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DSC Study of the Thermal Stability of S-Protein and S-Peptide/S-Protein
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ABSTRACT. The thermal denaturation of S-protein is investigated at pH 7.0 by means of DSC measurements.
The process is reversible and can be assimilated to a two-state transition. The low values of denaturation
temperature and enthalpy, between 38.5 and #40.@nd 165 and 180 kJ nd, respectively, demonstrate

that the loss of S-peptide strongly decreases the structural stability. The interaction between S-peptide
and S-protein is thermodynamically characterized, at pH 7.0, by studying the thermal stability of S-peptide/
S-protein complexes at different molar ratios. A two-dimensional nonlinear regression analysis of the
excess heat capacity surface as a function of temperature and S-peptide concentration enables us to determine
the thermodynamic parameters of binding equilibrium. The values obtaind(,@&.6°C) = (1.10+

0.15) x 10° M™%, ApH(38.6 °C) = (—185 + 10) kJ mof?, and A,C, = (—3.5 £+ 0.5) kJ K'* mol™L.

These figures result in satisfactory agreement with literature values.

Molecular recognition is the preliminary step of almost indirect methods are necessary to gain thermodynamic
all the biochemical and biophysical processes. Proteinsinformation on association.
possess the fundamental feature to interact with high affinity Among indirect methods, differential scanning calorimetry
and specificity with various molecules both small and large. is a very useful approach. By determining the thermal
These interactions play a pivotal role in enzyme catalysis, stability of the formed complex and comparing it to that of
hormone action, antibody specificity, and other protein the macromolecule alone, DS@llows one to obtain the
receptor mediated functions. But even the processes ofthermodynamic parameters of binding equilibrium. To this
transcription, replication, and restriction of DNA genetic code purpose, it is necessary the development of suitable ther-
are ruled by strong and selective interactions between modynamic models to analyze DSC curves, as shown by
proteins and specific sequences of base pairs (Steitz, 1990)Brandts and Lin (1990). Additionally, it is useful to increase
Any molecular description of such noncovalent interactions the dimensionality of experimental data by determining a
requires a deep understanding of both structural and ther-two-dimensional heat capacity surface as a function of
modynamic details (Spolar & Record, 1994). The atomic temperature and ligand concentration, as brought out by
level resolution of the formed complexes, by means of X-ray Straume and Freire (1992). A global linkage analysis, by
or NMR techniques, cannot clarify, by itself, the energetics means of a nonlinear regression procedure on a complete
of the recognition process. It is well established that most Set of DSC curves obtained at different ligand concentrations,
molecular recognition processes involve large changes ofSolved simultaneously the energetics of intrinsic protein
enthalpy, entropy, and heat capacity (Ha et al., 1989; Takedathermal stability and proteinligand binding equilibrium.
etal., 1992; Jin et al., 1993; Lundback et al., 1993; Murphy e applied this approach to investigate the interaction
etal., 1993; Foguel & Silva, 1994), which can be accurately between S-peptide and S-protein. The two parts originate
determined by means of calorimetric methods. Isothermal from the proteolytic cleavage of the peptide bond between
titration calorimetry allows the performance of direct mea- Ala20 and Ser21 in RNase A due to subtilisin (Richards &
surements of association constant and binding enthalpy andithayathil, 1959).  Around neutral pH the two parts are
heat capacity (Eftink & Biltonen, 1980). However, to obtain tightly bound to form a noncovalent complex that is fully
reliable estimates, it is necessary that the product of the@ctive and is called RNase S. The interaction between
association constant times the protein concentration lies inS-Peptide and S-protein has been deeply studied with
the range 16100 (Sturtevant, 1994). In other words, direct Structural determinations (Wyckoff et al., 1970; Kim et al,,
equilibrium methods are unable to characterize binding 1992, Varadarajan & Richards, 1992), equilibrium measure-
equilibria with association constants greater thah MIO™. ments (Hearn et al., 1971; Connelly etal., 1990; Vargdarajan
But it is well-known that various recognition processes have €t @l 1992; Thomson et al., 1994), and theoretical ap-
binding constants greater than®1M~1. In such cases pr.oaghes (Smonson_&Brung_er, 1992). The results obtained

