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Abstract 

The  conformational stability of the histidine-containing phosphocarrier  protein (HPr)  from Bacillus subtilis has 
been determined using a combination of thermal unfolding and solvent denaturation experiments. The urea-induced 
denaturation  of HPr was monitored spectroscopically at fixed temperatures and thermal unfolding was performed 
in the presence of fixed concentrations of urea. These data were analyzed in several different ways to  afford a 
measure of the cardinal  parameters (AH,, Tg, AS,, and AC,) that describe the thermodynamics of folding for 
HPr.  The method of Pace  and Laurents  (Pace CN, Laurents DV, 1989, Biochemistry 28:2520-2525)  was used to 
estimate AC, as was a global analysis of the thermal- and urea-induced unfolding data. Each method used to  an- 
alyze the  data gives a similar value for AC, (1,170 * 50 cal mol" K"). Despite the high melting temperature for 
HPr (T, = 73.5 "C), the maximum stability of the protein, which occurs at 26 "C, is quite modest (AGs = 4.2 kcal 
mol"). In the presence of moderate  concentrations of urea, HPr exhibits cold denaturation, and thus  a complete 
stability curve for  HPr, including a measure of AC,, can be achieved using the method of Chen and Schellman 
(Chen B, Schellman JA, 1989, Biochemistry 28:685-691). A comparison of the different  methods for  the analy- 
sis of solvent denaturation curves is provided and  the effects of urea on the thermal stability of  this small giobu- 
lar  protein are discussed. The  methods presented will  be of general utility in the characterization of the stability 
curve for many small proteins. 
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A complete thermodynamic description of the stability of glob- 
ular  proteins is crucial to our understanding of the energetics 
of protein structure, folding, and function. Here we describe the 
complete stability curve, the variation of the Gibbs energy of 
folding with temperature,  for histidine-containing phosphocar- 
rier protein (HPr) using a combination of thermal- and urea- 
induced unfolding experiments and spectroscopic probes for the 
folding transition.  The data have been analyzed in several ways 
to  afford measures of the cardinal  thermodynamic  parameters 
(AH,, AS,, T,,  etc., evaluated at  the temperature where A G  = 
0; see  Becktel & Schellman, 1987) necessary for  a description of 
the  conformational stability of HPr. Included in the analysis is 
the assumption that AC, is temperature independent and  that 
the  denatured  forms of HPr  at high temperature or in the pres- 
ence of high concentrations  of  urea are thermodynamically in- 
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distinguishable. These two  assumptions allow a global analysis 
of the stability of HPr as functions of both temperature and urea 
concentration. The simplicity of this  model will  be presented and 
the potential problems will  be addressed. 

HPr is a small globular  protein with no disulfides or other 
prosthetic  groups.  HPr is a phosphocarrier  protein in the 
phosphoenolpyruvate-dependent carbohydrate transport system 
(PTS) in bacteria (reviewed by Meadow et al., 1990). The three- 
dimensional structures of HPr  from a  variety of bacterial 
sources have been determined by crystallographic (Bacillus sub- 
tilis, Herzberg et al., 1992; Escherichia coli, Jia et al., 1993b; 
and Streptococcus faecalis, Jia et al., 1993a) and NMR tech- 
niques (B. subtilis, Wittekind et al., 1992; E. coli, Klevit & 
Waygood, 1986; Hammen et al., 1991; van Nuland et al., 1992, 
1994; and Staphylococcus auras,  Kalbitzer et al., 1991; Kalbit- 
zer & Hengstenberg, 1993). The proteins from these sources have 
identical folding topologies with two or three  a-helices on  one 
face of a four-stranded, antiparallel &sheet. The  HPr proteins 
have been the subject of a number of  biochemical studies regard- 
ing the function of the protein in the PTS.  Here we report the 
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thermodynamic stability of the wild-type HPr protein from B. 
subtilis. 

To determine the  conformational stability of B. subtilis HPr, 
we employ two perturbants, temperature and  urea, as a way to 
induce  protein  unfolding.  The results are analyzed with several 
models for  the effects of temperature and urea on  protein sta- 
bility and a few general points emerge. We address the possible 
contribution  of the enthalpy of denaturant binding in thermal 
unfolding curves in the presence of  urea and test the assump- 
tions of the  temperature- and denaturant-independence to AC, 
for  HPr folding. The results and methods are of general utility 
in the characterization  of  the conformational stability of small 
globular  proteins. 

Results 

The  conformational stability of HPr  at  pH 7.0 in 10 mM po- 
tassium phosphate has been determined using a  combination of 
thermal  unfolding curves in the presence of various concentra- 
tions of urea or by urea-denaturation curves at various temper- 
atures.  The results of the thermal  unfolding experiments, as 
monitored by the change in ellipticity at 222 nm by CD, are 
shown in Figure 1. The  addition of increasing concentrations of 
urea causes the high temperature  transition to occur at lower 
temperatures and reveals low-temperature  denaturation at urea 
concentrations greater than 2 M. All transitions are fully revers- 
ible as evidenced by the coincidence of the  data obtained from 
heating the samples and from cooling the samples, provided the 
protein solution is not allowed to remain at temperatures >80 "C 
for more than 1 h. Upon prolonged exposure to high tempera- 
tures, especially  in the presence  of urea, some reversibility  is lost, 
presumably due  to irreversible aggregation or modification of 
the protein by urea decomposition  products (data not  shown). 

