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Self-replenishment cycles generate 
a threshold response
Hiroyuki Kurata1,2

Many metabolic cycles, including the tricarboxylic acid cycle, glyoxylate cycle, Calvin cycle, urea 
cycle, coenzyme recycling, and substrate cycles, are well known to catabolize and anabolize different 
metabolites for efficient energy and mass conversion. In terms of stoichiometric structure, this study 
explicitly identifies two types of metabolic cycles. One is the well-known, elementary cycle that 
converts multiple substrates into different products and recycles one of the products as a substrate, 
where the recycled substrate is supplied from the outside to run the cycle. The other is the self-
replenishment cycle that merges multiple substrates into two or multiple identical products and 
reuses one of the products as a substrate. The substrates are autonomously supplied within the cycle. 
This study first defines the self-replenishment cycles that many scientists have overlooked despite its 
functional importance. Theoretical analysis has revealed the design principle of the self-replenishment 
cycle that presents a threshold response without any bistability nor cooperativity. To verify the 
principle, three detailed kinetic models of self-replenishment cycles embedded in an E. coli metabolic 
system were simulated. They presented the threshold response or digital switch-like function that 
steeply shift metabolic status.

To analyze or design a biochemical network, it is critically important to understand fundamental relationships 
between network structure and function, or design principles by which elementary networks, called building 
blocks and network motifs, generate a variety of biological functions1–3. The elementary network can be regarded 
as the minimal or small subnetwork responsible for particular functions such as ultrasensitivity, amplification, 
adaptation, noise filtration, pulse generation, oscillation, and bistability. As well as LEGO blocks, the elementary 
networks can be assembled in a hierarchical manner to synthesize a large-scale network with a high-level or com-
plex function. An understanding of the elementary networks and their combined networks provides insight into 
a rational guidance for how a robust biological circuit is synthesized to carry out a specific function. A database 
of such biological networks4 was presented to cover a broad range of elementary networks, as well as their deriv-
atives and combined networks.

Metabolic cycles are fundamental structures in a cellular system, including the tricarboxylic acid (TCA) cycle, 
glyoxylate (GX) cycle, Calvin cycle, urea cycle, carnitine cycle, substrate cycles5, and coenzyme (ATP, NADH, 
NADPH, FADH, etc.) recycling6–8 (Table 1). Those critical cycles are well-known to catabolize and anabolize dif-
ferent metabolites for efficient energy and mass conversion. On the other hand, the substrate cycles and coenzyme 
recycling have been intensively studied for an understanding of their particular functions7,9–12.

Substrate cycles often consist of two antagonist enzymes. One enzyme catalyzing a reaction is opposed by 
the other enzyme that catalyzes its opposite reaction5,13–15. Many substrate cycles are seen in metabolism, such 
as the L-lactic dehydrogenase-L-lactate oxidase (PYR-LAC) cycle3, alanine transaminase-L-glutamate oxidase 
(2KG-GLU) cycle16, malate dehydrogenase-malate oxidase (OAA-MAL) cycle17, and glutamine synthetase 
(GS)-glutamate synthase (GOGAT) (GLU-GLN) cycle18. Since the substrate cycles, which are typically coupled 
with coenzymes, consume chemical energy or reducing power, they were early called futile cycles19. At present, 
however, these substrate cycles are known to amplify or accelerate a response against a weak stimulus5. The ampli-
fier function can be strengthened by coupling two substrate cycles so that one cycle supplies a substrate to the 
other cycle17 (Supplementary Table S1). A simple substrate cycle typically shows monostability, while it can show 
bistability or irreversibility when one enzyme of the two enzymes is subject to substrate inhibition or nonlinear 
regulation15. A substrate cycle with a zero-order reaction provides ultrasensitivity or a switching device (formate/
lactic dehydrogenases model cycle)20.

Coenzyme recycling is ubiquitous and involved in many reactions to supply chemical energy or reducing 
power (Supplementary Table S1). Some coenzyme recycling cycles show an amplifier function in a similar 
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manner to that of substrate cycles, because their reaction structures are the same as those of the substrate cycles. 
Coenzyme recycling cascades have been extensively studied that directly bind multiple metabolic reactions cou-
pled with coenzymes10,11,21. These can be classified into two types: the coenzyme recycling cascade with conser-
vation of coenzymes8,10,22 and those with accumulation of coenzymes, where the coenzymes are supplied from 
neighboring pathways11. The coenzyme recycling cascade with coenzyme conservation shows slow relaxation to 
the steady state in response to external changes and provides robust properties to external and internal fluctua-
tion10. The coenzyme recycling cascade with accumulated coenzymes presents turbo design, where the accumu-
lated coenzymes enhance the cascade reaction in a positive feedback manner. The turbo design is exemplified 
by the yeast glycolysis pathway that a catabolic pathway begins with an ATP-requiring activation step and the 
subsequent metabolism yields a surplus of ATP11.

From a stoichiometric standpoint, metabolic cycles can be divided into two types: the elementary cycle and the 
self-replenishment cycle (Table 1, Fig. 1ab, Supplementary Fig. S1). The elementary cycle is well-known to convert 
multiple substrates into different products and reuse one of the products as a substrate. The self-replenishment 
cycle converts different substrates into multiple or two identical products, which are autonomously supplied as 
the substrates within the cycle. This study tries to identify the self-replenishment cycle as a metabolic switch with 
threshold.

Design principles of such a biological switch have been extensively investigated. A shifted Michaelis-Menten 
relationship responds to substrate above a threshold but does not any response below the threshold. This thresh-
old function was generated by multiple modifications23, suicide inhibitors24,25, or positive feedback loop26. As 
a characteristic threshold response, the rectified linear unit (ReLU) was proposed that combines a competitive 
inhibition with the conserved total level of substrate and inhibitors and a positive feedback loop, exemplified by 
yeast Spt-Ada-Gcn5-acetyltransferase (SAGA) histone acetylation complex27. It linearly responds to substrate 
above a threshold.

