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ABSTRACT: The thermal denaturation of bovinelactalbumin (BLA) was studied at pH 7.5 and at various
C&* concentrations using near-UV circular dichroism and differential scanning calorimetry. Phe Ca
dependence of the denaturation equilibria proves that, in the transition region, partially unfolded
o-lactalbumin consists of a mixture of &aloaded and Ca-free protein. The thermodynamic parameters
of the unfolding of these two species were determined &%&nd were then compared with one other,
with the thermodynamic parameters deduced from calorimetric titratiorla€talbumin with C&", and

with those derived from Ca titration of a mutant human lysozyme having an engineered-Bimding

site. This comparison indicated that (a) the unfolding curves fér-®4LA deduced from the near-Uv
ellipticity change are more able to distinguish between unfolding with and withotit @éease than
those deduced from differential scanning calorimetry, (b) th&"Gzaded denaturated state of BLA is
more folded than the C&-free protein at 68C, and (c) a heat-induced unfolding process, consisting of
an initial C&* release, followed by a conformational relaxation, is unlikely to occur at the experimental
pH and in the millimolar region of Ga concentrations, due to the large free energy requirement of the
initial step. A more probable mechanism would be unfolding via & @@aded intermediately unfolded
state, with subsequent Earelease.

Thermodynamic parameters related to protein folding  which has been identified as a short loop structure, consisting
unfolding equilibria have received considerable interest with of ten residues, five of which contribute liganding atoms
regard to the prediction of the stability of engineered proteins. (Stuart et al., 1986; Acharya et al., 1991). The physico-
Much attention has been given to conformational changeschemical aspects of the metal binding to the protein have
in o-lactalbumins (Hayne & Freire, 1993; Murphy & Freire, been thoroughly investigated. €abinding stabilizes the
1992; Kuwajima, 1989) since the equilibrium conditions protein in its compact native state, and current dogma is that
between the compact native state, the intermediate foldedpartial unfolding is always accompanied by loss of Q@dvic
states, and the unfolded random state are easily obtainedKenzie & White, 1991). Recently, we reported that, at
At neutral pH and moderate temperatures, the protein exhibitsneutral pH and moderate &aconcentrations (2 mM), some
a multiple-step thermal denaturation: in the first stage, the metal ion remains associated with bovinelactalbumin
native conformation is converted into the so-called “molten (BLA) after thermal denaturation of its native structure
globule” state, which is still compact but sufficiently loose (Vanderheeren & Hanssens, 1994). At°€L) the thermally
to allow access to its hydrophobic core and to confer high denaturated Ca-loaded BLA has more secondary structure
mobility on the aromatic residues of the core (Dolgikh et than does apo-BLA. Moreover, at this temperature, the
al., 1985; Segawa & Sugai, 1983). When the temperature molten globule character of €aloaded BLA is conserved
is increased further, this intermediate state, with its poorly in such a way that the protein retains an accessible
defined tertiary but native-like secondary structure, progres- hydrophobic core, while the hydrophobic core of the apo-
sively unfolds through a series of conformations each with protein is largely lost.
less residual structure (Griko et al., 1994; Vanderheeren & T obtain a clearer understanding of protein denaturation
Hanssens, 1994). in the presence of G4, the thermodynamic parameters of

o-Lactalbumins have also received attention because ofthese changes were analyzed near the transition region. The
their high-affinity C&*-binding site (Hiraoka et al., 1980), results indicate that, at 6& and neutral pH, the unfolding

of native C&"-BLA occurs via an intermediately unfolded
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(NH4).CO;s, pH 8.5, to a Sephacryl HR-100 column. It was 77— 380
eluted with 5 mM (NH),CGO;, pH 8.5. The protein fraction 10+ el 200
was checked for its G& and Na contents by atomic pp—— )
absorption spectrometry; typically, it contained less than 0.05 < %8 o 620 uM Ca 1250
and 0.08 mol of the respective cation/mol of protein. - 4 124pMCa f
Preparations meeting these requirements were lyophilized £ *°[ =, | ¥ 2 e 12
and stored at-20 °C until use. The protein concentrations g 04'_ & | o opmce, Tiso ©
of BLA solutions were determined from their absorbance at g u% 2m EDTA 5
280 nm, as well as from the equivalence point orf'Ca  § ,| " 4100 &
titration (Desmet & Van Cauwelaert, 1988). The mutant < I E%a_ 1so ij
human lysozyme, M4, in which Ala 83, Glu 86, Asn 88, 0.0 D'c'.';j»-nnanu - ]

