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ABSTRACT

A two-step inactivation model of α-amylase was developed by our group in 1993 and 1995 (Lecker & Khan, 
Biotechnology Progress). In the first step a reversible inactivation takes place followed by an irreversible 
inactivation step leading to denaturation of the protein. The earlier studies by our group primarily 
examined the irreversible inactivation (35-50 °C) of the protein that increases with time and finally 
approaches complete (100%) inactivation. Contrary to that, the present reversible inactivation study 
shows an increase in inactivation with time (35- 50 °C), reaching a maximum and then decreasing to an 
equilibrium value. The maximum is most pronounced at a lower temperature (35 °C) and is significantly 
reduced as the temperature is increased to around 50 °C. The increased reversible inactivation is due 
to dissociation of Ca2+ ions that dominates at the beginning followed by a decreased inactivation due to 
association of Ca2+ ions to apoenzyme. 

Introduction
α-Amylase is a metallo-enzyme with medicinal, therapeutic, and 

industrial applications [1]. It helps in the digestion of carbohydrates 
and is secreted by pancreas and salivary glands. This enzyme contains 
at least 1 mol of calcium ion [2-5] per mole of protein. The strength of 
the binding of calcium ions to the protein varies significantly from one 
source of enzyme to another. Irrespective of the source, α-amylase 
causes a rapid fragmentation of starch molecules into sugars [6-8] 
and undergoes inactivation reaction initiated by an initial dissocia-
tion of Ca2+ ions followed by denaturation by heat [9-11]. The theory 
of inactivation was developed by our group some 30 years ago and 
confirmed the validity of its predictions by quite a few experiments 
in aqueous [9,10] as well as non-aqueous solvents [11]. The earlier 
studies primarily focused on irreversible inactivation, and the effects 
of temperature and solvent on this inactivation [9-11]. Unfortunate-
ly, not much effort was made to study the reversible inactivation and 
effect of temperature on this step of inactivation [12]. In this paper 
we first present the theory in brief before describing the temperature 
effect on reversible inactivation followed by a comparison between 
reversible and irreversible inactivation. 

Theory of Inactivation of α-Amylase
The first reversible stage (eq 1) involves a forward reaction that 

forms an inactive apoenzyme, E2-, from the active enzyme, CaE, with 
a rate constant of k1 and a reverse reactivation reaction involving the 
combination of E2- with calcium ions with a rate constant of k-1. The 
second irreversible stage (eq 2) of reaction forms a denatured form 
of the enzyme, EI2-, from E2- with a rate constant of k2. The revers-
ibly inactivated form, E2-, can be quickly transformed into the active 
form, CaE, by adding calcium ions. On the other hand, the EI2- is the 
denatured form of the enzyme that cannot be reactivated by adding 
calcium ions. 

….. (1)

22 2
k

E EI− −→  .. (2)

Based on inactivation steps 1 and 2, the following equations are 
derived:

31 k tXD e−= − ………(3)
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The expression XD (eqn 3) gives the fraction of enzyme inactivat-
ed at a time, t, after the inactivation process begins, and 3k , given by 
equation 4, is a function of calcium ion concentration and tempera-
ture. From the expression 3 one can readily obtain the value of per-
cent active enzyme as follows:

( ) 31 100 100 k tXD e−− =  
… (5)

A more detailed derivation of equation 3 (and hence, eqn 5) as 
well as various test results can be found in references [9,10]. 

Results and Discussions
Reversible Inactivation of α-Amylase from Total and Irre-
versible Inactivation

Based on the model that we put forward earlier [9,10] we can 
write the following expression:

ReTotal inactivation versible inactivation Irreversible inactivation= + (6)

In other words, 

Reversible inactivation Total inactivation Irreversible inactivation= −  … (7)

In our earlier paper we described how to determine the total and 
irreversible inactivation [9] of the protein based on experiments with 
and without the added calcium chloride (provides calcium ions in the 
solution). Without the added calcium ions, one gets the total inactiva-

tion, and by adding calcium ions one gets the irreversible inactivation 
as reversible process of reaction 1 is stopped as excess Ca2+ ions shift 
the eqn. 1 equilibrium to the left (Le Chatlier’s principle) resulting 
in the formation of undissociated metallo-enzyme (CaE). Here, we 
determine the reversible inactivation values by applying eqn. 7 Al-
though quite a number of studies were performed on irreversible 
inactivation, to the best of our knowledge the reversible inactivation 
values and the effect of temperature on these values were not report-
ed earlier. To understand the enzyme inactivation completely, such a 
study was essential. The importance of these inactivation values has 
motivated us to work on reversible inactivation. 