To date studies on metabolic cycles have focused on various functions such as amplification, acceleration and 
robustness, while they underexplored or overlooked any essential function of the self-replenishment cycles. The 
objective of this study is to first define the self-replenishment cycle and to theoretically reveal the design principle 
that presents a threshold response and all or nothing response. Three established, detailed kinetic models of E. coli 
are numerically simulated to verify the proposed design principle.

Methods
Definition of self-replenishment cycles. From a stoichiometric standpoint, metabolic cycles are clas-
sified into two types: the elementary cycle and self-replenishment cycle (Table 1). The elementary cycle is the 
ubiquitous cycle that converts multiple substrates into different products and reuses one of them as a sub-
strate (Fig. 1b), exemplified by the TCA cycle, urea cycle, Calvin cycle, or coenzyme recycling. The cycle read-
ily stops without any external replenishment (anaplerotic reaction) flux when the recycled products degrade 
with time (vr > 0). To drive the cycle, substrates are typically supplied from the outside. On the other hand, the 

Elementary cycle

TCA cycle
AcCoA + OAA— > ICIT

ICIT— > OAA + 2 CO2

Urea cycle
CBP + ORN − > CITR

CITR— > ORN + Urea

Calvin cycle
3 RuBP + 3 CO2 − > 6 PGA

6 PGA— > 3 RuBP + G3P

Substrate cycle
PYR − > LAC (lactic dehydrogenase)

LAC − > PYR (lactate oxidase)

Coenzyme recycling
Substrate1 + NADH − > Product1 + NAD+

Substrate2 + NAD+ − > Product2 + NADH

Self-replenishment cycle

GS-GOGAT cycle

NH3 + GLU − > GLN (GS)

GLN + 2KG − > 2 GLU (GOGAT)

[overall reaction] NH3 + GLU + 2KG − > 2 GLU

Glyoxylate (GX) cycle

AcCoA + OAA— > ICIT

ICIT − > SUC + GX

SUC— > OAA

GX + AcCoA − > MAL— > OAA

[overall reaction] 2 AcCoA + OAA— > 2 OAA

Glucose PTS with glycolysis

GLC + PEP − > G6P + PYR (glucose PTS)

G6P— > 2 G3P— > 2 PEP (glycolysis)

[overall reaction] GLC + PEP— > 2 PEP + PYR

Table 1. Examples of metabolic cycles. Bold metabolites are the substrates/products responsible for forming the 
cycle. The self-replenishment cycle doubles the substrate. Reaction pathways are simplified.
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self-replenishment cycle (Fig. 1a) converts multiple substrates into two identical products and reuses them as 
substrates, where the substrates are autonomously supplied within the cycle. The self-replenishment cycle is 
exemplified by the GS-GOGAT cycle, the GX cycle, or the glucose PTS with glycolysis (Table 1). The GS-GOGAT 
cycle generates two glutamates from 2KG and glutamine. Intensive abstraction demonstrates that the GX cycle 
produces two OAAs from two AcCoAs and OAA and the glucose PTS with glycolysis doubles PEP. Those doubled 
products are fed back as the substrates to the cycle.

Theoretical model. Self-replenishment cycle. Two molecules of y1 and y2 were merged into molecule y3 and 
then y3 is split into two identical molecules of y2, as shown in Fig. 1a. By assuming that the concentration of y1 is 
constant, =y y(1) (constant)1

0 , a theoretical model of the self-replenished cycle is given by:
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where y(1), y(2) and y(3) are the molecular concentrations of y1, y2 and y3, respectively, km the merge (input) rate 
constant, ks the split rate constant, kr the removal (cataplerotic) rate constant, km1 the Michaelis constant for y1 for 
the merge reaction, km2 the Michaelis constant for y2 for the merge reaction, and ks3 the Michaelis constant for y3 
for the split reaction. The steady state levels of y(2) and y(3) were obtained with respect to ks, as follows.
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and NA indicates that no positive, steady-state solution exists. The flux of the self-replenishment cycle is given by:

y1+y2→y3
y3→2y2 
y2→
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y3→y2+y4
→y2 
y3→

y1+y2→y3
y1+y3→2y2
y3→y2+y4 
y2→

y2

a cb

y2

y1 y1y1

y3

y2

y3

y4y4

y3

Figure 1. Network maps of metabolic cycles. (a) Self-replenishment cycle. (b) Elementary cycle. An external 
replenishment (anaplerotic) reaction is added. (c) Self-replenishment with elementary cycles. They are the 
simplified version of the self-replenishment (GX) cycle combined with the elementary (TCA) cycle. The self-
replenishment cycle is colored in red.
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Elementary cycle. As a reference model, an elementary cycle with the external replenishment flux was built 
(Fig. 1b). By assuming =y y(1) (constant)1

0 , a theoretical model is given by
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where va is the external replenishment flux or called the anaplerotic reaction flux, ke the conversion rate constant, 
and ke3 the Michaelis constant for y3 for the conversion reaction. Generally, the recycled products are supplied 
from the outside to run the cycle. The steady-state concentrations of y(2) and y(3) were obtained as

=











<
+ +

+

−
+ +

− + − +
≥

+ +
+

⁎

⁎ ⁎
⁎

y
NA k v k v k v K

v k K
v K k v K k v K K

k v k v v k k K k v K
k v k v k v K

v k K

(2)

(10)

ss

m
a e a r a e

a r e

a m e a m r a m e

e a m a a m r e r a e
m

a e a r a e

a r e

2
3

3
2

2 2 2 3
2

3 3

2
3

3

=











<
+ +

+

≥
+ +

+

.