with isothermal titration calorimetry represent a good refer-

ence to verify the validity of DSC as a tool to study protein
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ligand interactions. We have investigated, at pH 7.0, the The unitary value of the ratioAgH(Tg)/AHM(Ty) is a

thermal denaturation of S-protein and S-peptide/S-protein necessary condition to state that a two-state transition takes

complexes at different saturating ratios. The binding ther- place.

modynamic parameters determined from the nonlinear Thermodynamic Model.We consider a protein that

regression procedure are in agreement with literature valuesdenatures according to a two-state transition and can bind a
specific ligand on one site of the native conformation. The

MATERIALS AND METHODS overall process can be described by the following scheme:
RNase S type Xl S was purchased from Sigma and its K

purity confirmed by HPLC gel filtration. RNase S was N+L* ~—— D+L*

separated in S-protein and S-peptide by gel filtration (Sepha-

dex G-75) in 5% formic acid (pH=2). The S-protein peak Ko " "

was located by the absorption at 280 nm. Fractions

corresponding to S-protein were collected, and the resultingyherek is the equilibrium constant of the denaturation of
solution was exhaustively dialyzed against water to eliminate S-protein,K;, is the equilibrium binding constant, and is
any formic acid trace. Conservative cuts were made {0 yhq genaturation constant of the stoichiometric complex NL
ensure preparations of high purity. The preparations were (ie., RNase S). However, it is easy to show tiais not
lyophilized and stored at-18 °C (Hearn et al., 1971). g, independent parameter, sinké = KK, Both the

S-protein purity was also checked by electrospray massgqyilibrium constants are temperature dependent according
spectrometry (Fenn et al., 1989). To locate the S-peptide

peak, the high eluation time fractions that did not absorb at
280 nm were frozen and dried vacuoto eliminate formic Ky = exp—{[AH(TY/RI[(L/T) — (1T )] +

acid. The solid residue was dissolved in bidistilled water, .
and its absorbance at 210 nm was determined. The collected (A"CP/R)[l (T +In(TTy1} (2)
and lyophilized fractions were stored atl8 °C. whereKy = 1 for T = T, and

S-protein concentration was determined by absorption
spectroscopy using a molar extinction coefficient at 280 nm K, = K,° exp —{[AH(Ty)/RI[(1/T) — (L/T,)] +
of 9560 M~ cm™* (Connelly et al., 1990). The concentration _
of S-peptide solutions was calculated from the weight of (ACY/RIL — (TYT) + In(T/TYI} (3)
dissolved material. Solutions for DSC measurements were,nara Ko = Ky® for T = Tq. In these equationdyg is the

exhaustively dialyzed by using Spectra Por MW 668000 yenatyration temperaturdgH(T) and A«C, represent the

membranes against 10 mM Mops buffer, pH 7.0, and 200 genatyration enthalpy and heat capacity changesAaHe

mM NaCI_ and were filtered on Millipore membranes. (T)) and A,C, are the binding enthalpy and heat capacity
Doubly deionized water was used throughout. The pH 0Of changes. Clearly eqs 2 and 3 are exact in the assumption
all solutions was determined with a radiometer pHmeter thatA4C, andArC, are temperature independent. Selecting

model PHM 93 at 25°C. The pH change due to the he native state as reference (Robert et al., 1988; Brandts &
ionization of Mops on raising temperature is not so large as | j, 1990), the macroscopic canonical partition function for

to affect the results. o this system results:
Scanning Calorimetry.Calorimetric measurements were
carried out on a second-generation Setaram Micro-DSC Q=1+K,L] + K, (4)

apparatus, interfaced with a data translation A/D board for

automatic data accumulation. A scan rate of 0.5 Kthin  where [L] represents the free ligand concentration in solution.

