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A Calorimetric Study of the 
Chymotrypsinogen Family of Proteins* 

R.  Biltonen,t A. Truman Schwartz,: and I. Wadso 

ABSTRACT : Several types of calorimetric measurements have 
been performed on three members of the chymotrypsinogen 
family of proteins. The heat of protonation of the carboxyl 
groups of cy-chymotrypsin in its best folded state indicates no 
apparent abnormality in the titration behavior. Such is not 
the case for chymotrypsinogen A for which an unusually large 
heat change (-30 kcal/mole) is observed at  low pH. This 
effect is not related to  thermal unfolding but is highly indica- 
tive of one or more buried carboxyl groups in this protein. The 
enthalpy changes for the reversible thermal unfolding of 
chymotrypsinogen a t  50” and a-chymotrypsin and dimethio- 
nine sulfoxide chymotrypsin at  25 and 40” have been esti- 
mated. These estimated values are in good agreement with 

P resent understanding of thermodynamic aspects of pro- 
tein conformation and conformational changes has been de- 
rived principally from van’t Hoff studies of reversible ther- 
mally induced unfolding at  acid pH. Several conclusions which 
are consistent with the data can be drawn. In some cases such 
as  lysozyme (O’Reilly and Karasz, 1970), ribonuclease 
(Tsong et al., 1970), and chymotrypsinogen (Jackson and 
Brandts, 1970) calorimetric data are also available and are in 
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those obtained from van’t Hoff analysis of equilibrium data. 
This agreement supports the validity of the two-state approxi- 
mation for the transition. Apparent molar heat capacities for 
the above three protein species have been determined in their 
folded and unfolded states. A large increase in heat capacity 
upon unfolding is observed. Differences in heat capacity 
between the species in their best folded states are most ap- 
parent in the temperature dependence of the heat capacity 
which are probably related to conformational differences. In 
the unfolded state the heat capacity was found to  be identical 
for all three species. This latter observation is strong evidence 
that the unfolded state is thermodynamically similar for all 
three species. 

basic agreement with these conclusions listed below. (1) Many 
globular proteins undergo reversible thermal unfolding cia a 
two-state transition. That is, the temperature-dependent 
equilibrium is an equilibrium between two and only two con- 
formational states; under experimental conditions states of 
intermediate folding d o  not exist in any appreciable concentra- 
tion (Lumry et al., 1966). (2) Unfolding reactions of proteins 
are accompanied by enthalpy and entropy changes which are 
extremely temperature dependent because of a large heat 
capacity difference between the two forms of the protein. This 

1 The use of the term two state is used to designate a n  equilibrium 
between two macroscopic distributions. These two states are  not 
necessarily two well defined structures but can include structural 
variations within molecules of a given state. Furthermore,  the existence 
of intermediate states is not completely ruled out,  but only that the 
population of such intermediate states is negligible. Details of the 
meaning of this approximation are thoroughly discussed by Lumry 
et ul. (1966) and Jackson and Brandts (1970). 
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difference in heat capacity is manifested as a nonlinearity of 
the van't Hoff plot and has been attributed to  the exposure of 
nonpolar residues to  the aqueous solvent during the unfolding 
process (Lumry and Biltonen, 1969; Brandts, 1969; Tanford, 
1968). (3) From previous studies of the thermal unfolding of 
various chymotrypsinogen proteins it has been found that the 
change in heat capacity varies from protein to protein. These 
differences in AC," have been interpreted as due to variation 
in the size of the cooperative unfolding unit of the protein 
(Biltonen and Lumry, 1965, 1969, 1971). (4) It has also been 
concluded that the thermally unfolded state, state B, of several 
members of the chymotrypsinogen family of proteins ii; 
experimentally indistinguishable (Biltonen and Lumry. 1971). 
Thus the number of nonpolar residues unfolded in state B of 
these proteins is presumably the same, and hence the heat 
capacity in the unfolded state should be identical for all. This 
suggests that the variation in the thermodynamic parameters 
for unfolding among several proteins of the chymotrypsinogen 
family is the result of differences in the conformation of the 
proteins in their best folded states, state A.  