⁎

⁎
y

NA k v k v k v K
v k K

v
k

k v k v k v K
v k K

(3)

(11)

ss

m
a e a r a e

a r e

a

r
m

a e a r a e

a r e

2
3

3
2

3

3

where NA means that there is no positive steady-state solution. The steady-state flux of the elementary cycle is 
given by
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Self-replenishment and elementary cycles. The self-replenishment cycle (Fig. 1a) was combined with the elemen-
tary cycle (Fig. 1b, va = 0), as shown in Fig. 1c. Since the combined cycles can be regarded as simplified GX cycle 
and TCA cycles, they lead to an understanding of mechanisms by which how the GX cycle works together with 
the TCA cycle. By assuming =y y(1) (constant)1

0 , a theoretical model of the combined cycles was provided by
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where Ks1 is the Michaelis constant for y1 for the split reaction. The steady states of y(2) and y(3) were obtained 
with respect to the self-replenishment cycle reaction constant ks as
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The fluxes of the self-replenishment and elementary cycles are given by
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Real biological models. Within a cell, self-replenishment cycles would be affected by many factors such as 
adjacent reactions, transcription factors, cofactors (e.g., ATP, NADH, NADPH) and allosteric metabolites. Here, I 
identified three real, self-replenishment cycles: the GS-GOGAT cycle, glucose Pts with glycolysis, and GX cycle in 
the E. coli central carbon and nitrogen metabolism, and mapped them on the simplified cycles used in theoretical 
analysis (Fig. 1), as shown in Supplementary Fig. S1. To consider the effect of such factors on the function of the 
three self-replenishment cycles within detailed metabolism, I numerically simulated the dynamic models of the 
E. coli central carbon and nitrogen metabolism28,29.

GS-GOGAT cycle. E. coli requires ammonia for synthesis of GLU and GLN, from which almost all 
nitrogen-containing compounds including amino acids and nucleotides are synthesized18,30–35. Based on detailed 
experimental data, Bruggeman et al. (2005) developed a detailed dynamic model of GS-GOGAT-GDH pathways 
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that combine metabolic circuit with regulation by signal transduction through the covalent modification of PII 
and GS by UTase and ATase28(Table 1). Their dynamic model was employed to simulate the function of the 
GS-GOGAT self-replenishment cycle.

Glucose PTS model with glycolysis. The phosphotransferase system (PTS) is a complex group translocation sys-
tem present in many bacteria36–39. The E. coli PTS transports sugars, such as glucose, mannose, and mannitol, into 
the cell. The first step of this reaction is phosphorylation of the substrate via phosphotransferase during transport. 
The glucose PTS with glycolysis forms a self-replenishment cycle, where environmental glucose reacts with phos-
phoenolpyruvate (PEP) to produce glucose-6-phosphate (G6P) and pyruvate (PYR) (Table 1). Kurata et al. devel-
oped a kinetic model of E. coli central carbon metabolism with glucose PTS, which reproduced the experimental 
data obtained from several knockout mutants29,40,41. This model was used to analyze how the self-replenishment 
cycle of the glucose PTS uptakes environmental glucose40.

TCA and GX cycles. The glyoxylate cycle, identified by Kornberg et al.42, provides a simple and efficient strategy 
for converting acetyl-CoA into anaplerotic and gluconeogenic compounds when complex sources such as glucose 
are not available43. If some intermediate metabolites of the TCA cycle are degraded or removed, the TCA cycle 
flux cannot be maintained without any anaplerotic (phosphoenolpyruvate carboxylase (Ppc)) reactions. In a Ppc 
knockout mutant of E. coli, however, OAA seemed to be supplied to drive the TCA cycle44,45. Intensive analysis 
suggested that the GX cycle forms a self-replenishment cycle (Table 1) and can supply OAA instead of the Ppc 
reaction. The kinetic model of E. coli central carbon metabolism was numerically simulated40 to analyze how the 
self-replenishment cycle of the GX cycle functions as an anaplerotic reaction.

Numerical simulation. All numerical simulations were carried on Matlab (version 2019a, The MathWorks, 
Inc). The simulation programs of the self-replenishment cycle, elementary cycle, and self-replenishment and 
elementary cycles are registered in the BioFNet database4 as IDs of 372, 374 and 375, respectively, and presented 
as Supplementary Information. The program of the kinetic model for E. coli central carbon metabolism is freely 
available at the CADLIVE site (http://www.cadlive.jp/cadlive_main/Softwares/KineticModel/Ecolimetabolism.
html).

Results
Self-replenishment cycle. To reveal a distinct function of the self-replenishment cycle (Fig. 1a), Eqs (1, 2) 
were solved for the steady state levels or limit values of y(2), y(3), and vself. The solutions, given by Eqs. (3–6), were 
the threshold response for input, merge rate constant km* (Eq. (5)) (Fig. 2). The time course of three molecules are 
shown in Supplementary Fig. S2. The solutions were classified into three regions (I, II, and III) by the lower deriv-
ative discontinuity point ( =⁎k k Km r m2) and the upper discontinuity point ( = +⁎k k k Km s r m2). The steady-state 
levels of y(2), y(3), and vself were stable zero in region I. The steady-state levels of y(2), y(3), and vself steeply 
increased in region II. Molecule y(2) presented threshold response to specific parameter km*. The threshold value 
of km* was given by the derivative discontinuity point as follows.

=⁎threshold k k K_ (24)m r m2

The threshold value increased with an increase in the removal rate of y(2) and with a decrease in the synthesis 
rate of y(2), determined by the balance between the removal and synthesis rates. The existence of the zero region 
(region I) demonstrated that the self-replenishment cycle generates a play or clearance to switch on the cycle. In 
region III, they had no positive, steady-state solution, because the accumulator function surpassed the removal 
one. Indeed, y(3) diverged with time, while y(2) approached the limit value given by Eq. (7) and the flux also did.

