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ABSTRACT: The difference between the heat (TG) and the cold (TG′) denaturation temperatures defines the
temperature range (TRange) 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 change (∆Cp) but is positively
correlated with the maximal protein stability [∆G(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 temperature (TG) also shows a negative correlation with protein size.
Consistently,TG andTG′ show opposite correlations with∆Cp, indicating a dependence of theTRangeon
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 thatTRangeis 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 foldingh unfolding mechanism is
the simplest mechanism of protein folding. The thermody-
namic stability of a two-state protein varies with temperature,
pH, solvent, the presence of chemical denaturants, and salt
concentration. The temperature-dependent variation in the
thermodynamic stability of a two-state protein can be studied
using the Gibbs-Helmholtz equation (1, 2):

where∆G(T)1 is the Gibbs free energy change between the
denatured (D) and native (N) states of the protein at a given
temperatureT, ∆HG is the enthalpy change between the two

states at the melting temperature (TG), and∆Cp is the heat
capacity change between the two states.∆HG, ∆Cp, andTG

can be determined using calorimetric and spectroscopic
experiments. A plot of∆G(T) versusT yields a skewed
parabola-shaped protein stability curve (e.g., see Figure 1).

The hydrophobic effect (3) is the major force driving
protein folding (4). However, the relative estimates of the
energetic contributions of hydrophobicity and electrostatics
to protein stability in the native state are controversial. A
back of the envelope calculation by Schellman (5) showed
that the hydrophobic effect is responsible for∼75% of the
protein stability. On the other hand, Pace et al. (6-8) have
suggested that both hydrophobic and electrostatic effects
make large but comparable energetic contributions to protein
stability. By performing statistical analysis of experimental
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1 Abbreviations: TG, heat denaturation (melting) temperature;TG′,
cold denaturation temperature;TS, temperature of maximal protein
stability;∆HG, molar enthalpy change between the native and denatured
states of a protein atTG; ∆SG, molar entropy change between the native
and denatured states of a protein atTG; ∆Cp, molar heat capacity change
between the native and denatured states of a protein;∆G(T), molar
Gibbs free energy change between the native and denatured states of
a protein at temperatureT; ∆G(TS), molar Gibbs free energy change
between the native and denatured states of a protein atTS; TRange,
temperature range of thermodynamic stability for a reversible two-state
protein; -∆SG, slope of the protein stability curve atTG; -∆Cp/TG,
curvature of the protein stability curve atTG; r, linear correlation
coefficient.

∆G(T) ) ∆HG(1 - T/TG) - ∆Cp[(TG - T) + T ln(T/TG)]
(1)
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thermodynamic data on proteins that show reversible two
state foldingh unfolding transitions around neutral pH, we
have found that the majority of the proteins are maximally
stable around room temperature (9), consistent with the
hydrophobic effect being the major contributor to their
stability (5, 10).

Here we focus on 12 single domains which show reversible
two-state foldingh unfolding transitions at or near neutral
pH and are maximally stable around room temperature. We
have supplemented our results using protein thermodynamics
simulations. We find that the temperature range (TRange) over
which a protein or a domain native state is thermodynami-
cally stable is more sensitive to the variations in curvature
(-∆Cp/TG at TG) than to variations in the slope (-∆SG at
TG) of its stability curve. Since the slope and curvature of a
protein stability curve depend on the protein size,TRange

shows a negative correlation with protein size. Protein
stability curves are broader for small proteins and narrower
for larger ones. TheTRangealso shows a positive correlation
with maximal protein stability [∆G(TS)]. This correlation
becomes stronger upon normalization of maximal protein
stability with protein size. The melting temperature (TG) is
negatively correlated with protein size, indicating that smaller
proteins have higher melting temperatures. The hydrophobic
effect in single domains helps rationalize these observations.
Our study has some interesting implications for protein
thermostability. The genomic scale observation that ther-
mophilic proteins are shorter, largely via deletion and/or
shortening of loops (11), may be related to this effect. Our
study suggests why it is advantageous for the protein
structure to differentiate into multiple hydrophobic folding
units and domains rather than exist as a large hydrophobic
globule in water.