was chosen for the present study. All data analyses wereThe excess enthalpy functiadHCOcan be readily obtained

accomplished with software developed in our laboratory by a well-known statistical mechanical relationship:

(Barone et al., 1992a, 1994). The raw data were converted

to an apparent molar heat capacity by correcting for the [AHCE= RT InQ/T],, 1 (5)

instrument calibration curve and the buffdyuffer scanning

curve and dividing each data point by the scan rate and thewhich gives

number of moles of protein in the sample cell. Finally, the

apparent molar heat capacity was converted to the excessAHIE= [AdH(Ty) + ACy(T — TYI(KJ/Q) + [ApH(Ty) +

molar heat capacitylAC,[] assuming the native state heat ACHT = TRI(KLIQ) (6)

capacity as the reference baseline (Freire & Biltonen, 1978;

Biltonen & Freire, 1978; Freire, 1994). For a reliable When the total ligand concentration is much greater than

evaluation of baseline the DSC scans always started from Oprotein concentration, the free ligand concentration [L] can

°C. The calorimetric enthalpg¢H(Tq) was determined by  be considered constant at increasing temperature in a DSC

direct integration of the area under the curve, and the van't measurement. But, if the total amount of ligand is lower

Hoff enthalpy was calculated with the standard formula:  than the saturation level of protein binding site, it is necessary
to consider the mass balance equation for the ligand to

AH"H(Td) - 4RTd2mel—_Tld/AdH(Td) (1) determine the free ligand concentration [L]:

. . ) [L] o= [L] + [E][P]tot (7)
where Ty is the denaturation temperature corresponding to
the maximum of DSC peaKAC,4, is the height of the  where [L}x and [P}y are the total ligand and protein
excess molar heat capacity &t andR is the gas constant.  concentration, respectively, and][tepresents the binding
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'_SOtherm' In the case _ConS'dered' t.he fre_e Ilgand Concentra‘rable 1: Thermodynamic Parameters of the Denaturation Process

tion can be calculated in the whole investigated temperatureof S-Protein at pH 7.0, 10 mM Mops Buffer, and 200 mM NaCl

range, by simply solving a second degree equation (Brandts [Plo:
Of

> Ta AdH(Tg) AdCp AHM(Ty)
& Lin, 1990). _ _ (mM) (°C)  (kImoFY  (kIKtmolY)  (kJmol?)
The free ligand concentration changes _W|th temperature, =775 390 165 26 180
during the denaturation process, because ligand can bindonly g 180 389 175 292 190
to native conformation. Therefore, in the case of subsatu- 0.260  38.6 180 2.0 180
rating amounts of ligand, the free ligand concentration [L] 0320 40.0 185 2.5 210
is a physically significant variable to describe the system. 2Each figure represents the value averaged over three or four
In fact, (AHO= f(T,[L]) and [L] = f(T), so it results: measurements. The errorTg does not exceed 0°Z. The estimated

(relative) uncertainties ith¢H(Tq) and A¢C, amount to 5% and 10%,

respectively, of reported values. The values AHM(Ty) were
Df&CpD= 9 D&HI]BT][L] + [0 [AHIBL] ] T(d[L]/dT) ®) calculated from experimental curves according to eq 1.

