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DSC measurements have been performed on the monomeric form of yeast hexokinase B in
the absence and presence of increasing concentrations of D-glucose. The hexokinase, in the
absence of D-glucose, at both pH 8.0 and 8.5, shows reproducible calorimetric profiles
characterized by the presence of two partially overlapped peaks. These can be ascribed to
the presence of two structural domains in the native conformation of the enzyme, that
possess different thermal stabilities and are denatured more or less independently. In the
presence of saturating and increasing concentrations of D-glucose, the shape of the DSC
profiles dramatically changes, since a single well-shaped peak is present. The binding of
D-glucose enhances the interaction between the two lobes, as evidenced by the shrinking of
the protein in overall dimensions, and gives rise to DSC profiles resembling those of a single
domain protein. To deconvolve the DSC curves we considered a denaturation model
consisting of two sequential steps with three macroscopic states of the protein and the
binding of D-glucose only to the native state. We carried out two-dimensional nonlinear
regression of the excess heat capacity surface constructed with the experimental DSC
curves. This approach allows the calculation of a unique set of thermodynamic parameters
characterizing both the thermal denaturation of hexokinase, and the binding equilibrium
between D-glucose and the enzyme. It was found that the association constant is 9,800+
1,500 M~' at pH 8.0. The binding of D-glucose is entropy-driven, since the binding enthalpy
is zero. This finding is rationalized by a thermodynamic cycle for the association of two
molecules in aqueous solution.
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interaction.

The quantitative understanding of the noncovalent interac-
tions that ensure the specificity and efficiency of binding
processes is a fundamental step for clarifying a lot of
relevant biological processes. For instance, proteins and
enzymes that bind to carbohydrates are present in the
majority of living organisms and are involved in a great
variety of biological functions (I). Additionally, there is
increasing interest in protein-carbohydrate interactions
due to their essential role in biological recognition and
adhesion processes. Differential scanning calorimetry,
DSC, is an emerging technique for studying protein-ligand,
protein-protein, and protein-nucleic acid interactions {2-
6). Evaluation of thermodynamic binding parameters
involves the observation of denaturation temperature
changes and calorimetric profile alterations induced by
association. Suitable thermodynamic models are needed to
analyze the experimental data and to obtain quantitative
results, as already demonstrated in an insightful paper by
Brandts and Lin (3).
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In continuous efforts to shed light on the thermodynamics
of association phenomena (7-9), we considered it interest-
ing to examine the interaction between hexokinase B and its
specific ligand, D-glucose. According to the results of X-ray
crystallography, the monomeric form of hexokinase B is
composed of two lobes separated by a deep cleft in which
the substrate is bound (10, 11). Upon binding of D-glucose,
hexokinase B undergoes a large conformational change,
both in the crystalline state and in aqueous solution (12,
13), which is considered as strong validation of the
“induced-fit” mechanism proposed by Koshland (14).
However, the major structural features of each lobe are
preserved on the conformational change, justifying the
characterization of the process as a rigid-body rotation. In
fact, one lobe is rotated by 12° relative to the other,
resulting in movements of as much as 9 A in the polypep-
tide backbone and closure of the cleft. During this change,
the accessible surface area of hexokinase is reduced,
decreasing the exposure of both polar and nonpolar groups
to the solvent (12).

We performed DSC measurements at pH 8.0 and 8.5 to
characterize the unfolding process of hexokinase B in the
absence and presence of D-glucose that, in addition to
stabilization of the enzyme, causes a considerable change in
the shape of calorimetric curves. Careful analysis of the
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experimental data was carried out by constructing a two-
dimensional excess heat capacity surface as a function of
the temperature and ligand concentration (15, 16). Global
linkage analysis, by means of a nonlinear regression
procedure with respect to a proposed unfolding model,
allowed us to calculate a unique set of thermodynamic
parameters associated with both the temperature-induced
denaturation of hexokinase B and the binding equilibrium
of D-glucose. The reliability of the calculated binding
parameters was confirmed by their agreement with values
in the literature (17). Finally, a thermodynamic cycle,
describing the association of two molecules in solution, is
discussed to clarify the entropic driving force of D-glucose
binding to hexokinase B.

MATERIALS AND METHODS

The yeast hexokinase used in this work was the B isoen-
zyme fraction II of the Kaji et al. preparation (18),
purchased from Sigma as an ammonium sulphate precipi-
tate and used without further purification. The commercial
product is lacking 11 residues from the amino terminus due
to proteolytic cleavage by an endogenous yeast protease
(19). The proteolyzed enzyme is monomeric (M.W. 50
kDa) at basic pH and/or NaCl concentrations above 0.1 M
(17, 20, 21). Polyacrylamide gel electrophoresis of the
commercial product, under both native and denaturing
conditions, was consistent with the enzyme being 95% pure
and lacking the amino terminal fragment. D-Glucose was of
analytical grade and obtained from Serva. The buffer
employed was heppso (IN-2-hydroxyethylpiperazine-N’-
2-hydroxypropanesulfonic acid), 50 mM, pH 8.0 and 8.5,
purchased from Sigma. It was preferable to the widely used
Tris-HCI buffer due to its lower ionization enthalpy (22).
Indeed, the ionization enthalpy of heppso is 30 kJ-mol™*
and 4pK,/'C=—0.016, while that of Tris is 48 kJ+-mol~!
and ApK,;/"C=—0.031. pH measurements were perform-
ed at 25°C with a Radiometer pHmeter model PHM 93.
Doubly deionized water was used throughout.

