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Abstract: The reversible unfolding reactions for phenylmethylsulphonyl fluoride 
(PMSF)-modified trypins from Atlantic cod (cod PMS-trypsin) and cattle (bovine 
PMS-trypsin) were monitored by fluorescence spectrophotometry as a function 
of urea concentration and temperature. For urea unfolding at 25"C, the free 
energy change at zero concentration of urea (AG(H,O)) for cod PMS-trypsin was 
l l(k4.4) kJ mol-' compared with 18(+ 1.14) kJ mol-' for bovine PMS-trypsin, 
while the mid-point concentration for urea unfolding curve ([urea] was 
3.0( k0.57) M and 4.1( k0.16) M, respectively. From studies of enzyme heat 
unfolding, the mid point temperature of the thermal unfolding curve (T,) was 
46( & 1.4)"C for cod PMS-trypsin compared with 57( + 2)"C for bovine PMS- 
trypsin. The standard free energy change (AGO) for reversible thermal unfolding 
of cod PMS-trypsin was 9(+1) kJ mol-' compared with 19 ( f l )  kJ mol-' for 
bovine PMS-trypsin. Values for the enthalpy (AH,,,), entropy (AS,) and heat 
capacity (AC,) for heat unfolding are compared. Results from urea and thermal 
unfolding studies show that cod PMS-trypsin has a significantly lower conforma- 
tional stability than bovine PMS-trypsin. 

Key words : fish trypsin, bovine trypsin, urea unfolding, thermal unfolding, heat 
stability. 

INTRODUCTION 

Cold-adapted proteinases from fish have some unique 
properties such as a lower inactivation temperature, 
high molecular activity at low temperature and an 
increased ability to catalyse the hydrolysis of native 
protein substrates when compared with proteinases 
from mammals, thermophilic organisms and plants 
(Simpson and Haard 1984, 1987; Simpson et al 1990). 
Highly active and thermolabile fish proteinases have 
potential applications in the commercial manufacture of 
cheese and protein hydrolysates (Simpson and Haard 
1987; Haard 1992; Bjarnason and Asgeirsson 1993). 
The combination of high catalytic activity and low 
thermal stability is thought to be a consequence of the 
greater molecular flexibility of cold-adapted enzymes 
(Hultin 1978; Hochachka and Somero 1984). A general 
relationship between enzyme conformational stability, 

* To whom correspondence should be addressed. 

dynamics and catalytic efficiency appears to have been 
confirmed for enzymes isolated from mesophilic and 
thermophilic microorganisms (Huber 1979; Vihinen 
1987; Varley and Pain 1991). 

However, the conformational flexibility of fish pro- 
teinases has yet to be extensively studied. The crystal 
structures of bovine trypsin and trypsin from salmon 
were recently compared with the view of elucidating 
some possible mechanisms of cold adaptation (Smalas 
et al 1994). The isolation, characterisation and possible 
applications of cod digestive proteinases have been 
extensively studied (Asgeirsson et a1 1989; Raae and 
Walther 1989; Simpson et al 1989, 1990; Haard 1992; 
Bjarnason and Asgeirsson 1993). For the time being, 
only a few reports concerning the irreversible inac- 
tivation of fish proteinases have been published 
(Bjarnason and Asgeirsson 1993; Amiza and Owusu 
Apenten 1994). At the time of writing, there have been 
no previous reports concerning urea and/or heat 
unfolding of trypsin from marine sources. 
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The aim of this study is to compare the conforma- 
tional stability of cold-adapted trypsin from Atlantic 
cod (Gadus morhua) with that of bovine trypsin. The 
conformational stability of a globular protein may be 
defined as the free energy change for the following reac- 
tion : 

