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ABSTRACT: The difference between the hedt] and the cold T¢") denaturation temperatures defines the
temperature rang@kangd Over which the native state of a reversible two-state protein is thermodynamically
stable. We have performed a correlation analysis for thermodynamic parameters in a selected data set of
structurally nonhomologous single-domain reversible two-state proteins. We find that the temperature
range is negatively correlated with the protein size and with the heat capacity chanjéut is positively
correlated with the maximal protein stabilitAG(Ts)]. The correlation between the temperature range

and maximal protein stability becomes highly significant upon normalization of the maximal protein stability
with protein size. The melting temperaturés) also shows a negative correlation with protein size.
Consistently,Tc and T¢' show opposite correlations withC,, indicating a dependence of ti@angeONn

the curvature of the protein stability curve. Substitution of proteins in our data set with their homologues
and arbitrary addition or removal of a protein in the data set do not affect the outcome of our analysis.
Simulations of the thermodynamic data further indicate Thaiyeis more sensitive to variations in curvature

than to the slope of the protein stability curve. The hydrophobic effect in single domains is the principal
reason for these observations. Our results imply that larger proteins may be stable over narrower temperature
ranges and that smaller proteins may have higher melting temperatures, suggesting why protein structures
often differentiate into multiple substructures with different hydrophobic cores. Our results have interesting
implications for protein thermostability.

A reversible two-state folding= unfolding mechanismis  states at the melting temperatuis), and AC; is the heat
the simplest mechanism of protein folding. The thermody- capacity change between the two stat®lds, AC,, andTg
namic stability of a two-state protein varies with temperature, can be determined using calorimetric and spectroscopic
pH, solvent, the presence of chemical denaturants, and salexperiments. A plot ofAG(T) versusT yields a skewed
concentration. The temperature-dependent variation in theparabola-shaped protein stability curve (e.g., see Figure 1).
thermodynamic stability of a two-state protein can be studied The hydrophobic effect3) is the major force driving
using the GibbsHelmholtz equation] 2): protein folding @). However, the relative estimates of the

energetic contributions of hydrophobicity and electrostatics

AG(T) = AHg(1 — T/Tg) — ACp[(Tc-s =T+ TIn(T/Te)] to protein stability in the native state are controversial. A
(1) back of the envelope calculation by Schellmah showed
that the hydrophobic effect is responsible fer5% of the
protein stability. On the other hand, Pace et &t 8) have
suggested that both hydrophobic and electrostatic effects
make large but comparable energetic contributions to protein
stability. By performing statistical analysis of experimental

whereAG(T)! is the Gibbs free energy change between the
denatured (D) and native (N) states of the protein at a given
temperaturd, AHg is the enthalpy change between the two
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10 - ' - transitions in the pH range of-8, with >90% reversibility.
The cooperativity ratioR, for these proteins lies in the range
of 0.9-1.10. Of the 31 proteins, 26 do not contain a
8r 1 homologue in our data set. Of the 26 unique proteins, 20
are maximally stable around room temperature with the
temperature of maximal stabilityT§) being 20+ 8 °C.
or 1 Thirteen of these 20 are single domains. Table 1 summarizes
the experimental data collected from the literature on these
13 proteins. The proteins are 7 kDa DNA binding protein
4r 1 from Sulfolobus solfataricugSso7d (2)], Thermotoga
maritimacold shock protein [TmCspgL@)], Bacillus subtilis
histidine phosphocarrier protein [BsHPA4 15)], 1
2 1 repressayss (16), Barstar 17), staphylococcal nuclease
[Snase 18)], Escherichia coliferricytochromebsg, [FECyt
bse2 (19)], T. maritimaglutamate dehydrogenase monomer
9% 20 20 - 200 domain Il [GDH domain Il R0)], residues 109212 in the
T C. fragment of immunoglobulin Ig[C, of Ig/ (21)], Kunitz
FiIGURE 1. Hypothetical protein stability curve constructed by using type soybean trypsin inhibitor [K-STI12@)], Anabaena
the average values of the thermodynamic parameferis(ACs, apoflavodoxin 23), E. coli thioredoxin @4), and the activa-
andTg) for 12 single domains. Th¥-axis indicates the temperature, . . ! ]
and theY-axis indicates theAG(T) (the free energy difference 10N domain of human procarboxypeptidase A2 [ADAZh
between the denatured and native states). (29)]. In addition to these single-domain proteins, we have
also utilized the thermodynamic data for homologues of
thermodynamic data on proteins that show reversible two Sso7d and BsHPr to validate our results. The homologues
state folding= unfolding transitions around neutral pH, we of Sso7d are Sac7@@) and Bruton’s tyrosine kinase [Btk
have found that the majority of the proteins are maximally (27)]. For BsHPr, we have used its homologug, coli
stable around room temperaturg),(consistent with the  histidine phosphocarrier protein [ECHF2§]].
hydrophobic effect being the major contributor to their ~ The three-dimensional (3D) structures were taken from
stability (5, 10). the Protein Data Bank2Q), if available. The PDBsufm
Here we focus on 12 single domains which show reversible database was used to obtain the CATH domain assignments.
two-state folding= unfolding transitions at or near neutral We have computed several structural parameters for the
pH and are maximally stable around room temperature. We proteins. The Accessurf program in the Protstat group of
have supplemented our results using protein thermodynamicghe Homology module in Insightll was used to compute the
simulations. We find that the temperature ranGg.fy9 over total (ASAq), polar (ASAy), and nonpolar (ASAwnpo)
which a protein or a domain native state is thermodynami- accessible surface areas. The hydrophobicity of a protein is
cally stable is more sensitive to the variations in curvature computed as the ratio of the buried nonpolar surface area to
(—AC/Tg at Tg) than to variations in the slope-ASs at the total nonpolar surface ared0( 31). Compactness is
To) of its stability curve. Since the slope and curvature of a defined as the ratio of the volume of the protein to the volume
protein stability curve depend on the protein siZ@ange of the sphere that has the same surface area as the protein
shows a negative correlation with protein size. Protein (30, 31). The average occluded surface parameter (OSP)
stability curves are broader for small proteins and narrower values were calculated using the OS71 program available at
for larger ones. Th@rangealso shows a positive correlation  http://www.csb.yale.edu. This parameter is a measure of the
with maximal protein stability AG(Ts)]. This correlation average atomic packing in the proteirg2,(33).
becomes stronger upon normalization of maximal protein  Along with the experimental thermodynamic parameters,
stability with protein size. The melting temperatufig) is the melting temperatureT¢), the enthalpy change &fs
negatively correlated with protein size, indicating that smaller (AHg), and the heat capacity changsQ,) taken from the
proteins have higher melting temperatures. The hydrophobicliterature (Table 1), we have computed additional thermo-
effect in single domains helps rationalize these observations.dynamic parameters using the Gibliselmholtz equation
Our study has some interesting implications for protein (1, 2).
thermostability. The genomic scale observation that ther- The slope of the protein stability curve & is given by
mophilic proteins are shorter, largely via deletion and/or
shortening of loops1(1), may be related to this effect. Our —AS = —AHG/Tg 2)
study suggests why it is advantageous for the protein
structure to differentiate into multiple hydrophobic folding The curvature of the protein stability curve® is —ACy/
units and domains rather than exist as a large hydrophobicTe.
globule in water. The temperature at which the protein is maximally stable
(Te) is given by