The results of several of the urea-denaturation experiments 
at constant  temperature are shown in Figure 2 .  Again, the  on- 
set of cold denaturation is evident by the decrease in the mid- 
point of the cooperative unfolding transition as the temperature 
is lowered. These transitions are also reversible and,  further- 
more,  the equilibration of the folded and unfolded forms of the 
protein is extremely rapid.  The  latter observation allowed us to 
perform the  denaturation experiments using the two different 
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Fig. 1. Thermal unfolding curves for HPr in various concentrations of 
urea at  pH 7.0 (10 mM potassium phosphate) as monitored by the change 
in ellipticity at 222 nm. The concentration of urea in each sample is: 
O,OM;O,0.5M;O,lM;.,l.5M;A,2M;A,2.5M;0,3M. 
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Fig. 2. Urea-denaturation curves at various temperatures at  pH 7.0 
(10 mM potassium phosphate) as monitored by the change in ellipticity 
at 222 nm. Temperatures are: W ,  25 "C; 0 ,  10°C; 0 ,  5 "C; 0, 0°C. 
Lines through  the data are  the fit of the LEM (Equation 1) using pa- 
rameters listed in Table l .  

protocols described in the Materials and methods. Examples of 
both types of experiments are shown in Figure 2.  Denaturation 
experiments at 0 and 25 "C were performed using independent 
samples for each urea concentration, whereas the  other experi- 
ments illustrate  the serial addition of a  concentrated  urea solu- 
tion to the sample in the cuvette with a correction for  the volume 
increase. Each  protocol gives good results; however, the serial 
addition  method is superior in terms of the  amount of protein 
required for a complete denaturation curve and in the elimina- 
tion of systematic errors associated with preparing several in- 
dependent samples. 

To convert the measured ellipticity at 222 nm to  the fraction 
of native protein ( f N )  shown in Figures 1 and 2 ,  the  CD base- 
lines for  the fully folded and denatured  forms of the protein 
were determined as a  function of temperature  and urea concen- 
tration. Linear expressions for the baselines as functions of tem- 
perature  or urea concentration, obtained by measuring the 
changes in ellipticity in the pre- and post-transition regions of 
the curves, were combined to give the native and denatured 
planes for  the three-dimensional analysis of the data. Alterna- 
tively, these baseplanes were determined from a global analysis 
of the data. Each method gives similar results, and, furthermore, 
the cardinal  parameters defining the stability curve are insensi- 
tive to the observed variation in the baseline parameters provided 
by the different  methods of determination.  The best estimates 
for  the native and unfolded baseplanes using the representations 
given by Equations 8 and 9 (see the Materials and methods) 
provide: 

[0lN(T,[urea]) = -10,500 + 8 . 5 - T -  23.[urea] 

[B],(T,[urea]) = -1,970 - 4.5.T+  360.[urea], 

with [ e ] ,  in deg cm2 dmol", T in  "C  and  [urea] in M. These 
relationships are used to determine fN for each experiment in 
Figures 1 and 2 using Equation 10 (see the Materials and meth- 
ods for details). 

The chief parameter needed for  a complete analysis of the sta- 
bility curve for protein folding is the change in heat  capacity, 
AC,, for  the transition. To determine  this  parameter and the 
others needed for  a full description of the stability curve for HPr 
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(Becktel & Schellman, 1987), the  data  in  Figures 1 and 2 were 
analyzed  in  several  different ways: ( 1 )  the  method of Pace  and 
Laurents (1989) was  used  with the  thermal  unfolding  data in the 
absence  of  urea  along with the  nine  urea-denaturation curves in 
Figure 2 and  Table 1 ;  (2) the  method  of  Chen  and  Schellman 
(1989) was applied to the  thermal  unfolding  data in the presence 
of 3 M urea; (3) the  variation  in TE and AH, as a function  of 
urea  concentration (Fig. 1) was  used to  determine AC,,; and (4) 
a global  analysis  of  the  data was performed (see below). Each 
method of  analysis assumes a two-state  transition (N * U) with 
the  equilibrium  constant (Keq) defined  as  the  ratio  of  fraction 
unfolded  to  fraction  folded. Evidence for  the  two-state  unfold- 
ing reaction  was  provided by the coincidence of  the  thermal  un- 
folding  curves  using  different probes for the transition  including 
near-  and  far-UV CD and  the presence of an isodichroic  point 
at =205 nm in the CD spectra  recorded at different temperatures 
(data  not  shown). 

The  urea-denaturation curves  shown in Figure 2 were analyzed 
with the  linear  extrapolation  method  (LEM) following the  pro- 
cedures  described by Pace (1986) and  Santoro  and Bolen (1992). 
The  alternative  methods  of analysis  of urea-denaturation curves 
are  discussed below (see Discussion). For the  LEM,  the  data in 
the  transition  regions  of  the  urea-denaturation  curves were fit 
to  the  equation: 

AGobs = AG,,,,, - m .  [urea]. ( 1 )  

This  method  assumes a linear  relationship  (m-value) between 
AGO of  folding  and  the  molar  concentration of urea.  Table 1 
shows  the results for  the  nine  different  urea-denaturation curves 
performed  at  different  temperatures;  the lines in  Figure 2 show 
the  results  of  the fit of  each  individual  experiment  at  the  indi- 
cated  temperature.  It  should be noted  that  the  m-values  are 
temperature-independent  over  the  entire 40" range  of  temper- 
atures.  This  temperature  independence is  discussed below. 