native (folded) o denatured (unfolded) (1) 
The thermodynamic or conformational stability of a 
protein can be measured as a function of temperature or 
denaturant concentration. Reversible unfolding studies 
allow measurement of conformational or thermodyna- 
mic stability. The methods of protein unfolding reaction 
thermodynamics involve a number of assumptions 
(Brandt 1964, 1965; Hermans 1965; Aune and Tanford 
1969; Pfeil and Privalov 1979; Privalov 1979; Schell- 
man and Hawkes 1980; Creighton 1990) such as, that 
the unfolding proceeds via a two-state mechanism and 
that the free energy may be obtained from the apparent 
values in the presence of denaturants by extrapolation 
to zero denaturant concentration (Aune and Tanford 
1969; Schellman and Hawkes 1980; Pace 1986, 1990; 
Becktel and Schellman 1987; Santoro and Bolen 1988). 
For proteinases, it is important to perform unfolding 
studies under conditions where autolysis does not 
occur. Thus, it is essential to use covalently modified (eg 
inhibited) enzymes or extremes of pH. Cod trypsin is 
acid labile, and therefore studies cannot be performed at 
acidic pH. In this study, cod and bovine trypsins were 
modified with PMSF in order to avoid autolysis. 

MATERIALS AND METHODS 

Atlantic cod trypsin (Type XX-S, purified by affinity 
chromatography), bovine trypsin (both EC 3.4.21.4), 
Trizma base, benzoyl arginine nitrophenyl anilide 
(BAPA), phenylmethylsulphonyl fluoride (PMSF) and 
acrylamide were supplied by Sigma Chemical Co 
(Poole, UK). Urea was puris grade (Fluka Chemical 
Ltd, Glossop, UK). All other chemicals were of AnalaR 
grade from the BDH/Merck Ltd, (Lutterworth, UK). 

Preparation of cod PMS-trypsin and bovine PMS-trypsin 

PMSF-inhibited trypsin was prepared as follows. 
Trypsin powder was dissolved in Tris-HC1 buffer 
(50 mM, pH 7.0) (1 mg ml-'). Then PMSF solution 
(0.2 M in acetone; 100 pl for 10 mg trypsin) was added 
to the enzyme solution. The mixture was allowed to 
stand for 3 h at room temperature and then dialysed 
exhaustively against several changes of Tris-HC1 
(50 mM, pH 8.0) at 4°C overnight. The resulting bovine 
or cod PMS-trypsin was shown to retain less than 1% 
of the activity of native trypsin when assayed using 

benzoyl arginine nitrophenyl anilide (BAPA) 
strate. 

Apenten 

as sub- 

Urea unfolding of cod PMS-trypsin and bovine 
PMS-tr ypsin 

To determine the unfolding profile as a function of urea 
concentration, the same amounts of trypsin (0.2 ml; 
1 mg ml-' in 0.05 M Tris-HC1 buffer, pH 8.0) were 
added to various concentrations of urea (prepared from 
a 10 M urea stock solution). The mixtures were allowed 
to stand for 3 h at 25°C to reach equilibrium. Fluores- 
cence measurements were then made using an excitation 
and emission wavelengths of 295 nm and 340 nm for 
cod PMS-trypsin and 295 nm and 320 nm for bovine 
PMS-trypsin. These emission wavelengths were chosen 
to reflect the largest difference between the fluorescence 
of native and urea-unfolded enzyme (Fig 1). The instru- 
ment used was a fluorescence spectrophotometer 
(Perkin Elmer 203, Beaconsfield, Bucks, UK) fitted with 
a digital output and a thermoregulated twin cuvette 
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Fig 1. Fluorescence emission spectrum for X, unmodified 
trypsin; 0, PMS-trypsin; and m, urea unfolded PMS-trypsin. 

(A) Data for bovine trypsin, and (B) data for cod trypsin. 
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holder, essentially as described 'previously (Owusu 
Apenten 1992). Temperature control was by means of 
circulation from a water bath. 

Thermal unfolding of cod PMS-trypsin and bovine 
PMS-trypsin 

Cod PMS-trypsin or bovine PMS-trypsin samples 
(0.03-0.1 mg ml-' in 50 mM Tris-HC1 buffer, pH 8.0) 
were heated in a Teflon-stoppered quartz cuvette at  
2-90°C. The fluorescence excitation and emission wave- 
length used in all thermal unfolding experiments was 
295 nm and 315 nm, respectively. Sample temperatures 
were monitored using a thermocouple immersed in a 
'reference' cuvette situated adjacent to the sample 
cuvette. After each experiment heated enzyme samples 
were cooled to room temperature in order to discover 
whether thermal transitions were reversible. Urea and 
thermal unfolding profiles were calculated from fluores- 
cence measurements (see below) with the aid of spread 
sheets (Microsoft Excel, Microsoft Corp, USA). The 
algorithm used in conjunction with the spreadsheet is 
described below (eqns 24) .  

