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Thermodynamics of Denaturation of Barstar: Evidence for Cold Denaturation and
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ABSTRACT: Isothermal guanidine hydrochloride (GdnHCIl)-induced denaturation curves obtained at 14
different temperatures in the range 273—323 K have been used in conjunction with thermally-induced
denaturation curves obtained in the presence of 15 different concentrations of GdnHCl to characterize the
thermodynamics of cold and heat denaturation of barstar. The linear free energy model has been used to
determine the excess changes in free energy, enthalpy, entropy, and heat capacity that occur on denaturation.
The stability of barstar in water decreases as the temperature is decreased from 300 to 273 K. This
decrease in stability is not accompanied by a change in structure as monitored by measurement of the
mean residue ellipticities at both 222 and 275 nm. When GdnHCl is present at concentrations between
1.2 and 2.0 M, the decrease in stability with decrease in temperature is however so large that the protein
undergoes cold denaturation. The structural transition accompanying the cold denaturation process has
been monitored by measuring the mean residue ellipticity at 222 nm. The temperature dependence of the
change in free energy, obtained in the presence of 10 different concentrations of GdnHCI in the range
0.2—-2.0 M, shows a decrease in stability with a decrease as well as an increase in temperature from 300
K. Values of the thermodynamic parameters governing the cold and the heat denaturation of barstar
have been obtained with high precision by analysis of these bell-shaped stability curves. The change in
heat capacity accompanying the unfolding reaction, ACp, has a value of 1460 & 70 cal mol~! K~! in
water. The dependencies of the changes in enthalpy, entropy, free energy, and heat capacity on GdnHCl
concentration have been analyzed on the basis of the linear free energy model. The changes in enthalpy
(AH,) and entropy (AS;), which occur on preferential binding of GdnHCI to the unfolded state, vis-a-vis
the folded state, both have a negative value at low temperatures. With an increase in temperature AH;
makes a less favorable contribution, while AS; makes a more favorable contribution to the change in free
energy (AG;) due to this interaction. The change in heat capacity (ACp;) that occurs on preferential
interaction of GdnHC1 with the unfolded form has a value of only 53 £ 36 cal mol~! K~! M~!. The data

validate the linear free energy model that is commonly used to analyze protein stability.

An accurate measurement of the stability of a protein, in
terms of the free energy of unfolding (AG) is vital for a
correct understanding of the physical interactions that
stabilize the protein. The reliability of these measurements
assumes importance in studies where the stabilizing interac-
tions are perturbed either through mutagenesis of the amino
acid sequence or through a change in environmental condi-
tions. The stability estimate of a protein is very often based
on the analysis of denaturant-induced or thermally-induced
unfolding transitions, measured either spectroscopically or
calorimetrically. In either case, it is necessary to extrapolate
the free energy of unfolding to standard conditions, typically
208 K in the absence of denaturant. Extrapolation of
thermally-induced transitions is possible if the change in heat
capacity that accompanies unfolding is accurately known,
and it is important to establish that this thermodynamic
parameter is independent of temperature (Privalov et al.,
1989).
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Extrapolation of urea or guanidine hydrochloride (Gdn-
HC))' induced denaturation curves is carried out using either
the linear free energy model that has been theoretically
rationalized by Schellman (1978, 1987) or the binding model
rationalized by Tanford (1970). Although, the linear free
energy model is by far the most commonly used model, there
is surprisingly no report of studies that validate this model
by predicting and accounting for all the thermodynamic
parameters that define the model. Attempts to validate the
linear free energy model have invariably relied on comparing
extrapolations from thermally-induced and denaturant-
induced unfolding curves (Pace, 1986; Becktel & Schellman,
1987). On the other hand, the most detailed study to date
of the interaction of denaturants with proteins (Makhatadze
& Privalov, 1992) appears to validate the binding model.
Thus, it is evident that there is considerable debate about
how chemical denaturants unfold proteins.

The choice of protein is an important factor in evaluating
the physical interactions that determine its stability and also
in correlating this evaluation with its structure. The protein

I NMR, nuclear magnetic resonance; CD, circular dichroism; Gdn-
HCI, guanidine hydrochloride; DTT, dithiothreitol; EDTA, ethylene-
diaminetetraacetic acid.
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Heat and Cold Denaturation of Barstar

must fold completely and reversibly, its three-dimensional
structure must be known, it should be small enough for NMR
studies, and it should have a good expression system for
protein engineering studies. Barstar, the intracellular inhibi-
tor of barnase in Bacillus amyloliquefaciens, is an attractive
model protein for the study of protein folding (Hartley, 1988).
This 89 amino acid residue protein comprises four a-helices
and a paralle] three-stranded S-sheet (Guillet ez al., 1993;
Buckle et al., 1994). Complete proton NMR assignments
of the protein and a solution structure are available (Lubi-
enski et al., 1993, 1994; S. Ramachandran and J. B. Udga-
onkar, unpublished results). Both barstar (Khurana & Udga-
onkar, 1994; Swaminathan et al., 1994) and a Cys48Cys82—
Ala48Ala82 double mutant form of barstar (A. Hate and J.
B. Udgaonkar, unpublished results) transform to a molten
globule-like conformation at low pH, and kinetic studies
(Schreiber & Fersht, 1993; Shastry et al., 1994) have
demonstrated the presence of multiple folding intermediates
and at least three parallel folding pathways.

In this paper, it is demonstrated that the stability of barstar
in water decreases as the temperature is lowered from 300
to 273 K at pH 8, where the protein possesses its functional
structure. This decrease in stability is however not ac-
companied by a decrease in mean residue ellipticity at either
222 or 275 nm. In the presence of GdnHCI in the
concentration range 1.2—2.0 M, the decrease in stability with
a decrease in temperature is however so large that barstar
undergoes cold denaturation. This is the first paper to
describe the cold denaturation of barstar. The ability to study
both cold and heat denaturation over a range of GdnHCI
concentrations has made it possible to accurately determine
the values of the thermodynamic parameters governing the
unfolding of the protein and its interaction with GdnHCl
using the linear free energy model (Schellman, 1978). A
complete thermodynamic analysis of barstar over a wide
range of both temperature and GdnHCI concentrations is
presented here. The data validate the linear free energy
model that is commonly used to analyze urea and GdnHCI-
induced denaturation curves (Pace, 1986).

MATERIALS AND METHODS

Protein Purification. The plasmid encoding the gene for
barstar (pMT316) was a generous gift from Dr. R. W. Hartley
(1988) and was expressed in Escherichia coli strain MM294.
The procedure for the purification of barstar has been
described previously (Khurana & Udgaonkar, 1994).

Buffers and Solutions. All the experiments utilized buffers
containing 2 mM buffer (sodium phosphate), 100 uM EDTA
and 100 uM DTT at pH 8, and a variable concentration of
GdnHCI in the range 0—6 M. The solutions were made by
appropriate mixing of the acidic and basic forms of the buffer
so as to obtain the desired final pH. The pH values of all
solutions were carefully checked before use. All solutions
were passed through 0.22-um Corning filters and degassed
before use. The concentrations of the GdnHCl stock
solutions were determined by refractive index measurements
(Pace et al., 1989) on an Abbe refractometer. All chemicals
used were of the highest purity grade.

GdnHCl-Induced Denaturation. Equilibrium unfolding as
a function of GdnHCI concentration was monitored by far-
UV CD and also by near-UV CD. CD measurements were
done on a Jasco J720 spectropolarimeter. Spectra were
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collected with the slit width set to 430 um, a response time
of 4 s, and a scan speed of 20 nm/min. Each spectrum was
the average of at least 10 scans. The number of scans was
increased with an increase in the photomultiplier voltage that
occurs with an increase in GdnHCI concentration. Secondary
structure measurements were made at 222 nm with protein
concentrations of 6 uM in a 0.3-cm path length cuvette
obtained from Shimadzu Corporation, Japan. Near-UV
measurements at 275 nm were done using a protein
concentration of 40 uM with a cuvette of path length 1 cm
obtained from Sigma. The sample temperature was main-
tained using a Neslab RTE-110 circulating water bath.