It is obvious that studies of thermodynamic changes during 
protein transconformation reactions can potentially yield 
useful information regarding the nature of the conformational 
change. Such changes in thermodynamic functions have gener- 
ally been obtained by van't Hoff analysis of equilibrium data. 
However. any thermodynamic analysis of equilibrium data 
requires ii number of assumptions regarding the transition, 
particularly that the process must be of the two-state type. 
For example. if the transition is not of the two-state type then 
the calculated thermodynamic changes for the transition have 
no direct physical interpretation. It has also become apparent 
that an important thermodynamic quantity is the heat capac- 
ity change during these transconformational reactions, and by 
necessity these must usually be determined from the second 
derivative of the actual experimental data. If the equilibrium 
data are not of sufficiently high precision to obtain reliable 
second derivatives, then heat capacity changes cannot be 
reliably estimated. For these reasons it is important to supple- 
ment van't Hoff studies of conformational transitions by 
direct calorimetric measurements of the enthalpy and heat 
capacity changes as has been done for chymotrypsinogen, 
ribonuclease, and lysozyme. Clearly, a comparison of equilib- 
rium and calorimetric values for enthalpy and heat capacity 
changes can provide, first, a test of the two-state hypothesis 
and second, additional information about the nature of the 
states involved and the process of conforniational change. 
In this communication calorimetric studies of three members 
of the chymotrypsinogen family of proteins will be reported. 
The results are found to provide strong support for the various 
conclusions derived from equilibrium studies. In addition these 
studies demonstrate that presently available calorimetric 
equipment can be used for extensive thermodynamic studies 
of proteins with reasonable amounts of material. 

Experimental Section 

Chymotrypsinogen (CGN)' and @-chymotrypsin (CT) were 
obtained from Worthington Biochemical Corp., Freehold, 
N.  J .  Dimethionine sulfoxide chymotrypsin (DMS-CT) was 
prepared from a-chq motrypsin according to  the method of 
Schachter and Dixon (1964). Chromatography according to 
the method of Hira (1955) indicated a11 preparations to be 

better than 90 homogeneous. a-Chymotrypsin exhibited 
90 z and the dimethionine sulfoxide derivative 70 z all-or- 
none enzymatic activity according to  the cinnamoylimidazole 
assay (Schonbaum et id., 1961). All preparations were used 
without further purification. The importance of impurities in  
the preparations will be discussed later. 

Protein solutions (2.0-10 mginil) were prepared in a 0.01 M 

solution of KCI in distilled, deionized water. The pH was ad- 
justed to the desired value with 0.1 hi HCI or NaOH. The pro- 
tein concentration was determined by optical density measure- 
ments at 282 nm assuming an extinction coefficient of 19.5 1. 
(g cn1). 

Errthulpj* Meusure/)ients. Measurements of the molar en- 
thalpy change were carried out with two different microcalorirn- 
eters based on the heat conduction principle. Enthalpy 
measurements were made with a batch microcalorimeter 
(Wadso, 1968) similar to the LKB Model 10700-2 and a Model 
10700-1 flow microcalorimeter (Monk and Wadso, 1968) 
kindly made available by LKB Instruments, Inc., Rockville, 
Md.  For the runs made with the batch microcalorimeter, a 
portion of protein solution (usually about 2.5 g) was weighed 
into one side of the sample cell, by difference, from a hypo- 
dermic syringe. Sufficient HCI solution (usually about 5.0 g) 
of appropriate concentration (0.020-0.034 M) to  bring the final 
pH to near 2.00 was similarly weighed into the other side. The 
reference or blank cell contained roughly the same total mass 
of water. After attainment of thermal equilibrium the calorim- 
eter assembly was rotated in a reproducible manner to  
effect the mixing of the two solutions. When the post-run 
equilibrium had been achieved, several additional rotations 
were pt-rformed to  check for completeness of reaction and t o  
permit calculation of the differential frictional heat of mixing. 
Following the run, the solution was removed from the cell and 
its pH redetermined at  the appropriate temperature. In prac- 
tice, final pH values ranged between extremes of 1.92 and 2.08. 
with the majority of solutions being within 0.02 pH unit of 
2.00. In typical experiments heat quantities of 10-100 mcal 
were involved. 

In experiments on the flow calorimeter protein and acid 
solutions were pumped through the cell at equal rates of about 
0.003 ml/sec which were specifically checked for each experi- 
ment. The pH of the effluent stream was measured to deter- 
mine the final pH of the reaction mixture. The heat of the re- 
action was manifested as a steady-state emf. This emf wheJ 
compared to  the steady-state emf generated by only waten 
flowing through the cell provided a measure of the heat or 
reaction. Generally, heat fluxes of 10--100 pcal/sec were oh- 
served. 

Both calorimeters were calibrated electrically. The accuracy 
of the electrical calibration and the performance of the calorim- 
eters were checked by measuring the heats of dilution of 
urea and sucrose. In all experiments the heats of dilution of 
acid and protein solution were determined independently and 
subtracted from the heat of mixing when significant. 