The  thermal  unfolding curves presented in Figure 1 were an- 
alyzed  in  several  ways. For  the  data in the  absence  of  urea, a 
van't Hoff  analysis was  used to  calculate AH, and TE from  the 
data in the  transition region. As expected,  over the  narrow tem- 

Table 1. Analysis  of urea-denaturation curves 

Temperature 
("C) 

C m d  m-value A G w0,er 
(M urea)  (cal mol" M") (kcal mol") 

0 
5 

10 
15 
20 
25 
30 
35 
40 

2.38 
2.95 
3.32 
3.52 
3.88 
3.90 
3.92 
3.77 
3.64 

1,080 
1,040 
1,040 
1,060 
1,020 
1,080 
1,030 
1,050 
1,040 

2.57 
3.07 
3.45 
3.73 
3.96 
4.21 
4.04 
3.96 
3.19 

aThe data in the transition regions of the  nine urea-denaturation 
curves  were  fit to the  linear extrapolation model  provided  by  Equation 1 
using  the method of Santoro and Bolen (1988). Errors on the Cmid 
values are f0.05 M, +40-50 cal mol" M" for the rn-values, and 
fO.10-0.15 kcal mol-' for AG,,,,. 

perature  range  of  the  transition with the  small AC,, for  HPr 
(see below), we could  not  detect  any  curvature in the  plot of 
In Keq as a function  of 1/T, and  thus AC,, could  not  be  deter- 
mined directly from  this single experiment.  To  determine AC,,, 
the  method  of  Pace  and  Laurents (1989) was employed.  With 
this  method,  the  nine AGwoter values (Equation 1 )  from  the 
urea-denaturation  curves  at low temperatures (Fig. 2; Table 1) 
were combined with the  data in the  transition region  of the  ther- 
mal  unfolding  curve  in  the  absence  of  urea  and  analyzed with 
a modified version of  the  Gibbs-Helmholtz  equation: 

A G ( T )  = AH,(1 - TITg) - ACp[(Tg - T) + T.In(T/T,)]. 

(2) 

The results of the nonlinear  least-squares fit of the  data  to  Equa- 
tion 2 are  shown  in  Figure 3 and  Table 2. The AC, calculated 
in this  manner is 1,160 * 50 cal mol-' K". 

The  variation  of AHE with temperature  afforded by the  ad- 
dition of urea (Fig. 1) can  also  be used to  calculate AC,, using 
a van't Hoff  analysis  of  the  individual  unfolding  curves.  The 
slope  of  the  plot of AH, versus T,, shown in Figure 4 (solid 
points  and  solid  line), gives a second  measure of AC,, (1,170 k 
80 cal mol-' K"). This result is also  shown in Table 2. The  po- 
tential contribution  of  the  enthalpy of  urea  binding and  an  anal- 
ysis of this contribution  to  the observed conformational enthalpy 
change  for  HPr is discussed  below. 

In  addition  to  using a  series of either  thermal  unfolding 
curves or urea-denaturation curves to  provide a measure  of 
ACp, we have  employed  the  method  first  described by Chen 
and  Schellman (1989) to  analyze  the single thermal  unfolding 
curve in the presence of 3.0 M urea.  The  thermal  transition re- 
veals both  high-  and  low-temperature  unfolding  and,  thus,  the 
complete  stability  curve  can  be  obtained.  This  analysis, which 
assumes a temperature-independent AC,,, provides an excellent 
check on  this  assumption of our model  as well as  providing ev- 
idence  for  the  denaturant-independence  of AC,. The  single 
transition  curve  covers a large  temperature  range  where AG 
changes from positive to negative and passes through zero twice. 

-4.0 1 
-20 0 20 40 60 80 100 
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Fig. 3. HPr stability curve  determined using the method of Pace and 
Laurents (1989). The data at  lower  temperatures (0-40 "C) are from the 
results of the  urea-denaturation  curves  (Table l), and  the  data at higher 
temperatures  are from the  thermal  unfolding  curve  in  the  absence of urea 
(Fig. 1). The  best-fit  parameters  describing  the  stability of HPr  are  shown 
in Table 2. 
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Table 2. Thermodynamic parameters for the folding of HPr 
- 

" 
." 

AH, versus Tg analysis 

Parameter  Pace  and  Laurentsa  Global f i tb  AHg (obs)' AH, (calc)d Chen  and  Schellmane 

AC, (cal mol-' K-I)  1,160 k 50 1,160 f 50 1,170 f 80 1,100 f 100 1,190 i 50 
AHg (kcal mol-') 58.1 f 1.7 59.2 f 2.5 
AS, (cal mol" K") 168 i 5 171 k 6 

m (cal mol" "I)  1,050 f 50 
Tg ("C) 73.4 f 0.2 73.8 0.4 

_ _ _ _ _ _ _ _ _ _ _ _ _ ~ . . _ ~  

a The  method of Pace  and  Laurents (1989) was used to  calculate  the  stability curve using the nine urea-denaturation curves 

Equation 4 was  used to provide a global analysis of the data in the transition regions of the curves shown in Figures 1 and 2. 
'The  variation of AHg with T, as  a  function of urea  concentration was used to calculate AC, (Fig. 4). 
The AH, values were corrected  for  the  effect of the enthalpy of urea binding using Equations  5,  6,  and  7 (see Fig. 4). 

eThe method of Chen and Schellman (1989) was used to  analyze  the single thermal  unfolding curve in the presence of 3 M 

at lower temperatures  and  the single thermal  unfolding curve in the  absence of  urea. 

urea (Fig. 5). The  errors represent one  standard  deviation of the  indicated value as described in the  text. 