The effect of subsaturating amounts of a strong ligand on

DSC profiles is dramatic because two endothermic peaks

appear. Shrake and Ross (1990, 1992), starting from their -~

studies of the thermal denaturation of human serum albumin sor RN

in the presence of fatty acids, carefully investigated the nature ~ 7 k”%.

of the two peaks. Simulations have shown that the maximum E e %

distortion of DSC peak from the two-state transition profile - b V/” &”’mew
happens when the molar ratio [P} s equal to 0.5 i.e., o "
when the total ligand concentration is half the concentration — s

of binding sites). Moreover, the complex shape of DSC & & ﬁ‘g‘

profile does not depend on the value of binding constant v yd i, »
alone but markedly depends on the product of total protein o a mﬂ_vf/z s
concentration times the association constaniTat This , , . )

product is a dimensionless parameter, lab&ed Ky,°[Pliot 10 T (°C) 60
by I_3randts and c_o-yvorkers (Wiseman et al., 1989; Brandts Ficure 1: DSC profiles of S-protein at pH 7.0, 10 mM Mops
& Lin, 1990). It is important to note that, even assuming puffer, and 200 mM NaCl. S-protein concentration is equal to 0.115
ApH = 0, a single two-state transition gives rise to two mM (curve a) and to 0.320 mM (curve b). Excess heat capacity
distinct peaks when th€ parameter is great enough. values have been shifted along tpexis for ease of presentation.

Following the procedure devised by Freire and Straume ¢4 ;ses a broadening of DSC peak. In the selected conditions
(Straume & Freire, 1992; Straume, 1994), we constructed e thermal denaturation is highly reversible, as demonstrated
an experimental excess heat capacity surface as a functiony the recovery of the original signal in rescanning of the
of temperature and ligand concentration. A nonlinear same sample. The denaturation temperature lies in the range

regression of the entire surface with respect to eq 8 waszg 5-40.0°C and is about 1812 °C lower than that of
performed by means of the Levenbefgarquardt algorithm RNase S. The smearing @% values can be ascribed to

(More, 1977), as implemented in the Optimization Toolbox  aggociation of S-protein molecules, a phenomenon well
of MATLAB. The regression was repeated until a conver- qocumented in literature (Hearn et al., 1971). The denatur-
gence criterion was satisfied (Straume, 1994). Nonlinear, g4ion enthalpy amounts to 16480 kJ mot?, a very low

joint confidence intervals were determined for all estimated \51,e for a globular protein: the loss of S-peptide causes a

