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ABSTRACT

Motivation: Mitochondrial metabolism, dominated by the reactions
of the tricarboxylic acid (TCA) cycle, is of vital importance for a wide
range of metabolic processes. In particular for autotrophic tissue,
such as plant leaves, the TCA cycle marks the point of divergence of
anabolic pathways and plays an essential role in biosynthesis. Howe-
ver, despite extensive knowledge about its stoichiometric properties,
the function and the dynamical capabilities of the TCA cycle remain
largely unknown.

Methods and Results: Based on a recently proposed formalism, we
investigate the dynamic and functional properties of the mitochon-
drial TCA cycle of plants. Starting with the structural properties, as
described by the elementary flux modes of the system, we aim for
the transition from structure to the dynamics of the TCA cycle. Using
a parametric description of the system, encompassing all possible
differential equations and parameter values, we detect and quantify
regimes of different dynamic behavior. Optimizing the system with
respect to dynamic stability, we demonstrate that maximal stability is
associated with specific (relative) metabolite concentrations and flux
values that are subsequently compared to the experimental literature.
Qur analysis also serves as a general example how to elucidate the
transition from the structure to the dynamics of metabolic pathways.
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INTRODUCTION

Over the last decade, significant advances in experimental high-
throughput techniques have resulted in unprecedented information
about the components that constitute cellular metabolism (Fernie
et al., 2004; Sweetlove & Fernie, 2005). In particular, the genome-
scale reconstruction of metabolic networks has revolutionized the
ability to understand and engineer metabolic function, along with
the possibility to predict metabolic phenotypes and key aspects of
network functionality (Schuster et al., 1999, 2000; Stelling et al.,
2002; Famili et al., 2003).

However, the stoichiometric properties alone are not sufficient to
define and predict the dynamical behavior of complex cellular
systems (Ronen er al, 2002; Ingram et al., 2006). One of the
primary challenges for post-genomic computational biology thus
remains to bridge the gap between network structure on the one
hand, and the resulting dynamic properties of metabolic systems
on the other hand. Usually, the latter is accomplished by translating
metabolic processes into a set of differential equations, requiring

extensive additional (and often unavailable) information about the
kinetic parameters and the specific functional form of the rate equa-
tions.

Recently, we have proposed an alternative formalism that allows to
quantitatively evaluate the possible dynamics of metabolic systems
without referring to any explicit set of differential equations (Steuer
et al., 2006). Our approach is based upon a parametric represen-
tation of the Jacobian matrix of a metabolic system, such that each
element of the Jacobian has a well-defined and straightforward inter-
pretation in biochemical terms. Instead of focusing on a particular
set of differential equations, this parametric representation allows
to evaluate large ensembles of possible models, each restricted to
comply with the available biochemical knowledge. In this way, it is
possible to evaluate the stability with respect to perturbations, the
existence of bifurcations and oscillatory regions, as well as several
other characteristic dynamic features of the system.

Utilizing this approach, we aim to investigate the robustness and
possible dynamics of the mitochondrial TCA cycle of plant leaves.
In the first section, we outline the structural and stoichiometric pro-
perties of the system, making use of the concept of elementary flux
modes (Schuster er al., 1999). Subsequently, after a brief synopsis
of the mathematical background, we construct the parametric repre-
sentation of the Jacobian matrix of the plant mitochondrial TCA
cycle. In the following sections, we characterize the stability of the
system with respect to perturbations and evaluate the existence and
size of oscillatory regions. It is demonstrated that our method allows
to identify specific biochemical conditions that result in an increased
stability of the system. In the last section, we discuss our results and
point out a general strategy to elucidate the transition from structure
to dynamics of biochemical pathways.

A MODEL OF THE TCA CYCLE

In plants the role of the TCA cycle differs fundamentally from
that in heterotrophic organisms. Due to their autotrophic nature,
plants synthesize their own respiratory substrates, mainly carbohy-
drates, which then serve as the main substrates for the TCA cycle.
In addition to the synthesis of ATP, the TCA cycle marks a point
of divergence of anabolic pathways and provides precursors for a
number of biosynthetic processes, such as nitrogen fixation and the
biosynthesis of amino acids (Hill, 1997).

