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Abstract The presence of sucrose (Suc) in plastids was
questioned for several decades. Although it was reported
some decades ago, neither Suc transporters nor Suc metab-
olizing enzymes were demonstrated to be active in those
organelles. By biochemical, immunological, molecular and
genetic approaches we show that alkaline/neutral invertases
(A/N-Invs) are also localized in chloroplasts of spinach and
Arabidopsis. A/N-Inv activity and polypeptide content
were shown in protein extracts from intact chloroplasts.
Moreover, we functionally characterized the Arabidopsis
At-A/N-InvE gene coding for a chloroplast-targeted A/N-
Inv. The At-A/N-InvE knockout plants displayed a lower
total A/N-Inv activity in comparison with wild-type plants.
Furthermore, neither A/N-Inv activity nor A/N-Inv poly-
peptides were detected in protein extracts prepared from
chloroplasts of mutant plants. Also, the measurement of
carbohydrate content, in leaves harvested either at the end
of the day or at the end of the night period, revealed that the
knockout plants showed a decrease in starch accumulation
but no alteration in Suc levels. These are the Wrst results
demonstrating the presence of a functional A/N-Inv inside

chloroplasts and its relation with carbon storage in Arabid-
opsis leaves. Taken together our data and recent reports, we
conclude that the participation of A/N-Invs in the carbon
Xux between the cytosol and the plastids may be a general
phenomenon in plants.
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Abbreviations
A/N-Inv Alkaline/neutral invertase
Chl Chlorophyll
Col 0 Arabidopsis thaliana ecotype Columbia 0
Inv Invertase
gfp Green Xuorescent protein
Suc Sucrose
UDP-Glc UDP-glucose
UGPase UDP-glucose pyrophosphorylase

Introduction

Plastids play central roles in the diVerent stages of the plant
life cycle. They are involved in important aspects of the
plant biology, such as photosynthesis, fatty acid production,
and starch metabolism (Tetlow et al. 2004; López-Juez and
Pyke 2005; López-Juez 2007). Communication between
plastids and the cytosol is a crucial process strictly coordi-
nated inside the plant cells. In the case of photosynthesis, it
is well known that an accurate cross-talk is established in
order to regulate carbon partitioning between the cytosol
and chloroplasts. Triose-phosphate is the main form of pho-
tosynthetic carbon transported to the cytosol, being the ini-
tial substrate for sucrose (Suc) biosynthesis. When Suc
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demand is satisWed in photosynthetic tissues, a feedback
signaling mediated by a high cytosolic triose-phosphate/
phosphate ratio prevents carbon transport towards the cyto-
sol and starch synthesis is induced in chloroplasts. In this
way, a close relationship between the regulation of carbon
Wxation, starch storage and Suc metabolism is established
(Dennis and Blakeley 2000).

The presence of Suc in plastids has been described in
several studies (Heldt and Sauer 1971; Wang and Nobel
1971; Santarius and Milde 1977; Stitt and Heldt 1981; Hei-
neke et al. 1994; Winter et al. 1994; Fukushima et al.
2001). Because of its low level, plastidic Suc was severely
debated and even it was argued to be an artifact of the isola-
tion procedures since neither the presence of Suc transport-
ers nor Suc metabolizing enzymes had been described in
these organelles. By indirect evidence it has been recently
shown that Suc could enter chloroplasts eYciently (Gerrits
et al. 2001). Transgenic tobacco (Nicotiana tabacum) and
potato (Solanum tuberosum) plants expressing a plastid-tar-
geted levansucrase gene were able to accumulate fructans
in the plastids. Also, a reduction of up to 80% of total Suc
content was obtained when a yeast invertase was expressed
into potato tuber amyloplasts. Because of the low Suc lev-
els detected inside the plastids, Gerrits et al. (2001) pro-
posed that Suc might be quickly metabolized or exported
out by some unknown manner, making even more intrigu-
ing the origin and fate of plastidic Suc.