MATERIALS AND METHODS

Proteins in Our Study and Calculation of DeriVed
Parameters. We have already described the procedure for
data collection and quality control (9). Briefly, our data set
consists of 31 proteins with two-state foldingh unfolding

transitions in the pH range of 6-8, with g90% reversibility.
The cooperativity ratio,R, for these proteins lies in the range
of 0.9-1.10. Of the 31 proteins, 26 do not contain a
homologue in our data set. Of the 26 unique proteins, 20
are maximally stable around room temperature with the
temperature of maximal stability (TS) being 20 ( 8 °C.
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
from Sulfolobus solfataricus[Sso7d (12)], Thermotoga
maritimacold shock protein [TmCsp (13)], Bacillus subtilis
histidine phosphocarrier protein [BsHPr (14, 15)], λ
repressor6-85 (16), Barstar (17), staphylococcal nuclease
[Snase (18)], Escherichia coliferricytochromeb562 [FeCyt
b562 (19)], T. maritimaglutamate dehydrogenase monomer
domain II [GDH domain II (20)], residues 109-212 in the
CL fragment of immunoglobulin Igλ [CL of Igλ (21)], Kunitz
type soybean trypsin inhibitor [K-STI (22)], Anabaena
apoflavodoxin (23), E. coli thioredoxin (24), and the activa-
tion domain of human procarboxypeptidase A2 [ADA2h
(25)]. In addition to these single-domain proteins, we have
also utilized the thermodynamic data for homologues of
Sso7d and BsHPr to validate our results. The homologues
of Sso7d are Sac7d (26) and Bruton’s tyrosine kinase [Btk
(27)]. For BsHPr, we have used its homologue,E. coli
histidine phosphocarrier protein [EcHPr (28)].

The three-dimensional (3D) structures were taken from
the Protein Data Bank (29), if available. The PDBsum2

database was used to obtain the CATH domain assignments.
We have computed several structural parameters for the
proteins. The Access-surf program in the Protstat group of
the Homology module in InsightII was used to compute the
total (ASAtot), polar (ASApol), and nonpolar (ASAnonpol)
accessible surface areas. The hydrophobicity of a protein is
computed as the ratio of the buried nonpolar surface area to
the total nonpolar surface area (30, 31). Compactness is
defined as the ratio of the volume of the protein to the volume
of the sphere that has the same surface area as the protein
(30, 31). The average occluded surface parameter (OSP)
values were calculated using the OS71 program available at
http://www.csb.yale.edu. This parameter is a measure of the
average atomic packing in the proteins (32, 33).

Along with the experimental thermodynamic parameters,
the melting temperature (TG), the enthalpy change atTG

(∆HG), and the heat capacity change (∆Cp) taken from the
literature (Table 1), we have computed additional thermo-
dynamic parameters using the Gibbs-Helmholtz equation
(1, 2).

The slope of the protein stability curve atTG is given by

The curvature of the protein stability curve atTG is -∆Cp/
TG.

The temperature at which the protein is maximally stable
(TS) is given by

The maximal protein stability [∆G(TS)], the maximum height

2 At http://www.biochem.ucl.ac.uk/bsm/pdbsum/index.html.

FIGURE 1: Hypothetical protein stability curve constructed by using
the average values of the thermodynamic parameters (∆HG, ∆Cp,
andTG) for 12 single domains. TheX-axis indicates the temperature,
and theY-axis indicates the∆G(T) (the free energy difference
between the denatured and native states).

-∆SG ) -∆HG/TG (2)

TS ) TG exp[-∆HG/(TG∆Cp)] (3)
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of the protein stability curve, is given by

The temperature range (TRange) over which the native state
of the protein is thermodynamically stable is given by

Additionally, the cold denaturation temperature (TG′) and the
protein stability at room temperature [∆G(RT)] were ex-
trapolated from the protein stability curves. Cold denaturation
has not been experimentally demonstrated for any protein
in our data set (see refs12-28 for the experimental details
for the proteins in this study). In our study,∆G(TS) and
∆G(RT) have similar values since the proteins are maximally
stable around room temperature.

Determination of Linear Correlation Coefficients among
Various Parameter Pairs. Each pair of structural and
thermodynamic parameters (x, y) for proteins in our study
was fitted with a least-squares line. The linear correlation
coefficient for the parameter pair is calculated by (34)

wheren is the number of proteins in our study.
Would the Correlations ObserVed in Our Data Sets Also

Hold for Proteins in General? 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 also
relevant to proteins in general and to other protein samples.
A null hypothesis was formulated as follows. The protein
population correlation coefficient (F) for a given parameter
pair is zero (Ho, F ) 0), while the linear correlation
coefficient for the same parameter pair isr(*0) in our study.
The null hypothesis was tested by computing thet value (34):

We reject the null hypothesis at a 95% (p < 5 × 10-2) or
99.5% (p < 5 × 10-3) level of confidence if the computed

t value is greater thant0.95or t0.995, respectively, forn proteins
(34). Rejection of the null hypothesis for a parameter pair
indicates that the two parameters are likely to be correlated
with each other in protein populations and other samples from
these populations are likely to show these correlations. Table
2 provides the thresholdt values and linear correlation
coefficientsr for various numbers of proteins in our study
for which linear regressions were performed.

