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ABSTRACT: The influence of core hydrophobicity and packing on the structure and stability of the
hyperthermophile proteins Sac7d and Sso7d have been studied by calorimetry, circular dichroism, and
NMR. Valine 30 is positioned in Sac7d to allow a cavity-filling Vvat lle substitution which occurs
naturally in the homologous more thermostable Sso7d. The cavity-filling mutation in Sac7d has been
characterized and compared to the reciprocal-e/al mutation in Sso7d. A detailed analysis of the
stability of the proteins was obtained by globally fitting the variation of DSC parameters and circular
dichroism intensities as a function of temperature 100 °C), salt (0-0.3 M), and pH (6-8). A global
analysis over such a range of conditions permitted an unusually precise measure of the thermodynamic
parameters, as well as the separation of the thermodynamics of the intrinsic unfolding reaction from the
linked effects of protonation and chloride binding associated with acid-induced folding. The results indicate
differences in the energetics of unfolding Sac7d and Sso7d that would not be apparent from an analysis
of DSC data alone using conventional methods. The sign and magnitude of the chaA@e\id, TAS,

and ACp of unfolding resulting from core lle/Val substitutions in the two proteins were consistent with
differences in hydrophobicity of Val and lle and negligible changes in packing (van der Waals) interactions.
The benefit of increased hydrophobicity of the core increased with temperature, with maximal effect
around 116°C. Increased hydrophobicity of the core achieved not only an increase in the free energy of
unfolding, but also a lateral shift of the temperature of maximal stability to higher temperature.

The enhanced stability of thermophile proteins has been enhanced stability, and it may be difficult to unambiguously
attributed to a number of factors based on comparisons ofexplain the stability of thermophile proteins from the average
sequence and structural datk—(18). Some of the most  behavior of a large sampling of structures and sequences.
common correlations have been increased ion pairs, greate@ny of the fundamental forces that stabilize proteins could
hydrophobicity, and tighter packing of the core. Statistical be possible targets for optimization in thermophiles, and the
evidence against the importance of packing in enhancing theones used in a specific protein are most likely dependent on
stability of hyperthermophile proteins has been preserit8d (  the protein fold and function. A more detailed understanding
20). Haney et al. 21) compared the sequence data available of thermophile protein stability will require knowledge of

for homologous mesophile and thermophile proteins (115 the thermodynamics of selected specific proteins and inter-
total) and concluded that thermophile proteins have higher gctions.

amino acid volumes, greater hydrophobicity, more charged . . . .

. . Very little thermodynamic data are available to quantita-
residues, and fewer uncharged polar residues. In a recenf, - jescribe either the global stability of ther?nophile
study of homologous mesophile and thermophile proteins,

differences in the number of cavities, hydrogen bonds, ion proteins or the importance of spgcific interactions. Differ—
pairs, secondary structure, surface areas, and amino acignces between the thermodynamic parameters describing the

composition were correlated with growth temperature of the stability of thermophile and mesophile proteins have been

organism from which the proteins were isolated, and although "€cently compared2g, 24), and the limited data collected
statistical measures were used to document the reliability of ©© date indicates that thermophile protein stability is ac-
differences between mesophile and thermophile homologuesSoMPplished by an overall increase in thé of unfolding,
the most notable observation was the high variability of the I--» @ vertical displacement of the protein stability curke(
data and the lack of an overwhelming correlatiag)(These VS T). It was noted that mesophile proteins have an average
data indicate that there is no unique factor responsible for temperature of maximal stability around 10, but the range
is large (30 to 50°C) and very much dependent on the
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There have been a number of studies devoted to quantify-data also demonstrate that the advantage of increased
ing and distinguishing the contributions of hydrophobicity hydrophobicity of the core increases with temperature.
and packing (van der Waals interactions) to protein stability.
Protein cores are preferentially hydrophobis{27), and MATERIALS AND METHODS
optimal packing of the core should lead to extensive

stabilizing van der Waals interaction2&-31). Some Materials.Inorganic salts and buffers were obtained from

pfog‘?]j.”s are _better hp?Cked t::anl others. AlthSt any goreSigma Chemical Co. (St. Louis, MO). Recombinant Sac7d

detimentsl, even when the substituton involved eesentially 25 Prepared using a pET-3b expression vector construct i
N - - Y Escherichia coli(BL21 (DE3) pLysS) 0). Sso7d, Sac7d

no change in hydrophobicity (e.g., lle/Leu substitutio®) V30l, and Sso7d I30V were generated by site-directed

Early attempts to incr_ease _stability by filling cavities with mutagenesis of the Sac7d gene using the Transformer kit of
mhore h){drophtob;)c trﬁadlt.]es tm the Corﬁ. of T4 I()j/sotzybr_rll_e vz_ere Clontech (Palo Alto, CA). Protein concentrations were
shown to perturb the structure resufting in destabiizalion: ye o mineq spectrophotometrically using the experimentally
due.to steric interactions (strairg3). In RN"%S‘* HI, however, determined extinction coefficients for Sac7d and Ss&D (
cavity-filling mutations could be used to increase Weof The extinction coefficients for Sac7d V30l and Sso7d 130V

the protein 84). Cavity-filling mutations in the R2 sub- : : g
domain of c-Myb (such as V103I) also increased the stability \t,ivveerli/ assumed to be identical to Sac7d and Sso7d, respec

significantly 35). Interestingly, increased stability can be
- ; ; : NMR. *H,’5N HSQC spectra were collected on 2.5 mM
coupled to increased packing density even if the enhanced . ' )
up ! packing Y even | protein samples in 0.7 mL of 90%,8/10% DO at 30°C

stability is the result of surface residue substitutio3®).(A ; i
number ofcavity-creatingstudies have been published that using Var_lan INOVA.‘ 500 and 800 MHZ. NMR spectrometers
with gradient selection of theN magnetization and minimal

generally demonstrate a loss in stabiliB7{-46). In many . 1 . .
of these systems, changes in the thermodynamic parametergerturb""t'On O.f the watei5(, 52). °"H cheml_cal Sh'.fts were
referenced to internal DSS, and i chemical shifts were

other thanAG are not consistent with a change in hydro- ) .
phobicity alone, and loss of van der Waals interactions calculgte_d from the r_elalltlve frequenci&y (53) of DSS (H)
appears to be a dominant factor. However, in many of theseand_ liquid ammonia .EN)' V30l HSQC s_pectral peak
the focus was on measurements of changesA@G of assignments were easily made by comparison to the Sac7d
unfolding because of the difficulties in making precise HSQC assignment$4) due to r115egl|g|ble differences |n.the
measurements ahCp. An assessment of the contributions mgnist\a/vcgrae. c?s&?r?ezngsliigvg Cﬁ:jga%(fﬁ%?;aéaﬁg%gY
of packing and hydrophobicity to protein stability requires _ ; )
an accurate and precise measure of changes in notAgBly 1HHS|(\IDI\C/I:F?nd TOCSY'HSQi df.itEZ) and p;]rewott;sly 0 dbtalne_d d
but alsoAH, AS, andACe resulting from core substitutions. . {iSS|gnments4@3). ssignments have been deposite

in the BioMagResBank (www.bmrb.wisc.edu) (accession

One of the goals of the work presented here is to define the ) ] ; )
limits of such measurements with extensive calorimetric as ggrlnob)ers. Sac7d, 5905; V30l, 5908; Sso7d, 5909; 130V,

well as spectroscopic data. ) ) . ]

Sac7d is a small protein (7.6 kDa) from the Archaea Differential Sc_anmng C.alonmetry (DSCRSC was per-
Sulfolobus acidocaldariughat unfolds reversibly with a, formed on Calorimetry Sciences l\_lano Il DSC and .MlcroCaI
of 90.7°C at pH 7 @7). The protein is globular and contains Ext_ended Range_ VP-DSC calorlmgters as previously de-
no disulfide or metal cofactors. Surprisingly, the NMR scribed 47). Protein samples (approximately 1 mg/mL) were

