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ABSTRACT: Sso7d from the thermoacidophilic archaebacteriuifolobus solfataricus a small globular

protein with a known three-dimensional structure. Inspection of the structure reveals that Phe31 is a
member of the aromatic cluster forming the protein hydrophobic core, whereas Trp23 is located on the
protein surface and its side chain exposed to the solvent. The thermodynamic consequences of the
substitution of these two residues in Sso7d have been investigated by comparing the temperature-induced
denaturation of Sso7d with that of three mutants: F31A-Sso7d, F31Y-Sso7d, and W23A-Sso7d. The
denaturation processes proved to be reversible for all proteins, and represented well by the twe=state N

D transition model in a wide range of pH. All three mutants are less thermally stable than the parent
protein; in particular, in the pH range of 5:3.0, the F31A substitution leads to a decrease of@4n

the denaturation temperature, the F31Y substitution to a decreas€Gf ad the W23A substitution to

a decrease of 6C. A careful thermodynamic analysis of such experimental data is carried out.

The physicochemical rationalization of the relationship changes in the state functions associated with the denaturation
between a given tertiary structure and its thermodynamic processAqG, AqH, A¢S, andAq4C,. The best approach for
stability has attracted much interest in recent years. Suchperforming such a task is provided by differential scanning
research is closely related to the classic problem of protein calorimetry (DSC) which allows the direct evaluation of
folding, since Anfinsen k) demonstrated that this funda- the denaturation enthalpy and heat capacity changes, and,
mental process is ruled by the “thermodynamic hypothesis”. provided that the process is a reversible two-state transition,
All the experimental investigations performed so far have allows the calculation of the Gibbs energy and entropy
pointed out that the native structure of globular proteins from changes.
mesophilic organisms possesses only marginal stabjty ( Sso7d has been recently isolated fr&ulfolobus solfa-
However, thermophilic microorganisms are able to live under taricus(5, 6), a thermoacidophilic archaebacterium that lives
extreme temperature conditions; the upper temperature limitat 87°C and acidic pH in volcanic hot springs)( Formerly,
of viability seems to be approximately 15€C (3). As we referred to this molecule as F&);(however, on the basis
microorganisms are isothermal in their habitat, they cannot of amino acid sequence, P2 and Sso7d were proven to be
avoid the thermal stress and must adapt their biological the same molecule. We have subsequently cloned the
functions to the extreme temperature. In fact, proteins protein-encoding gene and expressed iEgtherichia coli
extracted from thermophilic microorganisms are still fully (8). The recombinant protein was identical to the natural
active at temperatures near or above the boiling point of form, the only difference being the absence of monomethy-
water. Thermophilic proteins are made up of the same 20 lation at Lys4 and Lys6. Sso7d is a small bagic=€ 10.2),
natural amino acids, and the stability of the native conforma- 63-residue protein that contains no histidine or asparagine,
tion is ensured by the same noncovalent interactions that areand no cysteine. The physiological role of the protein is
operating in mesophilic proteins. It is hard to try to not clear yet; it is able to bind DNA nonspecifically, thus
understand how the balance among stabilizing and destabifprotecting DNA from thermal denaturatiof, (10, but also
lizing factors has been optimized during evolution to cope has a ribonuclease activityg)( Its tertiary structure in
with such high temperatured)( solution, determined by NMRL(, 19, shows that the protein

