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Abstract 

Thermal denaturation studies as a function of pH were carried out on wild-type iso-I-cytochrome c and three variants 
of this protein at  the solvent-exposed position 73 of the sequence. By examining the enthalpy and T, at various pH 
values, the heat capacity increment (AC,,), which is dominated by the degree of change in nonpolar hydration upon 
protein unfolding, was found  for the wild type where lysine 73 is normally present and for three variants. For the Trp 73 
variant, the ACp value (1.15 k 0.17 kcal/mol K) decreased slightly relative to wild-type iso- I-cytochrome c (1.40 f 
0.06 kcal/mol K), while for  the  Ile 73 (1.65 k 0.07 kcal/mol K) and the Val 73 ( 1  S O  k 0.06  kcal/mol K)  variants, ACp 
increased slightly. In previous studies, the Trp 73,  Ile  73,  and Val 73 variants have been shown to have decreased 
m-values in guanidine hydrochloride denaturations relative to the wild-type protein (Henmann L, Bowler BE, Dong A, 
Caughey WS. 1995. The effects of hydrophilic to hydrophobic surface mutations on the denatured state of iso-l- 
cytochrome c: Investigation of aliphatic residues. Biochemistry 343040-3047). Both the m-value and AC,, are related 
to the change in solvent exposure upon unfolding and other investigators have shown a correlation exists between these 
two parameters. However, for this subset of variants of iso-I-cytochrome c, a lack of correlation exists which implies 
that there may be basic differences between the guanidine hydrochloride and thermal denaturations of this protein. 
Spectroscopic data  are consistent with different denatured states  for thermal and guanidine hydrochloride unfolding. The 
different response of rn-values and ACp for these variants will be discussed in this context. 
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Understanding the factors that control the equilibrium between the 
native and denatured state of a protein is of great importance to 
elucidating the protein folding problem (Dill,  1990; Matthews, 
1993; Shortle, 1995). Early work from Tanford's lab (Tanford, 
1968) suggested that most denatured states approach a random 
coil, and therefore much research has focused on how native state 
interactions stabilize a folded protein (Privalov & Gill, 1988; Mat- 
thews, 1993). More recently it has become apparent that denatured 
states of proteins may be more complex than originally suspected 
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(Dill & Shortle, 1991 ; Shortle, 1995). In previous work in our 
laboratory, guanidine hydrochloride (gdnHCI) denaturations were 
used to study a series of variants of the electron transfer protein, 
iso-I-cytochrome c.  In these studies, a highly solvent-exposed site, 
lysine 73, was replaced with aromatic (Bowler et al., 1993) and 
aliphatic (Hemnann et al., 1995) amino acids. Many of the sub- 
stitutions at site 73 led to decreases in the m-values for gdnHCl 
denaturation with respect to the wild-type (WT) protein where 
lysine is present (m- variants, variants for which the m-value is 
>5% smaller than the WT value as defined by Green et al., 1992). 
The m-value from  gdnHCl denaturation data  is considered to be a 
measure of the difference in the solvent-exposed surface area be- 
tween the native and denatured states (Schellman, 1978). The 
m-value is therefore believed to be a measure of the compactness 
of the denatured state (Dill & Shortle, 1991; Shortle, 1995). A 
highly significant negative correlation between the hydrophobicity 
of the amino acid at  site 73 of iso-I-cytochrome c and AC,O H20, the 
free energy of unfolding in the absence of denaturant (such a 
correlation is known as a reverse hydrophobic effect, see Pakula & 
Sauer, 1990), also suggested that a substantial portion of the changes 
in AC: H20 could be attributed to the denatured state. Such a cor- 
relation is also consistent with the predictions of heteropolymer 
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theory for hydrophilic to hydrophobic surface mutations (Shortle 
et al., 1992). 

By examining some of the most pronounced m- mutants at 
position 73 using thermal denaturation methods, additional insight 
was sought into the important interactions governing the stability 
and structure of the denatured state of these mutants. Thermal 
denaturations can provide a direct means of obtaining valuable 
thermodynamic information about the relative effects of mutations 
on the energetics and structure of the denatured state versus the 
native state. An important parameter obtained from thermal dena- 
turation studies is AC,,, the heat capacity increment, which is be- 
lieved to result primarily from the increased degree of hydration of 
nonpolar groups caused by protein unfolding (Privalov, 1979). The 
heat capacity increment, like the m-value, appears to be propor- 
tional to the  change in accessible surface area, AASA, upon un- 
folding (Privalov & Makhatadze, 1990, 1992; Gomez et al., 1995). 
A recent survey of protein unfolding data (Myers  et al., 1995) 
shows strong correlations of AASA with m-values for both gdnHCl 
and urea denaturations and with ACp for thermal denaturations. For 
proteins where AC,, and m-value data both exist, a good correlation 
between AC,, and the m-value was observed. We know of very few 
cases where m-values and AC,, values are known for variants of the 
same protein (Shortle et al., 1988, Betz & Pielak, 1992). It thus 
seemed important to pursue such data  for  our m-  mutants. 

