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ABSTRACT: The conformational stability of the histidine-containing phosphocarrier protein (HPr) from
Escherichia colihas been determined using a combination of thermal unfolding and urea denaturation
experiments. The analysis of the denaturation data provides a measure of the changes in conformational
free energy, enthalpy, entropy, and heat capacity that accompany the equilibrium folding of HPr over a
wide range of temperature and urea concentrations. In moderate concentrations of urea, HPr undergoes
both high- and low-temperature unfolding, allowing for a reliable determination of the change in heat
capacity for the conformational transition. The data are consistent with the linear free energy relationship
commonly employed to analyze protein denaturation data, even over a relatively large temperature and
urea concentration range. Furthermore, we find that a temperature-independent∆Cp is adequate to describe
HPr stability over the accessible temperature range. Finally, our data allow us to evaluate the energetics
of the urea-protein interaction. For HPr, the changes in excess enthalpy and entropy of the denaturant-
protein interaction(s) make only minor contributions to the observed∆H and∆S terms, presumably due
in some part to the small size of the HPr protein.

A description of the mechanism of protein folding remains
one of the most elusive problems of modern biochemistry.
It has been over 30 years since we have realized that many
small globular proteins can refold spontaneously without
additional factors or assistance. One useful separation of
the protein folding problem is into two components: one
being the kinetic pathway for folding and the other being
the thermodynamic factors that stabilize a particular protein
fold over the unfolded forms. For many proteins, the
equilibrium protein-folding reaction can be described ad-
equately by a cooperative two-state transition, from folded
protein to the unfolded or “random coil” form(s) of the
polypeptide chain. This two-state approximation, however
unrealistic on a molecular level, greatly simplifies the
interpretation of thermodynamic protein stability data and
provides a convenient way to determine the conformational
stability of a protein, defined as the difference in Gibbs free
energy between the two conformations of the polypeptide
chain. The accurate determination of the thermodynamic
stability of the folded form of a protein relative to the
unfolded form(s), and the factors that contribute to the
conformational stability, will greatly aid the protein structure
prediction and design processes and will be a key component
in the solution of the protein folding problem.

To assess the conformational stability of a protein, one
must induce the equilibrium unfolding reaction and measure
the populations of folded and unfolded forms. This is usually
done by changing the temperature of the protein solution to
induce a thermal unfolding transition or adding chemical
denaturants such as aqueous guanidine hydrochloride or urea
that cause most proteins to unfold. Regardless of the method
used to induce the unfolding reaction, the data must be
analyzed with a model for the folding transition to obtain a
measure of the conformational stability of a protein. For
most proteins that have been studied, the simple two-state
model seems adequate to describe the equilibrium folding
reaction and is in general use. Even if both unfolding
reactions can be described by a two-state transition, there
are some key differences between the two methods com-
monly employed to induce the reaction. In general, the
analysis of thermal unfolding data will provide an estimate
of the conformational stability of a protein at high temper-
atures, around the midpoint of the thermal unfolding transi-
tion, while the analysis of denaturant-induced unfolding data
will provide a measure of the stability of a protein in a
solution containing some amount of denaturant, generally
greater that 1 or 2 M. In order to compare these two
estimates of conformational stability, extrapolations to a
common temperature and solution composition, for example
25 °C in water (or dilute buffer), must be made. These
extrapolations are sometimes quite long, in terms of either
temperature or denaturant concentration, and can lead to
serious errors and inconsistencies when comparing estimates
of conformational stability between the two methods.

The key parameter needed to extrapolate thermal unfolding
data to any other temperature is the change in heat capacity
(∆Cp) for the folding reaction. This parameter provides the
temperature dependence to the thermodynamic quantities∆G,
∆H, and∆S:
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Here we have adopted the nomenclature of Schellman
(Becktel & Schellman, 1987; Chen & Schellman, 1989;
Schellman, 1987, 1994) with the subscript indicating the
parameter at a reference temperature,Tg, where∆G ) 0.
For solvent denaturation curves, the key parameter is the

m value, defined as the gradient of the change in folding
free energy with molar denaturant concentration (∂∆G/
∂[denaturant]):

The primes on the parameters,Tg′, ∆G′, and∆H′, are the
values determined in the presence of the indicated amount
of urea. According to the linear free energy model (Chen
& Schellman, 1989; Schellman, 1994), changes in Gibbs free
energy, enthalpy, entropy, and heat capacity that occur on
protein unfolding all have a linear dependence on the molar
concentration of denaturant, [urea] in this case:

For the urea-protein interaction, it is possible to express
the free energy term,m, in terms of the enthaply, entropy,
and heat capacity changes such that

The parameters,∆Cp andm, are clearly orthogonal, with∆Cp

giving us a way to determine conformational free energy at
every temperature in the absence of denaturant andm
providing a means of calculating the conformational free
energy at any concentration of denaturant, including the limit
of no denaturant, at a given temperature. Equation 9
illustrates thatm should be temperature-dependent. One
important aspect of the present study is to determine if we
can indeed observe the expected temperature dependence and
to attempt to quantify the thermodynamic parameters pro-
vided by eq 9.
The inability of the analyses of the data derived from

thermal unfolding and solvent denaturation experiments to
sometimes provide an identical estimate of the conforma-
tional free energy of a protein at a particular set of conditions
may therefore result from errors in either∆Cp, m, or the
temperature dependence to the denaturant-protein interaction
provided byh, s, or c. If, on the other hand, it could be
demonstrated that∆Cp andm for a protein are independent
of the concentration of the denaturant and temperature, or if
the temperature and denaturant dependencies to∆Cp andm
are known, the orthogonality of the two types of unfolding
experiments could be exploited to generate a free energy
unfolding surface for a protein as functions of both denaturant
concentration and temperature. This is the approach em-