A thermodynamic study of the extrastability of thermo- is folded into a compact globular unit composed of a three-
philic proteins requires a quantitative determination of the stranded antiparallgd-sheet which is orthogonal to a two-
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stranded antiparallgd-sheet, and with only a small helical Scanning Calorimetry.Calorimetric measurements were
stretch at the C terminus. Sso7d has a hydrophilic surfacecarried out on a Setaram Micro-DSC apparatus, able to work
with many basic residues (i.e., 2 arginines and 14 lysines) in the temperature range o000 °C, and interfaced with
and a very hydrophobic core with a cluster of aromatic side a data translation A/D board for automatic data accumulation.
chains (Phe5, Tyr7, Phe31, and Tyr33) with herringbone A scan rate of 1.0 K mint was chosen for this study, and
geometry. Its small size allowed us to construct and express,the data were recorded every 1 s. All data analyses were
with relative ease, several mutant forms. Therefore, Sso7dcarried out with software developed in our laborataty)(
is a suitable tool for investigating the thermodynamic stability The raw data were converted to an apparent molar heat
of thermophilic proteins and for clarifying its origin at a capacity (kilojoules per kelvin per mole), by correcting for
molecular level. In fact, Ladenstein and co-worket8)( the instrument calibration curve and the buffeuffer
reported a comprehensive and detailed study on the temperscanning curve, and dividing each data point by the scan
ature-induced denaturation of Sso7d performed by means ofrate and the number of moles of protein in the sample cell.
CD and DSC measurements. The process proved to beFinally, the apparent molar heat capacity was converted to
reversible and represented well by the two-state=ND the excess molar heat capacithCy[] assuming that the
transition model. native state heat capacity was as the reference bas&Bne (
In this paper, we report on the thermodynamic character- 19). For a reliable evaluation of such a baseline by linear
ization of three mutants of Sso7d: F31A-Sso7d, F31Y- regression on the pretransition region, DSC scans always
Sso7d, and W23A-Sso7d. The sites of amino acid substi- started from 5°C.
tutions were suitably selected in order to bring out the Due to the small size of Sso7d, the overall molar heat
structural determinants of protein thermal stability. Indeed, effect of denaturation is not large; i.e., the DSC peaks are
Phe31 is a member of the aromatic cluster in the protein small and broad, which complicates an accurate evaluation
core which is considered fundamental for the stability of the of the thermodynamic parameters. To obtain reliable records
native conformation. In contrast, Trp23 is located on the of the heat capacity profiles, we had to work at relatively
protein surface, and its side chain seems to play a majorhigh protein concentrations (22%.5 mg mL?); nevertheless,
role in the DNA binding proces®). We carried out DSC  neither the concentration nor the heating rate dependence
measurements in a wide range of pH and performed a careful(in the range of 0.51.5 K min') of the heat capacity peaks
analysis of experimental data. It is shown that all three was observed. Moreover, the DSC peaks extend beyond 100
mutants are less thermally stable than the parent protein; in°C in most of the experiments, due to the high denaturation
the pH range of 5.67.0, the F31A substitution causes a temperature and low denaturation enthalpy change of the
decrease of 24C in the denaturation temperature, the F31Y proteins investigated. Therefore, our instrument recorded
substitution a decrease of 1@, and the W23A substitution  incomplete DSC peaks, and an analysis different from the
a decrease of 8C. These findings are discussed, and a conventional one had to be carried out.

tentative explanation is proposed. Analysis of DSC Data.The excess molar heat capacity
function for a two-state N= D transition has the following
MATERIALS AND METHODS form (18—20):

Sso7d from the archaebacteriuB. solfataricuswas
expressed irE. coli and purified as described The — MAC(MO=[AH(Ty) + AC(T — Tyl(dfp/dT) +
recombinant protein was indistinguishable from the wild- foAC, (1)
type Sso7dg). The F31A, F31Y, and W23A mutants were
obtained by site-directed mutagenesis as repoftdd (The wherefp equals Kd/(1 + Kg)] and is the fraction of denatured
purity of the four proteins was confirmed by means of SDS  molecules ang is the corresponding equilibrium constant,
PAGE. The enzymes were lyophilized after exhaustive whose temperature dependence is given by
dialysis against MilliQ water, stored at20 °C, and dissolved
just before use in the buffer. Under these conditions, the Ka = exp—{[AH(TQ/RI[(1/T) — (L/Ty] +
enzymes were indefinitely stable. Before DSC measure- (ALCYRIL — (T4T) — In(TITY]} (2)
ments, sample solutions were dialyzed against the required
buffer at 4°C for 24 h and degassed for 5 min. Dialysis whereKyq = 1 for T = Ty, the denaturation temperature, and
tubes with a cutoff limit of 3500 Da were used. AgH(Tg) and A4C, represent the denaturation enthalpy and
The protein concentration of dialyzed samples was deter-heat capacity changes, respectively. Equation 2 is correct
mined spectrophotometrically using extinction coefficients in the assumption thak,C, is temperature-independent.

calculated by the method of Gill and von Hippé&bf from The first term on the right-hand side of eq 1 gives rise to
the absorption of tyrosineefgp = 1400 M' cm™) and the bell-shaped curve characteristic of DSC transitions,
tryptophan é,g0 = 5500 M1 cm™Y). whereas the second term represents the shift in baseline