In this study, thermal denaturations monitored by circular di- 
chroism were performed on Val 73, Ile 73, Trp 73, and WT iso- 
I-cytochromes c.  The Val, Ile, and Trp variants at  site 73 were the 
most pronounced m-  mutants from our previous studies (Bowler 
et ai., 1993; Herrmann et al., 1995), and thus seemed the best 
choices for this study. Since AC,, measures the increase in hydra- 
tion upon unfolding, if the thermally denatured state is more com- 
pact, as indicated for the gdnHCl denatured states of the m- variants 
studied here, a decrease in AC,, should be expected for all mutants 
versus WT. Surprisingly, only small subtle differences in AC,, were 
detected in the variants with respect to WT. In addition there was 
no correlation between the AC,, and the rn-value for the variants. 
The possible causes for this lack of correlation between AC,, and 
the m-value will be discussed. 

Results 

Thermal denaturations of the WT and variant iso-l -cytochromes c 
as a function of pH  were  monitored by CD spectroscopy  at 
222 nm. The WT protein and all variant proteins in this study carry 
a mutation of cysteine 102 to serine to avoid the complication of 
disulfide  dimerization  during  physical  measurements  (Bowler 
et al., 1993). Reversibility was tested by cooling the denatured 
protein in an ice bath and monitoring the recovery of ellipticity at 
222 nm. In general reversibility was very good averaging 94%, 
90%,  87%, and 82%  for  the  Ile  73, Val 73, Trp 73, and WT data 
sets, respectively. The poorest reversibilities, 50-75%, were ob- 
tained at pH 3.00 and 3.25 for WT and  at pH 3.00 for Trp 73. 
Control experiments showed that varying the rate of temperature 
increase from 0.5-2 "C/min did not affect the values of T, or AH, 
in any systematic way within experimental error. Our thermal de- 
naturation data thus met the usual equilibrium and reversibility 
conditions required for thermodynamic analysis. Thermal denatur- 
ation data were analyzed by plotting ellipticity at 222 nm versus 
temperature and using a non-linear least-squares curve fitting pro- 
gram to obtain AH,,, and T, as described in Materials and methods. 
A typical data set with the best-fit curve to Equation 6 (Materials 
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and methods) is shown in Figure 1. Multiple experiments were 
performed at each pH, allowing determination of the error in the 
measurement, since error from multiple experiments has been shown 
to significantly exceed error calculated directly from the non-linear 
least-squares fitting procedure (Cohen & Pielak, 1994). The means 
and standard deviations (or ranges) were calculated for AH,,, and 
T, at each pH and these values are shown for WT and variant 
proteins in Table 1. Ranges or standard deviations of the values of 
A H ,  and T ,  are generally about the same magnitude for different 
pHs and proteins, although the errors for the Trp variant are higher 
than for  the  other proteins. 

The value of AH, obtained at different pH values has been 
shown to depend only on T,. In the pH range 3 to 5,  buffer and 
protein ionization enthalpy effects appear to cancel each other 
(Pfeil & Privalov, 1976b, Potekhin & Pfeil, 1989). A plot of AH,,, 
versus T, thus can be made using Equation 8 (see Materials and 
methods) to obtain the heat capacity increment, AC,,, for protein 
unfolding. Such plots are shown for WT and each of the variants 
in Figure 2. The scatter in the AH,,, versus T,,, data is small for the 
WT, Ile 73, and Val 73 proteins; however, it is much larger for the 
Trp 73 data  and this is reflected in the calculated error in ACp. 
Within the error of the data, these plots are linear over the range of 
AH,,, and T, for which data were obtained. The AC,, values ob- 
tained for each protein are collected in Table 2. 

Using the heat capacity increment (AC,,) obtained from the A H ,  
versus T, plots, A H D ,  A S D ,  and AGD can be calculated at a specific 
pH and temperature using Equations 9-1 1 (see Materials and meth- 
ods) to allow direct stability comparisons of the WT and variant 
proteins. Calculations were carried out at a temperature of 298 K 
and a pH of 4.5 to allow ready comparison with other thermal 
denaturation data for iso- 1 -cytochrome c (Cohen & Pielak, 1994). 
The results are presented in Table 2. 

We note that the value of AGD,298K for  WT(C102S) is lower 
than that of the closely related iso- 1-cytochrome c WT(C102T) 
variant by 1.4 kcallmol (Cohen & Pielak, 1994) indicating that 
threonine is more stabilizing at position 102 than serine. Compar- 
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Fig. 1. Typical temperature-induced unfolding for iso-1-cytochrome c. 
Ellipticity is plotted versus temperature. The data shown are for the WT 
protein  at  pH 4.5. The solid curve is the  result of a non-linear least-squares 
fit to  Equation 6. 
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Table 1. Enthalpy and midpoint temperature data  for the thermal  denaturation 
of WT and variant  iso-I-cytochromes c as a function of pH 

Wild vpe Trp 73 

Tm AHm Tm AHm 
PH (K) (kcallmol) PH (K)  (kcallmol) 