In addition to the above statistical tests, the linear
correlation coefficients were recomputed upon substitution
of the proteins in our data set with their homologues, where
such data are available. The substitutions were made both

Table 1: Data for 13 Unique Single Domains in Our Studya

protein Nres PDB entry method resolution (Å) TG (°C) ∆HG (kcal/mol) ∆Cp (kcal mol-1 K-1)

Sso7d 62 1SSO NMR 97.8 63.4 0.62( 0.04
TmCsp 66 82 62.6 1.1( 0.1
BsHpr 87 2HID NMR 73.4( 0.2 58.1( 1.7 1.17( 0.05
λ repressor6-85 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 72.7( 0.3 72.4( 3.6 1.27( 0.24
Snase 149 1EY0 X-ray 1.6 52.8 96( 2 2.2
FeCytb562 106 1QPU NMR 67.2( 0.5 94( 5 2.4( 0.4
GDH domain II 150 1B26 X-ray 3.0 69.6 70.2( 4.0 1.4( 0.3
CL of Igλ 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 57.3( 0.1 63.1( 0.7 1.34( 0.02
thioredoxin 108 2TRX X-ray 1.68 87.0 106.9( 1.1 1.66( 0.05
ADA2h 80 1AYE X-ray 1.8 77.0 47.6 0.86( 0.33
a All proteins show highly cooperative and reversible two-state foldingh unfolding 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 taken from ref9 and from published
literature.

∆G(TS) ) ∆HG - (TG - TS)∆Cp (4)

TRange) TG - TG′ (5)

r ) [n∑xy -

(∑x)(∑y)]/x[n∑x2 - (∑x)2][n∑y2 - (∑y)2] (6)

t ) rxn - 2/x1 - r2 (7)

Table 2: Thresholds forr and t Values at Various Levels of
Confidencea

95% level
of confidence

99.5% level
of confidence

no. of proteins t0.95 |r0.95| t0.995 |r0.995|
13 1.77 0.47 3.01 0.67
12 1.78 0.49 3.06 0.70
11 1.80 0.52 3.11 0.72
8 1.86 0.60 3.36 0.81

a Given are the thresholds fort values and linear correlation
coefficients (r) for rejecting the null hypothesis at 95% and 99.5% levels
of confidence for different numbers of proteins.

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

TG (K) 343 ( 14 325-371
∆HG (kcal/mol) 77( 18 58-107
∆Cp (kcal mol-1 K-1) 1.6( 0.6 0.6-2.6
-∆SG (cal mol-1 K-1) -225( 53 -167 to-309
-∆Cp/TG (cal mol-1 K-1) -4.7( 1.8 -7.8 to-1.7
TG′ (K) 248 ( 17 200-268
TS (K) 294 ( 8 281-304
∆G(TS) (kcal/mol) 5.5( 1.6 3.5-9.0
∆G(RT) (kcal/mol) 5.3( 1.6 3.5-9.0
TRange(K) 95 ( 27 68-171
Nres 113( 40 62-181
a Given 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 in its∆Cp value. The
values of the thermodynamic parameters,TG, ∆HG, and ∆Cp, 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.
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singly (replacement of one protein with its homologue) and
in combinations. We also repeated the calculations by
arbitrarily adding and removing a protein from the data set.

Protein Thermodynamics Simulations. We have used
experimental thermodynamic data for 12 single-domain two-
state proteins to guide simulations of protein thermodynam-
ics. The simulations use the Gibbs-Helmholtz equation (eq
1) to explore the consequences of systematic variations in
the thermodynamic parameters,∆HG, ∆Cp, and TG. The
variations were performed within the observed ranges of
these parameters for the 12 single-domain two-state pro-
teins (Table 3). The procedure followed here is similar to
the grid search/conformational sampling method used in
molecular simulations. Two different simulation experi-
ments were performed. In both,∆HG and∆Cp were varied
over the ranges of 50-150 kcal/mol and 0.5-3.0 kcal mol-1

K-1, respectively.∆HG was varied in steps of 0.1 kcal/mol
and∆Cp in steps of 0.01 kcal mol-1 K-1. We have selected
those sets of thermodynamic parameters (∆HG, ∆Cp, andTG)
which yield a temperature of maximal stability of 298 K
(eq 3).

In the first simulation experiment, we selected the ther-
modynamic parameter sets (∆HG, ∆Cp, andTG) which yield
a constant maximal stability [∆G(TS) ) 5.5 kcal/mol; stability
curves plotted in Figure 2a], a constant slope atTG (-∆SG

) -225 cal mol-1 K-1; stability curves plotted in Figure
2b), and a constant curvature atTG (-∆Cp/TG ) -4.7 cal
mol-1 K-1; stability curves plotted in Figure 2c). In these
calculations,TG was allowed to vary in the range of 300-
500 K. The selected thermodynamic parameter sets were used
to plot hypothetical protein stability curves using the Gibbs-
Helmholtz equation. The purpose of this experiment was to
probe the sensitivity ofTRangeto variations in the slope and
curvature of the protein stability curves.