Since several decades ago, it is generally accepted that
photosynthetically-derived Suc originates primarily in the
cytoplasm (Walker 1974). Suc-phosphate synthase (SPS,
EC 2.4.1.14) and Suc-phosphate phosphatase (SPP, EC
3.1.3.24), enzymes responsible for Suc biosynthesis, were
extensively studied. SPS and SPP are known to be cyto-
sol-located proteins (Huber and Huber 1996; Winter and
Huber 2000; Lunn et al. 2000; Salerno and Curatti 2003).
However, diVerent cellular locations were shown for Suc
synthase (SuS, EC 2.4.1.13), which is usually assigned a
role in Suc cleavage under most physiological conditions.
SuS has the capacity to direct carbon towards other poly-
saccharide biosynthesis (i.e. starch, cellulose and callose)
and respiration, and also it is involved in carbohydrate
import by heterotrophic tissues (Amor et al. 1995; Winter
and Huber 2000). SuS can be found in the cytosol, bound
to the plasmatic membrane or associated to mitochondria,
depending on the phosphorylation status of its polypep-
tides (Koch 2004; Subbaiah et al. 2006). In addition,
invertases (Invs, EC 3.2.1.26) which catalyze the irrevers-
ible hydrolysis of Suc into hexoses, exist in several iso-
forms diVerentially located in the cell. Invs, which play an
important role when there is a demand for carbon and
energy, were classiWed according to the pH of maximum
activity in: (1) acid invertases (acid-Invs, �-fructofurano-
sidases, optimum pH about 5.0) that are extracellularly or

vacuolarly located, and (2) alkaline/neutral invertases
(A/N-Invs, optimum pH between 6.5 and 8.0), which were
poorly studied and thought to be exclusively localized into
the cytosol (Chen and Black 1992; Van den Ende and Van
Laere 1995; Ross et al. 1996; Lee and Sturm 1996; Walker
et al. 1997; Vorster and Botha 1998). In contrast, recent
reports point to a subcellular location of these proteins. By
genome analysis, Ji et al. (2005) studied the diVerent Inv
isoforms in rice and proposed the presence of putative
subcellular targeting signals in an A/N-Inv family of rice.
Afterward and during the writing of the present report,
Murayama and Handa (2007) reported that two cDNA
sequences of rice (OsNIN1 and OsNIN3) encode proteins
that are transported into the mitochondria and into plas-
tids, respectively. However, only the mitochondrial-tar-
geted A/N-Inv (OsNIN1) was functionally characterized
in vitro.

In this work, we present functional studies on chloro-
plast isoforms of A/N-Inv using a combination of bio-
chemical, molecular and genetic approaches and we
explore their possible biological roles. We showed A/N-
Inv activity and polypeptides in spinach (Spinacia olera-
cea) and Arabidopsis (Arabidopsis thaliana) chloroplasts.
Moreover, we functionally characterized the coding
sequence for At-A/N-InvE, an Arabidopsis chloroplast-
located A/N-Inv, conWrmed its subcellular fate by transient
expression experiments, and performed biochemical stud-
ies in At-A/N-InvE knockout plants. Our results reinforce
recent Wndings in rice that describe the subcellular locali-
zation of A/N-Invs and suggest that it is a general feature
in plants, bringing to light a novel point of control in the
regulation of carbon partitioning between the cytosol and
chloroplasts in leaves.

Materials and methods

Plant material

Spinach (Spinacia oleracea) plants were freshly obtained
from the central market and leaves were properly washed
previous to their processing. Two Arabidopsis lines were
used in this study: Arabidopsis wild-type ecotype Columbia
0 (Col 0) and the SALK_138953 (SALK) mutant line,
which contains a T-DNA insertion in the locus At5g22510,
protein accession number NP_197643 (Alonso et al. 2003).
Seeds from Col 0 and the knockout lines were obtained
from the Arabidopsis Biological Resource Centre, Ohio
State University. Arabidopsis seeds were germinated on
0.8% agar containing 0.5 £ MS growth medium supple-
mented with 5% (w/v) Suc (Murashige and Skoog 1962).
Plates were placed in a cold room (4°C) for 3 days to get a
synchronized germination and then moved to a growth
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chamber (CONVIRON, model CMP4030) at 22°C with a
12-h photoperiod. After 7 days the seedlings were trans-
ferred to pots containing a 1:1:1 mixture of perlite:vermicu-
lite:sphagnum moss. For metabolic studies, plant growth
was continued for 3 weeks at 22°C, in the same chamber
with a short-day light/dark cycle (10 h/14 h) and watered
with Hoagland’s solution (Hoagland and Arnon 1950). The
average light intensity on the top of the pots was
»150 �mol m¡2 s¡1. Three self-pollination, selection and
growth rounds were necessary to carry out with
SALK_138953 plants to obtain homozygosis in the
knocked out locus. For phenotypic comparison between
Col 0 and mutant plants, growth conditions and procedures
were similar to those described by Boyes et al. (2001). For
chloroplast preparation, plants were kept in darkness 20 h
prior to harvest and processing to obtain a high yield of
intact chloroplasts.

