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T H E R M A L  D E N A T U R A T I O N  OF L O B S T E R  H E M O C Y A N I N  

J O S E P H  H.  F L E I S H E R *  

3~Iarine Biological Laboratory, Woods Hole, 3Iass. (U.S.A.) 

INTRODUCTION 

A survey of the literature on hemocyanins reveals that  little or no work has been 
done on the kinetics of heat denaturation of these compounds. The recent publication 
of a convenient method for the purification of lobster hemocyanin I provided the means 
by  which an adequate amount of the purified protein could be prepared for the kinetic 
studies described below. 

In the study to follow, no distinction has been made in the determination of 
the concentration of soluble protein between soluble intact hemocyanin and soluble 
dissociation products of this molecule which may  occur by  reason of changes in pH 2. 

EXPERIMENTAL 

Procedure 
Detai ls  of t he  pur i f icat ion are g iven in reference 1. The  pellets  of h e m o c y a n i n  ob ta ined  by  h igh 
speed cen t r i fuga t ion  were ex t r ac t ed  wi th  o . o 2 M  ace ta te  buffer. Por t ions  of the  ex t r ac t  were 
ad ju s t ed  to a final p H  of 7.4 ° wi th  o.5 M p h o s p h a t e  buffer, to p H  8.48 wi th  o . 5 M  t r i s (hydroxy-  
m e t h y l ) a m i n o m e t h a n e  (tris buffer);  and  to p H  9.16 wi th  o . 5 M  g lyc ine-sod ium hydrox ide  buffer. 
F ina l  molar i t ies  were o . o 5 M  for all th ree  and  ionic s t r e n g t h  was m a i n t a i n e d  a t  o.13 by  the  
addi t ion  of appropr ia t e  quan t i t i e s  of NaCI. 

For  s t u d y i n g  t he  ra te  of t h e r m a l  dena tu ra t i on ,  0.05 to o.15 ml  por t ions  of the  f reshly 
p repared  solu t ions  were p laced in pieces of th in  glass t u b i n g  a b o u t  4 inches  in l eng th  and  2 m m  
inside d iameter .  One  end  of t he  t u b i n g  was  t h e n  sealed wi th  a gas -oxygen  flame. After  cooling, 
t he  p repa ra t i on  was  i m m e r s e d  in a wa te r  b a t h  held a t  the  t e m p e r a t u r e s  no ted  in Table  I -E 0.05 ° C. 
Tubes  con ta in ing  t he  hea t ed  h e m o c y a n i n  were w i t h d r a w n  at  the  t ime  in te rva ls  no ted  in Table  I 
and  i m m e d i a t e l y  cooled by  i mmer s i on  in ice water .  U n d e r  these  condi t ions ,  the  d e n a t u r e d  pro te in  
prec ip i ta tes  even  before cooling as an  a m o r p h o u s  whi te  solid. The  la t te r  was separa ted  f rom the  
r ema in ing  soluble  p ro te in  by  cen t r i fuga t ion  a t  2,500 r .p .m. ,  for io  minu te s .  The  concen t ra t ion  
of the  soluble pro te in  r ema i n i ng  in so lu t ion  was  de t e rmined  by  m e a n s  of t he  specific refract ive  
i nc remen t  a. 

Presen ta t ion  o~ data 

The ratio of the specific refractive increment, nt, after known times of heating to the 
total (maximal) change of the specific refractive increment obtained by  heating for 
IO minutes in a water bath  at IOO ° C, no, was found to be proportional to the change 
in concentration of protein remaining in solution. Consequently the logarithm of 
nt /n  o ---- - - log  c where c = concentration. When the logarithm of nt /n  o (% specific 
refractive increment) was plotted against time for each of the temperatures studied, 
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Center,  Mary land .  
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s t r a i g h t  l ines  w e r e  o b t a i n e d ,  i n d i c a t i n g  t h a t  t h e  d e n a t u r a t i o n  fo l lowed  f i rs t  o r d e r  

! 2.0000~ 
2, 1.~ooo~\ \ ~ pH z4o 

 '- oooF \ \ . . . . .  

