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Abstract 

The energetics of barstar  denaturation have been studied by CD and scanning microcalorimetry in an extended 
range of pH and salt concentration.  It was shown that, upon increasing temperature,  barstar undergoes a  transi- 
tion to the  denatured  state that is  well approximated by a two-state transition in solutions of high ionic strength. 
This transition is accompanied by significant heat absorption and an increase in heat capacity. The  denaturational 
heat capacity increment at =75 "C  was found to be 5.6 f 0.3 kJ K" mol". In all cases, the value of the measured 
enthalpy of denaturation was notably lower than those observed for other small globular proteins. In order  to 
explain this observation,  the relative contributions of hydration  and  the  disruption of internal  interactions to the 
total enthalpy and entropy of unfolding were calculated. The enthalpy and entropy of hydration were found to 
be in good agreement with those calculated for other proteins, but  the enthalpy and  entropy of breaking internal 
interactions were found to be among  the lowest for all globular proteins that have been studied. Additionally, 
the  partial specific heat capacity of barstar in the native state was found to be 0.37 f 0.03 cal K-' gg', which 
is higher than what is observed for most globular proteins and suggests significant flexibility in  the native state. 
It is known from structural data  that barstar undergoes a  conformational change upon binding to its natural 
substrate  barnase.  Our data, which indicate that barstar has a loosely packed interior, suggest that high confor- 
mational flexibility of barstar's native structure may play an important role in allowing it to optimize its contacts 
with barnase  upon binding without disrupting favorable, tightly packed internal  interactions. 
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The interaction between barnase, the extracellular ribonuclease 
of Bacillus amyloliquefaciens, and  barstar, its natural inhibitor, 
has  attracted  a great deal of attention  as a good model for the 
study of protein-protein recognition (Hartley, 1993; Schreiber 
& Fersht, 1993a). The crystal structure of Cys 40, 82 Ala bar- 
star complexed with barnase was recently solved with a resolu- 
tion that is sufficient for detailed analysis of the interactions 
stabilizing the complex  (Guillet et al., 1993;  Buckle  et al., 1994), 
and the  structures of both free  barnase (Mauguen et  al., 1982; 
Bycroft et al., 1991) and free barstar (Lubienski et al., 1994) are 
known. To understand the mechanisms by which these proteins 
associate with one another, we require knowledge  of the thermo- 
dynamics of complex formation and the energetics of native 
structure  formation in both free barnase and free barstar. Al- 
though  the energetics of barnase have been studied in detail by 
several groups (Hartley, 1%8,  1975; Makarov et  al.,  1993; Griko 
et al., 1994; Sanz et al., 1994), the energetics of native barstar 
are less well understood. The free energy of barstar unfolding 
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by urea was estimated by Schreiber and Fersht (1993b), and the 
van't Hoff enthalpy of barstar unfolding was  recently estimated 
by Agashe and Udgaonkar (1995). However, the energetics of 
barstar unfolding have yet to be measured in  a  direct, model- 
independent manner. In this study we  have endeavored to make 
direct calorimetric measurements of the thermodynamic param- 
eters associated with the disruption of Cys 40, 82 Ala barstar's 
native structure. 

Results 

Effect of p H  on the thermostability barstar 

Figure 1 shows the  temperature dependence of the partial spe- 
cific heat capacity of barstar  in solutions of different pH. It is 
clear from the figure that  the thermal  denaturation of barstar 
is accompanied by significant absorption of heat. The temper- 
ature at which denaturation occurs depends on the pH of the 
solution. With increasing pH, the  denaturation peaks shift to 
lower temperatures, showing that the protein structure becomes 
less stable. This change in stability is, however, quite small be- 
tween pH 6.3 and 9.5 because this range is close to the isoelec- 
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Fig. 1. Partial specific heat capacity of barstar  as  a  function of tem- 
perature measured by DSC under different conditions of pH. A, pH 4.2. 
B, pH 6.3. C,  pH 8.0. D, pH 9.5. The dashed line represents the heat 
capacity of  unfolded  barstar calculated assuming it to be a completely 
extended chain. Inset shows the expected dependence (dashed line) of 
the transition temperature on pH (circles represent experimental values). 