Escherichia coli and Agrobacterium tumefaciens growth

Escherichia coli strains [DH5� and BL21 (�DE3):pLysS
(Novagen)] and A. tumefaciens strain CV2260 were rou-
tinely cultured in Luria-Bertani medium and supplemented
with the required antibiotics according to the plasmid with
which they were transformed (Sambrook and Russell
2001).

Carbohydrate assays

Harvested leaves were cut into 0.5 cm segments and solu-
ble sugars were extracted by boiling the samples in 500 �l
alkaline water. The extraction was repeated three times
for 5 min at 100°C and the extracts were combined for the
analysis. Suc content was quantiWed after hydrolysis with
yeast invertase (Sigma), determining the amount of glu-
cose and fructose by an enzyme coupled assay (Jones
et al. 1977). After soluble sugar extraction, the remaining
leaf samples were used for starch extraction by adding
500 �l of water and heating in an autoclave at 120°C for
1 h. Starch content was determined in the supernatant as
the amount of glucose released after hydrolysis with �-
amyloglucosidase (Sigma) in the presence of 100 mM
sodium acetate buVer, pH 4.5. Glucose was analyzed
using Somogyi-Nelson reagents (Ashwell 1957), or enzy-
matically with hexokinase and glucose-6-phosphate dehy-
drogenase (Bergmeyer et al. 1974). For qualitative starch
staining, Arabidopsis plants were boiled in 80% (v/v) eth-
anol for 5 min. The leaf starch was stained using an
iodine–iodide solution. Iodine excess was removed by
washing the leaves with water and the plants were imme-
diately photographed. Statistical analyses (ANOVA) were
performed using the VassarStats (http://faculty.vassar.
edu/lowry/VassarStats.html) tools.

Preparation of total protein extracts from Arabidopsis and 
spinach leaves

Fresh leaves (1 g) were ground with a mortar and pestle in
the presence of liquid nitrogen. The powder was homoge-
nized with 2 ml of 50 mM Hepes–NaOH (pH 7.5), 1 mM
EDTA, 10 mM MgCl2, 20% (v/v) glycerol, 0.01% (v/v)
Triton X-100, 20 mM �-mercaptoethanol and 1 mM phen-
ylmethylsulfonyl Xuoride during 10 min at 0°C. Extracts
were Wltered through cheesecloth and centrifuged for
20 min at 20,000£g. The clariWed supernatants (crude
extracts) were desalted through Sephadex G-50 columns
and immediately used for enzyme activity assays.

Chloroplast isolation and protein extract preparations

Spinach and Arabidopsis leaves were ground with a mortar
and pestle in the presence of 400 mM mannitol, 50 mM
Hepes–NaOH (pH 7.5), 2 mM EDTA, 1 mM MgCl2, 0.2%
�-mercaptoethanol and 0.2% (w/v) BSA (grinding buVer)
and following the protocol described by Mourioux and
Douce (1981). Intact chloroplasts were separated after cen-
trifugation during 15 min at 9,000£g on a pre-formed Per-
coll® gradient (50% [v/v] Percoll, 45 min 22,000£g, 4°C,
brake oV), collected and washed three times with grinding
buVer. The integrity of chloroplasts was judged by micros-
copy. Isolated chloroplasts were ground with a pestle and
mortar in the presence of glass powder and liquid nitrogen.
Proteins were extracted as indicated above. The homoge-
nate was centrifuged for 20 min at 12,000£g and the super-
natant was desalted through a Sephadex G-50 column prior
to enzyme assays.