In the second experiment,TG was varied in the range of
300-400 K in 5 K steps along with the variations in∆HG

and∆Cp stated above. The averages of the selected thermo-
dynamic parameters were computed and used to plot the
protein stability curves (shown in Figure 4). This experiment
addresses the question of how proteins achieve higher
melting temperatures.

RESULTS

Our data set consists of 13 unique single domains that are
maximally stable around room temperature. Each domain
contains a single hydrophobic core, and the Gibbs-Helm-
holtz equation applies best to this class. In the calculations
presented here, we have not included the single-domain
ADA2h (25). ADA2h has a rather large uncertainty in its
∆Cp value (Table 1) that affects its protein stability curve
and the accuracy of the derived thermodynamic parameters
(9). Table 3 presents averages and ranges of variation seen
in the thermodynamic parameters for the remaining 12 single
domains in the data set. The 12 single domains have
relatively small average values for the enthalpy change at
the melting temperature (∆HG ) 77 ( 18 kcal/mol) and the
heat capacity change (∆Cp ) 1.6 ( 0.6 kcal mol-1 K-1).
The maximal stabilities of these proteins are less than 10
kcal/mol [average∆G(TS) ) 5.5 ( 1.6 kcal/mol], and their
melting temperatures span the range typically seen for
proteins from the mesophilic and thermophilic organisms

(35). The native states of these proteins are stable over a
temperature range of∼100 K (averageTRange ) 95 ( 27
K). Figure 1 shows a hypothetical protein stability curve
plotted using average thermodynamic parameters of the 12
single domains.

Correlations among Various Parameters for 12 Single
Domains

Table 4 presents the linear correlation coefficients (r)
among the various thermodynamic parameters for the 12
single domains. The protein stability curve (Figure 1)
indicates that the temperature range over which the native
state of a single-domain protein is thermodynamically
favored (TRange ) TG - TG′) should depend on the slope
(-∆SG at TG) and curvature (-∆Cp/TG at TG) of the protein
stability curve. The temperature of maximal stability (TS)
and maximal protein stability [∆G(TS)] also affect theTRange.
In our data set, theTRangeshows significant correlations with
the curvature and maximal protein stability for 12 single
domains. The correlation betweenTRangeand the curvature
(r ) 0.74) is significant at the 99.5% level of confidence.
Furthermore,TG andTG′ (estimated cold denaturation tem-
perature) are oppositely correlated with-∆Cp/TG (Table 4)
and with∆Cp. A similar behavior ofTG, TG′, andTRange is
also seen with respect to maximal protein stability. The
correlations among these parameters become highly signifi-
cant (99.5% level of confidence) when∆G(TS) is normalized
with respect to the protein size [∆G(TS) ) ∆G(TS)/Nres].
These observations indicate that these parameters may be
correlated for reversible two-state single-domain proteins in
general.

The TRange does not show significant correlations with
either the slope orTS. In our data set,TS is restricted to a
small range near room temperature and bothTG andTG′ show
positive correlations withTS. Because the slope of a protein
stability curve atTG is also related to the enthalpy change at
TG (-∆SG ) -∆HG/TG), we find thatTRangedoes not show
a significant correlation with∆HG either. However, the
correlation betweenTRangeand∆hG ()∆HG/Nres) is significant
at the 95% level of confidence (Table 4). We note that
maximal protein stability also depends on both slope and
curvature of the stability curve (eq 4). Furthermore, the
correlation between the slope and curvature is highly
significant (99.5% level of confidence) for 12 single domains
(r ) 0.83). These observations indicate that there may still
be a significant contribution from the slope of the protein
stability curve to itsTRange. By using the least-squares method,
we have derived a parametric equation that describes the
relationship among the slope, curvature, andTRange for the
12 single-domain proteins. This equation is

The root-mean-square error for this equation is 12 K.
Taken together, these results indicate thatTRangemay be

more sensitive to variations in the curvature rather than to
the slope of the protein stability curve. To gain further insight
into this issue, we have used a grid search-based simulation
experiment to obtain sets of the three thermodynamic
parameters (∆HG, ∆Cp, andTG) in such a way that they yield

TRange(K) ) -0.45× slope (cal mole-1 K-1) + 22.46×
curvature (cal mol-1 K-1) + 97.96