: typically dialyzed overnight against approximately a 1000-

solution structure of the protein indicates that the core isf Id £ th iate buffer. S fd d
not optimally packed48). A cavity in the core of Sac7d old excess of the appropriate bufler. scans of degasse
samples were routinely performed at 1 deg/min from 0 to

should accommodate a Val 38 lle 30 substitution without 130°C on the Nano I, and 1.5 deg/min from 5 to 126

significant modification of the structure. Indeed, this sub- . ) .

stitution occurs naturally in Sso7d, a homologous protein on the VP'D.SC'. Baseline subtraction, concentration an_d scan

from the more thermophiliSulfolobus solfataricusvhich rate normallz_atlon, and excess hea_t capacity analysis were

has aT. of aoproximately 99C at bH 7 49). We have performed using both spftware supplied by the.manufact_urers
m pproxi y P 69) v of the instruments and in-house software described previously

made the Sac7d V3bland Sso7d 130V mutants and 47 55) 10 obtai lorimetri d 't Hoff enthaloi
characterized the stabilities of Sac7d, Sso7d, and the two( , 55) to obtain ca orimetric and vant Hofr enthalpies as
well as Tn. The reversibility of thermal unfolding was

mutants using a multidimensional linkage analysis of the o

variation of CD spectral intensities and DSC data as a demonstratgd by.repetltlve scans on the same sample.
function of pH (0-8), salt (6-0.3 M), and temperature {0 Circular Dichroism Spectroscopy (CDED spectra were
130 °C). The thermodynamic data indicate that increased collected as described ) with an AVIV 62DS spectropo-
hydrophobicity of the core accounts for a significant portion 'arimeter with temperature maintained by a computer con-
of the increased stability of Sso7d relative to Sac7d. The trolled thermoelectric unit. Variable temperature data were
collected in 1-cm path length cuvettes. Thermal unfolding
was typically monitored at 205 nm to obtain maximal signal-

1 Abbreviations: CD, circular dichroism; DSC, differential scanning nAi ; i
calorimetry; NMR, nuclear magnetic resonance; V30I, the valine 30 to-noise levels. Lower wavelengths proved t0 be inappropri

to isoleucine 30 mutant of Sac7d: 130V, the isoleucine 30 to valine 30 at€ at low pH and high temperature due to increased

mutant of Sso7dAE, change imH, AS or AG with unfolding; AAE, absorbance of chloride.

change iMAE as a result of an amino acid substitutidrCe, change in Potential Energy Calculationdotential energy calcula-
heat capacity upon unfolding;,, midpoint temperature of a thermal . . . .
unfolding transition:AH(T,), change in enthalpy at th&. AS(Tw), tions were performed using AMBER as described previously

change in entropy at th&,, (56).
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Global Linkage AnalysisCircular dichroism spectral over the same temperature, pH, and salt concentration ranges
intensities and DSC stability parameters as a function of as the experimental data and Gaussian distributed noise with
temperature, pH, and salt concentration were fit globally by a standard deviation defined by that observed experimentally.
nonlinear regression to a model in which protein folding is Starting values for the parameters to initiate the regression
linked to changes in two chloride binding reactions and two were chosen to be experimentally reasonable, e.dCa
protonation reactions as described below. The following datainitially defined by the Kirchhoff plot ofAH vs T, a weak
sets were fit simultaneously: (i) the pH dependence of the chloride binding constant, a small enthalpy and change in
unfolding T, (pH 0—8, about 25 data points) obtained by heat capacity associated with chloride binding, aktsmf
DSC at 0.3 M KCI (“high salt”) (Figure 4), (ii) the variation  carboxyl groups in the vicinity of 4.0. The results indicated
of AH vs T, (about 25 data points) obtained by DSC at high that 10 of the 11 parameters were well defined by data that
salt (Figure 5), and (iii) a series{82, 100 data points each) resembled that observed for Sac7d (Supporting Information),
of CD thermal melts (Figure 6) as a function of pH in the and only the heat of anion binding was not well defined. It
absence of added salt (“low salt”), (iv) variation of the extent should be stressed that inclusion of more than two carboxyl
of unfolding with pH (pH G-8, 15 to 30 data points) obtained ionizations (although not required by the data) would permit
from CD at 20°C and low salt (Figure 6), and (v) for Sac7d, an increase in the unusually lo|s of the carboxyl groups
variation of extent of folding with salt concentration followed in the folded protein.
by CD (10-20 data points) at 25C and pH 2. The combined The ability to fit synthetic data similar to that observed
data sets for each protein typically contained a total of for Sso7d was also investigated (i.e., data representing a
approximately 1100 data points. Chloride concentrations protein with higher stability (including a highéF,,) and
were converted to activities using the parametric equationstherefore demonstrating less effect of lower pH on the extent
of Pitzer §7). The sum of the squares of the residuals for of unfolding). The results demonstrated that the agreement
each data set were weighted by the root-mean-square nois@etween the fitted and target values of the 11 parameters
levels of the respective data sets. Parameter optimization wasvas generally quite good (Supporting Information). However,
accomplished by iteratively applying adaptive grid refinement the higher protein stability in this example resulted in less
global optimization (Loehle Enterprises, Naperville, IL), grid of a change in the level of unfolding induced by changes in
search §8), and simplex optimization5@) until no further ionization and chloride binding, and therefore the precision
improvement of the reduced was obtainable. Adaptive grid  with which associated parameters were defined was not as
refinement has the advantage of locating multiple minima great as observed with synthetic Sac7d data. Interestingly,
in a2 surface and contracting a grid around each simulta- the precision for these parameters obtained by fitting
neously. No evidence of multiple minima was obtained in experimental Sso7d and 130V data was better (see below).
the fitting of the data. Error Analysis. The precisiod in measuringT,, was

A model that links two ionization and two ligand binding  estimated from repeated DSC measurements under the same
reactions to protein folding contains at least 19 independentconditions. The precision in measurindd was determined
reactions (Figure 7), each of which is characterized by three by the standard deviation of the distribution of residuals in
independent thermodynamic parameters: an equilibrium Kirchhoff plots. The precision of the thermodynamic pa-
constant (or equivalently a temperature where the equilibrium rameters fit in the global analysis was determined by the
constant is one (i.e., &)), AH, andACp. Even with the  variation required to increase the redug@df the fit by 1
large amount of data available here, nonlinear regression with(58). A mapping of the 2 surface by varying each parameter
such a model is severely underdetermined. However, ademonstrated that in some cases the depth of the minimum
systematic investigation of the sensitivity of the energetics in the reduced,? surface in that parameter space was less
of folding on individual parameters identified those param- than one, and an upper and/or lower limit for such parameters
eters that are well defined by the da®b) In addition, could not be defined. In such cases, the precision limit is
reasonable limits can be placed on many of the parametersreported as infinite, indicating a lack of definition of the
and a number of parameters could be reliably fixed to parameter by the data (e.g., the lower limit fa¢.jp
literature values, e.g., the heats and heat capacities associated An accurate and precise measure of @ of unfolding
with protonation of carboxyl groups. The number of param- s notoriously difficult to obtain§0—62). Errors inACp are
eters was therefore reduced to 11: th@&p of the intrinsic commonly estimated to be on the order of 0% when
unfolding reaction, [, for the carboxyls in the unfolded  determined with the Kirchhoff relation, i.edAH/3Ty, (63).
protein which are affected by folding at low and high salt, with more than 25\H vs T;, pairs measured for each protein,
pK, for the same carboxyls in the native folded protein at we observed an error inCp from a Kirchhoff plot at the
low and high salt, |, for these carboxyls in the folded |ower end of this range, i.e., around 5%. A global fitting of
protein with bound chloride at low and high salt, two chloride more than 40-fold more data points 1000) resulted in
binding constants at low sak¢ andK(,), a single chloride  significantly lower errors defined by the variation gt To
binding constant at high sak¢)), and the enthalpy and heat  err on the conservative side, we have applied the largest error
capacity of chloride binding. observed inACp (for Sso7d) to all four proteins, i.e£19