parameters according to the method developed by Johnsonyyong decrease of thermal stability. The van't Hoff enthalpy
(Johnson & Frasier, 1985; Johnson, 1992). Such two- \4jyes correspond to the calorimetric enthalpy ones, and the
dimensional analysis of the excess heat capacity allows theprocess can be assimilated to a two-state transition. How-
calculation of a unique set of thermodynamic parameters gyer, gt raising the S-protein concentration above 0.300 mM,
charqcterizing both th.e therm_a] d.enaturation (_)f the globular e discrepancy betweeliH(T,) and AH"H(T) increases.
protein and the binding equilibrium of the ligand to the The finding that the van't Hoff enthalpy is greater than the
macromolecule (Straume & Freire, 1992). calorimetric one may be an indication of the association of
RESULTS AND DISCUSSION S—protein_molecules in solution, as concgntration rises. Itis
worth noting that the values of denaturation temperature and
Analysis of S-Protein DenaturationThe thermal dena-  enthalpy here reported agree with those determined by DSC
turation of S-protein is investigated at pH 7.0, 10 mM Mops and CD measurements by Hearn et al. (1971) and from a
buffer, and 200 mM NaCl. DSC measurements were careful analysis of isothermal titration calorimetry data by
performed at protein concentrations ranging between 0.115Thomson et al. (1994).
and 0.320 mM. Lower concentrations could not be measured The denaturation heat capacity change is about2.6
by scanning calorimetry due to instrument sensitivity. The kJ K™ mol™?%, a very low value. It has been demonstrated
values of thermodynamic parameters are collected in Tableby various authors tha”n¢C, can be calculated, with
1, whereas Figure 1 shows two experimental DSC profiles. accuracy, from the knowledge of native protein tertiary
In general the DSC peaks are very broad, and the overallstructure and the specific contributions to the heat capacity
process takes place over a temperature range of about 3@f polar and nonpolar groups (Murphy & Freire, 1992;
°C. But the broadening cannot be held as the proof of a Privalov & Makhatadze, 1992; Spolar & Record, 1994;
poorly cooperative phenomenon. Indeed, it must be stressedBarone et al., 1995a). The values &fC, for S-protein
that a decrease afgH(Ty) in a perfect two-state transition  calculated with these models lie in the range-5® kJ K
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mol~t. The strong discrepancy between the experimental
and calculated values can be explained by considering that M
S-protein in solution does not possess a very compact tertiary
structure. A large fraction of its accessible surface area A
(ASA) is not buried but exposed to water. This picture may I
be also useful to explain the very low value AfH(Tg).
Indeed, the loosening of the cooperative network of nonco-
valent interactions that give rise to the native three-
dimensional folding pattern well accounts for the experi-
mental findings. To validate this conclusion the thermo-
dynamic parameters of S-protein can be compared to those
of other globular proteins. For instance, RNase T1, a protein
of ribonuclease family comprised of 104 residues (e.g., the 10
same of S-protein) and possessing two disulfide bridges (e'g"HGURE 2: DSC profiles of S-peptide/S-protein complexes at pH
S-protein has liour disulfide bondsl) h-&iFl 55.0°C, AdH(T) 7.0, 10 mM Mopz buffer, 200meI3A NaCIl,Oand differeﬁt saturatigg
= 460 kI mol”, A¢Cp = 6.0 kJ K mol*atpH 7.0,in 100 ratios: 1 = 0.25 (curve a) and = 0.45 (curve b). Excess heat
mM Mops buffer (Barone et al., 1992; Yu et al., 1994). capacity values have been shifted along yhexis for ease of
CD spectra allowed the determination of the content of presentation.
secondary structure of S-protein in solution: at pH 6.8 there
is 12% a-helix and 33%3-sheet (Labhardt, 1982). These 80 I-
values are only slightly lower than those found in the crystals
of RNase A and RNase S: 198¢helix and 38%3-sheet.
Even though the secondary structure is preserved, S-protein
does not have a very compact tertiary structure, judging from
the denaturation temperature and denaturation enthalpy and
heat capacity changes. However S-protein cannot be re-
garded as a “molten globule” (Ptitsyn, 1992), because its
thermal denaturation is a cooperative process. Indeed,
various authors (Pfeil et al., 1986; Yutani et al., 1992; Griko v
& Privalov, 1994) have shown that the thermal transition . ‘
from molten globule to random coil happens with no heat 10 T €C) 60

absorption and can be assimilated to a second-order phaS%IGURE 3: Complete set of DSC profiles of S-peptide/S-protein

transition, in agreement with theoretical prediction (Finkel' Comp|exes Corresponding to=0 (Curve a)’r =0.25 (Curve b)r

stein & Shakhnovic, 1989). = 0.45 (curve c¢)r = 0.67 (curve d), and = 1.10 (curve e).
Analysis of the Interaction between S-Peptide and S- S-protein concentration was fixed at 0.260 mM. The solid lines

Protein. The interaction of S-peptide with S-protein was represent the best fit of the experimental curves calculated from

o) . the nonlinear two-dimensional regression with respect to eq 8. See

studied at pH 7.0, in 10 mM Mops buffer, 200 mM NaCl, eyt for more details. Excess heat capacity values have been shifted

by means of detailed DSC measurements, keeping thealong they-axis for ease of presentation.

concentration of S-protein fixed at 0.260 mM, in order to

reduce the number of independent variables. The concentraTable 2: Thermodynamic Parameters of S-Peptide/S-Protein

tion value was selected to obtain a good signal to noise ratio, Complexes at Different Molar Ratios, pH 7.0, 10 mM Mops

because the heat effects are low. This noncovalent interac-Buffer and 200 mM NaCl

1 1
o <ACp> (kJ-K-1-moll) 8
&(
%
3,
..