Fluorescence quenching studies with acrylamide 

Acrylamide monomer was dissolved in Tris-HC1 buffer 
(0.5 M, pH 8.0) to form a 0.6 M stock solution. To 
examine the degree of solvent accessibility of tryp- 
tophan residues, a measurement of acrylamide quen- 
ching was made by adding 0-1.5 ml of acrylamide stock 
solution to a sample of PMS-trypsin. Fluorescence 
readings were then taken with an excitation wavelength 
of 295 nm and emission wavelength of 315 nm, as 
described before. 

Stability estimates from urea and thermal unfolding 
profiles 

Analysis of unfolding projles 
For both urea- and thermal-unfolding profiles, the frac- 
tion of unfolded enzyme (F,)  and unfolding equilibrium 
constant (K , )  were determined from the changes in fluo- 
rescence emission using eqns (2) and (3): 

(2) Fu = ( Y N  - Yobs)/(yN - Y D )  

K u  = ( l  - Fu)/Fu = ( Y N  - Yobs)/(Yobs - Y D )  (3) 

where Yobs is the observed fluorescence intensity while 
y ,  slid y, represent the fluorescence intensity of the 
folded and unfolded states, respectively. yN and yD are 
assumed to show a linear dependence on urea concen- 
tration and temperature (Permyakov and Burhstein 
1984; Santoro and Bolen 1988; Pace 1990). 

Conformational stability towards urea unfolding 
From the graph of free energy change (ie AG = - RT In 
K , ,  where R is the gas constant and T is the absolute 
temperature) versus urea concentration, a straight line 
relation exits according to eqn (4) 

(4) AG = AG(H,O) - m[urea] 

where AG(H,O) is the free energy change at zero con- 
centration of urea and m (kJ mol-' M-')  is the slope of 
the plot (Pace 1986, 1990; Santoro and Bolen 1988). 
The mid-point concentration for urea unfolding curve, 
[urea],,, can be obtained from the plot of fraction 
unfolded versus urea concentration or from eqn (4), ie 
when AG is zero the [ureall,, value is given by 
AG(H , O)/rn. 

Conformational stability towards thermal unfolding 
The temperature dependence of AG can be expressed as 
a second order polynomial (Brandt 1964, 1965; Shiao et 
a1 1971; Cantor and Schimmel 1980; Ragone et a1 1992; 
Owusu Apenten and Berthalon 1994). 

AG = A + BT + C T ,  (5) 

The constants A,  B and C were determined by non- 
linear regression of AG versus T (K) data. A, B and C 
are a function of the enthalpy (AH), entropy (AS) and 
heat capacity change (AC,) for enzyme unfolding 
according to eqn (6). 

(64  

(6b) 

AC, = 2CT (W 

AH = A - C T ,  

AS = - ( B  - 2CT) 

The use of eqn (5) and eqn (6) has been described pre- 
viously in connection with the heat unfolding of chy- 
motrypsinogen, ribonuclease, chymotrypsin and 
propylamine transferase (Brandt 1964, 1965; Shiao et a1 
1971; Ragone et a1 1992; Owusu Apenten and Berth- 
alon 1994). 

RESULTS AND DISCUSSION 

Urea unfolding of cod and bovine PMS-trypsins 

Figure 1(A) and (B) show the fluorescence emission 
spectrum for unmodified trypsins, PMS-trypsins and 
urea-unfolded PMS-trypsins. In all cases the ff uores- 
cence excitation wavelength was 295 nm at which wave- 
length only tryptophan residues were excited. It is 
generally accepted that there is some relationship 
between the wavelength of the fluorescence emission 
spectrum peak maximum (Amax) and the exposure of 
tryptophan in a protein (Brand and Witholt 1967; Teale 
1960; Burhstein et a1 1973). It is notable that A,,, was 
the same (330 nm) for cod PMS-trypsin, bovine PMS- 
trypsin and unmodified cod or bovine trypsins. 
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These data suggest that the tryptophan residues in 
unmodified trypsins and PMS-trypsins were equally 
accessible to solvent. It would seem that PMSF modifi- 
cation of the active site serine within trypsin does not 
result in a global conformational change affecting the 
rest of the enzyme (see below). 

