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Abstract 
 

There are no many studies on the kinetics of four-substrate enzyme reactions. The 

reasons may be the fewest known reactions and, on the other hand, the complexity of 

their theoretical kinetic analysis. Recently, contributions have been published that 

circumvent this last difficulty [1-5]. In addition, the few contributions found in literature 

about the kinetics of four-substrate enzyme species show and use the initial rate 

equations obtained under the total rapid equilibrium assumption. Furthermore the 

number of the reaction mechanisms which have been analyzed is very small.  We have 

acquired the initial rate expressions for 13 four-substrate mechanisms, under the steady-
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state strict conditions and using the rapid equilibrium assumption. We have used them 

to develop a method to discriminate between most of the mechanisms under study. This 

procedure consists of four steps and combines the rate equations of the mechanisms 

with the experimental rate graphs. This method also allows us to determine the binding 

order in some of them as well as to evaluate general kinetic parameters. Finally, a 

procedure to evaluate the global kinetic parameters involved in the rapid equilibrium 

rate constants is suggested. 

 

INTRODUCTION 

 
The literature on the kinetics of four-substrate enzyme-catalyzed reactions is 

considerably scarcer than for two or three-substrate ones. This may be due to the 

reduced number of reactions of this type known and the high complexity of their kinetic 

equations. 

 

Although there are some studies that treat the steady-state kinetics of multi-substrate 

reactions, [6-9], there is only one, as far as we know, which describes the kinetics of 

four-substrate reactions under the steady state assumption [10]. This paper was 

motivated by two studies of the same authors about the enzyme carbamoyl phosphate 

synthetase [11,12]. 

 

In this contribution, the initial rate equations for several mechanisms are given or 

described. Thus, for quinternary complex mechanisms, the equations corresponding to 

an ordered mechanism and a Theorell- Chance type are given, however those 

corresponding to a random –order mechanism and to a random –order equilibrium 

mechanism are described.  The authors state that is not possible to distinguish between 

these two last mechanisms on initial rate data alone. The reason is that although their 

rate equations are different, the plots of 1/v vs. 1/[X], where v is the initial rate and X 

one of the reactants, will be the same. Despite this, other techniques can be used for this 

purpose like product inhibition studies and saturation with a substrate. However, the 

expressions of the slopes and the intercepts of the straight lines of the plots of 1/v vs. 

1/[X] are not given, except for the ordered mechanism. 
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Some mechanisms, in which no quinternary complexes are formed, are also studied, like 

a Ping – Pong mechanism and a Theorell – Chance for a substrate, whose equations are 

given. 

 

The paper also includes a description of the equations of some mechanisms under the 

rapid equilibrium assumption.  

 

Finally, the contribution includes a section devoted to show how product–inhibition 

studies allow sometimes to distinguish between some types of four-substrate 

mechanisms 

 

The theoretical studies of Vrzhehch mentioned above [7-9] show that the kinetic 

behavior of multi-substrate systems can be described in terms of the interrelationships 

of the enzyme species. These interrelationships are named as scalar and vector. 

 

Two enzyme species of an enzymatic reaction have a scalar interrelationship if there is a 

portion in the mechanism connecting them and consisting only of reversible steps. 

Whereas, two enzyme species of an enzymatic reaction have a vector interrelationship if 

in the direction of the reaction there is no irreversible step.  

 

Depending on the type of interrelationships of the enzyme species of a mechanism, 

different plots of 1/v vs. 1/[X] are obtained. This can be used to distinguish among 

different types of mechanisms [8]. 

 

The few studies found in literature about the kinetics of four-substrate enzyme species 

[13,14] use the initial rate equations obtained under the total rapid equilibrium 

assumption.  This also happens in many parts of the theoretical paper of Elliot and 

Tipton [10]. These equations are acquired assuming that all the reversible steps reach 

equilibrium almost from the beginning of the reaction. The reason could be that manual 

acquisition of the rapid equilibrium initial rate equations is easier than obtaining those 

corresponding to strict conditions. They are also simpler that these last ones. As a 

consequence of this, for many years it has been thought that the strict steady-state 

equations of an enzyme system might be too complex to be of practical interest [15]. 
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Despite these advantages, the rapid equilibrium assumption is always a contrived 

simplification.  Its application to an enzymatic system could lead us far from the real 

situation [16] (it may even place a limit on the applicability of the kinetic equations for 

some models, such as slow-binding reversible enzyme inhibition [17-19]. Nevertheless, 

the simplicity of the equations acquired under this assumption makes them very useful 

for complex reaction mechanisms. This is the reason for which we use them in this 

contribution although we have also acquired the steady-state strict equations. 

