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Article history: Over the past decades, considerable advances have been made in understanding the crucial role of
Received 3 August 2009 sucrose and the regulation of its metabolism in plant life. Recent studies in cyanobacteria and the
Received in revised form 27 September 2009 analysis of several genomic sequences point towards an ancient origin of plant sucrose metabolism
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Available online 2 October 2009 before the cyanobacterial phylogenetic radiation. In agreement with the generally accepted

cyanobacterial endosymbiotic origin of plant chloroplasts, most of the cyanobacterial genes were
transferred to the nucleus and their protein products were preferentially re-imported to the plant
organelle. In the case of sucrose metabolism, the enzymes sucrose-phosphate synthase (SPS) and
Subcellular localization sucrose-phosphate phosphatase (SPP), responsible of the disaccharide synthesis, and sucrose synthase
Sucrose metabolism (SuS) and alkaline/neutral invertases (A/N-Inv), involved in sucrose cleavage, appear to have a
Signalling pathways cyanobacterial origin. However, whereas SPS and SPP are likely to be exclusively localized in the cytosol
of modern plant cells, SuS and A/N-Inv isoforms are distributed between the cytosol and different
subcellular locations. Particularly, A/N-Invs are the least studied proteins of sucrose catabolism. They
were somewhat underestimated, and thought to play no relevant role in carbon metabolism. However,
some striking recent findings about the presence of A/N-Inv forms inside plant organelles, as well as the
description of novel physiological functions, led us to re-evaluate the importance of these Cinderella
enzymes. The additional roles uncovered for A/N-Invs disclose new scenarios for the interconnection
between the cytosol and organelles and for complex crosstalk signalling pathways.
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1. Introduction

1.1. Proteins involved in plant sucrose metabolism
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photosynthesis-derived compound and the predominant molecule
of carbon translocation in most plants, but also plays a central role
in their functional biology and in responses to environmental
stresses [1]. Moreover, it has become evident that sucrose and its
hydrolysis products are important metabolic signals that modulate
gene expression and regulate plant development [2-5].

Sucrose metabolism has been widely studied and considerable
advances have been made in the understanding of its regulation in
plants [6,7]. The pathway for sucrose biosynthesis involves the
sequential action of sucrose-phosphate synthase (SPS, EC 2.4.1.14)
and sucrose-phosphate phosphatase (SPP, EC 3.1.3.24) yielding
free sucrose and inorganic phosphate (Pi) [8]. The hydrolysis of the
intermediate, sucrose-6P, leads to an essentially irreversible
synthesis pathway that provides an efficient production of sucrose,
even at low concentrations of substrates.

The regulation of sucrose hydrolysis has become a central issue
in plant carbon metabolism. Utilization of sucrose as a source of
carbon and energy depends on the breakdown of the a1-[32-
glycosidic bond, either by the action of invertases that irreversibly
hydrolyse the disaccharide to glucose and fructose, or sucrose
synthase (SuS, EC 2.4.1.13), a glucosyltransferase that catalyzes a
readily reversible reaction [6,7]. However, SuS is usually assigned a
role in sucrose cleavage under most physiological conditions. In
the presence of a nucleoside diphosphate (preferentially UDP, in
plants) SuS leads to the production of sugar nucleotides, which can
act as glucose donor in the synthesis of cellulose and callose in
most plant species [6,9-11]. To complete the picture of sucrose
metabolism enzymes in the plant cell, there are two classes of
invertase activity, initially differentiated by their optimum pHs in
vitro: (i) acid invertases (Ac-Invs, EC 3.2.1.26, B-fructofuranosi-
dases) with a characteristic optimum pH between 4.5 and 5.0 and
(ii) alkaline/neutral invertases (A/N-Invs) with pH optima in the
range of 6.5-8.0 [12,13].

1.2. Location of sucrose metabolizing enzymes in the plant cell

The enzymes of sucrose metabolism, with the exception of Ac-
Invs, were thought to be cytosolic [6,12-14]. The different
localizations exhibited by Ac-Invs granted these enzymes important
physiological roles and prompted an extensive and detailed study in
several plant species. It is well-accepted that plant Ac-Invs are
glycoproteins evolutionarily related to invertases from yeast and
bacteria, and responsible for the hydrolysis of sucrose in the
intercellular space (or the cell wall), and also inside vacuoles [15].
Thus, these locations reflect their involvement in various aspects of
the plant life cycle, as controlling sucrose allocation and plant
development, in the response of plants to environmental stimuli, cell
enlargement, responses to wounding and pathogen attack [16-18].

