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Abstract

The glyoxylate cycle provides the means to convert C2-units to C4-precursors for biosynthesis, allowing growth on fatty acids and
C2-compounds. The conventional view that the glyoxylate cycle is contained within peroxisomes in fungi and plants is no longer valid. Glyoxylate
cycle enzymes are located both inside and outside the peroxisome. Thus, the operation of the glyoxylate cycle requires transport of several
intermediates across the peroxisomal membrane. Glyoxylate cycle progression is also dependent upon mitochondrial metabolism. An
understanding of the operation and regulation of the glyoxylate cycle, and its integration with cellular metabolism, will require further
investigation of the participating metabolite transporters in the peroxisomal membrane.
© 2006 Elsevier B.V. All rights reserved.
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1. Principle of the glyoxylate cycle

The glyoxylate cycle was described by Kornberg andMadsen
[1] as a “modified tricarboxylic acid (TCA) cycle”, with which it
shares malate dehydrogenase, citrate synthase, and aconitase
activities (Fig. 1). However, instead of the two decarboxylation
steps of the TCA cycle the key enzymes of the glyoxylate cycle,
namely isocitrate lyase and malate synthase, convert isocitrate
and acetyl-CoA into succinate and malate. Isocitrate lyase splits
the C6-unit into succinate and glyoxylate, which in turn is
condensed by malate synthase with acetyl-CoA generating free
CoA-SH and malate. The latter is used by malate dehydrogenase
to continue the cycle and succinate is released as net product.
The intermediate glyoxylate provides the name for this
metabolic pathway, which allows cells to convert two acetyl-
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CoA units generated by various catabolic processes into C4-units
(succinate) which can be used to replenish the TCA cycle or to
function as precursors for amino acid biosynthesis or carbohy-
drate biosynthesis. Thus, the glyoxylate cycle serves as a link
between catabolic activities and biosynthetic capacities and
enables cells to utilise fatty acids or C2-units such as ethanol or
acetate as sole carbon source.

For the purpose of this review we focus on eukaryotic
organisms, in which some key enzymes of the glyoxylate cycle
are contained within peroxisomes. For the sake of simplicity we
use the term peroxisomes for all microbodies. The importance
of the glyoxylate cycle and its contribution to diverse
physiological processes can best be evaluated by exploring
the phenotypes of mutants in well-studied model organisms
such as the yeast Saccharomyces cerevisiae or the plant Ara-
bidopsis thaliana, which lack distinct enzymes of this pathway.
Organisms lacking a functional glyoxylate cycle need to
compensate this defect by taking up or mobilising sufficient
sources of sugars and amino acids to keep their capacity for
cellular growth and division.

The partial parallelism with the TCA cycle also requires that
identical enzymatic activities have to participate independently
in different metabolic pathways, which is accomplished in most

https://core.ac.uk/display/82076460?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:markus.kunze@meduniwien.ac.at
mailto:iprach@cyllene.uwa.edu.au
mailto:ssmith@cyllene.uwa.edu.au
mailto:andreas.hartig@univie.ac.at
http://dx.doi.org/10.1016/j.bbamcr.2006.09.009


Fig. 1. Enzymes and intermediates of the glyoxylate cycle.
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cases by paralogous genes which are differentially expressed
and whose products are differently compartmentalized. Thus,
the final attribution of an individual isoenzyme to the glyoxylate
cycle has to consider the phenotype of mutants lacking this
enzyme, the expression pattern of the encoding gene and the
localisation of the enzyme.

2. Phenotypes of glyoxylate cycle mutants

The phenotype of mutants from various species devoid of a
functional glyoxylate cycle are expected to be most pronounced
under conditions in which the generation of biosynthetic
precursors for carbohydrates, proteins and nucleic acids from
acetyl-CoA is required. Using plant and fungal organisms to
study the glyoxylate cycle their physiological differences have
to be considered. Whereas fungal/yeast cells have to survive
under a plethora of conditions including situations of selective
supply of ethanol, acetate or fatty acids as carbon source, the
situation in plant cells is different. The utilisation of storage
lipids during seedling establishment requires β-oxidation of
fatty acids and the glyoxylate cycle. At later stages carbohy-
drates and biosynthetic precursors are provided by photosyn-
thesis and thus, the glyoxylate cycle is no longer essential.
When plants senesce or are kept in the dark for a longer period
they start to degrade their endomembrane system and the
glyoxylate cycle becomes important in exploiting the end
product of fatty acid β-oxidation. Consequently, the plant
glyoxylate cycle is usually coupled to fatty acid β-oxidation and
only yeast glyoxylate cycle mutants can be investigated
independently of β-oxidation when cells utilise ethanol or
acetate as sole carbon source (Table 1).