Thermal Denaturation. Thermal denaturation was fol-
lowed by monitoring mean residue ellipticity either at 222
or 275 nm using a Jasco J720 spectropolarimeter interfaced
to a Neslab RTE-110 circulating water bath. A cylindrical
2-mm water-jacketed cuvette obtained from Jasco was used
for all experiments in the far-UV region, and the protein
concentration employed was 10 4uM. For near-UV CD melts,
a l-cm path length cuvette was used, and the protein
concentration was 40 4uM. The heating rate used was 0.33
K/min. Using half this heating rate yielded an identical
denaturation curve. The temperature in the cuvette was
monitored during measurement using a Thermolyne digital
pyrometer. The accuracy of the probe was 0.5 K. Special
care was taken to keep the loss in volume of the protein
solution due to evaporation to less than 3% of the initial
volume.

Data Analysis. For a two-state N == U unfolding reaction
characterized by a change in heat capacity, ACp, which is
independent of temperature in the range of measurements
(Privalov, 1979), the thermodynamic equations for the
dependence of the change in enthalpy (AH), entropy (AS),
and free energy (AG) on temperature in the absence of any
denaturant are well known:

AG = AH — TAS (1)
AH(T) = AH, + ACAT — T)) @)
AS(T) = AS, + AC, In(T/T,) 3)
AG(T) = AHg(l - TZ) +
g

ACKT — T, — TI(TITy)) (4)

T,, the midpoint of the thermal transition, and therefore the
temperature at which AG(7T) = 0, is taken as the standard
reference temperature. AH, and AS, are the values of AH
and AS at T,.

According to the linear free energy model (Schellman,
1978, 1987; Chen & Schellman, 1989), the changes in free
energy, enthalpy, entropy, and heat capacity that occur on
unfolding in the presence of denaturant, denoted here by AG,
AH', AS’, and AC/, respectively, all have a linear depen-
dence on the concentration of denaturant [D]:

AG’ = AG + mg[D]
= AG + AG|[D]) (5)

AH' = AH + AH|D] (6)
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AS’ = AS + AS,[D] 7)
ACy = AC, + AC[D] (8)
AG, = AH, — TAS, 9)
AG' = AH' — TAS' (10)

where mg or AG;, AH;, AS;, and ACp; are the changes in
free energy, enthalpy, entropy, and heat capacity, respec-
tively, associated with the preferential interaction of denatur-
ant with the unfolded form of the protein relative to the
folded form. The denaturant concentration at which the
protein is half unfolded (when AG” = 0) at any temperature
T is given by Cp, and from eq 5, AG = —Cpmg.

With the assumption that ACp; is independent of tempera-
ture, the temperature dependencies of AH,, AS;, and AG; are
given by

AH, = AH? + ACp(T — T.) (11
AS, = AS® + ACp, In(TIT,) (12)

AG1(D = AHiO - TASiO +
ACo(T— T, — Tin (T'T,)) (13)

where AH;° and AS? are the values of AH; and AS; at a
reference temperature 7, which may for instance be set to
T,. Thus, the temperature dependencies of AH’, AS’, and
AG’ are given by

AH/(T)=AH, + AC,/(T - T}) (14)
AS'(T) = AS, + ACy In(T/T,) (15)

AG(T) = AH/(1 = (TIT))) +
AC/(T— T, — TIn(T/T,)) (16)

7, the midpoint of the thermal transition determined in the
presence of GdnHC], is the temperature at which AG'(T) =
0.

Isothermal GdnHCI Denaturation Curves. A GdnHCI-
induced denaturation curve determined at a temperature T
was analyzed in two different but equivalent ways to obtain
AG, the free energy of unfolding in water at temperature 7.

In the first method of analysis, the equilibrium unfolding
data were directly fitted to a two state F == U unfolding
model, using eq 17 (Santoro & Bolen, 1988)

Yo =

—(AG + mG[D])]
RT

Y + mg[D] + (Y + mU[D])exp[

—(AG + D
1+ exp[————-—( GRTmG[ D]

a7

where Yg is the value of the spectroscopic property being
measured at denaturant concentration [D]. Y and Yy
represent the intercepts, and mr and my are the slopes of the
native and the unfolded baselines, respectively.

In the second method of analysis, the raw data were first
converted to plots of fy, the fraction of protein in the unfolded
state versus [D] using eq 18:
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_ Yy — (Yz + me[D])
Yy + mylD)) — (Yp + me[D])

fu (18)

fu is related to AG by a transformation of the Gibbs—
Helmholtz equation in which the equilibrium constant for
unfolding in the folding transition zone, K.y, is given by
Kapp =fU/(1 - fU)
[—(AG =+ mg[D])
exP RT
—(AG + mg[D])
RT

fu= (19

1+ exp[

Thermally-Induced Denaturation Curves. To obtain es-
timates for T, and AH,’, a thermal denaturation curve
obtained in the absence or presence of GdnHCI was analyzed
as follows: The apparent equilibrium constant K, and the
free energy change AG’ at any temperature T within the
folding transition zone of the thermally-induced transition
were first determined from the raw data using the following
equations:

fu Yo — (Yg +meD)

K, = = 2
w1 —f, (Yy+myD) — Y 20)
Yy — (Ye + m:T)
AG'=—-RTInK,_ = —RT 21
TInk,, In ((YU T 1)

where Yo is the mean residue ellipticity measured at
temperature T in the presence of denaturant at concentration
[D], Yr and Yy represent the intercepts, and mr and my are
the slopes of the folded and the unfolded baselines of the
data (see Results), respectively. fy is the fraction of barstar
in the unfolded form. Values of K,,, well within the
transition zone were used to obtain values of AG” as a
function of T (in K), and T,” was determined as the
temperature at which AG” = 0. The slope of a plot AG’
versus T at T} is, according to eq 16, equal to —AH,/T/,
which represents —AS;’ the change in entropy accompanying
the unfolding reaction at T,". Thus, AH," and AS;’ could be
estimated. The value of AH," was also estimated from the
slope of a van’t Hoff plot (In K, versus 1/7), which is equal
to —AH;'/R. The two estimates for AH," so obtained were
essentially identical.

Composite stability curves (Figure 6) were fit to eq 16
(for data obtained in the presence of GdnHC]) or eq 4 (for
data obtained in the absence of GdnHCI) using the values
obtained as described above as the starting estimates for 7,
and AH,.

Thermal denaturation curves obtained in the presence of
GdnHCI are described by

Yo = {(YF + mpT) + (Yy + myT) x

’ T ’ 4 4
AH, (i - 1) + ACT, = T+ TIn(TIT))
exp RT
’ T ’ 4 ’
AH, (F - 1) +ACIT, — T+ TIn(IIT)]
1 +exp £ RT

(22)
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Thermally-induced denaturation data were also converted
to plots of fy (as defined in eq 18, with T replacing [D]), in
which case they are described by equation 23:

fU =
’ T ’ ’ Is
At |7 - 1) + ACHIT, = T+ TIn(T/T,)]

exXp RT

I4 T ’ ’ ’
AH, (Tg; - 1) + AG (T, — T+ TIn(T/T,)]

1 +exp RT

(23)

The equations used to describe a thermal denaturation
curve obtained in the absence of GdnHCI have the same
forms as eqs 22 and 23, but with AH; and ACp in place of
AH," and AC/'.

The temperature dependence of the free energy of unfold-
ing in the absence of GdnHCI has typical features described
by the characteristic temperatures Ty, T, and Ty, (Becktel &
Schellman, 1987; Schellman, 1987), which are the tempera-
tures at which AG, AS, and AH, respectively, are equal to
zero. Thus, from egs 2 and 3, these temperatures are related
to each other by the following equations:

AH
— _ g
Th - Tg ACP (24)
AH
In(T/T) = —= (25)
/ T,ACp
AG,= AC(T, — T}) (26)

The low-temperature melting point, the midpoint of the
cold denaturation process, T,° can be estimated from the
following equation, which is obtained by setting AG in eq 4
to 0 at T,° and expanding the logarithmic term in that
equation as a series to the third power:

, [ 6AH,
T g1 8T g

Ty~ J[6BH, @7

The equations describing the corresponding characteristic
temperatures in the presence of GdnHCl (7', TV, Ty, and
T,') have the same forms as eqs 24—27, but with AH,;" and
ACy in place of AH, and ACp. All data were analyzed using
the SigmaPlot for Windows scientific graphing software.