Heut Cupucity Mcusuretnents. Calculations of apparent 
heat capacities for CGN,  CT, and DMS-CT in states A and 
B were based upon calorimetric measurements of specific 
heats at pH 2.00 and 4.00 and the appropriate temperature. 
These experiments were carried out on solutions containing 
approxiniately 1 g of protein in 100 ml of 0.01 M KCI, using 
an LKB 8700 precision calorimetry system (Sunner and 
Wadso, 1966). The procedure used with each solution was as 
follows. First the protein solution, a t  approximately 25", was 
introduced into the calorimeter vessel from a weight buret. 
The calorimeter was then assembled and placed into a bath 
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thermostatted a t  25.00 + 0.01". Either cold, dry air passed 
Over the vessel or the calorimeter heater was used to  bring the 
temperature of the solution to  the starting temperature of the 
experiment, approximately 24.9'. During the fore-heating 
period of about 7 min measurements of resistance us. time 
were recorded. At a predetermined value of the resistance (and, 
hence, the temperature) the heater was automatically turned 
on. It remained on for exactly 5 min and then was automati- 
cally shut off. It should be noted that all heating periods for all 
specific heat determinations and calibrations a t  25" com- 
menced a t  exactly the same temperature and involved the 
same electrical heat input. Thus, the final temperature was the 
only variable among the measured quantities. This final 
temperature was determined from reading of resistance as a 
function of time in the after-heating period. After the com- 
pletion of the above sequence of steps, the calorimeter vessel 
and its contents were cooled with a stream of cold air until 
the temperature was again approximately 0.1 O below that of 
the bath. The complete calorimetric run was then repeated. 
From three to  five such runs were initially made on a single 
solution at  2 5 " .  

After the reproducibility of repeated determinations was 
established as within one part in lo4,  the calorimeter jacket 
was removed from the bath and opened, and the vessel was 
warmed t o  the desired temperature with a forced hot air heater 
and the internal heater. This process required less than 5 min, 
and thus should not have contributed significantly to aggrega- 
tion or autolysis. Once temperature had been achieved, the 
vessel was returned to  the jacket, which was now placed in 
another bath thermostatted at  the higher temperature *0.01 " 
(40.00 & 0.01" for CT and DMS-CT; 50.00 f 0.01" for 
CGN).  Again a series of three to  five heat capacity measure- 
ments was carried out, employing the previously described 
techniques. When these were completed, one or two addi- 
tional runs a t  25" were performed on the same filling of the 
calorimetric vessel in order to check reproducibility before 
and after exposure to  high temperature. 

In the course of this work four such complete series were 
performed for each protein, two on separately prepared solu- 
tions of p H  2.00 and two on separate solutions of pH 4.00. 
Caiibration runs with distilled, deionized water were carried 
out in exactly the same manner. 

Results 

Enthalpy Measurenwnts. If a protein solution is mixed with 
sufficient HCI to reduce the pH to some specific value, heat 
will be evolved or absorbed. This heat includes contributions 
from the heat of dilution of the various components of the 
system which can be measured independently and subtracted 
from the observed heat changes. The remaining heat of re- 
action, AH,,  is composed of two parts, that due to  titration of 
the protein in its original conformational state, AHt ,  and any 
heat change produced by a conformational change of the 
protein, AHo.  These heat changes to  be reported below have 
been referred to  p H  4.0 as a reference state. p H  4.0 has been 
selected as the reference state because at  this p H  all three pro- 
tein species are found in their best folded state, state A,3 under 

3 State A. is the low-temperature form of the protein and also has been 
referred to  as the best-folded state or "native" state. The primary criteria 
for judging the purity of this state, relative to the presence of any signifi- 
cant amount  of state B or denatured form, have been the ultraviolet 
absorption pattern and solubility in high salt buffer, The solubility 
property (Eisenberg and Schwert, 1951) is the most definitive since i n  

t 
40 

0 -  J 
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FIGURE I :  Enthalpy titration curves of chymotrypsinogen A (0 )  
and a-chymotrypsin (m). Results for a-chymotrypsin corrected for 
partial unfolding at low pH (0). See text for details. 

all conditions of temperature used in this study. The salt con- 
centration of 0 . 0 1 ~  KC1 was chosen for these studies because 
previous work had shown that these proteins exist as primarily 
monomeric species a t  this salt concentration a t  p H  values 
less than or equal to 4.0 (Biltonen, 1965). 

HEAT OF TITRATION AT 25". The overall protein (P) re- 
action can be written as 

AHa 
P (state A, pH 4.0)  --+ (1 - x)P  (state A,  pH a )  4- 

XP (state B', pH a )  

/ A H c  

P (state A, pH a )  

where x is the fraction of protein molecules undergoing a 
conformational change to some new state B' a t  p H  a, the 
final pH. In principle, AHt  can be directly determined if the 
mixing reaction is carried out under conditions where no 
conformational changes occur, i.e., x = 0 and AHn = A H t .  
Then, if the mixing reaction is performed under conditions 
such that x = 1, A H ,  can be calculated without any assump- 
tions regarding the nature of the conformational change. 