S. cerevisiae cells lacking either key enzyme isocitrate lyase
(ICL1) or malate synthase (MLS1) are unable to utilise carbon
sources such as ethanol, acetate or oleic acid [2–4] as expected.
Standard growth conditions completely repress the expression
of the alternative malate synthase DAL7 which is involved in
nitrogen metabolism [3]. The complete yeast genome [5]
contains only one gene producing aconitase that participates in
the TCA cycle and in the glyoxylate cycle. Yeast cells devoid of
this enzyme are affected in both metabolic pathways and require
glucose and biosynthetic precursors for growth [6]. However,
yeast cells lacking the enzyme citrate synthase 2 (CIT2)
assumed to participate in the glyoxylate cycle and located inside
peroxisomes grow like wild type cells on acetate or oleic acid
[7,8]. Obviously, this peroxisomal activity can be replaced,
presumably by the mitochondrial enzymes CIT1 or CIT3.
Similarly, the yeast S. cerevisiae harbors three NAD-dependent
malate dehydrogenases (MDH): mitochondrial MDH1 as part
of the TCA cycle, peroxisomal MDH3 to regenerate NAD+ for
the β-oxidation process, and cytosolic MDH2 [9]. Cells lacking
the latter one are unable to utilise ethanol as sole carbon source
[10], clearly indicating its function in the glyoxylate cycle and
excluding the possibility of a bypass involving mitochondrial
MDH1. In contrast, cells lacking the peroxisomal malate
dehydrogenase (MDH3) grow on ethanol or acetate but are
unable to utilise fatty acids [8]. The expression patterns of
CIT2, ICL1, MLS1 and MDH2 in response to the available
carbon sources are similar, suggesting that these enzymes are
co-regulated because they are all required under the same
conditions. In addition, desiccating stress [11] or senescence
[12] leads to a similar increase of expression of glyoxylate cycle
enzymes suggesting an important function of this metabolism
under these conditions.

Many plant seeds store energy and biosynthetic material in
the form of lipids. During outgrowth, lipids are degraded via
β-oxidation, a strictly peroxisomal process, where the generated
H2O2 is eliminated by catalase. The end product acetyl-CoA is
partially used for biosynthesis via the glyoxylate cycle, and
partially for energy production via the TCA cycle. β-oxidation
is the major source of acetyl-CoA and a prerequisite for both
processes. Therefore, mutants in the β-oxidation process are
expected to be much more affected than mutants lacking the
glyoxylate cycle. Moreover, the exogenous supply of biosyn-
thetic precursors may even compensate for a glyoxylate cycle
defect and permit the progression of outgrowth. Arabidopsis
thaliana mutants blocked in the fatty acid degradation process
(acx1 acx2 double mutant [13]; kat2/ped1 [14]; cts1 [15]; csy2
csy3 double mutant [16]) may either fail to germinate or are
severely impaired in seedling growth. In some cases (cts1 and
csy2 csy3 double mutant) even addition of exogenous sucrose
does not overcome the block in germination [17]. In contrast
mutants lacking isocitrate lyase [18] germinate and grow
slowly, although they are unable to establish as seedlings in the
dark. However, when sucrose is added, the isocitrate lyase
deficient seedlings are able to outgrow even in the dark.
Moreover, isocitrate lyase deficient mutants can grow effec-
tively when plants are exposed to strong continuous light [18].
Plant mutants blocked in the malate synthase activity show a
less severe phenotype: outgrowth frequency is reduced only
upon light reduction and sucrose addition is essential only in the
dark. Apparently, plant seedlings can use an alternative pathway
to convert the glyoxylate produced by isocitrate lyase into
biosynthetic precursors, probably utilising parts of the photo-
respiration pathway [19]. A. thaliana encodes five citrate
synthases and two of them (CSY2 and 3) are known to be



Table 1
Enzymes of the glyoxylate cycle

Enzyme Arabidopsis thaliana Saccharomyces cerevisiae

Genes Mutant seedling phenotype Localisation Localisation Mutant growth phenotype Genes

Citrate synthase EC 4.1.3.7 CSY1(?), 2, 3 csy2 csy3 double Peroxisomal Peroxisomal E/A: + CIT2
GC n.f. PTS2 PTS1 O: +
β-ox. blocked
dormant seed

Aconitase EC 4.2.1.3 ACO n.d. Cytosolic Cytosolic A: − ACO1

Isocitrate lyase EC 4.1.3.1 ICL icl Peroxisomal Cytosolic A: − ICL1
GC n.f. PTS1 O: −
β-ox. reduced

Malate synthase EC 4.1.3.2 MLS mls Peroxisomal Peroxisomal E/A: − MLS1
GC n.f. PTS1 PTS1 O: −
β-ox. reduced