tric point of barstar (estimated to be at  pH 5.3). Decreasing the 
pH toward  the isoelectric point leads to an increase in structural 
stability, which  is  expected to reach  its  maximum around pH 5.0 
and  drop down below this value (Fig. 1). Indeed, below this pH, 
the stability of barstar  drops so quickly that,  at  pH 4.2, its pre- 
transition heat capacity was close to  that of the denatured state, 
and its denaturation is not accompanied by any measurable ab- 
sorption of heat, indicating that it retains no stable tertiary struc- 
ture (Fig. 1)  (see Khurana & Udgaonkar, 1994). Upon heating 
at this pH,  barstar was observed to aggregate above =67 "C. 

Effect of salt on the thermodynamic parameters 
of barstar denaturation 

Figure  2 shows the temperature dependence of the partial spe- 
cific heat capacity of barstar in salt-free solution and in the pres- 
ence of 200 mM and 400  mM NaCl at  pH 8.00. The increase in 
NaCI concentration leads to  an increase in the thermal  stabil- 
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Fig. 2. Partial specific heat capacity of barstar  as  a  function of tem- 
perature measured by DSC at  pH 8.0 with different  concentrations of 
NaCI. A, 0 mM  NaC1. B, 200 mM NaCI. C, 400 mM NaCI. The dashed 
line is the same as in Figure 1. Inset shows the dependence of T, on 
NaCl concentration. 

ity of barstar with a  corresponding increase in denaturational 
enthalpy.  Note that, in the presence of 400  mM NaCI, the ca- 
lorimetric  enthalpy of barstar denaturation is very close to  the 
van't Hoff enthalpy calculated assuming a  two-state  transition 
(Table 1). 

Heat capacity 

The partial specific heat capacity of native barstar is 0.38 f 0.03 
cal K" g-' at 20 "C  and does  not  appear to depend signifi- 
cantly on pH when the protein is  in  its  native state. With  increas- 
ing temperature, the heat capacity increases linearly with a slope 
of about 0.01 cal/K2 g. It increases significantly in  the range 
of the  denaturational transition and becomes approximately 
0.56 f 0.03 cal K-l g" at 95 "C, which  is close in value to  that 
calculated for  the unfolded  polypeptide chain of barstar  at this 
temperature.  Thus, according to the  heat capacity criteria, bar- 
star is in the unfolded conformation  after heat denaturation. 

Table 1. Thermodynamic parameters associated with the  thermal denaturation of barstar under 
different conditions of pH and salt concentration obtained from calorimetric measurements 

* C P  [NaCI] Td AHmt AH", R 
pH (mM) (K) (kJ mol") (kJ mol-') (cal/vH) (kJ K-l mol") 

6.3 0 34.6.8 196.5 k 10 209.5 * 10 0.94 
8.0 0 342.7  178.2 f 9 250.9 * 12 0.71 
9.5 0 341.7  172.4 k 9 234.6 -c 12 0.73 5.7 f 0.3 

5.9 f 0.3 

8.0 200 345.9 190.6 k 9 263.0 i 12 0.72 
8.0 

6.1 -c 0.3 
400 347.5  211.3 k 11 219.0 * I1  0.96 5.7 * 0.3 

- 
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Fig. 3. Far-UV CD spectra of barstar  under different conditions. 
A, pH 8.0, 20°C. B, pH 8.0, 95°C. C, pH 2.5, 6 M GuHCI, 95°C. 
Inset shows the ellipticity at 222 nm as a function of temperature. 