SPS, SuS and A/N-Invs were thought to be cytosolic proteins
[19]. However, recent evidence indicates that only the sucrose
biosynthesis pathway via SPS and SPP is exclusively located in the
cytosol of the plant cell, since sucrose catabolism by SuS and A/N-
Inv isoforms may also occur in other subcellular locations. In the
present article we will focus our attention mainly on the novel
localizations of A/N-Invs.

The central role of SuS enzymes in controlling the mobilization
of sucrose into many important metabolic pathways prompted the
investigation of the different isoforms present in a plant species
[20-24]. Although SuS activity was initially described in the
soluble protein fraction, more recent reports demonstrated that
after phosphorylation, a significant pool of the protein is
membrane-bound in association with the cellulose/callose
synthase complex, supplying substrates for cell-wall biosynthesis
[9,25,26]. SuS is also associated with the tonoplast in Beta vulgaris
cells, corroborating its involvement in sucrose mobilization from
the vacuole in sucrose-storing organs [27]. In sycamore (Acer

pseudoplatanus) cells, SuS was demonstrated to be simultaneously
targeted to plasmalemma and tonoplast membranes [28]. Inter-
estingly, there was a lack of direct relationship between membrane
type location and degree of phosphorylation, but the data
supported the relevance of phosphorylation to SuS activity [28].
In contrast, in maize plants, the phosphorylation state of SuS does
play a crucial role in anchoring the protein to the cell membranes.
Two phosphorylated forms of the enzyme (SUS1 and SUS-SH1) are
associated with membranes, whereas a non-phosphorylated form
(SUS2) localized to the cytosol [29]. Association of SuS with the
Golgi fraction has also been described in maize [30] and linked to
the synthesis of cellulose polymers. Similarly, in tobacco pollen
tubes, SuS isoforms occur in the soluble, plasma membrane and
Golgi fractions, as well as a SuS-like protein seems to be in
association with the cell wall [31]. In pollen tubes, a phosphory-
lated SuS form is more abundant in the cytoplasm and associated
with the cell wall, and a non-phosphorylated protein is specific to
the plasma membrane [31]. The three maize SuS protein sequences
revealed that the SUS-SH1 protein is marked by a putative
mitochondrial targeting signal at its N-terminus [32], and the SUS1
and SUS-SH1 isoforms are partly localized in mitochondria and
nuclei [32,33]. Arabidopsis thaliana has a six-member SuS gene
family, whose protein products are closely related to each other in
both sequence and general kinetic properties. These genes have
different spatial and temporal patterns of expression [34]. The
Arabidopsis SUS2 seed isoform seems to be mainly localized in the
plastids of the embryo [35]. Remarkably, despite the accepted
importance of SuS isoforms, it was recently reported that none of
the six isoforms in Arabidopsis is individually required for normal
growth and reproduction [36]. In addition, data from a compre-
hensive loss-of-function study revealed that SuS isoforms are not
required for cellulose synthesis in Arabidopsis, and that SUS6, and
probably SUS5 are confined to phloem sieve elements, and are
involved in callose synthesis in sieve plates [36]. These led to new
questions about the precise role of sucrose catabolism by different
SuS isoforms in plants.

On the other hand, where are A/N-Invs localized? These elusive
enzymes have been barely studied in the past because of their low
and unstable activity. They were described as cytosolic proteins,
and somewhat underestimated, and thought to play no relevant
role in carbon metabolism and plant development [16,37-43].
Since A/N-Invs are the least studied proteins of sucrose catabolism,
their physiological function remained largely unknown. Some
striking recent findings about the presence of functional A/N-Inv
forms inside plant organelles, as well as the description of novel
physiological roles, necessitate a re-evaluation of the importance
of these enzymes and have revived interest in their investigation.
The aim of the present review is to discuss the recently reported
findings on A/N-Invs that suggest these Cinderella enzymes have
novel cytosol-organelle metabolic connections and previously
unforeseen roles in plant development.

2. Alkaline/neutral invertases: little known enzymes with
surprising locations and roles

A/N-Invs are a group of intriguing enzymes found in oxygenic
photosynthetic organisms [13,44]. Compared with the other
sucrose metabolism enzymes, A/N-Invs have been “kept in the
cinders”, hardly taken into account in biochemical, physiological
and molecular studies. Because of their generally low and labile
activity, biochemical studies and purification to homogeneity of
these enzymes resulted rather difficult compared with other
sucrose metabolism proteins. In contrast to Ac-Invs, A/N-Invs are
not glycosylated and do not belong to the (-fructofuranosidase
family since they hydrolyze sucrose but not other B-fructose-
containing sugars [13,41,44,45]. A/N-Inv activity was shown to be
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strongly inhibited by the hydrolysis products and not affected by
heavy metals, suggesting a markedly different catalytic site to that
of Ac-Invs [13,37,38,40,42-44].