and Ala 92 are replaced by Lys, Asp, Asp, and Asp, T T E S NP R R i

. . . . . . . 0 10 20 30 40 50 60 70 80 90
respectively, contains the entire Tabinding site of BLA; temperature (°C)

its preparation and characteristics have been describedsgyre 1: Thermal transition curves for BLA measured by the

previously (Haezebrouck et al., 1993). All experiments were ellipticity change at 270 nm (right ordinate) and transformed to

performed in 10 mM Tris-HCI buffer (pH 7.5), containing the fractions of BLA in the native form (left ordinate). Conditions:

an appropriate amount of the required metalfons, or 2 it EZ B2 0 33 T L P R e poins represent the
o + o : .

EDTA when working in C&'-free Cor_1d|t|0ns_. Na ions . curves from which the equilibrium constants were obtained.

were excluded from the buffer solutions, since they bind

competitively to the specific Casite with a binding constant  scanning rates of 12C/h, the maximal heat absorptions were
of 200 M (Desmet et al., 1987). €a and Mrt* at identical temperatures as at 80/h, but, due to the low

concentrations in the stock and working solutions were rate of heat supply, the values for the excess heat capacities
determined using a Perkin-Elmer 3300 atomic absorption ywere inaccurate at the slower scanning rate.

spectrometer.
Isothermal Titration Calorimetry.Microcalorimetric ti- RESULTS
tration measurements were carried out in a MicroCal MCS
isothermal titration calorimeter. In a typical experiment,
either 1.3 mL of 20uM a-lactalbumin was titrated in 20
steps with 10Q:L of 0.35 mM CaC} or a 2.67 mM solution
of MnCl, was used for titration of a 108M solution of
BLA. For a typical experiment with G4 in the presence

Recently we reported that, in 10 mM Tris-HCI at pH 7.5
and 2 mM C&", some strongly bound €&aions remain
associated with BLA after thermal unfolding of the protein’s
native structure. At 80C, an intermediately unfolded state
of C&*-loaded BLA is obtained. Although this intermediate
of Mn?*, a 102uM solution of BLA in 7.59 mM MnCh sh_ovx_/s_ no near-Uv eIIipt.icity, it still retain.'_s more far-UvV

ellipticity than is seen in apo-BLA at this temperature.

was titrated with 2.5 mM Cagkolution. The values of the . ; .
binding constants and molar enthalpy changes were deter_Furthermore, it interacts better with hydrophobic probes than

: o . .~ do either the native protein or the protein in a more unfolded
mined from the titration curves after subtraction of a baseline state (Vanderheeren & Hanssens, 1994). These properties
measured in the absence of protein. The reported values ' ) prop

were obtained by averaging the results of at least five g;zr;l;z:?gﬁgstéﬁhgf srtig:lo ltjr:}o%gg%(;ff:: Uilr:éjsrther
measurements. The software for automatic data collection P y q

and analysis was supplied by the manufacturer, determination of the th_ermodynami(_: relations (entha_lpy,
Circular Dichroism. The thermal transitions for BLA in entropy, and heat capacity changes) in the three steps in the

the absence or presence of varioug'Gancentrations were following cycle:
determined from the mean residue ellipticity (deg?cm