The Gibbs-Helmholtz equation, written  in terms  of  constant co- 
efficients, is used to  fit  these  data: 

In K' = A + B .  (To /T )  + C.ln(To/T) (3) 

with 

A = -[ACL + AS'(To)]/R 

B = [ACL - AS'(To)]/R - AG'(To)/RTo 

C = -ACL/R, 

where To is an  arbitrary  reference  temperature  and  the  primes 
indicate  the  thermodynamic values  in the presence of 3 M urea. 
If To corresponds to either  of  the  transition  temperatures,  then 
AG' = 0 by  definition  and A = -B. We have  employed  the 
method  of  Chen  and Schellman (1989) in which To is varied un- 
til A = -B for  both  the  high-  and  low-temperature  unfolding 

transitions.  Each  transition gives the  same  value  for  the  coeffi- 
cient C and  hence AC,,. Figure 5 shows  the  nonlinear least- 
squares fit for  the  thermal  unfolding  curve in the presence 
of  urea using this  method.  The AC, calculated  from  this  anal- 
ysis, 1,190 & 50 cal mol" K - ' ,  is shown  in  Table 2. The fit is 
quite  good  (variance = 0.0056) and  provides evidence for  the 
temperature-independence of AC,. 

The  final  method used to  analyze  the  urea-denaturation  and 
thermal-unfolding  data  presented in Figures 1 and 2 employs a 
global fit to all the  data.  The three-dimensional  analysis uses the 
LEM  (Equation 1) in combination  with  the  Gibbs-Helmholtz 
relationship  (Equation 2). Combining  these  equations gives: 

AG(T,[urea]) = AH,(1 - TIT,) 

- AC,[(T, - T )  + T-In(T/T,)] 

- m .  [urea]. (4) 

Equation 4 was fitted  to  the  data  in  the  transition  regions 
(0.05 5 f N  I 0.95) of  the  thermal-  and  urea-induced  unfolding 
curves  with AH,, T,, AC,, and m as  variable  parameters.  The 

Y 
E - 

-20 0 21) 40 60 80 
TK ("C) 

Fig. 4. The  variation of AH, with Tg from  the  thermal  unfolding  data 
in  the presence of  different  concentrations of urea (Fig. 1). Solid points 
(0) and line (-) represent the observed AH, values at  the  indicated 
melting temperatures (T,) and  provide AC, = 1,170 f 80 cal mol-' 
K-I;  open symbols (0) and  dashed line (--) represent  the  data  cor- 
rected for  the  enthalpy of urea  binding (see text)  and give AC, = 
1,100 k 100 cal mo1-l K". 
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Fig. 5. Analysis of the thermal unfolding  data for HPr in the presence 
of 3 M urea as described by Chen  and Schellman (1989). The best-fit 
AC, value is 1,190 f 50 cal mol-' K-l  for  both  the  heat-  and  cold- 
denaturation processes (see text). 
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results of the nonlinear least-squares fit are shown in Table 2 and 
Figure 6. The  plots at various urea  concentrations in Figure 6 
are offset by m . [urea]  for clarity. There is good agreement be- 
tween the calculated curves and  the  data (symbols) over the en- 
tire range of temperature and urea concentration, suggesting that 
the relationships  employed, namely temperature-independent 
AC, and m-values, are valid. 

As a further test for the temperature-independent m-value for 
the effect of urea  on the stability of HPr,  the  data in Figure 1 
have been used to calculate m-values at temperatures within the 
transition region for  the thermal unfolding curves. By taking iso- 
thermal slices through  the data in Figure 1 and plotting the 
observed AG as a  function of urea concentration, slopes or 
m-values ranging from 1,120 to 920 cal mol" M" are  found 
for all temperatures between 54 and 73 "C (data not shown). 
There is a slight temperature dependence to these  m-values;  how- 
ever, the mean value in this temperature  range is identical to 
the m-values determined from the LEM analysis of the  urea- 
denaturation experiments at lower temperatures (Fig. 2; Ta- 
ble l ) .  The excellent agreement provides further evidence for the 
temperature-independence of the m-value for the effect of urea 
on the stability of HPr. 