A suitable emission wavelength for monitoring urea 
unfolding was determined from the fluorescence spectra 
(Fig 1) by choosing the wavelength where the greatest 
difference in fluorescence emission was noted for PMS- 
trypsin and urea-unfolded PMS-trypsin. The fluores- 
cence intensity increased for urea-unfolded cod 
PMS-trypsin over the whole range of wavelengths (300- 
400 nm). For urea-unfolded bovine PMS trypsin the 
fluorescence intensity decreased before 345 nm and 
increased after 345 nm. Figure 2 shows the urea- 
unfolding profiles for cod PMS-trypsin and bovine 
PMS-trypsin at 25°C. The straight lines fitted for y, 

/x 800 
X' 

700 

, Zd 

200 L 
0 1 2 3 4 5 6 7  

urea concentration (M) 

1400 1 / 

800 

800 

400 200 1 # ? r  

op, " 
0 1 2 3 4 5 6  

urea Concentration (M) 

Fig 2. ., The effect of urea on intrinsic fluorescence emission 
intensity for (A) bovine PMS-trypsin, and (B) cod PMS- 
trypsin. The linear lines represent the fluorescence intensity of 
X, native; and 0, unfolded PMS-trypsin. Conditions 
(1 mg ml-' PMS-CT in 50 mM Tris-HC1 buffer solution, pH 

8.0; temperature = 25°C). 

and y, (obtained by using least square method) rep- 
resent the pre- and post-unfolding correction (Pace 
1986, 1990; Santoro and Bolen 1988). Using the analysis 
described above, the fraction unfolded (F,) can be calcu- 
lated. Figure 3 shows the fraction of unfolded PMS- 
trypsins at the various urea concentrations. The profiles 
show clearly that the concentration of urea needed to 
denature bovine PMS-trypsin was higher compared 
with the concentration of urea required to denature cod 
PMS-trypsin. This indicates that the conformation of 
cod trypsin is less stable than bovine trypsin. 

Figure 4 shows the plot of free energy change (AG) 
versus urea concentration. The extrapolation to zero 
urea concentration was done by using a linear extrapo- 
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Fig 3. Urea unfolding profiles for 0, cod PMS-trypsin, and 
., bovine PMS-trypsin. 
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Fig 4. Determination of conformational stability (AG(H,O)) 
of 0, cod PMS-trypsin; and 8 ., bovine PMS-trypsin by 
linear extrapolation of urea unfolding data (see text for 

details). 
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TABLE 1 
Thermodynamic parameters for the reversible urea unfolding of Atlantic 

cod PMS-trypsin and bovine PMS-trypsin" 

Parameter Atlantic cod PMS-trypsin Bovine PMS-trypsin 

Slope 
AG(H,O) 11 (f4.4) kJ mol-' 18 (k 1.14) kJ mol-' 
[Urea] ',, 3.0 ( f 0.57) M 4.1 (k0.16) M 

3.5 (k0.96) kJ mol-' M - '  4.4 (k0.44) kJ mol-' M - '  

a Data is the average of at least three experiments. Standard deviation in 
parentheses. 

lation method. The results are summarised in Table 1. 
Values of AG(H,O), [ureall12, and m (kJ mol-' K-') 
for cod PMS-trypsin urea unfolding were all lower than 
the corresponding values for bovine PMS-trypsin. 
These results are all consistent with the view that the 
native conformation of cod trypsin is less stable to urea 
unfolding compared to bovine trypsin. The slope (m) in 
Fig 4 is a measure of the suddenness or  co-operativity 
of the protein unfolding transition in urea. The slope 
parameter (m) increases for proteins possessing a highly 
compact globular structure (Pace 1990). Therefore, 
under the present conditions, cod trypsin would appear 
to present a less compact and co-operative structural 
system compared with bovine trypsin. 

Thermal unfolding of cod and bovine PMS-trypsins 

The intrinsic fluorescence of cod PMS-trypsin and 
bovine PMS-trypsin changes with temperature as 
shown in Fig 5. Figure 6 shows the thermal unfolding 
profiles for cod PMS-trypsin and bovine PMS-trypsin. 
At temperatures of 20-90°C both enzymes produced a 
classical sigmoidal unfolding profile consistent with a 
two-state process, N o  D. The thermal unfolding tran- 

sitions were fully reversible under the conditions of this 
study. Thus cooling a sample of enzyme, which had pre- 
viously been heated to  90°C, restored the initial fluores- 
cence characteristics (data not shown). Cooling both 
PMS-trypsin below about 10°C appeared to lead to a 
small but significant increase in the folded structure. In 
the following discussion only the major thermal 
unfolding transition occurring between 25 and 90°C will 
be discussed. 