Values of AH? for CT as a function of pH at  25" are sum- 
marized in Figure 1. Each AH% is the total heat required to  
titrate the protein from pH 4.0 to  the indicated pH. At this 
temperature CT is completely in state A at pH 4.0, but a t  
lower p H  it exists as a n  equilibrium mixture of state A and 
state B, the thermally unfolded state. Thus AHa,  at  the lower 
pH values, is equal to  AHt + XAH,,  where x = the fraction 
of the molecules in state B and AH,  is the enthalpy for transi- 
tion I a t  this temperature. These experiments provide a series 
of heat measurements described by the set of equations: 
AHa = AHt + x,AH, ,  where = fraction protein unfolded 
at  a particular final pH value. If we assume AHt is identical 
for two p H  values, a reasonable assumption at pH 5 2 . 0 ,  
and since x ,  has previously been determined using ultraviolet 
spectral data (Biltonen and Lumry, 1969) each pair of observa- 
tions represented by a pair of equations as given above can be 
solved for A H ,  and A H t .  Doing so for our values of AHa be- 
low p H  2 we obtain estimates of AH,  = 50 d= 10 kcal/mole 

_ _ _ _ _ _ _ _ _ _ _ ~ _ . . _ _ ~  . -. ~~ ~ . __  ~~ 

state A the protein is completely soluble whereas in state B it is essen- 
tially insoluble. A more complete experimental description is given by 
Brandts (1964) for chymotrypsinogen and Biltonen and Lumry (1969, 
1971) for chymotrypsin and dimethionine sulfoxide chymotrypsin. 
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TABLE I : Enthalpy of Unfolding (kca1,'mole). 
.~ ~ ~~ ~ 

AH 
Temp (van't 

Protein ("C) AH$>,i AH,, AH,' Hoff) 

25 50 f 10 50 

Chymotrypsinogen 50 160 d= 31' 123 116. 122" 
Dimethionine sulf- 25 41 :t 3p 32 3 6, 

oxide chynio- 40 82 ~k 21 73 68. 72' 
trypsin 

' 1  From B i h n e n  and Lumry (1969). (2  From Brandts (1964). 
These values represent 

averages obtained from several preparations. Averages of 
results obtained using both the batch and flow calorimeters. 

The results represent only results obtained with the flow 
calorimeter. At this temperature measurements with DMS-CT 
on the batch calorimeter provided consistently low values. 
This is most likely attributable to irreversible aggregation 
of thc protein occtiring during the 1.5 hr premixing equilibra- 
tion period. Additional evidence for this conclusion is pro- 
vided hy the Pact that with this calorimeter, AH,* was found 
to decrease with increasing dimethionine sulfoxide chymo- 
trypsin concentration. We thus conclude that for this protein 
at 40' the enthalpy wluc obtained with the flow calorimeter 
i h  the more reli;tblc. It should further be noted that no signifi- 
cant dependence of enthalpy upon protein concentration 
was ohserved for dimethionine sulfoxide chymotrypsin in the 
flow calorimeter or for the other proteins in either calorimeter. 
'; These v;ilties habc been calculattd assuming IC,, '  for pro- 
tonation of carboxyl groups on the proteins is similar to  that 
of acetic acid. 