 

This theoretical study has been motivated by three facts. First, the discovery in the last 

years of some four-substrate enzyme species and transporters of biological importance 

with unknown kinetics [20-22]. Secondly, the development of more powerful and 

flexible software for deriving enzyme rate expressions [23,24]. Finally, the lack of 

theoretical studies in the literature for many of the four-substrate reaction mechanisms.  

 
 

 

 

Sequential 

mechanisms 

 

Ordered 

 

Quad Quad  (Mechanism 1) 

 

Random 

ABC  (Mechanism 2) 

AB     (Mechanism 3) 

BC     (Mechanism 4) 

CD     (Mechanism 5) 

   

 

Ping Pong 

mechanisms 

Bi Uni Uni Uni Uni Bi  (Mechanism 6) 

Hexa Uni  (Mechanism 7) 

Bi Random  Uni Uni Uni Uni Bi Random  (Mechanism 8) 

Uni Uni Uni Uni Bi Bi  (Mechanism 9) 

Ter Uni Uni Uni Bi  (Mechanism 10) 

  

Theorell-

Chance 

mechanisms 

Quad Quad  (Mechanism 11) 

Ter Uni Uni Ter (Mechanism 12) 

Bi Uni Uni Uni Uni Bi (Mechanism 13) 

 

Scheme 1 

 
The objectives of this contribution are: 1) to acquire the initial steady-state rate 
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equations for 13 four-substrate reaction mechanisms under both the strict conditions and 

the rapid equilibrium assumption. They have been selected for two reasons. Firstly, they 

correspond to different types of reaction mechanisms (ordered, random, Ping-Pong, 

Theorell – Chance). Thus, their study provides a wide view of the four-substrate 

enzyme kinetics.  Secondly, most of them have never been analyzed before due to their 

complexity. The schemes and the equations of the different mechanisms are shown in 

Appendix A. The list of all of them is shown in Scheme 1 as well as the arbitrary 

number assigned to identify them in the paper; 2) To discriminate between the different 

mechanisms from their corresponding rapid equilibrium rate equations; 3) to suggest a 

way to determinate the binding order of the substrates in some the mechanisms studied; 

4) To suggest a procedure to evaluate the global kinetic parameters involved in the rapid 

equilibrium rate equations of the mechanisms under study 

 

1 MATERIAL AND METHODS 
 

We have used the software WinStes developed by our research group [18] to acquire the 

initial rate equations for Mechanisms 1-13. The computer program WinStes was run on 

a PC compatible on a Pentium IV/3.2 GHz processor with 1 GB of RAM. This software 

is available to interested readers on http://oretano.iele-ab.uclm.es/~fgarcia/WinStes/. 

The general model for enzyme catalyzed reactions used by the software WinStes and for 

the kinetics analysis of Mechanisms 1-13 is that described in many other papers 

[16,23,25-27]. 

 

 

2 KINETIC ANALYSIS 

The initial rate expressions for product P, v(P), i.e., the rate of product accumulation 

once the steady state is reached in the reaction mechanism, corresponding to each of the 

reaction mechanisms studied in this contribution have been acquired from the steady-

state general model proposed by Varon et al. [20-22] using the software WinStes [18]. 

For every mechanism we have obtained two equations, given in Appendix A, one 

corresponding to the steady-state strict conditions and another under the rapid 

equilibrium assumption.  
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The rapid equilibrium assumption in a mechanism supposes that the first or pseudo-first 

order rate constants involved in one or more of its reversible steps of are much higher 

than the remaining ones, so that these steps reach the equilibrium from the onset of the 

reaction.  If this assumption is not made, then the system is under strict conditions. As a 

simple example we will use the Michaelis-Menten mechanism (Scheme 2),  

 
Scheme 2 

 
where E is the free enzyme, S the substrate and P the reaction product. If we assume 

that the rate constants k1[S]0 and k-1 are much higher than k2, the mechanism is in rapid 

equilibrium and the rate equation is: 

 

� � � � � �
� �

2 0 0

1 0

k E S
v P

K S
�

�
                           (1) 

 

where K1 is the dissociation equilibrium constant of the complex ES equal to k-1/k1. 