It is clear from Fig 6 that the native conformation of 
cod PMS-trypsin is heat labile compared with bovine 
PMS-trypsin. Thermal unfolding of cod PMS-trypsin 
began at 40°C compared with 50°C for bovine PMS- 
trypsin. Such results are in agreement with the finding 
that heating to about 40°C leads to irreversible thermal 
unfolding of Atlantic cod trypsin (Simpson et al 1990; 
Amiza and Owusu Apenten 1994). The T, value for cod 
PMS-trypsin was 46( k 1.4)"C (Table 2). This value for 
T, is consistent with the observed activity-temperature 
optimum (Tpt) of about 40-50°C for Atlantic cod 
trypsin (Asgeirsson et a1 1989; Simpson et a1 1990). The 
T, for bovine PMS-trypsin was 57( f 2)"C showing that 
this enzyme is significantly more heat stable than Atlan- 
tic cod trypsin. 
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Fig 5. Effect of temperature on the fluorescence intensity of 
0, cod PMS-trypsin; and ., bovine PMS-trypsin. 

Fig 6. Thermal unfolding profiles for 0, cod PMS-trypsin; 
and ., bovine PMS-trypsin. 
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TABLE 2 
Thermodynamic parameters for the reversible thermal 
unfolding of Atlantic cod PMS-trypsin and bovine PMS- 

trypsin" 

Parameter Atlantic cod 
PMS-trypsin 

Bovine 
PMS-trypsin 

A 
3 
C 
AH, (kJ mol- ' ) b  

AS,,, (kJ mol-' K)* 
AC,, (kJ mol-' K)' 
AG" (kJ mol-I)' 
T, ("C) 
L a x  ("C) 

-1-59 x lo6 
1-08 x 104 

- 18'20 
286 C8.71 
812 C-O.11 

11.6 

46 (k1.4) 
23 

9 ( + I )  

-2.16 x lo6 
1.45 x 104 

- 24'00 
446 [6.9] 

1350 [-40.41 
16.0 C14.41 
19 (rt 1) 
57 (rt2) 
29 

PMS-trypsin (0.03-0.1 mg ml-') in Tris-HC1 buffer (50 mM, 
pH 8.0). Precision of thermodynamic parameters ((x/ 
SD) x 100) was 13.5%. 

Thermodynamic values in square brackets are estimates 
when T = T,,,,, (see Fig 7). 
' Mean of three experiments, standard deviation in parenth- 
eses. 

The stability curves for cod and bovine PMS-trypsins 
are given (Fig 7) as a graph of experimental and theo- 
retical AG values (calculated according to eqn (5), con- 
tinuous line) plotted against temperature. Values for the 
constants, A,  B, C together with thermodynamic param- 
eters (see eqn (6)) are listed in Table 2. The average pre- 
cision (ie (mean/SD) x 100) for the data shown was 
13.5%. 

There are essentially two approaches for determining 
AC, for protein unfolding. The direct approach uses dif- 
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Fig 7. Stability curves for 0, cod PMS-trypsin; and ., 
bovine PMS-trypsin. Continuous lines show non-linear 
regression line fit to the eqn (5) (see text). Parameters A ,  B and 

C are in Table 2. 

ferential scanning calorimetric (DSC) measurements. 
The AC, value can be directly recorded from the shift in 
the baseline of a thermogram before and after the main 
DSC peak (Privalov 1979). Indirect methods for esti- 
mating AC, are ultimately based on the use Kirchoffs 
and related functions (eqn (7)) 

dAH/dT = AC, (74  

(7b) 

(74 

In eqn (7), T,,, is defined as the mid-point temperature 
for heat-unfolding whilst AS, and AH, are, respec- 
tively, the entropy and enthalpy change for heat- 
unfolding at a temperature equal to T,. As AH for 
protein heat-unfolding is generally independent of pH 
(Privalov 1979), thermal unfolding experiments carried 
out at different pH values affords a set of AH and T, 
values from which AC, can be estimated using AC, = 
AH,/AT,,, . In relation to eqn (7a), changes in urea, gua- 
nidine hydrochloride as well as pH can be employed in 
order to reduce the T,. Difficulties may arise where a 
change in the solvent conditions lead to a change in the 
pathway for thermal unfolding (Blumenfeld 1981 ; Pace 
and Laurent 1989; Pace 1990). 