Discussion 

A complete description of the conformational stability of a  pro- 
tein as a function of temperature represents the stability curve. 
This  complete  description allows one  to calculate the stability 
of a  protein at any  temperature using the Gibbs-Helmholtz re- 
lationship  (Equation 2). Here we provide a description of the 
stability curve for B. subtilis HPr using a  combination of ther- 
mal and urea-induced  unfolding.  There are three  principal 
results: (1) The data  are consistent with our assumption of ther- 
modynamically indistinguishable denatured states at either high 
temperature or in concentrated urea. (2) Furthermore,  the data 

5 0  ~ . . , , . . . , , , , , . . , , , , , , . . , ,  
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Fig. 6. A global analysis of the data in the transition regions of the 
thermal- and urea-denaturation curves shown in  Figures 1 and 2. The 
best-fit parameters  used to construct the  curves (-) are shown in 
Table 2. The data from thermal unfolding curves at the indicated urea 
concentration are: x,  0 M; A,  0.5 M; e, 1 M; 0, 1.5 M; A, 2 M; 0,  
2.5 M; 0, 3 M. Data  from  the  urea-denaturation  curves at constant  tern- 
perature  are  represented  in  this  plot  by  the AGwa,er values (.) from  Ta- 
ble 1 for clarity, although the  data from entire  urea-denaturation  curves 
were  used  in  the global analysis  (see text). The  thermal unfolding curves 
at different urea concentrations are offset in this plot by m .  [urea], 
where m = 1,050 cal mol-I M-l. 

are consistent with temperature-independent AC, and m-values 
over the large temperature  range of the unfolding  transitions. 
(3) In  moderate  concentrations of urea,  HPr exhibits cold de- 
naturation  and  thus a complete stability curve can be obtained 
by a single thermal unfolding experiment in the presence of urea. 

The equilibrium unfolding of HPr has been monitored by a 
spectroscopic probe (CD) and  the resulting data analyzed with 
a simple two-state unfolding reaction. Although we do observe 
an isodichroic point in the CD spectra  of HPr through the 
thermal unfolding transitions (2205 nm, data not shown), a sim- 
ilar isodichroic point  cannot be demonstrated for  the urea- 
denaturation process because we are unable to  obtain CD data 
below 210 due  to  the large absorbance of urea.  One of the ma- 
jor assumptions of the analysis is that  the thermally unfolded 
form  and  the  denatured  form of HPr in urea are thermodynam- 
ically equivalent and  the difference in the spectroscopic measure 
of ellipticity can be regarded as a simple baseline effect. For ex- 
ample, the observed CD signal at 222 nm of the  two  denatured 
forms of HPr  are  not identical: [e],, at 90 "C and  no urea is 
approximately -2,500 deg cm2 dmol" , whereas [ elobs in 8 M 
urea, 0 "C is near 0. (For comparison, [ e],, for  the folded pro- 
tein  in the absence of urea at 0 "C is - 10,500 deg cm2 dmol" .) 
All the available data indicate that we can  treat this difference 
in the CD signals of the unfolded forms of the protein as a sim- 
ple baseline or baseplane effect. 

It is known that thermally denatured  proteins  often show a 
"residual" CD signal near 220 nm  (see Privalov et al., 1989; Rob- 
ertson & Baldwin, 1991, and references therein), yet appear to 
be devoid of stable hydrogen bonded secondary structure as ev- 
idenced by the lack of protected amide  protons  (Loftus et al., 
1986; Robertson & Baldwin, 1991) and  appear to be completely 
unfolded using direct calorimetric measurements (Privalov et al., 
1989). What is important for the present analysis is whether the 
two unfolded forms of HPr, obtained either at high tempera- 
ture or at lower temperatures in the presence of high concentra- 
tions of urea, are thermodynamically equivalent despite the fact 
that a spectroscopic probe for  structure gives a  different  abso- 
lute measure for  the unfolded  forms. Several studies on  other 
proteins have indicated that this assumption is valid. Santoro 
and Bolen (1992) have used a  combination of solvent denatur- 
ation curves and direct calorimetric measurements of the stabil- 
ity of thioredoxin in the presence of guanidine  hydrochloride 
and find complete agreement between the AGO values for pro- 
tein stability determined with the various techniques. The same 
conclusions have been reached for turkey  ovomucoid  third do- 
main (Swint & Robertson, 1993) and for ribonuclease T1 (Pace, 
1990; Yu et al., 1994). Not only are  the Gibbs energy changes 
identical for  the direct calorimetric techniques and  the spectro- 
scopic methods employed here, but the enthalpy, entropy,  and 
heat capacity changes that accompany  the  transition are also 
identical for  a number of different proteins if the denaturant sol- 
vation is correctly taken into account (Pfiel & Privalov, 1976; 
Privalov et al., 1989; Makhatadze & Privalov, 1992). This lat- 
ter  point is discussed below for the case of HPr. 

The use of two  different perturbants, temperature and urea, 
allows a description of the stability of HPr over a wide range 
of both  temperature and urea  concentration. In order  to pro- 
vide a global analysis of the data, two critical observations were 
made: namely that AC, (Equation 2) and  the m-value (Equa- 
tion l )  are  temperature  independent.  Therefore,  the LEM 
(Equation 1) can be combined with the Gibbs-Helmholtz rela- 
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tionship  (Equation 2) to  provide the simple relationship describ- 
ing the  conformational  stability  at every temperature  and  urea 
concentration  (Equation 4). The  assumptions used  in Equation 
4 can  be  tested using the  available  data.  For  example,  the  anal- 
ysis of  the single thermal  unfolding  curve  in  the  presence  of 
3 M urea  shows  both high- and  low-temperature  unfolding 
(Fig. 5 )  and  the  constant AC,  model  (Equation 3) can  describe 
the  data using the  method first described by Chen  and Schellman 
(1989). This  analysis  provides a good check on  the  constant 
AC,  model  because AG' is determined  over a wide range  of 
temperatures  in a  single experiment.  The  good  agreement be- 
tween the  best-fit  curve  and  the  data  provides  support  for  the 
temperature  independence  of AC,  over the  temperature  range 
available. The slight deviation between the best-fit curve  and  the 
data, especially a t  lower temperatures,  may suggest that AC,  is 
not  temperature  independent;  however,  the  deviation is small 
and well within  the  error  associated  with  the  determination of 
the CD baselines. 