This conclusion also follows from analysis of the ellipticity of 
barstar  at 222 nm (Fig. 3). At 95 "C,  the  far-UV CD spectrum 
of barstar in 10 mM NaPO,, pH 8.0, is  very similar to  that of 
barstar in 6 M  GuHCI, pH 2.5, at 95 "C, indicating that it  is close 
to fully unfolded at this  temperature.  The denaturational heat 
capacity increment for barstar  determined by extrapolation of 
heat capacity function for  the native and denatured  state to the 
transition  temperature T, is 5.8 -t 0.3 kJ K" mol-'. 

Enthalpy of heat denaturation 

The experimentally measured enthalpy of barstar  denaturation, 
calculated from the  area under heat capacity peak, and the van't 
Hoff enthalpy, estimated from sharpness of the heat absorp- 
tion peak, obtained under different solvent conditions, are listed 
in Table 1 .  In low salt,  the  ratio AHca//AHuH is lower than 
what is expected for  a completely two-state transition, although 
agreement becomes quite good in the presence  of 400 mM  NaCI. 
This might be the result of incomplete reversibility of unfold- 
ing in solutions with low salt. Upon rescanning, it was found 
that reversibility increases with increasing NaCl concentration. 
In 200 mM NaCI, comparison of the shapes of the curves from 
the original and repeat scans indicates that  denaturation is ap- 
proximately 60% reversible. In the presence of 400 mM NaCI, 
analysis shows the  denaturation  to be approximately 90% re- 
versible. Sturtevant (1987) and Privalov and Potekhin (1986) 
have pointed out  that  standard deconvolution techniques may 
be applied to processes that  are less than 100% reversible. They 
argue that irreversibility of protein unfolding is  generally caused 
by various secondary processes, such as proline  isomerization, 
aggregation, etc. (Klibanov, 1983), and that these  processes pro- 
ceed much more slowly than unfolding and so have little effect 
on the  denaturation profile.  There will generally be some shar- 
pening of the observed heat  absorption  peak,  but the  total area 

will not be significantly changed. Thus, accurate calorimetric en- 
thalpy values can be obtained from a standard thermodynamic 
analysis, though van't Hoff  enthalpy values will be increased 
somewhat relative to those seen for a 100% reversible process. 
This explains the low AHC,//AHuH ratio noted  above. 

At  pH 6.3, barstar is closer to its isoelectric point (estimated 
to be approximately 5.3) than it  is under any of the  other  con- 
ditions  studied. Moving closer to  the isoelectric point results 
in an increased tendency to aggregate,  and such aggregation is 
responsible for  the anomalous  shape of this curve. 

The slope of the plot of the denaturational enthalpy versus the 
temperature (Td) of denaturation, aAH/aT,  is 5.6 kJ K" mol-' 
(Fig. 4), which is very close to  the value of the  dena- 
turational  heat capacity increment  obtained  from the original 
calorimetric curves (Table 1 ) .  This indicates that ionization ef- 
fects do not  contribute significantly to the total  denaturation 
enthalpy. 

Discussion 

The most noteworthy result of this  study is the  observation 
that  the measured enthalpy and entropy changes accompanying 
the disruption of barstar's native structure are unusually low  in 
value. They are significantly lower than those of other small 
globular proteins when compared at similar temperatures (Fig. 5). 
At T = 75 "C,  the enthalpy of barstar  unfolding was observed 
to be 2.37 ~f: 0.13 (kJ mol-')/residue, less than half  the value 
calculated for barnase at the same temperature (Griko et al., 
1994). The  thermal  and chemical denaturation of barstar was 
recently studied by optical  methods by Agashe and  Udgaonkar 
(1995). They estimated the van't Hoff enthalpy of unfolding 
(which  was somewhat larger than  our calorimetrically measured 
enthalpy) and noted that  the enthalpy of barstar  denaturation 
was somewhat lower than  for  other small globular proteins. The 
experimentally measured enthalpy values for barstar  obtained 
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Fig. 4. Dependence of AH of barstar unfolding on temperature. 