a-Chymotrypsin 40 119 L 6. 110 1 0 5 p  120'J 

~~~~~~ ~~ . ~~. ~ ~ ~~ . ~ 

From Biltonen and Lumry (1971). 

and AHr = 9 z 1 kcallmole. The former value is in agree- 
ment with the van't Hoff estimate of AH,.. Using AHc = 50 
kcal,'mole and known values of .Y, the values of AH,, have been 
corrected to provide a representation of AHt as a function of 
pH as  shown in Figure 1. I t  is thus found that a t  pH values 
ICS than 2 . 2  A H ,  = 9 z 1 kcal,'mole, which represents AHj 
( p H  4 + complete protonation) in state A. 

Values of AH, for C G N  as a function of pH at  25" are also 
~ummarizetl in Figure 1.  At this temperature C G N  is coni- 
pletely in state A:'at all pH values above pH 1.5, Hence AHL = 

AHt over the pH range 4.0-1.5, The single value of AH,, at 
pH 1 .2  in Figure 1 has been corrected to account for partial 
unfolding. AHt  (pH 4 + complete protonation) for C G N  at 
25' is thus estimated to be 37 kcal:mole. This result is in agree- 
ment with recently reported results of Shaio and Sturtevant 
(1Y70). 

Ht.a.1 o b  ~ F O L U I N G .  AH, for the thermal transition of CT 
iit 25 has been estimated to be 50 kcal/mole as previously 
discussed. The error in this estimate is quite large because 
complete unfolding could not be effected at this temperature 
except b y  extremely low pH where some irreversible denatnra- 
tion is known to occur. 

At 40-  CT exists completely in state A at  pH 4.0 and com- 
pletely i n  state B at pH 2.0. Thus 3 1 , :  associated with titra- 
tion of CT from pH 4.0 to 2.0 at this temperature is the sum of 
AHr -1- AH,. If it is assumed that AHl is temperature indepen- 

ilculated at  40" for C T  using the calorimetri- 

cally obtained values of AH:, and AHt = 9 kcal/mole. How- 
ever, this assumption may be incorrect insofar as it is known 
that the heat of protonation for small carboxylic acids is 
quite temperature dependent. AC,,' for protonation of acetic 
acid has been found to average approximately 30 cal;(mole 
deg) (Leung and Grunwald. 1970) over the temperature range 
25--50". Using this estimate for the AC,," of protonation of ten 
carboxyl groups of CT which protonate between pH 4 and 
2, AH, at  40" is estimated to be 14 kcal,'mole. 

and derived values of AH,, 
for C T  assunling A H ,  is temperature independent and as- 
suming AC,,O per carboxyl group is the same as that of acetic 
acid are summarized in Table I along with van't Hoff esti- 
mates of AH, ,  for transition 1. 

DMS-CT, produced by oxidation of methionines-180 and 
-192 of CT. is found in state B at 25' or higher at pH 2.0, 
although i t  exists in its best folded state a t  pH 4.0 at both 25 
and 40'. AH, \altics for DMS-CT at 25 and 40' arc sum- 
marized in Table I .  Although AHl (pH 4 ~ 2 )  for DMS-CT can- 
no: be determined at these temperatures, AHc can be cal- 
ciiiated if i t  is assumed that A H ,  is identical for DMS-CT and 
CT. The experimental results and calculated values of AH,. 
for transition I of DMS-CT are tabulated in Table I along 
with the van't Hoff cstimates. 

At 50' CGN exists completely in state A at  pH 4.0 and 
completely in state B at pH 2. Thus AH, at this temperature 
is the sum of AH: -L AH,. AH, has been calculated at 5 0 '  
assuming AH, is temperature independent and also assuming 
AC,, for ten carboxyl groups is 300 cal/(mole deg) and coni- 
pared to the van't Hoff estimates. These results are also tabu- 
lated in Table 1. 

Heut Ctrptrcif~. Memireiiieiits. In calculating the apparent 
molar heat capacity of the protein, the bulk solvent, 0.01 XI 
KCI at  p H  2.00 or 4.00, was assumed to have its experimen- 
tally determined specific heat. In the case of the pH 2.00 pro- 
tein solutions. a significant quantity of CI- counterions was 
introduced with the 0.1 hi HCI used to adjust the pH, and it 
thus became necessary to make a correction for the contribu- 
tion of these ions to the observed heat capacity of the final 
solution. For e\aniplc, a solution prepared from I g of protein 
and an initial weight of 100 g of the 0.01 hi KCI -0.01 M HCI 
solvent solution required about 10 g of 0.1 M HCI to restore 
the pH to 2.00. Thc titrating protons were considered t o  he 
part of the protein and  since the pH adjustment kept the 
hy drogen ion concentration in the bulk solution at  ii constant 
value, no correction w a s  made for these added ions. O n  the 
other hand, the added chloride ions associated with the pro- 
tein a s  counterions were assumed to contribute to the total 
heat capacity of the system. Calculation of this contribution 
was based upon the added quantity of these excess ions and 
tabulated values for the apparent molar heat capacity of CI 
(National Bureau of Standards. 1965). Thus, for 10  g ofO.1 
HCI. the heat capacity contribution due to the CI - counterions 
was approvimately -0.04 cal deg. This is a significant iiinount. 
since the difference in heat capacity between solvent and pro- 
tein solution is only about 0.5 cal'deg. The contribution of the 
titrating protons to the mass of the protein was negligible. I f  
was. however, necessary to make a small correction for the 
mass of water introduced with the protein. 

The experimentally determined heat capacity of the calori- 
metric system. C ,  can thus he written as the sum of individual 
contributions from the calorimeter, the solvent (0.01 
0.01 hi HCI), the counterions, and the protein: C' =: C(calorirn- 
eter) C(solvent) --- C(Cl- ) - 1  C(protein). <-(calorimeter) 
is cvperinientally determined from calibrations on pure water. 

The experimental values of 

KCI 