 -ooo F 
1.6000 

~. 1.5000 

~ 1.4000 
Pl 9.16 

"6 o m L 3 0 0 0 I  64.0 "C 

i i t L 
..a t2000~) 1 2 ,3 4 5 (i 7 ; g lO 1'1 12 

Time in minutes 
Fig. I. Rate of denaturation (change in specific re- 
fractive increment) at various temperatures and pH. 

k ine t ics .  T h e  specif ic  r a t e  c o n s t a n t s  

were  e v a l u a t e d  b y  m u l t i p l y i n g  t h e  

s lope  of e a c h  of t h e  p l o t s  b y  2.3o3, 

m a k i n g  use  of t h e  f o r m u l a  b e l o w :  

- - l o g  n-J-t = (2 .3 -~3) t  + c o n s t a n t  
n o 

A r e p r e s e n t a t i v e  p l o t  for e a c h  p H  

is s h o w n  in Fig .  I a n d  t h e  v e l o c i t y  

c o n s t a n t s  are  e n u m e r a t e d  i n T a b l e  I. 

Al l  r a t e s  were  f o u n d  to  be  r ep ro -  

duc ib l e  in  r e p e a t e d  d e t e r m i n a t i o n s  

w i t h  t h e  s a m e  p r e p a r a t i o n .  

TABLE I 

H E A T  D E N A T U R A T I O N  OF L O B S T E R  H E M O C Y A N I N  U N D E R  V A R I O U S  C O N D I T I O N S  

Residual soluble protein 
pH o] incubation Temperature Specific relractive n t k 
mixture at room used ]or Time 

temperature denaturation increment nt - -  × xoo (first-order) 
nu 

° C (minutes) (percent) rain -1 

7.4 ° 65.6 o o.o149 IOO.O 0.05 
2 o.oi36 91. 3 
4 o.oi2o 80.4 
6 O.OLO 7 71.8 
8 0.0096 64.4 

io o.oo91 61.1 

7.4 ° 69.6 o o.oi51 ioo.o o.24 
I O . O 1 1 6  7 6 . 8  
2 0.0097 64.2 
3 °.oo75 49-6 
4 o.oo61 40.4 
5 o.oo4I 27.2 

7.4 ° 71.5 o o.o151 Ioo.o 0.52 
I o.0080 53.0 
2 o.0049 32-5 
3 o.oo34 22.5 
4 0-0023 15-2 
5 o.ooi I 7.3 

7.4 ° 73.6 o o.o148 ioo.o 1.8o 
~ 0.0060 40.5 
I 0.0027 18.3 
I ~ o.oolo 6.8 

8.48 63.o o o.o123 ioo.o o.Io 
3 0.0092 73.2 
6 o.oo67 53.6 
9 o.oo53 42.3 

12 o.oo37 30.2 
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( c o n t i n u a l i o n  o /  T A B L E  I )  

Residual soluble protein 
p H  o[ incubation Temperature ~peci/ic re]ractive nt k 
mixture at room used jot  T ime  

temperature denaturation increment n t - -  ",~ ~ oo (fi "st or l '  '~ 
no 

°C (minutes) (percent) rain -~ 

8.48 64.8  o o . o 1 2 3  1oo .o  0 . 2 2  

I 0 . 0 0 9 9  80.  4 
2 0 . 0 0 8 0  65 .o  
3 0 -0063  31.2  
4 0"0052  42-3 

8 .48  66 .9  o o . o 1 2 3  IOO.O 0.51 
½ 0 . 0 0 9 4  76 .5  
I o . 0 0 7 6  61. 7 
I ~ 0 . 0 0 5 8  47 .2  
2 0 . 0 0 4 8  39 .0  

8 .48  68 .8  o o . o 1 2 3  IOO.O 1.20 
1,/2 0 . 0 0 6 4  52 .0  
i 0 . 0 0 3 9  31 "7 
I ~,) O.OO21 17.1 
2 o . o o 1 2  9 .8  

9 .16  58 o o . o 1 3 6  i o o . o  o .o  5 
5 O.OLO8 79.5  

lO o . o o 9 6  70 .6  
15 0 . 0 0 6 0  44 .0  
20 0 . 0 0 4 4  32 .3  
25 0 . 0 0 3 7  27.2  