Buffers purchased from Sigma included glycine HCI for resulting from the difference in heat capacity between the
pH 2.3-3.6, acetic acid/sodium acetate for pH-382, and denatured and native states of the protein (i.e., the heat
MES [2-(N-morpholino)ethanesulfonic acid] for pH 55 capacity change is distributed over the temperature range
7.2. All the solutions contained 10 mM buffer and 100 mM where the denaturation occurs, in proportion to the advance-
NaCl. The buffers employed have low protonation enthalpies ment degree of the process). Equation 1 is an analytical
(16), and therefore, the pH depends little on temperature. relationship that allows the calculation of simulated two-
Doubly deionized water was used throughout. The pH of state DSC profiles, using as input parameters the values of
all samples was measured before each DSC measuremently, AgH(Tg), and A(C,. By performance of a nonlinear
at 25°C, with a Radiometer pHmeter (model PHM93). regression of the experimental DSC profiles with respect to
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Table 1: Effect of DSC Data Truncation on the Values of

-
o
T

Thermodynamic Parameters Obtained from the Nonlinear
~ /\ Regressioh
E \ cutoff Te  AH(Ty ACo o
% / ‘\ temperature’C) (°C) (kJmol?l) (kJK*tmoll) (JKmol™?)
3 | 100 655 1805 2.40 475
= ; 95 65.5 180.0 2.55 481
Q'E-. 90 65.5 179.1 2.60 496
v AR 87 65.5 184.2 2.15 509
e 84 65.4 185.1 2.80 513
0 S e 80 65.4 183.5 2.85 521
‘ 77 65.3 178.1 2.15 518
5w 69 -

Ficure 1: DSC profile of Sso7d at pH 2.5 with 10 mM glycine
HCI buffer and 100 mM NaCl and a protein concentration of 3.2
mg mL1. The dotted line is the shift in baseline determined from
the nonlinear regression with respect to eq 1.

a2The DSC data are those of Sso7d at pH 2.5, 10 mM glycine HCI
buffer and 100 mM NacCl, as shown in Figure d.is the standard
deviation of the fit evaluated according to eq 3; see the text for further
details.

eq 1, it is possible to obtain estimates far AgH(Tq), and
A(Cp. Close agreement between the calculated and theThe value ofTqy varies by no more than 0.4C, that of
experimental profile has to be considered as a necessary anddH(Ta) by no more than 5.0 kJ mol, and that ofA¢C, by
sufficient condition to conclude that the denaturation is a no more than 0.5 kJ ® mol™. Similar conclusions were
two-state N— D transition. We adopted this approach in reached by McCrary and colleagues in their detailed study
analyzing 1000 data points for each measurement, byof Sac7d22). Atfirstsight, this finding may be surprising,
performing a nonlinear regression with respect to eq 1, usingbut it can be readly rationalized. According to eq 1, the
the LevenbergMarquardt algorithmZ1), as implemented  height and the broadness of a perfect two-state DSC peak
in the Optimization Toolbox of MATLAB. The standard are determined by the values©f andAqH(Tq); whenTy is
deviation of the calculated points from the experimental ones kept fixed andA¢H(Ty) is increased, the height of the DSC
gives a measure of the adequacy of the fit in each case. It ispeak increases, while its broadness decreases. Clearly, the
defined as height, but not the broadness, of the peak is also influenced
by the value ofA(C,. Therefore, only one set of the three
= i - i 21172 parameterdy, AgH(Ty), and A4C, should be able to fit an
0= [ (AC(i) e — AC(0) L) ] ® experimental two-state DSC pprofile. We concluded that
reliable thermodynamic parameters can be obtained from
DSC scans in which incomplete DSC peaks are measured
because of instrumental limitations. On the basis of these
analysis (1000 in our case). findings, we adopted the same procedure for analyzing all