Enzyme solutions were exhaustively dialyzed at 4°C,
using Spectra-Por MW 15,000 membranes, against 50 mM
heppso buffer at pH 8.0 and 8.5. The hexokinase B concen-
trations in solutions were determined by absorbance
measurements, using a specific absorptivity value of 0.947
cm?.mg~"' (17). Sugars solutions were prepared by dissolv-
ing a weighed amount of material after drying for about 2
h in vacuo over P,0;. As a general rule, protein solutions
must be employed within a few days because degradation
can occur, resulting in non-reproducible measurements.

Scanning Calorimetry—Calorimetric measurements were
carried out with a Setaram Micro-DSC apparatus. The
instrument was interfaced with a data translation A/D
board for automatic data acquisition. A scan rate of 0.5°C-
min~' was chosen for the present study. All data analyses
were accomplished using software developed in our labora-
tory (23, 24). The calibration was performed exploiting the
Joule effect by means of a specific Setaram apparatus. An
electrical signal was applied for a time, ¢, and the instru-
ment output was recorded. The integration of the obtained
curve represents a quantity, A (¢ V-s). This value is then
divided by the product of the power, P, used and the time
t, giving a coeflicient, K=A/P ¢, in uV/mW. The calibra-
tion was performed at different temperatures for a fixed
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scan rate. The experimental values were interpolated,
generating a calibration curve in the range of 0-99°C. The
raw data were converted to an apparent molar heat capacity
by correcting for the instrument’s calibration curve and the
buffer-buffer scanning curve, and by dividing each data
point by the scan rate and the protein molar concentration
in the sample cell. Finally, the excess molar heat capacity
function values, <4C,>, were obtained after baseline sub-
traction, using the heat capacity of the native state as a
reference (25, 26). Due to the low denaturation tempera-
ture of hexokinase B, and to avoid the problems in the
analysis of experimental curves pointed out by Haynie and
Freire (27), for reliable evaluation of the baseline the DSC
scans were always started from 0°C.
The van't Hoff enthalpy was calculated with the common-

ly used formula (28):

deH,w =4 RTmux2'<ACp>max/AdH (1)

where (4G, nex 18 the maximum height of the observable
excess molar heat capacity, Thax 18 the temperature corre-
sponding to (JC,>max, daH is the denaturation enthalpy
change calculated by direct integration of the calorimetric
peak, and R is the gas constant. Close correspondence
between the calorimetric enthalpy, 44H, and the van’t Hoff
enthalpy, 4.H, 4., 18 a necessary condition to state that the
denaturation is a two-state transition (25, 28).

Thermodynamic Model—Following the suggestion of Gill
and co-workers (29), we developed a sequential thermo-
dynamic model that considers the presence of an intermedi-
ate state between the native and denatured ones, and the
binding of a specific ligand to one site of the native confor-
mation. The overall process is described by the following
scheme:

K1 K2
N -1 < D

K, [L] LNLJ K'[L)

where N is the native state, I the intermediate, D the
denatured state, and NL the native state with the binding
site filled by the ligand. K, is the equilibrium constant of
the conformational transition, N—I and is temperature-
dependent according to:

Ki=exp—{[4'H(Ts,)/R)(1/T—1/T,,)

+('G/RY(1—(Taa/T)+In(T/Tu1)]}  (2)
where Ty, is the denaturation temperature when K, =1,
I'H(T,,) is the enthalpy change associated with the
transition, N—I, and 4y'C, is the corresponding heat
capacity change. Similarly, K, is the equilibrium constant
of the conformational transition, I—~D, and is temperature-
dependent according to:

K= eXp— {[AIDH(TdZ)/R](l/T I/sz)
+(A°G/R) (1 —(Tuo/ T)+In(T/Taz)]}  (3)

where T,, is the denaturation temperature when K, =1,
APH(Ty;) is the enthalpy change associated with the
transition, I—~D, and A4,°C, is the corresponding heat
capacity change. Clearly Eqs. 2 and 3 are exact with the
assumption that the heat capacity changes are tempera-
ture-independent. Finally, K, is the equilibrium binding
constant and depends on temperature according to:

K,=K,"exp— [(4.H/R)(1/T—1/298.15)] (4)
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where K, is the value of K, at 298.15 K and 4,H is the
enthalpy change associated with the binding equilibrium,
which is considered to be temperature-independent. It was
readily verified that K’, the equilibrium constant of the
process, NL—I+L, is equal to K,/K,, and so K,, K;, and
K, are the only independent parameters necessary to fully
characterize the proposed model. The macroscopic canoni-
cal partition function (25, 29) is given by:

Q(T)=(N]+ [NL] + 1] + (D)

=[N]J(1+K,(L)+ K, + K. K;) (5)
Taking the native state as a reference, it becomes:
QN(T)=1+Kb[L]+K1+K1Kz (6)