NAD-malate dehydrogenase
EC 1.1.1.37

MDH n.d. Putative cytosolic Cytosolic E: − MDH2
O: −

GC: glyoxylate cycle; β-ox: β-oxidation; n.d.: not determined; n.f.: not functional; “+”: growth; “−”: no growth; E/A: growth on ethanol or acetate; O: growth on oleic
acids.
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peroxisomal [16]. The concerted deletion of CSY2 and CSY3
leads to a detectable phenotype insofar as the mutants do not
germinate. In contrast to the glyoxylate cycle key enzyme
mutants, exogenous supply of sucrose does not relieve the
germination block suggesting that peroxisomal citrate synthase
activity in Arabidopsis thaliana plays an additional role besides
its function in the glyoxylate cycle that is probably linked to the
general utilisation of acetyl-CoA. As glyoxylate cycle key
enzyme expression has also been demonstrated in pollen [20],
developing embryos [21] and senescing tissues [19] this
pathway might also play an important role in these tissues.

An interesting phenotype is displayed by the mucous fungus
Dictyostelium discoideum which appears to be disturbed in the
nutritional endocytosis of bacteria when lacking the peroxi-
somal enzyme citrate synthase [22].

Strikingly, a functional glyoxylate cycle appears to be
required for the intracellular survival (persistence) of Myco-
bacterium tuberculosis [23,24]. Moreover, the glyoxylate cycle
enzymes are upregulated in the human-pathogenic yeast Can-
dida albicans upon phagocytosis by mammalian macrophages
and a functional glyoxylate cycle is required for full infectivity
in mice [25]. Correspondingly, full infectivity of plant-
pathogenic fungi also requires the glyoxylate cycle and the
dependence of infectivity on the glyoxylate cycle correlates
with the lipid content of the spore shown for Stagonospora
nodorum [26], Magnaporthe grise [27] and Leptophaeria
maculans [28]. Obviously, carbon sources are limited for these
pathogenic organisms due to their environment (e.g. the
interior of cells) and free sugars are not available requiring
the capability to convert acetyl-CoA into amino acids or
carbohydrates.

Despite past claims for enzymatic activity in vertebrates
[29–31] the human genome has no apparent genes for key
glyoxylate cycle enzymes. The absence of these enzymes
provides potential targets for drugs directed against bacterial
and fungal pathogens or parasites.
3. Compartmentation and targeting

The traditional view on metabolic pathways is that the
enzymes involved are either tightly linked together (“metabo-
lon”) or located in the same compartment to ensure an efficient
flux of intermediates and to avoid energy consuming transport
processes. Best known examples are the fatty acid synthesis in
bacteria and eukaryotes and the TCA cycle compartmentalized
to mitochondria. Whereas in bacteria the glyoxylate cycle
proceeds in the cytosol, early studies with eukaryotes [32]
reported that all glyoxylate cycle enzymes may be located in
peroxisomes (sometimes referred to as glyoxysomes in oilseed
plants). Others reported the peroxisomal location of the key
enzymes only [33]. More recent data support a complex sub-
cellular distribution of glyoxylate cycle enzymes that requires
revision of the simple view of the glyoxylate cycle being
solely peroxisomal. To our knowledge, there is no example in
which all the glyoxylate cycle enzymes are contained within
the peroxisome.

So far all eukaryotic organisms harboring the glyoxylate
cycle contain peroxisomal citrate synthase and malate
synthase enzymes catalysing the two reactions feeding
acetyl-CoA into the glyoxylate cycle. In contrast, several
groups provided evidence that none of the various plant
aconitase enzyme variants is actually peroxisomal [34,35] and
also yeast aconitase is found in mitochondria and cytoplasm
but not in peroxisomes [36]. A fraction of aconitase is
exported from the mitochondria to the cytosol where it
participates in the glyoxylate cycle [36]. In addition,
experiments in Saccharomyces cerevisiae demonstrated that
the peroxisomal malate dehydrogenase (MDH3) does not
participate in the glyoxylate cycle but is essential forβ-oxidation
[8]. Instead, the cytosolic isoenzyme MDH2 catalyses the
oxidation of malate to oxaloacetate generating NADH.
Whether this attribution of distinct malate dehydrogenase
isoenzymes to β-oxidation and glyoxylate cycle is conserved
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among organisms of the fungal and plant kingdoms will be an
important issue for further investigations. However, recent
evidence shows that Arabidopsis peroxisomal MDH is required
for β-oxidation, but not the glyoxylate cycle (Pracharoenwat-
tana and Smith, unpublished).