Enzyme assays, chlorophyll and protein determination

A/N-Inv activity was routinely determined at 30°C in reac-
tion mixtures containing 200 mM Hepes–NaOH (pH 7.5)
and 200 mM Suc. The released reducing sugars were quanti-
Wed using Somogyi-Nelson reagents (Ashwell 1957) or by
enzyme coupled assays following spectrophotometrically
the appearance of NADPH (Bergmeyer et al. 1974; Bernt
and Bergmeyer 1974). UDP-Glc pyrophosphorylase
(UGPase) activity was determined at 30°C in a reaction mix-
ture containing 100 mM Tris–HCl (pH 7.5), 20 mM MgCl2,
10 mM UDP-Glc, 10 mM sodium pyrophosphate. The rate
of UDP-Glc pyrophosphorolysis was measured spectropho-
tometrically in the presence of phosphoglucomutase, glu-
cose-6-phosphate dehydrogenase and NADP as previously
described (Sowokinos 1981). NADP-dependent malate
dehydrogenase activity was assayed at 30°C in the presence
of 100 mM Hepes–NaOH (pH 7.5), 10 mM sodium malate
and 10 mM NADP, and the reaction progress was followed
as described previously (Scheibe and Stitt 1988). Fumarase
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activity was assayed as the conversion of malate into fuma-
rate in the same conditions described by Cooper and Beevers
(1969), and the reaction progress was followed determining
the absorbance at 240 nm. Chlorophyll (Chl) was extracted
with methanol and its concentration was calculated accord-
ing to the equation �gChl = A665 nm £ 13.43 (Mackinney
1941). Protein concentration was determined using the
Bradford reagent (Bradford 1976).

Protein analysis on SDS-PAGE and immunodetection

Proteins were separated by SDS-PAGE on 12% polyacryl-
amide gels (Laemmli 1970) and stained with Coomassie
blue or blotted onto a nitrocellulose membrane (HyBond
C®, Amersham) as described by Renart and Sandoval
(1984). Membranes were probed according to Salerno et al.
(1998) with antibodies raised in rabbits against recombi-
nant InvB (An-InvB) from Nostoc sp. PCC 7120 (Vargas
et al. 2003), or against Solanum lycopersicum UGPase
(kindly provided by Prof J. Sowokinos, University of Min-
nesota) as previously reported (Asatsuma et al. 2005). To
visualize chloroplastic A/N-Inv by immunoblot analysis,
the protein was loaded in each lane on an equal cytosolic
marker basis according to Beers et al. (1992).

Total RNA preparation and expression assays

RNA from diVerent Arabidopsis tissues was prepared using
the TRIZOL® reagent (Gibco-BRL) according to the manu-
facturer. RNA quality and PCR products were analyzed by
electrophoresis in 1% agarose gels. cDNA synthesis was
performed from total RNA (5 �g) treated with DNase (RQ1
RNase-Free DNase®, Promega), using moloney murine leu-
kaemia virus-reverse transcriptase (MMLV-RT®, Promega)
and oligo-dT primers. PCR reactions to amplify At-A/N-
InvE were performed using the primers AtInvEF (GGATC
CATGGCAGCTTCAGAAACAGTTC) and AtInvER
(TCTAGAAATAAATGGTTGTTGAGCTTTTTT). In the
case of At-A/N-InvH, AtInvHF (CTCGAGATGAATGCC
ATCACTTTTCTTG) and AtInvHR (ACTAGTTATAAG
AATCTGAGACTTTGCTGC) were used as primers. The
ampliWcation of the constitutively expressed ubiquitin gene
(AtUbi, accession number AK118678) was used as an inter-
nal loading control, using the primer pair UbiF (CTTCGTC
AAAACCCTCACCGGCAAAA) and UbiR (GAGAAGA
CCACCCCTAAGAGCAAGA). For expression analysis,
semi-quantitative RT-PCR experiments were carried out.
After reverse transcription of total RNA, PCR reactions
were performed for 25 cycles of 94°C (1 min), 55°C
(1 min) and 72°C (1 min), and a single Wnal step at 72°C for
5 min. Under these conditions, PCR ampliWcation occurs in
the linear range. Parallel reaction were performed to clone
the ampliWcation product corresponding to At-A/NInvE

cDNA into pGEM®-T Easy vector system (Promega),
resulting in the plasmid pGAt-A/N-InvE. The identity of the
cloned DNA fragment was ascertained by sequencing both
DNA strands.

