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Fig. 1. A schematic representation of the TCA cycle for plant leaf tissue. A
detailed list of reactions is given in Table 1. For simplicity, several metabolic
intermediates are omitted from the cycle and export of main metabolic inter-
mediates is restricted to citrate, in strict exchange for either OAA or malate.
For abbreviations see Table 1.

we consider phosphoenolpyruvate (PEP), metabolized via glyco-
lysis and the oxidative pentose phosphate pathway. PEP is then
either converted to pyruvate (Pyr) or to oxaloacetate (OAA), with
a subsequent conversion to malate (Mal). Pyruvate and malate enter
the mitochondrion. In Fig. 1, the export of metabolic intermedia-
tes for biosynthesis is restricted to citrate (Cit), in strict exchange
of either OAA or malate. Note that the TCA cycle in plants lacks
the glyoxylate shunt. With pyruvate as the only substrate, the
TCA cycle is not able to catalyze a net synthesis of its metabolic
intermediates (Hill, 1997).

Structural Analysis: Elementary Flux Modes
Starting point of our analysis are the structural properties of the
system, as described by the set of elementary flux modes depicted in
Fig. 2. An elementary flux mode (EFM) is defined as a minimal set
of reactions that is consistent with a valid steady state, i.e. it defi-
nes a flux distribution that fulfills the stoichiometric mass-balance
equation (Heinrich & Schuster, 1996; Schusteret al., 1999). The
term ’elementary’ refers to the nondecomposability of modes, i.e.
an EFM cannot be represented by a combination of two or more
smaller elementary fluxmodes (Schusteret al., 1999, 2000).
The TCA cycle, as depicted in Fig. 1, gives rise to6 elementary
fluxmodes, corresponding to different modes of operation:EFM A:
Pyruvate is imported into the mitochondrion. No metabolic inter-
mediates are exported. Note that in this situation the cycleis subject
to a mass-conservation relationship, i.e. the total amountof malate,

Table 1. Main reactions of a model of the TCA cycle. The system consists
of 16 reactions, including simplified overall reactions. ATP is synthesized
from NADH and subsequently exported to the cytosol. Export of meta-
bolic intermediates is restricted to citrate. The contribution of FADH2

to energy production is neglected. Abbreviations are: PEP (phosphoenol-
pyruvate), Pyr (pyruvate), OAA (oxaloacetate), Mal (Mal),Cit (citrate),
2-OG (2-oxoglutarate), Succ (succinate). The subscriptcyt denotes cytosolic
metabolites.

number reaction

Cytosol
1 ν1c Glycolysis→ PEPcyt

2 ν2c PEPcyt + ADPcyt → ATPcyt + Pyrcyt

3 ν3c PEPcyt → OAAcyt

4 ν4c OAAcyt + NADHcyt = NADcyt + Malcyt

Transport
5 ν1T Pyrcyt → Pyr
6 ν2T Malcyt → Mal
7 ν3Ta Cit + OAAcyt → OAA + Citcyt

8 ν3Tb Cit + Malcyt → Mal + Citcyt

Mitochondrion
9 ν1 Pyr + NAD + OAA → Cit + NADH + CO2

10 ν2 Cit + NAD → NADH + 2-OG + CO2

11 ν3 2-OG + NAD + ADP→ Succ + NADH + ATP + CO2
12 ν4 Succ +FAD→ FADH2 + Mal
13 ν5 Mal + NAD = OAA + NADH
14 ν6 Mal + NAD → Pyr + NADH + CO2

Energy
15 ν1E 2 NADH + 3 ADP→ 2 NAD + 3 ATP
16 ν2E ATP + ADPcyt → ADP + ATPcyt

OAA, citrate, 2-OG and succinate is preserved. The cycle is thus
not able to catalyze a net synthesis of its intermediates. However, in
the presence of the NAD-malic enzyme (reactionν6 in Table 1),
converting malate to pyruvate, this inevitably results in adeple-
tion of metabolic intermediates and already indicates a potential
dynamic instability of the pathway.EFM B: Malate substitutes for
pyruvate as substrate for the TCA cycle. In this case, pyruvate and
OAA are both synthesized from malate.EFM C: As an alternative
mode of operation, the TCA cycle provides citrate as a precursor
for biosynthesis. The total amount of citrate and OAA withinthe
mitochondrion is preserved.EFM D: Same as EFM C, only malate
substitutes for OAA uptake in exchange with citrate. Note that in
this case, the presence of the NAD-malic enzyme again results in a
depletion of metabolic intermediates.EFM E and F: Same C and
D, but with malate substituting for pyruvate import.

A STRUCTURAL KINETIC MODEL
Given knowledge about the structural and stoichiometric properties
of the TCA cycle, we now aim for the transition from structureto
dynamics of the system. In particular, a steady state flux distribu-
tion ν0 = ν(S0) that is consistent with the stoichiometric balance
equationNν0 = 0 does not guarantee actual dynamic stability of
the system. Taking dynamical properties of the system into account,
we thus seek to elucidate the stability, robustness and possible dyna-
mics of the pathway – based only on a minimal amount of additional
information.
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