Effect of DSC Data TruncationWe investigated the effect DSC profiles obtained over a broad range of pH for Sso7d
of observing an incomplete DSC peak and an undefined and its three mutants, to determine consistent results among
posttransition baseline on the accuracy of the thermodynamicthem'
parameters determined by the nonlinear regression procedureRESUI_.I.S
The high-temperature side of th&AC,Oprofile at pH 2.5 of
Sso7d was deliberately deleted with increasing severity, and All DSC measurements were performed in 10 mM buffer
the remaining data were subjected to nonlinear regressionwith 200 mM NacCl, using a scan raté DK min~1. Under
with respect to eq 1, to obtain estimates fiar AqH(Tq), these experimental conditions, the thermal denaturation of
andAqC,. Itis to be noted that in this manner we included the proteins investigated proved to be reversible according
the posttransition baseline in the nonlinear regression,to the reheating criterion; two successive scans of the same
assuming that its slope is equal to zero, andyiistercept sample were almost superimposable. Therefore, it is legiti-
corresponds t&\¢C,. The[AC,[profile at pH 2.5 of Sso7d  mate to apply equilibrium thermodynamics in analyzing DSC
is shown in Figure 1, together with the shift in baseline data. The thermodynamic parameters calculated from the
resulting from the difference in heat capacity between the analysis of DSC profiles, at different pH values, for Sso7d
denatured and native states. and its three mutants are collected in Table 2.

We verified on simulated two-state DSC curves that, by  For Sso7d, the values of both andA4H(Ty) progressively
neglecting the posttransition baseline in the nonlinear regres-increase from 64.0C and 170 kJ moft at pH 2.3 to 95.1
sion procedure, the values &f andAqH(Ty) determined are  °C and 265 kJ moft at pH 4.0. DSC experiments on Sso7d
higher than the true values (data not shown). This should at pH>4.0 could not be carried out because of instrumental
be particularly true in the case of the DSC profiles of Sso7d limitations. A linear regression of thAgH(Tqy) versusTy
and its mutants, because the maximum height does notplot has given a\¢C, of 2.8+ 0.2 kJ K’ mol~* (r = 0.99).
exceed 18 kJ mol, while the value ofA4C, is as high as It is worth noting that the values afy, AqH(Tq), andAqC,

where[AC(i), is theith value of the experimental excess
heat capacity[ACy(i)ldac is the corresponding calculated
value, andh is the total number of points considered in the

3.2 kJ K mol™. can be superimposed with to those determined by Ladenstein
The results of our test, reported in Table 1, demonstratedand co-workers13) for Sso7d in the same pH range. These
that a reliable determination dffy, AgH(Tq), and A¢C; is authors used solutions containing 5 mM buffer, but we have

obtained with as little as 60% of the DSC peak data analyzed. verified that the values dfy andA4H(Tg) are not influenced
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Table 2: Thermodynamic Parameters Of The Temperature-Induced Confzanﬂ-d of 98.2+ 0.4°C and aAqH(Tq) of 267+ 5 kJ
Denaturation of Sso7d and Its Three Mutants, Obtained from DSC mol™.