Energetics of barstar 153 1 

-2 
0 25 50 75 100 125 

Temperature ("C) 

20 - 

16 - 

12- 

8- 

4-  

0 -  

- 4- 

B 
"" 

-8 I 1 

0 25 50 75 100 125 

Temperature ( " C )  

Fig. 5. The enthalpy (A) and entropy (B) change upon unfolding in units 
of kJ mol"/amino acid residue for barstar (solid line) and a number 
of other small globular proteins (dashed lines). Proteins are ROP pro- 
tein,  BPTI, chymotrypsin inhibitor 2, Eglin C, protein G, tendamistat, 
met-J repressor, and barnase. Data are taken from Makhatadze and 
Privalov (1995). 

in this study indicate an even more marked deviation from those 
of other proteins. Such low denaturational enthalpy values might 
indicate (1) that  barstar does not unfold completely under the 
conditions  of our experiments, in which case the  enthalpy we 
observe is not  the  total enthalpy  of  unfolding  but the enthalpy 
of transition to some  partially  unfolded state, or (2 )  the native 
structure of Cys 40, 82 Ala  barstar is not  as compact as  that of 
typical globular  proteins. Against the first  of these suggestions 
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Fig. 6. Change in the Gibbs free energy upon barstar unfolding as 

400 mM NaCI. 
a function of temperature. Solid line,  pH 8.0; dashed line,  pH 8.0, 

are the facts that the posttransitional heat capacity was  observed 
to be close to  that calculated for  the completely unfolded  pro- 
tein, and  the far-UV CD spectra of barstar at 95 "C is very 
similar to  that of barstar in 6 M  GuHCl at 95 "C, where  it  is 
supposed exist as a random coil (Tanford, 1968). 

Because the major contribution to the enthalpy of protein un- 
folding comes from the disruption of van der Waals interactions 
between amino acid groups packed in the native state (Mak- 
hatadze & Privalov, 1994), the low measured enthalpy of un- 
folding suggests that packing in native barstar is not as tight as 
in other proteins. This explanation is consistent with our obser- 
vation that  the partial specific heat capacity of native barstar 
is 0.37 f 0.03 cal K-I g" , slightly  higher than what  is observed 
for most globular  proteins (0.30 k 0.03 cal K-' g-I) (Privalov 
et al., 1989). Thus, according to both these experimental crite- 
ria,  barstar has the characteristics of a  protein with unusually 
flexible tertiary  structure. 

The low enthalpy and entropy of barstar denaturation lead 
to a restricted temperature range in  which the native state is sta- 
ble. Figure 6 shows the temperature dependence of AG for bar- 
star unfolding at  pH 8.0 in the presence  of 0 and 400 rnM NaCI. 
At  pH 8.0, the native state is stable  above 2 4  "C and below 
70 "C, a  range that is smaller than what has been observed for 
a number of other globular proteins (Privalov, 1979). The value 
of AG at 25 "C  is estimated to be 4.1 k 0.2 kcal mol", which 
is in reasonable agreement with the value of 4.84 k 0.18 kcal 
mol" estimated by Schreiber and Fersht (1993b). 

In an  attempt to clarify further the origins of the low enthalpy 
of barstar  denaturation, we calculated the relative contributions 
of hydration and internal  interactions to  the observed thermo- 
dynamic parameters of barstar unfolding. The enthalpy and en- 
tropy of hydration  upon  protein  unfolding  can be estimated 
from changes in the water-accessible surface  areas of aliphatic, 
aromatic,  and polar  groups going from the native to  the un- 
folded state (Makhatadze & Privalov, 1993,  1995; Privalov & 
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Makhatadze, 1993). The enthalpy of hydration  can be repre- 
sented as 

