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Abstract 
The metabolic cycle firstly considered here is composed of a unique initial substrate, 
six enzymes, and five empty boxes to accommodate the substrates derived from the 
transformation of the initial substrate. This cycle was considered as a pre-Closed 
Metabolic Cycle (CMC). Using this model, the influence of changing the kinetic con-
stant values of any enzyme on the substrate concentration was explored. This model 
was transformed into an open metabolic cycle (OMC) by the input and output of two 
metabolites catalyzed by two external enzymes. In this case, the relative rates of input 
and output of metabolites were also examined; it can be concluded that the OMC 
cycles form delicate and fragile structures which can be theoretically disrupted, ma- 
king them metabolically unfeasible. 
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1. Introduction 

Several aspects of metabolic pathways (linear or cyclic) have been lately approached in 
our laboratory [1]. The theoretical treatment of a linear pathway was simulated assum-
ing that an initial substrate was transformed into a final product through the successive 
appearance and disappearance of metabolic intermediates of the route [1]; the addition 
of a new enzyme, catalyzing the transformation of the first into the last substrate con-
verts a linear cycle into a cyclic pathway [2]. The occurrence, properties and theoretical 
usefulness of closed metabolic cycles (CMC) have been considered in previous publica-
tions from this laboratory [2] [3] [4]. 

The vast majority of metabolic cycles in nature are open metabolic cycles (OMC), i.e. 
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cycles with entrance and exit of metabolites at different substrate levels. The OMC 
cycles can be studied with different and complementary approaches, among them, by 
measuring the level of their components and analyzing potential changes in their con-
centration in different metabolic or nutritional conditions. However, these are cum-
bersome procedures and sometimes difficult to be implemented [5] [6] [7]. The ad-
vances in computational techniques have allowed a more comprehensive understand-
ing of open metabolic cycles [5] [8] [9] [10] [11] [12]. 

In the course of our work [2] [3] [4] [13], we have observed a scarcity of studies on 
the physiological consequences of the potential transformation between linear and cyc-
lic pathways. 

Two types of complementary studies on metabolic cycles are presented in this work: 
a) analysis of how changes in the kinetic constants (Vmax and/or Km values) of only 
one of the enzymes influence the steady concentration of all substrates of the cycle; b) 
consequences of the transformation of a closed metabolic cycle into an open metabolic 
cycle caused by the simultaneous entry and exit of a metabolite at a different level; as 
shown below many of these changes are not metabolically feasible. 

Although the practical applications of this work to specific metabolic cycles are 
countless, they have not been approached here; however the core of this manuscript is 
to facilitate its potential application to any metabolic cycle regardless the number of 
input and output enzymes affecting the cycle. 

2. Materials and Methods 
Nomenclature 

A joint representation of a closed and an open metabolic cycle (CMC and OMC, re-
spectively) is depicted in Figure 1. The CMC here considered is composed of 6 sub-
strates, (a) to (f). The enzymes involved in the transformation of consecutive substrates 
are, E1a, E2b, E3c, E4d, E5e and E6f. These enzymes will be named also sub indexed 
with the corresponding substrate only (Ea to Ef). 

In order to simplify both the presentation of the results and the calculation by Ma-
thematica, the Km and Vmax constant values of these enzymes are simply named as, K 
and V, sub indexed with the corresponding substrate, Ka , Va , Kb , Vb , etc. (Table 
1).  

The Mathematica program 9 [14] was used to solve the differential equations de-
scribing the pathways. The protocol, similar to that previously described [13] is sum-
marized in Table 1:  

Part (a) contains the actual equation velocity of the 6 enzymes involved in the Closed 
Metabolic Cycle (v1 to v6) (Figure 1). 

Part (b) contains the Vmax and Km values of the enzymes of the ensemble. 
Part (c) contains the instructions to calculate the substrate value concentrations 

(profiles) along the reaction time.  
Part (d) contains the instructions to Plot the substrate profiles resulting in each case 

from the value assigned to the respective substrates. 
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Figure 1. Joint representation of a pre-closed metabolic cycle (CMC) and an open metabolic 
cycle (OMC); the CMC is composed exclusively by the inter-conversion of 6 substrates (a) to (f) 
catalyzed by 6 enzymes Ea to Ef. A CMC can be converted into an OMC by the input of (c) from 
(xc) and exit of (e), catalyzed by enzymes E7xc and E8ew, respectively. 