3.00 294.5 f 0.7" 39.6 f 1.4a 3.00  295.8 f 1.9a 43.5 f 3.8" 
3.25 295.6 f 2.1b 42.0 f 4.7b 3.25  295.8 f 1.9a 49.8 f 4.9a 
3.50  303.7 f 2.3b 54.2 f 0.9b 3.50  300.5 f 1.9a 50.5 f 2.7' 
3.75 307.9 f 1.6a 62.3 f 1.3a 3.75  302.2 f 2.7= 58.6 f 7.4= 
4.00 313.7 f 1.2a 69.8 f 0.7' 4.00  303.4 f 0.3a 67.8 f 2.6" 
4.25  316.1 f 0.5" 73.7 f 4.0a 4.25  304.5 f 2.lb 68.5 f 2.8' 
4.50  318.0 f 1.3a 73.4 f 0.9" 4.50  309.1 f 1.9b 64.2 f 5.gb 
4.75  321.6 f 2.1b 79.6 f 0.8' 4.75  312.0 f 1.5b 71.4 f 5.9b 
5.00  325.7 f 0.4b 81.9 f 3.5' 5 .oo 320.6 f 0.6a 78.0 f l.ga 

5.25  322.3 f 0.7" 76.5 f 3.1a 
5.50  320.4 k 0.2a 79.3 f 1.4a 

Val 73 Ile 73 

Tm AHm Tm A Hm 
PH (K) (kcallmol) PH (K) (kcallmol) 

3.00  295.7 f 37.0 f 5.6a 3.00  295.3 f l . l a  33.0 k 5.1a 
3.25  301.7 f 1.2" 46.3 f 1.5a 3.25  299.7 f l . la  40.8 f ].la 
3.50  304.4 f 0.7a 47.3 f 0.7" 3.50  304.7 f 0 .P  51.4 f l .Oa 
3.75  309.6 f 0.9a 58.5 f 0.7' 3.75  308.5 k 1.7a 57.7 k 1.2a 
4.00 31  1.9 f 0.2" 60.2 f 2.1a 4.00  311.7 f 0.3a 61.1 f 0.6' 
4.25  315.9 f 0.3" 64.8 f 0.8" 4.25  314.3 f 0.9" 67.4 f 2.2' 
4.50  319.7 f 0.6b 72.5 k l.gb 4.50  318.2 f 0.5a 69.1 f 1.7a 
4.75  320.9 f 0.2" 77.0 f 1.5" 4.75  319.9 f 0.1a 73.8 f 4.7' 
5  .00  322.5 f O.gb 75.5 k 1.4b 5.00 320.7 f O X a  77.4 f 0.7" 

aRange of two values. 
bStandard deviation of three values. 
'Error from non-linear least-squares fit was larger  than  the range, so it is reported. 
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ing WT  to the other variants we find AGD,29gK for Trp 73 to have 
the lowest Gibbs free energy of denaturation. This was also the 
case for gdnHCl denaturation where Trp 73 was found to have 
the lowest Gibbs free energy without denaturant, AG," H20 (see 
Table 2). However, for Val 73 and Ile  73, AG," H20 values obtained 
by gdnHCl denaturations are more similar to the Trp 73 variant 
while A G D , ~ ~ ~ K  from thermal denaturations are closer in value to 
the WT. 

Another way to probe for mutation-induced effects on the ther- 
mal unfolding of the WT versus the variant iso-1 -cytochromes c is 
to monitor the number of protons transferred as a function of pH 
during denaturation. This  can be done using equation 1: 

Av = (AHm/2.3RT;) X (GT,ISpH) (1) 

where Av is the number of protons taken up upon denaturation 
(Privalov et al., 1969, 1986; Ptitsyn & Birshtein, 1969; Cohen & 
Pielak, 1994). To calculate ST,/SpH, a second order polynomial 
was fit to a plot of T, versus pH (Fig. 3A) and the derivative 
evaluated at  the appropriate value of T,. Equation 1 was then used 
to evaluate Av (Fig. 3B). Plots are  shown only for WT, Ile  73, and 
Val 73,  since the value of Av appears to be quite sensitive to 
ST,/GpH, and the scatter in  the  data  for  Trp 73 may introduce 
significant error  into the evaluation of this function. In general, our 
Av data are similar to data  for the WT(C102T) protein (Cohen & 
Pielak, 1994), although our values of Av for  WT(C102S)  are in 

general slightly higher (0.2-0.5 more protons transferred). This 
difference is probably within the error of the method of calculating 
Av. The differences between the WT and Val 73 and  Ile 73 are 
likely within the  error of the method as well. Therefore, it  is not 
clear that any definite conclusion about differences in the thermal 
denaturation process for WT and variants can be drawn from anal- 
ysis of proton transfer during thermal unfolding. 