The excess enthalpy function, with respect to the native
state, can be readily obtained with the general statistical
mechanical relationship:

(AH(T)>=RT*0In@Q/3T)p, 1, (7)
that gives:

{4dH>=
(A'H(Tu1) + ' Go(T = Tu) J(Ki/ QW)
+ [ANIH(Td,l) +ANICP(T_ Td.l) +AIDH(Td,2)
+4°G(T — To2) J(Ki K2/ @)+ 4. H(K, (L]/ @) (8)

When the total ligand concentration is much greater than
the protein concentration, as under our experimental
conditions, the free ligand concentration [L] can be consid-
ered to be constant with increasing temperature in a DSC
scan. Therefore, the excess heat capacity function, which is
physically observable on DSC measurements, is given by:

<4G(T)>=(8<4H>/ 3T s, )

This model is able to simulate DSC curves by using as
input parameters the values of Ty,, A'H(Ty,1), I8'Cs, Ta2,
A[DH(Td_z), AlDCp , Kb., AbH and [L] When [L] can be
considered equal to the total ligand concentration in solu-
tion, as in our case, the number of parameters necessary to
describe an experimental DSC curve would be 8. This is
also the number of parameters to be determined by the
deconvolution procedure. To reduce the number of inde-
pendent parameters, we eliminated the total heat capacity
change associated with the temperature-induced transition
(namely 4sG =4+'G,+4,°C,), using an iterative proce-
dure. Bearing in mind that the sigmoidal baseline is
proportional to the progress of the unfolding reaction, as
measured as the uptake of enthalpy at temperature T', 4,C,
i8 subtracted from the function, <4C,(T)), distributing it
over the whole denaturation range (30, 31). The weighting
of each point is determined by the ratio of the incremental
area to the total area, and by iterating the process until
convergence. In the first step of iteration the total area is
calculated using a straight line connecting the initial and
final points of a peak. Adopting this approach, the number
of parameters necessary to calculate a DSC curve is 6
{(namely, Ty, d'H(Ty,), Tuq, 4°H(T,,), K" and A,H].
We developed a program that allows deconvolution of an
experimental curve with respect to Eq. 9, using the
Levenberg-Marquardt algorithm (32), as implemented in
the Optimization Toolbox of MATLABF.

However, for more reliable evaluation of thermodynamic
parameters from a statistical point of view, we followed the
procedure devised by Freire and Straume (15, 16), and
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constructed an experimental excess heat capacity surface
as a function of the temperature and ligand concentration.
Nonlinear regression of the entire surface with respect to
Eq. 9 was carried out until a convergence criterion was
satisfied (16). Nonlinear, joint confidence intervals were
determined for all estimated parameters according to the
method developed by Johnson and Frasier (33, 34). Such
two-dimensional analysis of the excess heat capacity allows
the evaluation of a unique best set of thermodynamic
parameters characterizing both the thermal denaturation
of a globular protein, and the binding equilibrium between
a ligand and a macromolecule. Finally, it must be noted
that, as 4, was eliminated from the excess heat capacity
profiles, the values of A+'C, and 4,°C, for individual
transitions cannot be evaluated by normal deconvolution.
However, two-dimensional deconvolution allows one to
estimate Ay'C, and 4°C,, because these parameters
partially determine the area and, to a lesser extent, the
location of DSC peaks with changing ligand concentration.

RESULTS

We performed DSC measurements on the monomeric form
of yeast hexokinase B in the absence and presence of
increasing concentrations of D-glucose. As already reported
(17, 20, 21, 35), the monomeric form of hexokinase B is
only stable under suitable experimental conditions. Even
though the commercial product is lacking 11 residues from
the N-terminal end, a condition that strongly favors the
monomeric form, it was necessary to carry out the mea-
surements at alkaline pHs (namely pH 8.0 and 8.5 in 50
mM heppso buffer) to avoid the presence in solution of the
dimeric form (19). Additionally, even the protein concen-
tration, in the absence of D-glucose, is a significant variable.
The experimental DSC measurements were performed in
the concentration range of 1.2-2.5mgeml™'. It is not
possible to use concentrations below 1.2 mg-ml~! due to the
sensitivity limits of the DSC instrument. On the other
hand, to be sure that only the monomeric form of hexo-
kinase B is present in solution, it is not possible to employ
concentrations above 3.0 mg-ml~'. A greater concentration
of hexokinase B, in the absence of D-glucose in the solution,
ghifts the monomer to dimer equilibrium toward the
formation of substantial amounts of the dimeric form (19).
The calorimetric profile of hexokinase B at ¢c=4.9 mg-ml™*
and pH 8.0 in 50 mM heppso buffer is shown in Fig. 1. The
thermogram is very complex, because there are three
peaks, the first two being partially overlapped and the third
smaller, occurring at a higher temperature, about 58°C. We
have not further investigated the origin of the last peak;
likely, it can be ascribed to the thermal denaturation of the
dimeric form, since oligomerization seems to be a general
strategy for protein stabilization (36).