Figure 1 depicts a simplified representation of the TCA cycle, which
will be investigated in the following sections. As the main substrate,
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Table 1. Main reactions of a model of the TCA cycle. The system cossist
of 16 reactions, including simplified overall reactions. ATP ysthesized
from NADH and subsequently exported to the cytosol. Expdrineta-
bolic intermediates is restricted to citrate. The contidiu of FADHs

to energy production is neglected. Abbreviations are: PERgphoenol-
pyruvate), Pyr (pyruvate), OAA (oxaloacetate), Mal (MaQit (citrate),
2-0OG (2-oxoglutarate), Succ (succinate). The subscyipdenotes cytosolic
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Fig. 1. A schematic representation of the TCA cycle for plant lesgue. A

detailed list of reactions is given in Table 1. For simpliciteveral metabolic 15
intermediates are omitted from the cycle and export of maétabolic inter- 16
mediates is restricted to citrate, in strict exchange fitreeiOAA or malate.
For abbreviations see Table 1.
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we consider phosphoenolpyruvate (PEP), metabolized yieogl ~OAA. citrate, 2-OG and succinate is preserved. The cyclaus t
lysis and the oxidative pentose phosphate pathway. PEPeis th NOt able to catalyze a net synthesis of its intermediateweder, in
either converted to pyruvate (Pyr) or to oxaloacetate (QA#)h ~ the presence of the NAD-malic enzyme (reactignin Table 1),
a subsequent conversion to malate (Mal). Pyruvate and enataer ~ cOnverting malate to pyruvate, this inevitably results inleple-
the mitochondrion. In Fig. 1, the export of metabolic intedia-  tion of metabolic intermediates and already indicates @mial
tes for biosynthesis is restricted to citrate (Cit), incttéxchange ~ dynamic instability of the pathwaj=FM B: Malate substitutes for
of either OAA or malate. Note that the TCA cycle in plants lack PYruvate as substrate for the TCA cycle. In this case, pyeusad
the glyoxylate shunt. With pyruvate as the only substrate t OAA are both synthesized from malateEM C: As an alternative
TCA cycle is not able to catalyze a net synthesis of its mdiabo Mode of operation, the TCA cycle provides citrate as a psEur
intermediates (Hill, 1997). for biosynthesis. The total amount of citrate and OAA witlie
mitochondrion is preserve@&FM D: Same as EFM C, only malate
substitutes for OAA uptake in exchange with citrate. Notat ih
this case, the presence of the NAD-malic enzyme again seisut
depletion of metabolic intermediatedSFM E and F: Same C and
D, but with malate substituting for pyruvate import.

Structural Analysis: Elementary Flux M odes

Starting point of our analysis are the structural propsrté the
system, as described by the set of elementary flux modesteejpic
Fig. 2. An elementary flux mode (EFM) is defined as a minimal set
of reactions that is consistent with a valid steady stage,iti.defi-

A STRUCTURAL KINETIC MODEL

nes a flux distribution that fulfills the stoichiometric mdssance

equation (Heinrich & Schuster, 1996; Schusterl., 1999). The  Given knowledge about the structural and stoichiometripprties
term 'elementary’ refers to the nondecomposability of ngpdee.  of the TCA cycle, we now aim for the transition from structtioe
an EFM cannot be represented by a combination of two or morelynamics of the system. In particular, a steady state fluiloiis
smaller elementary fluxmodes (Schusteal., 1999, 2000). tion v° = v (8°) that is consistent with the stoichiometric balance
The TCA cycle, as depicted in Fig. 1, gives riset@lementary  equationN2~° = 0 does not guarantee actual dynamic stability of
fluxmodes, corresponding to different modes of operafiteivi A: the system. Taking dynamical properties of the system iotowant,
Pyruvate is imported into the mitochondrion. No metabatitei-  we thus seek to elucidate the stability, robustness andhpestyna-
mediates are exported. Note that in this situation the dgddabject  mics of the pathway — based only on a minimal amount of adtfio
to a mass-conservation relationship, i.e. the total amotintalate, information.





