K . . native Ca2*—BLA
dmol™1) at 270 nm. All circular dichroism measurements

. . . - (Ca?*-BLAy)
were carried out in a Jasco J-600 spectropolarimeter, using
10 mm path-length cuvettes. The BLA concentration was KocaZin // \(N'
22.8uM. According to the desired composition, a concen-
trated BLA solution was diluted with buffer and with ata partially unfolded ——~  Partially unfolded
stock solution. Each measurement was started at least 10 apo-BLA (apo-BLA)) ~ Ca?*-BLA (Ca?*-BLA))

min after temperature equilibration of the sample, controlled
by means of an immersed, calibrated thermocouple. Evi- These relations were compared at°€8 the temperature
dence that equilibrium states were obtained is given by the at which, at neutral pH and with a large excess otf'Cthe
fact that the ellipticity values were identical on heating and equilibrium between native €&BLA and partially unfolded
cooling the samples, provided they had not been exposed toCa&"-BLA is close to unity.
more than 8C°C for several minutes. Thermodynamic Relationhips between Partially Unfolded
Differential Scanning Calorimetry.Calorimetric scans  apo-BLA and Natie C&"-BLA. Figure 1 shows the tem-
were carried out on a MicroCal MCS differential scanning perature dependence of the mean residue ellipticity at 270
calorimeter, using software supplied by the manufacturer for nm of BLA in 10 mM Tris-HCI (pH 7.5) in the presence of
automatic data collection and analysis. The samples werevarying amounts of C4. The decrease in ellipticity value
degassed for 15 min at room temperature prior to scanningin the various curves is related to the thermal unfolding of
at rates of 60C/h. The protein concentration used was 215 the native tertiary structure (Dolgikh et al., 1981; Segawa
uM in a buffer solution containing an excess of?Caver & Sugai, 1983; Kuwajima et al., 1985). The fraction of BLA
protein, ranging from 26(«M to 1.4 mM. Excess heat in the native form (left ordinate) was calculated from the
capacity functions were determined after subtraction of a ellipticity change (right ordinate). Almost all the apo-BLA
baseline, calculated from the progress of the reaction. At (in 2 mM EDTA) had lost its native conformation by 30
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Ficure 2: Enthalpy exchange on titration of (A) 1.3 mL of 108
uM apo-BLA with 5uL injections of 2.67 mM MA" and (B) 1.3
mL of 102 uM BLA in 7.59 mM Mn2* with 5 uL injections of
2.51 mM C&*. The other solvent conditions are 10 mM Tris-HClI,
pH 7.5, and 30.65C.

°C, while C&*-loaded BLA only unfolded above 4%C.
Thus, the thermodynamic properties for?Cainding be-
tween 30 and 45C include a change from the intermediately
unfolded state of apo-BLA (apo-BLAto the native state
of Ca"-BLA (Ca?*-BLAy). In addition, an extrapolation
of the thermodynamic properties from this temperature region
to higher temperatures has to include the effect of this
conformational change on &abinding. In order to em-
phasize the fact that the thermodynamic values for the
binding of C&" to apo-BLA include the transition to Ca-
BLA\, the subscript IN (intermediatenative state) will be
used; it will also be added to the related ?Ghinding
constant:
Kpcern = [C&-BLAJ/[apo-BLA][Ca*] (1)

In order to determine the enthalpy and heat capacity
change of the binding of Cato apo-BLA (AHpc2 v and
AC, pctin, respectively), isothermal titration calorimetry

Biochemistry, Vol. 35, No. 51, 19966755

agreement with the value obtained by others (Permyakov et
al., 1981, 1987; Segawa & Sugai, 1983). The corresponding
AGpcz+in at 30.65°C was—42.6 kJ/mol, and subtraction of
AHpcgrin from AGyc2+iy gave a value of-139.3 kJ/mol for
TAScz'in. The thermodynamic parameters at 30°65 for

C&* binding to intermediately unfolded apo-BLA, were
converted to 68°C using theAC,,c2+in value and are
presented in Table 1 (row 2).

Unfolding of C&™-BLA at 68°C. The unfolding of BLA
in the presence of different €aconcentrations was studied
by circular dichroism and by differential scanning calorim-
etry.