Under strict conditions, i.e. without any step in rapid equilibrium, the rate equation is: 

 

� � � � � �
� �

2 0 0

m 0

k E S
v P

K S
�

�
                            (2) 

 

where Km is the Michaelis-Menten constant equal to (k-1+k2)/k1. A complete analysis of 

strict and rapid equilibrium equations is carried out in Varon et al. [27]. In the 

acquisition of equations, we have supposed that the only species present at the onset of 

the reaction are the free enzyme E and the four substrates: A, B, C and D. Their initial 

concentrations are notated in the equations by [E]0, [A], [B], [C] and [D], as the 

software WinStes requires. Under these conditions the rate expressions for all the 

products of the reaction mechanisms coincide with v(P). 

 

We have rearranged these equations for a better viewing, so that both the denominator 

and the numerator of the right side of each one of them are given, respectively, as sums 

E + S ES E + P 
k1[S]  

k-1 

k2  
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of products of coefficients di (i = 1,2,...) and ni (i = 1,2,...)  multiplied (or not) by the 

concentrations of one or more of the substrates with different exponents. On the other 

hand, each of these coefficients di and ni are products or sums of products of rate 

constants and can be obtained easily using the software WinStes. In writing this 

contribution we have omitted them to avoid an unnecessary excessive length of it.  

Due to the complexity of the strict steady-state rate equations, we will use the rapid 

equilibrium ones in the rest of the paper. This option does not suppose any loss in the 

generality in the treatment, but makes it simpler.  

All the rapid equilibrium equations corresponding to the Mechanisms 1-13 can be 

written as a function of the concentration of one of the substrates [X], in the following 

way:  

� �
� �

� �
� �Xqq

Xp
E

Pv

10

1

0 �
�         (3) 

 

where the expressions of the coefficients p1, q0 and q1 may include the concentration of 

one or more of the rest of the substrates. 
 

The Eq. (1) can also be written as: 

 

� �
� � � �XPv
E 10 �	 ��         (4) 

 

where 	 and � are: 

1

1

p
q

�	           (5) 

1

0

p
q

��          (6) 

 

Notice that a plot of [E]0/v(P) vs. 1/[X], while the concentrations of the other three 

substrates remain constant, is a straight line with a slope β and an intercept 	. The 

expressions of 	 and β for the Mechanisms 1 -13 are given in Appendix B for X = A, B, 

C and D. 
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3. RESULTS AND DISCUSSION 

In this contribution we have obtained and described the equations for some four – 

substrate reaction mechanisms under the strict steady-state conditions and the rapid 

equilibrium assumption as well. This is the first time, as far as we know, that these 

expressions have been acquired for many of the Mechanisms 1-13. We have also 

rearranged them in a way [Eq. (2)] which allows comparing them. We have used for this 

purpose the equations acquired under the rapid equilibrium assumption because their 

simplicity. The slopes and the intercepts for the equations of the mechanisms under 

study are listed in Appendix B.  The differences arising from these expressions suggest 

a procedure to distinguish among most of the Mechanisms 1-13, as well as to evaluate 

global kinetic parameters. 

3.1 Experimental design and kinetic data analysis allowing distinguishing among 
most of the Mechanisms 1 -13. 

The suggested method consists of the following four steps, which are summarized in 

Fig. 4.  In the assays corresponding to each of the steps of the procedure, the initial 

concentration of the free enzyme, [E]0, will be always the same for convenience. 

Step 1.  To obtain v(P)/ [E]0, varying the initial concentration of one of the substrates, 

X, while the concentrations of the other three substrates remain constant. The plot of 

[E]0/v(P) vs. 1/[X] will be a straight line according to Eq. (2). This procedure must be 

repeated at different constant concentrations of the other three substrates, different from 

X. We assume that the binding order of the substrates is not known. If this order were 

known for at least one of the substrates, the method will be simplified. Thus, a set of 

straight lines are originated when the values of [E]0/v(P) vs. 1/[X] are plotted. The 

slopes [Eq. (3)] and intercepts [Eq. (4)] of these lines can vary for Mechanisms 1-13 

because of the different dependence of p1, q0 and q1 with the initial concentrations of the 

substrates (see Appendix B). The different shape of these sets of straight lines is the first 

criterion that will allow us to distinguish among some the Mechanisms 1-13. 