Scans, at Various pH Values For F31A-Sso7d, the values of boffy and AgH(Ty)
A«Cp o progressively increase from 53°€ and 135 kJ mot* at
Ta AH(T)  (KIK?T  (K™? pH 3.0 to 74.7C and 190 kJ mot* at pH 4.9. On the other
pH (€ (Jmol) mol™) mol™) hand, in the pH range of 4.97.2 the thermal stability of
Sso7d 2.3 640 170 2.0 498 F31A-Sso7d remains practically constant, witfgaof 74.4
gg gﬁ gg %3 gﬁ + 0.5°C and aA¢H(Tg) of of 186+ 5 kJ mol L. The F31A
28 740 205 19 565 substitution causes a very marked decrease of folded structure
29 763 210 2.7 533 thermal stability; the value ofy decreases by about 2€
3.0 788 215 3.1 595 with respect to that of Sso7d. Itis worth noting the dramatic
g-g gg-g gig gg gg% effect that the substitution of a single residue has on the
38 924 550 59 586 thermal stability of Sso7d. ThAyH(T4) versusTy plot is
40 951 265 23 591 linear ¢ = 0.99), andA4C, = 2.5+ 0.2 kJ K'* mol™%.
F31A-Sso7d 3.0 530 135 1.9 487 For F31Y-Sso7d, the values of boffy and AgH(Tq)
3.2 56.0 140 2.0 495 strongly depend on pH in the range of 246.9: T4 = 63.0
35 605 150 2.2 504 °C andA¢H(Tq) = 160 kJ mot?! at pH 2.6, wherea3y =
2 0 Tae a3 o 88.0°C and AgH(Tq) = 225 kJ mot™ at pH 4.9. On the
49 747 190 1.9 575 contrary, in the pH range of 4.97.0, the thermal stability
50 743 185 2.0 583 of F31Y-Sso7d remains practically constant, witilaof
5.5 747 190 2.1 529 88.0+ 0.3°C and aA¢qH(Ty) of 223+ 4 kJ molt. The
g'g ;g? igg %'Z ggi F31Y substitution, even though very conservative for the
60 751 190 20 515 aromatic cluster, causes a marked decrease of folded structure
6.9 741 185 2.4 527 thermal stability; the value ofy decreases by about £C
7.2 739 180 21 573 with respect to that of Sso7d. A linear regression of the
F31Y-Sso7d 2.6 63.0 160 2.3 507 AgH(Tg) versusTy plot has given aA¢C, of 2.6 + 0.3 kJ
3.0 742 185 2.8 488 K-t mol! (r = 0.98).
g:g gg:‘l‘ %88 ig g‘}g For W23A-Sso7d, the values of boffy and A¢H(Tq)
40 836 210 25 525 progressively increase from 57°€ and 155 kJ mol* at
42 848 210 3.0 547 pH 2.1 to 91.6°C and 245 kJ mol* at pH 5.0, respectively.
j-g gg-g g%g gcl) g;? On the other hand, in the pH range of 5.0, the thermal
52 876 220 24 609 stability of W23A-Sso7d remains practically constant, with
55 885 230 2.8 541 Tq equal to 92.2+ 0.4°C andA4H(Ty) equal to 2474 2 kJ
6.0 882 225 3.0 567 mol~%. The W23A substitution decreases the thermal stabil-
65 880 220 2.7 509 ity of folded structure, even though the side chain of residue
70 878 220 2.4 553 : ST icRo
23 is exposed to the solverit, 12; T4 is 6 °C lower than
W23A-Sso7d 2.1 57.9 155 2.4 468 that of Sso7d. TheqH(Tg) versusTy plot proves to be linear
25 618 165 2.0 485 — . - " )
28 639 170 26 506 (r =0.99), andA(Cp, = 2.7+ 0.2 kJ Kt mol™L. Itis worth
3.0 671 175 1.9 511 noting that the values akqC, calculated from the slope of
33 742 195 2.2 498 the AqH(Ty) versus Ty plots for the four proteins are
g? gg-g g%g 2; ggé consistent with those obtained by performing a numerical
38 872 230 57 549 average over the values determined for each scan.
46  90.1 240 2.0 558
50 916 245 3.2 607 DISCUSSION
55 925 250 3.0 602
6.0 923 245 25 583 According to CD, FTIR, and NMR spectra, the folded
65 927 250 2.2 577 conformations of the three mutants proved to be very similar
70 921 245 2.7 546

to that of Sso7d¥4); this is an important point for a correct
2In all measurements, the buffer concentration was 10 mM with analysis of the effect of a given amino acid substitution on
100 mM NaCl. For each pH, we performed three independent DSC 6 protein thermal stability. First of all, it is worth noting

measurements. Each figure is the average of the values calculated by,
the nonlinear regression over the three DSC measurements; in addition,that theTy values of the three Sso7d mutants show a marked

the values ofA¢H(Ty) and A4C, have been rounded off to the nearest PH dependence up to pH around 5.0, and then practically
multiple of 5 and 10, respectively. The uncertainty in Theestimates level off, remaining constant up to pH 7.0. This behavior
does not exceed 0., whereas the uncertainties in the estimates for js consistent with that shown by Sso7tB). As the three

AgH(Tg) andA¢C, amount to about 5 and 10%, respectively, of reported ; ; T i
values. The values @f, the standard deviation of the fit, are the highest amino acid substitutions do not alter the content of ionizing

ones obtained for each pH condition. groups in the protein and therefore its isoelectric point, they
do not modify the pH dependence of protein thermal stability.

by ionic strength in the range o200 mM NaCl (data not In addition, the values oA4C,, calculated for Sso7d and

shown). Therefore, we used for Sso7d, at pH.0, the its three mutants from th&4H(Ty) versusTy plots, are very

values ofTy andAyH(Ty) determined by Ladenstein and co- similar to each other and to that determined by Ladenstein
workers (L3). It proved that Sso7d has the maximal thermal and co-workers for Sso7d, 2460.3 kJ Kt mol~* (13). This
stability in the pH range of 4:57.0 with a practically finding is consistent with the expectation from the models
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Table 3: Average Values of Thermodynamic Parameters for Sso7d and Its Three Mutants under Conditions of Maximal Thermal Stability