The  second  observation is that  the  m-value  for  the  effect  of 
urea  on  the  conformational  stability  of  HPr is temperature  in- 
dependent.  This  observation is supported by two results. First, 
the  nine  urea-denaturation  curves  at  temperatures  from 0 to 
40 "C provide, with error, identical measures  of the m-value (Ta- 
ble l )  and,  furthermore, these values,  along  with  the  LEM,  are 
able  to  describe  the  observed  data very well (Fig. 2). Second, 
m-values a t  higher temperatures  can  be  determined by replot- 
ting the  data  in  the  transition  regions of the  thermal  unfolding 
curves  in Figure 1 .  These  m-values  at  temperatures between 54 
and 73 "C, where  there  are  four or more  data  points  to  define 
the line, d o  show a  slight variation with temperature;  however, 
the  dependence is small  and  the  m-values  are  within  the  range 
seen at lower temperatures  (Table I). Taken  together, these two 
observations allow us to express the  conformational stability of 
HPr,  at all temperatures  and  urea  concentrations, using the sim- 
ple expression in Equation 4. 

The  temperature-independent  m-value for HPr  must  be a 
result of compensating  temperature  effects.  This  can  be  dem- 
onstrated by analyzing  the  urea-denaturation  data (Fig. 2; Ta- 
ble l )  with the  thermodynamic  binding  model  for  the  action  of 
urea  on  proteins  (Schellman, 1955, 1987; Aune & Tanford, 
1969): 

AGO = AG,,e, - R T . A n . l n ( 1  + k . a ) ,  ( 5 )  

where An is the  number of new,  independent  binding sites for 
urea  in  the  unfolded  form  of  the  protein, k is the  binding  con- 
stant  for  urea  to these new sites, and a is the activity of  the  urea 
solution, usually  expressed as  molar  activity.  To reconcile the 
temperature-independent  m-value,  either An,  k ,  or a must have 
compensating  temperature dependencies. The  molar activity, a, 
of  aqueous  urea  solutions  does  increase  with  temperature 
(Stokes, 1967) and  there is  a  negative enthalpy of urea  binding 
to  proteins  and peptides  (Schellman, 1955; Robinson & Jencks, 
1965; Schonert & Stroth, 1981; Makhatadze & Privalov, 1992) 
and, hence, k decreases  with temperature.  Therefore, it appears 
that,  at least for  the  temperatures  for which experimental  data 
are  available, a temperature-independent rn-value may result 
simply from  the compensating temperature effects on k and urea 
activity.  In  addition  to  this  explanation, An may  show a tem- 
perature dependence. The  data  for  the urea denaturation of HPr 
have been analyzed  with  the  binding  model  (Equation 5 ) ,  and 

indeed we find  temperature-dependent An values,  ranging from 
An = 40 at 0 "C to An = 31 at 40 0C (data  not shown). Together, 
the  temperature  dependence  of A n ,  k ,  and a must  cancel  and 
thus we find,  for  HPr, a temperature-independent rn-value for 
urea  at  all accessible temperatures. 

Thermodynamic  stability of B. subtilis HPr 

The  cardinal  parameters  required  for a description  of  the  ther- 
modynamic  stability  of HPr  are shown  in  Table 2. Together with 
the  Gibbs-Helmholtz  relationship, these parameters  can be used 
to  determine  the  conformational  stability of HPr  at  any  tem- 
perature,  and  for  HPr,  at  any  urea  concentration using Equa- 
tion 4. The chief parameter needed for  the analysis is AC,, the 
change in heat  capacity  for  the  unfolding  reaction.  The  deter- 
mination  of AC,  from  the  data in Figures 1 and 2 represents the 
primary  result  of  this  analysis. We have  employed four differ- 
ent  methods  to analyze the  data  and arrive at identical  measures 
of AC,  (Table 2): 1,170 5 50 cal mol" K". This  value is in- 
dependent  of  temperature  and  able  to  describe  the  heat-  and 
cold-denaturation of HPr.  Also, A C ,  is independent  of  urea 
concentration  and  thus a single AC,  is able  to describe the  tran- 
sitions in the  absence  and  presence  of  urea. 

The  analysis  of  the  thermal  unfolding curves  in the presence 
of different  concentrations of urea  also  affords  one  measure of 
A C ,  (Fig. 4; Table 2). Perturbation  of T, with  denaturant  has 
been  suggested in the  past (Foss & Schellman, 1959; Schellman, 
1990; Santoro & Bolen, 1992; Swint & Robertson, 1993) as  a way 
to  determine AC,; however,  calorimetric and  other studies  have 
suggested that AC,  in the presence  of denaturant is  expected to 
be  higher  than in water  (Pfiel & Privalov, 1976; Privalov  et  al., 
1989; Makhatadze & Privalov, 1992). This results from  the sign 
of  the  enthalpy associated with denaturant binding and  the  pro- 
portionality of the binding enthalpy with denaturant  concentra- 
tion  (Schellman, 1955; Robinson & Jencks, 1965; Schonert & 
Stroth, 1981; Makhatadze & Privalov, 1992). Separating  the  ob- 
served AH,  into  the  enthalpy  change  for  the  protein  conforma- 
tional  change  and  the  enthalpy of denaturant 
binding (AH,,urea) provides: 

Following the  procedure described by Makhatadze  and  Privalov 
(1992), the AH,,u, contribution  can  be expressed  as: 

where A h  is the  enthalpy  of  urea  binding  to a single "site" on 
the  protein, An is the  number of new "sites" exposed upon  pro- 
tein  unfolding,  and  the  ratio k .a / (  1 + k .a )  provides  the  occu- 
pancy  of  the  site.  This  analysis  follows  directly  from  the 
thermodynamic  binding  model for the  action  of  urea  on  pro- 
teins  provided  by  Equation 5 .  

