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O F  E N Z Y M I C  R E A C T I O N S  

by 
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Biochemical Laboratory, Cambridge (England) 

I t  is now generally accepted tha t  enzyme catalysis obeys the equation of MICHAELIS 
A N D  MENTEN 81, or its modification by BRIGGS AND HALDANE 4. The two essential postu- 
lates on which these theories are based are that  the reaction occurs in two steps, the 
formation of a complex between enzyme and substrate followed by  its breakdown to 
the products of the reaction, 

E + S  _ k _ ~  E S  k3 

and that  the rate of the second step determines the rate of the reaction. The equation 
derived from this argument,  

k 8 es 
v = k3p = - -  (I), 

s + K ~  

where e and s are the total  concentrations of enzyme and substrate and p is the concen- 
trat ion of enzyme-substrate complex, has been found to describe the kinetics of all 
enzymes to which it has been applied. An exactly similar equation can be derived from 
the adsorption isotherm of LANGMUIR ~5, and WEBER 4e has shown tha t  it can be derived 
on the assumption tha t  a finite number of molecules is act ivated at  one time, whether 
after complex formation or at a distance. In all cases the form of the equation implies 
that  the reaction occurs in two steps, of which the second determines the rate. 

I t  is also widely acknowledged that  the variation with temperature of a chemical 
reaction follows the equation of ARRHENIUS 1, 

0 log k 
- -  - E/R 
a (~/T) 

or k = Ae -s/Rr (2), 

where E is a constant, the energy of activation. In  (2), k is the specific reaction rate, 
and is independent of the concentration of the reactants. In a reaction involving more 
than one step, the rate of one of the steps will often determine the rate of the overall 
reaction, and it is to this step that  the ARRHENIUS equation applies. 

The rate of an enzymic reaction is determined by  the rate of breakdown of the 
MICHAELIS complex (equation I). A plot of log k a against I /T  will therefore have a slope 
of -E[R, where E is the energy of activation of this step. I f  p, the concentration of 
enzyme-substrate complex, is kept  constant while the temperature  is varied, v will be 
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0 log v 0 log k 3. 
proportional to k3, and will equal - -  The simplest condition for p to be 

o (I/T) o (1/zl 
constant and finite is that  the concentration of substrate shall be very large; p will 
then tend to e, the total concentration of enzyme. Thus a plot of log v ~  against 1/7' 
will have a slope of -E/R; i.e. 

o log vm= o log k 3 
- -  = - -  E / R  (3). 

o (1/'1") o (1/T) 

However at lower concentrations of substrate, 

gS 

P = - -  (4)- s +Kza  

If s, the concentration of substrate, were varied in such a way as to keep p constant 
0 log v 0 log k 8 

at all temperatures, 0 (----~7 ~ , , ,  would still be equal to 0 (I/T------)" But if s and e are kept 

constant themselves while the temperature is varied, 

01ogv 0 [ ( kaes ~1 
0 (x/T-'-~ = 0 (x/T-----~ log \s + K~t]] 

0 log k3 0 Ku/O (I/T) 
0 (I/T) s + K~t 

Ol°gka ( K~t ) Ol°gKu 
0 (I/T) ~ 0 (I/T) (5). 

Writing g for the apparent activation energy derived from a plot of log v against 
I /T  under these conditions, we have 

oOl°gv(I/T----'-') ( K M )  O l ° g ~  O 
= - ~ , /R = - ~ / R  - ( I / T ) '  

a n d  ~ = E + ~ O ( 1 / r )  (61. 

I t  is seen that ~ will differ from E by  an amount which will vary with the concen- 
tration of substrate, being greatest at low concentrations and failing to zero as the 
concentration is made very large. Further,  since KM is not in general independent of 
temperature, ( ~ -  E) will also vary with temperature, although this effect may be 
expected to be rather small. 

If the theory of MICHAELIS AND MENTEN 31 is assumed to apply, KM is the reciprocal 
of an equilibrium constant, and the VAN 'T HOFF isochore gives 

0 log K ~  = __.A Hu (7), 
o (1/T) R 

where AHu is the change in heat content accompanying the formation of the MICI~AELIS 
complex. Equation (6) then becomes 

tz=E +(s~KM) AHM (8), 
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a relation which applies also to the LANGMUIR adsorption isotherm, and to any kinetic 
theory which assumes an equilibrium for the first step of the reaction. However, in the 
kinetic theory of BRIGGS AND HALDAN#, Ka~ no longer represents an equilibrium 
constant, and so this relation is no longer true, unless ks ~ ka. 