9 .16  60  o o . o i 3 6  i o o . o  o .15  
2 O.OLO 5 77.2 
4 o . o o 7 7  56 .6  
6 0 . 0 0 5 8  42 .7  
8 0 . 0 0 3 9  28. 7 

IO 0 . 0 0 2 7  19.8 

9 .16  62 o o . o 1 3 6  IOO.O o-34 
1 0 . 0 0 9 8  72.1 
2 0 . 0 o 7 4  54.5  
3 o . 0 0 5 2  38 .3  
4 0 . 0 o 3 4  25 .0  

9 .16  64 o o . o 1 3 6  IOO.O 0 .74  
1/. 2 0 .0095  69 .9  
l 0 . 0 0 6 0  44 .2  
I ½ 0 . 0 0 4 2  30 .9  
2 o . o o 3 2  23. 5 
2 ½ 6 . 0 o 2 3  16.9 

Effect o/temperature at constant pH 

The energy of activation can be evaluated directly from the first-order rate constants 
by means of the Arrhenius equation 

- - E  
k ~ A e  R T  

o r  
- -A"  

l °gek  = ~ 7 "  + c 

Therefore the natural logarithms of the rate constants, k, were plotted against the 
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reciprocals of the absolute temperatures used. From the slopes of the straight lines 
obtained at each pH as shown in Fig. 2, the apparent activation energy, E, was 
found to be 9" lO4 calories mol -z, a value comparable to activation energies found 
for other protein denaturations 4. 
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Fig .  2. A r r h e n i u s  p lo t s  r e l a t i n g  t h e  r a t e  of 
d e n a t u r a t i o n  to  t h e  r e c i p r o c a l  of t h e  a b s o l u t e  
t e m p e r a t u r e  a t  p H  7.4, A - - A ;  p H  8.48, m - - E l  ; 

a n d  p H  9.16, 0 - - 0 .  
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Fig.  3. R a t e  of t h e r m a l  d e n a t u r a t i o n  a t  v a r y i n g  
p H  va lues .  

E]ect o~ pH at constant temperature 

Extrapolation of the temperature dependence curves in Fig. 2 permitted a comparison 
of lOgl0k with pH at constant temperature. Fig. 3 shows that at both 65 ° and 66 ° C, 
A lOgl0k 
A p------S~ was + 0.84 probably not significantly different from + I over the pH 

range studied. This would indicate that at constant temperature, the rate of denatura- 
tion varies inversely as the first power of the hydrogen ion concentration as a reason- 
able approximation. 

Thermodynamic/ormulation 

GLASSTONE et al. 5 describe the effective rate of formation of the activated complex, 
c, by the equation: 

K T  
v = c a h (i)  

where v = r a t e ;  
K = B o l t z m a n n ' s  c o n s t a n t ,  1.38. lO -16 e rg  d e g r e e - l ;  
h = P l a n c k ' s  c o n s t a n t ,  6 .62.  lO -27 e rg  s eco n d ;  

a n d  T = a b s o l u t e  t e m p e r a t u r e .  

Moreover, if k is the specific rate constant, the velocity of the forward reaction 
(toward formation of the activated complex) is given in the usual manner by 

V = k Creactant (2) 

K r and c, A" T 
From equations (I) and (2) it follows that c~ T = c .... tant k = - -  

Creactant h 
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but c~, gT" 
Crcactant tea; therefore  k = 1 ~ - - .  K a (3) 

where K~ is the constant for the equilibrium which may  be presumed to exist between 
the reactants and the activated complex. Variations in activities of the reactants 
have been minimized by  maintaining a constant ionic strength allowing concentration 
of reactants to be used in calculations. Therefore the constant K~ is exactly analogous 
to any other equilibrium constant. I t  may be related to AF*, A H*, and AS*, the 
standard flee energy, heat content, and entropy changes, respectively, accompanying 
the formation of the activated state from the reactants by means of the following 
thermodynamic relationships. 