 
Table 1. Mathematica protocol to calculate the time course of substrates (Profiles) of a meta-
bolic cycle. 
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3. Results 

1) A preformed stable theoretical metabolic cycle is a flexible structure that can 
support reasonable modifications in both the amount of the starting materials and 
in the kinetic constant values of the concerned enzymes 

Several possibilities of changes are shown below, using a kind of preformed closed 
metabolic cycle, composed by 6 substrates, (a) to (f) (Figure 1), six enzymes E1a, E2b, 
E3c, E4d, E5e, E6f and fed with only one initial substrate (a) at a concentration of 12 
mM; following simulation, substrate (a) is distributed among the previously empty 
boxes of the cycle according to the kinetic constant values of the concerned enzymes. In 
Table 2, column at the left, are the names of the cycles to be explored: from DD0 to 
DD6L. The kinetic constants of each enzyme (Vmax and Km) are named from Va to Vf 
and from Ka to Kf, and the corresponding values are indicated in Table 2. The particular 
values for the kinetic constants Vf and Kf are also indicated in Table 2. The Mathematica 
protocols for the drawing of the substrate profiles are summarized in Table 1. 

a) Influence of the Vmax and Km values of one enzyme (Ef) on the concentra-
tion of its own and other substrates of the cycle 

Taking substrate (f) as a reference, it can be easily appreciated the grossly reciprocal 
influence between the Vmax and Km values of Ef on the concentration of its substrate 
(f) (Table 2, Figure 2). Compare the equilibrium position of substrate (f) in the stan-
dard cycle (Table 2, Figure 2, Profile of the control cycle (DD0), at the top) and after 
the changes introduced in: i) the Vf values(maintaining constant the Kf value) (Table 2, 
Figure 2, Profiles DD1 and DD2 (the left side); ii)or when to changes in the Vf values, 
changes in Kf values were superimposed (Table 2, Figure 2, Profiles DD3 and DD4 
(right side). 

 
Table 2. Kinetic constants values Vmax and Km (abbreviated as V and K, respectively) of the six 
enzymes (Ea, Eb, Ec, Ed, Ee, Ef) participating in a model Closed Metabolic Cycles (CMC). The 
sub-indexes of V and K correspond to the indicated enzyme (Figure 1). The kinetic constant 
values of the control cycle (DD0) are in the same line and are identical (=) for the enzymes Ea to 
Ee); the specific constants values for the Enzyme (Ef) (Vf and Kf) are indicated in the Table for 
the cycles DDO to DD6L. 

 Va Ka Vb Kb Vc Kc Vd Kd Ve Ke Vf Kf 

DD0 2.5 2 3 2 10 1 2 1 5 2 2 3 

DD1 = = = = = = = = = = 5 3 

DD2 = = = = = = = = = = 10 3 

DD3 = = = = = = = = = = 5 7 

DD4 = = = = = = = = = = 10 15 

DD5 = = = = = = = = = = 0.01 3 

DD6 = = = = = = = = = = 2 1000 

DD5L = = = = = = = = = = 0 3 

DD6L = = = = = = = = = = 0 1000 
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Figure 2. Representation of 5 illustrative Closed Metabolic Cycles with the kinetic constant values consigned in Table 2. The cycle at the 
top corresponds to DD0 and the two at the left to DD1 and DD2; those at the right correspond to DD3 and DD4. The name of the sub-
strates from (a) to (f) is indicated in each cycle. It is supposed that the simulation started with the only presence of (a, 12 mM), that was 
distributed among the previously empty boxes of the cycle according to the kinetic constant values of the enzymes. The equilibrium was 
settled at 300 min of reaction. Only as a reference, substrates (a) and (f) were taken as the first and the last substrates of the cycle, respec-
tively. See the text for further details. 
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Changes in the constant values of enzyme Ef influence not only substrate (f) but also, 
in varying degree the rest of substrates (Figure 2). 

b) A preformed stable theoretical metabolic cycle is flexible and can support 
reasonable modifications in both the amount of the starting materials and in the 
kinetic constant values of the concerned enzymes … until a certain limit 