ployed here for the HPr protein using a simple spectroscopic
probe to monitor the unfolding transition.
HPr is a small globular protein with no disulfide bonds or

other prosthetic groups. HPr serves as a phosphocarrier
protein in the phosphoenolpyruvate-dependent carbohydrate
transport system (PTS) in both Gram-negative and Gram-
positive bacteria [reviewed by Meadow et al. (1990)]. In
addition, the PTS regulates a variety of cellular processes
through inducer exclusion, inducer expulsion, and catabolite
repression in many bacteria (Postma et al., 1993). The three-
dimensional structures of HPr from a variety of bacterial
sources have been determined by crystallographic [Bacillus
subtilis (Herzberg et al., 1992),Escherichia coli(Jia et al.,
1993b), andStreptococcus faecalis(Jia et al., 1993a, 1994b)]
and NMR techniques [B. subtilis (Wittekind et al., 1992),
E. coli (Klevit & Waygood, 1986; Hammen et al., 1991;
van Nuland et al., 1992, 1994), andStaphylococcus aureus
(Kalbitzer et al., 1991; Kalbitzer & Hengstenberg, 1993)].
The proteins from these sources show identical folding
topologies with two or threeR-helices on one face of a four-
stranded, antiparallelâ-sheet [for reviews, see Herzberg and
Klevit (1994) and Jia et al. (1994a)].
Here we describe the complete stability surface, the

dependence of the Gibbs energy of folding on temperature
and urea concentration, for the histidine-containing phos-
phocarrier protein (HPr) fromE. coli (ecHPr).1 In generating
this surface, we provide a direct test of the linear free energy
relationship for protein thermodynamics and gain insight into
the thermodynamics of the HPr-urea interaction.

MATERIALS AND METHODS

The expression and purification ofecHPr was performed
as described by Anderson et al. (1991). TheE. coli strain
(TP2811), the plasmid containing the wild-typeE. coliHPr
gene, and protein for initial studies were generous gifts of
Professor E. Bruce Waygood. In our hands, the protein yield
was greater than 100 mg of homogeneous HPr from 6 L of
late logarithmic cells. Protein purity was judged to be greater
than 95% by denaturing gel electrophoresis and analytical
isoelectric focusing.
Circular dichroism at 222 nm was used to monitor the

equilibrium unfolding transition using an Aviv 62DS spec-
tropolarimeter equipped with a temperature control and
stirring unit. The thermal unfolding curves were performed
with heating rates from 30 to 90°C/h in cuvettes with path
lengths of 1, 5, or 10 mm. The reversibility of the thermal
transition was determined in each case by monitoring the
return of the CD signal at 222 nm upon cooling from 90 to
10 °C immediately after the conclusion of the thermal
transition. In all cases, the transitions were independent of
heating rate,g95% reversible, and independent of protein
concentration. Some reversibility was lost upon prolonged
exposure of the sample to high temperatures, particularly in
the presence of urea. This loss of reversibility is presumably
due to chemical modification of the protein by the products
of urea decomposition.
For the urea denaturation curves at a constant temperature,

the urea solutions were prepared fresh daily in buffered
solutions containing 10 mM potassium phosphate (K/Pi) at

1 Abbreviations: LEM, linear extrapolation method;ecHPr, the HPr
protein fromEscherichia coli;CD, circular dichroism spectroscopy.

∆H(T) ) ∆Hg + ∆Cp(T- Tg) (1)

∆S(T) ) ∆Sg + ∆Cp ln(T/Tg) (2)

∆G) ∆H - T∆S (3)

∆G(T) ) ∆Hg(1- T
Tg) + ∆Cp[T- Tg - T ln(T/Tg)] (4)

∆G′ ) ∆G- m[urea] (5)

∆H′ ) ∆H - h[urea] (6)

∆S′ ) ∆S- s[urea] (7)

∆Cp′ ) ∆Cp - c[urea] (8)

m) h- Ts+ c[(T- Tg) - T ln(T/Tg)] (9)
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pH 7.0. The concentration of the urea stock solution was
determined by refractive index measurements (Pace, 1986).
Since the folding equilibrium was reached rapidly forecHPr,
the urea denaturation curves were performed using the
method of serial additions of urea to a protein sample with
a correction made for the increase in volume (Scholtz, 1995).
The additions of small aliquots of concentrated urea in buffer
are made directly to the protein sample in the cuvette,
allowing the sample to reach thermal and chemical equilib-
rium before recording the CD signal.
Best-fit parameters and their confidence intervals expressed

as one standard deviation are given for each fit. For the
analysis of a transition curve with well-defined baselines, a
modification of the linear extrapolation method (LEM) of
Santoro and Bolen (1988) was used, using the curve-fitting
methods in the KaleidaGraph software (Synergy Software,
PCS Inc.). A single urea denaturation, where the observed
CD signal at each point in the unfolding experiment is
mobs
o , can be analyzed with the equation

with N0, aN, D0, aD, m, and Cmid as parameters. This
expression combines the LEM, eq 5 where∆Gwater) mCmid,
the two-state assumption for the unfolding reaction, and
linear pre- and post-transition baselines,X0 + ax[urea]. An
example of the nonlinear least-squares fit of eq 10 to a typical
urea denaturation experiment is shown as the solid curve in
Figure 1B.
To facilitate comparison of urea denaturation data and

thermal denaturation data, both types of data must be
converted to the fraction of native protein (fN) as a function
of either [urea] or temperature. For the urea denaturation
data, we find

An analogous expression for the thermal unfolding data can
be obtained by substitutingT for [urea] in eq 11. These
expressions assume linear pre- and post-transition baselines.
For the data in the transition regions of the unfolding curves
(0.05< fN < 0.95), the two-state model (fN + fD ) 1) was
employed to calculate an equilibrium constant and Gibbs
energy of folding at each point:

RESULTS

The conformational stability of HPr at pH 7.0 has been
determined using a combination of thermal unfolding in the
presence of urea or by urea denaturation at various temper-
atures. Typical unfolding experiments, as monitored by the
change in mean residue ellipticity at 222 nm by CD, [q]222,
are shown in Figure 1. In each of these denaturation

experiments, the lines indicate the pre- and post-transition
regions of the curves. For a single urea denaturation curve
(Figure 1B), eq 10 can be used to find the best-fit values for
the six parameters needed to describe the transition. The
solid curve through the data in Figure 1B shows the results
of this analysis, providingCmid andm as shown in Table 1.
Representative thermal unfolding experiments, normalized

to the fraction of native conformation (fN) with eq 11, are
shown in Figure 2. The high-temperature transition occurs
at lower temperatures as the concentration of urea is
increased. Low-temperature unfolding, or cold denaturation,

mobs
o ) [N0 + aN[urea]+ (D0 + aD[urea])×
exp[m/RT([urea]-Cmid)]]/ [1+ exp[ mRT([urea]-Cmid)]]

(10)

fN )
mobs
o - D0 - aD[urea]

N0 + aN[urea]- D0 - aD[urea]
(11)

Keq)
fD
fN

)
1- fN
fN

(12)

∆G(T,[urea])) -RT ln Keq (13)

FIGURE 1: Thermal (A) and urea-induced (B) unfolding transitions
for ecHPr as monitored by CD at 222 nm illustrating the pre- and
post-transition baselines for each experiment. The thermal unfolding
curve was in aqueous buffer only (10 mM K/Pi, pH 7.0), while the
urea denaturation curve was in the same buffer, plus the indicated
amount of urea, at 15°C. The curve through the transition region
of the urea denaturation curve was generated with eq 10, and the
corresponding best-fit parameters are given in Table 1.

Table 1: Analysis of the Urea Denaturation Curves at Different
Temperaturesa

temperature
(°C) Cmid (M urea)

mvalue
(kcal mol-1M-1)

∆Gwater

(kcal mol-1)

0 4.00( 0.09 1.29( 0.14 4.63( 0.10
5 4.38( 0.05 1.18( 0.05 5.08( 0.05
10 4.58( 0.04 1.36( 0.05 5.31( 0.05
15 4.66( 0.12 1.20( 0.05 5.41( 0.14
20 4.70( 0.02 1.24( 0.07 5.46( 0.05
25 4.58( 0.04 1.19( 0.06 5.31( 0.07
30 4.32( 0.05 1.14( 0.05 5.00( 0.05
35 4.04( 0.03 1.01( 0.05 4.68( 0.05
40 3.58( 0.06 1.06( 0.05 4.14( 0.08
45 2.90( 0.05 1.01( 0.06 3.37( 0.05
50 2.09( 0.18 1.11( 0.08 2.42( 0.22

a The data in the transition regions of the urea denaturation curves
were analyzed with the linear extrapolation model provided by eq 5
using a modification of the method of Santoro and Bolen (1988) as
shown in eq 10.∆Gwater values are determined using the indicated
Cmid value and the averagem value; 〈m〉 ) 1.16( 0.11 kcal mol-1

M-1.

Conformational Stability of HPr Biochemistry, Vol. 35, No. 35, 199611371

+ +

+ +



is clearly evident at urea concentrations above 3 M. All
transitions are fully reversible as shown by the return of the
CD signal at 222 nm after cooling the protein from 90 to 10
°C, provided that the protein solution is not allowed to remain
at temperatures greater than 70°C for more than 1 h. Upon
prolonged exposure to high temperatures, particularly in the
presence of urea, some reversibility is lost, presumably due
to irreversible aggregation or modification of the protein by
urea decomposition products (data not shown). We do not
see any evidence for hysteresis or alterations in the thermal
unfolding curves with changes in scan rate, scanning from
low to high or high to low temperatures, changing protein
concentration, or repeated scans of the same protein sample.
Several representative urea denaturation experiments at

constant temperature are shown in Figure 3. These transi-
tions are also fully reversible and independent of protein
concentration and reach equilibrium rapidly. The rapid
folding or unfolding reaction allows us to use the simple
“titration method” for performing our urea denaturation
experiments (see Materials and Methods). Cold denaturation
is suggested here, as seen by the decrease in the midpoint
of the cooperative unfolding transition as the temperature is
lowered. The results of the analyses of these curves, using

the LEM as described in Materials and Methods, are shown
in Table 1 and Figure 4. We find that them values show
very little temperature dependence over the entire 50°C
range of temperatures with an average value of 1.16( 0.11
kcal mol-1 M-1 (Figure 4A, solid line). The slight temper-
ature dependence and the dashed line are discussed below.
Figure 4 also shows the best-fitCmid values at each
temperature.
Conformational Stability of ecHPr.Using the data shown

in Figure 2 for thermally induced unfolding in the presence
of various concentrations of urea, together with eqs 12 and
13, we have calculated the conformational stability ofecHPr
for every point in each transition region. These are shown
in Figure 5 (open symbols). We have also used the urea
denaturation data (Figure 3, Table 1) to determine the
conformational stability as functions of temperature and
[urea]. These are also shown in Figure 5 (filled symbols).
There are several important observations about Figure 5. (1)
The coincidence of the two data sets provides evidence for
the validity of our use of the optical baselines/plane for the
native and unfolded forms of the protein (see above). (2)
The agreement between the data sets indicates that each point
in Figure 5 represents a true equilibrium measurement of
the conformational stability ofecHPr. (3) ecHPr exhibits
both high- and low-temperature unfolding. As the concen-
tration of urea is increased, the high-temperature unfolding
transition occurs at lower temperatures, while the low-
temperature unfolding transition occurs at higher tempera-
tures. (4) Using this combination of data, we can determine
the conformational stability ofecHPr over a very wide

FIGURE 2: Thermal unfolding curves forecHPr in various urea
concentrations at pH 7.0 (10 mM K/Pi) as monitored by the change
in ellipticity at 222 nm converted to fraction folded as described
in the text. The error on any single point is smaller than the size of
the symbol. The urea concentration in each is 0 M (b), 1 M (O),
2 M (2), 3 Μ (3), 3.5 M (9), and 4 M (0).