The extent to which the 11 model parameters could be cal/degmol (2.5%).
defined by the experimental data was determined by (i) The temperature dependence &6, AH, and AS was
statistical measures of the precision defined by variation of ca|culated usingm, AH(Tm), and ACp with the following
the parameters required to increase the redyéég 1 (58),
and (if) investigating the errors in fitting simulated data sets, ~, Precision measures the reproducibility of a measurement. Accuracy

i.e, data created with known *“target” parameters. The measures the agreement between the experimentally measured and
synthetic data sets contained the same number of data pointactual values5g).
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equations: 1 5 10 15 20
Sac7d M-V-E-V-K-F-K-¥-K-G-E-E-K-E-V-D-T-§-K-I-
Sso7d A-T o I
AH = AH(T,) + ACp(T - T Q)
21 25 30 35 40
— acld  EK-K-V-W-R-V-G-K-M- V=-8-F-T-¥-D-D-N-G---K-T-
AS—AS(Tm)-f-ACpln(T/Tm) 2) :so?‘d xwinvc—xulsrrrg_gncexr
T T 41 45 50 55 60
AG=AH|1——|+AC|T—T,—TIn[=—|| (3) sac7d G-R-G-A-V-§-E-K-D-A-P-K-E-L-L-D-M-L-A-R-
( Tm) p( " (Tm)) Sso7d 2 -
whereAYTy) = AH(Ty)/Tr. The errors ilAH, AS, andAG sac7d :fg_g_n_x-fzs
Sso7d -—E-E-Q-K-K

were defined by the square root of the respective variances
calculated using the following equations obtained from eqs
1-3 with standard propagation of error methods and assum-
ing negligible covariance$8):

Oan = Otiry T Oac(T— To) + 07 AC (4)

2 AC.\2
2 _ 2 T 2 P
Opxs— OZAS(Tm) + GACp |n_|_—) + aTm(T_) (5)
m, m
2 2
a§G=o§H(1—Tl) +dic, T—Tm—TlnTl) +
m m
2( [T T\
oM |AC [=—— 1]+ AH—] (6
m{ac (T ~1) T?n) ©)

Errors in AAE values were defined by the square root of
the variance iMAAE given by

2 Ficure 1: Locations of differences in the sequences of Saédd (
OaE = oiE(l) + OiE(Z) (7) 88) and Sso07dg9). Only those residues in Sso7d that differ from

Sac7d are shown below the Sac7d sequence (in dark blue). Core

The accuracyof fitted parameters was investigated with yessidug(sj)arerintmrl]iqatedl in tg‘f, Sﬁql;enc?”i]” red',e,xceptffohr V30 (130

; ; w " in Sso7d), which is colored light blue. The positions of the amino
simulated test dat".:l sets created with ](nown target. param-,iq sequence differences are indicated by the side chains in the

eters, and comparison of known and f|tted_ valu.es._ S|mulatgd Sac7d NMR solution structure (1sap). The two-strangetbbon

test data were created with random Gaussian distributed noisés shown in blue only to assist viewing the structure. Numbering is

with a standard deviation equal to that observed in the for recombinant Sac7d with an initiating methionine. Sso7d contains

rr nding experimental data. Th r AH an additional glycine following G38 in an exposed loop (D35-T40
;ﬁde-?gg glerg idpefrome tf?e dalgbal ?’r?lf;uea(g?c{el ’ a in Sac7d) between the second and third strands gftbleeet, and
. v - 9 Inkag WasS three residues are deleted in the C-termimielix. Underlined
determined by the deviation of the values calculated using sequences indicate turns and loop regions.

egs 13 with parameters used for simulating test data (with

noise) compared to values calculated with the fitted param- the G,H. This is the lowest energy conformer, and a V30l
eters. substitution would be permitted without requiring rotomer
The accuracy of the overall free energy of unfolding, redistribution. Potential energy calculations using AMBER
AGuni, which includes the intrinsic unfolding energy as well indicated that the small-to-large Vat lle substitution does
as those of ionization and ion binding, was investigated by not lead to steric interference or van der Waals overlap and
comparing fitted free energy surfaces with the “true” surface can be accommodated with minimal perturbation of the
calculated from the target parameters used to simulate thestructure.H,’5N HSQC spectra of Sac7d and the V30l
data. The two surfaces were in agreement to within 0.1 kcal/ mutant showed only small chemical shift differences for the
mol over most of the range of variables investigated here NH and amide nitrogen atoms for residues in the immediate
(Supporting Information). This indicates that the minimal vicinity of the cavity (Figure 3). There was also negligible
model (although certainly oversimplified) was capable of change in the far UV CD spectrum (data not shown).
accurately defining (fitting) the unfolding free energy surface. 5507 is a homologue of Sac7d from the more thermo-

RESULTS philic Sulfolobus solfataricysvhich has an optimal growth
temperature about-510° higher thanS. acidocaldarius

Valine 30 of Sac7d is in the center of a three-stranded (Deutsche Sammlung von Mikroorganismen und Zelkulturen
[-sheet, with the side chain inserted into the hydrophobic GmbH, http://www.dsmz.de). Sso7d differs from Sac7d with
core @8) (Figure 1). It is adjacent to an internal cavity 10 conservative residue substitutions, a glycine insertion in
bounded by V30, A50, L55, L58, and the hydrophobic an exposed loop, and three amino acid deletions leading to
portions of the E47 and R25 side chains (Figure 2). The a shortening of the C-terminal helix (Figure 1). Of primary
cavity is of sufficient size to accommodate the substitution interest here is the substitution of isoleucine for valine at
of isoleucine for V30. The V30 side chain configuration position 30, the only difference in the hydrophobic core
about the G—Cg bond is g with the GH proton trans to residues of Sso7d and Sac7(65).
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Ficure 3: Overlay oftH,’5N HSQC spectra (800 MHH) of Sac7d
(blue) and the V30l mutant (red) collected at pH 4 with 0.3 M
KCI at 30 °C. Only minor differences are observed between the
two spectra, with the largest changes originating from residues either
nearby in the three-strandgdsheet (W24 and A44) or lining the
cavity filled by the substitution (A50, L55, E47).

: We have made the 130V mutant of Sso7d and observed
Ficure 2: Structures of the hydrophobic core of Sac7d and Sso7d |jitle change in théH, >N HSQC spectrum, indicating little

in the vicinity of residue 30. (A) Surfaces of atoms surrounding an ; ; ; ;
internal cavity in Sac7d (1sap) are shown defined by V30, L58, change in structure (Figure S2, Supporting Information).