The peroxisomal localisation of ICL is not conserved
evolutionarily. Whereas all plant (Gossypium hirsutum, Bras-
sica napus or Ricinus communis [37]) and several fungal
(Ashbya gossypii [38], Aspergillus nidulans [39] or Candida
tropicalis [40]) enzymes investigated were found within
peroxisomes others including ScICL1 [41] were found in the
cytosol. An alignment of all available amino acid sequences
demonstrates, that the plant enzymes harbor a short extension at
the C-terminus that contains the PTS1 whereas the yeast
enzymes are shorter and terminate with various amino acid
sequences some of which resemble a PTS1 (Fig. 2). Eight out of
25 fungal enzymes apparently contain a PTS1.

The interspecies difference of isocitrate lyase localisation
can be seen in a larger context as yeast and plant glyoxylate
cycle enzymes do not appear to have a common evolutionary
origin. Yeast citrate synthase (CIT2) is more closely related to
the mitochondrial citrate synthases from yeast and plant
species whereas the plant peroxisomal citrate synthase is
more similar to the eubacterial enzymes [42]. Moreover, the
malate dehydrogenase isoenzymes from yeast appear to have
evolved by gene duplication after the separation from other
phyla [42]. In both cases the plant enzyme uses a PTS2
whereas the yeast enzyme uses a PTS1 signal. Whether the
suggested additional N-terminal signal targeting CIT2 to
peroxisomes (dissimilar to a PTS2 signal) has any physiolog-
ical importance remains unclear [43]. Also fungal and plant
malate synthases are more closely related to eubacterial
precursors than to each other [42].

An explanation for the extra-peroxisomal location of some
glyoxylate cycle enzymes might be their sensitivity towards
H2O2 as shown for the iron–sulfur (Fe–S) cluster of aconitase
[44]. The sensitivity of isocitrate lyase to H2O2 probably made
its peroxisomal targeting disadvantageous, which was counter-
acted for plant isocitrate lyase by direct interaction with catalase
[45] whereas the enzyme remained in the cytosol in other
species. This might also explain why Ricinus communis
isocitrate lyase when overexpressed in Saccharomyces cerevi-
siae is correctly imported into peroxisomes, but remains
inactive [46]. Due to the continuous generation of NADH via
Fig. 2. The C-terminal end of isocitrate lyase is evolutionary not conserved (A) Am
species was performed using CLUSTAL-Wat EMBL-EBI (UK). The C-terminal parts
Phylogenetic tree based on amino acid sequence alignment of isocitrate lyases. The
names are boxed in red, blue-green algae in green. C-termini from different specie
gossypii O94198, Aspergillus fumigatus Q6T267, Brassica napus P25248, Candid
Chlamydomonas reinhardii AAB61446.1, Coccidioides immitis AAK72548.2, Colle
cus neoformans XP_572498.1, Cucumis sativus CAA84632.1, Cucurbita maxima P9
Q6BRY4, Dendrobium crumenatum Q9SE26, Eminentia nidulans P28298, Fomit
AAA33976.1, Gossypium hirsutum P17069, Ipomoea batatas AAG44479.1, Klu
esculentum P49297, Magnaporthe grise Q8J232, Neurospora crassa P28299,
AAK56934.1, Pichia jadinii Q9HFN2, Pichia pastoris Q9C124, Pinus taeda Q43
Riccinus communis P15479, Saccharomyces cerevisiae P28240, Schizosaccharomy
S39953.
β-oxidation, the cytosolic location of the glyoxylate cycle
malate dehydrogenase might be required by the unfavourable
ratio of NADH/NAD+ inside peroxisomes which would block
malate oxidation and hence the progress of the glyoxylate cycle.

Altogether, these findings clearly indicate that in contrast to
the traditional view of close vicinity of enzymes involved in the
same metabolism, the glyoxylate cycle is an example of a
metabolic pathway with metabolites moving back and forth
between enzymes on different sides of a membrane. For
example in S. cerevisiae cells, ACO1, ICL1 and MDH2 act in
the cytosol and the two synthases CIT2 and MLS1 are
peroxisomal constituents (Fig. 3A). Consequently, citrate,
glyoxylate, malate and oxaloacetate have to be transported
across the peroxisomal membrane which was found to be
impermeable for larger molecules like cofactors NADH or
CoA-SH [8]. The situation is less clear in plant cells, but
assuming that also in plants the peroxisomal malate dehydro-
genase contributes to the β-oxidation of fatty acids and the
cytosolic isoenzyme participates in the glyoxylate cycle the
only difference is the peroxisomal localisation of isocitrate lyase
(Fig. 3B). In such a scenario yeast and plant peroxisomes share
the export of citrate and malate and the import of oxaloacetate.
The different localisation of ICL requires that in the yeast
glyoxylate should be imported whereas in plants isocitrate has
to be imported and succinate has to be exported instead (Fig. 4).