(A) Circular Dichroism. From the mean residue ellipticity
change at 270 nm (Figure 1), the fraction of protein in the
partially unfolded stateo|) or in the native tertiary structure
(an) was calculated. The ratio of these fractions also
represents the ratio of the total concentration of BLA in the
unfolded state to the total concentration of native protein.
At a given temperature, it might be expected that this ratio
would represent the unfolding constant of BLA. It is obvious
that the relationshipy,ay is Ca&" dependent, and thus, in
the presence of G4, this ratio only represents an apparent
unfolding constantKiapp):

KNIapp: ooy = ([apO'BLAI] +
[Ca®*-BLA ]))/([apo-BLA] + [Ca&”-BLA,]) (3)

The C&" dependence dfniapp provides information on the
unfolding of C&"-BLA. Since the native tertiary structure
of apo-BLA is lost above 30C, its concentration ([apo-
BLA\]) at 68°C is negligible. If, at the same temperature,
the concentration of C&BLA in the intermediately unfolded
state ([C&™-BLA|]) can be considered negligible as compared
with that of [apo-BLA], then the apparent unfolding constant
is related to the CGa-binding constantpcz+iv) as follows:

(4)

Kniapp = (KbCaZ+IN[Ca2+])_1

measurements were performed at different temperatures igure 3A shows the values féffyapp Obtained as described
Values of—181.9 and-226.3 kJ/mol were obtained at 30.65 above, as a function of the reciprocal of the free?Ca
and 41.79C, respectively, from which a molar heat capacity concentration at various temperatures. If eq 4 is valid, the
change of-3.99 kJ/(moiK) was calculated. (Itis takeninto jntercept on the ordinate of these graphs should be zero, but
account that 4% of apo-BLA is in the native state at 30.65 s is clearly not the case. Consequently, an equilibrium
°C) o ) between native and intermediately unfolded CBLA must

At 30 °C, the affinity of C&" for BLA is too strong t0 5150 be taken into account:
permit the determination of its binding constant and the Gibbs
free energy in a direct titration experiment. Other metal ions,
such as M#A", can bind competitively to the same high-
affinity Ca?* site (Desmet & Van Cauwelaert, 1988; Desmet
et al., 1991a), and the &abinding constant can thus be
obtained from competitive binding experiments betweett Ca
and Mt (Bryant & Andrews, 1984; Desmet & Van
Cauwelaert, 1988). From calorimetric titration of apo-BLA
with Mn?* at 30.65°C (Figure 2A), a hinding constant
(Komrztin) Of 2.0 x 10° M~1 was calculated. In 7.59 mM
Mn?* the apparent binding constant forC&Kpc*apy Was
found to be 1.32x 10° (Figure 2B). From the above data,
the direct binding constant for €ais calculated with the
equation for competitive binding:

= ([Ca®"-BLA|] + [apo-BLA])/[Ca®"-BLA,] =
Kni + (1/KbCaZ+IN[CaZ+]) )

KNlapp

Values forKy,, the unfolding constant for Caloaded BLA,
andKycg+in, Were obtained at several temperatures from the
ordinate intercepts and the slope of the lines in Figure 3A;
these are presented in Table 2. The natural logarithms of
the equilibrium constants as a function of temperature were
fitted to the equation:

In K = —(AH;,/RT) + (AS,/R) —
(AC/RT)(T — T, — TIn(T/T,)) (6)

where the reference temperatufg,was fixed at 68C (341

K). Because floating of three adjustable paramet&ts;,

AS;,, and AC, gives various combinations that fit to the
experimental results and since there is an inherent assumption

(Kbc:aﬁap;fl = (KbCaZHNYl + (Kan2+IN/KbCaZ+IN)[Mn2+]
2

This gave a value of 2.0% 10° M~ for Kycztn, in
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Table 1: Summary of the Various Thermodynamic Parameters Obtained from Direct Analyses of the Experiments