E47, R25, A50, and L55 (surfaces for A50 and L55 are not shown Negligible change in the far UV CD spectrum was also
for clarity). The effect of a V30l mutation is modeled by substitution Observed (data not shown).

of lle without alteringy;. (B) Positions of amino acid side chains Differential scanning calorimetry indicated that thermal
around residue 30 in Sac7d and Sso7d. The X-ray crystal structuresnfolding of Sac7d occurs reversibly withTa, of 90.7°C,

gfosg)czfer(glgﬁér}gg% silrig }é ;‘igﬂgtwﬁé‘?\dofsfﬁg %(gfellge’)" ’Oflbnz’ and equal calorimetric and van't Hoff enthalpies of 58.5 kcal/

Sso7d and the corresponding atoms in Sac7d. Red vectors indicatén©l @t pH 7 in 0.3 M KCI ¢7) (DSC data are shown in
the following distances from a reference point defined by the Figure S1, Supporting Information). Sso7d unfolded revers-
isoleucine G methyl position in Sso7d to selected atoms: R25 ibly by DSC with aTy, of 99 °C and an enthalpy of unfolding
Cy: 4.4 A (Sac7d) and 4.3 A (Sso7d), R25:GLO A (Sac7d) and £ 65.0 kcal/mol (in 0.3 M KCI, pH 7). The V30! substitution

%Z.ﬁ%%%?&%ﬁr]% f 'S? AA(gg%;j)a?]gdngé 285?522’75)55 in Sac7d led to an increase in thermal stability witfiaof
e 39 A (Sso7d). ' ’ o 96.5°C and aAH of 63 kcal/mol. A higher thermal stability

of the V30l mutant was observed from pH 0 to 7 in 0.3 M
Comparison of the high-resolution crystal structures of KCl'V\.’ith an average differencel‘ﬁan approximately+6.5
Sac7d gnd Sso7¢DNA cgmplexes lazp )a/md 1bnz, respec- °C (Flgurg 4). The !30\/ subst!tutlon n S;o?d led t0 a
tively) indicates that the two proteins have nearly identical decrease ifim t0 95.1°C (pH 7) with an unfolding enthalpy
side chain positions in the vicinity of residue 30 (whether it of 62'_5 kpal/mol (Supporting Informat|on). The.Sso7d 130V
is Val or lle). This strongly supports the data above indicating SUPstitution also led to a consistent decreasgyifrom pH
that the Val— lle substitution at residue 30 in Sac7d fills 0 10 7, with an average difference of abot#.5°C (Figure
the adjacent cavity with only a slight perturbation(5 A) 4). Note that the steeper dependence of Thevalues of
in the surrounding structure (Figure 2B). The same argumentSaC7d and V30l on pH led to an intersection of iﬁ._evs
also indicates that the reverse mutation, 130V, in Sso7d PH curves for the V30l and 130V mutants at approximately

should lead to cavity formation similar to that in Sac7d with PH 3.5 so that V30| had a higher therm_al stapility atpH 7
contraction of the core by less than 0.5 A but a lower stability below pH 3 (see Discussion).

R The pH-induced variation of the enthalpy of unfolding with
Tm for all four proteins was linear within experimental error

3The NMR solution structures of Sac7d (1sap) and Sso7d (1sod) ;- o . .
are of different resolutions and cannot be used to support a comparisontF 19Ure ) giving apparemCe values (using the Kirchhoff

of side chain positions. It has not been possible to obtain crystals of relation 66)) for unfolding of Sac7d, V30I, 130V, and Sso7d
Sac7d and Sso7d in the absence of DNA. The NMR solution structure of 496 (+21), 508 @26), 467 (31), and 545 £29) cal/

of Sac7d (Lsap, free of DNA) and 1.6 A crystal structures of Sac7d geqmol, respectively (errors in parentheses are standard
(1azp, complexed with DNA) show little difference in structure, with . . .
an RMSD for the @'s from R25 to E58 of 1.05 A (1.7 A from K5 deviations from linear regression of the data). As shown

R60). below, these appareCr values reflect the unfolding of
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Ficure 4: pH dependence of thi, from DSC of Sac7dl), V30l

(@), Sso7dQ), and 130V ©) at 0.3 M KCI. The difference between
the Sac7d and V30l curves (and also the Sso7d and 130V) curves
is nearly constant from pH O to 8, indicating a vertical offset of
the free energy surfaces along the pH dimensions, i.e., there is little
effect of pH and anion concentration on the difference in stability
created by the mutations.
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Ficure 5: Kirchhoff plots AH vs Ty,) for Sac7d W), V30l (@),
Sso7d @), and 130V ©) in 0.3 M KCI. Linear fits of the native
protein data are indicated by the solid lines, and that of the mutant

proteins by dashed lines. The data were taken from the same DSC

Biochemistry, Vol. 43, No. 10, 20042845

Sso7d

(e
L
A nss

130V

ir
=X

Extent of Folding

S
‘N{/“j

1w
1 ‘l’%" "';“ V30l

A
i\

.f/&nf/"
i e

R4
A
A\
4\‘4“ __g"é_‘ 4 - o \.

.‘.
e

. .T\\\\\\
A

/
II
Sac7d

w” 77
)

A LT A i
i

—

Ficure 6: Dependence of unfolding of Sac7d, V30I, 130V, and
Sso7d as a function of pH and temperature followed by CD at 205
nm. Solid curves show thermal unfolding at various pH values,
and solid yellow circles show the pH dependence of folding at 20
°C. The extent of folding was obtained from the observed CD at
205 nm, A2 according to Aezpe — Ae(AL” — Ae),
whereAe}” is the maximal CD observed at 205 nm atZDand

pH 7, andAe2® is the CD of the unfolded state at 2G obtained

by extrapolating the high-temperature baseline at pH 2 t6Q0
(55). The surfaces are the results of fitting all of the data in Figures
4, 5, and here by a global linkage analysis of each protein and the
resulting parameters are given in Table 1.

of the Sac7d and Sso7d curves indicates a constant difference
of 2.7 kcal/mol between 60 and 10C.

Sac7d unfolds with decreasing pH in the absence of salt,

experiments used for Figure 4, i.e., the stability of each protein reaching maximal unfolding (about 75%) at pH4%55).

was varied by changing the pH. The increased anion binding at
low pH contributes to the observed heats of unfolding such that
the slopes,0AH/dT,, do not reflect theACp of the intrinsic
unfolding reaction N— U.

The pH dependence of unfolding was most conveniently
followed by CD, and the results obtained for V30I, 130V,
and Sso7d are compared to those for Sac7d in Figure 6 (solid
yellow circles). The increased charge density on these highly

the protein as well as changes in protonation and chloride basic proteins under acidic conditions leads to chloride
binding associated with acid-induced folding at lower pH. binding and stabilization of a folded protein with acid-
The enthalpy of unfolding V30!l was essentially identical to induced refolding becoming obvious below pH 2. The
that of Sac7d between 60 and 10D, and a linear fit of the ~ amount of protein remaining folded at pH 2 indicated a
combined Sac7d and V30l data (50 data points) gave anprogressive increase in stability in going from Sac7d to V30l
apparentACp of 511 (*16) cal/degmol. Similarly, the to 130V and finally Sso7d. The negligible unfolding of Sso7d
enthalpy of unfolding Sso7d was essentially identical with at pH 2 has made it difficult to observe the contributions of
that of Sso7d 130V over the measured temperature range linkage of protonation and anion binding to folding in
and a linear fit of the combined data (56 data points) gave previous studies of this proteid9, 67). Note that the order
an apparem\Cp of 507 (£21) cal/degmol. The displacement  of stability is consistent with that implied by tHg,’'s at pH
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Ficure 7: The minimal linkage model used to fit the CD and DSC stability data for Sac7d, Sso7d, and the residue 30 mutants. Equilibrium
constants for the reactions indicated explicitly with double arrows are defined in the model. Equilibrium constants for all other reactions
are defined by products of the defined constants. The intrinsitJ Ninfolding reaction (described b, and outlined by the solid box)
predominates at pH 7. With decreasing pH, carboxyl groups in the native folded (N), and unfolded (U) species become protonated and
chloride binding is promoted. Unfolding at lower pH is characterized by the conversion of an ensemble of N species (blue) to an ensemble
of U species (red). The model includes the binding of two chloride ions and two carboxyl protonations linked to protein folding. Other
protonation and chloride binding sites certainly exist, but at least two are linked to folding. Chloride binding to the first and second sites
is described by the binding constaits; andK¢,, respectively, leading to l and N-LL species. Protonation of the first carboxyl in U,

N, N-L, and NLL is indicated with a superscriptf” (to indicate an increase in charge Byl, the total charge on the protein depends on

the pH), and protonation of both sites 1 and 2 Hy+*". In the minimal model used here th&js of the two linked carboxyls are assumed

to be identical but vary with folding and chloride binding (viXp pK,, and ;). Differences in the order of protonation are indicated by
normal and italic symbols, e.g.,UandU™.