T (oc) 70

<ACp> (kI K1 -mol-1)

(@]

tion is strongly specific: a value of the molar ratio= r Tmax(°C) AgH (kJ mol™?) A¢Cp (kI K1 mol™?)
[S-peptide]/[S-protein], equal or slightly greater than 1, is  0.00 38.6 180 2.0
sufficient for complete recombination of the two parts, giving  0.25 49.9 245 25
rise to the reconstitution of RNase S. On the other hand, 8-25’ gg-g ggg gé
by performing measurements at concentrations of S-peptide ;' 51.0 230 51

subsaturating with respect to S_pr-Otein’ DSC pro_files res-““ aEach figure represents the value averaged over three or four
very Complex due t(_) the Concomlta_m presence in SOIUtlo,n measurements. The erroripaxdoes not exceed 0°Z. The estimated

of S-protein, S-peptide, and reconstituted RNase S. But in rejative) uncertainties im¢H and AC, amount to 5% and 10%,

all cases the process is reversible according to the reheatingespectively, of reported values. S-protein concentration was fixed at
criterion. The experimental curves, fo= 0.25 and 0.45,  0.260 mM.

respectively, that emphasize the complexity of calorimetric

profile are shown in Figure 2. The height of the high r = 0 to 51.0°C atr = 1.10. Similarly, the denaturation
temperature peak, representing the denaturation of reconstienthalpy and heat capacity changes go from the values proper
tuted RNase S, clearly rises at increasing the valuewhile of S-protein to those of RNase S.

the low temperature peak decreases. A complete set of DSC To apply the developed thermodynamic model to this
profiles, ranging fromr = 0 tor = 1.10, is reported in Figure  system, the following conditions must hold: (i) S-protein

3. The corresponding thermodynamic parameters are col-thermal denaturation is a two-state transition; (ii) S-peptide
lected in Table 2. In this table are reported the values of is a strong ligand of S-protein, but it dissociates during
Tmax the temperature corresponding to the maximum of DSC denaturation. S-protein does not possess a compact confor-
profiles (i.e., for these measurements the notaligq is to mation in solution, but its thermal denaturation can be
be preferred tdy). Clearly Thax increases from 38.6C at regarded as a two-state transition. The second condition is
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supported by DSC measurements of RNase S, which
unequivocally demonstrate that its two constituents dissociate AbG 1200
during denaturation (see the accompanying paper). The S0l —————
nonlinear regression procedure with respect to eq 8 is
simultaneously applied to all DSC curves in order to obtain
a more reliable evaluation of thermodynamic parameters from
a statistical point of view. The calculated curves are shown
in Figure 3, as solid lines, superimposed on the experimental
ones: the agreement is satisfactory, taking in mind the
peculiarity of the system. The best set of thermodynamic
parameters determined from the nonlinear regressidn is
=38.6+ 0.3°C, AgH = (182 + 10) kJ mot?, A(C, = (1.6

+ 0.5) kJ K mol™1, AgH = (=185 10) kJ mot?, AxC, o 2 0 0
= (—3.5+ 0.5) kJ Kt mol™, andC = 295+ 25. The T )
standard deviation of the fit for all five DSC profiles is given ) ) o ]
by o = 4548 J K molX. These results are in substantial Ficure 4: Thermodynamics of the S-peptide/S-protein interaction

. at pH 7.0, 10 mM Mops buffer, and 200 mM NaCl. The values are
agreement with the values calculated by us for a smaller setcajcyjated by means of the parameters determined from the two-
of DSC curves in a previous work (Barone et al., 1995b). dimensional nonlinear regression.