A F *  = - - R T 1 1 1 K  a 

- - A F *  

and  K a = e R T  

Substituting in (3) 

(4) 

(5) 

(6) 

(7) 

(S) 

mA F*  
K T  

k =  e R T  
h 

also ,4 H *  = E - - R T  

A H *  - -  A F *  
and  A S* 

T 

The logarithmic expression of equation (6) is A F*  = RT (ln K/h + in T - -  in k) 

A F *  = 4.58T (log K / h  + log T - -  log k) 

A F *  = 4.587 ̀  (io.318 q- log T - - l o g  k) (9) 

A H* can be obtained from the activation energy, E by equation (7) and A S* can be 
obtained from equation (8) once the values of A H* and A F* are known. The values 
for these functions at all temperatures and pH's studied are given in Table II. 

T A B L E  II  

T H E R M O D Y N A M I C  A N A L O G U E S  OF A C T I V A T I O N  R E A C T I O N S  FOR H E A T  D E N A T U R A T I O N  OF H E M O C Y A N I N  

pH Temperature °C AF* cal mot -1 AH*§ cal tool -~ AS* cal degree -I 

7.4 ° 65.6 22,000 80,286 172 
69.6 21.2oo 8o,278 173 
71.5 20,400 80,275 174 
73.6 20,000 80,270 176 

8.48 63.0 21,8oo 80,292 174 
64.8 20,900 80,288 176 
66.9 20,200 80,284 177 
68.8 20,050 80,282 176 

9.16 58.0 21,4oo 80,302 I78 
60,0 2o,7oo 80,298 179 
62.0 20,400 80,294 179 
64.0 20,000 80,290 179 

§ Corrected for the  h e a t  of dissociat ion of one p ro ton  (see text) .  

DISCUSSION 

The influence of pH on the denaturation of lobster hemocyanin may be interpreted 
in terms of STEINHARDT'S 6 concept of the importance of ionization processes in 
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denaturation over the pH range used in this study. STEINHARDT corrected the apparent 
activation energy, E*, for the thermal denaturation of pepsin for the heat of dissocia- 
tion of protons from 5 critical groups. Since the heat of dissociation of a single proton 
was found to be 9,040 calories, the total correction was 45,200 calories per mole. 

In the case of lobster hemocyanin, a plot of the logarithm of the rate constants 
at constant temperature against pH yields a straight line whose slope, n, equal to 
the number of protons involved is approximately one (o.84). At the pH values 
involved, the proton may be assumed as coming from the dissociation of an amino 
group as in the case of pepsin. Consequently, the same correction for the dissociation 
for one proton, 9,040 calories can be deducted from the apparent activation energy 
of 90,000 calories giving a corrected value of 80,960 calories. 

Since a plot of In k versus I/T (Fig. 2) falls on a straight line, one would expect 
/l H* and AS* to be essentially independent of temperature. Inspection of Table II 
shows this to be true over the range of conditions used. The high heats of activation 
yield a positive free energy of activation. The fact that the reaction still occurs with 
appreciable velocity at the temperatures studied is explained by the large increases 
of entropy accompanying denaturation of proteins 5 of which the entropy of activation, 
/IS*, measured in this study is but a part. It is realized that the values of z~F*, 
/ IH* and /IS* given (Table II) are in reality orders of magnitude, and could be 
rounded off to 20,700 cal tool-' ,  80,000 cal tool -1 and 175 cal degree -~, respectively. 
When this is done they are still comparable with values for these functions given by 
KUNITZ 6 and EISENBERG AND SCHWERT 7. 
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S U M M A R Y  

I.  A procedure for the  determinat ion of heat  denaturat ion of hemocyan i n  by  means  of 
changes  in specific refractive increment  has been presented.  The method possesses  the  advantage  
of requiring a smal l  vo lume  (o . i  ml)  of solution for analysis .  

2. Denaturat ion  was  found to follow first order kinetics  and y ie lded an act ivat ion  energy  of 
80,96o cal tool 1. 

3. The  rate of denaturat ion of h e m o c y a n i n  at constant  temperature  varied inverse ly  as the 
first power of the hydrogen  ion concentration,  suggest ing  a dissociat ion of one proton in the range 
of p H  studied.  

4. T h e r m o d y n a m i c  analogues  based upon the theory  of absolute  reaction rates were  calculated 
from the data.  Approx imate  values  of ,J F* ,  ~] H* ,  a n d  ~1 S* were found to be approx imate ly  
20,7o0 ca l  too l  -1, 8o,oo0 cal tool -1 and 175 cal degree -1, respect ively ,  
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