2.1. A/N-Inv isoforms

Formerly, A/N-Invs were classified according to their opti-
mum pH, either close to 6.5-7 or to 7.8-8.0, and named neutral-
Invs (N-Invs) or alkaline-Invs (A-Invs), respectively. Representa-
tives of both isoforms have been purified from several plant
species and from Anabaena (Nostoc) sp. PCC 7120, a filamentous
nitrogen-fixing cyanobacterium, and have been biochemically
characterized [37-40,42,44-46]. Since a single amino acid
substitution has in Ac-Invs strong consequences on the optimum
pH of the enzyme [47], it was suggested that the A/N-Inv
optimum pHs may also be a property associated to the amino
acids involved in the catalytic site, related to their physiological
role and/or location [46]. Only the coding sequences of
functionally characterized A-Inv isoforms have a conserved
motif (DGE/DG), e.g. in Anabaena An-InvA, A. thaliana At-CINV1
and wheat Ta-A-Inv [46]. Interestingly, this motif is located in the
region 2 of the A-Inv protein, and was suggested as the possible
substrate binding site of the enzyme [45]. This difference
between A-Inv and N-Inv may introduce different acid/base
properties in the putative catalytic site, leading to differences in
optimum pH between both isoforms [46]. Further studies, such
as active site identification and 3D structure determination will
help in clarifying this issue.

The first functional characterization of the complete repertoire
of A/N-Inv genes that occur in a genome was carried with Anabaena
sp. PCC 7120. It has two genes (An-invA and An-invB, coding for an
A-Inv and a N-Inv, respectively) [44]. Plant genome analyses have
expanded our knowledge of A/N-Invs and have uncovered putative
multigene families encoding these proteins in the genomes of A.
thaliana (nine genes), Oryza sativa (eight genes), Populus tricho-
charpa (sixteen genes), Vitis vinifera (nine genes) and Lotus
japonicus (seven genes) [48-52].

Even though A/N-Invs have unique biochemical properties,
their physiological functions are still not clear. They have been
ascribed with rather general functions such as cellular main-
tenance and growth [16]. However, this concept drastically
changed when novel biochemical and molecular characteristics
including unexpected roles for these enzymes were found. The first
breakthrough was to show that not all of them are located in the
cytosol but some A/N-Inv forms are targeted to subcellular
compartments, as chloroplasts, mitochondria and nuclei [49,53-
55]. The A/N-Invs are crucial for the regulation of a plethora of
physiological events associated with root development, reproduc-
tion, and acclimation to environmental stresses [36,46,52,54,56-
59]. Furthermore, different isoforms seem to be involved in distinct
molecular events controlling crucial cellular processes, including
gene expression and carbohydrate balance.

2.2. A/N-Inv in the cytosol

A growing body of evidence suggests that sucrose hydrolysis
through cytosolic A/N-Invs is a pivotal event involved in carbon
distribution, cellular differentiation, tissue development and
responses to environmental stresses [36,46,52,54,56-59].

Sucrose metabolism was largely studied in plants under
environmental stresses because it is involved in adaptation to
unfavourable conditions such as drought, low temperatures, or
high salinity [60-66]. Curiously, in most of those reports the
expression of A/N-Inv was not analyzed. However, the important
role of cytosolic invertases in abiotic stresses, growth, and cell
development has begun to be elucidated.

A soluble invertase (Ta-A-Inv) with alkaline optimum pH for
activity is induced in fully expanded wheat leaves in response to
osmotic and cold stress at the same time that sucrose biosynthesis
is enhanced [46]. Similarly, Arabidopsis plants subjected to osmotic
stress (3% mannitol) had induced expression of a cytosolic A/N-Inv
form (AtCYT-INV1) with concomitant accumulation of soluble
carbohydrates (sucrose, glucose, and fructose) [56]. In both cases,
sucrose cycling involving SPS and cytosolic A/N-Inv activities
probably occurred. Such cycling may allow higher sensitivity to the
environmental conditions, modulating rates of sucrose synthesis
and degradation, controlling sugar accumulation and respiration,
maintaining osmotic potential, and promoting sugar signalling
[67,68].