We have analyzed  the  thermal  unfolding  data  in  the presence 
of  urea  with  Equations 5,6 ,  and 7 to  estimate  the  contribution 
of  the  enthalpy of urea binding to  the observed enthalpy  change 
for  the  transition.  In  this  analysis we have used An = 40, the 
largest value determined  at  low  temperatures, k = 0.06 and 
A h  = -2.1 1 kcal mol" as  described by Makhatadze  and 
Privalov (1992). This will overestimate  the  contribution  of 
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AH,,., to  the observed AH, because both A n  and k decrease 
with temperature; however, it  is nonetheless useful to calculate 
the upper limit for AH,,.,. The resulting value of AH,,., 
(Equation 7) can be used with Equation  6 to determine the con- 
tribution of urea binding to  the observed enthalpy change. The 
adjusted values are shown in Figure 4 (open symbols and dashed 
line). The AC, calculated from the  slope of this line, 1,100 k 
100 cal mol" K", is within error of the value calculated from 
the raw data. This suggests that  the AC, value is independent 
of urea  concentration and  thus  the simple relationship used in 
Equation 4 is valid for  HPr.  Further evidence for  the urea in- 
dependence of AC, for  HPr comes from a  comparison of the 
value determined from  the thermal  unfolding  transition in 3 M 
urea (Fig. 5 )  with the values determined from  other methods of 
analysis (Table 2). 

The  cardinal parameters able to describe the  conformational 
stability of HPr  are shown in Table 2. These values, along with 
the complete thermodynamic analysis, provide some interesting 
comparisons to other proteins.  First,  the AC, value is typical 
for small globular proteins when considered on  a per residue ba- 
sis (Privalov & Gill, 1988; Alexander et al., 1992). Second, de- 
spite the relatively high T, (73.4 * 0.2 "C),  the global stability 
of HPr  at lower temperatures is quite modest (AG, = 4.2 kcal 
mol" at  226 "C). In fact, this stability is only about  7RT, in- 
dicating that 1 in every 1,200 HPr molecules is unfolded at 
26 "C.  This result seems at  odds with hydrogen exchange stud- 
ies (Wittekind et al., 1992) that find  a few backbone  amide hy- 
drogens in HPr with half-times for exchange approaching a day. 
If these persistent hydrogens can exchange only out of the glob- 
ally unfolded form of the protein (Kim & Woodward, 1993;  Bai 
et al., 1994), the global conformational stability of HPr would 
be about twice that found here (Bai et al., 1993). Further  stud- 
ies on  the mechanism of hydrogen exchange from native pro- 
teins is required  before a complete  understanding of  this 
apparent contradiction can be realized (Kim & Woodward, 1993; 
Bai  et al., 1994). 

The high T, and a small AGs found here for  HPr unfolding 
is the direct consequence of the small AC, and AH,. A related 
comparison has been presented by Alexander et al. (1992) for 
another small protein, the B1 domain of protein G, and this  may 
be a general result for all small proteins.  Together, the obser- 
vations of a typical ACp and relatively small AH, provide the 
criteria for  the observation of cold denaturation. Although we 
do not observe cold denaturation in the absence of urea, it 
is clear that  HPr is  less stable at 0 "C than  at 25 "C (Fig. 2; 
Table 1). In  the presence of low concentrations of urea,  the  on- 
set of cold denaturation is observed and, in 3 M urea, almost 
complete unfolding  occurs at low temperature.  This results di- 
rectly from  the  thermodynamic  parameters for  HPr  and the re- 
lationship describing the stability  curve for protein  folding 
(Equation 4). 

Although it is not possible to prove unequivocally the assump- 
tions of temperature-independent AC, and m-values, the evi- 
dence cited above, together with the ability of Equation  4 to 
describe the data adequately, suggest that  the assumptions are 
valid for  the  HPr system described here. The generality of the 
approach for other proteins, or even  with other  denaturants  and 
HPr, remains an open  question, one  that we are actively pur- 
suing because the simplicity of this approach makes it possible 
to determine the complete stability for a protein with a minimum 
of effort. 

Materials and methods 

The expression of B. subtilis HPr was performed in E. coli as 
described by Reizer et al. (1989). The E. coli strain  harboring 
the wild-type B. subtilis HPr gene (p tsH)  on the pRE plasmid 
was a  generous gift of J. Reizer and M.H.  Saier, Jr. In our 
hands, the expression and purification  procedure provided ca. 
50 mg of homogeneous HPr  from 4 L of late  logarithmic cells. 
Protein  purity was judged to be greater than 95% from dena- 
turing gel electrophoresis as described previously (Reizer et al., 
1989). The purified protein was  dialyzed  extensively against sev- 
eral changes of distilled water prior to preparing samples for 
spectroscopic analysis. Protein  concentration of the stock so- 
lution was determined using the absorbance of the  two tyrosine 
residues in HPr  and  the extinction coefficients in water and 
6 M GuHCl given by Brandts and Kaplan (1973), 2,780 and 
2,900 M" cm" at 275 nm, respectively. 