A G(T) (kcal/mole)

MATERIALS AND METHODS
Ts= Tg exp[~AHG/(TCAC,)] 3
Proteins in Our Study and Calculation of Deed
Parameters We have already described the procedure for The maximal protein stabilityG(Ts)], the maximum height
data collection and quality contrad®). Briefly, our data set
consists of 31 proteins with two-state foldirg unfolding 2 At http://www.biochem.ucl.ac.uk/bsm/pdbsum/index.html.
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Table 1: Data for 13 Unique Single Domains in Our Study

protein Nres PDB entry method resolution (A) Ts (°C) AHg (kcal/mol) AC, (kcal molt K—1)
Sso7d 62 1SSO NMR 97.8 63.4 0.620.04
TmCsp 66 82 62.6 1201
BsHpr 87 2HID NMR 73.4£0.2 58.1+ 1.7 1.17+0.05
A repressay ss 80 1LMB X-ray 1.7 57.2£0.1 68.0+ 1.0 1.44+ 0.03
Barstar 90 1A19 X-ray 2.76 72%0.3 72.4+ 3.6 1.27+0.24
Snase 149 1EYO X-ray 1.6 52.8 962 2.2
FeCytbss, 106 1QPU NMR 67.2£ 0.5 94+ 5 24+04
GDH domain Il 150 1B26 X-ray 3.0 69.6 7024.0 1.4+ 0.3
C. of Igd 104 1A8J X-ray 2.7 61 0.5 66.5+ 0.9 1.8
K-STI 181 1AVU X-ray 2.3 59.0 102.5-1.4 2.6+ 0.1
apoflavodoxin 168 1FTG X-ray 2.0 5780.1 63.14+ 0.7 1.344+0.02
thioredoxin 108 2TRX X-ray 1.68 87.0 106491.1 1.66+ 0.05
ADA2h 80 1AYE X-ray 1.8 77.0 47.6 0.84 0.33

a All proteins show highly cooperative and reversible two-state foldingnfolding transitions at or near neutral pH and are maximally stable
around room temperature. The full names of these proteins are given in Materials and Methods. Data were taker®famih frefm published
literature.

of the protein stability curve, is given by Table 2: Thresholds for andt Values at Various Levels of

Confidencé
AG(Tg) = AHg = (Te — TYAC, ) 95% level 99.5% level

. . of confidence of confidence

The temperature rangddangd Over which the native state no. of proteins : ool : oot

of the protein is thermodynamically stable is given by il 09 09 099 999
13 1.77 0.47 3.01 0.67
To =T.—T. 12 1.78 0.49 3.06 0.70
Range ~ 'G  °G ®) 11 1.80 0.52 3.11 0.72
8 1.86 0.60 3.36 0.81

Additi-ona”y'-t-he cold denauration temperatufe’j and the aGiven are the thresholds for values and linear correlation
protein stability at roo”? tempgratur@G(RT)] Were ex- . coefficients () for rejecting the null hypothesis at 95% and 99.5% levels
trapolated from the protein stability curves. Cold denaturation qf confidence for different numbers of proteins.

has not been experimentally demonstrated for any protein
in our data set (see rei®—28 for the experimental details
for the proteins in this study). In our studhG(Ts) and
AG(RT) have similar values since the proteins are maximally