T AH TAS AG K
method transition (°C) (kJ mol?) (kJ mol?) (kJ mol?) M7
titration calorimetry apo-BLA+ C&™ — Ca&™-BLAN 30.65 —181.9+6 —139.3+ 6 —426+1 2.1+ 1)10¢
68 —330.9+ 11 —314.3+ 8 —16.6+5 0.4+ 2)1C
CD apo-BLA + Ca&t — Ca*-BLAy 68 —332.5+ 4 —310.0+ 4 —22.5+0.1 (2.8+:0.1)1C
Cat-BLAy — C&t-BLA, 68 281.6+ 3 283.8+ 3 —2.24+03 2.2+0.2
DSC apo-BLA + Ca&" — Ca&™-BLAy 68 —355.1+ 2 —333.9+2 —21.24+0.1 (1.8+£0.1)1¢
Cat-BLAy — C&*-BLA, 68 339.7+ 4 338.1+ 4 1.6+0.3 0.57+ 0.05
titration calorimetry apo-Mg¢+ Ca+ — Ca*-M4y 25 —28.7+1 11.0+£1 —39.7+0.3 (9.0 1)102
68 —30.1+1 11.14+0.3 —41.24+0.3 (2.1+0.2)1¢

aData from Haezebrouck et al. (1993).
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Ficure 3: Apparent unfolding constants of €aloaded BLA as a
function of the reciprocal of the @aconcentration, calculated from
(A) the ellipticity change at 270 nm and (B) the excess heat capacity.
Solvent conditions: 10 mM Tris-HCI, pH 7.5, and different?Ca
concentrations. Lines through the data present the optimal fits
according to eq 5. Temperatures vary from°@)(data of lowest
lines) to 70°C (data of highest lines).

in eq 6 thatAC, is independent of temperature, the latter
value was fixed at an experimental value.

In this way, the mean value fokC pcgtin [—3.99 kJ/
(mol-K)], determined by titration calorimetry at 30.65 and
41.79°C, was used to calculate the fit betweenKlpe2n
and temperature. The related values fH,c2+n and
AS,c2tn at 68°C are shown in row 3 of Table 1.

To estimate the heat capacity change for the unfolding of
Ca*-BLA without loss of the metal ionAC, n)), we rely
on the observation that, im-lactalbumin as well as in C&
binding lysozymes, the global process ofChinding plus
conformational change can be subdivided. The binding
contribution is equal for both proteins, but the contribution

Table 2: Equilibrium Constants Obtained from the Thermal
Transition Curves for C4-BLA, Measured by Near-UV CD

T(CC) Ku  Kiczn(M™) T(C) Kwu  Kpcttin (M7
60 0.226 41 391 66 1.191 5277
61 0.301 29 886 67 1.604 3827
62 0.402 21 640 68 2.170 2784
63 0.541 15713 69 2.949 2035
64 0.729 11 432 70 4.017 1489
65 0.889 7 353

site by replacing Glu 86 and Ala 92 with Asp residues. Using
X-ray crystallography, they demonstrated that the coordina-
tion pattern around the €aion was quite similar to that
seen in baboon-lactalbumin (Inaka et al., 1991). The X-ray
patterns also showed that the overall tertiary structure of the
mutant did not change when €awas bound. The ther-
modynamic parameters obtained foPChinding, therefore,

do not contain a contribution for conformational changes
(Kuroki et al., 1992a). By replacing four residues of the
Ca&*-binding loop, rather than two, the whole Tasite of
o-lactalbumin has been inserted into the M4 mutant of human
lysozyme. The near- and far-UV CD spectra indicate that
this mutant likewise binds CGawithout any conformational
change (Haezebrouck et al., 1993). We have therefore
determined the enthalpy change for the binding of'Ga

the M4 mutant of human lysozyme at different temperatures.
The binding enthalpy varied from28.69 kJ/mol at 25C

to —28.82 kJ/mol at 35C. The derived molar heat capacity
change 0f-0.032 kJ/(molK) represents the contribution of
C&t binding to AC, pc#tin.  Since the total heat capacity
change for C# binding and conformational change from |
to N is —3.99 kJ/(maiK), the heat capacity change for the
unfolding of C&"-BLA without loss of C&" (AC, ) is 3.96
kJ/(motK). Upon introduction of thisAC, i value, the best

fit (according to eq 6) for IiKy; as a function of temperature
gave the values ohHy andASy, at 68°C shown in Table

1 (row 4).