Given that the ACp values and the previously obtained m-values 
were found not to correlate well, the CD spectra of  gdnHC1- 
denatured iso-1-cytochrome c was compared to that of thermally 
denatured iso- 1 -cytochrome c. Previous IT-IR studies of the native 
states of these variants suggest that they have at most small (Ile 73) 
to no (Trp 73, Val 73) changes in secondary structure relative to the 
WTprotein (Bowler et al.,  1993; Henmann et al., 1995). Similarly, 
analysis of the X-ray structure of iso-1-cytochrome c shows that 
lysine 73 is highly solvent-exposed (fractional solvent exposure of 
0.85-0.90, see Bowler et al., 1993). Lysine 73 is  also relatively 
isolated from other charged side chains (Bowler et al., 1993). 
Therefore, denatured state structural effects which could effect 
thermodynamic parameters are important to investigate. Wave- 
length scans of ellipticity from 210-250  nm were done  at 25 "C, 
70 "C, 3 M gdnHCl  at 25 "C, and 3 M gdnHCl at 70 "C, all in 0.1 M 
acetate, pH 4.5. These  data  are  shown in Figure 4 for  the WT 
protein. Similar  data were obtained for the  Trp 73 variant (data not 
shown). The final ellipticity values for thermal versus gdnHCl 
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Fig. 2. Determination of ACp. Plots of A H ,  versus T, are shown for the wild type protein (A)  and  for the Trp 73 (B), Val 73 (C), and 
Ile 73 (D) variants. Error bars are for one standard deviation or for the range of the data. The pH at which each  data point was obtained 
is also indicated. The lines represent linear least-squares fits to the data points. 

Table 2. Thermodynamic parameters for unfolding of WT 
and variant iso-1 -cytochromes c 

WT Trp 73 Val 73 Ile 73 

A C D , ~ ~ ~ K ~  (kcallmol) 3.7 * 0.2 2.1 f 0.4 3.8 * 0.1 3.3 * 0.1 

A H D , J ~ ~ K ~  (kcallmol) 45.4 f 1.5 51.4 f 6.9 40.0 f 2.2 35.8 * 2.2 

A S D , ~ ~ ~ K ~  (kcallmol K) 0.140 & 0.005 0.17 f 0.02 0.121 f 0.007 0.109 * 0.007 

ACp (kcallmol K) 1.40 f 0.06 1.15 f 0.17 1.50 f 0.06 1.65 f 0.07 

AG," H20 (298 K)b (kcallmol) 5.66 f 0.41' 4.23 f 0.35' 4.28 f 0.30d 4.47 f 0.12d 

rn (298 K)b (kcallmol M) 4.87 + 0.32' 4.16 f 0.34' 4.01 f 0.24d 4.29 k 

aAll values are for pH 4.5 data. 
bAll data acquired at pH 7.5 in 20 mM Tris-HC1, 40 mM NaC1. 
CData from Bowler et al. (1993). 
dData from Henmann  et al. (1995). 
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Fig. 3. Determination of the number of protons involved in the thermal 
unfolding equilibria of WT and variant iso-I-cytochromes c as  a function 
of pH. A: T,, versus pH data for the WT protein (solid diamonds) and the 
Ile 73 (solid circles) and Val 73 (open triangles) variants. The curves (solid 
for  WT and Val 73; dashed for Ile 73) represent the fits of each data set to 
a second order polynomial. B: Number of protons transferred from the 
native state to the denatured state upon unfolding, Au, versus pH, for the 
WT protein (solid diamonds) and the Ile 73 (solid circles) and Val 73 (open 
triangles) variants. The curves (solid for  WT and Val 73; dashed for Ile 73) 
represent the fits of each data set to  a second order polynomial and have no 
theoretical significance. 

denaturation are significantly different. Interestingly, heating the 
gdnHC1-denatured sample to 70°C results in a CD spectrum that 
approximates the intensity and shape of the thermally-denatured 
sample. 

Since ellipticity is the difference in the absorbance of left versus 
right circularly polarized light, spurious changes in ellipticity un- 
related to structural features of the denatured state may occur if the 
extinction coefficient of the absorbance band being monitored 
changes significantly as  a function of environment (temperature, 
[gdnHCI]). To correct for this possibility uvhis absorbance spectra 
were obtained in the wavelength range of 210-300 nm at the same 
concentrations used for CD spectra (data not shown). The spectra 
show that temperature conditions do not affect the absorbance 
spectrum greatly near 222 nm. However, there are absorbance 
differences between a thermally-denatured protein and a gdnHCl 
denatured protein, indicating that these environments do affect the 
extinction coefficients at 222 nm somewhat. To assess these dif- 
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Fig. 4. CD spectra of native and denatured WT iso-I-cytochrome c. Spec- 
tra are shown of the protein in 3 M gdnHCl at 25 "C (-. - .), in 3 M 
gdnHCl at 70°C (- - - -), at  70°C with buffer only (...-.....) and at 25 "C 
with buffer only (- ). The buffer in all spectra is 100 mM acetate at 
pH 4.5. 