RESULTS

Data Collection. Fourteen isothermal GdnHCl-induced
equilibrium denaturation curves, in which the concentration
of GdnHCI was incremented in units of 0.2 M in the range
0—5 M, were collected in the range of temperature between
273 and 323 K, at 3—4 K intervals. Fifteen thermally-
induced equilibrium denaturation curves, in which the
temperature was incremented in units of 2 K in the range
293—368 K, were collected in the presence of different
concentrations of GdnHC, in the range 0—4.2 M, at intervals
of 0.2 M. Thermally-induced denaturation data were not
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FIGURE 1: (a and b) GdnHCl-induced denaturation curves at three
different temperatures at pH 8. The fraction of protein in the
unfolded form (fy), determined using eq 18, is plotted as a function
of the concentration of GdnHC1 at three different temperatures 277
(A, A), 297 (¥, ¥), and 323 K (B, O). Open and closed symbols
are from far-UV and near-UV CD experiments, respectively. The
solid lines through the data are nonlinear least squares fits of the
data to eq 19 and yield values for AG, Cy,, and mg of 3.4 £ 0.5
kcal mol~'; 1.3 M, and 2.6 & 0.2 kcal mol™! M~ at 277 K; 5.2 =
0.5 kcal mol™!, 1.8 M, and 2.9 & 0.2 kcal mol™! M~! at 297 K;
and 3.7 £ 0.5 kcal mol™', 1.4 M, and 2.7 + 0.2 kcal mol™! M™! at
323 K. (c) Thermally-induced denaturation curve in the absence
of GdnHCl at pH 8. Two probes were used, mean residue ellipticity
at 222 (¥) and 275 nm (V). The fraction of protein in the unfolded
form, fy, is plotted versus temperature. The raw data for the far-
UV CD data are shown in Figure 3a. The solid line through the
data is a nonlinear least squares fit according to eq 23, which yielded
values for T,, AH,, and ACp of 342.2 K, 67.2 kcal mol~!, and
1410 kcal mol™! K7, respectively.

collected below 293 K because of the long equilibration times
involved, and isothermal GdnHCl-induced denaturation data
were not collected above 323 K because the folded-protein
baselines became too short for accurate analysis. The data
were analyzed using eqs 1—27.

Effect of Temperature on the Stability of Barstar. Figure
1, panels a and b, shows GdnHCl-induced denaturation
curves for barstar at three different temperatures: 277, 297,
and 323 K. Unfolding was monitored using two optical
probes, far-UV CD at 222 nm and near-UV CD at 275 nm.
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The former monitors secondary structure and the latter
monitors tertiary structure. The mean residue ellipticity
either at 222 or 275 nm, for barstar in the absence of
GdnHCI, was the same at 277, 297, and 323 K. Data are
plotted as fi;, the fraction of unfolded protein, versus the
concentration of GdnHCI (see eq 18). Figure 1, panels a
and b, shows that barstar is less stable at 277 and 323 K
than at 297 K. Moreover, the transitions monitored by the
two probes are coincident at all temperatures. For a given
temperature, the same value of C,, the midpoint of the
unfolding transition, is obtained irrespective of the probe
used. The good coincidence of the equilibrium unfolding
profiles, as monitored by these two probes, is indicative of
a two-state unfolding transition at each temperature. A fit
of the data at each temperature to a two-state transition (eq
19) yields values for the three parameters that characterize
the transition, namely, AG, Cy, and mg (see legend to Figure
1 and also Figure 2). The value of C, at 297 K is 1.8 £ 0.1
M, which is similar to the one reported earlier (Khurana
& Udgaonkar, 1994; Shastry et al., 1994).

In Figure 1c, the thermally-induced denaturation curves
are shown for barstar in the absence of GdnHCI, monitored
by two probes: mean residue ellipticity at 222 nm, a probe
of secondary structure, and mean residue ellipticity at 275
nm, a probe of tertiary structure. Again, these two probes
yielded coincident denaturation curves, described by eq 23,
indicating that thermally-induced unfolding also proceeds
through a two-state N == U transition.

Temperature Dependence of AG, mg, and C,. The 14
isothermal GdnHCl-induced denaturation curves determined
in the temperature range 273—323 K were each analyzed
using eq 17 to determine the values of the free energy change
on unfolding in water, AG, the free energy of the interaction
between barstar and GdnHCI, m¢ (AG;), and the midpoint
of the GdnHCl-induced denaturation curve, Cp, at each
temperature. The values of AG in the temperature range
341-351 K were also determined by the use of eq 21 from
the thermal denaturation data collected in the absence of
GdnHCI, which are shown in Figure 1c. The three thermo-
dynamic parameters so determined are plotted versus absolute
temperature in Figure 2. Figure 2a shows that AG decreases
in value (i.e., the protein becomes less stable) when the
temperature is either lowered or raised from 300 K. mg
appears to be independent of temperature, within experi-
mental error, between 273 and 323 K, and has an average
value of 2.4 + 0.2 kcal mol~! M™. C,, which is less
susceptible to experimental variation, has a dependence on
temperature similar to that seen for AG in Figure 2a. Since
m¢ appears to be independent of temperature, within
experimental error, the value of C,, can be justifiably used
as an index of the stability of barstar.

The composite data in Figure 2a for the entire temperature
range (273—363 K) were then fit to eq 4 to determine AH,,
ACp, and T,. Figure 2a shows that the data fit well to eq 4.
The values obtained for ACp, AH,, and T, are listed in Table
L.

Interconvertibility of GdnHCI and Temperature Melts.
The equilibrium denaturation data collected from the 14
isothermal GdnHCl-induced unfolding experiments as well
as the 15 thermally-induced unfolding experiments give the
dependence of the mean residue ellipticity at 222 nm on both
the temperature in the range 273—363 K, and the GdnHCl
concentration in the range 0—35 M. Some of these data from
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FIGURE 2: Temperature dependence of AG, mg, and Cy. Open
and closed symbols are used for data from isothermal GdnHCI-
induced denaturation curves and thermally-induced denaturation
curves, respectively. The solid line through the AG data (a) is a
nonlinear least squares fit using eq 4. The values obtained for AH,,
T, and ACp from the fit are listed in Table 1. The line through
the Cp, data (c) is drawn according to eq 4 and the relationship C,
= —AG/mg (see text) with mg set to —2.4 kcal mol~! M™!, which
is its average value over the range in temperature indicated. The
standard error in any value for AG and mg obtained from an
isothermal GdnHCl-induced denaturation curve, obtained from a
nonlinear least squares fit of the curve to eq 17, was approximately
+6%, and the error bars fall within the size of the symbols. The
standard error was lowest at T, (300 K) and larger at both the low
and high extremes of temperature, presumably because the folded-
protein baselines were shorter at the extreme temperatures. The
error in Cp,, was less than +0.1 M as determined from multiple
determinations of its value.

both sets of experiments are shown in Figure 3, panels a—d,
where the mean residue ellipticity at 222 nm is plotted against
temperature in the presence of different concentrations of
GdnHCI. It is observed that the thermostability of the protein
decreases with an increase in GdnHCI concentration: high-
temperature unfolding occurs at lower temperatures, and low-
temperature (cold) unfolding occurs at higher temperatures.