In a further step, the temperature dependence of the
different populations of BLA molecules was calculated from
the obtained thermodynamic parameters for 206 BLA
in the presence of either 26MM or 1.4 mM C&". These
results, plotted in Figure 4A, show that, at the highef'Ca
concentration, the metal ion remained mainly protein bound
on unfolding. Above 75C, the fraction of intermediately
unfolded C&-BLA decreased, with an increase in the
proportion of the unfolded apo-BLA. From the calculated
fractions of partially unfolded apo- and €aBLA at the
temperature at which the native state no longer exists and

of the conformational change is dependent on the nature offrom the appropriate enthalpy changes at°€3(Table 1,

the protein (Desmet et al., 1989, 1991a,b). Similar conclu-
sions were made by Kuroki et al. (1989), who created a
mutant human lysozyme with an engineered'czinding

rows 3 and 4), apparent enthalpy change$815 and+292
kJ/mol were estimated for the unfolding of native?G&8LA
in 260uM and 1.4 mM Ca', respectively.
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o Table 3: Equilibrium Constants Obtained from the Excess Heat
temperature (°C) Capacity Curves on Thermal Denaturation oPGBLA
Ficure 4: Fractions of intermediately unfolded apo-BLA) - N 7 - N 1
native C&"-BLA (M), and intermediately unfolded €aBLA (®) TCC) Kw Kz (M) TEC) Ku  Kecein (M)

as a function of temperature, calculated from (A) the ellipticity 60 0.035 33014 66 0.299 3705
change at 270 nm and (B) the excess heat capacity, respectively. 61 0.053 22 889 67 0.403 2585
Conditions: 21%uM BLA in 10 mM Tris-HCI, pH 7.5, and 260 62 0.071 15228 68 0.590 1824
uM or 1.4 mM C&". 63 0.103 10 684 69 0.837 1261

64 0.147 7502 70 1.077 860

(B) Differential Scanning CalorimetryAs with the CD 65 0210 5266

unfolding curves, the curves in Figure 5, showing the excess
heat capacity as a function of temperature, are shifted towardTable 4: Calorimetric Enthalpy Values Derived from the Excess
higher temperatures in the presence of a Iarger excess of"e"it Capacity C_urves on Thermal Unfolding of BLA at Different
Ca&*t over protein. The molar enthalpy changes at the Cé" Concentrations

transition temperature were determined by integrating the [C&T:@M)  Tn(°C)  AHr, (kJmol™)  AHegc (kJ mol™)

area under the peak for each?Caoncentration and are 260 64.2 301.7 316.8
shown in Table 4. These were used to calculate the 428 gg-g g%g-; ggg-g
enthalpies at 68C, usingAC, n equal to a value o#3.96 ?go 66.8 290.2 2950
kJ/(motK). From the analysis of the CD unfolding curves, 1400 68.2 316.6 315.8

it was expected that the enthalpy values would decrease from

+315 kJ/ mo! at the lower Ca concentration {0292 k‘]/_ 6), the apparent molar transition enthalpy was calculated as

mol at the higher. The actual values obtained from direct 352 kd/mol at 26M Ca2* and 347 kJ/mol at 1.4 mM Gh

calorimetric measurements (Table 4) were not suﬁipiently These deduced enthalpy changes were greater than the

accurate to clearly see the expected trend, but their mean ;g rimetric values obtained by integrating the excess heat

magnltL_Jde was within the expegted range. _ capacity as a function of temperature (Table 4). This
As with the CD results, we tried to determine the ratio gjiscrepancy will be discussed in the next section.