Table 3: Average Values and Ranges for the Thermodynamic
Parameters for Proteins in Our Stédy

stable around room temperature. Ta (K) 343+ 14 325371
L fLi lati ffici AHg (kcal/mol) 77+ 18 58-107
Determination of Linear Correlation Coefficients among  Ac, (kcal mof* KY) 1.6+06 0.6-2.6
Various Parameter Pairs Each pair of structural and —ASs (cal mor1 K1) —225+ 53 —167 to—309
thermodynamic parameters, §/) for proteins in our study —AGy/Te (cal mor* K™) —4.7+18 —7.8t0—1.7
was fitted with a least-squares line. The linear correlation F (%) gggi é7 ggfggi
.. I S —
coefficient for the parameter pair is calculated By)( AG(Ts) (keal/mol) 55+ 1.6 35-90
AG(RT) (kcal/mol) 5.3+ 1.6 3.5-9.0
r=[nyxy— Trange(K) 95+ 27 68-171
Nres 113440 62-181

aGiven are the average values and ranges of the thermodynamic
parameters for single domains in our data set. One protein, ADA2h,
was not included because of large uncertainty inA€, value. The
values of the thermodynamic parametefs, AHg, and AC,, for
individual proteins were taken from published experimental data. The
values for the other parameters were derived as described in Materials
and Methods. The average number of residues (protein size) is also
presented.

(zxxzy)]/\/ [0S % = ($ANT Y = (S (6)

wheren is the number of proteins in our study.

Would the Correlations Obseed in Our Data Sets Also
Hold for Proteins in Gener& The observed correlations
among the parameter pairs in a sample of proteins may (or
may not) be observed for proteins in general or in other
protein samples. The sampling theory was used to determine
whether the correlations observed in our study are alsotVvalue is greater thatg o5 Or to 005 respectively, fon proteins
relevant to proteins in general and to other protein samples.(34). Rejection of the null hypothesis for a parameter pair
A null hypothesis was formulated as follows. The protein indicates that the two parameters are likely to be correlated
population correlation coefficienp) for a given parameter ~ With each other in protein populations and other samples from
pair is zero H,, p = 0), while the linear correlation these populations are likely to show these correlations. Table
coefficient for the same parameter pair(:0) in our study. 2 provides the threshold values and linear correlation
The null hypothesis was tested by computingttaalue G4): coefficientsr for various numbers of proteins in our study

for which linear regressions were performed.
t=rvn—2W1-r?

@) In addition to the above statistical tests, the linear
correlation coefficients were recomputed upon substitution

We reject the null hypothesis at a 95%% ¢ 5 x 1072) or
99.5% p < 5 x 1079) level of confidence if the computed

of the proteins in our data set with their homologues, where
such data are available. The substitutions were made both
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singly (replacement of one protein with its homologue) and (35). The native states of these proteins are stable over a

in combinations. We also repeated the calculations by temperature range of100 K (averag€lrange = 95 £ 27

arbitrarily adding and removing a protein from the data set. K). Figure 1 shows a hypothetical protein stability curve
Protein Thermodynamics Simulation®ve have used  plotted using average thermodynamic parameters of the 12

experimental thermodynamic data for 12 single-domain two- single domains.

state proteins to guide simulations of protein thermodynam- . ] ]

ics. The simulations use the GibbBlelmholtz equation (eq ~ COrrelations among Various Parameters for 12 Single

1) to explore the consequences of systematic variations inPomains

the thermodynamic parametersHs, AC,, and Te. The Table 4 presents the linear correlation coefficients (

variations were performed within the observed ranges of among the various thermodynamic parameters for the 12

these parameters for the 12 single-domain two-state pro-gingle domains. The protein stability curve (Figure 1)

teins (Table 3). The procedure followed here is similar o jygicates that the temperature range over which the native

the grid search/conformational sampling method used in giate of a single-domain protein is thermodynamically

molecular simulations. Two different simulation e>_<peri- favored Trange= Tc — Tg') should depend on the slope

ments were performed. In bothHs and AC, were varied (—ASs at Tg) and curvature-{AC/Te at Tg) of the protein

over the ranges of 56150 kcal/mol and 0.53.0 kcal mof* stability curve. The temperature of maximal stabilifi)

K1, respectlverAHG was varied in steps of 0.1 kcal/mol 504 maximal protein stability§G(Ts)] also affect theTrange

andAG, in steps of 0.01 kcal mot K™ We have selected | oyr data set, th&angeshows significant correlations with

those sets of thermodynamic parametevisi¢, AC,, andTc) the curvature and maximal protein stability for 12 single
which yield a temperature of maximal stability of 298 K 4omains. The correlation betwedRangeand the curvature
(eq 3). (r = 0.74) is significant at the 99.5% level of confidence.