The physical meaning of equation (8) is represented in Fig. I. The modern theo- 
retical basis of the ARR~IENItlS equation n is that the reacting molecules form an unstable 
complex of higher energy than themselves, which can break down to give the reaction 
products. In Fig. I, A represents the initial reactants E and S. These combine reversibly 
(presumably through an intermediate activated complex B) to form C, the MICaAELIS 
complex, the process being accompanied by a change in heat content AHM. The complex 
then acquires an amount of energy E and becomes activated (D) ; the activated complex 
then breaks down. Thus AH~ is the change in heat content accompanying formation 
of the MICHAELIS complex, and E is the energy required to activate this complex. It  

D 

E 

B 

A 

C B 
q~c~,im Cooro~ef~ o 

P i g .  I .  F i g .  2 .  

should be pointed out that this process is completely analogous to surface catalysis of 
a reaction in the gas phase, where there is an exactly similar process of adsorption 
followed by activation u. Equation (8) is equally applicable to this phenomenon. 

In a reversible reaction, the MICI~AELIS theory holds for the reaction in either 
direction, and therefore there are two steps involved in the activation of either substrate. 
This implies the formation of two distinct MICHAELIS complexes, one with each substrate; 
and the rate in either direction must be governed by the rate of interconversion of the 
two complexes. This is shown diagrammatically in Fig. 2. Here A and E are the initial 
and final states, B and D the two MICHAELIS complexes, and C the activated complex. 
Many more steps may of course be involved in such a reaction; however this is the 
minimum number required to describe a reversible enzymic reaction, which obeys the 
MICltAELIS equation in both directions. Fig. 2 diagrammatically represents HALDANE'S m 
"completer theory" of a reversible reaction, 

E + s  e s  - k t  e P  e +P .  
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I t  can be seen from Fig. 2 that  (EF + AHF) ~ (EB + AHB) should equal AH, the 
difference in heat content between initial and final reactants. This relation can also be 
derived from the equation of HALDANE TM connecting maximum initial velocities and 
Kz~s with the equilibrium constant by differentiating with respect to temperature. I t  
has been shown to hold for fumarase 8°. 

HALDANE 19, reviewing the work of NELSON AND BLOOMFIELD s8 on invertase, states 
" . . .  we should expect to obtain true activation energies only at high substrate concen- 
trations. Submaximal concentrations should give spuriously low or high temperature 
coefficients, the increase in the velocity of transformation of the enzyme-substrate 
compound being partly counteracted by decreased formation of the compound or aug- 
mented by its increased formation". This statement qualitatively describes equation (6). 
Further  z°, he says "Calling the enzyme and substrate E and S, the molecule ES requires 
a certain energy of activation before it can undergo chemical change"; he thus dis- 
tinguishes the two steps shown in Fig. i. 

DANN 7 considered the MICHAELIS equation, and pointed out that  there are two 
quantities to be distinguished: I. the heat of formation of the I~[ICHAELIS complex 
(AHM in equation 8); 2. the energy of activation of this complex (E in equation 8). 
He calculated the latter quanti ty for the citric dehydrogenase system of peas from the 
values of the maximum initial velocity at two different temperatures. 

KIESE 28 studied the association of CO2 and water catalysed by carbonic anhydrase. 
He calculated AHM by means of the VAN 'T HOOF isochore (equation 7) ; he also deter- 
mined ~, from the values of the rate constants at concentrations of CO 2 which were 
adjusted so that  exactly half of the enzyme would be combined in the form of the 
MICHAELIS complex at any temperature. By this means p is kept constant, so that  
/ z = E .  

KAUFMAN, NEURATH AND SCHWERT 2z calculated/z for the chymotrypt ic  hydrolysis 
of two substrates from the corresponding specific rate constants (k3 in equation I) at 
different temperatures. The latter were determined from an equation derived from the 
MICHAELIS equation by  integration with respect to time, by substituting the values of 
K~ into this equation. This procedure leads to the same result for ~ as does that  of 
DANN; SO that  in this case also the observed activation energy is equal to E. These 

authors also calculated 0 log KM for the reactions studied. A somewhat similar procedure 
0 (I/T) 

was employed by LUMRY, SMITH AND GLANTZ ~, who studied the action of carboxy- 
peptidase on two synthetic substrates. 