Despite of the number of expressions for 	 and β for each mechanism that appear in 

Appendix B, it is easy to see from them that there are only four possible types of sets of 

lines  for the plot of [E]0/v(P) vs. 1/[X]. These four possibilities are shown in Fig. 1. 
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Figure 1 Schematic plots of Eq. (2). To obtain the four lines in Fig. 1(a), 1(b), 1(c) and 1(d), the 

concentration of substrate X has been varied for four constant concentrations of the remaining three 

substrates. The arrow points increasing concentrations of these three substrates. (a) set in which all the 

straight lines have different 	 and β. It appears in mechanisms in which the slope and the intercept of the 

lines depend on the concentration of one or more of the three substrates different from X. (b) all the lines 

share the same intercept but have different slope. Now β depends on the concentration of one or more of 

the mentioned three substrates meanwhile 	 is constant. It does not depend on the concentration of any 

substrate. (c) group of parallel straight lines with different intercept. Thus β does not depend on the 

concentration of any substrate while 	 has a dependence on some of them. (d) a parallel set of straight 

lines but with slope equal to zero.  

 
The different types of sets of lines [Fig. 1(a)–1(d)] that are obtained for Mechanisms 1-

13 with the procedure described above can be predicted from the expressions of 	 and β 

shown in Appendix B. The results are shown in Table 1. 

 

 

1/[ X ] 

b 

1/[ X ] 

a 
Concentrations of 
the three substrates 
different from X 

1/[ X ] 

d 

1/[ X ] 

c 
Concentrations of 
the three substrates 
different from X 

Concentrations of 
the three substrates 
different from X 

Concentrations of 
the three substrates 
different from X 

[E]0/v(P) 

[E]0/v(P) 

[E]0/v(P) 

[E]0/v(P) 
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Table 1. Types of plots [E]0/v(P) vs. 1/[X] (X = A, B, C and D) expected for Mechanisms 1-13 referred 

to the graphs in Fig. 1. 

Mechanism X Fig. 1(a) Fig. 1(b)  Fig. 1(c) Fig. 1(d) 

 

Mechanism X Fig. 1(a) Fig. 1(b)  Fig. 1(c) Fig. 1(d) 

             

1 

A �     

8 

A �    

B �     B �    

C �     C   �  

D  �    D   �  

             

2 

A �     

9 

A   �  

B �     B   �  

C �     C    � 

D  �    D    � 

             

3 

A �     

10 

A �    

B �     B �    

C �     C �    

D  �    D   �  

             

4 

A �     

11 

A �    

B �     B �    

C �     C �    

D  �    D  �   

             

5 

A �     

12 

A �    

B �     B �    

C �     C �    

D �     D   �  

             

6 

A �     

13 

A �    

B �     B �    

C   �   C   �  

D   �   D   �  

             

7 

A   �         

B   �         

C   �         

D   �         
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As it can be seen in Table 1, there are only six different combinations of types of sets of 

lines. Thus, Mechanisms 1–13 can be classified in some of six different groups, that we 

name as Groups I–VI (Fig. 4), each of them characterized by one of the above 

mentioned combinations. Thus, after finishing this step, an unknown mechanism may 

be classified in one of the Groups I–VI. As Groups I, V and VI are made of only one 

mechanism, this step would allow to discriminate them from the rest of four- substrate 

mechanisms. However, this step does not allow to distinguish among the mechanisms 

included in Groups II–IV (see Fig. 4) 

Step 2.  The method in this step will lead to distinguish among some of the mechanisms 

of Group II, which cannot be discriminated in step 1. Once again it is necessary to 

obtain v(P)/ [E]0, varying the initial concentration of one of the substrates, which will be 

called X. The plot of [E]0/v(P) vs. 1/[X] will be a straight line according to Eq. (2), with 

an intercept 	 and a slope β. This procedure must be repeated at different initial 

concentrations of one of the remaining three substrates, which will be called Y, 

meanwhile the concentrations of the other two are the same in all the essays. As a result, 

a new set of straight lines is obtained, but different from those of Step 1. If this 

procedure is repeated but varying the substrates X and Y, a group of sets of lines will be 

acquired for each of the mechanisms of Group II. 