The operator can establish this limit at will. We have here considered a cycle as not 
viable when one of its substrates reached, at stationary phase, a concentration above 
90% to 99% the sum of the other substrates. This can be theoretically achieved by ex-
treme changes in the Vmax or Km values of one of the enzymes of the cycle, as shown 
in Table 2, Figure 3: Profiles DD5 (decrease in Vf value) or Profile DD6 (increase in Kf 
value). For different reasons, substrate (f) accumulates in both cases. Very similar re-
presentations for DD5 and DD6 (DD5L or DD6L) are obtained, simply by making Vf = 
0 (irrespective to the value assigned to Kf (results not shown)). As a matter of fact, and  

 

 

Figure 3. Representation of 2 illustrative Closed Metabolic Cycles (DD5L and DD6L) with the 
kinetic constant values consigned in Table 2. 
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from a practical viewpoint, the changes in DD5, DD6, DD5L or DD6L (Figure 3) 
transform a closed metabolic cycle into linear cycle. 

2) Transformation of a closed metabolic cycle (CMC) into an open metabolic 
cycle (OMC) by the simultaneous action of two additional enzymes catalyzing the 
entry (enzyme E7) and exit (enzyme E8) of two metabolites 

The Mathematica simulation was performed following similar procedures to those 
described in (Table 1) (corresponding to a closed metabolic cycle composed of 6 en-
zymes) but with the important modification of the simultaneous addition of two exter-
nal enzymes E7xc (or E7) and E8ew (or E8) (Figure 1, Table 3). These two enzymes 
promoted the simultaneous entry of substrate (c) by E7xc, catalyzing the transforma-
tion of one external substrate (cx) into (c), and the output of (e) by (E8ew). 

These two enzymes transform the previously closed metabolic cycle (CMC), into an 
open metabolic cycle (OMC). The new considered kinetic constant values for the en-
zymes of the OMC are consigned in Table 3. Following similar procedures as those 
previously described [4], Table 4 was elaborated from Table 3 under the assumption 
that the steady state concentration of each substrate resulted from its rate of synthesis 
and degradation and also from the overall rate of input and output of substrates in the 
cycle by enzymes E7 and E8.  

For the arrangement of Table 4 the following was considered: 
*If (a) reaches a steady state, a’ must be equal to 0, so 

1 6v v=                               (1) 

or equivalently 

( ) ( ) Va a Ka a Vf f Kf f∗ + = ∗ +                    (2) 

*With the same reasoning applied to (b), b' must be 0, so 

( ) ( )Vb b Kb b Va a Ka a∗ + = ∗ +                     (3) 

*The same applies for the substrates (d) and (f), giving the equations 

( ) ( )Vd d Kd d Vc c Kc c∗ + = ∗ +                     (4) 

( ) ( )Vf f Kf f Ve e Ke e∗ + = ∗ +                     (5) 

*Now, if the substrate (c) reaches a steady state, c' = 0, that is 

( ) ( ) ( )7 7   Vb b Kb b xc V K xc Vc c Kc c∗ + + ∗ + = ∗ +            (6) 

*To obtain the last formula we just have to apply the same procedure for the sub-
strate (e), to obtain: 

( ) ( ) ( )8 8Vd d Kd d e Ve Ke e V e K e∗ + = ∗ + + ∗ +              (7) 

Based on the above reasoning’s, Table 4 contains: i) successive substrates to be con-
sidered at equilibrium (column at the left); ii) the corresponding formulas (column at 
the right); iii) the Mathematica commands used to calculate the substrate concentration 
in the specified conditions (panel at the bottom). 

The results presented in Table 5 were obtained as follows: i) the kinetic constant 
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values for the enzymes Ea to Ef were identical to those considered in Table 3; ii) the 
kinetic values for E7 and E8 (the enzymes responsible for the entry an the exit of meta-
bolites, respectively) were as indicated in this Table 5; iii) two different concentrations 
were considered for the input of substrate cx, i.e. 3 and 15 mM. The resulting concen-
tration values for the substrates (a) to (f) were calculated for each different cycle (A1 to 
A3) and (B1 to B3). 