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TABLE 11: Apparent Molar Heat Capacities of Chymotrypsinogen Proteins (kcal/(mole deg)). 
_____ 

State A (pH 4) State B (pH 2) 

Protein 25" 40 O 50 O 25 O 40 O 50 O 

a-Chymotrypsin 9 6 1 0 3  1 0 2 i O 5  1 3 5 k 0 2  

Dimethione sulfoxide 9 4 1 0 2  1 1 5 & 0 3  1 3 7 k 0 1  1 3 4 + 0 3  
Chymotrypsinogen 9 4 + 0 3  1 0 6 z t 0 5  1 3 6 k 0 3  

C(solvent) is calculated from the known mass of the solvent 
(including the HC1 solution added in p H  adjustment) and its 
measured specific heat of the solvent, and C(CI-) is calculated 
as  previously indicated. The above equation can then be 
solved for the C(protein). From this value, the apparent spe- 
cific heat and the apparent molar heat capacity of the protein 
can be obtained. For the latter calculation, a molecular weight 
of 24,600 g was assumed. Values of apparent molar heat 
capacity for the different protein species under a variety of 
conditions are tabulated in Table 11. 

Discussion 

Sources of Error. The random errors in the various calori- 
metric experiments described herein are indicated in error 
estimates tabulated in Tables I and I1 and in the text. The 
magnitudes indicated are within acceptable limits considering 
the precision of the calorimetric measurements and the re- 
producibility of preparing the protein solutions. However, in 
the comparison of the calorimetric estimates of thermody- 
namic quantities with estimates derived by van't Hoff analysis 
systemic errors are of the most significance. The more im- 
portant of these latter sources of error are discussed individu- 
ally below. 

In  the calculation of all quantities ultraviolet absorption 
has been used to  determine protein concentration. Thus any 
error in the assumed value of the extinction coefficient would 
produce a systematic error in the calculated value. The magni- 
tude of error estimated in the extinction coefficient is, however, 
on the order of 2 % and does not seriously affect our results. 

A more important source of systematic error is the presence 
of protein impurity. Generally such impurities may be re- 
garded as inert with regard to  the structural transitions (e.g., 
the p H  transition of C G N  a t  25" and thermal unfolding). 
If this is the case then the amount of protein undergoing the 
transition is less than the total protein and our estimates 
would consequently be lower than the true value. This prob- 
lem could seriously affect the validity of our conclusion that 
transition I is a two-state transition for these protein species. 
However, for CT and C G N  this does not appear to  be serious 
since characterization of these proteins indicates a better than 
90% purity. This is not the case for DMS-CT and for this 
reason we have only tentatively concluded that the two-state 
approximation is valid. This point is discussed in more detail 
later. Impurities will most likely have a smaller relative effect 
on the estimates of the apparent heat capacities since the differ- 
ence between the measured heat capacity and the true heat 
capacity of the pure protein will be equal to  the product of the 
fraction of impure protein times the difference in heat 
capacity between pure protein and the impurity. 

Association of the proteins is another possible source 
of systematic error in our values. The extent of such an error 

appears to be small. First, conditions were carefully selected 
such that the protein species existed in a monomeric state 
under all conditions of the experiment. Secondly, no concen- 
tration dependence of the reported enthalpy measurements 
was observed indicating association was negligible as regards 
heat effects. The exceptions to  these situations were attempted 
measurements on the batch microcalorimeter as discussed in 
the footnote to  Table I .  Irreversible aggregation of the pro- 
teins, a phenomenon which is quite probable in the unfolded 
state, could also cause problems. However, this is a kinetically 
slow process compared to  the conformational processes of 
present interest and would not be of significance in experi- 
ments with the flow microcalorimeter. If they were of signifi- 
cance they would cause major problems only in the batch 
microcalorimetric experiments. With the exception of DMS- 
CT, we have noted no difference between the two types of 
experiments and hence concluded that irreversible aggrega- 
tion is also negligible. 

Association of the proteins would probably be of most 
significance in the heat capacity measures for a t  least three 
reasons. (1) Irreversible association would have a significant 
influence on the precision of the experiments primarily be- 
cause of abnormal baseline drifts. Upon consideration of the 
precision of our experiments, however, we conclude this to  be 
insignificant. (2) If reversible association exists an anomalous 
contribution to  the heat capacity will be made due to tempera- 
ture induced changes in the equilibrium. That is, during the 
experiment a portion of the heat absorbed will be due to a 
shift in the equilibrium position of the association reaction. 
The magnitude of this anomalous contribution will be on the 
order of A H 2 / R T 2 ,  where A H  is the standard enthalpy 
change for the association reaction, R the universal gas con- 
stant, and T the absolute temperature. If AH % 10 kcal/mole, 
a number suggested from calorimetric results for the associa- 
tion of CT a t  neutral pH (Shaio and Sturtevant, 1969), the 
anomalous contribution will be on the order of 0.1 kcal/(mole 
deg). This is well within the present experimental precision 
and for this reason such contributions are deemed insignifi- 