In the concentration range employed (1.2-2.5 mg-ml~?),
the hexokinase B, in the absence of D-glucose, at both pH
8.0 and 8.5, shows reproducible calorimetric profiles char-
acterized by the presence of two partially overlapped peaks
(see Fig. 2, curves a and b). They can be ascribed to the
presence of two structural domains in the native conforma-
tion of monomeric hexokinase B, that possess different
thermal stabilities and are denatured more or less indepen-
dently. The existence of two structural domains in yeast
hexokinase was firmly established by the X-ray three-
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dimensional structure of this enzyme (10, 11). There is no
evidence of additional humps at high temperature in the
DSC traces; this is a strong indication that under these
experimental conditions only the monomeric form of
hexokinase B exists. The thermodynamic parameters
obtained directly on the analysis of DSC curves are pre-
sented in Table I. On moving from pH 8.0 to 8.5 the
temperature corresponding to the maximum of the DSC
curve increases from 46.7°C to 48.2°C, and the calorimetric
enthalpy increases from 700 to 750 kJ-mol™'. Clearly the
process does not correspond to a two-state transition, as
confirmed by the non-coincidence of the van’t Hoff enthalpy
with the calorimetric one. On the other hand, the denatura-
tion heat capacity change is not affected by the change in
pH, the average value being 44C,=30.0 kJ-K~'-mol™'.
This value is in agreement with that calculated with a model
developed by some of us, and based on average structural
features of globular proteins, and the specific contributions
to the heat capacity change of polar and nonpolar groups
(87, 38). For monomeric hexokinase B, of 461 residues and
50 kDa, the calculated 4,C,=35.0kJ-K"'+mol~'. It must
be stressed that the temperature-induced denaturation of
hexokinase B is an irreversible process according to the
reheating criterion (this aspect will be discussed later).

o
(=3
T

<ACp> (I ‘K-1 -mok! )

o

i 1

10 temperature (°C) 70

Fig. 1. Experimental DSC profile of yeast hexokinase B at pH
8.0, in 50 mM heppso buffer, with a protein concentration of 4.9
mg-ml~'. The small third peak at high temperature is probably due
to the presence of a substantial amount of the dimeric form of the
enzyme.

150

<Acp> (u K-l -mot! )

o

10 temperature (°C) 70

Fig. 2. Experimental DSC profiles of yeast hexokinase B at pH
8.0 (¢=1.25 mg-ml~’, curve a), and pH 8.5 (¢=2.45 mg-ml-’,
curve b), in 50 mM heppso buffer. Excess heat capacity values have
been shifted along the y-axis for ease of presentation.
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DSC measurements were performed in the presence of
saturating and increasing concentrations of D-glucose: up to
1.5M at pH 8.0 and up to 80 mM at pH 8.5, the concentra-
tion of hexokinase B being fixed at 1.75 mg-ml~', in order
to reduce the number of independent variables. In an
aqueous solution D-glucose forms an equilibrium mixture of
the « and £ anomeric forms: 37% of a form at 25°C and AH
(a—pB)=—1.16 kJ-mol~! (39). However, hexokinase, like
other enzymes of glucose metabolism (e.g., glucokinase and
glucose-6-phosphatase), is able to act on both anomeric
forms of D-glucose (1). Therefore the mutarotation equilib-
rium does not affect the results. The thermodynamic
parameters derived from the experimental curves are
presented in Table II. Even under these conditions the
process is irreversible, but the shape of the DSC profile
dramatically changes since a single well-shaped peak is
present. The binding of D-glucose enhances the interaction
between the two lobes, as evidenced by the shrinking of the
protein in overall dimensions (12, 13), and gives rise to
DSC profiles resembling those of a single domain protein,
even though the van’t Hoff enthalpy values are always
lower than the calorimetric ones. Additionally, the temper-
ature of the maximum of the DSC peak increases with
increasing D-glucose concentration. At pH 8.0, the denatur-

TABLE I. Thermodynamic parameters of the thermal denatur-
ation of hexokinase B at pH 8.0 and 8.5, in 50 mM heppso buffer.
The values of 4,H, . were calculated according to Eq. 1.

H Hexokinase Tl AH N 44C
p (mgeml~) (C) (kJ-mol™') (kJ-mol™') (kJ-K-'-mol)
8.0 1.25 46.6 690 360 29
1.76 46.7 700 340 30
2.50 46.7 700 360 30
8.5 1.30 48.1 745 410 31
1.75 48.2 750 400 30
2.45 48.2 750 415 29

Note: Each figure represents the average value for three or four
measurements. The error in T, does not exceed 0.2°C. The esti-
mated (relative) uncertainties in 4,H and 4y C, amount to 5 and 10%,
respectively, of the reported values.