Elementary cycle. To investigate the function of the elementary cycle (Fig. 1b), Eqs (8, 9) were solved for 
the steady state levels and limit values of y(2), y(3), and velem. The solutions, given by Eqs. (10–12), are depicted 
as shown in Fig. 3. They were classified into two regions (I and II) by the discontinuity point. Differing from the 
self-replenishment cycle, they had no derivative discontinuity point with respect to input rate constant km*, indi-
cating that no threshold exists. In region I, they had no positive, steady-state solution, because y(2) accumulated 
due to a low input reaction rate. Indeed, y(2) diverged with time, while y(3) approached the limit value given by 
Eq. (13) and the flux also did. In region II, the steady sate of y(3), given by Eq. (11), was the constant that were 
determined by the balance between the replenishment flux and removal flux.

Self-replenishment and elementary cycles. The elementary cycle typically stops without any anaple-
rotic reaction, when a removal reaction occurs (Fig. 1b, va = 0, vr > 0). Since the self-replenishment and ele-
mentary cycles (Fig. 1c) correspond to the simplified GX and TCA cycles, respectively, I investigate how the 
self-replenishment cycle drives the elementary cycle. To analyze the effect of the self-replenishment cycle rate 
constant ks on the elementary cycle, Eqs (14, 15) were solved for the steady-state values of y(2), y(3), and the 
fluxes of both the cycles. The solutions are given by Eqs (16–22). When b2−4ac > 0 (Eq. (17)), the steady-state 
solutions presented the threshold response of ks and were divided into four regions (I, II, III, and IV) by the 
three critical points (Fig. 4). The first point was the derivative discontinuity obtained by setting c = 0 (Eq. (18)). 
The second and third points were the discontinuity points obtained by setting a → 0 (Eq. (18)). The steady-state 
concentrations of y(2) and y(3) and the steady-state fluxes of both the cycles were stable zero in region I, because 
the removal reaction surpassed the self-replenishment cycle-based accumulation reaction. They simultaneously 
increased in region II, showing a threshold response, where both the removal and accumulation were balanced. 

https://doi.org/10.1038/s41598-019-53589-1
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It demonstrates that the self-replenishment cycle works as the anaplerotic reaction to run the elementary cycle. 
Region III had no positive, steady-state solution, where y(3) diverged; y(2) approached the limit value given by 
Eq. (23). Both the fluxes approached the limit values. In region IV, y(2), y(3), and the fluxes of both the cycles 
returned to the steady-state level again, because a large value of ks decreased y(3). The steady state level of y(3) 
decreased with an increase in ks; y(2) gently increased. The first critical point or the threshold value of ks was given 
by

=
−

+
.⁎threshold k k k K K

K k k K
K y

y
_

( ) (25)
s

e r m s

e m r m

2 3

3 2

s1 1
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1
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The existence of a zero concentration/flux region showed that the self-replenishment cycle generates a play 
or clearance to switch on both the cycles. The threshold value was determined mainly by the elementary cycle 
with ke and the removal reaction with kr. An increase in removal rate constant kr increased the threshold value. 
An increase in rate constant ke increased the threshold value, because the elementary cycle took y(3) from the 
self-replenishment cycle, decreasing the flux of it.

GS-GOGAT cycle. A detailed kinetic model of the ammonia assimilation system, developed by Brugemann 
et al.28, was simulated to investigate how the GS-GOGAT cycle is implemented into real biochemical networks. 
The GS flux was simulated for 1,000 min, while changing the environmental ammonium concentration (constant 
variable) (Fig. 5a). Since ammonia concentration corresponds to y(1) of km*, the simulation result can be com-
pared to the theoretical analysis (Eqs (3–5)). The play region existed in the region from zero to a threshold point 
of 0.33 mM ammonium, where the flux was zero. The GS flux showed a linear rise in a relatively low concentration 
of ammonia.

Glucose Pts with glycolysis. To investigate the function of glucose PTS with glycolysis, a detailed kinetic 
model of the E. coli central carbon metabolic system was simulated with respect to a change in environmental 
glucose concentration40. Since glucose concentration corresponds to y(1) of km*, the simulation result can be 
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Figure 2. Threshold response of the self-replenishment cycle. The steady-state and limit values of y(2) and 
y(3), and the self-replenishment cycle flux were plotted with respect to km*. Km2 = 1, Ks = 4, Ks3 = 1, Kr = 1. The 
broken vertical line is the discontinuity point; the dotted vertical line indicates derivative discontinuity point. 
Each diagram is divided into three regions (I, II, and III) according to km*. I and II are the stable regions; III 
is the unsteady-state region. Flux panel: The red, solid line is the steady-state self-replenishment cycle flux; 
the green, solid line is the limit value of the flux. Concentration panel: The red, solid line is the steady-state 
concentration of y(2); the blue, dotted line is the steady-state concentration of y(3); the green, solid line is the 
limit value of y(2), while y(3) that diverges in III is not plotted.
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compared to the theoretical analysis (Eqs (3–5)). The environmental glucose concentration was set to a constant 
variable. The glucose uptake flux and enolase (Eno) flux by the glucose PTS on 5 h were plotted with respect to the 
environmental glucose concentration (Fig. 5b). The Eno flux was chosen as an indicator of glycolysis metabolism. 
The Eno flux showed a threshold response, with a threshold point of 0.0023 mM environmental glucose. The cells 
did not uptake glucose at less than the threshold. At more than the threshold, the glucose uptake and glycolysis 
fluxes steeply increased to a very high level. Both the flux showed a linear rise in a relatively low concentration of 
glucose.