where 

= C A H , ~ ~ ~ A ; A S A ~ ,  
i 

i = polar  part of amino acid side chain i ,  and 

Likewise, the entropy of  hydration  can be represented as 

where 

i = polar part of amino acid side chain i, and 

Figure 7A and B shows the enthalpy and entropy of hydra- 
tion  upon barstar  unfolding as functions of temperature. Val- 
ues are listed in Table 2 .  Also shown are  the enthalpies and 
entropies of hydration of some typical small globular  proteins: 
barnase, bovine pancreatic trypsin inhibitor (BPTI), hen egg 
white lysozyme, and ribonuclease A (Makhatadze & Privalov, 
1994). From the figure it is clear that  the enthalpy and entropy 
of hydration upon  barstar unfolding are  not significantly dif- 
ferent from what  is  expected for comparable small globular pro- 
teins. Thus, it appears  that the unusually low enthalpy and 
entropy of unfolding observed for barstar  cannot be explained 
in terms of hydration effects. 

The changes in enthalpy and entropy associated with the dis- 
ruption of internal interactions in native barstar were calculated 
assuming (Makhatadze & Privalov, 1994): 

The values obtained are listed  in Table 2 .  Figure 8A and B shows 
the enthalpy and entropy of internal  interactions as functions 
of temperature. Also shown are  the values obtained in previous 
studies for  the same reference proteins listed above. It is clear 
that internal  interactions in barstar  are rather weak relative to 
many other small globular  proteins,  though they are not the 
weakest that have been measured (the weakest is BPTI). The 
results of these calculations support the conclusion that the un- 
usually low denaturational enthalpy observed for barstar is due 
primarily to flexibility and weak internal interactions in the  na- 
tive state. 

The  interpretation of the low enthalpy of barstar denatur- 
ation as being due  to weak internal interactions finds some sup- 
port in recently published structural  data. The  structure of the 
barnase-barstar (Cys 40, 82 Ala) complex was recently deter- 
mined by X-ray crystallography (Guillet et al., 1993; Buckle 
et ai., 1994), and  the solution  structure of free wild-type bar- 
star was solved by NMR spectroscopy (Lubienski et al., 1994). 
Lubienski et al. observed that  the benzene ring of Phe-74 un- 
dergoes rapid ring flipping in the hydrophobic  core of barstar, 
and have suggested that this might indicate  a fluid or poorly 
packed hydrophobic  interior. Interestingly, aromatic ring flip- 
ping  in the hydrophobic interior has also been observed in BPTI 
(Richarz et al., 1980),  which also seems to have unusually weak 
internal interactions. No structural changes were found between 
free barnase, and barnase complexed  with barstar (Buckle  et al., 
1994), but significant differences were found between the struc- 
ture of free barstar  and  barstar complexed with barnase. These 
differences have  been characterized as rigid  body outward move- 
ments of the  four helices. Such an outward movement might 
involve disrupting favorable van der Waals contacts between the 
helices. However, if the interior of barstar is poorly packed to 
begin with, as our results  suggest, then it will  be able to rearrange 
its structure to optimize its contacts with barnase without dis- 
rupting energetically favorable, tightly packed internal  inter- 
actions. Now that  the energetics  of barstar structure are known, 
this  and  other  factors  contributing  to  the stability of the 
barnase-barstar complex can be investigated in further calori- 
metric studies. 

Table 2. Total AH and AS of barstar unfolding", calculated contribution of hydration to the A f f  and A S  
of barstar unfolding, and contribution of internal interactions to AH and A S  estimated 
by subtracting the contribution of hydration from the total 

Temp. (K) 

5 25 so 75 I O 0  I25 

AHeXP (kJ mol")/N, -1.45 f 0.1 -0.24 t 0.1 1.10 k 0.1 2.23 0.1 3.16 f 0.2 3.89 f 0.2 
ASeXP (kJ mol")/N, . lo3 -5.33 f 0.2 -1.24 t 0.2 3.03 f 0.2 6.48 k 0.3 8.76 & 0.4 10.94 + 0.4 