A role was found for cytosolic A/N-Inv in Arabidopsis root
development [54,56]. The characterization of Arabidopsis plants
impaired in the functional expression of an A/N-Inv (AtCYT-INV1)
helped to find its involvement in plant development; including
primary root elongation, root hair growth, reproduction, and in the
inhibition of lateral root growth during osmotic stress [56]. An
Arabidopsis T-DNA insertion knockout mutant that was deficient in
the cytosolic invertase CINV1 had lower activity of both N- and Ac-
Invs as well as shortened roots [54]. AtCYT-INV1 [56] and
Arabidopsis CINV1 [54] are identical products of unique gene,
formerly denoted as At-A/N-InvG [42].

The loss of two closely related cytosolic isoforms (Arabidopsis
CINV1 and CINV2), dramatically slowed plant growth [36]. The
phenotype of this double mutant had less sucrose catabolism in
root cells, highly reduced root growth, loss of starch from the root
cap, and enlarged cell types, which had a tendency to collapse.
Importantly, this shows that soluble SuS (Cinderella step-sister) is
not required for normal growth, whereas cytosolic A/N-Inv
Cinderella is indispensable. Thus, cytosolic A/N-Inv may be crucial
in supplying carbon from sucrose to non-photosynthetic cells in
Arabidopsis and also to control cell development [36].

In rice, one isoform of A/N-Inv (OsCYT-INV1=OsNINS8, a
homologue to AtCYT-INV1) controls the supply of hexoses needed
for root growth [57,58]. The loss of function of that cytosolic
invertase had more pronounced effects in the rice mutant than in
the Arabidospsis one having no expression of AtCYT-INV1. The
mutant rice plants had shorter roots due to a reduction in size of
the radical cells. The mutant also produced less seeds as a
consequence of a lower pollen fertility. Similarly, in the model
legume L. japonicus, the expression of seven A/N-Inv isoforms
(LjINV1-LjINV7) was thoroughly investigated [52]. The cytosolic
LjINV1, previously described as a nodule enhanced isoform [59],
was expressed in all parts of the plant. However, LjINV1 is crucial
for development but not essential for nodule formation or function
[52]. Lotus plants impaired in its expression were unable to grow to
maturity and produced infertile flowers due to a lack of pollen.

From the data with A. thaliana, rice and L. japonicus, it can be
concluded that cytosolic A/N-Invs play essential roles during
growth and development of different plant species [36,52,54,56-
58]. Contrary to previous thinking, these observations highlight the
importance of A/N-Inv for cytosolic sucrose catabolism, carbon
circulation within the plant cell, and the physiological processes
that ensure a normal plant development.

2.3. A/N-Inv isoforms associated with the plasma membrane and the
nucleus

By exploring the physiological function of phosphatidylinositol
monophosphate 5-kinase (PIP5K) in A. thaliana, the cytosolic
CINV1 isoform was shown to interact with PIP5K9, a component of
phosphatidylinositol signalling pathways necessary for normal
root growth [54]. The association was corroborated in vivo after co-
immunoprecipitation of PIP5K9 and CINV1 from extracts of



4 W.A. Vargas, G.L. Salerno/Plant Science 178 (2010) 1-8

Arabidopsis transgenic plants over-expressing both proteins. Then,
the subcellular localization of PIP5K9 and CINV1 was also
investigated in vivo in Nicotiana benthamiana leaves and in onion
epidermal cells. PIP5K9 and CINV1 co-localized in membranes and
the nucleus. This revealed even more interesting aspects for
sucrose hydrolysis and its role in plant cells. Notably, CINV1 lacks a
subcellular localization signal, but its fate seems to be determined
by its association with PIP5K9. Signalling pathways regulated by
inositol 1,4,5-trisphosphate (ITP) are associated with plant
development, in response to several stresses, and other physio-
logical processes. Still, the regulation of these pathways is largely
unknown [69-71]. The physical association of PIP5K9 with CINV1
shows a crosstalk between ITP and sugar signalling pathways,
involving this A/N-Inv form as one of the potential components
[54,58]. Even though both sucrose and its hydrolysis products can
fulfil this role, in many cases it is glucose the direct signalling
molecule. Such a role is difficult to establish for sucrose because it
can be readily converted into fructose and glucose. It is well
documented that hexoses can trigger sugar responses and
signalling in plants to regulate plant growth and development
[5,72]. The involvement of the cytosolic CINV1 in signal transduc-
tion pathways is also supported by the sequestration of the
enzyme inside the nucleus and the reduction of its activity by
association with PIP5K9. These findings represent an outstanding
advance in this research field, but the molecular mechanisms and
the significance of CINV1 for sugar signalling and signal
transduction still needs to be revealed. Remarkably, Arabidopsis
plants impaired in the expression of the gene encoding CINV1 were
less sensitive to glucose, and had defects in development and
alterations in the transcription of a wide variety of genes [54].
Similar Arabidopsis phenotypes, including ones that are glucose
insensitive during seedling development and have a defective
control of glucose-dependent gene expression, are found in plants
impaired in the expression of a hexokinase (HXK), which is
ascribed as the glucose sensor in the mechanisms for sugar sensing
and signal transduction [73].