Table 1: Thermodynamic Parameters Characterizing the Temperature, pH and Salt Dependence of the Stability of Sac7d, V30l, Sso7d, and
130va

parameter Sac7d V30l Sso7d 130V
Intrinsic Unfolding Reaction
Tm (°C) 90.7 ¢-0.1) 96.5 (-0.1) 99.0 ¢-0.1) 95.1 ¢0.1)
AH(Tn) (kcal/mol) 58.5 {1.0) 63.0 £1.7) 65.0 (£1.5) 62.5 (£1.75)
ACp (cal/degmol) 711 &19) 755 @19) 751 €19) 710 €19)
Chloride Binding Constants, and Associated Heats and Heat Capacity Changes
pKci (0.0 M KCI) —0.14 &0.06) —0.21 &0.07) —0.10 &0.1) —0.23 @0.05)
pK'c (0.0 M KCI) 1.84 ¢.07) 2.51 ¢0.09) —5.1 (-0 —1.2) —10.3 (0 —0.2)
pKci (0.3 M KCI) —0.14 &0.5) 0.23 (£0.35) 0.06 £0.3) —0.1 *0.4)
AH (cal/mol) —676 (£1315) —270 (£1684) —904 (+1160) —258 (£933)
ACs (cal/degmol) —101 *122) —56 (£91) —101 &77) —134 (£85)
pK’s of Linked Carboxyls in the Unfolded Protein
pK, (0.0 M KCI) 4.67 &0.15) 4.53 £0.02) 4.35 £0.02) 4.50 £0.02)
pK, (0.3 M KCI) 4.45 (£0.19) 4.39 £:0.18) 4.08 £0.14) 4.11 £:0.18)
pK’s of Linked Carboxyls in the Folded Protein
pKn 0.01 o0 —1.2) 0.1(Cw—1.2) 0.09 (0 — 1.5) 0.09 w0 —1.5)
pK’s of Linked Carboxyls in the Folded Protein with Bound Chloride lons

pK; (0.0 M KClI) 2.98 (0.03) 2.53 £0.04) 3.14 £0.06) 3.26 £0.05)
pK; (0.3 M KClI) 3.15 ¢:0.6) 3.31 ¢0.25) 3.35£0.28) 3.42 £0.44)

aThe T and AH(Tn) values for the intrinsic unfolding reaction were fixed during a global fit to the experimental values measured from DSC
at pH 7 (above the pH range where linkage of carboxyl and chloride binding contributeAH la@d ACr values for acid protonation were fixed
to the published values for acetafb). Chloride binding constants are reported &s;pi.e., the log of the binding constant. All protonation and
chloride binding K’'s, AH and ACr values are defined at 2%C. Errors in parentheses (except for, AH(Tm), andACp) are the precision limits
determined by the variation required to increase the redytbg 1.0 68). The error inTy, is the estimated experimental error from repeated DSC
measurements. The error fAH(Tm) was determined by the standard deviation of the residuals from a linearAitH¢f) vs T, (data in Figure
5). The errors iMCp for Sac7d, V30I, Sso7d, and 130V were determined by the variation of the parameter required to increase the/#duced
1.0 &6, +£4, +£19, and+12, respectively). As discussed in the text, the largest error of the f#618)(is used for all fouACr values here.

2 in Figure 4, and not with th€&,’s at pH 7. The significance We have previously shown that the pH, salt, and temper-
of this will be discussed below. ature dependence of the stability of Sac7d can be fit with a
CD was used to follow thermally induced protein unfold- model that includes the linkage of carboxyl ionization,

ing at various values of pH in the absence of salt (red curves,chloride binding, and protein folding¥§). As described in
Figure 6). The results are consistent with the variation of Materials and Methods, thrainimal modetapable of fitting
folding with pH at 20°C (yellow solid circles, Figure 6), the Sac7d data required that folding be linked to the
and confirm that V30l has a high&, at high pH, yet appears  protonation of two carboxyls and the binding of two chloride
to have a lower stability at pH 2. The presence of a saddleions (Figure 7). Fits of the CD and DSC data for Sac7d,
in the vicinity of pH 2 is observed for all four proteins, and Sac7d V30I, Sso7d, and Sso7d 130V are presented in Figures
even though the depth of the saddle at pH 2 is small for 4 and 6, and the fitted parameters are provided in Table 1.
Sso7d, the decrease T, in this pH region indicates that  Inspection of the parameters for Sac7d and V30l shows few
this protein also has a lower stability at pH 2. Its stability significant changesifithin the error limitg in the parameters
(i.e., AG) is high enough to make the change in folding characterizing chloride binding and carboxyl ionization
equilibrium nearly imperceptible except at elevated temper- reactions. A slight change in electrostatic interactions is
atures (e.g., above 3). indicated by a small change in one of the apparent chloride
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8 . T T T 7 (red curves). The lower temperature group contains valine

] at position 30, while the upper temperature group contains
isoleucine at this position. The two proteins with lle at
position 30 have a higher temperature of maximal stability,
greaterT,’s, and also display greater curvature in the stability
curve. The average intrinsitCp of unfolding for the proteins
with valine at position 30 is 710419) cal/degmol, while
that for the isoleucine is 753H19) cal/degmol.

Finally, it is appropriate to stress the necessity of the
linkage model in fitting the free energy surface for Sac7d
and Sso7d. The difference in the unfolding free energies due
to the substitution of lle for Val at position 30 would not be
apparent in a conventional analysis of DSC data. Within
experimental error, the variation @&fH with T, shown in

Temperature (°C) Figure 5 provides virtually identical apparefnCe's for all
FIGURE 8: Fitted protein stability curves for Sac7d, V30l, 130v, four proteins, viz. 509£13) cal/degmol, and no change in