Single-Domain Two-State Protein Thermodynamics Biochemistry, Vol. 42, No. 17, 20034867



the temperature of maximal stability at room temperature
(298 K). The ranges for the thermodynamic parameters∆HG

and ∆Cp were inspired by the variations in the values of

these parameters shown by 12 single domains (Table 3). The
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 [∆G(TS)] of 5.5 kcal/mol. Ninety-
six sets have a slope atTG (-∆SG) of -225 cal mol-1 K-1,
and 312 sets have a curvature atTG (-∆Cp/TG) of -4.7 cal
mol-1 K-1. The selected constant values of maximal stability,
slope, and curvature atTG 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 thanViceVersa
(Figure 2c). These again indicate the greater sensitivity of
TRange to variations in curvature. An analogous experiment
that allowed the temperature of maximal stability (TS) to be
varied in the range of 273-310 K yielded similar results
(data not shown).

Among the 12 single-domain proteins, bothTG andTRange

are negatively correlated with protein size. The slope and
curvature also show significant correlations withNres. 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
sharper and narrower curves, resulting in smaller temperature
ranges over which their native states are thermodynamically
stable. We chose a pictorial example to illustrate this point.
Figure 3 compares the sizes and stability curves of a small
(Sso7d, 62 residues,TRange) 170 K), a midsized (Barstar,
90 residues,TRange ) 102 K), and a large (K-STI, 181
residues,TRange) 73 K) single-domain protein.

Additionally, ∆Cp, ∆SG, and ∆HG also show strong
correlations among themselves and with∆G(TS). We have
normalized these parameters and∆G(RT) by the number of
residues (Table 4). For the 12 single domains, the normaliza-
tion yields negative correlations of these withNres. There
are strong correlations amongTG and ∆g(TS), ∆hG and
∆g(TS), and∆sG and∆g(TS), being significant at the 99.5%
level of confidence (9). 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
betweenTG′ and∆g(TS) (Table 4). Combined withTG versus
∆g(TS), this results in a strong positive correlation between
TRangeand∆g(TS). Table 5 gives the least-squares regression
line equations for the five important parameter pairs,Nres

andTG, Nres andTRange, ∆SG and∆Cp, ∆Cp andTRange, and
∆g(TS) andTRange, for the 12 single domains.

Of 12 single domains in our data set, the thermodynamic
parameters for the homologues of two proteins, namely,
Sso7d and BsHPr (Table 1), are also available (see Table 1
of ref 9). We have substituted the homologous proteins and
recalculated the linear correlation coefficients. The following
protein exchanges were made: Sso7df Sac7d, Sso7df
Btk, BsHPrf EcHPr, Sso7df Sac7d and BsHPrf EcHPr,
and Sso7df Btk and BsHPrf EcHPr (see Table 6 for
details). The results have not changed appreciably. Arbitrary
removal and addition of a protein to our data set also do not
affect the results (Table 7). These tests give us confidence
that despite the limitation of our small data set, it is very

FIGURE 2: Results from simulations of the protein thermodynamic
data. The values of∆HG, ∆Cp, andTG were varied systematically
in small steps over a range inspired by the experimentally
determined values of these parameters for 12 single domains. In
each panel, the protein stability curves for selected combinations
of these parameters are plotted. (a) Protein stability curves for 211
sets of the thermodynamic parameters which yield a constant
maximal protein stability [∆G(TS) ) 5.5 kcal/mol]. (b) Protein
stability curves for 96 sets of thermodynamic parameters with a
constant slope (-∆SG ) -225 cal mol-1 K-1). (c) Protein stability
curves for 312 sets of the thermodynamic parameters with a constant
curvature (-∆Cp/TG ) -4.7 cal mol-1 K-1). The constant values
of maximal stability, slope, and curvature are the average values
of these parameters for 12 single domains (Table 3), and all the
curves show maximal stability at 298 K. This figure indicates that
the temperature range (TRange) of thermodynamic stability is more
sensitive to variations in curvature than to those in slope.

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



likely that the correlations observed here would also apply
to the reversible two-state single domains in general.

To investigate whether any protein structural property
plays a role in determining the thermodynamic parameters,

we have performed correlation analysis between the structural
(Table 8a) and thermodynamic parameters for eight single-
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
uncorrelated.TG and ∆G(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
surface area is positively correlated with protein size and
∆Cp. Similar observations have been made by Makhatadze
and Privalov (36) in a different data set of single-domain
proteins. The correlation between the nonpolar surface area
and∆Cp has been described (10, 37, 38).

Implications of the ObserVed Correlations

The observed correlations in the 12 single domains have
interesting implications for protein structure and thermo-
stability. Below, we discuss some of these in some detail.