FIGURE 3: Representative urea unfolding curves forecHPr at
various temperatures (10 mM K/Pi, pH 7.0) as monitored by the
change in ellipticity at 222 nm converted to fraction folded as
described in the text. The error on any single point is smaller than
the size of the symbol. The temperature for each is 0°C (b), 5 °C
(O), 10°C (2), and 15°C (3). The curves through the data represent
the fit of eq 10 to each data set, providing the best-fit parameters
given in Table 1.

FIGURE 4: Effects of temperature on the best-fitm values (A) and
Cmid (B) for the urea denaturation curves at 11 different tempera-
tures. The error bars represent the larger of the standard error or
the uncertainty in repeated measurements of each parameter. The
solid line in panel A represents the mean of them values when
treated as temperature-independent, 1.16( 0.10 kcal mol-1 M-1.
The dashed curve shows the calculated temperature dependence to
m resulting from the global analysis of the data using eq 18 (see
the text for details).
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temperature range, from-2 to 74 °C. This allows us to
determine the temperature dependence of the thermodynamic
parameters over a large temperature range. (5) The variation
of the observed conformational stability ranges from ca.-2
to +5.5 kcal mol-1, allowing us to determine the urea and
temperature dependence of the thermodynamic parameters.
We have analyzed each of the stability curves shown in

Figure 5 with a modification of the Gibbs-Helmholtz
relationship given in eq 4. This provides estimates of∆Hg′,
Tg′,∆Sg′, and∆Cp′ at each concentration of urea. The results
of the fit of eq 4 to the data are shown as curves in Figure
5, and the thermodynamic parameters are collected in Table
2. The thermodynamic parameters describing the cold
denaturation transition were also determined with eq 4 with
the constraint that∆Hg′ < 0. The best-fit parameters,∆Hg′c,
Tg′c, and∆Sg′c, where the superscript c indicates the cold
denaturation process, are also shown in Table 2. The best-
fit value for ∆Cp′ is identical for both the high- and low-
temperature unfolding transitions, as expected from the
constant∆Cp model (see below).
The temperature dependence of the free energy of unfold-

ing, denoted in the stability curve by Becktel and Schellman
(1987), has some other notable features, such as a temper-
ature of maximum stabilityTs and the conformational
stability evaluated at that temperature∆Gs. These quantities

can be determined for each of the five curves shown in Figure
5 using

Table 2 also lists∆Gs′ andTs′ values for each of the curves,
as evaluated from the data in Table 2 and eqs 14-16. Figure
6 shows the dependence on the molar urea concentration for
Ts′ and∆Gs′. ForTs′, there is very little variation with the
concentration of urea and the average value is 16.9( 0.8
°C. For∆Gs′, the dependence on the urea concentration is

Table 2: Thermodynamic Parameters for Thermal Unfolding ofecHPr at pH 7.0a

[urea] Tg′ Tg′c ∆Hg′ ∆Hg′c ∆Sg′ ∆Sg′c ∆Cp′ Th′ Ts′ ∆Gs′
0.0 336.6 244.6 75.8 -61.3 225 -251 1.49 285.7 289.4 5.45
1.0 331.7 248.5 64.8 -53.5 195 -215 1.42 286.1 289.1 4.26
2.0 326.7 255.0 54.5 -46.4 167 -182 1.40 287.8 290.0 3.12
3.0 320.6 261.8 41.2 -36.0 129 -138 1.31 289.2 290.6 1.96
4.0 310.2 274.5 28.0 -25.8 90 -94 1.27 288.2 288.9 0.97

a ∆Hg′ and∆Sg′ are calculated atTg′, the midpoint of the high-temperature unfolding transition, and∆Hg′c and∆Sg′c are calculated atTg′c, the
temperature midpoint for the cold denaturation reaction.∆Cp′, Tg′, andTg′c were calculated from the stability curves (Figure 5) as described in the
text. ∆Cp′ and∆Cp′c are identical for both the high- and low-temperature unfolding reactions, so only one value is shown.Th′, Ts′, and∆Gs′ were
determined as described in the text. The concentration of urea is expressed as molar. All temperatures are in Kelvin.∆H and∆G are in kilocalories
per mole. ∆S is in calories per mole per Kelvin.∆Cp is in kilocalories per mole per Kelvin. The errors on the temperatures are(0.1-0.4 K,∆H
(1.2-2.7 kcal mol-1, ∆S(10-30 cal mol-1 K-1, ∆Cp (0.05-0.15 kcal mol-1 K-1, and∆Gs′ (0.05-0.14 kcal mol-1 as determined from least-
squares analysis. The specific error on each parameter is indicated in the text or in other figure legends.

FIGURE 5: Variation of the observed conformational free energy
of folding as a function of temperature and urea concentration for
every point in each transition regions of the urea and thermal
denaturation experiments. From top to bottom, the urea concentra-
tion is 0 M (b, O), 1 M (9, 0), 2 M (2, 4), 3 M ([, ]), and 4
M (1, 3). The solid symbols are the extrapolations of the urea
denaturation data at the indicated temperature, and the open symbols
represent data from the transition regions of the thermal unfolding
experiments. The curves through the data points represent the fit
of eq 4 to each data set and provide estimates for the cardinal
thermodynamic parameters shown in Table 2.