CD  at 222 nm was used to monitor the equilibrium unfold- 
ing data using an Aviv 62DS spectropolarimeter equipped with 
a  temperature control  and stirring  unit. The thermal  unfolding 
curves were performed with heating rates from 15 to 90 "C per 
hour in cuvettes with pathlengths of 1 or 10 mm. The reversibil- 
ity  of the thermal transitions was  checked in each  case by record- 
ing scans obtained  upon cooling the solution from 90 to 0 "C 
immediately after  the conclusion of the thermal  transition. In 
all cases, the  transitions were independent of the rate of heat- 
ing, 295% reversible, and independent of protein concentration. 
Some reversibility  was  lost upon prolonged exposure of the sam- 
ple to high temperature, especially  in the presence of urea.  This 
irreversibility is presumably due to chemical modification of the 
protein by the products of urea decomposition. 

The  urea-denaturation curves at constant  temperature were 
performed with two different protocols. In both cases, urea so- 
lutions were prepared fresh daily in buffered solutions contain- 
ing 10 mM potassium phosphate at pH 7.0 and the concentration 
of the urea stock solution was determined by refractive index 
measurements (Pace, 1986). The first method for determining 
the urea-denaturation curve  employed individual samples at var- 
ious urea concentrations that were allowed to equilibrate in a 
circulating water bath overnight. Each independent sample was 
placed in the  CD instrument and  the signal recorded after av- 
eraging for 200 s.  The  alternative  method was developed after 
our finding of the  rapid  equilibration of the folding transition. 
In this method, small aliquots of concentrated urea in buffer 
were added directly to  the protein sample in the cuvette and al- 
lowed to reach thermal and chemical equilibrium before record- 
ing the  CD signal. Serial additions of urea were made to  the 
same  protein  sample, and  the protein  concentration was cor- 
rected for  the increase in volume. This alternative method is  su- 
perior in terms of  the elimination of errors associated with the 
preparation of independent samples, as well as the need for 
much less protein for a single unfolding  transition curve. Ex- 
amples of both methods are presented in the Results. 

The complete analysis of the  denaturation data, including 
both  thermal- and urea-induced denaturation experiments, re- 
quires an accurate  determination of the pre- and posttransition 
baselines and planes defined as: 

[B],(T,[ureal) = [191,(0",0 M) + a,.[urea] + b N . T  (8) 
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where the first term in each equation is the CD value for  the na- 
tive and denatured  forms, respectively, of the protein at 0 "C in 
the absence of urea.  The second terms give the linear slopes of 
the  CD values with temperature, whereas the  final term shows 
the urea effects  of the baselines. Taken as a whole, each of  the 
Equations  8 and 9 defines two planes for the pre- and posttran- 
sition regions of urea-temperature space. The  fraction of na- 
tive protein at any  temperature and concentration of urea, fN, 
can be determined from  the observed CD signal using: 

For most of the unfolding transitions, Equations 8 and  9 reduce 
to a simple two-term h e a r  representation of the baselines that 
can be measured independently for each transition and com- 
bined to provide the entire baseplanes. In the cases where the 
pretransition baseline was  ill-defined or completely absent, such 
as the thermal unfolding curve  in 3.0 M urea, the baseline could 
be determined by comparing the thermal unfolding data with 
the urea-denaturation curves at constant  temperatures. Alter- 
natively, the data  for  the necessary regions of the baseplanes 
from all of the experiments could be combined and fit to Equa- 
tion 8 or 9 to determine the best-fit  slopes and intercepts. Finally, 
a global analysis of the data, combining Equations 8,9, and 10 
with Equation 4, is  used to determine the baseplane parameters 
as well as the cardinal values for  the  conformational stability. 
Each method provides nearly identical values for  the baseplane 
parameters, and, furthermore, the cardinal values  describing the 
conformational stability in Equation 4 are insensitive to  the 
slight variation in baseplane  parameters determined by the  dif- 
ferent methods. 

The  nonlinear least-squares fitting employed the  algorithm 
that is based on the  method described by Johnson  and Frasier 
(1985) and implemented for the Macintosh computer (Brenstein, 
1991). Best-fit parameters and their confidence intervals ex- 
pressed as one  standard deviation are given for each fit. A min- 
imum of two repetitions of a given experiment was used in all 
cases. For the analysis of  a  transition curve with well-defined 
baselines, a  modification of the  method of Santoro  and Bolen 
(1988)  was used, using the curve-fitting methods in the Kaleida- 
Graph software (Synergy Software, PCS Inc.). A single urea- 
denaturation curve can be fit to  the equation: 

with  [e],, uN, [e],, aD, m, and cmid as fitting parameters. 
This expression  combines the LEM (Equation I ) ,  where 
AG,,er = m-Cmidt  and  the two-state  assumption for the  un- 
folding reaction.  The nonlinear least-squares fit of Equation 11 
to  the  data in Figure 2 are shown as  the solid lines. 
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