The criterion used in this step to discriminate among these mechanisms will be the 

dependence of the slope of these lines with the concentration of substrate Y. The 

expressions of slope β, according to Eq. (3), vary for Mechanisms 1-13 and are given in 

Appendix B. From these expressions it can be seen that the plot of β vs. 1/[Y] for each 

of the mechanisms produces only two types of straight lines. The first of them is a 

straight line with intercept equal to 0 and positive slope. The second is a straight line 

with both intercept and slope positive. These two possibilities are represented in Fig. 2. 
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Figure 2.  Schematic plots of the slope β vs. 1/[Y] of the straight lines obtained following the procedure 

explained in 4.1 Step 2. (a) straight line with intercept equal to zero and positive slope. (b) straight line 

with both intercept and slope positive. 

 

The different type of straight line [Fig. 2(a)–2(b)] that are obtained for Mechanisms 1–4 

and 11, following the procedure previously described, can be also predicted from the 

expressions of the slopes given in Appendix B. The results are shown in Table 2, as 

well as the substrates X and Y of each essay. 

As a consequence of the different sets of lines shown in Table 2, it is possible to 

distinguish between the Mechanisms 2 and 3. In addition, it is possible to discriminate 

between them and Mechanisms 1, 4 and 11. This three last ones show the same 

dependence of the slopes from the concentration of the different substrates. The reason 

is, as it can be seen in Appendix B, that their expressions for the slopes are exactly the 

same. Finally, the results in the discrimination among the mechanisms of Group II are 

shown in Fig. 4.  

1/[Y] 

� 
b 

1/[Y] 

�  
a 
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Table 2. Types of plots β vs. 1/[Y] (Y = A, B, C and D) expected for Mechanisms 1 – 4 and 11 referred 

to the graphs in Figure 2. 

Mechanism X Y Fig. 2(a)  Fig. 2(b)  Mechanism X Y Fig. 2(a)  Fig. 2(b) 

           

1 

A B �   

4 

A B �  

A C �   A C �  

A D �   A D �  

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 
 

 

 

� 
 

 

� 
� 
 

� 
� 
� 

 B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 
 

 

 

� 
 

 

� 
� 
 

� 
� 
� 

           

2 

          

A B  �  

11 

A B �  

A C  �  A C �  

A D �   A D �  

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

 

� 
 

 

� 
 

 

 

� 
� 
 

� 
� 
 

� 
� 
� 

 B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 
 

 

 

� 
 

 

� 
� 
 

� 
� 
� 

           

3 

A B  �       

A C �        

A D �        

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 
 

 

� 

� 
 

 

� 
� 
 

� 
� 
 

 

  

   

 

-227-



Step 3.  The purpose of this step is to discriminate between the Mechanisms 1, 4 and 11 

of Group II. The method is exactly the same as it was described in Step 2, but taking the 

intercepts of the straight lines of the plots of [E]0/v(P) vs. 1/[X], when the concentration 

of only the remaining substrates, Y, was varied for a number of essays. The type of the 

plot of the intercept 	 vs. 1/[Y] will be the criterion that will lead to discriminate among 

the mechanisms mentioned above. These plots can be predicted from the expressions of 

the intercepts given in Appendix B. Only two different types of lines are actually 

obtained, those that are shown in Fig. 3; one straight line with both slope and intercept 

positive (Fig. 3(a)) and another parallel one to the horizontal axis and positive intercept 

(Fig. 3(b)). 

 

  

Figure 3.  Schematic plots of the intercept 	 vs. 1/[Y] of the straight lines obtained following the 

procedure explained in 4.1 Step 3. (a) straight line with both intercept and slope positive. (b) straight line 

with positive intercept and slope equal to zero. 

 

In the same way as we did in Step 2, the different types of graphs [Fig. 3(a) – 3(b)] 

obtained for the intercepts of Mechanisms 1, 4 and 11 can be predicted from their 

expressions given in Appendix B. The results are shown in Table 3, giving also in all 

the cases the substrates X and Y of each essay. 

 

1/[Y] 

	 b 

1/[Y] 

	  
a 
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Table 3. Types of plots 	 vs. 1/[Y] (Y = A, B, C and D) expected for Mechanisms 1, 4 and 11 referred 

to the graphs in Fig. 3. 