In the first simulation experiment, we selected the ther- FyrthermoreTs andTe' (estimated cold denaturation tem-
modynamic parameter setSls, AC,, andTg) which yield perature) are oppositely correlated wittAC,/ T (Table 4)
a constant maximal stabilith\iG(Ts) = 5.5 kcal/mol; stability  znd with AC,. A similar behavior ofTg, Ta', and TrangeiS

curves plotted ianig}Jlre 2a], a constant slopd@(—ASs also seen with respect to maximal protein stability. The
= —225 cal mot* K™% stability curves plotted in Figure  correlations among these parameters become highly signifi-
2b), and a constant curvature B (—AC)/Te = —4.7 cal  ¢ant (99.5% level of confidence) whexG(Ts) is normalized

mol™ K™% stability curves plotted in Figure 2c). In these \jth respect to the protein size\(3(Ts) = AG(Ts)/Nred.
calculations,Te was allowed to vary in the range of 380 These observations indicate that these parameters may be
500 K. The selected thermodynamic parameter sets were usegorrelated for reversible two-state single-domain proteins in
to plot hypothetical protein stability curves using the Gibbs general.
Helmholtz equation. The purpose of this experimentwas to ~ Tpe Trange dOS MOt show significant correlations with
probe the sensitivity OTranget0 variations in the slope and  either the slope offs. In our data setJs is restricted to a
curvature of the protein stability curves. small range near room temperature and fethndTe' show

In the second experimerit was varied in the range of  positive correlations witfs. Because the slope of a protein
300-400 K in 5 K steps along with the variations &iHs  stability curve affs is also related to the enthalpy change at
andAG, stated above. The averages of the selected thermo-T, (—AS; = —AH/Te), we find thatTrangedoes not show
dynamic parameters were computed and used to plot theg significant correlation withAHg either. However, the
protein stability curves (shown in Figure 4). This experiment correlation betweefirangeandAh (FAHG/NeJ) is significant
addresses the question of how proteins achieve higherat the 95% level of confidence (Table 4). We note that

melting temperatures. maximal protein stability also depends on both slope and
curvature of the stability curve (eq 4). Furthermore, the
RESULTS correlation between the slope and curvature is highly

) i , i significant (99.5% level of confidence) for 12 single domains
Our data set consists of 13 unique single domains that are(. = g g3). These observations indicate that there may still
maximally stable around room temperature. Each domain e 5 significant contribution from the slope of the protein
contains a single hydrophobic core, and the Gibslm- — ggapility curve to itSTrange By Using the least-squares method,
holtz equation applies best to this class. In the calculationsye nave derived a parametric equation that describes the

presented here, we have not included the single-domainre|ati0nship among the slope, curvature, iaghgefor the
ADA2h (25). ADA2h has a rather large uncertainty in its 1o single-domain proteins. This equation is

AC, value (Table 1) that affects its protein stability curve
and the accuracy of the derived thermodynamic parameter _ _1,.,-1
(9). Table 3 presents averages and ranges of variation seeSr-eraﬂge(K) = —0.45x slope (cal mole” K™~) + 22.46x

in the thermodynamic parameters for the remaining 12 single curvature (cal mol' K™) + 97.96
domains in the data set. The 12 single domains have

relatively small average values for the enthalpy change at The root-mean-square error for this equation is 12 K.

the melting temperaturé\Hgs = 77 4+ 18 kcal/mol) and the Taken together, these results indicate thaf,gemay be
heat capacity changAC, = 1.6 & 0.6 kcal mott K™1). more sensitive to variations in the curvature rather than to
The maximal stabilities of these proteins are less than 10 the slope of the protein stability curve. To gain further insight
kcal/mol [averageAG(Ts) = 5.5+ 1.6 kcal/mol], and their  into this issue, we have used a grid search-based simulation
melting temperatures span the range typically seen for experiment to obtain sets of the three thermodynamic
proteins from the mesophilic and thermophilic organisms parametersAHg, AC,, andTg) in such a way that they yield



4868 Biochemistry, Vol. 42, No. 17, 2003 Kumar et al.

10 - ; g these parameters shown by 12 single domains (Table 3). The
A G(Tg) = 5.5 keal/mole a hypothetical protein stability curves at constant values of
maximal stability, curvature, and slope were plotted using
these selected sets (Figure 2). A total of 211 parameter sets
yield a maximal stability AG(Ts)] of 5.5 kcal/mol. Ninety-

6 ] six sets have a slope & (—ASs) of —225 cal mot K4,

and 312 sets have a curvatureTat(—AC,/Tg) of —4.7 cal
mol~1 K~1. The selected constant values of maximal stability,
slope, and curvature di; are the average values of these
parameters for the 12 single domains. This experiment shows
that different sets of slope and curvature values can yield
the same maximal protein stability (Figure 2a). The stability
curves exhibit a wider range when the slope is kept constant
and the curvature is varied (Figure 2b) rather thiae versa
(Figure 2c). These again indicate the greater sensitivity of
b TrangetO Variations in curvature. An analogous experiment
that allowed the temperature of maximal stabilifg)(to be
varied in the range of 273310 K yielded similar results
(data not shown).

Among the 12 single-domain proteins, bdiand Trange
are negatively correlated with protein size. The slope and
curvature also show significant correlations withs These
correlations are significant at the 95% level of confidence.
Taken together, we obtain a consistent picture with respect
to the single-domain proteins. The stability curves of larger
proteins have greater slopes and curvatures. This leads to

. MNANAUAXIANY sharper and narrower curves, resulting in smaller temperature
00 200 300 400 500 ranges over which their native states are thermodynamically
Temperature (K) stable. We chose a pictorial example to illustrate this point.
20 Figure 3 compares the sizes and stability curves of a small
Curvature = —4.7 cal/mole.K c (Sso7d, 62 residue3grange= 170 K), a midsized (Barstar,
90 residues,Trange = 102 K), and a large (K-STI, 181
residues;Trange= 73 K) single-domain protein.