The data in Figure 3 exhibit several salient features. (1)
There is very good coincidence between the data from
GdnHCl-induced denaturation at fixed temperatures and the
thermally-induced denaturation in the presence of fixed
GdnHC] concentrations, when the former is transposed into
the same form as the latter. This indicates that both sets of
data have indeed been collected under true equilibrium
conditions. (2) A global folded-protein baseline is drawn
using the values of mean residue ellipticity at 222 nm in the
temperature range 273—323 K, using measurements made
in the presence of 0—1.0 M GdnHCI. A few points from
the data obtained in the presence of 0.8 and 1.0 M GdnHCl,
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Table 1: Thermodynamic Parameters Governing Thermally-Inducéd Denaturation of Barstar at pH 8.0°

[GdnHCl] T, Ty AHY AHg ASy ASE T AG/ ACY
M) (K) (K)  (kcalmol™') (kcalmol™!) (calmol™!K™) (calmol™'K™!) (X) (K)  (kcalmol™)) (calmol™!K™!)
0 343.0 2578 69.7 -57.6 203.2 —2234 296.3 2994 4.5 1490
0.2 3422 260.2 65.1 —-54.2 190.2 ~208.3 297.5 3003 4.1 1460
0.4 340.3 261.6 58.4 —49.0 171.7 —187.3 297.5 300.1 35 1370
0.6 338.1 2644 539 —45.8 159.4 —-173.2 298.3 300.5 3.1 1350
0.8 3355 2676 494 —42.4 147.2 —158.4 299.0 300.9 2.6 1350
1.0 3300 2714 46.8 —41.1 141.8 —151.4 298.8 300.2 2.1 1500
1.2 326.1 2749 41.2 —36.8 126.3 —1339 299.1  300.2 1.7 1520
1.4 321.8 278.8 337 —30.7 104.7 —110.1 299.3  300.1 1.1 1500
1.6 316.5 2839 254 —23.6 80.3 —83.1 299.6 300.1 0.7 1500
1.8 3103 291.1 14.7 —14.1 47.4 —48.4 300.5 300.7 0.2 1500

¢ AH,' and AS, are values calculated at temperature Ty, and AH,S and AS,® are values determined at temperature T, T,” and T were
calculated from the stability curves (Figure 6) as described in the text. Ty and T," were determined using eqs 24 and 25, respectively. Equation

26 was used to determine AG'.

Errors in the thermodynamic parameters are indicated in the text and figure legends.
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260 280 300 320 340 360 260 280 300 320 340 360
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FIGURE 3: Temperature and GdnHCI concentration dependencies of the mean residue ellipticity at 222 nm. Open and closed symbols are
from isothermal GdnHCl-induced and thermally-induced denaturation curves, respectively. The straight dashed lines at the top and bottom
represent the global unfolded-protein baseline and the global folded-protein baseline, respectively. The former is a linear least-squares fit
to all the data obtained in the presence of 2.6—5.0 M GdnHC], while the latter is a linear least squares fit to all data obtained in the presence
of 0—1 M GdnHCl. Different symbols indicate the different concentrations of GdnHCI present. (a) (O, @) 0.0 M; (O, H) 3.4 M; (A, A)
1.8M. B)(O)03M; (O, MI2M; (A, A)I2M;(V,¥)2.0M; (c) (O, @) 0.6 M; (O, M) 3.8M; (A, &) 1L.4AM. (d) (O) 0.1 M; (v, V)
0.8 M; (O, M) 3.0 M; (A, &) 1.6 M. Continuous lines through the data are simulated using eq 22 and the values for AHg', T, and AC#’

listed in Table 1.

below 293 K were excluded from the fit for obtaining the
global baseline as they were indicative of cold denaturation.
Figure 3 demonstrates that the slope of the global folded-
protein baseline is a good representative of the slopes of the
individual folded-protein baselines that contribute to it,
indicating that the temperature dependence of the mean
residue ellipticity at 222 nm of the folded protein is virtually
independent of GdnHCl! in this narrow concentration range
(0—1.0 M GdnHCl). The mean residue ellipticity of the
folded protein decreases by less than 5% at 300 K, when

the concentration of GdnHCl is increased from 0 to 1.0 M,
the latter concentration being the highest concentration of
GdnHCI in which the protein remains fully folded at this
temperature. (3) A global unfolded-protein baseline could
also be drawn in the temperature range 273—363 K, using
measurements made in the presence of 2.6—5.0 M GdnHCI.
Figure 3 demonstrates that the global unfolded-protein
baseline is a good fit to these data over the entire temperature
range, indicating that the temperature dependence of the
mean residue ellipticity at 222 nm of the unfolded protein is
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FIGURE 4: GdnHCI concentration dependence of the mean residue
ellipticity at 222 nm at 349 K. The mean residue ellipticities at
222 nm and 349 K were obtained from thermal denaturation curves
obtained in the presence of different concentrations of GdnHCl.
The variation in the mean residue ellipticity was determined to be
less than £5% from multiple recordings of thermal denaturation
curves. The straight line through the data is a linear least squares
fit to the data and has a slope of 481° cm™2 dmol~' M.

independent of GdnHCIl concentration. (4) In the tempera-
ture range of measurement and at concentrations of GdnHCl
between 0 and 1.0 M, barstar shows only one structural
unfolding transition, that at high temperatures. (5) In the
presence of an intermediate concentration of GdnHCI,
between 1.2 and 2.0 M, barstar shows two structural
unfolding transitions, one at a low temperature and the other
at a high temperature. The magnitudes and midpoints of
these transitions depend on the concentration of GdnHCI
present. In this concentration range of GdnHCI, barstar is
not fully folded at any temperature. (6) At GdnHCl
concentrations above 2.6 M, no significant phase transition
is observed. (7) The observed individual unfolded-protein
baselines determined in the presence of 0—2.0 M GdnHCl
do not coincide with the global unfolded-protein baseline.
(8) The combination of data from both the isothermal
GdnHCl-induced melts and the thermally-induced melts
(which was possible because the data were coincident over
the temperature range where they overlapped), resulting in
composite temperature melts, allows the determination of
thermodynarmic parameters over the entire temperature range
of 273—-363 K. (9) The data collected in the presence of
2.0 M GdnHCI also show a good coincidence from the two
sets of melts but fail to fit satisfactorily to the parameters
obtained from a fit of the calculated AG” values to eq 16.
There is a larger experimental error in the determination of
the unfolded-protein baseline for the 2.0 M data, and this
could account for the discrepancy. This kind of discrepancy
has been reported before in the case of a mutant form of
phage T4 lysozyme (Chen & Schellman, 1989), where it was
similarly explained. In view of this inadequacy of the 2.0
M data, it was excluded from all further analysis.

GdnHCI Concentration Dependence of Mean Residue
Ellipticity at 222 nm of Thermally Denatured Barstar. Figure
4 shows the dependence of the mean residue ellipticity at
222 nm on GdnHCI concentration at 349 K. At this
temperature, the thermal transition is complete in the presence
of any concentration of GdnHCI (Figure 3), and Figure 4
therefore illustrates the GdnHCI dependence of the mean
residue ellipticity of thermally-denatured barstar. No coop-
erative transition is visible, and the mean residue ellipticity
decreases linearly with an increase in GdnHCI concentration
from 0 to 5.0 M.
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FIGURE 5: Analysis of a thermally-induced denaturation curve. The
thermal denaturation experiment was done in the presence of 1.4
M GdnHCl at pH 8. The dashed lines represent the global folding
and unfolding baselines as defined in the text. The upper solid
line is the unfolding baseline used in the analysis and is a straight
line drawn with the same slope as that of the global unfolding
baseline, through the observed post-transition data points.

Unfolded-Protein Baselines. The temperature dependence
of the mean residue ellipticity at 222 nm of GdnHC]1 unfolded
barstar (the global unfolded-protein baseline in Figure 3) and
the GdnHCl concentration dependence of the mean residue
ellipticity at 222 nm of thermally unfolded barstar (Figure
4) indicate that the individual unfolded-protein baseline for
each thermal denaturation curve should be parallel to the
global unfolded-protein baseline. Thus, for all thermal
denaturation curves, individual unfolded-protein baselines
were used as illustrated in Figure 5, which shows the
individual unfolded-protein baseline used for the thermal
denaturation curve in the presence of 1.4 M GdnHCIL
Moving the point of intersection of the individual baseline
with respect to the observed data in the post-transition zone
had no significant effect on the values obtained for T,’, AH,',
and ACp’ after analysis (see below) as long as the slope of
the global unfolded-protein baseline was used. As an
extreme example, using the global unfolded-protein baseline
instead of the individual unfolded-protein baseline shown
alters the value of T, by less than 0.5 K and the values of
AHy and ACy’ by less than 5%. This is true for all the
thermal denaturation curves whose analyses are summarized
in Table 1. For a composite thermal denaturation curve
obtained in the presence of any GdnHCl concentration
between 0 and 1.0 M, the individual observed folded-protein
baseline was used for analysis. For the composite thermal
denaturation curves obtained using GdnHCI concentrations
between 1.2 and 2.0 M, the global folded-protein baseline
was, however, used for analysis, because the protein was
not completely folded at any temperature, and no individual
folded-protein baseline was therefore observed (see Figure
3).