GX and TCA cycles. To demonstrate the mechanism by which the GX cycle supplies OAA to drive the TCA 
cycle in the Ppc knockout mutant, a detailed kinetic model of the Ppc knockout mutant was numerically sim-
ulated in a batch culture40. In this simulation, the fluxes of the TCA and GX cycles were calculated for 5 h with 
respect to a change in kcat of the isocitrate lyase (Icl) or malate synthase (MS) enzymes, directly responsible for the 
GX cycle (Fig. 5c), which corresponds to kinetic parameter ks in Eqs (14, 15). A critical or threshold point exists 
that remarkably shifts the metabolic status. At an Icl kcat value of less than the threshold point, the GX and TCA 
fluxes were stable zero, showing the play region. Above the threshold, both the fluxes linearly shifted to a high 
level, supplying OAA to drive the TCA cycle. This simulation result agreed to the experimental data that the GX 
and TCA cycles greatly flow at high Icl/Ms expressions in the Ppc knockout mutant, while the GX cycle stops in 
low Icl/Ms expressions45. This demonstrates that the GX cycle works as the self-replenishment cycle to produce 
the threshold response and as anaplerotic reaction to drive the TCA cycle in the E. coli central carbon metabolism. 
Interestingly, this response is an all or nothing response or a digital switch behavior.

Discussion
To date, many scientists have investigated such an amplifier function of different metabolic cycles3,5,10,12,14,17, but 
they have overlooked or missed the switching function of the self-replenishment cycle that doubles the products 
and recycles them as substrates. This study first demonstrated a design principle that the self-replenishment 
cycle generates a threshold response and provides a play region to initiate the cycle reaction, differing from the 
well-known elementary cycles that show a smooth response.
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Figure 3. Smooth response of the elementary cycle. The steady-state solutions of y(2) and y(3), and the 
elementary cycle flux were plotted with respect to km*. Km2 = 1, Ke = 4, Ke3 = 1, Kr = 1, va = 0.4. The broken 
vertical line is the discontinuity point. Each diagram is divided into two regions (I and II) according to km*. I is 
the stable, steady-state region; II is the unsteady-state region. Flux panel: The red, solid line is the steady-state 
cycle flux; the green, solid line is the limit value of the flux. Concentration panel: The red, solid line is the steady-
state concentration of y(3); the blue, dotted line is the steady-state concentration of y(2); the green, solid line is 
the limit value of y(3), while y(2) that diverges in I is not plotted.
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The E. coli GS-GOGAT cycle reaction did not occur until the ammonium concentration exceeded a threshold 
value of 0.33 mM, suggesting that it avoids uptake of environmental ammonium of less than the threshold value. 
In the same manner, the glucose PTS avoided consumption of environmental glucose at less than 0.0023 mM. The 
threshold value was very low, because E. coli typically grows in a batch culture with 20 mM glucose. The threshold 
value is too small to measure in vivo and in vitro. This may be the reason why this threshold response has received 
little attention before. The self-replenishment cycles can be used to implement a strategy of shutting down the 
uptake of a low concentration of substrate.

The TCA cycle is a hub of central metabolism of both energy production and biosynthesis and is directly 
involved in anaplerotic and cataplerotic reactions. In E. coli, OAA is typically supplied by an anaplerotic reac-
tion (Ppc) to drive the TCA cycle. This raises a question of how the Ppc knockout mutant drives the TCA cycle. 
Previous experimental studies suggested that the GX cycle supplied OAA to the TCA cycle44,45. This study sim-
ulated the detailed kinetic model of the Ppc knockout mutant40 to demonstrate that the GX cycle works as an 
anaplerotic reaction to drive the TCA cycle (Fig. 5c). To theoretically confirm such a function, I simplified them 
into the self-replenishment and elementary cycle model (Fig. 4). The simplified GX and TCA cycles simultane-
ously increased after the threshold, where the GX cycle supplied the substrate to run the TCA cycle. In other 
words, the TCA cycle did not occur until the GX cycle accumulated the recycled product or substrate. The thresh-
old response of the GX and TCA cycles is a distinguished feature from the smooth response of the typical Ppc 
anaplerotic reaction to the TCA cycle (va in Eq. (8)). The smooth response is readily estimated by Eq. (11), where 
the product concentration is linear to the external replenishment flux. Interestingly, the detailed kinetic model of 
the Ppc knockout mutant (Fig. 5c) showed much more steep responses than the theoretical model (Fig. 4), i.e., it 
provided two distinct metabolic states in a digital switch manner with respect to the enzyme activity within the 
GX cycle.

Different types of signal sensors or switches have been extensively investigated in gene regulatory networks 
and signal transduction pathways. Digital switch-like responses are known to be generated by specific mecha-
nisms such as cooperativity and bistability46,47. Cooperativity provides ultrasensitivity to an enzyme reaction and 
gene expression in the form of the Hill equation. A high Hill coefficient presents a sigmoidal response or a digital 
switch-like behavior. Bistability caused by positive feedback loops, such as mutual activation/repression and pos-
itive autoregulation46,47, are critically responsible for a digital switch-like response showing two distinct output 
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Figure 4. Threshold response of self-replenishment and elementary cycles. The steady-state and limit values of 
y(2) and y(3), and the fluxes of the combined cycles were plotted with respect to and the self-replenishment 
cycle rate constant ks. = .⁎k 1 5m , Km2 = 1, Ks1 = 1, Ks3 = 1, Ke = 1, Ke3 = 1, Kr = 0.05. The broken vertical line is the 
discontinuity point; the dotted vertical line is the derivative discontinuity point. The diagram is divided into 
four regions (I, II, III, and IV) according to ks. I, II, and IV are the stable, steady-state regions; III is the 
unsteady-state region. Flux panel: The red, solid line is the steady-state self-replenishment cycle flux; the blue, 
dotted line is the steady-state elementary cycle flux; the green, solid line is the limit value of the self-
replenishment cycle flux; the cyan, dotted line is the limit value of the elementary cycle flux. Concentration 
panel: The red, solid line is the steady-state concentration of y(2); the blue, dotted line is the steady-state 
concentration of y(3); the green, solid line is the limit value of y(2), while y(3) that diverges in III is not plotted.
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levels. Importantly, the digital-like response of the self-replenishment cycles neither involves the bistability mech-
anism nor cooperativity. To intelligibly understand its design principle, the self-replenishment cycle (Fig. 1a) was 
further simplified into a two-component model:

+ − > .yy y 21 2 2

Assuming that the concentration of y1 is constant, the equation is given by:
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This shows a ReLU or threshold response with respect to α (Supplementary Fig. S3), demonstrating that 
self-activation or a positive feedback loop is a basic mechanism responsible for the threshold response.
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Figure 5. Digital switch-like responses in realistic, detailed kinetic models of E. coli. (a) GS-GOGAT cycle. The 
GX flux was simulated for 1,000 min, while changing the environmental ammonium concentration (constant). 
The final flux was plotted with respect to the ammonium concentration. (b) Glucose PTS with glycolysis. The 
PTS flux and enolase (Eno) flux were simulated for 5 h, while changing the environmental glucose concentration 
(GLCex) (constant). Their final fluxes were plotted with respect to the glucose concentration. The red, solid line 
is the Eno flux; the blue, dotted line is the glucose uptake flux. (c) TCA and GX cycles. The TCA flux and GX 
flux were simulated for 5 h, while changing kcat of the Icl enzyme. Both the fluxes at 5 h were plotted with respect 
to the kcat of the Icl enzyme. The red, solid line is the GX flux; the blue, dotted line is the TCA flux.
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The realistic, detailed kinetic model showed a much steeper response than the theoretical models (Fig. 5c). 
I considered the mechanism by which the detailed model shows such steep changes. The theoretical models 
described the removal reactions in the form of the first order reaction so that the equations can be analytically 
solved. On the other hand, the realistic, detailed kinetic model described the removal reactions in the form of 
the Michaelis-Menten type or nonlinear equations. To investigate how the kinetics types of the removal reactions 
alter the threshold response, the first-order removal reaction of Eq. (26) is replaced by the Michaelis-Menten type 
equation as follows:
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where Kd is the dissociation constant. At Km = Kd and t → ∞, it is given by:
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where y0 is the initial concentration of y2. It shows all or nothing response (Supplementary Fig. S3). Use of the 
Michaelis-Menten type equation was demonstrated to make the rise much steeper. Actually, in the realistic, 
detailed models, each metabolic concentration never diverges, because the metabolic fluxes and metabolite con-
centrations are bounded or constrained by other reactions. The distinct existence of the upper flux limit (Fig. 5c) 
is caused by the fact that the total input flux to the TCA and GX cycles is bounded and their intermediate metab-
olites are removed from the cycles as cataplerotic reactions.

I discuss the proposed threshold response in relation to ReLU. In general, a linear input-output relationship 
was generated by a specific type of negative feedback and negative regulation and by a specific enzyme reaction 
with the conserved total concentration of inhibitor and substrates27,48,49. While the self-replenishment cycle would 
have no such distinct mechanisms responsible for linear function, it can linearly respond to substrate above a 
threshold when y0

1 is less than Km1, as suggested by Eqs (3, 5). It also presents a linear response in a limited region 
of a low substrate concentration, as shown in Fig. 5, when the uptake reaction of substrate follows a 
Michaelis-Menten equation. In summary, the linearity of the self-replenishment cycle depends on the types of 
kinetics.

The prediction of the threshold response (Fig. 5) would be experimentally validated as follows. One measures 
the uptake fluxes of environmental glucose and ammonia while changing their concentrations. Since a threshold 
concentration is supposed to be very low, predicted by the numerical simulation (Fig. 5a,b), a high-resolution 
instrument is required that measures such a low threshold value. The GX cycle was experimentally demonstrated 
to stop in wild type with the Ppc anaplerotic reaction, while it greatly flowed in the ppc (encoding anaplerotic 
reaction) knockout mutant44,45, where the activities of Icl/Ms enzymes were increased. To demonstrate the digital 
switch-like response of the TCA and GX cycles (Fig. 5c), one measures their fluxes in the ppc knockout mutant, 
while changing the expression levels of the icl/ms genes. In such experiments, one uses the icl/ms genes fused to 
appropriate inducible promoters, after deleting their original genes.

The threshold response is useful in biological functions that should ignore low levels of inputs and respond 
over a wide range of them. The threshold response has a desirable property to present a distinct threshold that 
separates a non-nutrient uptake state from a nutrient uptake one27. It can be also regarded as a noise filter, where 
a cell does not uptake a nutrient below a certain level. Since the nutrient uptake system generally requires energy 
cost, it may evolve so as to consider the balance between the advantage of acquiring nutrients for cell growth 
and burden of its related energy cost. The GS-GOGAT cycle consumes energy (ATP) and reducing powers 
(NADPH) for each turn of cycles. The glucose Pts with glycolysis consumes PEP with a high energy phosphate 
bond, although the glycolysis pathway generates ATP and NADH. Those cycles may evolve as the nutrient uptake 
regulator that can completely stop the uptake of a very low concentration of ammonia or glucose to avoid wasting 
energy or reducing power. On the other hand, the GX cycle evolves as the internal anaplerotic pathway, which 
is formed by connecting the three metabolites of AcCoA, OAA and ICIT within the TCA cycle (Supplementary 
Fig. S1), to drive the TCA cycle in the absence of the external anaplerotic reaction. Since the GX cycle does not 
require any energy cost but generates reducing power, it may evolve in a different way from the above two nutrient 
uptake cycles.