Additionally, AC,, AS;, and AHg also show strong
correlations among themselves and whB(Ts). We have
normalized these parameters ak@(RT) by the number of
residues (Table 4). For the 12 single domains, the normaliza-
tion yields negative correlations of these withs There
are strong correlations amon; and Ag(Ts), Ahg and
AQ(Ts), andAss andAg(Ts), being significant at the 99.5%
level of confidence9). Thus, the average enthalpic, entropic,
and free energy contributions decrease with the increase in
protein size, consistent with an upper limit for maximal
protein stability. We also notice a strong negative correlation
Ficure 2: Results from simulations of the pro_tein thermodynamic betweerils' andAg(Ts) (Table 4). Combined witfig versus
data. The values ohHg, ACy, andTe were varied systematically ATy this results in a strong positive correlation between

in small steps over a range inspired by the experimentally . .
determined values of these parameters for 12 single domains. In |Range@NdAQ(Ts). Table 5 gives the least-squares regression

each panel, the protein stability curves for selected combinations line equations for the five important parameter palgs
of these parameters are plotted. (a) Protein stability curves for 211and Tg, Nres and Trange ASs and AC,, AC, and Trange and
sets of the thermodynamic parameters which yield a constant AQ(Ts) and Trange for the 12 single domains.

maximal protein stability AG(Ts) = 5.5 kcal/mol]. (b) Protein : — :
stability curves for 96 sets of thermodynamic parameters with a Of 12 single domains in our data set, the thermodynamic

constant slope{ASs = —225 cal mot' K~Y). (c) Protein stability ~ Parameters for the homologues of two proteins, namely,
curves for 312 sets of the thermodynamic parameters with a constantSso7d and BsHPr (Table 1), are also available (see Table 1
curvature -ACy/Tg = —4.7 cal mof* K™%). The constant values  of ref 9). We have substituted the homologous proteins and
of maximal stability, slope, and curvature are the average values o c5\cylated the linear correlation coefficients. The following
of these parameters for 12 single domains (Table 3), and all the . .
curves show maximal stability at 298 K. This figure indicates that protein exchanges were made: Sse7dSac7d, Sso7d~
the temperature rang@gang) of thermodynamic stability is more ~ Btk, BsHPr— EcHPr, Sso7d~ Sac7d and BsHPt- ECHPr,
sensitive to variations in curvature than to those in slope. and Sso7d— Btk and BsHPr— EcHPr (see Table 6 for
details). The results have not changed appreciably. Arbitrary
the temperature of maximal stability at room temperature removal and addition of a protein to our data set also do not
(298 K). The ranges for the thermodynamic parametes affect the results (Table 7). These tests give us confidence
and AC, were inspired by the variations in the values of that despite the limitation of our small data set, it is very
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a Sso7d Barstar b

Sso7d
Barstar
K-5TI

@
-
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Ficure 3: Example of the relationship between the protein size and temperature range of its thermodynamic stability. We illustrate our
point using three single-domain proteins: a small 62-residue hyperthermophilic protein, Sso7d (PDB entry 1SSO), a midsized 90-residue
Barstar (PDB entry 1A19), and a large 181-residue K-STI (PDB entry 1AVU). Sso7d is the smallest single-domain protein in our data set,
and K-STI is the largest. The size of Barstar lies closer to the average protein size in 12 single domains. (a) 3D structures of the three
proteins plotted using the SecondaryRender program of the Molecule module in Insightll version 2000. (b) The plot compares the stability
curves for the three proteins shown in panel a. Sso7d (in red) has the largest and K-STI (green) the smallest temperaiigggdnade (
thermodynamic stability in the plot. That of Barstar (blue) lies between these two.

16 ' ' ' ' ' ' ' ' we have performed correlation analysis between the structural
(Table 8a) and thermodynamic parameters for eight single-
“r 1 domain monomers for which crystallographic data are

available. We find that parameters related to atomic packing
(compactness and average occluded surface area) are not
correlated with the thermodynamic parameters. Hydropho-
bicity, the proportion of nonpolar buried surface area, is also
uncorrelatedTs and AG(Ts) do not show any significant
correlation with parameters based on surface areas or on the
proportions of charged, aromatic, or nonpolar residues. At
the same time, the ASA magnitudes are correlated with
parameters which determine the slope and curvature of the
protein stability curves (Table 9). The nonpolar accessible

A G (T) (kcal/mole)
-]

.l i surface area is positively correlated with protein size and
AC,. Similar observations have been made by Makhatadze

0 ) ‘ s and Privalov 86) in a different data set of single-domain

S A s Ay A proteins. The correlation between the nonpolar surface area

FiGURE 4: Protein stability curves plotted eye’ K in themelting andAC, has been described 37, 38).

temperature range of 36@100 K. The curves were plotted using

the averages of the data collected from simulations of the Implications of the Obseed Correlations

experimentally determinefiHg, AC,, andTg for 12 single domains.