Mechanism X Y Fig. 3(a)  Fig. 3(b)  Mechanism X Y Fig. 3(a)  Fig. 3(b) 

           

1 

A B �   

11 

A B �  

A C �   A C �  

A D �   A D �  

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 

� 
 

 

� 
� 
 

� 
� 
� 

 B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
 

 

� 

� 
 

 

� 
� 
 

� 
� 
� 

           

4 

          

A B �   

 

    

A C �       

A D � 
 

� 
� 
� 

 

� 
 

 

 

� 
� 
� 
� 
� 

     

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

 

   

 
 

The shapes of the graphs shown in Table 3 allow to discriminate Mechanism 4 from 

Mechanisms 1 and 11 (See Fig. 4). However it is not possible to distinguish between 

these two last mechanisms. The reason is the same as in Step 2. As can be seen in 

Appendix B, the expressions for their intercepts are similar. 

Step 4. . In this step we will discriminate between the mechanisms of Group IV. In this 

case is not possible to follow the procedure described above in Step 2 because of the 

similarity of their expressions of the slope (see Appendix B), thus, we will follow the 

method explained in Step 3. The different types of graphs [Fig. 3(a) –3(b)] obtained for 
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the intercepts of Mechanisms 6, 8 and 13 can also be predicted from their expressions 

given in Appendix B. The results are shown in Table 4. 

 

Table 4. Types of plots 	 vs. 1/[Y] (Y = A, B, C and D) expected for Mechanisms 1, 4 and 11 referred 

to the graphs in Fig. 3. 

Mechanism X Y Fig. 3(a)  Fig. 3(b)  Mechanism X Y Fig. 3(a)  Fig. 3(b) 

           

6 

A B �   

13 

A B �  

A C �   A C �  

A D �   A D �  

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
� 
� 
� 
� 
� 
� 

�  B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

� 
� 
� 
� 
� 
� 
� 
� 
� 

� 

           

8 

          

A B �   

 

    

A C �       

A D � 
� 
� 
� 
� 
� 
� 
� 
� 
� 
� 

      

B 

B 

B 

C 

C 

C 

D 

D 

D 

A 

C 

D 

A 

B 

D 

A 

B 

C 

 

 

   

 

 

As it is shown in Table 3, there is only a small difference among the graphs of 

Mechanisms 6, 8 and 13. However, they could help to discriminate Mechanism 8 from 

the other two (See Fig. 4). 
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Unfortunately, the procedure described in Step 2 and 3 does not permit to distinguish 

between the Mechanisms of Group III. As can be seen in Appendix B, their slopes and 

intercepts expressions are very similar and the same types of graphs will be obtained for 

all of them. 

 

3.2. Determination of the binding order of the substrates in some mechanisms 

An indirect result of the procedure explained above is the determination of the binding 

order of the substrates in some of the mechanisms under study in this contribution. The 

differences in the graphs shown in Step 1, 2 and 3 could lead in some cases to know the 

first substrate to bind the free enzyme, the last one or indeed the whole binding order for 

all of them.  

As an example, we will use Mechanisms 1, 4 and 11. The last substrate D to bind the 

enzyme species can be determined simply by the shape of the graph [E]0/v(P) vs. 1/[X] 

(Fig. 1). When X is A, B or C, the sets of lines correspond to Fig. 1(a). However if X is 

D, the set of lines is alike Fig. 1(b) (See Table 1). Once the last substrate to bind is 

known, the graphs β vs. 1/[Y] show the first one. In these three mechanisms when X is 

A and Y is B, C or D, the sets of lines obtained correspond in all the cases to Fig. 2.a 

(See Table 2). When X is B, C or D it does not happen. Thus, the first substrate to bind 

the enzyme species can be also determined.  

 

3.3 Evaluation of global kinetic parameters 

The expressions of Mechanisms 1-13 acquired using the software WinStes and the 

graphs obtained following the procedures described in the subsection 3.1, can be used to 

evaluate the global kinetic parameters, ni/dj, involved in the rapid equilibrium rate 

equations. Therefore it is possible to know the variation of the initial rate with the 

concentrations of the different substrates. 

As an example, we will use Mechanism 4, which rate equation (A.8) given in Appendix 

A, can be rewritten for this task as: 

-231-



� �
� �

� � � � � � � �

� � � � � � � � � � � � � � � � � � � �
1

5

1

4

1

3

1

2

1

10

d
DCBAn

d
CBAn

d
BAnA

d
n

d
n

DCBA
E
Pv

����
�  (7) 

In the following paragraphs a method is explained, using this example, to evaluate the 

coefficients ni/d1 (i = 1,2,3,4,5) involved in the equation. This procedure can be 

extrapolated, under the rapid equilibrium assumption, to the remaining mechanisms. 