TABLE II. Thermodynamic parameters of the thermal denatu-
ration of hexokinase B (¢=1.75 mg-ml~'), at pH 8.0 and 8.5, in
the presence of saturating and increasing p-glucose concentra-
tions. The values of 4,H, . were calculated according to Eq. 1.

q  D-Glucose Tou 2.0 ZoH, 4G
p (mM) (C) (kd-mol"') (kJ-mol"') (kJ-K~'-mol-)

8.0 0 46.7 700 340 30.0

10 48.4 750 610 32.0

30 49.4 780 640 29.0

50 50.0 800 700 31.0

80 50.5 820 700 28.0

100 52.0 870 740 30.0

300 54.0 930 790 33.0

500 56.0 1,000 890 29.0

800 58.0 1,060 960 30.0

1,000 59.7 1,120 1,030 33.0

1,500 62.2 1,200 1,090 35.0

8.5 0 48.2 750 400 30.0

10 49.5 790 580 30.0

30 50.4 820 670 31.0

80 51.7 860 730 32.0

Note: Each figure represents the average value for three or four
measurements. The error in Tp,; does not exceed 0.2°C. The esti-
mated (relative) uncertainties in 4;H and 4,C, amount to 5 and 10%,
respectively, of the reported values.
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ation temperature increases from 46.7°C for the hexo-
kinase alone to 62.2°C with 1.5 M D-glucose. In the same
way, the denaturation enthalpy rises from 700 kJ.mol~'
for the hexokinase alone to 1,200 kJ+-mol~! with 1.5 M b-
glucose. This increase is caused by the large positive heat
capacity change associated with the denaturation, that is
not significantly affected by the presence of D-glucose in the
solution, at least for the concentration range investigated in
this study. In this regard, it is interesting to note the strong
dependence of 4,C, on the composition of the solution
brought out for RNase A and lysozyme (40). Very similar
results were obtained at pH 8.5, where the denaturation
temperature and enthalpy increased from 48.2°C and 750
kJ-mol™! for the hexokinase alone to 51.7°C and 860 kJ-
mol~! with 80 mM D-glucose.

The irreversibility of the temperature-induced denatur-
ation would strictly prevent more detailed analysis of DSC
curves, as it is based on equilibrium thermodynamics.
However, we observed that the shapes of DSC peaks and
their locations along the temperature axis are not affected
by the scanning rate in the range of 0.2-1.0°C min™’.
Additionally, after heating the protein up to the tempera-
ture corresponding to the maximum of the DSC peak and
then cooling down to 0°C, a second scan of the same sample
shows high recovery of the endothermic peak. Both these
findings seem to suggest that the process is not kinetically
controlled. Likely, the purely conformational transition is
reversible, and the irreversibility is due to side-reactions,
occurring at alkaline pH and high temperature, that pre-
vent the correct refolding of the polypeptide chain on
cooling of the solution (41, 42). In fact, Sturtevant and
co-workers (17) reported: “It appears that the thermal
unfolding of hexokinase, which may be reversible, is
accompanied by considerable irreversible denaturation
under the conditions of the DSC experiments.” For these
reasons we believed it reliable to apply equilibrium ther-
modynamics to deconvolve the DSC curves, as already
performed by several authors in similar cases (43-47).

We considered a denaturation model consisting of two
sequential steps with three macroscopic states of the
protein and the binding of D-glucose only to the native state.
This model can be used to analyze DSC profiles in the
absence and presence of D-glucose in the solution. First, we
carried out nonlinear regression of the DSC curves for the
protein alone, and the results are presented in the second

TABLE III. Thermodynamic parameters obtained on decon-
volution analysis of the experimental DSC curves of hexokinase
B at pH 8.0 in the absence and presence of p-glucose, according
to the sequential and independent transition models. The two-
dimensional deconvolution was performed on the DSC curves in the
range of 0-80 mM D-glucose.
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columns of Tables IIT and IV. Second, we performed two-
dimensional nonlinear regression of an excess heat capacity
surface constructed with the experimental DSC curves,
after subtraction of the total denaturation heat capacity
change. Two-dimensional deconvolution was only perform-
ed on the DSC curves in the range of 0-80 mM D-glucose, at
both pH 8.0 and 8.5. When the D-glucose concentration is
100 mM and higher, its aspecific stabilizing action toward
globular proteins largely overwhelms the effects due to its
specific binding in the cleft of hexokinase B and the
subsequent conformational change. This is emphasized by
the continuous and marked increase in the denaturation
temperature with increasing D-glucose concentration, that
cannot be reproduced with the proposed model, unless the
binding constant value is considerably raised. Therefore,
the developed model can be applied only for D-glucose
concentrations low enough to render the aspecific stabiliza-
tion a negligible effect (48, 49).

The results are presented in the third columns of Tables
III and IV. The calculated profiles are the continuous lines
superimposed on the experimental traces in Figs. 3 and 4.
It is evident that the overall agreement between the
experimental and calculated curves is satisfactory. It
should be stressed that, in the presence of saturating
concentrations of D-glucose, the model gives rice automati-
cally to a single peak, exactly as occurs in the experiments.
Furthermore, the closeness of the thermodynamic parame-
ters obtained on the deconvoluiton of DSC curves for
hexokinase B in the absence and presence of D-glucose
constitutes firm validation of the reliability of the perform-
ed thermodynamic analysis. The values of A'H(Ty,),
310+30kJ-mol~! at pH 8.0 and 360+ 35 kJ-mol™' at pH
8.5, representing the enthalpy change associated with the
transition, NI, correspond roughly to half the total area of
the endothermic peak. Also, the value of 4y'C,=13kdJ-
K-'+mol~! is nearly half the total denaturation heat capac-
ity change. These findings strongly suggest that the inter-
mediate state has one lobe unfolded and the other intact. It
is worth noting that the sum of the values of 4y'C, and
4,°C,, obtained on the two-dimensional deconvolution, is
close to the value of the total heat capacity change, obtained
directly on DSC measurements, ie., 28 kJ-K~'+mol™!
against 30 kJ-K-'mol™'. The binding constant of D-glu-
cose is about 9,500 M~! at both pHs, while the binding
enthalpy is zero. Therefore, the binding of D-glucose is

TABLE IV. Thermodynamic parameters obtained on decon-
volution analysis of the experimental DSC curves of hexokinase
B at pH 8.5 in the absence and presence of p-glucose, according
to the sequential and independent transition models. The two-
dimensional deconvolution was performed on the DSC curves in the
range of 0-80 mM p-glucose.