ferences quantitatively, percent differences were calculated be- 
tween these  denatured  states with respect to absorbance  and 
ellipticity (Table 3). As can be seen from Table 3, the percent 
change in absorbance completely compensates the percent differ- 
ence in ellipticity in the 70°C versus the 3 M gdnHCl at 70°C 
case, indicating the slight changes observed in ellipticity shown in 
Figure 4 are not significant from a structural standpoint. Thus, 
these two denaturing conditions are essentially equivalent. How- 
ever, this is not the case with the other two comparisons in Table 3. 
Both of these indicate that the percent difference in absorbance 
cannot fully compensate for changes in ellipticity; thus, the dif- 
ferences in Figure 3 between 3 M gdnHCl at 25 "C and buffer at 
70 "C and between 3 M gdnHCl at 25 "C and 3 M gdnHCl at 70 "C 
are real. Similar CD spectra for gdnHC1-denatured versus thermally- 
denatured protein and for gdnHC1-denatured protein at high tem- 
perature have been observed  for the C102T variant of iso-l- 
cytochrome c (Betz & Pielak, 1992). 

Table 3. Comparisons in  the percent diference  for different 
solution conditions in absorbance and ellipticity  at 222 nm 
for WT iso-1 -cytochrome c 

Difference Difference 
in absorbance in ellipticity 

Solution conditions at 222 nm at 222 nm 
compareda ("/.I (%) 

25 "C 3 M gdnHCl vs. 8  31 

25 "C 3 M gdnHCl vs. 70°C 21 38 
70 "C 3 M gdnHCl vs. 70 "C 14 11 

70 "C 3 M gdnHCl 

aAll data were acquired at pH 4.5 in 0.1 M acetate. 



662 L.M. Herrmann and B.E. Bowler 

Discussion A upon addition of gdnHCl provides convincing evidence that 
thermally denatured states contain residual structure (Aune et al., 
1967). Furthermore, the AC,, for thermal denaturation of lysozyme 
was found to be less than for gdnHCl denaturation (Tanford & 
Aune, 1970). However, later calorimetric work indicated that AC,, 
for thermally-denatured and  gdnHC1-denatured lysozyme were iden- 
tical (Pfeil & Privalov, 1976a). It has also been demonstrated 
recently that there can be differences between AG," H20 values 
obtained from urea versus gdnHCl denaturations for the same pro- 
tein. Thus, even within the realm of chemical denaturations, struc- 
tural differences in the end points of the unfolding equilibrium may 
exist, some of which may  be attributable to the denatured state 
(Greene & Pace, 1974; Pace et al., 1990; Dekoster et al., 1993). 
Studies with helical coiled coils have demonstrated that a gdnHCl 
denaturation may mask electrostatic interactions leading to dena- 
turation reflecting mainly hydrophobic interactions whereas urea 
denaturations reflect both hydrophobic  and  electrostatic inter- 
actions (Monera et al., 1994). Thus, the end point of denaturation 
may  be distinct much like an increase in ionic strength leads to the 
more compact molten globule state under acid denaturation con- 
ditions for many proteins (Fink et al., 1994). For barnase there is 
evidence  of more differences between gdnHCl-denatured and 
thermally-denatured  states than between acid-denatured and 
thermally-denatured states (Oliveberg et al., 1994). Certainly, for 
cytochrome c, differences have been observed for the degree of 
compactness of the gdnHCI-denatured versus the urea-denatured 
state of this protein (Tsong, 1974, 1975). 

The differences in CD spectra we show in Figure 4 are consis- 
tent with different structural end points for thermally- versus 
gdnHC1-denatured iso-I-cytochrome c. The question remains as to 
the nature of this structural difference. It is initially tempting to 
suggest that more residual structure remains in the thermally- 
denatured state, due to the greater magnitude of the negative el- 
lipticity. However, some P-turn structures are known to give positive 
contributions to ellipticity in the 220 nm region (Rose  et al., 1985). 
Thus, heating could be causing loss of such residual &turn struc- 
ture and leading to an increase in negative ellipticity at 220 nm. 
Similarly, an extended helix structure, commonly found in poly- 
proline homopolymers, has been found to be stabilized by the 
presence of urea and gdnHCl in both peptide homopolymers and 
proteins (Tiffany & Krimm, 1972, 1973; Woody, 1992). This ex- 
tended helix structure gives a positive contribution to ellipticity at 
220 nm as well. Loss of denaturant binding to the protein at higher 
temperature destabilizes the extended helix structure resulting in a 
decrease i n  positive ellipticity at 220 nm as temperature is in- 
creased (Tiffany & Krimm, 1972, 1973). A recent study of the 
denatured states of a number of proteins in which CD effects 
similar to those in Figure 4 were observed (Privalov et al., 1989), 
as well as a calorimetric study (Makhatadze & Privalov, 1992), 
came to the same general conclusion. GdnHCI-denatured proteins 
at room temperature are not complete random coils, but adopt a 
denaturant stabilized extended helix structure. Only heat-denatured 
proteins or gdnHC1-denatured proteins at high temperature ap- 
proach a random coil. 