Construction, expression and enzyme assays 
of a His6::At-A/N-InvE fusion protein

The AtInvEF primer for the ampliWcation of At-A/N-InvE
cDNA was designed with an adapter for BamHI restriction
enzyme. The plasmid pGAt-A/N-InvE was BamHI/SalI
digested and the DNA fragment corresponding to the At-A/
N-InvE was sub-cloned between the sites BamHI/XhoI of
the expression vector pRSET-A (Invitrogen). The construct
was transferred to E. coli BL21(�DE3):pLysS cells (Nova-
gen) and the expression of the recombinant protein was
induced with 1 mM isopropyl �-D-thiogalactoside (IPTG).
After 16 h induction at 18°C, the cells were harvested and
the fusion protein (His6::At-A/N-InvE) was puriWed
throughout Co2+ aYnity chromatography (TALON® resin,
Clontech) and concentrated for further characterization.
Cell extracts from IPTG-treated or non induced cells and
puriWed His6::At-A/N-InvE were analyzed by SDS-PAGE
and immunoblot experiments. The enzyme activity of the
recombinant protein was assayed in reaction mixtures (Wnal
volume 50 �l) containing 5 �l of [U-14C]Suc (speciWc
activity 5 £ 106 cpm/�mol), 200 mM potassium phosphate
buVer (pH 7.5) and aliquots of the puriWed His6::At-A/N-
InvE. The assays were carried out at 30°C for diVerent
times. The reactions were stopped by heating at 100°C for
2 min. After desalting through mixed-bed ion exchange
columns, sugars were separated by chromatography and
quantiWed determining the labeled sugars as previously
described, using Suc, glucose and fructose as standards
(Porchia et al. 1999).

Transient expression experiments of At-A/N-InvE fused 
to green Xuorescent protein (gfp)

The At-A/N-InvE::gfp fusion was constructed in the pCHF3
vector (kindly provided by E. Zabaleta). The At-A/N-InvE
sequence was fused upstream and in frame with the gfp-
mut2 gene (Cormack et al. 1996) under the control of the
cauliXower mosaic virus 35 S promoter (pCHF3::
CaMV35S::At-A/N-InvE::gfp). In this construction the stop
codon corresponding to At-A/N-InvE was substituted by the
initial methionine codon of gfp. The DNA fragments used
to generate the fusion were PCR ampliWed using the prim-
ers AtInvEF and AtInvER for At-A/N-InvE and the pair of
primers GFPF (TCTAGAATGAGTAAAGGAGAAGAA
CTT) and GFPR (GTCGACTTATTTGTATAGTTCATC
CATGCC) to amplify gfp. The plasmid containing the gene
fusion was transformed into A. tumefaciens strain CV2260
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by the freeze–thaw methodology (Sambrook and Russell
2001). Arabidopsis leaves were inWltrated with A. tumefac-
iens cell suspensions according to Wroblewski et al.
(2005). After 48 h, inWltrated leaves were used to isolate
protoplasts by tissue digestion with 1% (w/v) cellulase
(Onozuca R-10) and 0.25% (w/v) macerozyme R-10 as
described by Mathur and Koncz (1998). The protoplasts
were visualized with a confocal laser scanning microscope
LSM Pascal Axioplan II (Carl Zeiss, Germany).
Chlorophyll and gfp were excited at a wavelength of 488
and 543 nm, respectively. Emission of gfp was collected
from 510 to 535 nm and Chl emission was recorded at
wavelengths >560 nm.