FIGURE 6: Dependence on the molar urea concentration for the
best-fit values forTs′ (A) and∆Gs′ (B). The errors are smaller than
the size of the symbols. The line in panel A represents the average
Ts of 290.0 ( 0.8 K (16.9 °C) over the entire range of urea
concentrations. The slope of the line in panel B is 1.13( 0.06
kcal mol-1 M-1, and they intercept is 5.41( 0.09 kcal mol-1, the
maximum conformational stability ofecHPr in the absence of urea.

ln(Tg′Ts′) )
∆Hg′
Tg′∆Cp′

(14)

Th′ ) Tg′ -
∆Hg′
∆Cp′

(15)

∆Gs′ ) ∆Cp′(Ts′ - Th′) (16)
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linear, as expected for the LEM (eq 5), and the slope, orm,
is 1.13( 0.06 kcal mol-1 M-1, in good agreement with the
average of the urea denaturation curves shown in Table 1.
They intercept of Figure 6B is∆Gs, the maximum stability
of ecHPr in the absence of denaturant (5.41( 0.09 kcal
mol-1).

The data in Table 2 can be used to determine other
relationships between the thermodynamic parameters. In
Figure 7, we show the relationship between∆Hg′ andTg′
determined from the analyses of all the high-temperature
unfolding transitions and the single low-temperature transi-
tion that occurs above 0°C (the 4 M urea data set) shown
in Figure 4. Tg′ therefore spans a 62°C range in temperature,
while∆Hg′ covers a range of over 100 kcal mol-1. The data
are described well by a straight line, with a slope, or apparent
∆Cp′, of 1.49( 0.09 kcal mol-1 K-1. As stated, this is only
an apparent∆Cp value, because contributions to∆Hg′ from
the interaction ofecHPr with urea have not been removed
(see below). Nonetheless, this apparent∆Cp is nearly
identical to our best estimate for the true∆Cp for ecHPr (1.42
( 0.09 kcal mol-1 K-1, see below).

EValuation of the Thermodynamics of the ecHPr-Urea
Interaction. The data shown in the five stability curves in
Figure 5 can also be used to analyze the urea dependence of
the thermodynamic parameters as a test of the linear free
energy model (eqs 5-8). For all concentrations of urea,∆H′,
∆S′, and∆G′ can be evaluated at any temperature using eqs
1-4 in conjunction with the values for∆Hg′, ∆Sg′, Tg′, and
∆Cp′ shown in Table 2. We have calculated each of these
parameters at several temperatures between 0 and 60°C to
verify the linear relationship between the thermodynamic
parameters and the molar concentration of urea. Figure 8
displays these data and confirms the linear model described
by eqs 5-8 for each thermodynamic parameter∆H′, ∆S′,
∆G′, and∆Cp′ over the entire range of urea concentrations
and temperatures. The slopes of these plots provide the
effects of urea on the given parameter,h, s, m,and c,
respectively. The changes in∆H′ and ∆S′ with urea
concentration do show a temperature dependence, as ex-
pected, while the temperature dependence ofm is much

smaller, due in part to entropy-enthalpy compensation of
theecHPr-urea interaction.
Figure 8 also shows the urea dependence of∆Cp′ as

determined from the analyses of the stability curves shown
in Figure 5. There is a change in∆Cp′ which appears to be
linear with the molar concentration of urea, in accordance

FIGURE 7: Relationship between∆Hg′ and Tg′ determined from
the analyses of all the high-temperature unfolding transitions and
the single low-temperature transition that occurs above 0°C (the 4
M urea data set) as shown in Figure 4. The slope of this line
provides an estimate of the apparent∆Cp (1.49( 0.09 kcal mol-1
K-1) for ecHPr stability. The errors are approximately the size of
the symbols.

FIGURE 8: Urea dependence of the cardinal thermodynamic
parameters∆H(T)′ (A), ∆S(T)′ (B), ∆G(T)′ (C), and∆Cp′ (D). For
panels A-C, the temperatures are 333 K (b), 313 K (4), 293 K
(9), and 273 K (O). For each temperature, the line represents a
linear fit to the data, in accordance with the LEM. For∆Cp in panel
D, the slope of the line,c, is 50( 20 cal mol-1 K-1 M-1. See the
text for further analysis.
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with eq 8. Fitting eq 8 to the data provides∆Cp ) 1.48(
0.06 kcal mol-1 andc ) 50( 20 cal mol-1 K-1 M-1. The
small urea dependence suggests that∆Cp′ does decrease upon
increasing the urea concentration. This observation, along
with the evaluations ofh ands described above, provides
direct evidence for the validity of the linear free energy
model.
Global Analysis of Urea and Thermal Denaturation Data

for ecHPr. Since we have demonstrated that the linear free
energy model does appear to hold for the unfolding ofecHPr
with temperature and urea, and we have suitable forms for
the urea and temperature dependence of the thermodynamic
parameters, we have performed a “global analysis” of the
entire data set represented by each of the thermal unfolding
curves and urea denaturation curves. In total, we have used
642 points, representing∆G(T,[urea]) for each point in the
transition regions of the unfolding curves. These data were
used as input for a nonlinear least-squares analysis to

and for the case wherem is temperature-dependent to

The results of these analyses are shown in Table 3. By
comparison of the square root of the variance of the fits, it
is clear that including a temperature dependence ofm does
improve the fit slightly. The best-fit values forh, s,andc
were used to calculate the temperature dependence ofmusing
eq 9. These results are shown as the dashed line in Figure
4A. A key aspect of the global analyses of the data using
eq 17 or 18 is that the cardinal parameters governing the
protein unfolding reaction do not vary, regardless of which
of the two equations is fit to the data. The best-fit values

for all the parameters are also identical, within error, to those
found by independent analyses of individual unfolding curves
(Table 1) or groups of curves (Table 2). This excellent
agreement provides evidence in support of the applicability
of the linear free energy model for the thermodynamics of
ecHPr folding.

