AC,* is nearly identical for

residues), denoted by *, 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,
* . 11— 1 _ V, W, Y), with an unusually high number of threonines.
AGy" (J (mol residue) =K ) Nr(l'34AASANP Interestingly, CBR; contains 21 acidic residues (D, E) yet
0.586AASA,) (5) only three basic residues (R).
= 1.34AASA%, — Contribution of the Disulfide Bond to Stability
0.58AASA% CBDu; has one disulfide bond between Cys33 and Cys140.

This intramolecular cross-link bridges tyfestrands on the
removes molecular weight effects and thereby should provide sheet opposite the binding face of the domai@)( The
a quantitative scale of interior protein hydrophilicity. As position of the exposed disulfide bond suggests that it serves
shown in eq 5ACy* decreases with increasing interior to stabilize the folded state rather than to direct the precise
protein hydrophilicity. Hydrophilic proteins, irrespective of  structure of the binding site. Figure 4 shois—"*N HSQC
their molecular weight, should therefore be characterized by NMR spectra for CBR; at 35°C in both its oxidized and
a quantitatively similar, relatively low value afC*; all reduced forms. Each peak in the spectra corresponds to a
hydrophobic proteins should yield a comparatively high value *H—°N pair in the backbone and side chains of the protein,
of ACy*. Figure 3 plots measured per residue heat-capacity and as such is an exquisitely sensitive measure of conforma-
data taken from this work and Spolar et &7)as a function tion. The spectra for reduced and oxidized GBIh 7-M
of AASA¥, (A2 (mol residue)?). AC,* varies fromca. 42 urea at 35°C are also shown to provide fingerprints of the
J (mol residue)t K~ for hydrophilic proteins such as RNase fully denatured state. Reduction of the disulfide bond with
A (61 to 73.5 J (mol residue} K~ for very hydrophobic 100-mM DTT (ca 100-fold excess with respect to CRD
proteins such as maltose-binding prote88)( Reexpressing  results in complete denaturation of CRDas reflected in
the heat-capacity correlation of Spolar et &l7)(according the close similarity of the collapsed spectrum with those
to eq 5 therefore increases the information content of their measured for the protein in 7-M urea. Although subtle
correlation to include a gauge of protein hydrophobicity. A differences can be seen between the three spectra of the
striking example of this is given by the measure@, (not unfolded protein, we have no evidence for significant residual
included in the original analysis of Spolar et al.) for the two structure in the reduced protein. Reoxidation of the reduced
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FiIGURE 4: 1H—15N HSQC NMR spectra at 35C and pH 6 of (A) native, oxidized CBQ, and of CBLy; denatured by (B) reduction, (C)
addition of 7-M urea (oxidized), and (D) reduction in the presence of 7-M urea.

sample leads to quantitative refolding of the domain to its single polypeptide chain in a random-coil configuration,
native state. It is noteworthy that the unfolded, reduced predicts that the reduction in conformational entropy upon
CBDn, remains fully soluble at NMR concentrations in the oxidation will increase, thereby enhancing the stability of
absence of added denaturant. This is consistent with thethe folded state, with greater separation of the cysteines in
hydrophilic nature of CBR and its ability to undergo  the primary sequence. This effect has been confirmed
reverS|bI_e thermal ur_1fo|d|ng. . qualitatively by Zhang et al.4@) using cyclic permutation
Lowering the solution temperatuore of the reduced protein ¢ y,o N ang C-termini of disulfide-bridged variants of T4
sample to 7°C, which is neaiTs (1 °C), does not result in . - N
lysozyme. Nevertheless, proteins containing a disulfide

measurable refolding. This indicates that the disulfide bond . :
makes a substantial contribution to the stability of GBD bridge which connects cysteines separated by more than 100

At 7 °C, AG of unfolding of the native (oxidized) structure intervening amino acids are relatively rare. Srinivasan et
is 33 kJ mot! (see Figure 2). Thus, the cumulative effects al. (67) found that the number of residues between cysteines
of reducing the single Cys33 to Cys140 disulfide bond lead varied from 4 to 129 with two distinct peaks in the
to a reduction in folded-state stabilit(AG) of at least that  distribution of loop sizes: a broad peak between 10 and 30
amount. residues§8), and a sharp peak between 60 and 70 residues.
Itis generally assumed that disulfide bonds stabilize folded CBDj; contains a single disulfide bridge which forms a 108-
proteins, at least in part, by restricting the conformational amino acid loop. This effectively joins the chain near the
freedom of the unfolded stat€3 64). On the basis of a  carhoxy and amino termini, making it a good model for
random-coil polymer result of Flory6), Pace et al.@6)  455egsing the limit to which forming a single disulfide bond
have suggested that a good_esnmate of th|§ conformanonalcan decrease the conformational entropy of the unfolded
entropy lossAS.ont (J molt K—1) accompanying formation halboi tributions to hvdroohobic dehvdration
of a disulfide bond can be obtained from state. Enthalpic contributions to hydrop Jobic dehyadratio
generally approach zero at 300 K9j. Application of eq 6
AS, = —4.184(2.1- 3/2R In n) (6) yields a value for-TAS,n at 300 K ofca. 20.2 kJ mot?,
which is of the same order as the minimuAG) change
wheren is the number of residues between the cross-linked (>24 kJ motf?) resulting from formation of the disulfide
side chains. Equation 6, which strictly applies only to a bond at this temperature.
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On the basis of solvent transfer experiments for model ” ' ' ' ' ' ' '
compounds, Doig and William$9) argue that cross-links 80 |- .
destabilize the folded state entropicaliespite the large
reduction in conformational freedom&.ony) of the denatured