Temperature Effect on Reversible Inactivation: Compari-
son with Total and Irreversible Inactivation

The upper most curve (red) of Figure 1 represents the effect of 
temperature on total inactivation of the enzyme (experiment with-
out the added Ca2+ ions) followed by the one (blue) with irreversible 
inactivation (experiment with added Ca2+ ions). The subtracted curve 
is shown at the bottom and represents the reversible inactivation. All 
these values represent those obtained at 35 °C. As one would notice 
that the total inactivation (upper most curve) as well as the irrevers-
ible inactivation (second curve from the top) increases with time and 
approaches 100% inactivation with time. However, the reversible in-
activation (bottom curve) rises to a maximum and then decreases to a 
small constant value with time. A similar trend is also noticed at other 
temperatures. Figure 2 shows a plot of reversible inactivation values 
at different temperatures. The upper most curve represents the 35 
°C curve (blue) followed by 40 °C curve (red) showing very similar 
trend except the fact that the peak is very much reduced and shifted to 
smaller time as temperature is increased from 35 to 40 °C. While the 
peak at 35 °C appears at around 30 min, the peak at 40 °C appears at 
around 15 min, and 50 °C (grey curve) at around 5 min.

Figure 1: The upper most red curve represents total inactivation, the next blue curve represents irreversible inactivation at 35 °C published in ref 
9. The bottom curve is the subtracted curve representing reversible inactivation at 35 °C.
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Figure 2: The bell-shaped curves represent reversible inactivation values at 35°C (blue), 40°C (red) and 50°C (grey) obtained from total and 
irreversible inactivation values published in ref 9. The green dotted line represents reversible inactivation values obtained at 15 °C in the presence 
of EDTA in the protein solution to remove Ca2+ ions.

Explaining the Reversible Inactivation Trend

We can explain our results based on the reversible inactivation 
step that we put forward earlier [9].

 ….. (1)

Each reversible inactivation curve (as in Figure 1, bottom curve) 
shows an increase in inactivation with time before reaching a maxi-
mum and then decreasing to a constant value. The increase in inacti-
vation at the beginning is due to dissociation reaction (eqn. 1, forward 
reaction) in which Ca2+ ions separate from the active enzyme, CaE 
forming a reversibly inactive apoenzyme (E2-). As the concentration 
of Ca2+ ions increase in the solution the reverse association reaction 
takes place forming active enzyme, CaE and thus, reducing the frac-
tion of inactive enzyme. After some time, an equilibrium is reached 
leveling off the inactivation values as seen in Figure 1 bottom curve. 
As the temperature is increased from 35 °C to 40 and 50 °C, the peak 
height is reduced and shifted to shorter time when the reverse acti-
vation reaction sets in. To further prove our hypothesis of reduced 
inactivation due to association of Ca2+ ions, we presented here results 
of an EDTA experiment that binds with free calcium in the protein 
solution. In the absence of free Ca2+ ions, the association reaction will 
be stopped, and the inactivation will not be expected to decrease. In-
deed, that is the case for 15 °C curve obtained with EDTA being add-
ed to protein solution. Under this situation, all the free calcium ions 
will be removed by EDTA and the reactivation reaction will not take 

place at any measurable rate. This is why the green curve in Figure 2 
(almost a straight line) does not show any distinct peak as in other 
curves obtained at 35, 40 and 50 °C. 

Concluding Comments
α-Amylase inactivates in two stages, a reversible inactivation fol-

lowed by an irreversible inactivation leading to denaturation of the 
protein. In earlier work we presented how at any temperature the in-
activation of the active enzyme takes place and approaches 100% in-
activation with time. Contrary to that the reversible inactivation first 
increases, reaches a maximum and then decreases to an equilibrium 
value. All these observations are explained by our two-step model.
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