A further method for estimating AC, indirectly, 
employs a combination of eqns (7b) and (7c) leading to 
the Gibbs-Helmholtz relation (eqn (8)) 

AH = AH,,, + AC,(T - T,) 

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

AG = AH,,,(l - T/T,) 

+ AC,( T - T, + In (T/T,)) (8) 

which shows the temperature dependence of AG or the 
stability curve for a given enzyme (Fig 7). The stability 
curve, which is produced by a form of extrapolation, 
apparently shows the complete enzyme thermal 
unfolding profile even at temperatures where AG is not 
measurable experimentally. The limitations and possible 
uses of enzyme stability curves have been extensively 
discussed by Becktel and Schellman (1987). 

Provided that AG values can be determined experi- 
mentally over a sufficiently wide temperature range, 
non-linear regression of AG versus T data using eqn (8) 
will yield precise estimates AC,, AH,,, and T,,, (Becktel 
and Schellman 1987; Pace 1990). To increase the reli- 
ability of AC, values determined using the Gibbs- 
Helmholtz equation (eqn (8)) it has been proposed that 
AG values from thermal unfolding experiments might be 
combined with AG(H,O) values determined from 
thermal unfolding studies carried out in the presence of 
urea. This innovation has the effect of providing AG 
data at relatively low temperatures where uncertainty 
associated with curve-fitting tends to be greatest (Pace 
and Laurent 1989). 

In the current work we have also employed non- 
linear regression curve fitting although using Brandt's 
empirical expression (eqn (5)) to describe the relation 
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between AG and T. The advantage of eqn (5) over eqn 
(8) is that the former allows readier access to A S  and 
A H  values and their temperature dependence according 
to eqn (6). The use of Brandt's function has been shown 
to lead to reliable results in heat-unfolding studies for 
chymotrypsinogen, irreversibly inactivated chymotryp- 
sins (Brandt 1964; Shiao et a1 1971), ribonuclease 
(Brandt 1965; Shiao et al 1971) propylamine transferase 
(Ragone et a1 1992) and non-modified a-chymotrypsin 
(Owusu Apenten and Berthalon 1994). Indeed, Shiao et 
al (1971) have shown that, for the case of ribonuclease, 
using Brandt's expression (eqn (5)) or the Gibbs- 
Helmholtz relation (eqn (8)) leads to similar ACp esti- 
mates. 

AG estimates from urea and thermal unfolding 
(Tables 1 and 2) agree, within experimental error. This 
suggest that urea-unfolding and thermal unfolding tran- 
sitions occur via a similar two-state reaction. 

The stability curves (graph of AG versus T, Fig 7) for 
cod PMS-trypsin and bovine PMS-trypsin show that 
the former enzyme is apparently more thermolabile. 
From the turning point in Fig 7 (6 AG/6T 0 or where 
AG reaches a maximum) the temperature for maximum 
conformational stability (T,,,) for cod PMS-trypsin was 
23°C compared with a T,,,,, value of about 28°C for 
bovine PMS-trypsin. At the T,,,, the free energy 
change for enzyme heat-unfolding (AG,,,) was 8.7 
(kJ mol-') for cod PMS-trypsin and 19.0 (kJ mol-') 
for bovine PMS-trypsin (Table 2). Because AG shows 
only a slight temperature dependence near room tem- 
perature the standard free energy value (AGO) given in 
Table 2 is not markedly different from the AG,,, values 
discussed above. 

The difference in the conformational stability of 
Atlantic cod trypsin and bovine trypsin can be assessed 
from the values of K ,  (ie [native]/[unfolded] cfeqn (1)) 
at 25°C. For each enzyme K ,  = exp(-AG"/RT). Using 
data from in Table 1, the ratio of K ,  values for Atlantic 
cod trypsin and bovine trypsin is 57:  1. That is, at a 
temperature of 25°C cod PMS-trypsin was approx- 
imately 60-fold less heat stable compared with bovine 
PMS-trypsin. The differences in heat stability dimin- 
ishes at lower temperatures; at about 0-5°C cod trypsin 
may be more stable than bovine trypsin (Fig 7). 