Apart from these examples, the significance of the MICHAELIS equation seems to 
have been ignored when the effects of temperature on enzymic reactions have been 
studied. I t  has been the practice generally to determine activation energies for such 
reactions from a plot of log v against I/T, or from the Q10 of the reaction velocity, 
at constant enzyme and substrate concentrations, the latter being usually quite arbi- 
trary. The values so obtained cannot be considered to have any physical significance 
by  themselves, since (equation 8) they represent a combination of E with a function 
of KM, s and AHM; they will also vary with substrate concentration. Such a practice 
would only lead to values of ~ independent of substrate concentration if v were found 
to be directly proportional to k, the specific rate constant to which the ARRHENIUS 
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equation applies (equation 2); it has already been pointed out above that  in the case 
of enzymic reactions this constant is k a, and that  the above relation is only true at  
max imum initial velocity (equation 3). I t  seems to have been assumed in much of the 
li terature tha t  v is proportional to k under all conditions; thus GREENBERG ASD 
MOHA•ED TM state tha t  "In k is proportional to the logarithm of the reaction velocity". 
Similarly, BODANSKY 3 identifies "In k" with "the natural  logarithm of the observed 
reaction velocity". Again, HADIDIAN AND HOAGLAND 17 use the equation v = ze -E/RT, 
where z is constant;  comparison with equation (2) shows that  here also the identi ty 
v oc k is implied, v would in fact be proportional to k at all values of s if the enzyme 
were a reactant  and were changed by  the reaction; then, the reaction would be a bi- 
molecular one, and v would be connected with k by the relation v = kes. v would also 
be directly proportional to k at all substrate concentrations if the enzyme took no par t  
whatever in the reaction, so that  the reaction was unimolecular (in this case v would 
equal ks). Either alternative contradicts the undoubted fact that  enzymes are catalysts. 

In Table I some of the data from the literature have been tabulated, and the values 
of KM/(S "Jr KM) worked out. In a few cases AHM has also been recorded, so that  it has 
been possible to work out (/~ - -  E). However not all the data need recalculating on the 
basis of equation (6). The work of DANN 7, of KIESE 23, of KAUFMAN et al. ~2, and of LUMRY 
et al. 2s has already been mentioned. In other cases the concentration of substrate at 
which ~ was measured was sufficiently high for [KM/(S + K~)] AHM to be neglected 
in comparison with the experimental  error. An example is the work of GLICK 14 on 
tropine esterase. This author measured/~ at a concentration of atropine of 0.25 %, which 
he found to be the lowest concentration at which the rate of hydrolysis was maximal,  
so tha t /~  here would not be far different from E. Further  examples in which it is con- 
sidered that  the difference between V and E is probably of the same order as the experi- 
mental  error are given in Table I I .  

Equation (8) also explains the s tatement  of SIZER ~ that  ~ for the inversion of 
sucrose by  yeast  invertase is independent of the concentration of sucrose. This s ta tement  
is based on measurements of/~ with 16 % and 40 % sucrose. Since KM for invertase is 
about  0.7%33, Km/(S + KM) will in one case be about 0.04, and in the other about O.Ol 5. 
Taking the max imum value for AHM as being 5,000 cals. (for a discussion of this quant i ty  
see STEARNi4), (/~ - -  E) will in one case be less than 2o0 cals. and in the other less than 
75 cals. ; the difference is within the experimental error. 

In view of equations (6) and (8), it is impossible to at tach much significance to 
values of ~ which have been recorded for complex systems, unless the mechanism of 
the reaction and the rate-determining step are known. The former is unknown in most  
reactions involving the hydrolysis of a large molecule in the presence of a hydrolytic 
enzyme, e.g. casein and trypsin 43, starch or amylose and amylases ~, io, 37, 84; and in such 
reactions as haemolysis 2. In these cases the enzyme combines with many  degradation 
products of the original substrate, having a different affinity for each, so that  no value 
can be assigned to KM. I f  it is quite certain that  the enzyme is saturated with substrate, 
and that  the velocity is not increased by  increasing the substrate concentration, ~ can 
be taken to be equal to E. E may  be considered to have some significance in the case 
of, say, fl-amylase acting onam ylose; here only a - I :  4-glucose links are attacked, and 
the reaction is fairly clear-cut. In other cases, such as protein hydrolysis, it is doubtful 
if E can have much meaning, and AHM must  remain meaningless, at least until the 
reaction mechanism is known. The rate-determining step is very often unknown in 
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biological oxidations and reductions. Even where it is known, it will be necessary to 
determine the values of both E and AHM for the limiting step before the activation 
process can be adequately described. A simple value of ~, taken at arbi t rary concen- 
trations of hydrogen-donor and acceptor e, 15, 4~, will not have much significance. 