and Sso7d at pH 7. The curves corresponding to proteins with valine AH due to the substitutions. Using tfig and observedH
atresidue 30 are shown in blue, and those with isoleucine are shownvalues from DSC with this appare#Cp would lead to
g‘rrgerdb;geféffggg;fglgﬁ ddgggggeggﬁ:&;gg 3[;":95 géeesg)r‘;‘g;sv‘ig?protein stability curves that are simply displaced vertically
V30! and 130V mutants are of similar magnitude and are not shown with 'de”t'c‘?" curvature (anﬁimax valges) (aT‘F’ an Inaccurate
for clarity. representation of the differences in stability at lower tem-
perature). The stability curves for 130V and V30l predicted
using aACp of 509 cal/degmol do not intersect as required
binding constants and the appareit pf the carboxyls in by the dependence &, on pH data (Figure 4). The predicted
the folded protein with bound chloride. For both Sso7d and stability curves would not be in agreement with the extent
130V, the significantly negative values for the secotp  of unfolding indicated by CD at lower temperature and pH
indicate that a second chloride binding site at low salt was (solid yellow circles in Figure 6). In addition, the protein
not necessary to fit the data. stability curves would show a maximum in stability well
Most interesting is the small, but significant, increase in pelow 0°C, while the thermal unfolding followed by CD at
ACs for the intrinsic unfolding reaction as a result of the pH 2 shows a maximum in stability near 2G. A similar
Val — lle substitution T, andAH at theT, were held fixed T, was observed in the temperature dependence af@e
to the values determined by DSC at pH AC, was of unfolding determined by chemical denaturatid@)( The
consistently one of the best defined parameters in the globalgbservation of a higher temperature of maximal stability than
fit. Similarly, ACp showed a significant decrease resulting expected using the appare®€p value cannot be attributed
from the 130V core substitution in Sso7dCp values for to a temperature-depende®C, since there is no indication
the two proteins with valine at position 30, i.e., Sac7d and of nonlinearity in the Kirchhoff plots (Figure 5). A 50%
Sso7d 130V, were essentially identical (viz. 711 calftieg) increase iMCp from 500 to 750 cal/degnol with decreasing
and 710 cal/degnol, respectively; estimated errérl9 cal/ temperature would be apparent in these plots.
degmol, see Error Analysis in Methods). Values for the two
proteins with isoleucine at position 30, i.e., Sso7d and Sac7dDISCUSSION
V30I, were also essentially identical (viz. 751 and 755 cal/
degmol, respectively; estimated errerl9 cal/degmol). The importance of packing and hydrophobicity in the
A giobal anaiysis provides an accurate and precise fitting thermophlle protelns SaC?d and SSO?d haS been |nVeSt|gated
of the overall protein folding free energiGuy) surface as using V/I core substitutions. The small size of these proteins
a function of temperature, pH, and sakGy reflects the  (and corresponding smaller thermodynamic parameters as-
intrinsic unfolding energy as well as the effects of carboxyl Sociated with folding) makes it possible, in principle, to
ionization and chloride binding, i.e., it is the global free mMeasure small differences in not only thé& of unfolding,
energy commonly reported for protein folding. The fitted butalso changesinG, AS andACe resulting from single-
free energy surfaces for the four proteins as a function of Site core mutations. The changes observed hera@r(and
temperature, pH, and salt concentration differ due to both &lSOAH, AS andAG as discussed below) are at the limit of
vertical and lateral shifts. The surfaces are shifted to higher the reliability of such measurements even with extensive data,
energy progressively from Sac7d, then Sac7d V30l, Sso7dand care has been taken to describe the errors in the
130V, and finally Sso7d (data not shown). Cross-sections Mmeasurements. Most importantly, the excellent agreement
through the surfaces at 2« as a function of pH at both between the thermodynamic changes observed for the V30I
h|gh and low salt Cieariy show a near|y constant dispiacementsubstitution in Sac7d and those observed for the reverse
from pH O to 8 (Figure S3, Supporting Information), mutation in the homologous Sso7d (Figure 9) with indepen-
indicating little Change in Carboxy| protonation or chloride dent data sets and different stabilities Supports the rellablllty
binding energetics as a result of the core mutations of the measurements and the level of precision indicated by
Comparison of the protein stability curves® as a function ~ the error analysis.
of temperature) shows a lateral displacement as well as We concentrate here on the temperature dependence of
vertical. These curves fall into two groups, one centered nearthe energetics of the intrinsic unfolding reaction, i.e., the
17 °C (blue curves in Figure 8) and the other near°£l unfolding reaction after deconvolution of the thermodynamic

AG (kcal/mol)
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T T T T restricted side chain in the core. Consideration of the
] thermodynamic cycle in the inset to Figure 9 (see ref 42)
demonstrates th&tAE is equal toAEsey — AEnoncov (Where
AEgq is the solvation energy of the larger side chain minus
that for the smaller in the unfolded protein, aA&noncov IS
the difference in noncovalent interaction energy of the larger
side chain in the folded protein minus that for the smaller).
For mutations involving Val/lle substitution®Esq, repre-
sents differences in hydration or the hydrophobic contribu-
tion, andAEnoncovrepresents differences in the van der Waals
interactions (packing) and side chain entropies (and confor-
mational changes that structural data indicate to be small).
Both cavity-filling transitions are stabilizing in terms AfG,
i.e., the free energy of unfolding the lle variant is greater
than that with Val over the available temperature range (and
AAG > 0) (Table 2). The free energy gained from small-
to-large substitutions becomes increasingly favorable with
increasing temperature and reaches a maximum around 116
°C (Figure 9). At 50°C the increase in stability due to the
V30I substitution was 0.740.2) kcal/mol for Sac7d, and
Temperature (°C) the decrease in stability resulting from the 130V substitution
FIGURE9: The temperature dependence\®G, AAH, andTAAS in Sso7d was 0.430.3) kcal/mol (average change of 0.6
(referred to collectively assAE) as a result of changing the  Kcal/mol per methylene). These values are about half those
hydrophobicity of residue 30 in Sac7d and Sso7d. Red curves commonly reported for the contribution of a methylene group

correspond to changes associated with the cavity-filling Sae7d  to the stability of a protein32, 40, 46, 70), but are in good

V30l substitution, and blue curves correspond to the cavity-filling agreement with the difference in transfer free energy
substitution 130VV— Sso7d AG, AH, andASvalues were calculated measurements for lle and Val from octanol to watet, (

using egs 3 (Materials and Methods) with the thermodynamic
parameters for the intrinsic unfolding reaction in Table 1. The 72).
thermodynamic cycle in the inset shows the reactions used for van der Waals interactions and packing do not appear to
calculating the differences due to cavity filling wherg N- Uy play a major role in determining the advantage of Ile over
refers to the unfolding of the species with V at position 30, and N \/5/'in these proteins. The enthalpy of unfolding Sac7d and
— U, refers to that with IAAE values were calculated for small ; . . .
to large reactions. FABOV — Sso7d AAE =AE,(Sso7d)— AE,- Sso7d with lle at position 30 was less than that with Val in
(130V); and for Sac7d~ V30l, AAE = AE,(V30l) — AE(Sac7d), this position, so thahAH is negative (within the defined
where AE = Ey — En. Errors in AAE values, calculated as  error limits) over most of the temperature range, i.e., small-
described in Materials and Methods, are as follows: for Sae7d  to-large substitutions are enthalpically unfavorable (Figure
\2/320.'03'2055/(%;%5 {)rol'ggka‘:’“ggg%%{g)éii‘f:'imggagégfl 9). Enhanced van der Waals interactions would be enthal-
mol, ann = 2.6 kcal/mol,orass = 2.3 kealldegmol. pically favorable. In addition, the temperature dependence
of AAH is inconsistent with van der Waals interactions,
contributions of protonation and anion binding. The char- which are largely temperature independ@() (TAASvalues
acterization of the dependence of protein stability on pH and are also negative over most of the temperature range making
salt concentration indicates that the core substitutions atcavity-filling entropically favorable. Increased van der Waals
residue 30 do not appear to lead to significant modifications interactions due to optimized packing would be expected to
of surface electrostatic interactions, and changes in stability be associated with positivAAH and AAS values, and be
can be attributed to modifications of the core packing and/ enthalpically dominated3Q, 46).
or hydrophobicity. This is not always the case, and in some  Substitution of lle for Val should destabilize the folded
proteins substitutions of core aliphatic residues have beenstate by about 0.5 kcal/mol due to the greater entropy of the
shown to induce changes in surface electrosta@sq9). lle side chain in the unfolded stat&3). The temperature
The effect of the core mutations in Sac7d and Sso7d is dependence of this effect is negligible over the temperature
consistent with changes in hydrophobicity with no need to range studied here&(). In contrast, van der Waals contacts
invoke changes in van der Waals (packing) interactions. The contributed by the additional methylene in lle can be
results are conveniently discussed in terms of changes in theexpected to stabilize the folded state due to a decrease in
AG, AH, andTAS of the intrinsic unfolding reaction (i.e., enthalpy on the order of 0.5 kcal/mol (30 cal/rf * 23
AAG, AAH, andTAAS Figure 9) from the perspective of A2, with no change in entropy due to the van der Waals
small to large substitutions, i.e., for Sac7dV30l: AAE interaction) 80). The temperature dependence of van der
= AE|(V30l) — AE(Sac7d), and for Sso@0V — Sso7d: Waals interactions is also negligible over the range studied
AAE = AE(Sso7d)— AE\(I130V) (whereAE = Ey — Ey here. Therefore, to a first approximation, increased van der
refers to changes in G, H, and S for the intrinsic-NU Waals interactions for V/I substitutions are balanced by the
unfolding reaction). We assume negligible differences in penalty of restricting the lle side chain upon folding.
residual structure in thenfoldedchains, and all noncovalent The above considerations indicate theAE for cavity
interactions are attributed to hydration differences in the filling in Sac7d (particularly AAG) should be largely
unfolded state along with differences in van der Waals determined byAEs, = Ey(lle) — Ey(Val), i.e., the energy
contacts in the folded protein and reduced entropy of the of hydration of a methylene group. Indeed, the signs and
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Table 2: Changes in the Thermodynamics of Unfolding Sac7d and Sso7d as a Result of Cavity Filling, Comparison to Differences in