Hexokinase Hexokinase+ Hexokinase

Hexokinase Hexokinase+ Hexokinase

pH8.0 (Seq)  glucose (Seq)  (Ind) pH8.5 (Seq)  glucose (Seq)  (Ind)
Ta. (CC) 38.84+0.5 38.94+0.6 38.7+0.4 Ts.(°C) 40.240.5 40.61+0.4 40.4+0.5
A¢'H (Ty,) (kJ-mol™") 320+20 310+30 325+20 MNH(T,,) (kJ-mol™) 350135 360+35 355140
Gy (kJ-K-'+mol-) - 1312 - Gy (kJ-K-'emol-") - 13+3 -
T.2(°C) 46.61+0.5 46.9+t06 46.7+0.5 Tua (C) 48.2+0.5 48.7+04 486105
4°H (Ty,) (kJ-mol™') 380+25 380+25 390+30 A4PH (Ty,) (kd-mol™') 400430 400+ 25 405130
A4°C, (kd-K-'-mol-") - 15+3 - A4°C (kJ-K~'+mol™) - 15+3 -
K" (M) - 9,800+ 1500 - K, (M) - 9,500+1,600 -
LoH (J-mol™) - 0+200 - 4.H (J-mol™) - 0+200 -

o (J-K~ ' mol™?) 530 3,920 610 o (J-K'-mol™!) 580 2,170 630

Note: o is the standard deviation of the fit.

Note: ¢ is the standard deviation of the fit.
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entropy-driven, being actually athermic.

It is also possible to consider that the monomeric form of
hexokinase B is composed of two independent domains
corresponding to the two lobes present in its three-dimen-
sional structure. The independent domain transition model,
assuming that each domain has two accessible conforma-
tions, i.e., native and denatured ones, gives rise to four
macroscopic states. They can be called NN* (completely
folded conformation), ND* and DN* (partially unfolded
conformations), and DD* (completely unfolded conforma-
tion), where N and D refer to one of the two cooperative
domains, and N* and D* to the other. The denaturation
process is described by the following scheme:

DN*
AN

NN* DD*
I;\ /1
ND*

where K, is the equilibrium constant of the transition, NN*
—DN*, and K, is the equilibrium costant of the transition,
NN*—ND*. Clearly, if the two domains are independent,
the two pairs of transitions are equal, as indicated in the
scheme. The macroscopic canonical partition function,
taking the completely folded conformation as the reference
state, is:

ATY"=(1+K)- Q1+ K)=1+K,+ K+ K, K, (10)

From this relationship, following the procedure shown
under “MATERIALS AND METHODS," it is possible to derive
an expression of the excess heat capacity function and to
perform deconvolution of the experimental curves with
respect to this scheme. As shown in the fourth columns of
Tables III and IV (the symbols for the enthalpy and heat
capacity changes are the same as those in the sequential
model to simplify the notation), this model is able to fit well

D
o
o

o

i

(=

20 temperature (°C) 60

Fig. 3. A set of DSC profiles of hexokinase B/p-glucose com-
plexes at pH 8.0, with p-glucose concentrations of 0 (curve a), 10
mM (curve b), 30 mM (curve c), 50 mM (curve d), and 80 mM
(curve e). The hexokinase B concentration was fixed at 1.75 mg-ml~".
The solid lines represent the best fit of the experimental curves
calculated on two-dimensional nonlinear regression with respect to
Eq. 9. See the text for more details. The curves have been shifted
along the y-axis for clarity.
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the DSC curves of hexokinase in the absence of D-glucose.
The calculated thermodynamic parameters agree with
those obtained with the sequential model. Looking at the
schemes of the two models, it is possible to conclude that
the results are very similar because only one of the two
allowed ways to accomplish the unfolding process for the
independent transition model is physically significant. In
view of the domain structure of hexokinase B, one of the
two domains is less stable and unfolds at lower tempera-
tures than the other. Thus the denaturation process ap-
proaches a sequential mechanism. The connection between
the two representations relies on the number of thermo-
dynamic states which are significantly populated to contrib-
ute appreciably to the energetics of the denaturation
process.