Cod trypsin has a greater number of charged amino 
acids as well as a higher ratio of acidic to basic amino 
acids (Asgeirsson et a1 1989; Simpson et al 1990). The 
average hydrophobicity of cod trypsin is also signifi- 
cantly lower than the value for bovine trypsin 
(Asgeirsson et al 1989; Simpson et a1 1990). It has been 
suggested that such structural differences would render 
cod trypsin more susceptible to charge-charge 
(de)stabilisation under low ionic strength conditions. By 
comparison with bovine trypsin, hydrophobic inter- 
actions would also be less important for the stabilisa- 
tion of cod trypsin (Asgeirsson et a1 1989; Simpson et a1 
1990; Asgeirsson and Bjarnason 1980). However, the lit- 

erature is replete with reports of homogeneous enzymes 
from mesophilic and thermophilic enzymes with greatly 
differing heat stability (Amelunxen and Murdock 1978; 
Jaenicke 1981; Daniel et a1 1982; Owusu and Cowan 
1989; Varley and Pain 1991; Cowan 1992). So far, 
natural mechanisms for enzyme thermal stabilisation 
have been difficult to identify. 

The comparative heat stability of cod and bovine 
trypsins is perhaps only approximately reflected by 
results of this study. Specifically it is uncertain whether 
modification with PMSF increases the heat stability of 
trypsins. Shreier et al(1984) have shown that binding of 
low molecular weight inhibitors can stabilise protein- 
ases against thermal unfolding. In experiments involv- 
ing a thermostable proteinase (thermitase) it was shown 
that the degree of stabilisation was positively correlated 
with the enzymeeinhibitor binding constant. Modifi- 
cation of the active site serine of thermitase with dansyl 
chloride or diisopropyl fluorophosphate produced a 
10-50% increase in the heat stability of thermitase. The 
stability of PMS-chymotrypsin toward urea unfolding is 
apparently greater than the stability of the unmodified 
enzyme (Santoro and Bolen 1988). The degree of stabili- 
sation arising from inhibitor binding may depend on 
the nature of the enzyme. Based on the fluorescence 
results referred to above, it is unlikely that modification 
with PMSF leads to any significant changes in the heat 
stability of cod trypsin relative to that of bovine trypsin. 

Comparing AH,  values (Table 2) it is clear that the 
thermal unfolding reaction for cod PMS-trypsin 
appears to be less endothermic compared with the 
unfolding reaction for bovine PMS-trypsin. The entropy 
change for unfolding (AS,) was also lower for cod 
trypsin. Assuming that the heat-unfolded state is the 
same for both enzymes the lower AS,,, implies that the 
native conformation for cod PMS-trypsin has a higher 
conformational entropy. That is, the native conforma- 
tion of cod PMS-trypsin appears to be more disordered 
or flexible compared with native bovine PMS-trypsin. 

A comparison of AH, and AS,,, values is complicated 
by temperature dependence of both parameters (eqn 
(7)). There was a significant heat capacity (AC,) change 
for the thermal unfolding of cod PMS-trypsin and 
bovine PMS-trypsin (Table 2). Allowing for the 
observed 10°C difference in T, values there is appar- 
ently no numerical difference in A H  and A S  values for 
the two enzymes. For example, using results from Table 
2, the A H  value for bovine PMS-trypsin unfolding (were 
unfolding to occur at 46°C) can be calculated (using eqn 
(7b) or A H  = AH, + ACp [46-571) as 286 kJ mol-' 
which is identical to  the enthalpy change for Atlantic 
cod PMS-trypsin unfolding. In view of these observ- 
ations, it would appear that the important differences lie 
in the value of A C p  . 