Sequence analyses

Sequences were obtained from the non-redundant protein
databases of the National Center for Biotechnology (http://
www.ncbi.nlm.nih.gov), the Kazusa DNA Research Insti-
tute, and the Department of Energy Joint Genome Institute
(http://www.jgi.doe.gov) by BLAST searches (Altschul
et al. 1997) and using as query the functionally character-
ized A/N-Inv coding sequences from Anabaena (Nostoc)
sp. PCC 7120 (Vargas et al. 2003). To perform the
sequence alignments and phylogenetic analyses we
retrieved sequences from genome databases whose cDNA
were identiWed in EST libraries or their encoded proteins
were functionally characterized. The sequences used in this
work (accession number between parenthesis) belong to
the following organisms: A. thaliana [At-A/N-InvA
(NP_176049), At-A/N-InvB (NP_195212), At-A/N-InvC
(NP_187302), At-A/N-InvD (NP_564177), At-A/N-InvE
(NP_197643), At-A/N-InvF (NP_177345), At-A/N-InvG
(NP_849750), At-A/N-InvH (NP_187233.2), At-A/N-InvI
(NP_567347)], Beta vulgaris [Bv-A/N-Inv (AJ422050)],
Daucus carota [Dc-A/N-Inv (Y16262)], Lolium temulen-
tum [Lt-A/N-Inv (AJ003114)], Lotus corniculatus [Lcor-A/
N-Inv (AJ717412)], Oryza sativa [OsNIN1 (AK103334),
OsNIN2 (AK120720), OsNIN3 (AK121301), OsNIN4
(AAX95795), OsNIN5 (NP_001052830), OsNIN6
(AK070884), OsNIN7 (AK065562)], Ipomoea triWda [Itr-
A/N-Inv (AAS79609)], Solanum lycopesicum [Sl-A/N-Inv
(ABQ28669)], Triticum aestivum [Ta-A-Inv (AM295169)],
Nostoc sp. PCC 7120 [AnInvA (AJ491788), AnInvB
(AJ311089)], Nostoc punctiforme [NpInvA (AJ491790),
NpInvB (AJ491789)], Prochlorococcus marinus MIT9313
[PmMIT9313 (AJ491792)], P. marinus subsp. pastoris
[Pmpastoris (AJ491791)], P. marinus subsp. marinus
[Pmmarinus (NP_874763)], Synechococcus marinus
WH8102 [Sm8102 (AJ491793)], Synechococcus sp PCC
7942 [Sy7942 (ZP_00163518)], Synechococcus sp. PCC
6301 [Sy6301 (YP_171828)] and Synechocystis sp. PCC
6803 [Sy6803 (CAD33848)]. Sequence alignments were

generated with CLUSTALX program version 1.8 (Thomp-
son et al. 1997). Dendrograms were compiled by using the
neighbor-joining method (computed from 1,000 indepen-
dent trials) of CLUSTALX and the maximum parsimony
algorithm of the PHYLIP package (Felsenstein 1993). The
presence of signals for subcellular location in the deduced
amino-acid sequences of A/N-Invs were predicted using
TargetP (version 1.01), ChloroP and Predotar software
(http://www.cbs.dtu.dk/services/TargetP/, http://www.cbs.
dtu.dk/services/ChloroP/ and http://urgi.versailles.inra.fr/
predotar/predotar.html, respectively).