Ta AdH(Tq) AdS(To) AdH(98.2°C) A¢S(98.2°C) ACp
protein (°C) (kJ mol?) J K 1mol™?) (kJ mol?) I K1mol™?) (kJ K1 mol™?)
Sso7d 98.2- 0.4 267+ 5 719+ 14 267+5 719+ 14 2.6+0.3
F31A 74.4+ 0.5 186+ 5 535+ 15 246+ 7 701+ 20 25+0.2
F31Y 88.0+ 0.3 223+ 4 618+ 11 250+ 5 691+ 14 2.6+ 0.3
W23A 92.2+ 0.4 247+ 2 676+ 6 263+ 3 720+ 7 2.7+0.2

aValues for Sso7d are numerical averages of the values determined by Ladenstein and co-workers for the pH rang@edqsdven figures

from Table 3 of refl3). Values for the three mutants of Sso7d are numerical averages of the values reported in Table 2 of this study for the pH

range of 4.9-7.2 (eight figures for F31A-Sso7d, six figures for F318so7d, and five figures for W23A-Sso7d). Reported errorsTipand

AgH(Tg) are the standard deviations of the normal distribution of the single figures at different pHs, assumed to be independent variables. Errors

for AqS(Tq), AdH(98.2°C), andA4S(98.2°C) are calculated by propagating the errorsAQH(Tg) andTg, using standard formula81). Errors in
A4C, are the standard deviations of linear regressions forAii$(Tq) versusTy plots.
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Ficure 2: Comparison of the stability curves of Sso7d (curve a),

W23A-Sso7d (curve b), F31Y-Sso7d (curve c), and F31A-Sso7d

W23A-Sso7d, 24.5 kJ mot for F31Y-Sso7d, and 18.6 kJ
mol~! for F31A-Sso7d. The maximum value &f;G for
Sso7d is comparable to those determined for mesophilic
proteins 24), validating the suggestion by Jaenicke that the
stability curves of thermophilic proteins are flattened with
respect to those of mesophilic counterpa?8) ( In addition,
Orban and co-workers3(Q) pointed out that higiy values
with normal thermodynamic stability at room temperature
is a typical behavior of very small globular proteins because
they tend to have relatively small values fagS(Tq) and
A4C, per mole of protein, due to their small size.

To reach a deeper understanding of the molecular origin
of such a difference in thermodynamic stability, we calcu-
lated the values oAgH and A¢S at a common temperature

(curve d). They have been calculated with eq 4 using the values of for the four proteins, using the equations

thermodynamic parameters under conditions of maximal stability,
reported in Table 3.

developed to calculat&,C, (23—25). In fact, the maximum
variation in A¢C, determined by the F31A substitution can

(5)
(6)

AGH(T) = AH(Ty) + ALC(T — Ty

AGT) = [AH(T/Tyl + ALC, In(T/Ty)

be calculated by considering that the side chain of residuewhich are correct assuming that.C, is temperature-

31 is completely buried in the protein core, and that the
difference in the nonpolar ASA between Phe and Ala
amounts to about 100%26). Since each square angstrom
of nonpolar ASA buried in the protein core contributes 2.0
J K~ mol~t A=2 to A4C, (27), the decrease in4C, should
not exceed 200 J K mol™, a figure below the limit of
experimental uncertainty.

independent. Comparison at any temperature would be
theoretically valid, but we selected, as a reference, the
denaturation temperature of Sso7dy (= 98.2 °C) to
minimize the errors associated with the extrapolation pro-
cedure. In addition, since the values/ofC, are very similar
for the four proteins, the differences ixyH andASdepend
very little on temperature. The valuesA§H(98.2°C) and

On the basis of such findings, we performed a comparison A;§98.2 °C) for Sso7d, F31A-Sso7d, F31Y-Sso7d, and

of the thermodynamic stability of Sso7d with that of its three
mutants. The mean valuestf, AqH(Tq), AsS(Tq), andA4C,
in the pH range of 5.67.0 for the four proteins are shown

W23A-Sso7d are shown in the fifth and sixth columns of
Table 3, respectively. The F31A and F31Y substitutions
affect only slightly the entropy change but cause a decrease

in Table 3. These thermodynamic parameters allow the in the average value af¢H(98.2°C) from 267+ 5 to 246

determination of the stability curveg§), A4G versusT, of
the four proteins, according to the equation