Temperature Range and the Size of Protein Domains. Most
proteins consist of structural building blocks, hydrophobic
folding units, domains, and subunits. Our results imply that
there may be an upper limit to the size of a single cooperative
hydrophobic globule. As the size grows, the temperature

FIGURE 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 InsightII 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 temperature range (TRange) of
thermodynamic stability in the plot. That of Barstar (blue) lies between these two.

FIGURE 4: Protein stability curves plotted every 5 K in themelting
temperature range of 300-400 K. The curves were plotted using
the averages of the data collected from simulations of the
experimentally determined∆HG, ∆Cp, andTG for 12 single domains.
A total of 8686 sets of thermodynamic parameters were used to
compute the averages to plot the protein stability curves. This figure
indicates that proteins need to upshift and broaden their stability
curves to achieve higher melting temperatures.
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range over which it is thermodynamically stable appears to
shrink and its melting temperature appears to drop. Extrapo-
lations from the regression line equations in Table 5 indicate
that a single hydrophobic globule of approximately 320
residues may melt around room temperature and be stable
over a temperature range of only∼20 K. This suggests a
thermodynamic advantage for proteins that differentiate into
multiple units (domains). Consistently, the frequency of the

occurrence of single-domain proteins decreases with the
increase in the protein size (39). A recent database analysis
of protein structural domains in the Protein Data Bank by
the Barton group (40) indicates that the majority of the
protein domains contain 50-150 residues and most of these
are smaller than 300 residues (Figures 2 and 4a in ref40).
Furthermore, the majority of protein chains with>200
residues contain multiple domains with the number of

Table 4: Correlations among Various Thermodynamic Parameters in 12 Single Domainsa

Un-Normalized Parameters
parameter TG ∆HG ∆Cp -∆SG TG′ TS ∆G(TS) TRange -∆Cp/TG

Nres -0.63 0.62 0.54 -0.53 -0.64
TG -0.63 0.58 (0.74) 0.60 0.86 0.67
∆HG 0.78 0.99 0.56 (0.81) -0.75
∆Cp 0.85 -0.66 -0.73 -1.00
-∆SG (-0.73) 0.83
TG′ 0.72 -0.58 -0.91 -0.65
TS

∆G(TS) 0.66
TRange 0.74

Normalized Parameters
parameter pair TG ∆hG ∆Cp -∆SG TG′ TS ∆g(TS) TRange -∆Cp/TG

Nres -0.63 -0.80 0.79 -0.71 -0.53
TG 0.69 -0.59 0.86 0.86
∆hG (0.74) -0.99 0.84(0.92) 0.58
∆Cp -0.57 (-0.79) 0.54 0.51 -0.99
-∆SG -0.78(-0.88) 0.49
TG′ 0.72 -0.79 -0.91 -0.58
TS

∆g(TS) 0.92
TRange 0.50

a Linear correlation coefficients (r) among the thermodynamic parameters in 12 single-domain proteins in our study. The correlations which are
significant at theg95% level of confidence are shown (bold if significant at the 99.5% level). The cutoff values forr were 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. Ther values 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 Domainsa

parameter pair regression line equation r root-mean-square error

Nres, TG TG (K) ) -0.21Nres+ 367.09 -0.63 10.18 K
Nres, TRange TRange(K) ) -0.36Nres+ 135.21 -0.53 22.30 K
∆Cp, TRange TRange(K) ) -34.34∆Cp (kcal mol-1 K-1) + 149.0 -0.73 18.06 K
∆SG, ∆Cp ∆Cp (cal mol-1 K-1) ) 9.3∆SG (cal mol-1 K-1) - 508.6 0.85 288.1 cal mol-1 K-1

∆g(TS), TRange TRange(K) ) 0.87∆g(TS) (kcal/mol)+ 46.33 0.92 10.15 K
a Regression line equations (y ) mx + c) for the plots of a few of the parameter pairs in our study.r denotes 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 Correlationsa

parameter pair
12 single
domains Sso7df Sac7d Sso7df Btk BsHPrf EcHPr

Sso7df Btk
BsHPrf EcHPr

Sso7df Sac7d
BsHPrf EcHPr

TRange, -∆Cp/TG 0.74 0.75 0.75 0.77 0.77 0.78
TRange, -∆SG

TRange, ∆g(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
TG, Nres -0.63 -0.62 -0.59 -0.58 -0.53 -0.56
-∆Cp/TG, Nres -0.64 -0.62 -0.63 -0.62 -0.61 -0.60
-∆sG, Nres 0.79 0.76 0.68 0.85 0.74 0.82
a Thermodynamic parameters are available for the homologues of two proteins in our data set. These proteins are Sso7d [homologues, Sac7d