Cycles A1 and B1 are metabolically feasible; however, when these cycles are con-
fronted with an increment in V7(cycles A2, B2) these cycles become not viable, proba-
bly due to the higher Vmax value (7) of enzyme E7 and the subsequent accumulation of 
substrate (e). But cycles A2, B2 may become feasible if the maximum velocity of en-
zyme E8 increases, by removing substrate (e) from the cycle (see A3 and B3). 

Cycles of this type may be very sensitive to changes in the Vmax values of the en-
zymes V7 or V8, as exemplified in Figure 4, where the substrate profiles obtained when 
the V7 value of cycle A1 (see Table 5) increases from 1.2 (Panel (a)) to 1.6 (Panel (b)), 
are shown. This small increase in the V7 value (Panel (b)) gives rise to an unfeasible 
cycle, due to the abnormal steady increase of substrate (e). Panel (c) (Figure 4) shows  

 
Table 3. Mathematica protocol to calculate the substrate profiles of a previously closed metabolic 
cycle with (a) 12 mM and with the simultaneous input and output of two metabolites catalyzed 
by V7 and V8, respectively. 
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Table 4. A general Mathematica procedure to calculate the concentration of the substrates of an 
Open Metabolic Cycle (OMC), composed of 6 substrates, and with the input of an external sub-
strate (cx), (3 or 15 mM) and the output of cyclic substrate (e) catalyzed by E7 and E8, respec-
tively. Note as the cycle was started with only (a) 12 mM. 

Substrates Formula 

f a− >  ( )( )a Ka Vf f Va Kf Va Vf f= ∗ ∗ ∗ + − ∗
 

a b− >  ( )( )b Kb Va a Vb Ka Vb Va a= ∗ ∗ ∗ + − ∗
 

b c− >  ( ) ( ) ( )7 7Vb b Kb b xc V K xc Vc c Kc c∗ + + ∗ + = ∗ +  
c d− >  ( )( )d Kd Vc c Vd Kc Vd Vc c= ∗ ∗ ∗ + − ∗

 
d e− >  ( ) ( ) ( )8 8Vd d Kd d e Ve Ke e V e K e∗ + = ∗ + + ∗ +  
e f− >  ( )( )f Kf Ve e Vf Ke Vf Ve e= ∗ ∗ ∗ + − ∗

 

( )( )
( )( )

( ) ( ) ( )

( )( )
( ) ( ) ( )

NSolve & &

              & &

              7 7 & &

              & &

             8 8 & &

  

a Ka Vf f Va Kf Va Vf f

b Kb Va a Vb Ka Vb Va a

Vb b Kb b xc V K xc Vc c Kc c

d Kd Vc c Vd Kc Vd Vc c

Vd d Kd d e Ve Ke e V e K e

 == ∗ ∗ ∗ + − ∗

== ∗ ∗ ∗ + − ∗

∗ + + ∗ + == ∗ +

== ∗ ∗ ∗ + − ∗

∗ + == ∗ + + ∗ +

( )( )

{ }

           & &

             0 & & 0 & & 0 & & 0 & & 0 & & 0 & &,

            , , , , ,

f Kf Ve e Vf Ke Vf Ve e

a b c d e f

a b c d e f

== ∗ ∗ ∗ + − ∗

> > > > > >

  

 
Table 5. Influence of changes in the Vmax and Km of the enzymes catalyzing the input (v7) or output (v8) of substrates into a closed 
metabolic cycle, at two different concentration of the input substrate (cx). 

Cycles (cx), mM Va Ka Vb Kb Vc Kc Vd Kd Ve Ke Vf Kf V7 K7 V8 K8 

  2.5 2 3 2 1.5 1 2 1 0.1 2 2 3     

  a b c d e f     

A1 3 0.05 0.04 1.17 0.67 2.99 0.09 1 1 1 1 

A2 3 0.08 0.06 Infinity 3.01 Infinity 0.15 7 1 1 1 

A3 3 0.005 0.004 0.99 0.60 0.11 0.008 1 1 7 1 

B1 15 0.07 0.06 2.08 1.15 15.00 0.14 1 1 1 1 

B2 15 0.08 0.07 Infinity 2.99 Infinity 0.16 7 1 1 1 

B3 15 0.005 0.004 1.70 0.90 0.16 0.01 1 1 7 1 

 
how the increase of substrate (e) was reversed by increasing the Vmax of the output 
enzyme (E8) from a value of V8 = 1 to a value of V8 = 7.  