A total of 8686 sets of thermodynamic parameters were used to  The observed correlations in the 12 single domains have

compute the averages to plot the protein stability curves. This figure interesting implications for protein structure and thermo-
indicates that proteins need to upshift and broaden their stability stability. Below, we discuss some of these in some detail
curves to achieve higher melting temperatures. ' ’ . . , '
Temperature Range and the Size of Protein Domailust
likely that the correlations observed here would also apply proteins consist of structural building blocks, hydrophobic
to the reversible two-state single domains in general. folding units, domains, and subunits. Our results imply that
To investigate whether any protein structural property there may be an upper limit to the size of a single cooperative
plays a role in determining the thermodynamic parameters, hydrophobic globule. As the size grows, the temperature
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Table 4: Correlations among Various Thermodynamic Parameters in 12 Single Ddmains

Un-Normalized Parameters

parameter & AHg AC, —AS TS Ts AG(Ty) Trange —ACTe
Nres —0.63 0.62 0.54 —0.53 —0.64
Te —0.63 0.58 0.79 0.60 0.86 0.67
AHg 0.78 0.99 0.56 0.8) —0.75
AC, 0.85 —0.66 —0.73 —1.00
A (—0.73 0.83
TS 0.72 —0.58 —-0.91 —0.65
Ts
AG(Ts) 0.66
Trange 0.74
Normalized Parameters
parameter pair d Ahg AC, —-AS T Ts AQ(Ts) Trange —ACyTe
Nres —0.63 —0.80 0.79 -0.71 —0.53
Te 0.69 —0.59 0.86 0.86
Ahg (0.79 —0.99 0.84(0.92 0.58
AC, —0.57 0.79 0.54 0.51 —0.99
AN —0.78(—0.89 0.49
TS 0.72 —0.79 —-0.91 —0.58
Ts
Ag(Ts) 0.92
Trange 0.50

aLinear correlation coefficients among the thermodynamic parameters in 12 single-domain proteins in our study. The correlations which are
significant at the=95% level of confidence are shown (bold if significant at the 99.5% level). The cutoff valuesvere taken from Table 2. A
hyperthermophilic single-domain protein, Sso7d, appears to be an outlier in plots of a few parameter pairs. When the calculations were performed
without Sso7d, the results were qualitatively identical. Thalues in parentheses are for the remaining 11 single-domain proteins, shown only
when the correlation improves.

Table 5: Regression Line Equations for Parameter Pairs in 12 Single Démains

parameter pair regression line equation r root-mean-square error
Nres T Ts (K) = —0.21Nes+ 367.09 —0.63 10.18 K

Nres TRange TRange(K) = —0.36Nes+ 135.21 —-0.53 22.30K

ACy, Trange Trange(K) = —34.34AC, (kcal molrt K1) +149.0 -0.73 18.06 K

ASs, AC, AC, (cal molrt K1) = 9.3A%; (cal molt K—) — 508.6 0.85 288.1 cal motK*
AY(Ts), Trange Trange(K) = 0.87Ag(Ts) (kcal/mol)+ 46.33 0.92 10.15K

a Regression line equationg € mx+ c) for the plots of a few of the parameter pairs in our studglenotes the linear correlation coefficient.
The lines were fitted using the least-squares method. The root-mean-square error for each equation is the root-mean-square deviation between the
actual data and those predicted from the least-squares line. Units for each parameter in the equation are given in parentheses.

Table 6: Effect of Substitution of Homologous Proteins in the Data Set on Observed Corrélations

12 single Sso7d— Btk Sso7d— Sac7d

parameter pair domains Sso7d> Sac7d Sso7d- Btk BsHPr— EcHPr BsHPr— EcHPr BsHPr— EcHPr
Trange —~ACp/Tg 0.74 0.75 0.75 0.77 0.77 0.78
TRange —A

Trange AQ(Ts) 0.92 0.81 0.75 0.92 0.74 0.81
Trange Nres —0.53 —0.51 —0.50 —0.53 —0.50 —0.52

To, Nres —0.63 —0.62 —0.59 —0.58 —0.53 —0.56
—ACy/Tg, Nres —0.64 —0.62 —0.63 —0.62 —0.61 —0.60
-Asg, Nres 0.79 0.76 0.68 0.85 0.74 0.82

aThermodynamic parameters are available for the homologues of two proteins in our data set. These proteins are Sso7d [homologues, Sac7d
(26) and Btk @7)] and BsHPr [homologue, EcHP2§)]. The thermodynamic parameters for the homologues were taken from Table 19ofted
thermodynamic parameters were substituted both singly (e.g., Ss&ac7d) and in combinations (e.g., Sse#dSac7d, BsHPr= EcHPr). The
linear correlation coefficients were recomputed for all parameter pairs shown in Table 4 upon each substitution. Here, we show only those parameter
pairs which bear on important results of this stuehAss and Ag(Ts) were obtained by normalizing ASs and AG(Ts), respectively, with the
protein size Kie9. As in Table 4, all the linear correlation coefficients shown here are significant at36&6 level (bold if significant at the 99.5%
level) of confidence. Qualitatively, our results remain the same upon homologue substitutions.