A rationale for the peroxisomal location of malate synthase
and citrate synthase could be the direct utilisation of acetyl-CoA
generated by β-oxidation. However, when yeast cells utilise
ethanol or acetate as sole carbon source, acetyl-CoA is provided
in the cytosol. Under these conditions malate synthase is
predominantly found in the cytosol despite a functional PTS1
and a normal peroxisomal import of catalase A or GFP
extended by −SKL [4] (Fig. 4). It would be interesting to know
whether this carbon source dependent distribution of malate
synthase is conserved in other yeast species. Consequently, all
enzymes of the glyoxylate cycle except the non-essential citrate
synthase (CIT2) would be cytosolic when yeast cells use
ethanol. Although lacking any data CIT2 might anyway
distribute similarly between peroxisomes and cytosol in a
carbon source-dependent manner. However, as CIT2 is not
essential its localisation might be of less functional or
evolutionary importance.

Both synthases consuming acetyl-CoA normally reside in the
peroxisomal matrix. However, S. cerevisiae cells expressing
ino acid sequence alignment of isocitrate lyases from diverse plant and fungal
of the proteins are shown and putative PTS1 sequences are indicated in bold. (B)
C-terminal tripeptides are shown resembling a PTS1 (green) or not (red). Plant
s based on alignment described above. Arabidopsis thaliana P28297, Ashbya
a albicans Q9P8Q7, Candidat glabrata Q6FPK7, Candida tropicalis P20014,
totrichum lagenarium BAE75842.1, Coprinopsis cinerea O13439, Cryptococ-
3110, Cucurbita cv. Kurokawa Amakuri BAA11320.1, Debaryomyces hansenii
opsis palustris BAD93181.1, Gibberella fujikuroi CAG28681.1, Glycine max
yveromyces lactis Q8NJ72, Leptosphaeria maculans Q86ZF1, Lycopersicon
Oryza sativa AC83656.1, Penicillium marneffei Q96WZ5, Pichia angusta
097, Pinus taeda 2 AAC49687.1, Polytomella sp. Pringsheim CAC86131.1,
ces pombe NP_595067.1, Yarrowia lipolytica P41555, Yarrowia lipolytica 2



Fig. 3. Enzymes of the glyoxylate cycle are located on both sides of the peroxisomal membrane. In Saccharomyces cerevisiae and some other yeast species isocitrate
lyase is found in the cytosol (A), in plants and other yeast and fungal species isocitrate lyase is peroxisomal (B).
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solely a PTS1-less MLS1 variant that is exclusively cytosolic
can grow on oleic acid as sole carbon source almost like wild
type cells [4]. This result together with the ability of CIT2-
deficient cells to grow on acetate or oleic acid indicates that the
peroxisomal localisation of these enzymes is not essential. This
raises the questionwhether the peroxisomal compartmentation is
required for a functional glyoxylate cycle as it is for the fatty acid
degradation. When Kunau and collaborators [47] screened for
yeast mutants unable to utilise oleic acid they excluded the ones
showing additional growth defects on acetate. Certainly,
numerous mutations might cause such a phenotype, e.g.
mutations in the TCA cycle or in the electron transport chain,
but also yeast cells lacking functional peroxisomes could have
been among these mutants, if compartmentalization is required.
Obviously, the authors implied already, that the enzymes of the
glyoxylate cycle do not have to be localised to the peroxisomes
for a functional C4-generation in yeast. The fact that peroxi-
some-deficient mutants are able to grow on acetate as sole
carbon source but not on oleate demonstrated that compartmen-
tation is required for the β-oxidation of fatty acids but not for a
functional glyoxylate cyle [47]. The later finding that peroxi-
some-deficient yeast mutants are able to sporulate on acetate
[48] further strengthens this argument.

4. Integration of the glyoxylate cycle with other metabolic
pathways

As the distribution of the glyoxylate cycle enzymes on both
sides of the peroxisomal membrane is apparently evolutionarily
advantageous, the complicated transport processes have to be
counterbalanced by physiological advantages. It appears that
the enzymes feeding acetyl-CoA into the glyoxylate cycle are
located at the site of acetyl-CoA production linking the
utilisation of acetyl-CoA immediately to its generation. This
can be accomplished by β-oxidation of fatty acids, a strictly
peroxisomal process, or uptake and activation of ethanol or
acetate from the environment. It should be noted that only yeast
is naturally faced with the latter carbon sources. Progress has
recently been made towards determining how acetate is fed into
the glyoxylate cycle in Arabidopsis. The peroxisomal acetyl-
CoA synthetase (ACN1) [49] and the ATP-binding cassette
(ABC) transporter protein “comatose” (CTS) (M. A. Hooks,
personal communication) are both required for acetate incor-
poration into carbohydrates or amino acids. This may suggest
that acetate can be imported into peroxisomes and activated by
ACN1. Inside peroxisomes acetyl-CoA may serve as substrate
for both synthases involved in the glyoxylate cycle.