(26) and Btk (27)] and BsHPr [homologue, EcHPr (28)]. The thermodynamic parameters for the homologues were taken from Table 1 of ref9. The
thermodynamic parameters were substituted both singly (e.g., Sso7df Sac7d) and in combinations (e.g., Sso7df Sac7d, BsHPrf 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 study.-∆sG and ∆g(TS) were obtained by normalizing-∆SG and ∆G(TS), respectively, with the
protein size (Nres). As in Table 4, all the linear correlation coefficients shown here are significant at theg95% level (bold if significant at the 99.5%
level) of confidence. Qualitatively, our results remain the same upon homologue substitutions.
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domains increasing with the size of the protein chains (40).
Previously, Xu and Nussinov (41) have used an empirical
function that describes the energetic balance between the gain
in enthalpy due to favorable internal interactions and the loss
of conformational entropy in the folded state to argue that a
protein chain should be neither too short nor too long to form
a stable single domain. Their study indicates that the optimal
size for a single domain is 100 residues. Consistently, the
average size of the 12 single domains in our database is 113
( 40 residues with the range being 62-181 residues.

Are Small Proteins More Thermostable? TG, TRange, and
curvature are all negatively correlated with protein size
(Table 4). The negative correlation between curvature and
Nres is significant even at the 99.5% level of confidence (r
) -0.89). These indicate that smaller proteins may melt at
higher temperatures and may be stable over wider temper-
ature ranges. In few specific instances, it was noted that small
single-domain proteins have high melting temperatures (12,
13, 26, 42). An extreme example is that ofPyrococcus
furiosusrubredoxin (Nres ) 53) whoseTG is reported to be
∼200°C (43). Rubredoxin does not show a simple reversible
two-state foldingh unfolding transition, and its extraordi-
narily high melting temperature (TG) is not predicted by our
regression equation relating protein size andTG (Table 5).
Notwithstanding this minor discrepancy, our analysis sug-
gests that, in general, small proteins may indeed be more
thermostable. This is mainly due to smaller heat capacity
(∆Cp) values for such proteins. Consistently, genomic scale
comparisons among the thermophilic and mesophilic proteins
have shown that thermophilic proteins contain fewer residues
than mesophilic proteins, largely the outcome of loop
shortening and/or deletion (11).

Upshift and Broadening of Protein Stability CurVes Leads
to Greater Thermostability. A higher melting (transition)
temperature for a thermophilic protein can be attained in one
of three ways (26, 42, 44-46): The stability curve of the

thermophilic protein can be upshifted as compared to those
of its mesophilic homologue(s), the curvatures may be
different, or there may be a left or right shift of the curve.
By comparing the stability curves of 19 homologous ther-
mophilic and mesophilic proteins in five different families,
we have observed that thermophilic proteins have broader
and upshifted stability curves (47). As a result, the temper-
ature ranges of thermodynamic stability for the thermophilic
proteins are larger than those for the mesophilic homologues
(Figure 1 in ref47). To further explore this issue, here we
again use the grid search methodology to select sets of
thermodynamic parameters that show maximal stability at
room temperature. In theTG range of 300-400 K, the
average values of∆HG and ∆Cp for selected sets were
computed at 5 KTG intervals. A total of 8686 sets of
thermodynamic parameters were used for the calculation of
these averages. The average thermodynamic parameters were
used to plot the hypothetical protein stability curves shown
in Figure 4. Again, this experiment shows that higher melting
temperatures are achieved via upshift and broadening of the
curves. This suggests that proteins with higherTG values will
also have lowerTG′ values, indicating a greater temperature
range of thermodynamic stability. Varying theTS (temper-
ature of maximal stability) in the range of 273-310 K
yielded similar results (data not shown).

DISCUSSION AND CONCLUSIONS

Protein thermodynamics are essential for understanding
structure and function. One way to study protein thermody-
namics is via collection and analysis of experimental data
on protein foldingh unfolding transitions. However, there
are limitations. Thermodynamic experiments are performed
in different laboratories under different experimental condi-
tions. The folded and unfolded states of the different proteins
are also different. The unfolded state may still contain
residual structure, sometimes with native-like topology (48).
The errors in experimental estimates of thermodynamic
parameters can be propagated to the derived parameters and
make the correlation analyses difficult. Recently, Pace et al.
(7) have illustrated that values of∆Cp tend to be more
unreliable thanTG and ∆HG values. ExperimentalTG is
usually determined accurate within 1%, while∆HG is
accurate within 5%. For most proteins in our study, the
estimated errors in∆Cp are within 10% and do not consider-
ably affect the stability curves of the individual proteins (9).
Here, we have employed a number of quality controls (see
Materials and Methods and ref9) which give us confidence
that the quality of our data is reasonably high. Furthermore,
we have supplemented our results with simulations of protein
thermodynamics. The simulations were performed using the
values and ranges observed in the experimental data.