range over which it is thermodynamically stable appears to occurrence of single-domain proteins decreases with the
shrink and its melting temperature appears to drop. Extrapo-increase in the protein siz89). A recent database analysis
lations from the regression line equations in Table 5 indicate of protein structural domains in the Protein Data Bank by
that a single hydrophobic globule of approximately 320 the Barton group 40) indicates that the majority of the
residues may melt around room temperature and be stablgrotein domains contain 50150 residues and most of these
over a temperature range of ory20 K. This suggests a  are smaller than 300 residues (Figures 2 and 4a id0gf
thermodynamic advantage for proteins that differentiate into Furthermore, the majority of protein chains with200
multiple units (domains). Consistently, the frequency of the residues contain multiple domains with the number of
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Table 7: Effect of Arbitrary Addition and Removal of a Protein in thermophilic protein can be upshifted as compared to those

the Data Set on Observed Correlatidns of its mesophilic homologue(s), the curvatures may be
11 two-state 12 two-state 13 two-state different, or there may be a left or right shift of the curve.
parameter pair single domains single domains single domains By comparing the stability curves of 19 homologous ther-

mophilic and mesophilic proteins in five different families,

T::g: v E L T\i we have observed that thermophilic proteins have broader
Trangs AQ(Ts) Y Y Y and upshifted stability curvegl?). As a result, the temper-
Range Nres N Y Y ature ranges of thermodynamic stability for the thermophilic
IGA&;ST N X $ X proteins are larger than those for the mesophilic homologues
AN v v v (Figure 1 in refd7). To further explore this issue, here we

aTh ; — — . again use the grid search methodology to select sets of
e parameter pairs that show statistically significant correlations 5 . -

in different data sets in our study are shown. Only those parameter t(h€rmodynamic parameters that show maximal stability at
pairs which are important for this study are showmss and Ag(Ts) room temperature. In th@s range of 306-400 K, the
were obtained by normalizing ASs and AG(Ts), respectively, with average values oAHg and AC, for selected sets were
the protein sizeN9. The symbol Y indicates that the parameter pairs computed at 5 KTg intervals. A total of 8686 sets of
show a correlation significant at the 95% level of confidence, : ;
indicating that this parameter pair is likely to be correlated in two- thermodynamic parameters were used for ":he calculation of
state single-domain proteins in general. The symbol N indicates that these averages. The average thermodynamic parameters were
the correlation shown by the parameter pair is not significant at the used to plot the hypothetical protein stability curves shown
95% level of confidence’ The data set of 11 two-state single domains in Figure 4. Again, this experiment shows that higher melting
was obtained by removing the hyperthermophilic single-domain protein temperatures are achieved via upshift and broadening of the

Sso7d 12) from the data set of 12 two-state single domains, the focus . . . . g
of this study.® The data set of 13 two-state single domains was obtained curves. This suggests that proteins with highevalues will

by adding the activation domain of human procarboxypeptidase A2 @lso have lowell¢' values, indicating a greater temperature
[ADA2h (25)] to the 12 two-state single domains. Note that ADA2h  range of thermodynamic stability. Varying tfAg (temper-
was not included in the original calculations because of the rather large gture of maximal stability) in the range of 27310 K

uncertainty in itsAG, value. yielded similar results (data not shown).

domains increasing with the size of the protein cha#.( DISCUSSION AND CONCLUSIONS

Previously, Xu and Nussinov{) have used an empirical Protein thermodynamics are essential for understanding
function that describes the energetic balance between the gaistructure and function. One way to study protein thermody-
in enthalpy due to favorable internal interactions and the loss namics is via collection and analysis of experimental data
of conformational entropy in the folded state to argue that a on protein folding== unfolding transitions. However, there
protein chain should be neither too short nor too long to form are limitations. Thermodynamic experiments are performed
a stable single domain. Their study indicates that the optimal in different laboratories under different experimental condi-
size for a single domain is 100 residues. Consistently, thetions. The folded and unfolded states of the different proteins
average size of the 12 single domains in our database is 113are also different. The unfolded state may still contain
+ 40 residues with the range being-6281 residues. residual structure, sometimes with native-like topologf) (

Are Small Proteins More ThermostaBl&g, Trangse and The errors in experimental estimates of thermodynamic
curvature are all negatively correlated with protein size parameters can be propagated to the derived parameters and
(Table 4). The negative correlation between curvature and make the correlation analyses difficult. Recently, Pace et al.
Nres is significant even at the 99.5% level of confidence ( (7) have illustrated that values akC, tend to be more
= —0.89). These indicate that smaller proteins may melt at unreliable thanTs and AHg values. Experimentals is
higher temperatures and may be stable over wider temper-usually determined accurate within 1%, whilkHg is
ature ranges. In few specific instances, it was noted that smallaccurate within 5%. For most proteins in our study, the
single-domain proteins have high melting temperatut@s ( estimated errors iAC, are within 10% and do not consider-
13, 26, 42). An extreme example is that d®yrococcus ably affect the stability curves of the individual protei®. (
furiosusrubredoxin {Nes = 53) whoseTg is reported to be  Here, we have employed a number of quality controls (see
~200°C (43). Rubredoxin does not show a simple reversible Materials and Methods and r8f which give us confidence
two-state folding== unfolding transition, and its extraordi- that the quality of our data is reasonably high. Furthermore,
narily high melting temperaturd§) is not predicted by our  we have supplemented our results with simulations of protein
regression equation relating protein size anrd(Table 5). thermodynamics. The simulations were performed using the
Notwithstanding this minor discrepancy, our analysis sug- values and ranges observed in the experimental data.
gests that, in general, small proteins may indeed be more Here we have focused on the 12 single domains with
thermostable. This is mainly due to smaller heat capacity reversible two-state folding= unfolding transitions. While
(AC,) values for such proteins. Consistently, genomic scale thermodynamic parameters for many single domains have
comparisons among the thermophilic and mesophilic proteinsbeen experimentally measured, the number of those which
have shown that thermophilic proteins contain fewer residuesfollow our selection criteria [scan rate and concentration
than mesophilic proteins, largely the outcome of loop independence, constafiC,, folding == unfolding transition
shortening and/or deletiori ). at or near neutral pH, maximal stability around room