cant. (3) If association of, for example, the unfolded protein 
resulted in removal of hydrophobic groups from interaction 
with the aqueous environment then our heat capacity esti- 
mates would be only lower estimates. The magnitude of such 
an error would be equal t o  the fraction of protein aggregated 
times the difference in heat capacity between the aggregated 
protein and the monomeric protein. For reasons discussed 
previously this is not regarded as a serious problem. 

Heat of' Titrution. Addition of excess hydrogen ion to solu- 
tions of the chymotrypsinogen proteins at pH 4 will protonate 
approximately ten carboxylic groups. On the basis of heats 
of protonation of simple carboxylic acids, the total heat of 
protonation of these groups on the protein will be small if the 
protein does not undergo a conformational change or the 
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groups which protonate are not abnormal with respect to the 
lieat of ionization. For ribonuclease at  25" (Krescheck and 
Scheraga, 1966) the heat of protonation of carboxylic groups 
was found to be approximately 6 kcal/mole for 11 such groups 
under conditions where no conformational change occurred. 
T'his value i s  consistent with normal behavior of the acid 
groups and likewise the heat of protonation of CT in state A 
a t  25' appears to be normal (AHt = 9 kcal]mole). On the 
other hand this is not the case for CGN.  The results for the 
latter protein suggest that an unusual (conformational) 
change, with a n  apparent pK of approximately 2.5 at  2 5 " .  
occurs on protonation of some of the carboxylic acid groups 
o f  the protein. From the present data it is difficult to  ascertain 
the number of groups involved in this abnormally large heat 
clfcct. Either a single group with an apparent heat of protona- 
tion of about 30 kcal/mole or several groups, acting indepen- 
dently with accordingly smaller heats of protonation per group, 
could be involved in the observed effect. Preliminary studies of 
the heat of protonation of C G N  at  higher temperature suggest 
that ii large number of independent groups are not responsible 
f o r  this heat effect since at 36" the apparent pKfor this "transi- 
tion" is shifted by approximately 0.6 pH unit. 

This apparent sttictural change of Chymotrypsinogen at  low 
p H  is not accompanied by any significant change in the ultra- 
violet absorption spectra or solubility in high salt buffer and 
hence is completely different from the reversible thermal un- 
folding monitored by spectroscopic changes (Brandts and 
Lumry, 1963; Brandts, 1964). However, small changes in the 
optical rotatory dispersion pattern of the protein below pH 
1 .2  (Biltonen et d., 1965) have been observed. These changes 
h a w  not becn studied in detail but presumably are related to  
the same transition. It is also quite likely that the groups in- 
volved in triggering the transition include the abnormal car- 
boxyl groups found by Delaage et ul. (1968) and Carraway 
ot  r i l .  (1969). Specifically, the unusual heat may involve the 
protonation of asparatic acid residue 194 which is buried in 
CGN and hydrogen bonded t o  histidine-40 according to  
recent X-ray analysis of the crystal structure (Freer et a / . ,  
1970). Protonation of this carboxyl group could indeed in- 
volve a conformational rearrangement of the protein mole- 
L ~ i l e .  The local interaction of this aspartic acid residue presum- 
ably plays an important role in the activation of the zymogen 
to active enzyme and the differences in the acid titration heats 
bctween CT and CGN may be indicative of the conformational 
dilferences between the two proteins. Further studies are 
currently under way to more clearly define this phenomenon. 

T'riin.si/ion I. We have found that the enthalpy change for the 
thcrnial unfolding of three chymotrypsinogen proteins as 
dctermincd calorimetrically is in good agreement with the 
k a n ' t  Holf heat for the reaction as determined from equilib- 
r i u m  studies. This agreement provides strong support for the 
\aliciity of the two state approximation for transition I of all 
Ihrec proteins. The estimates obtained assuming AH, is tem- 
pcraturc independent are in slightlybetter agreement; estimates 
obtained assuming AC,,' for protonation of the carboxyl 
groups is similar to that for acetic acid are consistently lower 
t h a n  thc van't Hoff estimates. This does not invalidate the 
1,onclusion that transition 1 is a two state transition however 
s\ince i t  has been shown that: AH(ca1orimetric) 2 AH(van't 
HofT). I f  the reaction is a multistate transition then the in- 
equality holds. If  it is true that the AH? calculated assuming 
A i l ;  i s  temperature dependent is correct, the slight discrep- 
:incq between the calorimetric and van't Hoff heats cannot 
bc  solely explained by the existence of a multistate transition, 
but is better explained by the presence of impurity in the 
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protein preparation of 10% or less. We therefore conclude 
that the van't Hoff and calorimetric heat for transition I are 
identical within the present experimental errors, and that the 
two-state approximation is valid in this case. 

In  calculating AH,- for chymotrypsinogen at  50", we have 
assumed that A H ,  (pH 4-2) = 37 kcal/mole is either tempera- 
ture independent, or only slightly temperature dependent. 
This is reasonable since the degree of protonation at  pH 4.0 
will not change significantly from 25 to 50", and also both the 
low temperature and high temperature form will be essentially 