The thermodynamic values of denaturation process of
S-protein are only slightly different from those determined in solution has the same structure determined from the X-ray
by direct DSC measurements (see Table 1). This is a first diffraction of RNase S crystals, and that S-peptide undergoes
evidence of the reliability of the two-dimensional nonlinear a coil to helix transition, calculatedl,C, = (—0.84+ 0.24)
regression. The binding of S-peptide is very exothermic, kJ K~ mol™%, a value in strong contrast with the experimental
and this suggests that, apart the coil to helix transition of determinations. Moreover, Varadarajan et al. (1992) found
S-peptide, a substantial conformational change of S-proteinthat the values of\,C, were not correlated in any simple
structure also happens, induced by the presence of S-peptidefashion with ASA,, buried upon binding of S15-peptide
It is worth noting that the binding enthalpy and heat capacity analogs to S-protein.
changes determined from the nonlinear regression procedure From the value ofC = Ky° [Pl = 295 + 25 and the
are in agreement with literature values. Indeed Sturtevantknowledge of S-protein concentration in solution, JP¥
and co-workers (Hearn et al., 1971; Connelly et al., 1990) 0.260 mM, it is possible to calculate the binding constant of
determined by means of direct isothermal calorimetric S-peptide at 38.6C. It resultsK,°(38.6°C) = (1.10+ 0.15)
measurements thaiH = —168 kJ mof! andA,C, = —3.8 x 10° M~ From the van't Hoff equation with the
kJ K™t mol*at 25°C, pH 7.0, and 300 mM NaCl, either in  determined values oh,H(38.6 °C) andA.C,, it results in
buffered or unbuffered solutions. On the other hand, the Ky(25 °C) = 1.9 x 10" M~ andKy(15 °C) = 1.0 x 1¢®
value of ApH = —290 kJ mot* at 40.0°C, pH 7.0, and 300 M~ These values are in agreement with those of Sturtevant
mM NaCl determined by isothermal titration calorimetry and co-workers (Hearn et al., 1971), who determikg@®5
(ITC) (Hearn et al., 1971) is very large and greater than our °C) = (4.34+ 1.1) x 10° M~! andK,(40°C) = (1.0£ 0.1)
value A,H = —185 kJ mol?! at 38.6°C. Furthermore, at x 108 M~! at pH 7.0, 100 mM Tris HCI buffer, and 300
pH 6.0, 50 mM sodium acetate, and 100 mM NaCl, the mM NaCl, by means of substrate turnover measurements,
binding enthalpy was-330 kJ mot?! at 39.8°C for S15- exploiting the fact that the complex is catalytically active,
peptide (Varadarajan et al., 1992) and@15 kJ mot™* at 40.0 while S-protein itself has no activity. The same authors
°C for M13Nle S-15 peptide (Thomson et al., 1994). The determined, from isothermal calorimetric measurements, that
strong discrepancy can be rationalized. DSC measurementsiky(25 °C) = 5.0 x 10’ M~ andKy(15 °C) = 3.7 x 1¢®
being an indirect method, allow calculation of the binding M~* at pH 7.0, 300 mM NacCl. Recently, Varadarajan et al.
enthalpy by studying the denaturation process of S-peptide/(1992) determined by ITC thd€,(25 °C) = (7.8 + 1.5) x
S-protein complexes at different saturating ratios, and thesel®® M~! andK,(15°C) = (6.5+ 1.5) x 10’ M~ at pH 6.0,
complexes at 38.8C are not unfolded. Instead, by titrating 50 mM acetate buffer, and 100 mM NaCl, for the binding
S-protein with S-peptide around 4C, ITC measures also  of S15-peptide (e.g., a truncated version of S-peptide
the heat release associated with the refolding of S-proteinconstituted by the first 15 residues). In this respect, it has
that at this temperature is largely unfolded. been demonstrated that only the first 15 residues are