The importance of A/N-Inv activity in sugar signalling may
reside in regulating sucrose concentration, or in the production of
glucose, which could be further sensed by HXK [72]. Interestingly,
A. thaliana AtHXK1 is involved in a nuclear protein complex that
directly modulates specific target genes in a glucose-dependent
manner [74]. Thus, it can be speculated that the presence of CINV1
in the nucleus may be associated with the production of sucrose-
derived glucose for the AtHXK1-mediated control of gene
expression. Despite it was suggested that glucose binds to AtHXK1
for such regulation, the presence of glucose or sucrose inside the
nucleus has not yet been described. Further research is needed to
identify how a carbohydrate signal is transferred from the cytosol
to the nucleus and whether CINV1 activity and the HXK1-related
protein complex work synergistically in Arabidopsis to control
sugar-dependent gene expression. It will be intriguing to gain a
better understanding of the intricate molecular mechanisms that
underlie ITP metabolism, sugar signalling, and the control of CINV1
activity and its subcellular localization.

2.4. A/N-Inv in chloroplasts

Chloroplasts are the hallmark plant organelles where photo-
chemical reactions produce energy and support CO, fixation,
sustaining plant growth and development. Photosynthesis and
carbon metabolism in the whole plant are strictly coordinated by
feedback regulation and are a main target of sugar signalling. Much
evidence indicates that the rate of sucrose synthesis in the cytosol
is coordinated with the rate of CO, fixation and starch synthesis in
the chloroplasts. These pathways are interconnected by a rigorous
control on a unidirectional flux of triose-phosphates toward the

cytosol through the triose-phosphate translocator, which, in turn,
imports Pi to the organelle [75]. Conversely, starch accumulation in
chloroplasts depends on precise regulation of the enzymes
involved in its synthesis and degradation, which were shown to
be indirectly controlled by sucrose [76]. While starch degradation
is regulated by the carbohydrate status of the cell, the accumula-
tion of sucrose parallels the activation state of ADP-glucose
pyrophosphorylase (AGPase), a key enzyme in starch biosynthesis
that is also activated by a decrease in the Pi:3-phosphoglycerate
ratio. However, the relationship between the rates of starch
synthesis and sucrose content is probably more complex than a
simple explanation based on an overflow model. Other levels of
regulation were investigated, including the sensitivity of AGPase to
the redox state of the cell and the involvement of trehalose-6-P
[77-81]. Sucrose causes a 30-fold increase in trehalose-6-P levels
in Arabidopsis leaves, which is accompanied by redox activation of
AGPase and the stimulation of starch synthesis [79]. Recent
evidence indicates that trehalose-6-P could signal the availability
of sucrose and inhibit SnRK1 (a SNF1-related protein kinase 1)
activity, promoting biosynthetic reactions and growth [80].
Additionally, a recent report unveils the function of NADP-
thioredoxin reductase C in regulating AGPase and the attendant
synthesis of starch in chloroplasts [81]. However, the link between
sucrose and starch accumulation in the chloroplasts is not yet fully
understood, requiring further exploration.

The occurrence of sucrose in plastids, specifically in chloroplasts,
was severely debated for more than two decades. Even though it was
known that isolated spinach chloroplasts hydrolyzed sucrose into
glucose and fructose [82], neither sucrose metabolizing enzymes
nor sucrose transporters had been found in the organelles.
Also, since sucrose content inside the plastids had been detected
at very low levels, it was suggested that sucrose may be quickly
metabolized or exported out by some unknown manner. Two
decades later, sucrose entering chloroplasts was indirectly inferred,
from transgenic tobacco plants expressing a plastid-targeted
levansucrase gene (SacB) [83]. Using subcellular fractionation, levan
production, which should take place from sucrose, was shown to be
associated with chloroplasts isolated from protoplasts of the
transformed plants. Nevertheless, levan association with sucrose
inside chloroplasts in leaves of tobacco and potato [83] was
challenged by Cairns [84] after a thoroughly analysis of the
presented data, concluding that the subcellular targeting in bacterial
levan transformants has not been unequivocally established. To
date, the origin and fate of plastid sucrose is still intriguing.