In the context of an unconstrained thermally-denatured state that 
may approach a random coil, it is relatively straightforward to 
explain the slight increases in AC,, observed for the Ile 73 and 
Val 73 variants. Both of these amino acids are beta-branched and 
such amino acids are expected to lead to slight expansion of a 
random coil denatured state (Tanford, 1968; Miller & Goebel, 
1968). Expansion of the denatured state of a protein to a more 

An initial point to clarify since we are monitoring thermal dena- 
turations down to reasonably low pH is that we are not crossing 
over into a region where a molten globule state of cytochrome c 
might be stabilized (Potekhin & Pfeil, 1989; Kuroda et al., 1992; 
Fink et al., 1994). We do not expect molten globule states to be 
involved at either end point of our low pH denaturations as  these 
states appear to be primarily driven by anion binding and the 
concentration of anion should be lowest (<lo  mM) i n  our low pH 
acetate buffers. Heating is also known to disrupt molten globule 
states. 

The main assumption in our derivation of AC,, is that AH,,, is 
dependent upon T, but not pH. This assumption has been exper- 
imentally tested through the observation that the ionization enthal- 
pies of acetate buffers and of protein unfolding compensate each 
other almost precisely (Pfeil & Privalov, 1976b). It has also been 
observed that AC,, values obtained by the pH variation method and 
by direct calorimetric measurements are indistinguishable within 
experimental error (Potekhin & Pfeil, 1989). In the case of cyto- 
chrome c,  His 26 and His 18 have abnormally low pK, values, 
<3.5 and <3.0, respectively (Cohen & Hayes, 1974), although the 
pK,  of His 18 will be abnormally low in the denatured state as well 
due to heme iron ligation (Babul & Stellwagen, 197 I ;  Muthukrish- 
nan & Nall, 1991). Thus, it remains likely that up to one histidine 
may  be protonated upon unfolding of cytochrome c in the pH 
range 3-5. Its protonation enthalpy would be too large to be com- 
pensated by the acetate buffer ionization enthalpy (Privalov et al., 
1989). However, it has been demonstrated for myoglobin unfold- 
ing that correction for the ionization enthalpy of histidine has an 
insignificant effect on the AC,, obtained from a plot of AH versus 
T, (Privalov  et al., 1986). Therefore, by examining the change in 
enthalpy with respect to the change in T, under differing condi- 
tions of pH, AC,, can be estimated reliably. For the WT(C102S) 
iso- I-cytochrome e, the AC,, value obtained in these studies is 
within error the same as the value of  1.37 kcal/mol K obtained for 
the closely related WT(C102T) iso-I-cytochrome c (Cohen & Pielak, 
1 994). 

The heat capacity increment (AC,,), which to a first approxi- 
mation is temperature independent (Privalov et al., 1989), is pro- 
portional to the change in solvent-accessible surface area upon 
unfolding, AASA (Brandts & Hunt, 1967; Privalov, 1979; Privalov 
& Makhatadze, 1990, 1992; Gomez et al., 1995). Since AC,, is a 
measure of AASA as is the m-value for solvent denaturations (Shor- 
tle et al., 1988; Myers et a]., 1995), one might expect that for the 
iso-I-cytochrome c variants studied here (see Table 2) the AC,, 
values from our thermal denaturation experiments should correlate 
with m-values obtained from gdnHCl denaturations. Such a cor- 
relation was reported for a  series of staphylococcal nuclease vari- 
ants (Shortle et al., 1988). For all the m-  mutants examined here, 
Val 73,  Ile  73, and Trp 73, the AC,, did not change greatly with 
respect to the WT, the largest change being for the Trp 73 variant. 
In general, there was no strong effect on Act.. In addition, there 
was no direct correlation of AC,, with m-values. 

Interpretation of a lack of correlation between the m-value and 
AC,, may come from a consideration of whether denatured states 
produced under different denaturing conditions are the same. Work 
by Tanford and coworkers suggested that thermally denatured pro- 
teins have more residual structure than gdnHC1-denatured proteins 
(Tanford, 1968; Greene & Pace, 1974). Cooperative loss of struc- 
ture from thermally-denatured lysozyme, chymotrypsin and RNase 
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extended structure is expected to expose more buried hydrophobic 
surface area (Creamer et al., 1995). Using the parameterization of 
Freire and coworkers (Gomez et al., 1995), the increase in AC,, 
observed for the Ile 73 variant corresponds to an increase in ex- 
posed hydrophobic surface area of 560 f 290 A'. This number is 
a lower limit that assumes that no additional exposure of polar 
surface area occurs. 

The less random denatured state which occurs under gdnHCl 
denaturing conditions, apparently leads to exposure of less hydro- 
phobic surface area for the same set of variants. The exact nature 
of this effect is unclear at this point. Previous work from our 
laboratory discussed in the introduction is consistent with a hy- 
drophobic effect acting on the denatured state (Bowler et al., 1993; 
Herrmann et al., 1995) for these hydrophobic replacements at a 
highly surface-exposed site. 