The situation in yeast is different. Saccharomyces cerevisiae
contains two cytosolic acetyl-CoA synthetases, one of which
(ACS1) is required for utilisation of acetate [50], the other
(ACS2) for growth on glucose [51]. The intracellular location of
ACS1 suggests that acetyl-CoA is produced outside peroxi-
somes and acetate utilisation is cytosolic.

The net product of the glyoxylate cycle, succinate, is
oxidised to fumarate by mitochondrial succinate dehydrogenase
(see Fig. 5, [52–56,5,57]). In yeast succinate can be imported
into mitochondria by a dicarboxylate carrier (DIC1) in exchange
for phosphate [58] or by a succinate-fumarate carrier (SFC1/
ACR1) [59,60], and the expression of both genes resembles the
pattern of other glyoxylate cycle enzyme genes. Both are
required for growth on ethanol or acetate [58,59]. Functional
complementation in yeast led to the identification of the Arabi-
dopsis SFC homologue expressed preferentially in seedlings
when the glyoxylate cycle is active [61]. The existence of two
different transporters in yeast suggests that the C4-skeleton of
succinate is used in two different ways: either it is immediately
exported as fumarate via SFC1 or remains in the mitochondria
when imported via DIC1. In the latter case the carbon skeleton
may serve to replenish the TCA cycle or act as precursor for
amino acid biosynthesis.When SFC1 is used, cytosolic fumarate
converted into malate, oxaloacetate and finally PEP serves as
precursor for gluconeogenesis. In accordance with this interpre-
tation an additional cytosolic fumarase activity was found. In
yeast a single gene encodes one fumarase polypeptide which is
targeted to the mitochondrion and processed by mitochondrial
processing peptidase. However, a fraction of this fumarase



Fig. 4. In plants (A) and in yeast growing on fatty acids (B) some of the glyoxylate cycle enzymes are located inside peroxisomes requiring the translocation of
intermediates across the peroxisomal membrane. In yeast cells utilising ethanol (C) the glyoxylate cycle enzymes are located in the cytosol.
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escapes from mitochondria immediately after processing to
create a pool of cytosolic fumarase [62]. It is not known if plants
produce a cytosolic fumarase by the same mechanism as yeast,
but Arabidopsis has two FUM genes, one encoding a protein
targeted to the mitochondrion [63] and one without apparent
targeting information which is therefore a candidate for a
cytosolic FUM (Arabidopsis genome initiative 2000, [64]). The
generated malate is oxidised by cytosolic MDH (ScMDH2) to
oxaloacetate which serves as substrate for PEPCK (gluconeo-
genesis) although it cannot be excluded that a fraction is
transported into peroxisomes. The situation in plants might be
similar in that cytosolicMDH is required for the glyoxylate cycle
but this requires investigation. In summary succinate is imported
into mitochondria and converted into various biosynthetic
precursors.

The NADH produced by cytosolic MDH can potentially be
oxidised by NADH dehydrogenases (NDH) on the outer surface
of the mitochondrion. Yeast mitochondria have two such
external NDH enzymes [65] and Arabidopsis has at least three
[66]. In plants it can be argued that there would be an advantage
in oxidising malate in the mitochondrion where the resulting
NADH could be oxidised via complex I, which would generate
more ATP than if an NDH was employed. However, complex I
is not essential for plant growth [67] and yeast does not have a
complex I [68]. Thus the reduction equivalents produced in the
glyoxylate cycle are finally channeled into the general NADH
oxidation system [69].

5. Transport of metabolites

The distribution of glyoxylate cycle enzymes between
peroxisomal matrix and cytosol implies that within one cycle
the peroxisomal membrane has to be crossed by various
metabolites (Fig. 4). The mechanisms how such small organic
metabolites are transported across the peroxisomal membrane
are still a matter of debate. Early investigations indicated that
yeast peroxisomes contain channels [70–72] and allow free
diffusion of metabolites. This is in accordance with experi-
mental results from plants [73] or more recently from mammals
[74] suggesting porin-like proteins in the peroxisomal



Fig. 5. The glyoxylate cycle in the context of the general metabolism. The metabolites of the glyoxylate cycle link this pathway to the general metabolism. The
situation in yeast cells utilising oleic acids is depicted. Enzymes not described in the text include the multifunctional protein (MFP, FOX2) [50], the 3-ketoacyl-CoA
thiolase (FOX3) [51], the CoA-SH transporter LEU5 [52], the carnitine-acetylcarnitine translocase CAC1 [53], the tricarboxylic acid transporter CTP1 [5,54] and the
phosphoenolpyruvate carboxykinase (PCK1) [55].