DISCUSSION

A complete description of the conformational stability of
a protein as a function of temperature represents the stability
curve (Becktel & Schellman, 1987). This complete descrip-
tion allows one to calculate the stability of a protein at any
temperature using the Gibbs-Helmholtz relationship (eq 4).
Here we provide a description of the stability curve forecHPr
using a combination of thermal- and urea-induced unfolding.
Our data also allow us to quantify the energetics of the
ecHPr-urea interaction. There are three principal observa-
tions from our results. (1) In moderate concentrations of
urea, HPr exhibits cold denaturation, and thus, both high-
and low-temperature unfolding can be observed in the
accessible temperature range. (2) The data are consistent
with a temperature-independent∆Cp over the large temper-
ature range of the unfolding transitions. (3) The simple two-
dimensional analysis, using urea and temperature as protein
unfolding agents, supports the use of the linear free energy
model for the thermodynamic stability ofecHPr.
Two-State Analysis of ecHPr Folding.Our probe for

monitoring the unfolding transition is the change in the far-
UV CD signal as the protein unfolds. The analysis of
thermal- or urea-induced unfolding data is then made with
the two-state assumption for the reaction. Key to our
analysis is the observation that the unfolding curves are
reversible and superimposable for either unfolding or refold-
ing, showing no hysteresis using either perturbant of the
transition. Furthermore, the unfolding curves are indepen-
dent of protein concentration and, for the thermal unfolding
experiments, independent of scan rate. One assumption
implicit in our analysis is that the denatured state(s), either
at high temperatures in the absence or urea or at lower
temperatures at high urea concentrations, can be treated as
thermodynamically indistinguishable, even though our spec-
troscopic probe for the transition gives different values for
the unfolded states. Our results indicate that we can indeed
treat these differences in spectroscopic measures of the
unfolded state(s) as simple optical differences and therefore
can apply the appropriate post-transition baseline to deter-
mine the fraction of native protein (see Materials and
Methods). The coincidence of calculated∆G(T,[urea])
points in Figure 5, derived from independent evaluations of
urea denaturation curves and thermal denaturation curves,
supports the use of our data analysis protocols. This is a
key point. Since we are looking for variations in the
observed∆G values with temperature and/or [urea], it is
important that we have confidence in the methods used to
calculate∆G(T,[urea]).
There are several other cases where thermally unfolded

proteins give optical signals different than those of the same
protein in the presence of high concentrations of denaturants
(Pace & Tanford, 1968; Robertson & Baldwin, 1991; Scholtz,
1995; Agashe & Udgaonkar, 1995). It has been shown that,
in many of these cases, these two unfolded states can be
represented adequately as a single thermodynamic state (Pfiel

Table 3: Thermodynamic Parameters for the Folding ofecHPr at
pH 7.0

parametera global analysis Ib global analysis IIc

∆Cp (kcal mol-1 K-1) 1.45( 0.08 1.42( 0.09
∆Hg (kcal mol-1) 70.8( 3.4 69.8( 3.4
∆Sg (cal mol-1 K-1) 210( 13 209( 10
Tg ( °C) 63.8( 0.5 63.1( 0.4
m (kcal mol-1 M-1) 1.13( 0.04 -
h (kcal mol-1 M-1) - 2.9( 1.3
s (cal mol-1 K-1 M-1) - 55( 40
c (cal mol-1 K-1 M-1) - 40( 35
(variance)1/2 0.24 0.22
a The variable or fixed parameter in eq 17 or 18 is listed along with

the associated units.∆Sg is determined from the ratio of∆Hg andTg.
The last entry represents the square root of the variance of the nonlinear
least-squares fit.b The global analysis of all the data (642 points) in
the transition regions for both the thermal and urea denaturation curves
was analyzed with eq 17. The errors represent the 67% confidence
intervals provided by the nonlinear least-squares analysis.c The global
analysis of all the data (642 points) in the transition regions for both
the thermal and urea denaturation curves was analyzed with eq 18 with
h, s, andc allowed to vary, providing the temperature dependence to
mas shown in eq 9. The errors represent the 67% confidence intervals
provided by the nonlinear least-squares analysis.

∆G(T,[urea]))

∆Hg(1- T
Tg) + ∆Cp[T- Tg - T ln(T/Tg)] - m[urea]

(17)

∆G(T,[urea])) ∆Hg(1- T
Tg) + ∆Cp[T- Tg - T× ln

(T/Tg)] - [h- Ts+ c[T- Tg - T ln(T/Tg)]][urea] (18)
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& Privalov, 1976; Privalov, 1979). That is, the thermody-
namic stability of the folded state of a protein relative to the
unfolded state(s) is independent of the perturbant used to
induce the unfolding transition. Therefore, the differences
in optical properties of the two denatured forms of a protein
can be treated as simple baseline effects, as we have done
here.
The two-state model for protein folding is in widespread