Analysis of Stability Curves. Using the data shown in
Figure 3, eq 21 was used to determine AG’ at each
temperature for each concentration of GdnHCI between 0
and 2 M. Individual unfolded-protein baselines were used
in the determination of Ky, at each temperature for each
composite thermal melt, as illustrated in Figure 5. Figure
6a shows data for those concentrations of GdnHCI (0.2—1
M) in which no significant structural unfolding transition is
observed at low temperatures, but nevertheless, values for
AG’ could be determined at low temperatures from the
isothermal GdnHCl-induced denaturation curves determined
at the low temperatures by linear extrapolation of AG’ to
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FIGURE 6: Stability curves of barstar at pH 8 in the presence of
different concentrations of GdnHCl. The data shown in Figure 3
were used to determine AG’ at each temperature for each
concentration of GdnHCI between 0 and 2 M, using eq 19. (a)
(@ 0.2 M; (0) 0.4 M; (V) 0.6 M; (») 0.8 M; (¢) LOM. (b) (@)
1.2M;(0) 1.4 M; (V) 1.6 M; (&) 1.8 M. Open and closed symbols
are from isothermal GdnHCl-induced denaturation curves and
thermally-induced denaturation curves, respectively. For the
concentrations of GdnHCI shown in panel a, AG’ at low tempera-
tures was obtained from the isothermal GdnHCl-induced denatur-
ation curves determined at these temperatures by linear extrapolation
of AG’ to the desired concentration of GdnHCI, using eq 5. Each
stability curve was analyzed using a nonlinear least squares fit to
eq 16, and the values for AH', AS,", ACp’, and T’ determined for
each concentration of GdnHCl are listed in Table 1. To preserve
clarity, error bars for the values for AG” have not been shown, but
the errors are similar to those indicated for AG in the legend to
Figure 2a.

the desired concentration of GdnHCI, using eq 5. Figure
6b contains data for those concentrations of GdnHC1 (1.2—
1.8 M) in which a significant structural unfolding transition
is observed at low temperatures (Figure 3). It is observed
that AG’ becomes equal to 0 at two separate temperatures,
corresponding to the low- and the high-temperature melting
points. The stability curve (AG” versus T) so determined
for each concentration of GdnHC1 was analyzed according
to eq 16. To determine the values for AH;", AS,’, ACY,
and T, which characterize the heat denaturation process,

Biochemistry, Vol. 34, No. 10, 1995 3293

each stability curve was fit by a nonlinear least squares
routine to eq 16 with the sole constraint that ACp > 0. To
determine the values of AH,”, AS,*, ACY, and T, which
characterize the cold denaturation process, each stability
curve was similarly fit to eq 16 with the additional constraint
that AH,” be negative. The thermodynamic parameters
obtained are listed in Table 1. Also listed in Table 1 are
the values for the other thermodynamic parameters Ty, Ty’
and AG that could be determined using eqs 24—26.

There are several points to note regarding the results of
the analysis presented in Table 1. (1) The values obtained
for T, and T, are within 0.5 K of the values obtained from
visual interpolation of the data in Figure 6 for the two
temperatures where AG” = 0. In addition, the value obtained
for T is within 0.5 K of the value obtained from van’t Hoff
analysis of only the heat denaturation data (see Materials
and Methods). (2) The values obtained for ACy’ from an
analysis of the cold denaturation and heat denaturation
processes are identical. This result validates the assumption
of a temperature-independent ACp over a range of tempera-
ture spanning 90 K. (3) The value of AG,, the free energy
of unfolding at temperature 7, where the protein is most
stable, decreases with increasing GdnHCI concentration, and
at concentrations of GdnHC] greater than 1.8 M, the unfolded
state is more stable than the folded state at all temperatures.
This is expected because the maximum value of Cp, the
midpoint of a GdnHCl-induced denaturation curve, is 1.9 +
0.1 (Figure 2¢). (4) T/, the temperature at which SAG’/0T
= 0, is virtually independent of GdnHC1 concentration and
has an average value of 300.4 + 0.5 K.

In Figure 7a is presented a plot of AH," versus Ty, It is
observed that T, spans a 35 K range in temperature in the
presence of GdnHCI. The data fits well to a straight line
with a slope of 1510 % 86 cal mol™! K™}, which represents
an apparent ACy’. Tt should also be observed that the data
point representing AH, and 7, agrees well with the fitted
line. In Figure 7b is presented a plot of ACy" versus
concentration of GdnHCI. A very small increase (less than
8%) in the value of ACy" is observed with increasing GdnHCl
concentration. The straight line through the data has a slope
of 53 £ 36 cal mol™! K™! M, which represents ACp;, the
change in heat capacity associated with the preferential
interaction of GdnHC! with unfolded protein over that with
the folded protein (eq 8). It should be noted that this data
by itself cannot be used to argue that AC;’ increases, albeit
marginally, with an increase in GdnHCl concentration, but
the fact that a similar value for ACp; is obtained from the
temperature dependencies of AH; (Figure 9a) and AS; (Figure
9b) would support such a conclusion. We consider the
average value of ACp = 1460 £ 70 cal mol~! K~! as a good
estimate of the true value. It is not very different from the
value obtained directly, by fitting the data shown in Figure
2a to eq 4, 1490 £ 50 cal mol™' K™' and also makes
allowance for the observed, weak dependence of ACr on
GdnHCI concentration.

Evaluation of AG;, AH, and AS. The data shown in
Figure 6 were used for a detailed analysis of the dependencies
of AH’, AS’, and AC?’ on the concentration of GdnHC]I. For
any concentration of GdnHCI, the values for AH’, AS’, and
AG’ at any temperature could be determined using eqs 14—
16 in conjunction with the values for AH,’, AS,’, T, and
ACy listed in Table 1. In Figure 8, panels a and b, are shown
the dependencies of AH" and AS’ on the concentration of
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FIGURe 7: AC» of unfolding of barstar at pH 8. (a) Dependence
of AHy' on T,'. The value of AH,” determined at each temperature
T/, which was varied by changing the concentration of GdnHCl
present (see Table 1), is plotted against 7;". The slope of the linear
least squares fitted line through the data, which represents an
apparent ACp, has a value of 1510 £ 86 cal mol™! K~'. (b)
Dependence of ACy” on GdnHCI concentration. ACy’ is plotted
against GdnHCI concentration, using the values listed in Table 1.
The solid line through the data is a linear least squares fit of the
data to eq 8. The slope and intercept of the line, representing ACp
and ACjp, respectively, have values of 53 £ 36 cal mol™! K~! M~!
and 1410 £ 40 cal mol™' K~!. The error bars in (a) and (b)
represent the standard errors determined from nonlinear least squares
analysis of the stability curves in Figure 6 to eq 13. The standard
error in the determination of T’ is less than £0.5 K.