The results of fluorescence quenching studies (Fig 8) 
suggest that there are at least two classes of tryptophan 
residues in bovine or cod trypsin distinguishable by the 
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Fig 8. Quenching studies with acrylamide for 0, cod PMS- 
trypsin; and a, bovine PMS-trypsin at  pH 8 (50 mM Tris- 
HCl) compared to that of cod 0,  cod PMS-trypsin; and +, 

bovine PMS-trypsin at pH 4.4 (50 mM Gly-Gly buffer). 

degree of accessibility to acrylamide. The slope in Fig 8 
is proportional to the bimolecular rate constant for col- 
lision between quencher and chromophore. The greater 
slopes observed for cod trypsin indicate that this 
enzyme is more flexible compared with the bovine 
trypsin. Interestingly, the crystal structures of bovine 
trypsin and a cold adapted trypsin from salmon show 
no differences in their overall molecular flexibility. 
However, there were noticeable differences in the inter- 
domain mobility and in the autolysis loop of salmon 
and bovine trypsins (Smalas et al 1994). 

In view of the temperature dependence of thermody- 
namic parameters, AH and AS terms were also com- 
pared at standard temperature (25°C). The standard 
thermodynamic parameters are related according to the 
relation AGO = AH" - TAS", and it is significantly that 
for the thermal unfolding of bovine PMS-trypsin 
- TAS" > AH". By contrast, for the thermal unfolding 
of Atlantic cod PMS-trypsin AH" > -TAS". A larger 
- TAS" term compared with AHo can be taken as indi- 
cating that hydrophobic or solvophobic interactions 
play a major role (compared with charge-charge inter- 
actions or hydrogen bonding) in stabilising the native 
conformation of bovine PMS-trypsin. In the case of 
Atlantic cod PMS-trypsin, a predominant enthalpy 
term suggests that stabilisation is mainly by electro- 
static o r  H-bonding interactions. Such differences in 
thermodynamic parameters are apparently consistent 
with the lower degree of hydrophobicity and higher net 
charge present in the Atlantic cod trypsin molecules 
(Nojima et al 1977). 

Finally, Fig 9 shows a graph of AH values plotted 
against values of AS. The thermodynamic data for both 
enzymes fit a single line as might be expected for two 
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Fig 9. Enthalpy/entropy interdependence for thermal 
denaturation reactions for 0, cod PMS-trypsin; and a, 

bovine PMS-trypsin. 

essentially similar proteins. The slope of this line was 
312 K. The linear correlation between AH and AS 
values may be evidence that there is an enthalpy- 
entropy compensation phenomenon during trypsin 
thermal unfolding. An entropy-enthalpy phenomenon is 
characteristic of physicochemical processes (such as 
protein unfolding, (eqn (1)) where formation of a reac- 
tion product (unfolded enzyme) is associated with 
changes in solvation (Labuza 1980, and references 
therein). The unfolding of a globular protein is allied 
with an increase in the solvent accessibility of hydro- 
phobic amino acid residues initially buried in the inte- 
rior of the native protein. The resulting immobilisation 
of solvent molecules via clathrate formation results in 
an increase in the specific heat capacity (C,) of a solu- 
tion containing unfolded protein compared with native 
protein (Brandt 1964, 1965; Shiao et a1 1971; Privalov 
1979; Pfeil and Privalov 1979; Becktel and Schellman 
1987). From Table 2 it can be seen that AC, (the specific 
heat capacity difference between the native and ther- 
mally unfolded enzyme) is significantly greater for the 
thermal unfolding of bovine PMS-trypsin compared 
with the value for Atlantic cod PMS-trypsin. Therefore 
nonpolar residues within the native conformation of 
bovine PMS-trypsin appear to be much more com- 
pletely removed from solvent than the corresponding 
groups in Atlantic cod PMS-trypsin. It has been 
demonstrated that the magnitude of AC, is positively 
correlated with the number of non-polar residue con- 
tacts within a globular protein (Privalov 1979). 

In conclusion, the results of this study suggest that 
the native conformation of cod trypsin is less heat stable 
compared with the native conformation of bovine 
trypsin at room temperature. The differences in the con- 
formational stability of the two enzymes may arise from 
a change in the AC, value for the heat unfolding. It is 
tempting to infer that the major strategy for cold- 
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adaptat ion in cod trypsin appears t o  be the reduction of 
hydrophobic contacts within the globular structure. 
Further  studies, involving a wider range of solvent con- 
ditions, are necessary in order t o  produce a bet ter  
appreciation of the molecular strategies for cold- 
temperature adaptat ion in  Atlantic cod trypsin. 
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