Hydration of Val and lle, and Selected Results on Other Prdteins

AAG AAH —TAAS AACp
small to large substitution (kcal/mol) (kcal/mol) (kcal/mol) (cal/degmol)

Sac7d— Sac7d V30I 0.7 -1.7 2.4 44
Sso7d 130V— Sso7d 0.4 -2.3 2.7 41
V — [P (hydration) 0.3 —0.4 0.7 12
leucine zipper (A12)— A, (Ala— Leu) 83) 2.9 1.4 1.3 52
RNase S I113VV— RNase S42) 0.2 1.9 -1.7 40
ubiquitin L67A— ubiquitin (46) 2.8 6.2 3.4 —24
barnase 196\~ barnase40) 0.9 1.1 -0.2 c
CI2 139V — CI2 (38) 1.2 1.8 —0.6 c
T4 lysozyme 127A— T4 lysozyme 87) 2.7 18.8 -16.1 c
T4 lysozyme— T4 lysozyme AMH @4) 0.5 3.6 -3.0 c
c-Myb — ¢c-Myb V103l (35) 0.7 0.2 0.5 c

a All thermodynamic values are reported at 30, except for the RNase values which are at°25 All AAE differences are reported for
cavity-filling substitutions by subtracting th&E for unfolding the protein containing the smaller residue from that with the larger,/Ad, =
AEje — AEva WhereAE = Ey — En. Thermodynamic parameters for barnase, CI2 (chymotrypsin inhibitor 2), and T4 lysozyme were calculated
using the GibbsHelmholtz equation with the following values from the literature: barnd®g (ACp = 1.2 kcal/degmol, T, = 53.9°C, AH(Tn)

= 125 kcal/mol; barnase 196\M(): ACp = 1.2 kcal/degmol, T

51.5°C, AH(Ty) = 121 kcal/mol; CI2 88): ACp = 720 cal/degmol, T, =

73.8°C, AH(Ty) = 67 kcal/mol, CI2 139V 88): ACp = 720 cal/degmolTy, = 67.3°C, AH(Ty) = 61.5 kcal/mol; T4 lysozyme3(7): ACp = 1800
cal/degmol, T, = 51.7 °C, AH(Tm) = 113 kcal/mol; T4 lysozyme 127A'ACr = 1800 cal/degmol, T, = 41.6 °C, AH(Tw) = 76 kcal/mol, T4
lysozyme 44): ACp = 2500 cal/degmol, T, = 43.5°C, AH(Tm) = 96 kcal/mol, T4 lysozyme L1332-amino-4-methylhexanoic acidACp =
2500 cal/degmol, T, = 45.4°C, AH(T) = 103 kcal/mol; c-Myb: ACp = 322 cal/degmol, T, = 39.6 °C, AH(T») = 31.8 kcal/mol; c-Myb
V103Il: ACp = 322 cal/degmol, T, = 46.6°C, AH(Ty) = 34.3 kcal/mol. Engineered leucine zipper @nd (A12) values were taken from Figures
4 and 6 of Durr and Jelesaro83) and divided by 2 to adjust for the two mutations in the homodimer. RNase S NA&K values were taken
directly from Ratnaparkhi and Varadarajad?). Values for ubiquitin were taken directly from Loladze et @6); AACp for ubiquitin was too
small to measure accurately. ErrorsAAG, AAH, andTAAS for Sac7d and Sso7d are given in Figure 9. Errors in the literature valuesAfGr
are typically on the order of 0.1 to 0.3 kcal/mol. ErrorsAAH and AAS from the literature are commonly not reported, and are estimated here
to be of the same order of magnitude as the values/dfl andAASbased on the estimated error in individual measurememd-dby calorimetry

or van't Hoff methods. The error in thr®ACr values for Sac7d and Sso7d mutations are estimated to be 27 ealfdeing standard propagation
of error formulas $8). The reported errors in the literature values AakCp are 40 cal/degnol for Rnase S42) and 32 cal/degnol for the (A12)
dimer @83). ® Differences in the thermodynamics of hydration of Val and lle were calculated®@t &€ing values foAH, TAS, AG, andACp from
Figure 9 of Makhatadze and Privalo8Q) and a difference in surface area of 23(&7). ¢ Differences inACp as a result of the mutation in barnase,
CI2, c-Myb, and T4 lysozyme were assumed to be zero in the original work.

temperature dependencesMAG, AAH, and —TAAS are
similar to those ofAG, AH, and —TAS of hydration of
aliphatic molecules?7, 30, 74—76). Compare, for example,
Figure 9 to Figure 9A in a review by Makhatadze and
Privalov 30). Both AAG for cavity filling and AG of

about 0.5 cal/metlegA? based on thermodynamics of
transfer to water for more than a hundred organic molecules.
A Val-to-lle substitution results in a change in nonpolar
surface area of 237%(77), which translates into an increase
in ACp of about 12 cal/degnol. Similar values foACp are

hydration for a methylene group are positive and on the order calculated (ranging from 6.4 to 12 cal/detwl) using the

of 0.5 kcal/mol at 50C. AG of hydration of nonpolar surface

empirical equations of Murphy and Freirég), Makhatadze

area increases with temperature and reaches a maximunand Privalov 80), Spolar et al. 79), and Myers et al.§0).

around 125°C. Both AAH for cavity filling and AH of

aliphatic solvation are negative (and of comparable magni-

tude given the error iMAH) at 50°C. Similarly, —=TAAS
for cavity filling and —TASof aliphatic solvation are positive
and of comparable magnitude (within the defined error
limits). The entropically dominated benefit of cavity filling
is consistent with the dominant role of entropy in favoring
hydration of Val over lle. In additionAAH and TAAS as
well as AH and AS of aliphatic solvation, are strongly
dependent on temperature with a positix&s, another
indicator of hydrophobic interaction3y, the temperature
at which AAH passes through zero, is about 97 (88 °C
for Sac7d-V30l, and 106°C for I30V—Sso7d), ands, the
temperature at which-TAAS passes through zero, is about
116 °C (110°C for Sac7d-V30l and 123°C for I130V—
Sso7d). In comparisonTy for the aliphatic hydration
enthalpy is around 82C, while the correspondings for
the hydration entropy is around 12&.

The difference inACp measured here for the Vat lle
substitution is somewhat greater than f@- expected from

Considering the estimated error in thACp values (i.e., 27
cal/degmol), the difference between the experimeaACp
values determined here and those predicted from model
compound data3Q, 78, 79) as well as protein data8() is
not great. It may reflect the limited sampling of two
mutations. Alternatively, the larger than expected changes
in ACp may reflect higher vibrational contributions to the
heat capacity of the folded state of the proteins containing
cavities, and therefore a smallACpr upon unfolding 68,
81). Although there is a good correlation between @
for protein unfolding and the change in accessible surface
area (9), the range of observedCr values for a given
AASA is quite large (approaching 1000 cal/cleml (63,
80)). It would appear that there are significant contributions
to the ACp of protein unfolding and changes in solvent
exposure of hydrophobic groups in addition to changes in
solvent-accessible surface area.