GdnHCI at two different temperatures, 273 and 317 K. At
273 K, AH’ has a negative value whose magnitude increases
linearly with increasing GdnHCI concentration, indicating a
favorable interaction of GdnHCI with barstar at this low
temperature (Figure 8a). AS’ too is a negative quantity at
this temperature, and its absolute value also increases with
increasing GdnHCI concentration (Figure 8b). The values
of AH’ and AS’ at any particular temperature and GdnHCl
concentration are such that the resultant value of AG’
decreases linearly with increasing GdnHCI concentration
(Figure 8c). Figure 8¢ also shows data for AG’ at 297 K
for ready comparison with the AG’ values at two extremes
of temperature. The data in Figure 8a—c were fitted to egs
5—7. The slopes and intercepts of the fitted straight lines
in Figure 8a—c yield the values for AH and AH;, AS and
AS;, and AG and AG;, respectively, which are listed in the
legend to Figure 8. Data for two different temperatures
covering the temperature range of isothermal GdnHCI-
induced denaturation curves have been shown to give the
reader an appreciation of the errors involved in the deter-
mination of these parameters. It should be noted that the
values obtained for AG from these linear fits agree well with
the values obtained directly for these parameters, which are
also shown in Figure 8c.
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FIGURE 8: GdnHCI concentration dependencies of AH’, AS’, and
AG’ at pH 8. The values for AH’, AS’, and AG’ were determined
at three different temperatures 273 (v), 297 (O), and 317 K (A)
for each concentration of GdnHCl using eqs 14—16 and the values
for AHy', AS,', T;', and AC; listed in Table 1. The dependencies
of (a) AH’ and (b) AS’ (only at 273 and 317 K) and (¢) AG’ (at
273, 317, and 297 K) on the concentration of GdnHCI are shown.
In c, the filled symbols denote the values of AG determined from
an analysis of GdnHCl-induced denaturation curves obtained at the
corresponding temperatures. The straight lines through the data
in a—c are linear least squares fits of the data to eqs 6, 7, and 5,
respectively. The slopes and intercepts of the fitted lines yield the
values for AH, AH,, AS, AS;, AG, and AG; of —33.3 £ 0.8 kcal
mol~?!, —4.21 =+ 0.8 kcal mol~! M~!, —131.9 £ 2.9 cal mol~! K™/,
—6.3 £ 2.7 calmol™! K-! M~!, 2.8 & 0.02 kcal mol~!, and —2.5
%+ 0.02 kcal mol™! M, respectively, at 273 K and 28.7 = 0.9
kcal mol™!, ~1.9 + 0.9 kcal mol™! M~!, 78.3 & 3.1 cal mol~!
K1, 1.63 £ 2.9 cal mol™' K™! M7, 3.8 &+ 0.03 kcal mol™!, and
—2.4 £ 0.03 kcal mol™! M, respectively, at 317 K. At 297 K,
the AG and AG; values are 4.5 & 0.02 kcal mol~! and —2.4 &
0.01 kcal mol~! M~1,

An analysis similar to that shown in Figure 8 was carried
out at each of 13 different temperatures in the range 273—
321 K, and the values of AH;, AS;, and AG; were determined
at each temperature. Figure 9, panels a—c, shows the
temperature dependencies of AH,, AS;, and AG;. AH;
becomes more negative with decreasing temperature. The
slope of the straight line through the plot of AH; versus 7,
according to eq 11, is equal to ACp; and has a value of 53
4 36 cal mol~! K~! M~!, which is similar to the mean value
determined from the data in Figure 7b. The straight line
extrapolates to AH; = 0 at 353 K, above which AH; makes
an unfavorable contribution to AG;. AS; has a negative value
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FIGURE 9: Temperature dependence of the thermodynamic param-
eters governing the interaction of barstar with GdnHCI at pH 8.
(a) Dependence of AH;. The straight line through the data is a
linear weighted least squares fit of the data to eq 11, whose slope
is equal to ACp; and has a value of 53 & 36 cal mol™! K~! M~
(b) Dependence of AS;. The line through the data is a weighted
least squares fit to eq 12, which gives a value for ACp; of 53 + 36
cal mol™' K™ M~1, (c) Dependence of AG;. The solid line through
the data is drawn according to eq 10, with the fitted values of AH;
and AS; at each temperature obtained as described above. The
errors shown in the values for AH;, AS;, and AG; are the standard
errors obtained from least squares fits as shown in Figure 8.

at low temperatures, but the value becomes more positive
with increasing temperature, so that AS; = 0 at 308 K above
which is makes a favorable contribution to AG; (Figure 9b).
AG;, determined as the slope of a plot of AG” versus GdnHCl
concentration (Figure 8c), is seen to have a small dependence
on temperature. It appears that the value of AG; goes through
a maximum with increasing temperature, as expected from
eq 13. Moreover, the values of AH; and AS; at each
temperature could be used in eq 10 to correctly predict the
temperature dependence of AG; as shown in Figure 9c.
GdnHC! Concentration Dependence of T,', T,*, T/, and
T,. Figure 10a shows the GdnHCI concentration dependence
of Ty and 7,”. The former decreases with increasing
GdnHCI concentration, while the latter increases, and they
both appear to converge to the same value of 300 K at 1.9
M GdnHCI. Figure 10a also shows that the values obtained
for 7% from an analysis of the stability curves in Figure 6
agree well with the values predicted by eq 27. Figure 10b
shows the dependencies of 7, and T, on the concentration
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FiGure 10: GdnHCI concentration dependencies of T', T¢, T,
and T,* for barstar at pH 8. (a) Dependencies of T, (®) and T,
(3). (b) Dependencies of Ty" (A) and T," (¥). The values for all
four characteristic temperatures are listed in Table 1. The solid
line through the T,* data is drawn according to eq 27, using the
values for AH,’, AC/', and Ty listed in Table 1.

of GdnHCI. The former increases in value, while the latter
remains more or less constant with an increase in GdnHCl
concentration. In approximately 1.9 M GdnHCl, 7" and T}’
have the same value of 300 K. Thus, in 1.9 M GdnHCl, T’
=T, =T =7/ =300 K. It should be noted that T}/ =
Ty only when AG = 0 and AG/OT = 0, i.e., when Kq =
1. This is indeed the case in 1.9 M GdnHC] and 300 K,
where the fully folded and unfolded states do not differ in
enthalpy (AH’ = 0), entropy (AS” = 0), or consequently in
free energy (AG’ = 0).

DISCUSSION

Cold Denaturation. The phenomenon of cold denaturation
of proteins is by now a well-accepted fact. After the original
prediction by Brandts (Brandts, 1964), several proteins have
been shown to undergo such transitions [reviewed by
Privalov (1990)]. Most proteins that undergo cold denatur-
ation do so under conditions where the native state of the
protein is already destabilized either by the presence of a
denaturant or extremes of pH (Privalov, 1990). The study
of the thermodynamics of cold denaturation is facilitated by
the presence of a denaturant because the denaturant raises
the cold transition temperature, allows faster equilibration,
and depresses the freezing point of water, preventing ice
formation (Becktel & Schellman, 1987; Chen & Schellman,
1989). Previously, cold denaturation of small proteins in
the presence of denaturants has been reported in the case of
B-lactoglobulin (Christensen, 1952; Pace & Tanford, 1968),
cytochrome ¢-552 (Nojima et al., 1978), myoglobin (Privalov
et al., 1986), staphylococcal nuclease (Griko et al., 1988),
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and a mutant form of T4 lysozyme (Chen & Schellman,
1989). This is the first paper describing the cold denaturation
of barstar.

The data in Figures 1—3 and 6 indicate that barstar
undergoes a decrease in stability as the temperature is
lowered below 300 K. The decrease in stability at low
temperatures, observed in the presence of denaturants (Figure
6), can be explained in part by the increase in the enthalpy
of interaction of GdnHCI with the protein at low tempera-
tures: AH; becomes increasingly negative with decreasing
temperature (Figure 9) and makes an increasingly favorable
contribution to AG; (eq 10) and, consequently, to AG’ (eq
5). As expected from eq 5, the stability decreases when the
concentration of GdnHCl is increased (Figure 6). When the
concentration of GdnHCI is less than 1.0 M, the decrease in
stability is not sufficient for a significant structural unfolding
transition to be seen by either far- or near-UV CD (see Figure
1), but if the GdnHCI concentration is greater than 1.2 M, a
structural unfolding transition is seen at low temperatures
(Figure 3).