1448 M. Kunze et al. / Biochimica et Biophysica Acta 1763 (2006) 1441–1452
membrane. An efficient transport by diffusion would require a
steep gradient of solutes involved, in the case of the glyoxylate
cycle citrate, malate and oxaloacetate and either glyoxylate
(yeast) or isocitrate and succinate (plants). Moreover, as the
intraperoxisomal pH was found to deviate from the cytosolic
one in yeast [75,76] and in mammalian cells [77,78] a free
diffusion is difficult to imagine. In addition, neither acetyl-CoA
nor NAD+/NADH [8] nor ADP/ATP [79] were found to freely
diffuse across the peroxisomal membrane. Thus, for these
substances regulable transporter proteins seem to be required.
As an example, the transport of ATP into and ADP out of
peroxisomes depends on the adenine nucleotide transporter
ANT1 [79]. However, both mechanisms, diffusion and
regulated transport, may occur in parallel provided that
selectivity based on size or charge of the substrate exists.
Small anionic molecules would be able to diffuse and larger
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ones or positively charged ones depend on a transporter [79]. It
is striking that none of the genetic screens performed in yeast
identified a peroxisomal protein responsible for the transport of
any metabolite involved in the glyoxylate cycle although the
loss of individual enzymes exerting specific reactions demon-
strates clear growth defects. Alternatively, transporters may be
required only for efficient throughput, and diffusion instead of
active transport may just reduce the efficiency of the pathway
without blocking the glyoxylate cycle. The transporters may be
functionally redundant which excludes the identification of the
corresponding genes by genetic screens. Furthermore, mutants
lacking these proteins might have been excluded from the
analysis for unknown reasons, e.g. because another essential
function besides acting as transporter in the peroxisomal
membrane might lead to lethality.

All glyoxylate cycle metabolites destined to cross the
membrane are small organic acids mainly dissociated and thus
negatively charged. Yeast and plants share the export of citrate
and malate and the import of oxaloacetate. The cytosolic
localisation of isocitrate lyase (e.g. S. cerevisiae) omits the
necessity to export succinate from peroxisomes, but requires the
import of glyoxylate instead of isocitrate.

The export of malate and the import of oxaloacetate
correspond to the shuttle system exporting the reduction
equivalents required for continuous β-oxidation of fatty acids.
In yeast, and probably also in plants (Pracharoenwattana and
Smith, unpublished), the peroxisomal MDH3 regenerates
NAD+ by reducing oxaloacetate to malate [8]. At the cytosolic
side of the membrane, MDH2 catalyses the reverse reaction and
transfers the reduction equivalent to NAD+ generating NADH.
How these metabolites actually cross the membrane is not
known, but an efficient mechanism might require close vicinity
between the two MDH enzymes and a pore or transporter
protein in between. It can be envisaged that the glyoxylate cycle
makes use of the same import/export system with MLS1 and
CIT2 at the peroxisomal side replacing MDH3. The import of
glyoxylate into peroxisomes of species with cytosolic ICL is not
understood. The transport mechanism of succinate, isocitrate
and citrate across the peroxisomal membrane remains unclear,
although transporter proteins for di- and tricarboxylic acids
have been found in the mitochondrial membrane [80]. It may
well be that some of these proteins are dually localised. From
our understanding of the glyoxylate cycle it is apparent that
these metabolite transport systems are essential.

Besides its function in the glyoxylate cycle the export of
citrate may also serve a different purpose, namely the transfer of
C2-units mainly to mitochondria for energy production in the
TCA cycle. In Arabidopsis seedlings citrate is the only way to
export acetyl-units from peroxisomes. When its synthesis is
blocked by eliminating both citrate synthases (CSY2,3) the
outgrowth and germination defects cannot be rescued (see
above). In yeast an additional export of C2-units is accom-
plished by converting acetyl-CoA into acetylcarnitine by
carnitine acetyl-transferase (CAT2) [8], which is transported
to the cytosol and to mitochondria by an unknown mechanism.
Obviously, both alternatives work in parallel, since neither the
deletion of CIT2 (cit2Δ) nor of CAT2 (cat2Δ) affects growth of
yeast cells on oleate. However, the concurrent deletion of both
genes (cit2Δcat2Δ) abolishes growth. In the cytosol and in
mitochondria acetylcarnitine can be reconverted into acetyl-
CoA, either by cytosolic YAT2 [81] or YAT1 [81,82] or by
mitochondrial CAT2 [83]. The CAT2 protein is found in
mitochondria and in peroxisomes. It is noteworthy that also
YAT1 and YAT2 are required in the absence of CIT2.