AHhyd (kJ mol-')/N, -44.92 -43.30 -41.21 -39.24 -37.34 -35.67 
Ashyd (kJ mol-')/N,. IO3 -59.85 -54.02 -47.29 -41.39 -34.41 -31.70 
AH'"' (kJ mol-')/N, 43.47 f 0.1 43.06 -+ 0.1 42.31 f 0.1 41.47 2 0.1 40.50 f 0.2 39.56 f 0.2 
AS'"' (kJ mol-')/N,. lo3 54.52 & 0.2 52.78 ? 0.2 50.32 k 0.2 47.87 f 0.3 43.17 f 0.4 42.64 f 0.4 

a Calculated from the experimentally  measured AH and AS values and the temperature dependence of AC,. 
N, stands for the number of residues in the protein. 
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Fig. 7. The contribution of hydration to the change in enthalpy (A) and 
entropy (B) upon  unfolding for barstar (solid line) and  BPTI, bovine 
ribonuclease A, hen egg white lysozyme, and barnase (dashed lines). 
Data for reference proteins are  from Makhatadze and Privalov (1994). 

Materials and methods 

The Cys 40, 82 Ala mutant of barstar was expressed in HBlOl 
and purified using a modified version of the procedure used by 
Guillet et al. (1993). The purity of the final product was checked 
by SDS-PAGE stained with Coomassie blue. The concentration 
of barstar in solution was determined  spectrophotometrically 
at 280 nm using the extinction coefficient = 19.4 esti- 
mated by the method of Gill and von Hippel (1989). A correc- 
tion for light scattering was made according to Winder and Gent 
(1971). 
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Fig. 8 .  The contribution of internal interactions to the change in en- 
thalpy (A) and entropy (B) upon unfolding for barstar (solid line) and 
the same proteins in Figure 7 (dashed lines). 

Calorimetric measurements were made using a calorimeter 
constructed at The Johns Hopkins University, at a heating rate 
of I deg/min. All protein  solutions were dialyzed for 24-48 h 
against corresponding  buffer  solutions  prior to scanning. Pro- 
tein concentrations used varied from 0.9 to 1.6 mg/mL. 

The  partial specific heat  capacity of the protein was deter- 
mined according to PrivaIov and Potekhin (1986) assuming  a 
molecular mass of 10,780 Da and a  partial specific volume of 
0.705 cm3 g" at 25 "C, which  was calculated from the amino 
acid sequence according to  Makhatadze et al. (1990). The  par- 
tial specific heat capacity of the unfolded protein was calculated 
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according to Privalov and Makhatadze (1990),  using the known 
heat capacity values of amino acid residues (Makhatadze & 
Privalov, 1990) and assuming that, in the  denatured  protein, 
all  amino acid residues are exposed to water and contribute 
additively to  the heat  capacity. 

The  surface  areas of various groups of amino acid residues 
in barstar were calculated from its three-dimensional structure. 
Atomic  coordinates (lbta) (Buckle et al., 1994) were obtained 
from  the Brookhaven Protein  Data Bank (Bernstein et al., 1977). 
The water-accessible surface areas of different groups in the na- 
tive state were calculated using the program CAVT66 (Rashin, 
1984) based on  the algorithm developed by Shrake and Rupley 
(1973). The van der Waals radii used were the same as those of 
Chothia (1976), and  the solvent probe  radius was 1.4 A'. The 
water-accessible surface  areas of groups in the unfolded state 
were calculated assuming the protein was a completely extended 
chain. The enthalpy and entropy of hydration were calculated 
from accessible surface area data according to Makhatadze and 
Privalov (1993) and Privalov and Makhatadze (1993). 

CD spectroscopy was performed using a JASCO-700 spectro- 
polarimeter. Measurements in the 250-190-nm range were made 
using a pathlength of 0.5 mm. Measurements in the 360-240-nm 
range were made using a  pathlength of 0.5 cm. All protein so- 
lutions and buffers were passed through  a 0.45-pm filter prior 
to measurement. 

Thermodynamic analysis  of the excess heat capacity functions 
obtained in the calorimetric experiments was performed accord- 
ing to Privalov and Potekhin (1986). 
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