Evidence that A/N-Inv isoforms could be directed into rice
plastids [49] and then, the identification of chloroplast-specific A/
N-Inv in Arabidopsis and in spinach [53], disclosed a novel point of
control in the regulation of leaf carbon partitioning between the
cytosol and chloroplasts. Undoubtedly, the demonstration of an A/
N-Inv isoform (At-A/N-InvE) inside the chloroplast adds a new
proof on the possible fate of sucrose inside the organelles.
Moreover, reverse genetic experiments suggested that the
production of the chloroplast-localized Arabidopsis A/N-Inv is
involved in the control of carbon balance between cytosol and
chloroplasts. The phenotype of the Arabidopsis At-A/N-InvE knock-
out plants suggested a novel scenario for carbon movement within
the photosynthetic cell, where the activity of an A/N-Inv seems to
be linked to starch accumulation [53]. The scheme in Fig. 1 depicts
how monosaccharides from sucrose hydrolysis may contribute to
starch accumulation, suggesting a novel connection between
sucrose and chloroplast starch metabolism. It also highlighted the
possible entry of sucrose into different metabolic pathways in
mitochondria, plasma membrane and nucleus, and novel locations
for A/N-Inv and SuS proteins.

Further understanding of the function of sucrose hydrolysis
inside chloroplasts may help to comprehend how sucrose mediates
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starch level. Whether sucrose, or its hydrolysis products, modulate
enzyme activities related to plastid starch synthesis remains to be
elucidated. In addition, sucrose-derived hexose signalling path-
ways may also be involved in starch biosynthesis as HXKs also
occurs inside chloroplasts [7,85]. Regulatory mechanisms inte-
grating also trehalose-6-P signalling pathway, AGPase redox
activation, protein-protein interactions, such as the case of
PIP5K9-CINV1 interaction or with other regulatory proteins,
should also be taken into account in future studies.

2.5. A/N-Inv in mitochondria

Oxidative respiration in mitochondria is an important fate of
hexoses, product of sucrose hydrolysis. However, recent findings
that glucolytic enzymes are associated with the outer mitochon-
drial membrane in a respiration-dependant manner, together with
the presence of A/N-Inv forms in the mitochondrial matrix point to
a more close relationship between mitochondria and carbohydrate
metabolism. Consequently, novel physiological functions could be
envisaged for mitochondrial A/N-Inv [49,55,86].

Transient expression of fusion proteins combining the amino
terminal region of rice OsNIN1 with GFP demonstrated that
OsNIN1::GFP fusion protein was targeted to mitochondria [49].
There are putative mitochondrial targeting signals in A/N-Inv
isozymes from carrot and Lolium temulentum [53], as well as for
some Arabidopsis A/N-Inv forms (W.A. Vargas and G.L. Salerno,
unpublished). Next, the presence of A/N-Inv was confirmed in the
matrix of mitochondria isolated form Jerusalem artichoke tubers
[55].

As already mentioned, SuS is also targeted to maize mitochon-
dria but a novel and non-catalytic function was assigned for this
isoform, due to its poor activity and low affinity for sucrose [32].
However, A/N-Inv from Jerusalem-artichoke tuber mitochondria
was highly active, with kinetic properties similar to other well-
characterized A/N-Invs, suggesting that sucrose could be hydro-

lyzed in the matrix of this organelle [55]. The presence of sugar
transporters in the mitochondrial inner membrane was also
investigated. Thus, it was proposed that the invertase system was
composed of an enzyme in the organelle matrix and the
corresponding sugar transporter [55]. Zymomonas mobilis copes
with osmotic stress by regulating the sucrose/glucose + fructose
ratio to increase the osmolarity in the cytosol. It was suggested that
plant mitochondrial A/N-Inv isozyme may similarly be involved in
osmotic stress adaptation mechanisms for the organelle and the
whole cell. This comparison is risky due to distinct differences in
the metabolic and physiological complexity between plants and
bacteria. The extent of glycolytic enzymes associated with the
surface of mitochondria is dependent on the respiration rate in
both Arabidopsis and potato tuber cells [86]. Still, it is not clear how
the mitochondrial invertase system may be integrated into
intermediary metabolism and what is its role inside the organelle.
It remains to be demonstrated whether it represents a functional
link between respiration and sucrose metabolism, providing a
metabolic connection between carbon photoassimilation and
mitochondrial respiration. Even though A/N-Inv activity yields
glucose and fructose that can be used for energy production [16],
no direct connection between these two processes has been
presented [87]. To date, we are only aware that A/N-Invs are also
targeted to mitochondria, which increases the complexity of
carbon partitioning between cytosol and organelles. This finding is
of greater interest for plant biologists studying plant energetics
and the metabolic coordination in photosynthetic cells. However,
further work is needed to elucidate the role of sucrose hydrolyzing
SuS and A/N-Inv in plant mitochondria.