The finding that peroxisomal citrate synthase is not essential
for growth on oleic acid and that a solely cytosolic MLS1
variant can complement the absence of the peroxisomal enzyme
challenges the requirement for strict compartmentation of
distinct enzymes. In both cases, the corresponding substrate is
able to reach either an alternative or a mislocalised enzyme. Due
to the cytosolic localisation of ACO1 citrate generated by CIT2
has to leave the peroxisome. An additional source of cytosolic
citrate might be the export of mitochondrially produced citrate,
which in the absence of CIT2 would be the only source of
citrate. In such a scenario, acetyl-CoA generated via the
peroxisomal β-oxidation is transported into mitochondria via
acetyl-carnitine, reconverted into acetyl-CoA and condensed to
citrate. This bypass of CIT2 seems to function quite efficiently
in yeast. Thus, acetyl-carnitine can also be reconverted into
acetyl-CoA in the cytosol and is accessible for MLS1 lacking a
PTS1 which explains its ability to complement a mls1Δ-
mutant. This resembles the situation in ethanol-grown yeast
cells where ICL1, MLS1 and MDH2 are cytosolic.

6. Potential control of carbon partitioning between
glyoxylate cycle and other pathways

The occurrence of several steps of the glyoxylate cycle in the
cytosol potentially provides the opportunity to direct acetyl-
CoA derivatives into different metabolic pathways, which
requires specific regulatory mechanisms. Partitioning of citrate
between the TCA and glyoxylate cycles is believed to provide
the means by which carbon from fatty acids is distributed
between respiration and gluconeogenesis in the cotyledons of
Arabidopsis seedlings [16]. However, in yeast such carbon
partitioning can also be achieved at the level of C2-units which
can be exported from the peroxisome in the form of acetyl
carnitine (see above). Cytosolic isocitrate also has several
different potential fates. It could enter the mitochondrion for
respiration or serve as a substrate for cytosolic isocitrate
dehydrogenase (ICDH/IDP). In yeast it is acted upon by
cytosolic ICL whereas in plants it is required to enter the
peroxisome to continue the glyoxylate cycle. It is not known if
the partitioning of isocitrate is an important control point and if
so, how this is achieved. It is worth noting that in bacteria such
as Escherichia coli, ICDH is subject to regulation by reversible
phosphorylation to regulate carbon flux between TCA and
glyoxylate cycles [84,85]. The glyoxylate produced by ICL also
has at least two potential metabolic fates: as well as serving as
substrate for MLS it can potentially be transaminated to glycine.
Such transamination is a key step in the photorespiratory
pathway in plants. This could provide a means to modulate
levels of glyoxylate in the peroxisome, which would otherwise
be toxic, and could explain why plants have ICL in the
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peroxisome while yeast does not. However, it is not clear if the
appropriate aminotransferase is present during glyoxylate cycle
activity in plant peroxisomes. The oxaloacetate produced by
cytosolic MDH can also have several different fates. Some must
enter the peroxisome to continue the glyoxylate cycle and some
may serve as substrate for phosphoenolpyruvate carboxykinase
(PEPCK), the first step in gluconeogenesis. Alternatively,
oxaloacetate may be diverted into Asp and Asn synthetic
pathways or into the mitochondrion for respiration. Whether
there is strict regulation of oxaloacetate partitioning into distinct
pathways, or its consumption is determined by the different
demands of the competing pathways is not known.

Given that the glyoxylate cycle shares intermediates with
numerous different metabolic pathways (Fig. 5), the location of
several steps of the glyoxylate cycle in the cytosol may provide
the cell with a greater level of metabolic flexibility than would
be the case if the entire cycle was located within the
peroxisome.

7. Concluding remarks

In contrast to the traditional view on the glyoxylate cycle
contained within peroxisomes the participating enzymes are
located both inside and outside of this organelle. Thus, several
intermediates need to be translocated across the peroxisomal
membrane moving it to the central stage. However, neither the
molecular mechanism nor its major players have been
elucidated. Remarkably, the peroxisomal membrane was found
to be leaky for small solutes such as the glyoxylate cycle
intermediates, but impermeable for larger molecules such as
NAD or acetyl-CoA. Usually, the major source of acetyl-CoA is
the degradation of fatty acids by β-oxidation inside peroxisomes
and the compartmentation of both synthases (MLS and CIT)
utilising acetyl-CoA follows the location of its production. The
net product succinate generated either inside or outside
peroxisomes is further metabolised and serves as precursor for
the various anabolic pathways including amino acid biosynthe-
sis, gluconeogenesis or even tetrapyrrole-biosynthesis ending up
in haem or chlorophyll. Thus, after 50 years of glyoxylate cycle
research there are still many important aspects that require
investigation and more important discoveries to be made. The
glyoxylate cycle is fundamentally important in fungal and plant
biology and has potential importance in biomedical, agricultural
and biotechnological research.
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