Received: 5 July 2019; Accepted: 2 November 2019;
Published: xx xx xxxx

References
 1. Rao, C. V. & Arkin, A. P. Control motifs for intracellular regulatory networks. Annu Rev Biomed Eng 3, 391–419 (2001).
 2. Milo, R. et al. Network motifs: simple building blocks of complex networks. Science 298, 824–827 (2002).
 3. Raba, J. & Mottola, H. A. On-line enzymatic amplification by substrate cycling in a dual bioreactor with rotation and amperometric 

detection. Anal Biochem 220, 297–302 (1994).
 4. Kurata, H., Maeda, K., Onaka, T. & Takata, T. BioFNet: biological functional network database for analysis and synthesis of biological 

systems. Brief Bioinform 15, 699–709 (2014).
 5. Newsholme, E. A. Substrate cycles: their metabolic, energetic and thermic consequences in man. Biochem Soc Symp, 183–205 (1978).
 6. Okamoto, M. & Hayashi, K. Dynamic behavior of cyclic enzyme systems. J Theor Biol 104, 591–598 (1983).
 7. Sauro, H. M. Moiety-conserved cycles and metabolic control analysis: problems in sequestration and metabolic channelling. 

Biosystems 33, 55–67 (1994).
 8. Hofmeyr, J. H., Kacser, H. & van der Merwe, K. J. Metabolic control analysis of moiety-conserved cycles. Eur J Biochem 155, 631–641 

(1986).

https://doi.org/10.1038/s41598-019-53589-1


1 2Scientific RepoRtS |         (2019) 9:17139  | https://doi.org/10.1038/s41598-019-53589-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 9. Okamoto, M., Katsurayama, A., Tsukiji, M., Aso, Y. & Hayashi, K. Dynamic behavior of enzymatic system realizing two-factor 
model. J Theor Biol 83, 1–16 (1980).

 10. Hatakeyama, T. S. & Furusawa, C. Metabolic dynamics restricted by conserved carriers: Jamming and feedback. PLoS Comput Biol 
13, e1005847 (2017).

 11. Teusink, B., Walsh, M. C., van Dam, K. & Westerhoff, H. V. The danger of metabolic pathways with turbo design. Trends Biochem Sci 
23, 162–169 (1998).

 12. Valero, E., Varon, R. & Garcia-Carmona, F. Kinetics of a self-amplifying substrate cycle: ADP-ATP cycling assay. Biochem J 350(Pt 
1), 237–243 (2000).

 13. Ibarguren, I. et al. Regulation of the futile cycle of fructose phosphate in sea mussel. Comp Biochem Physiol B Biochem Mol Biol 126, 
495–501 (2000).

 14. Hammond, V. A. & Johnston, D. G. Substrate cycling between triglyceride and fatty acid in human adipocytes. Metabolism 36, 
308–313 (1987).

 15. Hervagault, J. F. & Canu, S. Bistability and irreversible transitions in a simple substrate cycle. J Theor Biol 127, 439–449 (1987).
 16. Passonneau, J. V. & Lowry, O. H. In Enzymatic Analysis. A Practical Guide 200, 103–107 (Humana Press, 1993).
 17. Valero, E., Varon, R. & Garcia-Carmona, F. Kinetic analysis of a model for double substrate cycling: highly amplified ADP (and/or 

ATP) quantification. Biophys J 86, 3598–3606 (2004).
 18. van Heeswijk, W. C., Westerhoff, H. V. & Boogerd, F. C. Nitrogen assimilation in Escherichia coli: putting molecular data into a 

systems perspective. Microbiol Mol Biol Rev 77, 628–695 (2013).
 19. Qian, H. & Beard, D. A. Metabolic futile cycles and their functions: a systems analysis of energy and control. Syst Biol (Stevenage) 

153, 192–200 (2006).
 20. Cimino, A. & Hervagault, J. F. Experimental evidence for a zero-order ultrasensitivity in a simple substrate cycle. Biochem Biophys 

Res Commun 149, 615–620 (1987).
 21. Young, J. T., Hatakeyama, T. S. & Kaneko, K. Dynamics robustness of cascading systems. PLoS Comput Biol 13, e1005434 (2017).
 22. Pillay, C. S., Hofmeyr, J. H., Olivier, B. G., Snoep, J. L. & Rohwer, J. M. Enzymes or redox couples? The kinetics of thioredoxin and 

glutaredoxin reactions in a systems biology context. Biochem J 417, 269–275 (2009).
 23. Gunawardena, J. Multisite protein phosphorylation makes a good threshold but can be a poor switch. Proc Natl Acad Sci USA 102, 

14617–14622 (2005).
 24. Levine, E., Zhang, Z., Kuhlman, T. & Hwa, T. Quantitative characteristics of gene regulation by small RNA. PLoS Biol 5, e229 (2007).
 25. Mehta, P., Goyal, S. & Wingreen, N. S. A quantitative comparison of sRNA-based and protein-based gene regulation. Mol Syst Biol 

4, 221 (2008).
 26. Alon, U. Network motifs: theory and experimental approaches. Nat Rev Genet 8, 450–461 (2007).
 27. Savir, Y., Tu, B. P. & Springer, M. Competitive inhibition can linearize dose-response and generate a linear rectifier. Cell Syst 1, 

238–245 (2015).
 28. Bruggeman, F. J., Boogerd, F. C. & Westerhoff, H. V. The multifarious short-term regulation of ammonium assimilation of 

Escherichia coli: dissection using an in silico replica. Febs J 272, 1965–1985 (2005).
 29. Jahan, N., Maeda, K., Matsuoka, Y., Sugimoto, Y. & Kurata, H. Development of an accurate kinetic model for the central carbon 

metabolism of Escherichia coli. Microb Cell Fact 15, 112 (2016).
 30. Sakamoto, N., Kotre, A. M. & Savageau, M. A. Glutamate dehydrogenase from Escherichia coli: purification and properties. J 