I t  is evident from the above, and from Tables I and II,  that  much more work must  
be done if enzymic activation is to be understood. In place of the somewhat haphazard 
method of measuring t~ at  arbi t rary substrate concentrations, it will be necessary to 
determine ~ at  max imum initial velocity, where it is equal to E, and also to determine 
AHM. AHM may be determined from a plot of log KM against I/T, which has a slope 
of AHM/R (equation 7). I t  may also be determined from a plot of log v against I/T at 
very low substrate concentrations; under these conditions KM/(S +KM)-~ I, and 
t* + E + AHM (equation 8). Both methods will have about the same degree of error, 
as they both require the accurate measurement of reaction velocities at low substrate 
concentrations. Perhaps the simplest method of determining both E and AH M would 
be to observe reaction velocities at  various substrate concentrations and temperatures,  
but  constant enzyme concentration; a graph of I/v against I/S would then give the 
values of v~m and K M at a particular temperature ~6, and from a series of these E and 
AHM could be calculated by  means of equations (3) and (7)- However until measurements 
of both  E and AHM become general practice it will not be possible to draw any justifiable 
conclusions about  enzymic activation from the recorded data. 
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SUMMARY 

I. From a consideration of the MICHAELIS equation and the ARRHI~NIUS equation, it is shown 
tha t  it is necessary to distinguish two quantities in enzymic activation: a, the heat  of formation 
of the enzyme-substrate complex, and b. the energy of activation of this complex; and an equation 
is derived connecting these two quantities with the activation energy observed at any concentration 
of substrate. 

2. Some activation energies recorded in the literature have been briefly examined in the light 
of this equation. I t  has been found that ,  with a few notable exceptions, the values recorded for 
activation energies of enzymic reactions are open to criticism on the grounds that  they represent 
a combination of the two quantit ies above, and hence by themselves have no physical significance. 

RESUMt 

L En se basant sur les 6quations de MICHAELIS et d'ARRHgNIUS les auteurs montrent  qu'il est 
n~cessaire de distinguer deux quantit6s Iors de 1'~tude de 1'activation enzymatique: a. la chaleur 
de formation du complexe enzyme-substrat et b. r6nergie d'activation de ce complexe. Ils ~tablissent 
une ~luation reliant ces deux quantit6s ~ l'6nergie &activation observ6e g une concentrat ion  de 
substrat quelconque. 

2. Quelques 6nergies d 'activation de la litt6rature ont ~t~ examin6es bri~vement g la lumi~re 
de cette ~quation. Les auteurs ont  constat~ que, ~ par t  un pet i t  nombre &exceptions, les valeurs 
indiqu6es pour les  6nergies d'activation de r6actions enzymatiques sont critiquables parce qu'elles 
repr6sentent  des  combinaisons  des  deux quantit6s susnomm6es et  n 'ont  donc  pas  de signification 
physique en elles-m~mes. 
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ZUSAMMENFASSUNG 

I. Auf  G r u n d  der  Gle ichungen  yon  MICHAELIS u n d  ARRHENIUS wird gezeigt,  dass  bei  der  E n z y m -  
A k t i v a t i o n  zwei Gr6ssen  un t e r s ch i eden  we rden  mfissen:  a. die Bi ldungsw~irme des  E n z y m - S u b s t r a t -  
K o m p l e x e s  u n d  b. die Ak t iv i e rungsene rg ie  dieses Komplexes .  E ine  Gle ichung  wird  abgele i te t ,  welche  
diese be iden Gr6ssen  mi t  der  bei  i rgend einer  S u b s t r a t k o n z e n t r a t i o n  b e o b a c h t e t e n  Ak t iva t i ons -  
energie ve rb inde t .  

2. Ein ige  Ak t iva t i onsene rg i en  aus  der  L i t e r a t u r  werden  im L ich te  dieser Gle ichung  kurz  gepriif t .  
E s  wurde  ge funden ,  dass  m i t  e inigen wen igen  A u s n a h m e n ,  die ffir Ak t iva t i onsene rg i en  yon  E n z y m -  
r eak t i onen  a n g e g e b e n e n  W e r t e  b e a n s t ~ n d e t  werden  miissen,  da  sie K o m b i n a t i o n e n  der  be iden oben-  
g e n a n n t e n  Gr6ssen  dars te l len  u n d  desha lb  keine  eigene phys ika l i sche  B e d e u t u n g  haben .  
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