It is also important to stress the large negative heat capacitynecessary to give a catalytically active complex with S-
change associated with the binding of S-peptide to S-protein.protein (Finn & Hofmann, 1973), and that the complex of
On the basis of firmly established theoretical and experi- S15-peptide with S-protein is structurally identical with
mental results, the burial of nonpolar accessible surface areaRNase S (Taylor et al., 1981; Kim et al.,, 1992). In
ASA,, from water contact makes a strong negative contribu- conclusion, the thermodynamic parameters associated with
tion to the heat capacity, instead the burial of polar accessiblethe binding of S-peptide calculated from the two-dimensional
surface area, ASAmakes a positive contribution (Murphy nonlinear analysis of DSC data are in agreement with
& Freire, 1992; Privalov & Makhatadze, 1992; Graziano & literature values, obtained with more direct approaches.
Barone, 1996). But in this case it is difficult to establisha  From the values oK, andApH at 38.6°C and assuming
quantitatively right correlation betweeh,C, and AASAs AuC, temperature independent, it is possible to calculate the
because the tertiary structure of S-protein undergoes a largehermodynamics of S-peptide/S-protein interaction in the
conformational rearrangement on binding of S-peptide. range 5-45°C. In Figure 4 are plotted the functiomgH,
Indeed, Spolar and Record (1994), by assuming that S-proteinA,G, and —TA,S versus temperature. The binding free

1
—
[+
o

-100- ApH -TApS

g g
o
-TApS (KJ mol-1)

ApH, ApG  (kJ mol-1)
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energy is little affected by temperature changes because an To further clarify this point, we have assumed the ligated
enthalpy-entropy compensation happens. A similar behav- native state NL as reference. The corresponding partition
ior of thermodynamic functions has been found in various function is given by

systems, involving not only biological macromolecules

(Blokzijl & Engberts, 1993). Furthermore, the binding Qu =1+ (UK L] + (K/K,[L]D) (Al)
process results enthalpically driven at all temperatures. In

fact, residues 313 of S-peptide undergo a coil to helix The excess enthalpy function results

transition, a great humber of noncovalent interactions are

turned on between S-peptide and S-protein residues, and aAHLY = [AH(Ty) + A C(T — Ty) — AH(Ty) +

large conformational rearrangement of S-protein itself occurs. ALCHT = THI(KS/KLD/Q ] — [AH(Ty) +

The binding entropy is always negative. Probably the _
entropy cost due to the association of the two parts and the ApColT = TOl(L/K[LD)/ Qui] (A2)

loss of conformational freedom of S-peptide residues over-
whelms the positive contribution due to the release of
structured water molecules in the hydration shell of nonpolar

moieties. Usually hydrophobic interactions are expected to sAageimﬁpDptri(\)/flletshggnDA\k;Clp IS zerlo. I'}'OZIV?:/%’ Whig
play a significant role in molecular recognition processes ~°-P S hegaiive, pvalues cacuiated from eq

(Harrison & Eftink, 1982; Blokzijl & Engberts, 1993). Apart are greater than zero before the transition peak, whereas those
a large positive ,entrop,y change upon cc;mplexation, the calculated from eq 6 are lower than zero. Actually the two

existence of a large negative heat capacity change is generall “’f".es ar(=|.~ S|(rjnply shn‘;}ed arllor)g thef vimcal faX|s, and this
considered a decisive criterion for the occurrence of hydro- aﬁt '? only due to the c qlcelo the reference state.
phobic interactions. But, recently, examples of enthalpically Therefore we U.SEd €q 6 to simulate DSC curves, and'we
controlled complexation processes have been found (Fergu-Sh”cted the various profiles from the respective negative

son et al.. 1988° Harata et al.. 1988° Smithrud & Diederich values up to zero. The simulations have shown that this
1990) IH gene’ral the therrﬁodyna'mic parameters of mo’— procedure is correct. In fact, the thermodynamic parameters

lecular recognition processes must be interpreted with care,c’bta“ned from the analysis of the calculated DSC curves

because the association can cause conformational change€/ectly correspond to the theoretical ones fixed in the
of the host and guest molecules (Spolar & Record, 1994), S'mulations.
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