We have shown that a large part of the increased stability
of Sso7d relative to Sac7d is the increased hydrophobicity
of the protein core due to a Val-to-lle substitution of residue

differences in the hydration of the amino acids. Makhatadze 30. While there have been a number of studies of the effects

and Privalov 80) report aACp for nonpolar aliphatics of

of cavity creation and filling in proteins, few have involved
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precise measurements AC, and the temperature depen-

Clark et al.

a maximal growth temperature between 80 and®5Sac7d

dence of stability. Most notably, none have been consistentis only marginally stable at the in vivo growth temperature

with a change in hydrophobicityl@). Representative results

where about 10% of the protein molecules would be

are presented in Table 2, and a comparison to the Sac7dunfolded. However, the protein is stabilized by binding to

and Sso7d results follows.

DNA. In vivo there may be no advantage to increasing the

Core mutations in barnase and CI2 have been characterizedtability of the protein. It should be noted that the V30I

using DSC or thermal unfolding followed with spectroscopic

substitution occurs on the opposite face of {heheet

probes, assuming that cavity creation had no effect on theinvolved with DNA binding, near the intercalating V26 and

ACp of unfolding @38, 40). Results indicated that cavity

M29 residues which create a 60 to®#ink in DNA (85). It

creation was destabilizing because of a decreased enthalpyemains to be seen if the V30l substitution affects the

change, i.e.AAH for cavity filling was positive (Table 2).
The stability of a large number of T4 lysozyme mutants have

been determined using thermal denaturation followed spec-

troscopically and assuming no changeAiBr (37, 82). The
magnitude oAAH associated with most of the single amino
acid substitutions in T4 lysozyme was extraordinarily large,
indicating significant structural rearrangements. Similarly,
a thorough study otavity creationin the four a-helical
bundle ROP §8) showed an unusually large changeAi@y,
most likely due to significant changes in structure.
Changes inACp associated withcavity creationin an
engineered leucine zipper,Aave been measured in an
elegant study by Durr and Jelesar®B). The temperature

flexibility of the DNA binding site.

We comment briefly here on the relationship between these
results and previous work on Sac7d and Sso7d. The
temperature dependence of the stability of Sac7d is in good
agreement with chemical denaturation data presented previ-
ously @7). Denaturation by both urea and guanidine hydro-
chloride indicate a maximum in protein stability near room
temperature. Analysis of the denaturation data with a linear
extrapolation model (and including th&, and AH(T.)
determined by DSC) indicated/&Cp of 881 (60) cal/deg
mol, while a denaturant binding model gave a value of 709
(£118) cal/degmol. They? of the fits could not justify the
preference for one value over the other. The stability of Sso7d

dependence of the thermodynamic effect of cavity creation described here is in qualitative agreement with two earlier

showed a decrease iCp of 52 cal/degmol per methylene

thermodynamic studies of this protein. Knapp et ) (

group removed, in good agreement with that determined here.obtained similar values oiH of unfolding as a function of
We note that the leucine zipper undergoes acid-inducedpH (down to 2.5), but the data were analyzed in the

folding, but the contribution of anion binding at low pH to

conventional manner. Graziano et a&.7) considered the

the measured thermodynamic parameters was not determineceffects of linkage of two carboxyl ionizations, but not

Neglect of anion binding may explain the positixéH for
cavity filling observed for the (Al12)dimer (Table 2), or

chloride binding since no data were collected below pH 2.
It is not obvious what other differences between Sac7d

this may be due to extensive disruption of van der Waals and Sso7d (Figure 1) may be responsible for the remaining
packing interactions. Since van der Waals interactions aredifference in stability between V30l and Sso7d (a vertical
thought to be largely independent of temperature over the displacement of the stability curve by about 0.4 kcal/mol

range studied here, th®Cp can be largely attributed to the
hydrophobic effect.
Varadarajan and co-workerd?) used ITC to study the

(Figure 8)). The Thr-to-lle substitution at position 17 occurs
in a partially solvent exposed crevice between;altlix
and the C-terminad-helix, and is a likely candidate. Eight

energetics of packing and cavity formation in RNase S. The of the other differences are conservative surface substitutions

method permits a direct measure ofCp by varying

which increase the charge on the protein #Y. The

temperature rather than pH, and the measured value of 40remaining include increasing the length of the loop between

cal/degmol for a Val-to-lle substitution is in excellent

D35 and T40 with insertion of a glycine (possibly increasing

agreement with the results reported here. The positive valueflexibility), and deletion of three residues from the exposed
for AAH is similar to that observed for the engineered leucine C-terminala-helix (possibly decreasing flexibility). Some
zipper and may indicate disruption of van der Waals of these substitutions are not those commonly expected to
interactions beyond the cavity creation site. enhance the stability of thermophile proteins. For example,
Cavity-creating mutations in ubiquitin4¢) led to a increased stability has been correlated with reduced loop
decrease in stability due to a decrease in enthalpy (on thelength 86). In addition, increased thermostability has been
order of 10% of the total enthalpy of unfolding) which was shown to correlate with conversion of polar uncharged to
attributed to loss of van der Waals interactions (packing). charged residues, e.g., GIn to GI@1), opposite to that
The structure of ubiquitin has been argued to be optimized observed here at positions 14, 56, and 64. Whether or not
for stability (46, 84), and thus core substitutions may be more any of these affect the stability of the proteins remains to be

detrimental than in Sac7d. In an earlier repd®)( it was
shown that the change iACp of unfolding due to cavity-
creating mutations in ubiquitin could be either positive or
negative (L67AAACpr = —24 cal/degmol, VI7TA AACe =
+48 cal/degmol), but the change was comparable to the
estimated error limits of=50 cal/degmol.

It is intriguing to consider why the stabilizing V30l
substitution occurs naturally in Sso7d and not in Sac7d.
Sulfolobus solfataricugrows optimally near 80C, with a
maximal growth temperature of about°@ In contrast,
Sulfolobus acidocaldariugrows optimally near 78C, with

demonstrated.

In summary, the data presented here on Sac7d and Sso7d
indicate that van der Waals interactions are less important
in defining the stability of the proteins (at least in the vicinity
of residue 30) than in other proteins studied to date. A
significant portion of the difference in stabilities of these
proteins can be attributed to differences in hydrophobicity
of the core, which is consistent with the minor differences
in core structures of the two proteins (Figure 2). This has
permitted an experimental demonstration of the temperature
dependence of the hydrophobic effect in a protein. An
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increase in the strength of salt bridges with temperature has
been recently argued to be important in stabilizing thermo-
phile proteins at in vivo growth temperatured¥). Experi-
mental documentation of the magnitude of the temperature
dependence of the contribution of a single salt bridge to the
folding free energy of a protein is not available, but
calculations indicate that the stabilization of a salt bridge
should increase by about 0.8 kcal/mol with an increase in
temperature of 85C (87). The increased benefit of core
hydrophobicity with temperature is comparable (i.e., 0.7 kcal/
methylene enhanced stability in going from 0 to €5).

SUPPORTING INFORMATION AVAILABLE

Tables of analysis of accuracy and precision of fitted
parameters in a global linkage analysis of simulated Sac7d
test data (Table S1) and simulated Sso7d stability data (Table
S2); and accuracy of unfolding free energies for Sac7d as a
function of temperature, pH, and salt concentration obtained
from a global linkage analysis of synthetic DSC and CD
spectroscopic data (Table S3). Figures of effect of the cavity-
filing V30l mutation in Sac7d and the cavity-creating
mutation 130V in Sso7d on protein thermal stability moni-
tored by DSC (Figure S1); overlay &f,'>N HSQC spectra
of Sso7d and the 130V mutant (Figure S2); and cross-sections
through free energy surfaces for Sac7d, v30l, 130V, and
Sso7d (Figure S3). This material is available free of charge
via the Internet at http://pubs.acs.org.
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