The use of the independent domain model may become
ambiguous in the presence of a ligand, because it would be
necessary to specify how the binding affects the properties
of each of the two domains, i.e., on which one the binding
site is localized, or if the binding site is at the interface
between the two domains (47). In the present case we have
enough information to select among the different possibil-
ities, even though this does not happen in general. An
independent domain model in which only NN* binds to D-
glucose is physically reliable. However, the application of
such a model would give numerical results entirely consis-
tent with those obtained with the sequential model, because
we have shown that the thermal denaturation of hexokinase
is well represented by a sequential mechanism. For this
reason we did not attempt to use it to analyze the DSC
curves of hexokinase B in the presence of D-glucose. On the
other hand, the sequential model, since it does not consider
the existence of structural domains in the protein, but
treats the macromolecule as a unique object, allows unified
analysis of the DSC measurements of hexokinase B in the
absence and presence of D-glucose.

500+

4

z |

2 c

a

3 b

a TN
0

20 temperature (°C) 60

Fig. 4. A set of DSC profiles of hexokinase B/p-glucose com-
plexes at pH 8.5, with D-glucose concentrations of 0 (curve a), 10
mM (curve b), 30 mM (curve c), and 80 mM (curve d). The
hexokinase B concentration was fixed at 1.75 mg-ml~". The solid lines
represent the best fit of the experimental curves calculated on two-
dimensional nonlinear regression with respect to Eq. 9. See the text
for more details. The curves have been shifted along the y-axis for
clarity.
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DISCUSSION

To our knowledge only one DSC study has been reported in
the literature on the thermal denaturation of the mono-
meric form of yeast hexokinase B, in the absence and
presence of D-glucose. Sturtevant and co-workers perform-
ed DSC measurements at pH 8.5 in Tris-HCl buffer and the
process was irreversible (17). They found that the free
enzyme gave a calorimetric profile with two maxima,
centered at 41.0 and 48.0°C, at low ionic strength (5 mM
Tris-HCI buffer), and with only one maximum, centered at
42.5°C, at high ionic strength (5 mM Tris-HCI buffer plus
200 mM NaCl). The DSC curve for the unfolding of the
glucose-bound enzyme had only one peak, at both low and
high ionic strength, centered around 51.0°C. They also
found a substantial 44C; in the DSC curves of hexokinase B
in the absence and presence of D-glucose at low ionic
strength, but did not report any value. It is not possible to
make a one to one comparison between our results and
those of Sturtevant because the experimental conditions
used were different. One point must be especially stressed.
These researchers used Tris-HCI buffer for pH 8.5; but, in
view of the large heat of ionization of Tris, it must be
assumed that the pH decreased by almost 1 unit for the
temperature interval, 25-60°C. Furthermore, we carried
out a set of preliminary DSC measurements in Tris-HCl
buffer at pH 8.5 (50), and the results were not very
reproducible, as also found by others (51). In any case, our
actual results with heppso buffer are in qualitative agree-
ment with those of Sturtevant and co-workers at low ionic
strength.

One of the principal merits of two-dimensional decon-
volution of an excess heat capacity surface is the possibility
of calculating reliable thermodynamic parameters char-
acterizing the binding equilibrium (9, 15). As found on
analysis of the system, D-glucose/hexokinase B, K,"=
9,800+1,500 M~ at pH 8.0 and 9,500+1,600 M~! at pH
8.5, and 4,H=0+200 J-mol™! at both pHs. These binding
constant estimates are in satisfactory agreement with
values in the literature, bearing in mind the different
experimental approaches employed. Indeed, DSC is an
indirect technique for studying binding equilibria, and in
our case the binding constant values may be partially
affected by the aspecific stabilizing action of glucose, which
shifts the denaturation temperature. Sturtevant and co-
workers (17), by means of fluorescence titration, found that
K, =5,650+350 M~! at 25°C and pH 8.5 in 5 mM Tris-HCI
buffer plus 200 mM NaCl. Kellet and colleagues (52)
determined K, =2,650+200 M~ at 25°C and pH 6.7, in 40
mM Tris-HCl buffer plus 1 mM citrate, performing fluores-
cence quenching measurements. Additionally, they found
that K, =3,350+250 M~! at 25°C and pH 8.5, in 50 mM
Tris-HCI buffer, independent of the ionic strength, for the
proteolytically modified hexokinase B (53).

The calculated binding enthalpy is practically zero and
this finding also agrees with Sturtevant’s work (17). Indeed
the binding enthalpy was determined by isothermal flow
and batch calorimetry in the temperature range, 7-29°C, at
both low and high ionic strength, and by van’t Hoff plotting
of the equilibrium constants, obtained by fluorescence
titration in the temperature range of 5-28°C at high ionic
strength. The two independent determinations resuited

F. Catanzano et al.

unequivocally in a binding enthalpy of practically zero and
in a heat capacity change also virtually zero. These results
seem reliable. Nevertheless, it appears strange that the
binding of D-glucose to hexokinase B, which leads to a large
conformational rearrangement of the protein structure, is
associated with a negligible heat effect. Likely, nearly
perfect compensation of exothermic and endothermic
subprocesses occurs, and the binding of D-glucose is entro-
pically driven.