Conclusion 

The main observation in this work is that AC,, values obtained 
using thermal denaturation methods and m-values obtained by 
gdnHCl denaturation methods for a set of iso- 1 -cytochrome c vari- 
ants do not correlate well. Interpretation of CD data for gdnHC1- 
denatured versus thermally-denatured states, based on data from 
the literature (Privalov  et al., 1989; Woody, 1992), indicates that 
the denatured state is more random under heat denaturation con- 
ditions. This increased randomness in the heat-denatured state ap- 
pears to be adequate to cause different responses to mutation under 
gdnHCI-denaturation versus thermal-denaturation conditions. Ex- 
periments are in progress to further characterize this novel result. 

Materials and methods 

Iso-]-cytochrome c  preparation 

Site-directed mutagenesis, other molecular biology techniques to 
produce yeast cells maintaining a plasmid which encodes iso-l- 
cytochrome c,  and procedures for isolation of iso- 1 -cytochrome c 
have been described previously (Bowler  et al., 1993; Herrmann 
et al., 1995, 1996). Iso-1-cytochrome c (-3 mg/mL) was taken 
from a -70 "C frozen stock or a recently isolated refrigerated stock 
and purified using a Pharmacia HPLC and a Waters SP HR-8 
cation exchange column as described previously (Bowler et al., 
1994). After elution, the protein was concentrated to 2-3 mg/mL 
and transferred into SO mM sodium phosphate, 1 mM  EDTA using 
Amicon centriprep-10 (10,000 MW cut off) ultrafiltration devices. 
About 0.5 mg was oxidized and loaded onto a refrigerated (4 "C) 
G-25 Sephadex column equilibrated with 0.1 M sodium acetate pH 
4.5. Acetate buffers are used in thermal denaturation studies be- 
cause they have been found to effectively compensate for the 
ionization enthalpy of protein unfolding in the pH range 3-5 (Pfeil 
& Privalov, 1976b).  The 0.1 M sodium acetate buffers were pre- 
pared by mixing a 0.1 M sodium acetate solution with a 0.1 M 
acetic acid solution to achieve the desired pH. It was found that 
adjusting a buffer that was 0.1 M in sodium acetate with concen- 
trated acetic acid ( 1  7.4 M) and using this for circular dichroism 
studies caused significant spectral noise due  to the strong absor- 
bance of the carboxylic group of acetic acid in the far UV (210- 
250 nm) region.  After  elution from the G-25 resin,  Amicon 
Centricon-3 (3,000 MW cut off) ultrafiltration units were used to 
place the protein in the desired pH buffer using 0.1 M acetate 
buffer adjusted for pH as stated above. A minimum of two dilu- 

tions and reconcentrations with the new buffer were carried out 
(overall 400X dilution of the original buffer). Control experiments 
indicate that this procedure adjusted the pH to within 0.05 of the 
desired pH for all but the lowest pHs (3.0, 3.25 and 3.5) which 
were within 0.1 pH units of the desired pH. The concentration of 
oxidized iso-1-cytochrome c was measured using a Zeiss PM6 
spectrophotometer at the visible absorbance wavelengths: 550 nm, 
541.75 nm, 526.5 nm, and 339 nm as described previously (Bowler 
et al., 1993). 

Thermal denaturations 

All thermal denaturation experiments were carried out at an iso- 
1 -cytochrome c concentration of 30 p M  in a jacketed 0.1 cm path 
length cell. A JASCO 500-C spectropolarimeter was used to mea- 
sure the ellipticity at 222 nm as a function of temperature. The 
temperature was incremented at a rate of 1 "Clmin for 55 min using 
a computer-interfaced Fisher Iso-temp 91 IO circulating water bath 
running DTCIO-PC software (Polyscience). The temperature of 
the sample was monitored directly using a Cole Palmer iron cons- 
tantan thermocouple, type J, connected to a voltmeter and this in 
turn connected to a Linear recorddplotter. The thermocouple cal- 
ibration was checked in  an ice water bath (0°C) before each run. 
The spectropolarimeter was interfaced to a computer in order to 
record data as a function of time. Over 800 data points were 
collected during each thermal denaturation experiment. At the end 
of each experiment, the sample cell was taken out of the spectro- 
polarimeter and placed into an ice bath for approximately 5 min 
(until the temperature was below the starting temperature) to check 
reversibility. The two openings to the sample cell were sealed by 
placing a Teflon stopper in one and an engineered thermocouple 
holder/stopper in the other. No detectable sample evaporation oc- 
curred during the course of thermal denaturation experiments un- 
der these conditions. Heating rates of 0.5 "/min and 2 "/min were 
also used to check that enthalpy values did not depend on heating 
rate. 

The starting and ending set temperatures depended on the pH of 
the protein solution. If the.pH was 3.0, 3.25, or 3.5, the starting 
temperature was 2-5"C, and the ending temperature was 57- 
60 "C, if the pH was 3.75,4.0, or 4.25, the starting temperature was 
10-15 "C and the ending temperature was 65-70°C, and if the pH 
was 4.5, 4.7.5, or 5.0, the starting temperature was 15-20°C, and 
the ending temperature was 70-75 "C. These nine pH values were 
used for the wild-type and the Val 73, Ile 73, and Trp 73 variants. 
For Trp 73, two more pHs, 5.25 and 5.5, were included to obtain 
a more accurate estimate of AC,,. 