use as it is a convenient model to use for the equilibrium
unfolding transition. Verification of the two-state model is
difficult; however, several lines of evidence suggest that
ecHPr unfolding, either by the addition of urea or by an
increase in temperature, adheres to the two-state model. For
the thermal unfolding reaction, an isodichroic point is
observed in the far-UV CD spectra obtained through the
transition region (data not shown), consistent with the two-
state model. Furthermore, the good agreement between
∆G(T,[urea]) values through the transition regions of either
thermal- or urea-induced unfolding curves is also consistent
with the two-state model. Also, the changes in conforma-
tional stability brought about by a site-specific mutation of
ecHPr are identical when comparing thermal, and urea-
induced unfolding (Hammen et al., 1995; Thaper et al.,
1996). Finally, we have preliminary differential scanning
calorimetry (DSC) data that provide identical measures of
∆Hcal and∆HvH, suggesting the two-state model is providing
a good representation of the thermal unfolding data (E. M.
Nicholson and J. M. Scholtz, unpublished data). Further-
more, the enthalpy change and midpoint of the DSC
endotherm are identical, within error, to those found in the
present study, using CD to monitor the unfolding transition.
All the data we have to this point suggest that the two-state
model provides a reasonable description of the equilibrium
folding-refolding transition forecHPr.
Stability CurVe and Cold Denaturation of ecHPr.The

stability curve of a protein is defined as the variation of the
conformational free energy of folding with temperature
(Becktel & Schellman, 1987). In order to evaluate this
function (eq 4),∆Hg, Tg, and ∆Cp must be known. In
general, a single thermal unfolding curve, monitored either
with an optical probe or with DSC, is not of sufficient
accuracy to provide reliable estimates of all three parameters,
with ∆Cp being the most difficult to obtain. In order to
provide a wider range in variability of∆Hg andTg, necessary
to determine∆Cp (eq 1), the unfolding transition must be
shifted to other temperature regions. This is done by
changing the composition of the solvent, either by changes
in pH or by the addition of a second protein stability
perturbant, in this case urea. This obviously introduces a
new variable that needs to be determined (them value, eq
5). For the cases where changes in pH are used to move
the transition region to other temperatures, corrections must
also be made for potential ionization enthalpy differences
between protein groups and the buffers. In most cases, this
is achieved by a judicious choice of buffers such that the
ionization enthalpies of the protein groups and buffers match.
However, using different buffers to change the pH of the
solution introduces the possibility of differential interactions
between buffers and the protein with unknown effects on
the energetic consequences of these potential interactions.
Here we have elected to use one buffer and pH and use urea
as a way to alter the transition region for the thermal
unfolding transition. This provides an opportunity for us to

evaluate the energetics of the urea-protein interaction and
compare these results with the large body of data on
denaturant-protein and denaturant-peptide energetics (Noza-
ki & Tanford, 1963, 1970; Robinson & Jencks, 1965; Nandi
& Robinson, 1984; Makhatadze & Privalov, 1992; Agashe
& Udgaonkar, 1995).
In moderate concentrations of urea,ecHPr undergoes cold

denaturation (Figure 5). The process of cold denaturation
has been observed for many proteins over the years (Chris-
tensen, 1952; Brandts, 1964; Pace & Tanford, 1968; Privalov
et al., 1986; Chen & Schellman, 1989; Scholtz, 1995; Agashe
& Udgaonkar, 1995) and is a result of the simple relationship
described by eq 4 with∆Cp > 0 for protein unfolding. The
appearance of cold denaturation is strong support for the
applicability of eq 4 for the thermodynamics of protein
stability. The cold denaturation exhibited byecHPr is
interesting not only because it allows the complete stability
curve to be obtained but also because it allows unfolding
data to be collected over a much wider range of protein
stability. Together, the stability curves determined here
(Figure 5) cover a temperature range greater than 70°C. The
unfolding free energy change covers a range of over 7 kcal
mol-1, and the curvature of the stability curve, which is
directly related to∆Cp, can be easily observed. Our results
indicate that∆Cp for ecHPr appears to be temperature-
independent, even over this extended temperature range.
Recently, it has been demonstrated that∆Cp should not be
treated as temperature-independent (Privalov & Makhatadze,
1990). This is obviously true as the laws of thermodynamics
state that∆Cp must vanish at 0 K. The question really is
one of the range of temperatures we are able to investigate
and the magnitude of the temperature dependence of∆Cp.
The temperature dependence of∆Cp has recently been
parameterized in terms of changes in accessible surface area
during the unfolding reaction and other structural parameters
(Gómez et al., 1995). We have used this approach to
estimate the potential temperature dependence of∆Cp for
ecHPr by calculating the changes in solvent accessible
surface area from the crystal structure ofecHPr (Jia et al.,
1993b) and the denatured state (using an extended conforma-
tion for the polypeptide backbone). Using the equations
given by Gómez and co-workers (1995) along with the
calculated changes in accessible surface area on folding, we
find ∆Cp(T) for ecHPr can be described by∆Cp(T) ) 1.4+
0.02T - 0.0003T2 kcal mol-1 K-1, with T expressed in
degrees Celsius. The calculated∆Cp is 1.4 kcal mol-1 K-1

near 0 and 75°C, reaching a maximum near 40°C of 1.7
kcal mol-1 K-1. The best estimate of∆Cp from our data,
when treated as temperature-independent, is 1.42( 0.09 kcal
mol-1 K-1, in excellent agreement with the values predicted
near the temperature midpoints for our high- and low-
temperature unfolding transitions. In addition, when we
include the temperature dependence of∆Cp as described
above, the fits of eqs 17 or 18 to our data do not change the
values of the cardinal parameters, or the overall variance of
the fit, from those shown in Table 3. So, while we cannot
say definitively that∆Cp is temperature-independent over
the range of our data, it appears that a constant∆Cp is
adequate to describe our data.
Why doesecHPr exhibit cold denaturation? The answer