Figures 1 and 2 and Table 1 show that regardless of
whether GdnHCl is present or not, the decrease in stability
at high temperatures proceeds with an overall increase in
enthalpy and entropy, while the decrease in stability at low
temperatures (below T;) proceeds with an overall decrease
in both enthalpy and entropy. It is clear that in the absence
of GdnHCI, the folded protein molecule cannot possess
higher conformational entropy (disorder) than the cold-
denatured protein molecule. The change in the entropy of
water must therefore be making a substantial contribution
to the observed decrease in entropy that accompanies cold
denaturation. The source of this change in the entropy of
water must be the hydrophobic effect (Kauzmann, 1959),
which must therefore be the dominant force stabilizing
barstar. The hydrophobic effect decreases with decreasing
temperature (Kauzmann, 1959; Privalov & Gill, 1988), and
this may be a principal reason why the stability of barstar
decreases with decreasing temperature at temperatures below
T;. The contribution of the hydrophobic effect to protein
denaturation and to cold denaturation in particular has been
described by Privalov (1989, 1990, 1992).

The enthalpy of cold-denatured barstar also cannot be
lower than that of the folded protein, because that would
mean that cold-denatured barstar has more structure than the
folded state. Thus, the change in the enthalpy of interaction
of water with the protein must be making a substantial
contribution to the observed decrease in enthalpy that
accompanies cold denaturation (Privalov, 1990).

The data in Table 1 indicate that in the presence of
intermediate concentrations of GdnHCI, in the range 1.2—
2.0 M, barstar is in the cold-denatured state at 273 K. As
the temperature is increased from 273 K, the protein first
absorbs heat to refold around temperature T,*, reaches a state
of maximum stability at a temperature T}’, and then absorbs
heat to unfold to the heat-denatured state around temperature
T,'. The overall transition from the cold-denatured state to
the heat-denatured state is not accompanied by a change in
heat capacity: the heat capacities of the cold- and heat-
denatured states are identical.

Prediction of Observable Cold Denaturation. Barstar has
an unusually high value of ACp for a protein its size. The
value of 1460 cal mol™! K™! translates into a value of 16.4
cal mol™! K~! per residue. Only myoglobin has a higher
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value, that of 18 cal mol™! K™! per residue while the values
for ribonuclease A, ribonuclease T1, lysozyme, barnase, and
staphylococcal nuclease fall in the range 12—15 cal mol™!
K™! per residue (Privalov, 1992). What is most unusual
about barstar is that it has an unusally low value for AH of
only 4.0 £ 0.2 kcal mol~' at 298 K compared to the values
reported for ribonuclease A (Makhatadze & Privalov, 1992),
ribonuclease T1 (Pace & Laurents, 1989), lysozyme (Ma-
khatadze & Privalov, 1992), barnase (Griko et al., 1994),
and staphylococcal nuclease (Antonino et al., 1991), which
fall in the range 25—75 kcal mol~! at the same temperature.
Myoglobin too has an abnormally low value for AH of 7.8
kecal mol~! at 298 K (Privalov, 1992). It is therefore not
surprising that myoglobin too undergoes an observable cold
denaturation reaction (Privalov et al., 1986) because it has
an unusually low value for AH,/ACp, as does barstar.
According to eq 27, a low value of AH/ACp predicts that
cold denaturation will fall within an observable temperature
range.

Interaction of Denaturants with Proteins. In spite of a
very large number of investigations that utilize chemical
denaturants such as urea and GdnHCI to unfold proteins,
the actual mechanism by which solvent denaturation occurs
is still poorly understood. Two models are generally used
to quantitatively analyze solvent denaturation. According
to the binding model (Tanford, 1970; Lee & Timasheff,
1974), denaturants bind stoichiometrically to proteins, but
there is very little experimental evidence for stoichiometric
binding. According to the linear free energy model, which
was first used empirically by Greene and Pace (1974) but
later given a theoretical basis by Schellman (1978, 1987),
denaturants display many, weak, selective interactions with
proteins. The premise of either model is that the denaturant
interacts preferentially with the unfolded form of the protein
in comparison to the folded form. In the binding model,
the larger number of binding sites available in the unfolded
form accounts for the preferential interaction, while in the
linear free energy model, the larger solvent-accessible surface
area of the unfolded form accounts for the preferential
interaction. Experimentally, the two models are distin-
guished by the former postulating a logarithmic dependence
of the free energy of unfolding (AG’) on denaturant
concentration, and the latter postulating a linear dependence.
The unfolding of proteins by denaturants has also been
modeled on the free energy of transfer of the individual
amino acids from a nonpolar to polar solvent (Tanford, 1970;
Pace 1986), and it has been shown that the free energy of
transfer to denaturant solutions is linearly dependent on the
concentration of the denaturant (Tanford, 1970). Thus, it is
not surprising that the free energy of unfolding is usually
observed to possess a linear dependence on the concentration
of denaturant.

Determination of ACp. The analysis of the stability curves
of barstar determined in the presence of fixed concentrations
of GdnHCl in the range 0—2 M yield unusually precise
appraisals of ACp’ because the slope of each stability curve
changes from a large positive value to a large negative value
with an increase in temperature. The good fits of the data
in Figure 6 to eq 16 and the demonstration that the same
value for ACp is obtained from separate analyses of the cold
and heat denaturation segments of the stability curves (see
Results) therefore provide a rigorous validation of the
assumption that the change in heat capacity is independent
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of temperature, in the temperature range under consideration
(Chen & Schellman, 1989).

There are many reports in the literature of using chemical
denaturants to alter T; and then determining the value of
ACp as the slope of the resultant AH,” versus T, plot
(Santoro & Bolen, 1992). The AH," values need to be
corrected for the enthalpy of association of the denaturant
with the protein so as to obtain AH, values, and it is the
slope of the resultant AH, versus T, plot that yields the
correct value of ACy (Privalov, 1979). Nevertheless, it
should be noted that the apparent value obtained for ACp
from a plot of AH, versus T, plot usually falls within the
10% error that is usually present in the determination of the
true value of ACp from a AH, versus T, plot. For example,
the plot of AH, versus T,  for barstar, using data presented
in Table 1, yields an apparent value for ACp of 1510 =+ 86
cal mol~! K~! (Figure 5a), which is almost the same as the
true value of 1460 + 70 cal mol~! K~! determined after
accounting for the enthalpy of interaction with GdnHCI.

The data in Figures 7b and 9a indicate that the value of
AC} increases, albeit to a small extent, with an increase in
the concentration of GdnHCl. Earlier reports present a
conflicting picture of the effect of denaturant on ACs’. No
clear trend was observed in the case of urea denaturation of
B-lactoglobulin (Pace & Tanford, 1968; Griko & Privaloyv,
1992), but later studies showed that a two-state unfolding
transition was not applicable in this case (Tanford, 1970).
Calorimetric studies have indicated that the value of ACy
is higher in the presence of chemical denaturants (Pfeil &
Privalov, 1976; Makhatadze & Privalov, 1992) for the
unfolding of both ribonuclease A and lysozyme, but the trend
is more clear in the case of GdnHCl-induced denaturation
than in the case of urea-induced denaturation. There is also
a report of ACp being lowered in the presence of chemical
denaturants (Kreschek & Benjamin, 1964).

Validation of the Linear Free Energy Model. The
determination of AH,', T/, and ACy’ from the stability curves
obtained in the presence of different concentrations of
GdnHCl in the range 0.2—1.0 M made it possible to
determine the value of AG’ at each concentration of GdnHCl
at different temperatures by the use of eq 16 (Pace &
Laurents, 1989). Figure 8c shows the results of doing this
for the data at 273, 297, and 317 K. The slope of the plot
of AG’ versus GdnHCI concentration yields the value of mg,
and the y axis intercept yields the value of AG at the
mentioned temperatures. It is seen that the value for AG as
well as the value for mg obtained from such a plot are similar
to the values obtained directly from a GdnHCl-induced
denaturation curve (Figure 2) obtained at 273, 297, and 317
K. It should be noted that the determination of AG at either
273 or 317 K as illustrated in Figure 8c involves a relatively
short linear extrapolation of AG’ values because the lower
stability of barstar at extremes of temperature results in a
lower value of Cn. In contrast, determination of AG from
the GdnHCl-induced denaturation curve obtained at 297 K
involves a longer linear extrapolation of AG’ values deter-
mined within the transition zone (1.4—2.6 M). The good
agreement between the two values for AG seen in Figure 8¢
authenticates the use of linear extrapolation of AG values
determined within the transition zone to determine AG, which
is the conventional procedure in measurements of protein
stability (Pace, 1986). In Figure 9c, the temperature
dependence of AG; (mg) determined as described in Figure
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8¢ is plotted. The value obtained for mg at each temperature
is the same, within experimental error, as the value obtained
directly from the GdnHCl-induced denaturation curve de-
termined at that temperature (Figure 2b).