To clarify the molecular origin of the entropy gain
responsible of the binding, we suggest for the molecular
association of two bodies in water, the thermodynamic
cycle schematically shown in Fig. 5, following recent
theoretical approaches (54-56). According to this cycle the
Gibbs energy change associated with the binding is given
by:

4G, =
AGesan — AGewin — AGotwre + AGaiwran + AGaas
— AGawya — AGans + AGriwyas — AGronya
—AGI'(W),B—*-AGI',AB —T ASU'J'OI (11)

where AGouas, 4Guwia, and AGyw) s are the Gibbs energy
changes to create in water cavities to be occupied by
complex AB, and molecules A and B. Lee showed that the
Gibbs energy cost to create a cavity in a solvent is of a
purely entropic nature, originating from an excluded
volume effect (57, 58) AGu(w).AB, AGu(w),A, and AGa(w),B are
the interaction energies of AB, A, and B with the surround-
ing water molecules; 4G, .5 i8 the interaction energy of A
and B in the complex. These four terms are considered
purely energetic contributions (54, 57). AGrw.as, AGrwia,
and AGx., s are the Gibbs energy changes associated with
water reorganization upon insertion of complex AB, and
molecules A and B (59). Finally 4G;,p represents the
Gibbs energy change associated with induced-fit confor-
mational changes in the complex, and — 748, . corre-
sponds to the loss of translational and rotational entropy on
complex formation (60).

For the binding of D-glucose to hexokinase B, due to the
very large difference in molecular dimensions, it is possible
to assume, as a first approximation, that: AGuwas=
AGc(w),A, and AGn(w),AB - AGA(W)_A + AGr(w).AB - AGr(w),A = O,
where A stands for the enzyme and B for the small ligand.
Therefore it is:

AGb =- AGc(w),B + AGa.AB - AGn(w),B —‘AG;-(W),B
+AGr.AB— TASLr.rot (12)

According to the X-ray structure of the complex (10, 11),
D-glucose completely loses its first hydration shell when
bound to hexokinase. The corresponding energy penalty is
counterbalanced by the formation of seven new hydrogen
bonds between the sugar and the residues lining the binding
cleft, and by the energetic contributions arising from water
reorganization upon solute removal and the structural
relaxation of the formed complex. In other words, the term,
{—A4Gyws], is nearly compensated for by the sum of
[+ 4G..1s], and the energetic components of the procees of
reorganization of water after removal of D-glucose
{— 4H 8], and of hexokinase as a consequence of the
induced fit [+ 4H; 1s]. After cancellation of these energetic
terms, Eq. 12 becomes:

AG, = — AGewyp + TASrr8 — TASc s — TASirs0r  (13)

dJ. Biochem.
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A B AB
= .
‘ AGe(w), A | AGe(w), B ‘ AGe(w), AB
N — \ D
N + §\§ —- N
N ~J
; AGa(w), A ‘ AGa(w), B ; AGa(w), AB
AGg AB
DN + e N
‘ AGy, AB
=~
S

Fig. 5. Thermodynamic cycle for the association of two mole-
cules in a solvent in terms of cavitation Gibbs energy, solute-
solvent and solute-solute interaction Gibbs energies, and Gibbs
energy contributions due to solvent reorganization and com-
plex structural relaxation. See the text for more details.

The four terms on the right-hand side are purely entropic,
and the larger contributions are likely given by the first,
second and fourth terms. The first represents the gain in
Gibbs energy associated with closure of the cavity occupied
by D-glucose in water, the second represents the entropic
gain due to the release of water molecules from the D-
glucose hydration shell, and the fourth accounts for the loss
of translational and rotational degrees of freedom on
complex formation. The third term is the entropic contribu-
tion arising from the hexokinase conformational change
upon binding, and is probably very small, since the process
corresponds to a rigid body rotation. This analysis clarifies
that the molecular origin of the entropy gain, driving the
binding of D-glucose to hexokinase, is the gain in both the
configurational space, and the translational and rotational
degrees of freedom by water molecules after removal of the
ligand from the solution upon complex formation.

The other important thermodynamic aspect of D-glucose
binding to hexokinase B is the zero heat capacity change.
This finding requires an explanation. In the present case
two main sub-processes contribute to 4,C,: removal of D-
glucose from water to form the complex and closure of the
cleft. The heat capacity change associated with the dissolu-
tion of solid D-glucose in water is 128+3 J-K~'-mol™' at
25°C (61), and the expected contribution to 4,C, is ex-
tremely small. The closure of the cleft upon binding causes
the burial of about 300 A? of the accessible surface ares,
ASA (12), and the release of about 30 water molecules
(62). The ASA buried, being involved in the recognition of
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a polar molecule, such as D-glucose, surely contains both
polar and nonpolar groups. Their burial makes opposing and
likely compensating contributions to 4,G, (63). Thus this
analysis is able to justify the experimental finding of a zero
heat capacity change associated with the binding of D-glu-
cose to hexokinase B.

CONCLUSION

We investigated the temperature-induced denaturation of
hexokinase B at pH 8.0 and 8.5 in the absence and presence
of D-glucose. Although the overall process is irreversible,
according to the reheating criterion, two-dimensional
deconvolution based on equilibrium thermodynamics is
able to fit well the experimental DSC profiles. Such analysis
gives estimates of the association constant and binding
enthalpy that are in satisfactory agreement with values in
the literature. The binding of D-glucose is entirely entropy-
driven, since the binding enthalpy is zero. This experimen-
tal finding is rationalized by a thermodynamic cycle for the
molecular association of two bodies in an aqueous solution.
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