/o from the heat capacity scans at different temperatures  Relationship between Intermediately Unfolded and Méati
and different C& concentrations. To do so, the peak surface apo-BLA. The van't Hoff analysis of the equilibrium
integrated below a given temperature was divided by the oneconstants, derived from the thermal transition curves for
above that temperature and defined as an apparent unfoldingcz+-BLA and measured by the ellipticity change at 270 nm,
constant Kniapp).  Figure 3B represents the plots of those provides thermodynamic values for the unfolding processes
Kniapp Values as a function of the reciprocal of the free \yhich are at least as reliable as those derived from the excess
Ca" concentration. Again, the intercepts on the ordinate neat capacity. This encouraged us to analyze the tempera-
were not zero, due to an equilibrium between native and ture-dependent ellipticity changes of apo-BLA (Figure 1,
intermediately unfolded C&BLA. The values forKy,, open squares), in this way. Since, in the absence &f,Ca
derived from the intercepts on the ordinate, and the valuesgnly C2+-free native and intermediately unfolded BLA need
for Kucg*wv, derived from the slopes, are shown in Table to pe considered, the temperature dependence only results
3 and the related thermodynamic values in Table 1 from the temperature-dependent unfolding equilibrium con-
(rows 5 and 6). stant between native and intermediately unfolded apo-BLA
To test the internal coherence of the thermodynamic (Kniaposia). Thus the temperature-dependent fractions of
parameters, these values were used to calculate the tempemnative apo-BLA, an, can be fitted to the combined
ature dependence of various populations of BLA molecules expressions (6) and (7).
under the conditions of 21V BLA in the presence of 260
uM or 1.4 mM C&"; these populations are shown in Figure Ay = /(1 + Kyjaposa) (7
4B. From the fractions of intermediately unfolded apo- and
Cat-BLA in the absence of the native state and from the As previously described, the number of variables can be
appropriate enthalpy changes at®3(Table 1, rows 5and  reduced by estimatingC, n as 3.96 kJ/(meK). The values
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obtained forAHwiaposLa aNA TASviaposLA at 30.65°C are then
+159.5 and+168.0 kJ/mol, respectively.

The difference between the enthalpy change for the
reaction “apo-BLA + C&" < CaBLAy" (Table 1, row 1)
and the enthalpy change for “apo-BLA> apo-BLAY"
(reverse of AHniaposLa) IS —22.3 kJ/mol. This value is

consistent with the above mentioned enthalpy change TAS=*32L.1 ki/mol

observed for C& binding to the M4 mutant of human
lysozyme (28.69 kJ/mol at 25C and —28.82 kJ/mol at
35 °C). It also agrees well with earlier observations that
C&" binding to the mutant protein is accounted by*Ca
binding to the binding loop of BLA, without any contribution
from protein conformational changes (Haezebrouck et al.,
1993). It was of interest to determine the other thermody-
namic parameters for €abinding to the M4 mutant of
human lysozyme at 25C and to convert them to 68C;
these are shown in Table 1 (rows 7 and 8).

DISCUSSION

The thermal transition curves derived from the ellipticity
change at 270 nm (Figure 1) and from differential scanning
calorimetry (Figure 5) show that, at a moderate®'Ca
concentration (2 mM), a large proportion of BLA remains
C&" loaded after the thermally induced destabilization of
its tertiary structure. In thermal unfolding studies atCa
concentrations of 2050 uM (Kuwajima et al.,1985; Van
Dael et al., 1992) and in a study of guanidine hydrochloride-
induced unfolding at millimolar G4 concentrations (Ikegu-
chi et al., 1986), no Ca-loaded intermediately unfolded state
of BLA was detected, and therefore it was generally believed
that, in all circumstances, the partial unfoldingaodactal-
bumins is accompanied by loss of €a However, analysis
of the present thermal transition curves confirmed our earlier

Vanderheeren et al.

step IV
AH = +30.1 kJ/mol
TAS =-11.1 kJ/mol

2+
AG = +41.2 kl/mol Ca™-BLAw

7

step 11
AH = +281.6 kJ/mol
TAS = +283.8 kJ/mol

apo-BLAy

step 1
AH = +332.5 kJ/mot
TAS =+310.0 kJ/mol

step V
AH = +302.4 kJ/mol

AG =-18.7 kJ/mol AG = +22.5 kJ/mol AG =-2.2 k¥/mol
J/ /tep IIE J
apo-BLA; < —AH=+509 kl/mol Ca?-BLA

TAS =+26.2 kJ/mol
AG = +24.7 klJ/mol

Ficure 6: Cycle showing the thermodynamic valuesH, TAS
AG) for different transitions of apo-BLA and €&BLA, deter-
mined at 68°C.