AGG(T) = AH(TYIL — (TITy] +
ALCIT = Ty = TIn(TITY] (4)

which is correct assuming thahsC, is temperature-

4 7 and 250+ 5 kJ mol?, respectively. This suggests that
the destabilization of folded structure has an enthalpic origin.
The F31A substitution causes the loss of a significant amount
of van der Waals interactions in the protein hydrophobic core,
as the volume of the Phe side chain is much larger than that
of the Ala side chain (129.7 versus 26.3)Aaccording to

the analysis of Chothia and co-worke®2). In addition,

independent. This assumption is validated in this case bythe partial destruction of the aromatic cluster of Phe5, Tyr7,

the finding that theA4qH(Tqy) versusTy plots proved to be

Phe31, and Tyr33 should cause an enthalpic destabilization

linear over a wide temperature range, as already describedf native structure, as suggested by Burley and Pet3Bpo (

by Ladenstein and co-worker$3). The calculated stability

The creation of a cavity with an only partial structural

curves are shown in Figure 2. A comparison of them relaxation of surrounding groups is the most plausible
indicates that the amino acid substitutions do not practically explanation for the very marked decrease in thermal stability
affect the point of maximal stability, as it occurs always caused by the F31A substitution. In fact, molecular dynam-
around 285 K. However, the corresponding valuedgb ics calculations determined that Phe31 has the largest van
are different: 33.7 kJ mot for Sso7d, 28.5 kJ mot for der Waals energy among all the amino acid residues of Sso7d
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(34), because Phe31 is located in a strongly nonpolar region 6.

involving not only the already mentioned aromatic cluster
but also the side chains of Val3, Vall4, lle19, Val22, lle29,
Val45, and Leu54. In all probability, the interactions among

Catanzano et al.

Fusi, P., Tedeschi, G., Aliverti, A., Ronchi, S., Tortora, P.,
and Guerritore, A. (1993kur. J. Biochem. 21,1305-310.

7. De Rosa, M., Gambacorta, A., Nicolaus, B., Giardina, P.,

these side chains are so strong that a complete structural 8.
relaxation can be prevented, even in the absence of the Phe31

side chain.

Poerio, E., and Buonocore, V. (1988jochem. J. 224407—
414,

Fusi, P., Grisa, M., Mombelli, E., Consonni, R., Tortora, P.,
and Vanoni, M. (1995)Gene 15497—-102.

9. Baumann, H., Knapp, S., Karshikoff, A., Ladenstein, R., and

In the case of the F31Y substitution, the enthalpic penalty 1g.

associated with the dehydration and burial in the protein
hydrophobic core of the hydroxyl group should be the origin

of the destabilization35). With the substitution of Phe31

with Tyr, the aromatic cluster should remain intact and no
cavity should be created, as the side chain volume is 129.7

A3 for Phe and 133.3 Afor Tyr (32). In all probability,

the hydroxyl group buried in the protein core is not involved
in a hydrogen bond, because the region is very rich in
nonpolar moieties. The enthalpy loss due to the dehydration
of the OH group, amplified by the hydrophobicity of the
protein core and not counterbalanced by the gain for the
formation of an intramolecular hydrogen bond, should cause

the destabilization of the folded conformatic8b(39. Such

destabilization can be also explained on the basis of the

difference in hydrophobicity between Phe and TA;G =

10.2 and 5.6 kJ mot at 25°C for Phe and Tyr, respectively,
according to the-octanol hydrophobicity scale of Fauchere

and Pliska 87).

The W23A substitution, involving a residue whose side

11.
12.

13.

14.

16.

17.

18.
19.

chain is exposed to the solvent, has no effect on the entropy 20.
change and causes a very slight decrease in the average value21

of AgH(98.2°C) (2634 2 versus 267 5 kJ molY). The

large aromatic side chain of Trp should interact more
favorably with water than the small aliphatic side chain of
Ala, through the formation of hydrogen bonds involving the

delocalizedz electrons of the ring38, 39. In addition,
molecular dynamics calculation34) showed that the large

side chain of Trp23 is involved in favorable van der Waals
interactions with other groups of the protein that the small

side chain of Ala would not be able to maintain.

In conclusion, DSC data reveal that the hydrophobic core,
mainly constituted by the aromatic cluster of Phe5, Tyr7,
Phe31, and Tyr33 with herringbone geometry, plays a major
role in determining the stability of Sso7d, even though other
factors are important, as indicated by the destabilization

caused by the W23A substitution.
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