Here we have focused on the 12 single domains with
reversible two-state foldingh unfolding transitions. While
thermodynamic parameters for many single domains have
been experimentally measured, the number of those which
follow our selection criteria [scan rate and concentration
independence, constant∆Cp, folding h unfolding transition
at or near neutral pH, maximal stability around room
temperature, reversibility ofg90%, cooperativity ratio (R)
of 0.9-1.1] is still quite small. As with all small data
analyses, there is no guarantee that other data sets of
reversible two-state single-domain proteins would also show

Table 7: Effect of Arbitrary Addition and Removal of a Protein in
the Data Set on Observed Correlationsa

parameter pair
11 two-state

single domainsb
12 two-state

single domains
13 two-state

single domainsc

TRange, -∆Cp/TG Y Y Y
TRange, -∆SG N N N
TRange, ∆g(TS) Y Y Y
TRange, Nres N Y Y
TG, Nres Y Y Y
-∆Cp/TG, Nres Y Y Y
-∆sG, Nres Y Y Y

a The parameter pairs that show statistically significant correlations
in different data sets in our study are shown. Only those parameter
pairs which are important for this study are shown.-∆sG and∆g(TS)
were obtained by normalizing-∆SG and ∆G(TS), respectively, with
the protein size (Nres). The symbol Y indicates that the parameter pairs
show a correlation significant at theg95% level of confidence,
indicating that this parameter pair is likely to be correlated in two-
state single-domain proteins in general. The symbol N indicates that
the correlation shown by the parameter pair is not significant at the
95% level of confidence.b The data set of 11 two-state single domains
was obtained by removing the hyperthermophilic single-domain protein
Sso7d (12) from the data set of 12 two-state single domains, the focus
of this study.c The data set of 13 two-state single domains was obtained
by adding the activation domain of human procarboxypeptidase A2
[ADA2h (25)] to the 12 two-state single domains. Note that ADA2h
was not included in the original calculations because of the rather large
uncertainty in its∆Cp value.
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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
have used thet test to determine whether a parameter pair
which is correlated in a data set of 12 single domains would
also be correlated in reversible two-state single-domain
proteins in general. In this study, we have reported only those
correlations which pass this test at theg95% level of
confidence. Furthermore, substitution with homologous
proteins (Table 6) and arbitrary addition or removal of a
protein (Table 7) in our data set do not significantly affect
our results.

The 12 single-domain proteins contain single hydrophobic
cores. This may be the reason behind the observed statisti-
cally significant correlations among their thermodynamic
parameters despite the fact that each protein in our data set
is unique. For some of the parameter pairs in Tables 4 and
9, similar correlations have been reported previously (9, 37,
38, 47, 49).

The temperature range over which a protein’s native state
is thermodynamically stable (TRange) is sensitive to variations
in the curvature of its stability curve. The curvature is
governed by∆Cp which mainly reflects the hydrophobic
effect in the proteins (2, 9, 37, 47). For the proteins in our
data set, the hydrophobic effect is the major factor contribut-
ing to their stability (9). Consistently, the nonpolar surface
area is correlated with protein size and∆Cp for the eight
single domains in our study for which crystal structures are
available (Table 9). Exposure of the nonpolar surface to water
drives protein denaturation at high and low temperatures (50).
Hence, it is conceivable that the larger the single-domain
nonpolar surface, the smaller the temperature range over
which it is thermodynamically stable. This rationalizes the

negative correlation seen betweenTRangeand protein size and
its implications.

Protein thermodynamic simulations indicate that upshift
and broadening of the protein stability curves lead to higher
melting temperatures (Figure 4). Consistently, we have
reported earlier that the thermophilic proteins have lower
∆Cp values and are stable over temperature ranges wider
than those of their mesophilic homologues (47). We have
interpreted this observation in terms of the formation of
additional specific interactions in the thermophilic proteins
such as salt bridges (35, 51, 52), aromatic clusters (53), and
cation-π interactions (54). Shortening the chain length via
loop deletion and/or shortening can also reduce the∆Cp and
increaseTG (11). Loop deletion or shortening also reduces
the conformational entropy at high temperatures.

To conclude, our results indicate that the temperature range
of thermodynamic stability for a single domain depends on
size. Small, two-state single-domain proteins have broader
stability curves leading toTG values higher than andTG′
values lower than those of the larger single-domain two-
state proteins. The negative correlations of the temperature
range with the heat capacity change and protein size point
to the hydrophobic effect. It further suggests why protein
structures often contain multiple hydrophobic folding units,
domains, and subunits.
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