Therefore, the relationship of these physical properties to
the unfolding transition will be considered in more detail.

The fraction of intermediately unfolded BLA, determined
from the vanishingly small ellipticity at 270 nm, represents
the fraction of aromatic groups that become mobile. In the
absence of 4, the van't Hoff enthalpy value derived from
this ellipticity (Figure 1, open squares) is consistent with
the calorimetric value, indicating that the ellipticity change
adequately represents the global event of partial unfolding.
Similar results have been reported for the partial unfolding
of goat apoe-lactalbumin (Desmet et al.,, 1991b). In
addition, for a correct estimation of the apparent unfolding
constants in the presence of&4eq 5), the C&'-free and
C&*-bound intermediates of BLA must contribute equally
to the ellipticity change. As the same minimum value of
the near-UV ellipticity is obtained in the presence and in
the absence of G4, this is the case.

When deriving the apparent unfolding constants from the

COI’IC|USi0nS, based on differences in hydrophobic behaViorexcess heat Capacity curves, one has to assume that the

and differences in the far-UV ellipticity of C& and apo-
BLA at 80 °C, that some Cd remains bound to the protein

enthalpy changes for unfolding with and without release of
C&" are the same. However, the release of'Ciself

after heat-induced unfolding to the intermediate state (Vander- ajready accounts for a heat absorption of 30 kJ/mol, and

heeren & Hanssens, 1994). The present analysis also agreegnfolding with release of G4 results in a more unfolded
with the observations of Kuroki et al. (1992b), who reported state than unfolding with retention of &a the enthalpy

that their Ca"-binding mutant of human lysozyme retained
bound C&" in its unfolded state. Furthermore, from Figure
4, it is clear that the fraction of the thermally unfolded
intermediate of C&-bound BLA will be small at a Cd
concentration of 2650 uM, which is in good agreement
with the findings of Kuwajima et al. (1985) and those of
Van Dael et al. (1992). The reason why, even at millimolar
Ca&', no C&'-loaded, denaturant-induced intermediate of
BLA was detected (lkeguchi et al., 1986) is not investigated,
but it is possible that Ca binding may be blocked by the
binding of denaturant.

The aim of this work was to characterize the thermody-
namic parameters for the transition from native Gimaded
BLA to intermediately unfolded Ca-loaded BLA (C&"-
BLAy — C&™BLA)) and to compare these with those
obtained when unfolding is accompanied by*Ceelease
(C&™-BLAN — apo-BLA + C&*). The thermal transition

value for unfolding with loss of C4 is therefore larger than
that for unfolding without C& release. In the apparent
unfolding constant values, the contribution of unfolding with
loss of C&" will be overestimated. This effect can be clearly
seen upon comparison of €aBLA | and apo-BLAfractions
in Figure 4A,B (CD and DSC experiments, respectively).
Further evidence for the good reliability of the thermo-
dynamic values obtained from the CD transition curves
comes from their agreement to the values derived from
titration calorimetry (Table 1, rows 2 and 3) and from the
excess heat capacity of €aBLA near 68°C (Table 4),
respectively. For the reasons mentioned, the thermodynamic
data obtained from the CD measurements will be used in
the further discussion.
Using the collected thermodynamic data at°@3(Table
1), the cycle presented in Figure 6 can be constructed. In
this scheme, the data for steps | and Il, representing the partial

curves derived from CD and DSC measurements offered theunfolding of native C&-BLA with release or retention of
required thermodynamic values at 868 (Table 1, rows Ca&", respectively, were determined from the thermal
3—6). The resultant populations of the various BLA unfolding values measured by near-UV CD (Table 1, rows
molecules are presented in Figure 4. Their mutual differ- 3 and 4). Step Il represents theXaelease in the partially
ences indicate that the partial change in ellipticity at 270 unfolded state, its thermodynamic parameters being calcu-
nm and in the partial heat absorption does not give an lated from the difference between steps | and Il. Step IV
equivalent estimate of the progress of the unfolding transition. represents the release of drom the native C&#-BLA,
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