totally protonated at pH 2 ,  50". Thus AH, calculated from our 
data corresponds to the enthalpy change from state A to state 
B. under conditions of complete protonation. The fact that 
this value is in close agreement with the van't Hoff value sup- 
ports the two-state approximation for transition I. The overall 
reaction scheme for chymotrypsinogen at acid pH can be 
written as: A F-' A '  z2 B. State A is the form found at  low 
temperature (<25"), pH >3.2. State A '  is the completely 
protonated form of the protein, which is indistinguishable 
from state A with regard to its solubility characteristic but is 
of higher enthalpy by approximately 30 kca lhole .  We have 
found, and are supported by the data of Jackson and Brandts 
(1970), that the transition A '  -+ B is a two-state transition 
within the limits of our present experimental errors. The 
existence of the states A and A '  does not invalidate this con- 
clusion since the equilibrium between states A and A '  will 
only introduce an apparently larger heat capacity for the low 
temperature state, but the magnitude of this "between states" 
heat capacity is still probably beyond present limits of mea- 
surement. 

The calculated values of AHr for DMS-CT may include 
significant systematic errors from two possible sources. ( 1 )  
The enzyme preparation is impure, but we have calculated 
AH,. on the basis of moles of total protein. If a fraction of the 
protein does not undergo any conformational change our 
calculated value is a lower estimate. ( 2 )  AHt for dimethionine 
sulfoxide chymotrypsin was assumed t o  be equal to that for 
chymotrypsin. If the latter assumption is incorrect another 
systematic error is introduced into our calculated value of 
AH?. Because of the potential of these systematic errors we can 
only tentatively conclude that the thermal transition of DMS- 
CT is a two-state conformational change. Substantiation of 
this particular point awaits purification of the protein which is 
currently under way. However, the temperature dependence of 
AHc for this species is independent of the above sources of 
systematic error and we can conclude that the AC,,' for the 
transition is greater than zero, a point which is substantiated 
by direct heat-capacity measurement. The fact that AC,," > 0 
for thermal unfolding of globular proteins has been deduced 
previously from van't Hoff analysis of the transition (Brandts, 
1969). 

Heat Cupucities. Few values of absolute heat capacities of 
proteins exist. The apparent specific heat values of the chymo- 
trypsinogen familty of proteins (0.38 cal/(g deg) a t  2 5 " )  can be 
compared with the values of 0.40 at  11" (Bull and Breeze, 
1968) and 0.46 at  25' (Krescheck and Benjamin, 1964) ob- 
tained for ovalbumin. Our value for CGN is in agreement 
with that obtained by Jackson and Brandts (1970) (0.40) and 
can be compared t o  the value obtained by Hutchens cv NI.  
(1969)for the anhydrous protein (0.31). 

Our values of the heat capacities of all three proteins in 
states A and B show that upon thermal unfolding there is a 
concomitant increase in the heat capacity of the protein. This 
result is in agreement with a similar conclusion deduced from 
the temperature behavior of the van't Hoff heat for the transi- 
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tion and is in agreement with calorimetric experiments on the 
thermal unfolding of C G N  (Jackson and Brandts, 1970) and 
ribonuclease (Tsong et ai., 1970). Values for the heat capacity 
change during this transition, calculated from the results in 
Table 11, can be compared to  previously obtained values and 
good agreement is found. The increase in heat capacity has 
been attributed to  the interaction of exposured nonpolar resi- 
dues in state B with the aqueous medium. 

We have found that at  25" the heat capacity of all three 
protein species in state A is approximately identical. How- 
ever, each possesses an apparently strong positive temperature 
dependence. This result is in agreement with the data of Jack- 
son and Brandts (1970) for CGN. The temperature dependence 
of the heat capacity for each species is also apparently differ- 
ent, which may indicate that the structure of each protein in 
state A is different. This would be in agreement with similar 
conclusions previously deduced from a number of other 
studies (Biltonen and Lumry, 1971 ; Hollis et af . ,  1967). 

The heat capacity of each protein in state B, the thermally 
unfolded state, is identical. This result suggests that the con- 
formations of each species in state B are thermodynamically 
identical, which is also in accord with the results of previous 
studies (Biltonen and Lumry, 1971). Although the amount of 
data is severely limited no temperature dependence of the heat 
capacity in state B was observed, whereas in state A the tem- 
perature dependence of apparent molar heat capacity was 
found to be positive. Thus the heat capacity change for ther- 
mal unfolding will show a negative temperature dependence, 
a conclusion in agreement with the results of Jackson and 
Brandts (1970) for the thermal unfolding of CGN.  In previous 
semiempirical analysis of the thermodynamics of the unfolding 
of globular proteins it has been assumed that either the heat- 
capacity change for the transition is positively dependent upon 
temperature (Biltonen and Lumry, 1969, 1971 ; Brandts, 
1964) or temperature independent (Shaio, 1968). Although 
this aspect is of minor importance with regard to the validity 
of the analysis, it now appears that both assumptions are in- 
correct. 
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