Upshift and Broadening of Protein Stability Guas Leads temperature, reversibility of 90%, cooperativity ratioR)
to Greater ThermostabilityA higher melting (transition)  of 0.9—1.1] is still quite small. As with all small data
temperature for a thermophilic protein can be attained in one analyses, there is no guarantee that other data sets of
of three ways 26, 42, 44—46): The stability curve of the  reversible two-state single-domain proteins would also show
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Table 8: Structural Parameters Derived from Crystal Structures of Eight Single-Domain Proteins
protein Nres hydrophobicity (%) compactness AVOSP ASAA2) ASAu (A2) ASAnonpol (A2

A repressay-gs 80 76 1.79 0.35:0.13 4973 2272 2701
Barstar 90 80 1.43 0.36 0.13 5103 2389 2714
Snase 149 79 1.72 0.360.13 8224 3745 4479
GDH domain Il 150 82 1.65 0.3%0.14 7711 3572 4139
C.of Igh 104 82 2.02 0.32:0.13 6350 2618 3732
K-STI 181 86 1.64 0.36:0.14 9062 4290 4772
apoflavodoxin 168 86 1.47 0.380.14 7701 4090 3611
thioredoxin 108 79 151 0.350.14 5946 2618 3328

a Of the 12 single-domain proteins in our data set, 11 domains have 3D structures. Eight are crystal structures. These eight were used in our
analysis. For GDH domain Il, the atomic coordinates of the domain were extracted from PDB entry 1B26 which contains the structure for the full
protein.Nresis the number of residues. Hydrophobicity, compactness, and AvOSP were calculated as described in Materials and Methods. AvOSP
stands for average occluded surface parameter. It is the average of the occluded surface parameter for individual amino acid residues in a protein.
For a residue, an OSP of 1 indicates that the residue is completely occluded (inaccessible to water). An OSP of 0 indicates that the residue is
completely exposed. ASAstands for the total accessible surface area of the protein. It consists of polah§A&BA nonpolar (ASAwnp.) components.

negative correlation seen betwebfng.and protein size and
its implications.
Protein thermodynamic simulations indicate that upshift

Table 9: Linear Correlation Coefficients)(@mong Structural and
Thermodynamic Parameters for Eight Single-Domain Prateins

parameter Nres Ahg AC, ASs 4 broaden; £th ' bil lead to high

ASA 0.86 0.67 0.88(0.67) 081 and broadening of the protein stability curves lead to higher
ASAp 078 0.80 melting temperatures (Figure 4). Consistently, we have
ASAnonpol 0.78 0.65 0.87(0.78) 0.71 reported earlier that the thermophilic proteins have lower

aThe thermodynamic and structural parameters have been normalizedCp values and &_lre stable _Qver temperature ranges wider
by the number of residued¢y). In the case of heat capacity change, than those of their mesophilic homologues), We have
the correlation coefficients given in parentheses are un-normalized interpreted this observation in terms of the formation of
\(/:aluels th heat C_?Pacity tctuae”g;’/alnd rle'?Vamf_ztrUCtura' pahr ameter.gdditional specific interactions in the thermophilic proteins
Constons Sonfcan 3 e S0 Vel of confdnte Sfe S9N such as salt bridgess, 51 52), aromic clusterss), and
taken from Table 2. cation—z interactions $4). Shortening the chain length via
loop deletion and/or shortening can also reduceA@g and
increaselg (11). Loop deletion or shortening also reduces
the conformational entropy at high temperatures.

the correlations observed in this study. However, the fol-
lowings give us confidence that most of the results of this
analysis will also apply to other single-domain proteins. We  To conclude, our results indicate that the temperature range
have used theé test to determine whether a parameter pair Of thermodynamic stability for a single domain depends on
which is correlated in a data set of 12 single domains would Size. Small, two-state single-domain proteins have broader
also be correlated in reversible two-state single-domain stability curves leading tdc values higher than andic'
proteins in general. In this study, we have reported only thosevalues lower than those of the larger single-domain two-
correlations which pass this test at the95% level of state proteins. The negative correlations of the temperature
confidence. Furthermore, substitution with homologous range with the heat capacity change and protein size point
proteins (Table 6) and arbitrary addition or removal of a to the hydrophobic effect. It further suggests why protein
protein (Table 7) in our data set do not significantly affect Structures often contain multiple hydrophobic folding units,
our results. domains, and subunits.

The 12 single-domain proteins contain single hydrophobic
cores. This may be the reason behind the observed statisti ACKNOWLEDGMENT

cally significant correlations among their thermodynamic  \ye thank Drs. Neeti Sinha. Gunasekaran Kannan. David
parameters despite the fact that each protein in our data S€Fanuy, and, in particular, Jacob V. Maizel for numerous
is unique. For some of the parameter pairs in Tables 4 a”dhelpful, discussions. '

9, similar correlations have been reported previoug\a{,
38, 47, 49).
The temperature range over which a protein’s native state
is thermodynamically stabld gangd is sensitive to variations
in the curvature of its stability curve. The curvature is
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