Firstly it is necessary to obtain the graphs α vs. 1/[Y] and β vs. 1/[Y] as it was explained 

in the subsection 4.1, Steps 2 and 3. Moreover, the rapid equilibrium rate equation of 

this mechanism, given in Appendix A, should be rearranged to suit Eq. (2). The 

expressions of their intercepts α and their slopes β are also given in Appendix B.  

Finally, the comparison between the values of the intercepts and slopes in the graphs 

with their expressions will allow us to evaluate global kinetic parameters of the 

mechanism. 

The plot α vs. 1/[Y] when X = D and Y = A, B or C is a straight line with slope equal to 

zero (Table 3, Fig. 3(b)). The comparison of the intercept of this line allows us to get 

directly the ratio n5/d1 between two coefficients of the rate equation. 

The plot α vs. 1/[Y] when X = C and Y = A is a straight line with both intercept and 

slope positive (Table 3, Fig. 3(a)). The slope of this line, according with the expression 

of α is equal to another kinetic parameter, n4/d1. 

 

The plot of α vs. 1/[Y] when X = B and Y = C is a straight line with both intercept and 

slope positive (Table 3, Fig. 3(a)). The slope of this line is n3/(d1[D]). A plot of this 

slope versus 1/[D] is a straight line through the origin with slope equal to n3/d1. 

 

The remaining expressions of the intercepts for Mechanism 4 are too complex to get 

any parameter as easily as it has just been described. Thus, we will use the graphs β vs. 

1/[Y]. 

 

The plot of β vs. 1/[Y] when X = A and Y = B is a straight line with intercept equal to 

zero and positive slope (Table 2, Fig. 2(a)). The expression of this slope, as it is given in 

Appendix B, is n1/(d1[C][D]). In this case also, a plot of this slope versus 1/([C][D]) is a 
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straight line through the origin with slope equal to n1/d1. 
 

Finally, a plot of β vs. 1/[Y] when X = B and Y = A is a straight line with both intercept 

and slope positive (Table 2, Fig. 2(b)). The intercept of this line is equal to 

n2/(d1[C][D]). Thus, a plot of this intercept versus 1/([C][D]) is a straight line through 

the origin with slope equal to n2/d1. 

 

 

 

Figure 4.  Schematic representation of the four steps of the method explained in the 

subsection 3.1 to discriminate between the different mechanisms. The big top box 

represents the whole group of four-substrate mechanisms under study. The darkest 

boxes contain reaction mechanisms which cannot be discriminated until that point of the 
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procedure. The clearest boxes contain those mechanisms that can be clearly 

distinguished in the corresponding step of the method. 

 

4. CONCLUSIONS 

In this contribution, we have acquired the initial rate expressions of a number of four – 

substrate reaction mechanisms under the strict steady-state conditions. This is the first 

time, to the best of our knowledge, that these equations are provided. 

We have also obtained the initial rate expressions under the rapid equilibrium 

assumption for the same reaction mechanisms. These equations have been used to 

develop a kinetic analysis and to suggest a procedure to distinguish between most of 

them. Thus, seven of the mechanisms under study can be clearly indentified following 

the method described above. However, it appears three pairs of mechanisms which 

cannot be discriminated, even though it is possible to distinguish them from the rest. 

The initial rate expressions of these pairs (10,12), (1,11) and (6,13) are formally 

identical, varying only the expressions of the coefficients. Thus, they cannot be 

discriminate only by kinetic analysis. 

Although there are some studies in the literature [5,8,11] about four–substrate 

mechanisms, this contribution provides, to the best of our knowledge, for the first time a 

procedure to distinguish among a number of them, including  some which had never 

been studied before. 

The procedure described in this contribution also allows determining the binding order 

of some of the substrates to the enzyme species in some cases. 

Finally, the expressions acquired with the software and some values from the graphs, 

obtained in the method mentioned above, can be used to evaluate general kinetic 

parameters.  
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APPENDIX A 

Reaction schemes and initial rate equations of the Mechanisms 1–13. The first equation 

corresponds to the strict steady- state conditions and the second one to the rapid 

equilibrium assumption. 

Mechanism 1 
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Mechanism 3 
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Mechanism 5 
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Mechanism 8 
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Mechanism 11 
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APPENDIX B 

 
Expressions for 	 and β corresponding to Eqs. (2)–(4) for Mechanisms 1–13. X is the 
substrate which concentration is varied in the plot [E]0/v(P) vs. 1/[X]. 
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