-~ : . ; . 60
(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 5
significantly less water being required to solvate the dena- =~

L .- & _ 20
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 ok ,
reduced state is likely to contain a smaller number of , , , , , , , ,
intraprotein interactions. Experimental validation of the 300 310 320 330 340
model for small loops has come from DSC studies of T (K)
modifying the Cys7#Cys95 loop of_human Iysozymé@ . Ficure 5: DSC thermograms of the unfolding of CRDin the
and the Cys14Cys38 loop of bovine pancreatic trypsin presence of various concentrations of G5 (concentrations (mM)
inhibitor (71). In both casesAH(298 K) was higher forthe  shown above curves), 50-mM phosphate buffer, pH 7.09. Filled

cross-linked protein, which must occur if the disulfide bridge circles are experimental data; lines are nonlinear least-squares global
: fit of eq 10 describing coupled ligand binding and protein unfolding
entropically destabilizes the folded state. (see eq 7). The thermal unfolding temperatigén the absence of

The argument of Doig and Williams, however, is less ligand is 49°C, whereKy, = 3500 M-t andAH, = —53 kJ mot .
convincing when a large loop is considered, as in the case '
of CBDw1. Dill and Shortle 72), for instance, contend that  {eX(T) = E[AH(T )+ AC(T—T)] +
denatured chain conformations can contain regions of P ° P °
significant (solvent-excluded) structure, a result which is [PL]
finding increasing support from solution NMR daf@3]. It _[AHb( ot ACpb(T =Tl (7)
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 CysBysl127
disulfide bridge reducedAG(298 K) by ca. 28 kJ moi?
without an observed change iAH. Our results are

40 -

kJ mol

X

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

consistent with these and the arguments of Pace e6@)l. ( [P]
They suggest that for large loops, the loss in stability resulting PSP K=-— (8)
from reduction of the disulfide bridge can be attributed to [P]

an increase in the entropy difference between the denatured
and folded structures. which is characterized by a standard-state denaturation

enthalpy chang@&H(T,) and heat-capacity changeCy(T).
The fraction of bound protein, [PL]{Pdiminishes to zero
as the denaturation reaction proceeds according to eq 8 and
the equilibrium binding reaction

Figure 5 shows DSC thermograms for the unfolding of
CBDy; in the presence of G5. As predicted by Schellman [PL]
(13, 14), binding of G5 to native-state CBincreases the [P][L]
thermal stability of the protein as measuredly A simple
mass-action based model derived by Fukada etlé).{as characterized by a binding enthalpyHy(T,) and heat
been used in several studids(38, 47) to estimate the van't  capacity ACg(To).
Hoff binding enthalpy and its temperature dependence from Differentiation of H®(T) with respect to temperature
this shift in the observed transition region with increasing gives C*
ligand concentration. The theory does not, however, allow
for straightforward regression of the binding constant (i.e., H(T)
AGy, Where subscript b denotes binding). C= T Jox

A more exact route to determining binding thermodynam-
ics from DSC data is through the excess heat capacity which, when combined with the equations for conservation
CEX(T), which is the direct thermodynamic observable in the of mass of protein and ligand, can be directly regressed to
DSC thermogram. Assuming all transitions are two-state the set of DSC thermograms for CRDin the presence of
and the ligand binds only to the native state, Brandts and G5 shown in Figure 5 provided an appropriate fitting
Lin (23) derived the following expression for the excess algorithm is established.
enthalpyH®{(T) accompanying reversible protein unfolding The excess heat-capacity function was fit to the experi-
in the presence of ligand: mental data by minimizing the least squares resiggal

Thermal Unfolding of CBR in the Presence of
Cellopentaose

P+L=PL  K,= 9)

(10)
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Ficure 6: Calculated enthalpy, entropy and Gibbs energy change
for the binding of G5 to CBR; at pH 7 as determined from the
DSC data.

60 70 80

2= IWET-E a

where C)°*and (C;")*¥° are the measured and calculated
values, respectivelyn, is the number of experimental data
points, andw; 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 GaussNewton method incorporating the
Levenberg-Marquardt modification {5) 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. Cf)ca contains seven

parameters which must be known or regressed. Four of these ;5

parametersAH(To), K(To), ACy(To), andT,] were taken from
DSC results for CBR; in the absence of ligand (see Table
1). The remaining three parametersHy(T,), Ku(To), and
Co(To)] were regressed. The results of the global fitting gave
values forKy(T,) and AH(T,) of 3500 M and —53 kJ
mol~1, respectively.y? was insensitive to the value &fCy-
(To), making it impossible to directly regress this parameter.
However, a value foACy, at 35°C of —0.21 kJ mot! K1
has been previously measured by isothermal titration calo-
rimetry 8). This value ofACy, was therefore assumed to
be temperature independent and used in our analysis.
Figure 6 shows the temperature dependence@f, AHy,
andTAS, as calculated from our DSC data. At 36, the
values extrapolated from our global-fitting analysisGy-
(35°C) = 23.6 kJ mot! and AH, = —50 kJ mot?) agree
well with those determined using isothermal titration calo-
rimetry (AGp(35 °C) = 25.5+ 2.7 kJ mot! and AH, =
—53.0+1.3 kJ mot?) by Tomme et al. §). The increase
in the enthalpic driving force for binding with increasing

temperature, combined with the concomitant strong decrease 25.

(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

Creagh et al.

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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