Circular dichroism of thermally vs. guanidine 
hydrochloride denatured iso-I-cytochrome c 

Wavelength scans from 2 10-250 nm were taken of the WT and the 
Trp 73 variant at a concentration of 15 p M  using the computer- 
interfaced JASCO 500-C spectropolarimeter. CD spectra for both 
proteins were obtained at 25 "C, 70 "C, 3 M gdnHCl at 25 "C, and 
3  M gdnHCl at 70°C. For the 3 M gdnHCl at 70°C sample, 
220 nm was the lowest wavelength for the scan because of back- 
ground noise problems at shorter wavelengths. The sample cell 
was the same as previously described above, and the buffer con- 
ditions were 0.1 M acetate buffer, pH 4.5. 
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Data analysis 

The data from both the time and wavelength scans were smoothed 
three times using the CD interface software, PROCDAT (Landis 
Instrument, Oakland, NJ).  The data were transferred to a Packard 
Bell pentium computer and fit using a non-linear least-squares 
routine adapted for use with Sigma Plot 4.0. All data points were 
included in the fit. The non-linear fitting program was provided by 
Gary Pielak and David Cohen at the University of North Carolina 
(Cohen & Pielak, 1994). This non-linear fitting method provided a 
better fit for the data than did the linear-extrapolation method, 
which introduced some subjectivity in assigning baselines, espe- 
cially when fitting the lower pH data where the unfolding transi- 
tion is broader. 

By assuming a two state reversible equilibrium process between 
the native and denatured states, the fraction of denatured protein at 
temperature T, fD.T is given by the following equation: 

where 0 2 2 2 . T  is the measured ellipticity at temperature Tat 222 nm 
and @N,T and are the native and denatured state ellipticities at 
that temperature, respectively. @N,T and are defined in Equa- 
tions 3 and 4, where mN,bN 

and mD,bD are the slopes and intercepts of the native and dena- 
tured state baselines, respectively. The equilibrium constant for 
denaturation, KD,T,  is given by Equation 5: 

The dependence of 0222,T on temperature is obtained by substitut- 
ing Equation 2 into Equation 5 and solving for 0 2 2 2 , ~  to yield 
Equation 6: 

The temperature dependence of  KD, is given by Equations 7a and 
7b. For the purposes of curve fitting ellipticity versus temperature 
data to Equation 6, the standard expression for the temperature 
dependence of  AGD,T (Becktel & Schellman, 1987) is used as 
given in Equation 7b: 

= exp -{(AH,,,(l - T/T,,,) 

- AC,[(T,,, - T) + Tln(T/T,)])/RT}. (7b) 

In Equation 7b, AH,,, is the van't Hoff enthalpy of denaturation at 
T,,, (the temperature where KD,T = l),  R is the gas constant, T i s  
temperature in degrees Kelvin, and AC, is the heat capacity change 
associated with protein unfolding. Two or three thermal unfolding 
experiments were carried out at each pH. The AH,,, and Tm values 
obtained from the non-linear least-squares fit to Equation 6 were 
averaged, and  a standard deviation (SD) or range was calculated as 
appropriate. 

Values of AC,, for each iso-1-cytochrome c variant were deter- 
mined by linear least-squares fits of AH,,, versus T,,, using data 
obtained at different pHs and the equation: 

AH,,, = AC,,T,,, + AH;. (8) 

The enthalpy of denaturation at temperature T,  AH,.,, was calcu- 
lated using the equation: 

A H D , T =  AH,,, + AC,(T - T,,,). (9) 

The entropy of denaturation at temperature T, ASD,T, was calcu- 
lated using Equation 10 where ASm equals AHJT,,,: 

ASD,T = AS,,, + AC,,In(T/T,). 

The free energy of denaturation at temperature T was calculated 
using the equation: 

= AH,,,(I - TIT,,,) - AC,[(T,,, - T) + Tln(T/Tm)]. (11) 

Error analysis 

The error in AC,, was calculated from the scatter of data points 
about the least-squares line using standard methods (Taylor, 1982). 
To calculate the error involved in AGD,T, a standard propagation of 
error (Taylor, 1982) was used according to the following equation: 

(12) 

where the errors from three independent variables, namely, AH,,,, 
Tm, and AC,,, are represented by x, y ,  and z ,  and u is the standard 
deviation for each of the values at a specific pH and temperature. 
Therefore, the error in  AG0.T is given by 

+ [(AC,,T/T,,, + AHmT/T2 - AC,,)UT,]~}'/~. (13) 

The errors for ASD,T and AHD,T were calculated using Equation 12 
by assuming two independent variables instead of three. Since AS,,, 
and AH,,, are considered independent variables dependent upon T,,,, 
T,,, is not considered an independent variable in Equations 9 and 
IO. Thus, the errors involved in AS,,, and AHD,T are reliant upon 
uAS,,uACP and U A H , , U ~ C , ,  respectively. 
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