3. Evolution and phylogenetic relationships of A/N-Invs
The analysis of the deduced amino-acid sequences from A/N-

Inv encoding genes retrieved from completely sequenced genomes
of plants and microorganisms, provided a comprehensive view of
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Table 1

Number of A/N-Inv homologous genes occurred in completely sequenced genomes, and subcellular targeting of the corresponding gene products.
Species Total number of genes Number of A/N Inv isoforms expected in different cell locations Reference

Mitochondrion Plastid Nucleus Cytosol Membrane

A. thaliana® 9 2 2 1 5 1 [51,53,54]
0. sativa 8 2 2 Nd 4 Nd [49,51,53]
L. japonicus® 7 3 2 Nd 2 Nd [52]
V. vinifera® 9 2 2 Nd 5 Nd [51]
P. trichocharpa® 16 4 3 Nd 9 Nd [50,51]

Nd: not determined.

¢ Total gene number is nine. However, one gene product (CINV1 isoform) was detected in cytosol, cell membrane and nucleus [54].
b The number of mitochondrial or chloroplastic isoforms was predicted based on sequence clustering with A. thaliana or O. sativa A/N-Inv targeted to mitochondria or

chloroplasts, respectively.

their origin and evolution. Homologs to A/N-Inv genes had been
reported in plant and cyanobacterial genomes [44]. Particularly,
one or two homologous sequences could be retrieved from
genomes of unicellular or filamentous nitrogen-fixing cyanobac-
terial strains, respectively, but no homologs could be found in
unicellular alga genomes, rising new questions about sucrose
hydrolysis in those organisms ([44], W.A. Vargas and G.L. Salerno,
unpublished). The presence of homologs in open-ocean strains,
phylogenetically located at the base of the cyanobacterial
radiation, suggests that A/N-Invs originated from an ancestral A/
N-Inv like gene about 2-3.5 billion years ago [44], supporting the
proposed origin of sucrose metabolism based on phylogenetic
analyses of SPS and SPP encoding genes [88]. Since no homologs for
SuS genes had been identified in open-ocean strains, it was
suggested that sucrose hydrolysis by A/N-Inv-like proteins might
be associated with the origin of sucrose metabolism [44]. Further
gene duplications during cyanobacterial diversification might have
originated the two different A/N-Invs in filamentous nitrogen-
fixing strains.

In agreement with the generally accepted cyanobacterial
endosymbiotic origin of plant chloroplasts, most of the cyano-
bacterial genes were transferred to the nucleus but their protein
products were preferentially re-imported to the organelle [89,90].
Genes involved in sucrose metabolism seem to be efficiently lost
from the chloroplasts because no homolog has been identified in
sequenced plastid genomes and, initially, it was believed that their
protein products were exclusively localized in the cytosol of plant
cells [19].

The discovery of plant SuS and A/N-Inv isoforms distributed
between the cytosol and different subcellular locations allows us to
propose a new picture for carbohydrate metabolism in the
photosynthetic cells presenting an intricate crosstalk and regula-
tion between sucrose and most metabolic pathways in contem-
porary plants (Fig. 1).

Genome analyses have expanded our knowledge of A/N-Invs by
identifying multigene families in A. thaliana, O. sativa, P.
trichocharpa, V. vinifera and L. japonicus [48-52] (Table 1).
Phylogenetic analyses using deduced amino-acid sequences of
A/N-Invs from cyanobacteria and plants confirmed that all plant A/
N-Invs grouped together in two sister clades representing two
separated families [48-53]. The sequences carrying subcellular
targeting peptides (either to mitochondria or to chloroplasts)
group together in a single cluster (clade «) apart from the
sequences lacking any subcellular targeting signal (clade 3) [48-
53]. Similar results were also obtained when the phylogenetic
reconstruction was performed after removing the signal peptide
suggesting different evolutionary histories for both clades (W.A.
Vargas and G.L. Salerno, unpublished). P. trichocharpa has 16 PtNIN
homologous sequences, ascribed as cytosolic A/N-Inv isoforms
[50]. However, several of those sequences correspond to truncated
forms, preventing a proper prediction of their subcellular
targeting. The phylogenetic reconstruction shows that six