Bacteriol 124, 775–783 (1975).
 31. Miller, R. E. & Stadtman, E. R. Glutamate synthase from Escherichia coli. An iron-sulfide flavoprotein. J Biol Chem 247, 7407–7419 

(1972).
 32. Masaki, K., Maeda, K. & Kurata, H. Biological design principles of complex feedback modules in the E. coli ammonia assimilation 

system. Artif Life 18, 53–90 (2012).
 33. Kurata, H., Matoba, N. & Shimizu, N. CADLIVE for constructing a large-scale biochemical network based on a simulation-directed 

notation and its application to yeast cell cycle. Nucleic Acids Res 31, 4071–4084 (2003).
 34. Kurata, H., Masaki, K., Sumida, Y. & Iwasaki, R. CADLIVE dynamic simulator: direct link of biochemical networks to dynamic 

models. Genome Res 15, 590–600 (2005).
 35. Maeda, K., Westerhoff, H. V., Kurata, H. & Boogerd, F. C. Ranking network mechanisms by how they fit diverse experiments and 

deciding on E. coli’s ammonium transport and assimilation network. NPJ systems biology and applications 5, 14 (2019).
 36. Nishio, Y., Usuda, Y., Matsui, K. & Kurata, H. Computer-aided rational design of the phosphotransferase system for enhanced 

glucose uptake in Escherichia coli. Mol Syst Biol 4, 160 (2008).
 37. Sauter, T. & Gilles, E. D. Modeling and experimental validation of the signal transduction via the Escherichia coli sucrose phospho 

transferase system. J Biotechnol 110, 181–199 (2004).
 38. Thattai, M. & Shraiman, B. I. Metabolic switching in the sugar phosphotransferase system of Escherichia coli. Biophys J 85, 744–754 

(2003).
 39. Rohwer, J. M., Meadow, N. D., Roseman, S., Westerhoff, H. V. & Postma, P. W. Understanding glucose transport by the bacterial 

phosphoenolpyruvate:glycose phosphotransferase system on the basis of kinetic measurements in vitro. J Biol Chem 275, 
34909–34921 (2000).

 40. Kurata, H. & Sugimoto, Y. Improved kinetic model of Escherichia coli central carbon metabolism in batch and continuous cultures. 
J Biosci Bioeng 125, 251–257 (2018).

 41. Matsuoka, Y. & Kurata, H. Modeling and simulation of the redox regulation of the metabolism in Escherichia coli at different oxygen 
concentrations. Biotechnol Biofuels 10, 183 (2017).

 42. Kornberg, H. L. The role and control of the glyoxylate cycle in Escherichia coli. Biochem J 99, 1–11 (1966).
 43. Ensign, S. A. Revisiting the glyoxylate cycle: alternate pathways for microbial acetate assimilation. Mol Microbiol 61, 274–276 (2006).
 44. Toya, Y. et al. 13C-metabolic flux analysis for batch culture of Escherichia coli and its Pyk and Pgi gene knockout mutants based on 

mass isotopomer distribution of intracellular metabolites. Biotechnol Prog 26, 975–992 (2010).
 45. Kadir, T. A., Mannan, A. A., Kierzek, A. M., McFadden, J. & Shimizu, K. Modeling and simulation of the main metabolism in 

Escherichia coli and its several single-gene knockout mutants with experimental verification. Microb Cell Fact 9, 88 (2010).
 46. Ferrell, J. E. Jr. Feedback regulation of opposing enzymes generates robust, all-or-none bistable responses. Curr Biol 18, R244–245 

(2008).
 47. Brandman, O. & Meyer, T. Feedback loops shape cellular signals in space and time. Science 322, 390–395 (2008).
 48. Becskei, A. Linearization through distortion: a new facet of negative feedback in signalling. Mol Syst Biol 5, 255 (2009).
 49. Nevozhay, D., Adams, R. M., Murphy, K. F., Josic, K. & Balazsi, G. Negative autoregulation linearizes the dose-response and 

suppresses the heterogeneity of gene expression. Proc Natl Acad Sci USA 106, 5123–5128 (2009).

Acknowledgements
This work was supported by Grant-in-Aid for Scientific Research (B) (19H04208) from Japan Society for the 
Promotion of Science and by the developing key technologies for discovering and manufacturing pharmaceuticals 
used for next-generation treatments and diagnoses both from the Ministry of Economy, Trade and Industry, 
Japan (METI) and from Japan Agency for Medical Research and Development (AMED).

https://doi.org/10.1038/s41598-019-53589-1


13Scientific RepoRtS |         (2019) 9:17139  | https://doi.org/10.1038/s41598-019-53589-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
H.K. did all.

competing interests
The author declares no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53589-1.
Correspondence and requests for materials should be addressed to H.K.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-53589-1
https://doi.org/10.1038/s41598-019-53589-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Self-replenishment cycles generate a threshold response
	Methods
	Definition of self-replenishment cycles. 
	Theoretical model. 
	Self-replenishment cycle. 

	Elementary cycle. 
	Self-replenishment and elementary cycles. 

	Real biological models. 
	GS-GOGAT cycle. 
	Glucose PTS model with glycolysis. 
	TCA and GX cycles. 

	Numerical simulation. 

	Results
	Self-replenishment cycle. 
	Elementary cycle. 
	Self-replenishment and elementary cycles. 
	GS-GOGAT cycle. 
	Glucose Pts with glycolysis. 
	GX and TCA cycles. 

	Discussion
	Acknowledgements
	Figure 1 Network maps of metabolic cycles.
	Figure 2 Threshold response of the self-replenishment cycle.
	Figure 3 Smooth response of the elementary cycle.
	Figure 4 Threshold response of self-replenishment and elementary cycles.
	Figure 5 Digital switch-like responses in realistic, detailed kinetic models of E.
	Table 1 Examples of metabolic cycles.