The ability to predict the value of AG; from the values of
AH; and AS; at any temperature (Figure 9) and the demon-
stration that the predicted value is the same, within experi-
mental error, as the experimentally observed value (Figure
2b) validate the use of linear extrapolation to determine the
AG values from GdnHCl-induced unfolding data. It should
be mentioned that the validity of the linear free energy model
for analyzing the stability of barstar had earlier been indicated
by the result that the same value for AG is obtained at pH
7 (4.9 £ 0.4 kcal mol™!) when the model is used for the
analysis of both urea-induced and GdnHCl-induced dena-
turation curves (R. Khurana and J. B. Udgaonkar, unpub-
lished results).

Thermodynamics of the Interaction between Barstar and
GdnHCI. Figures 2, 7, and 8 show that the linear free energy
model can fully account for the interaction of GdnHCI with
barstar. The value of mqg, the dependence of the stabilization
free energy on GdnHCl concentration, appears not to change
even when the value of C, (and consequently, the range of
GdnHCl concentration in which barstar unfolds) is varied
2-fold by varying the temperature (Figure 2). Figure 8
shows that all three thermodynamic parameters, AH’, AS’,
and AG’ have a linear dependence on GdnHCI concentration
as demanded by the linear free energy model.

Temperature Dependence of mg. According to the linear
free energy model of Schellman (1978), mg represents the
excess free energy of interaction of GdnHCl with the
unfolded protein in comparison to the folded protein. It is
therefore expected, according to eq 13, to be dependent on
temperature. The data in Figure 2b suggest, however that
in the case of barstar mg is independent within experimental
error of temperature in the range 273—323 K. Similarly, in
the case of both ribonuclease T1 (Hu et al., 1992) and a
mutant form of T4 lysozyme (Chen & Schellman, 1989),
mg has been observed to be apparently independent of
temperature over a 30 K range. In neither of these two cases
was the apparent temperature independence explained.

At least in the case of barstar, the apparent temperature
independence of mg that is observed over a 50 K range in
temperature (Figure 2b) is because of the very small value
of ACpi (53 £ 36 cal mol™' K~! M~!). This results in a
very small curvature in a plot of AG; versus T, and
consequently, AG; appears to be independent of temperature
in the range of temperatures between 273 and 323 K. The
preferential enthalpy (AH;) of interaction of GdnHCI with
the unfolded state than with the folded state is large and
favorable at low temperatures (Figure 9a). The stabilizing
contribution of AH; to AG; is, however, opposed by the
destabilizing contribution of the TAS; term to AG; (eq 10).
At low temperatures, AS; is negative because the GdnHCI
molecules are immobilized in the vicinity of the protein
molecules. With increasing temperature, the contribution of
AS; becomes less destabilizing, and above 308 K, it becomes
stabilizing (Figure 9b). The stabilizing contribution of AH;
however becomes less favorable with increasing temperature.
With an increase in temperature, the interaction enthalpy and
entropy compensate each other in such a manner that the
change in the value of AG; is within the error of experimental
determination.
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In the most detailed study so far of the interaction of
denaturants with proteins, done using calorimetric methods
(Makhatadze & Privalov, 1992), the analysis was done on
the basis of the binding model (Tanford, 1970). In that study,
the binding enthalpy of GdnHCI] was approximately —10 to
—12 keal mol™' in 1.0 M GdnHCI at 297 K for both
ribonuclease A and lysozyme (Makhatadze & Privalov, 1992;
Pfeil & Privalov, 1976). In contrast, the binding enthalpy
for the binding of GdnHCl to barstar at 297 K is determined
here, by use of the linear free energy model, to be
approximately —3 kcal mol™! (Figure 9a), indicating that
GdnHC! interacts less favorably with barstar than with
ribonuclease A or lysozyme. Although the binding model
could be successfully applied to analyze the interaction of
GdnHCI and urea with ribonuclease A and lysozyme, as
studied by both scanning calorimetry and isothermal titration
calorimetry, the deviations from linearity of the dependencies
of values of AG’ on denaturant concentration were small
(Makhatadze & Privalov, 1992), and other models could not
be ruled out. In the case of barstar too, although the linear
free energy model predicts and accounts for all the data, it
is possible that other models might also satisfactorily account
for the data.

Structure in Thermally Unfolded Barstar. It has been
observed in the case of several proteins (Robertson &
Baldwin, 1991; Evans et al, 1991), including barstar
(Khurana & Udgaonkar, 1994), that the mean residue
ellipticity at 222 nm of the thermally unfolded protein is
more than that of the protein unfolded in 6 M GdnHCI. This
observation has usually been taken as evidence for residual
structure in thermally unfolded protein that disappears on
further unfolding by GdnHCI. The data in Figure 4 indicate
that although in the absence of GdnHCI barstar appears to
possess some residual secondary structure when thermally
unfolded, this structure is not removed by GdnHCI in a
cooperative manner. This suggests that the reduction in mean
residue ellipticity with increasing GdnHCI concentration seen
in Figure 4 does not actually represent a structural transition
and certainly does not represent a cooperative structural
transition. Supportive of this observation are the results of
several calorimetric studies (Pfeil & Privalov, 1976; Privalov,
1979), which have failed to detect any thermodynamic
transition on the titration of thermally unfolded proteins with
chemical denaturants. It appears that the mean residue
ellipticity of an unfolded protein depends on both the
temperature and the concentration of GdnHCI in a linear
manner and that no cooperative transition occurs on changing
either variable. This has been observed for other proteins
(Pace & Tanford, 1968; Nojima et al., 1978; Privalov et al.,
1989) and is seen here for barstar (Figures 3 and 5). It is
possible that the transition instead represents gradual struc-
tural changes in the conformation of the unfolded protein,
which have been rationalized by Dill and Shortle (1991).

A study of the cold denaturation of barstar using dif-
ferential scanning calorimetry and a structural characteriza-
tion of the cold-denatured state by other spectroscopic
methods are also in progress. Interestingly, barstar has an
unusually low value for AH at 298 K and, consequently, an
unusually low value for AS (see above). Recently, there have
been several attempts at correlating the thermodynamic
parameters that define the stability of a protein to its amino
acid sequence and structure (Spolar et al., 1992; Privalov &
Makhatadze, 1993; Makhatadze & Privalov, 1993; Griko et

Agashe and Udgaonkar

al., 1994; Yu et al., 1994). The correlation between the
thermodynamic parameters to sequence and structure pa-
rameters is currently being studied.

In summary, this paper describes the thermodynamics of
two different processes. It is the first paper describing the
cold denaturation of barstar, and the thermodynamics of the
cold and heat denaturation processes have been characterized
in detail. The ability to study both heat and cold denaturation
over a wide range of GdnHCI concentration has made it
possible to determine the thermodynamic parameters AH’,
AS’, AG’, and AC, in the presence of GdnHCl with
unusually high precision. This in turn has made it possible
to determine the changes in enthalpy, entropy, free energy,
and heat capacity that accompany the preferential interaction
of GdnHCIl with the unfolded form of barstar with respect
to the folded form. The linear free energy model is the model
most commonly used to analyze chemical denaturant-induced
denaturation curves. The theoretical basis of this model was
proposed several years ago (Schellman, 1978), and in this
paper an evaluation of all the thermodynamic parameters that
define the model has been carried out in the case of barstar,
and the validity of the linear free energy model was clearly
established.
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