sequences (PtNIN1 to PtNIN6) group with organelle-targeted
isoforms from Arabidopsis (belonging to clade «) [48,50,53] and the
remaining ten sequences group with cytosolic forms, located in the
clade 3 [48,50]. Similarly, some A/N-Inv isoforms from V. vinifera
and L. japonicus [51,52] group in the clade «, suggesting that those
isoforms also might be targeted either to mitochondria or
chloroplasts (Table 1). However, only the analysis of the full
length sequences and the functional characterization of the
different genes will truly confirm the subcellular fate of those
gene products.

The differential clustering, even when different species are
analyzed simultaneously, suggests that both A/N-Inv families might
have diverged at early stages in the plant lineage. After the
endosymbiotic origin of vascular plant chloroplasts, both families
might have branched after proteins within clade a acquired signal
peptides for subcellular localizations, and afterwards both families
followed independent evolutionary paths.Genomic duplications in
different plants may have led to a big A/N-Inv gene family where
genetic redundancy, a very common phenomenon in plants, could
be speculated [44,48,51,53]. The little knowledge about relevance of
the different A/N-Inv encoding genes makes rather difficult to
conclude about redundancy classes (full, partial, and unequal
redundancy [91]). In agreement with the limited information,
mainly based on phenotypes of a few Arabidopsis mutants, it can be
suggested that the A/N-Inv encoding genes do not present full
genetic redundancy. The strong phenotypes observed in single
mutants, indicate unique functions for those mutated genes. Further
investigations, such as comprehensive gene expression assays and
studies on single and multiple A/N-Inv mutants, will be required to
determine the relevance of each member of this gene family in
different plant species, and the occurrence of genetic redundancy.

4. Conclusions and future directions

Tremendous progress has been made over the past three years
on plant A/N-Invs. These enzymes have risen from a state of
invisibility to being seen as essential proteins in plant life.
Localization experiments and reverse genetic strategies allowed
their re-evaluation and revealed additional novel functions.
Evidence in Arabidopsis suggests that A/N-Invs even surpass the
importance of SuS in normal growth and reproduction.

The fact that A/N-Inv are proteins with multiple locations in the
plant cell (cytosol, chloroplasts, mitochondria, nuclei) makes them
excellent candidates for the coordination of metabolic processes
that take place in the different compartments. Sucrose hydrolysis
by an A/N-Inv inside the chloroplast probably participates in
controlling chloroplast-cytosolic carbon partitioning. The mole-
cular mechanisms and signalling pathways by which sucrose
hydrolysis inside the chloroplast mediates the regulation of carbon
exchange and starch accumulation are still enigmatic.

The physical interaction between PIP5K9 and an A/N-Inv form
in Arabidopsis links the phosphatidylinositol signalling pathways
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to sugar metabolism in controlling several developmental
processes in plants. This level of regulation through a protein-
protein interaction connecting two central signalling pathways
may lead to unexpected mechanisms of crosstalk regulation.
However, basic questions regarding the function of A/N-Inv
isoforms targeted to mitochondria and nuclei still remain
unanswered.

We believe that an exciting scenario is emerging, but further
efforts are needed to fully ascertain the physiological function of A/
N-Inv isoforms and the regulatory mechanisms that govern
sucrose flux to the different subcellular compartments. Yet, there
is a glaring lack of understanding about the simultaneous
expression of the different A/N-Inv genes in a single cell/tissue,
and the interplay of the other actors of sucrose metabolism.
Additional investigations should include the characterization of
sucrose transporters to the organelles and a comprehensive study
of the expression of each A/N-Inv-encoding gene. The analysis of
the consequences due to suppression or over-expression of
organellar A/N-Invs in transgenic plants will help in clarifying
the importance of sucrose hydrolysis in the different cell-
compartments.

The integration of the recently published knowledge about A/N-
Inv in various plant species in situations where sucrose metabo-
lism is fundamental for the plant physiology, such as plant-
microbe interactions, and responses to abiotic stress or plant
hormones, will provide further insights into A/N-Inv roles.
Functional and expression studies of isoforms present in other
photosynthetic organisms, filing the gap between cyanobacteria
and vascular plant A/N-Invs, will contribute to a better under-
standing of A/N-Inv evolution. It would not be surprising if
additional roles for A/N-Invs are uncovered in the near future.
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