4. Discussion 

By definition a true open metabolic cycle contains at least one pathway for the entry 
and another one for the exit of metabolites. The occurrence of this type of cycles is well 
documented in several instances: Krebs/glyoxylate: [7] [12] [15] [16] [17]; urea: [5] [17]  
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Figure 4. Influence of small changes in the rate of the maxima velocities of the enzymes catalyz-
ing the input (E7) and output (E8) of substrates in an Open Metabolic Cycle. 
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[10]; pentose and Calvin cycles: [18] [19]. 
However, contemplating general maps of biochemical pathways it seemed to us that 

groups of substrates are so interconnected among them and with distant metabolites, to 
the point of making difficult to delimitate whether they are part of metabolic cycles. 
Particular examples of this type of networks can be visualized at the level of the synthe-
sis and degradation of lipids, purine or pyrimidine nucleoside/nucleotides, glycogen 
and monosaccharide’s, etc. 

There is scarce information on how these cycles have emerged or even how life 
started: the prebiotic chemistry of life [20] [21] and how the early chemical evolution 
took place [21] [22] through a long evolutionary robust response towards environmen-
tal fluctuations [23]; the possibility that the diversity of metabolism aroused by the 
evolution of few metabolic modules was explored in [24]. A plethora of metabolic 
pathways have been reported in the Central Nervous System [25]. Particular interest 
has been also paid to the evolution of the primitive cells and the role and existence of 
the Last Universal Common Ancestor (LUCA) [19] [20] [21] [22] [26]. 

Several examples of metabolic cycles are shown in this work, each one composed of 6 
enzymes with distinct kinetic constant values. We started considering a kind of pre-
formed closed metabolic cycle (CMC) with 5 empty boxes ready to accommodate 5 
substrates and a unique starting substrate located in one of the boxes at a predeter-
mined concentration. As soon as the cycle is initiated the unique substrate is distributed 
among the previously empty boxes as if the cycle were actually an irreversible pathway. 
After few min, and as consequence of the repetition of the cyclic pathway, the sub-
strates of the cycle reach equilibrium at a fixed concentration and the derivatives of the 
profiles are zero. 

5. Concluding Remarks 

Simulation of metabolic cycles uncovers some interesting peculiarities practically im-
possible to be tested in vivo: a) the metabolic cycles are interrelated structures in which 
changes in the kinetic constant values in one of its enzymes may modify all the sub-
strate concentrations; b) by the same token modifications of only one of the substrates 
is followed by its re-equilibration with the rest of substrates of the cycle; c) possible in-
born errors of metabolism mainly because of the absence of one enzyme, disrupts the 
cycle, totally or partially; in the proper open metabolic cycles (OMC) it is critical the ra-
tio between the inflow and outflow of material; inadequate balance between these two 
processes, may have fatal consequences for a correct cyclic performance; d) finally the 
therapeutic effect of many drugs could be due to their effect on the Km values of some 
enzymes, some of them corresponding to linear or cyclic pathways.  
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Abbreviation Note List 

OMC: Open metabolic cycle. 
CMC: Closed metabolic cycle. 
Ka , Kb , Kc , Kd , Ke , Kf ; Km  values for substrates, a , b , c , d , e  and 
f , respectively. 

Va , Vb  , Vc , Vd , Ve , Vf ; Maximal velocity for substrates, a , b , c , d , e , and 
f , respectively. 

DD0, DD1, DD2, DD3, DD4, DD5, DD5L, DD6L, Name of the indicated cycles, with 
the constant Values specified in (Table 2). 
E1a or Ea: enzyme converting substrate a into substrate b; E2b or Eb: enzyme convert-
ing substrate b into substrate c; E3c or Ec: enzyme converting substrate c into substrate 
d; E4d or Ed: enzyme converting substrate d into substrate e; E5e or Ee: enzyme con-
verting substrate e into substrate f; E6f or Ef: enzyme converting substrate f into sub-
strate a. E7xc: enzyme converting substrate xc into substrate c; E8e: enzyme converting 
substrate e into substrate ew (Figure 1). 
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