is revealed in the values of the cardinal thermodynamic
parameters. First, the temperature of maximum stability,Ts,
for the proteins is well above 0°C, the practical lower limit
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for protein stability studies in aqueous solution at normal
pressures (Figure 6A). Second, the maximum conformation
stability, denoted∆Gs in the nomenclature of Becktel and
Schellman (1987), is quite modest forecHPr (see Figure 6B).
These criteria are necessary, but not sufficient, to observe
cold denaturation. The final criterion is the ratio of∆H/
∆Cp. For ecHPr,∆H at 25°C is 16.4 kcal mol-1, a value
somewhat smaller than those observed for many proteins,
which range from 25 to 75 kcal mol-1 (Privalov, 1979). Three
other proteins that exhibit cold denaturation, myoglobin
(Privalov et al., 1986), barstar (Agashe & Udgaonkar, 1995),
and a monomeric version ofλ repressor (Huang & Oas,
1996), also have low values for∆H at 25°C: 7.8, 4, and 6
kcal mol-1, respectively. Furthermore, when∆Cp values are
compared,ecHPr, myoglobin, barstar, and monomericλ
repressor all have some of the highest∆Cp values, on a per
residue basis, 16-18 cal mol-1 K-1 residue-1. Therefore,
these four proteins have unusually low values of∆H/∆Cp,
the final criterion for observable cold denaturation.
Thermodynamics of the Urea-ecHPr Interaction.With

the approach we have utilized to determine the conforma-
tional stability ofecHPr, we have used a combination of urea
and thermal unfolding experiments. These data cover a wide
temperature range in solutions from 0 to 4 M urea. These
data allow us to investigate the thermodynamics of the
interaction of urea withecHPr and to provide a test of the
linear free energy model for protein-denaturant interactions.
The use of the linear free energy model has a long history,
first being used empirically by Greene and Pace (1974) and
later given a theoretical explanation by Schellman and
colleagues (Schellman, 1987, 1990, 1994; Chen & Schell-
man, 1989; Schellman & Gassner, 1996). An alternative
model, called the binding model, has also been used to
investigate the thermodynamics of protein-denaturant in-
teractions, most recently by Makhatadze and Privalov (1992).
The basic premise of either model is that denaturant interacts
more strongly with the unfolded form of a protein. The main
experimental distinction between the two models is the
predicted dependence on denaturant concentration. The
LEM predicts a linear change in∆G with molar denaturant
concentration, while the binding model predicts a logarithmic
dependence. For weak-binding systems, like the urea-
protein interaction, the distinction between these models is
not as clear [see Scholtz et al. (1995) for a discussion;
Schellman & Gassner, 1996]. Our data seem totally
consistent with the simple linear model, not only for∆G
but also for∆H,∆S, and∆Cp (Figure 8); however, we cannot
rule out the possibility that the binding or solvent exchange
models might be a better way to interpret our data. Since
the LEM is in widespread use, especially for the analysis of
urea denaturation curves, we have elected to apply this
method to analyze our data.
There are some interesting aspects of the data represented

in Figure 8. The first is that∆H′ (Figure 8A) and∆S′
(Figure 8B) change very little with urea, that ish ands in
eqs 6 and 7 are small compared to∆H and∆Sfor the protein
conformational change. At 298 K, the enthalpy of the urea-
ecHPr interaction is only-2 kcal mol-1 at 1 M urea. For
comparison, Makhatadze and Privalov (1992) found that the
enthalpy of the interaction between urea and ribonuclease
A or lysozyme is approximately-8 to -10 kcal mol-1 at
298 K and 1 M urea. This indicates that urea interacts less
favorably withecHPr than with ribonuclease A or lysozyme,

possibly due to the smaller size of the HPr protein. In a
recent study on another small protein, Agashe and Udgaonkar
(1995) also found that the enthalpy of the interaction between
guanidinium chloride (GdmCl) and another small protein,
barstar, is also much smaller than with ribonuclease A or
lysozyme. This may be a general feature of small proteins;
the small size provides fewer interaction sites for denaturants
like urea or GdmCl with a concomitant smaller contribution
to the observed thermodynamic parameters. This observation
also explains the results shown in Figure 6; perturbation of
Tg′ and∆Hg′ with urea provides a reasonable estimate of
∆Cp for ecHPr, without having to correct for the contribution
of the enthalpy of the urea-protein interaction, since the
latter contribution is small. For most proteins, it is necessary
to correct the observed enthalpy changes for solvent-protein
heat effects to obtain a reliable measure of∆Cp for the
protein conformational change [however, see Liu and Stur-
tevant (1996)]. The generality of our results for other small
proteins is currently under investigation.
We also find that∆Cp shows a slight decrease with

increasing concentrations of urea (Figure 8D). It is well-
established that∆Cp is related to changes in water accessible
surface area upon protein unfolding (Spolar et al., 1992;
Murphy & Freire, 1992; Myers et al., 1995; Go´mez et al.,
1995), with changes in nonpolar surface area contributing
in a positive sense to∆Cp and changes in polar surface area
decreasing the magnitude of∆Cp for protein unfolding. If
we apply these observations to our data, where∆Cp decreases
as the urea concentration is increased, one must conclude
that the nature of the denatured state, or the relative
contributions of the solvent accessibility of polar and
nonpolar groups, is changing as we introduce more urea into
the solution. More work is needed to confirm this observa-
tion for other proteins and model compounds.
Conclusions. We have characterized the equilibrium

unfolding ofecHPr and have determined the two-dimensional
conformational stability surface for the protein as a function
of both temperature and the concentration of urea. The data
are described well by the simple linear model for the effects
of denaturants on stability not only for changes in the Gibbs
free energy of folding but also for the enthalpy, entropy,
and heat capacity changes that accompany the conformational
transition. For this protein, the contributions that the urea-
protein interactions make to the observed values for∆H and
∆S are small, presumably due in part to the small size of
the HPr protein. The HPr protein also exhibits cold
denaturation, and thus, both high- and low-temperature
unfolding can be used to determine the cardinal thermody-
namic parameters governing the conformational stability of
ecHPr.
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