Results

Subcellular plastid-targeting signals in plant A/N-Inv 
homologues

BLAST searches retrieved 34 sequences including A/N-
Invs functionally characterized or putative proteins whose
mRNA sequences were identiWed in EST libraries. The
sequences displayed similarities between 30.6 and 78.4%
(not shown). Sequence alignments and phylogenetic analy-
ses grouped A/N-Invs in three main families (A, B and C)
(Fig. S1 of Electronic Supplementary Material). All cyano-
bacterial homologues clustered as a separated group (fam-
ily A), containing two subgroups A1 and A2 (corresponding
to unicellular and Wlamentous cyanobacteria, respectively).
As reported by Ji et al. (2005) and Murayama and Handa
(2007), plant A/N-Invs that diverged in two diVerent fami-
lies (B and C), show an N-terminal extension as a diVeren-
tial feature. We found that the N-terminal extension of
deduced sequences belonging to members of family B and
C are about 80 and 150 amino acids, respectively. In agree-
ment with previous reports (Ji et al. 2005; Murayama and
Handa 2007) we determined that the diVerence in the N-ter-
minal extension was due to the presence of subcelluar tar-
geting signals in members of the family C (not shown). The
Predotar, ChloroP and TagetP programs consistently
predicted similar results. In addition to the subcellular
targeting signals reported in Arabidopsis and rice putative
A/N-Invs (Ji et al. 2005; Murayama and Handa 2007), we
identiWed a putative mitochondrial targeting signal in Dc-
A/N-Inv and Lt-A/N-Inv (not shown) and a possible plastid
transit peptide in Bv-A/N-Inv and Itr-A/N-Inv sequences
(Table 1). We also found that the identiWed putative transit
peptides displayed the consensus motif and the phosphory-
lation site (indicated by an asterisk) required for transloca-
tion to chloroplast, P/GXnR/KXnS/TXnS*/T* (Table 1)
(Waegemann and Soll 1996). As it was reported for a
chloroplastic �-amylase from rice (Chen et al. 2004), there
is no R/K residue in the consensus motif for the targeting
plastid signal of Itr-A/N-Inv. However, it was recently
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demonstrated that this residue is not essential for the target-
ing of Arabidopsis small subunit of ribulose-biphosphate
carboxylase/oxygenase (RubisCO) into chloroplasts (Lee
et al. 2006).

Assessment of A/N-Inv isoforms inside spinach 
and Arabidopsis chloroplasts

The occurrence of A/N-Inv activity was ascertained in pro-
tein extracts of chloroplasts isolated from Arabidopsis and
spinach leaves. Contamination from cytosol or mitochon-
dria was very low in chloroplast preparations (Table 2).
Plastid A/N-Inv activity corresponded to about 13 and 20%
of total enzyme activity determined from spinach and
Arabidopsis leaf extracts, respectively. The presence of the
A/N-Inv polypeptide in chloroplasts was conWrmed by
immunodetection using anti-An-InvB antibodies (Vargas
et al. 2003), which cross-reacts with plant A/N-Invs
(Vargas et al. 2007) and revealed a single band (Fig. 1).
Either for spinach or Arabidopsis, chloroplast extract was
compared to a total protein leaf extract on an equal cyto-
solic marker UGPase basis. A comparison of lanes T (total
leaf protein) and C (chloroplast proteins), where equal
UGPase activity were loaded, indicates that only a small
amount of the immunosignal detected for the plastid extract
was due to cytosol contamination. To conWrm that equal
amounts of UGPase were loaded in each lane, membranes
were probed with anti-UGPase antibodies.

At-A/N-InvE encodes a plastid-directed A/N-Inv

To investigate the fate of the proteins encoded by the A/N-
Inv Arabidopsis genes that contain sequences correspond-
ing to putative chloroplast targeting signals (At-A/N-InvE
and At-A/N-InvH), we Wrst studied their expression pattern

by semiquantitative RT-PCR experiments. The At-A/N-
InvE transcripts were detected in every tissue assayed,
while At-A/N-InvH was transcribed only in Xowers (Fig. 2).
Since At-A/N-InvE was the only gene coding for a putative

Table 1 Structure analysis to predict transit peptides in A/N-Inv sequences

RU and OE33 depict the transit peptide for precursors of the small subunit of ribulose-bisphosphate carboxylase/oxygenase (RubisCO) and the
oxygen evolving protein of 33 kDa, respectively

Amino acids involved in the formation of a putative phosphorylation motif (Waegemann and Soll 1995) are indicated in higher size and bold letters.
* Underlined residues: probable phosphorylation sites

A/N-Inv N-terminal sequence

At-A/N-InvE MAASETVLRVPLGSVSQSCYLASFFVNSTPNLSFKPVSRNRKTVR

At-A/N-InvH MNAITFLGNSTMIPSQCILRAFTRISPSKYIRDTSFRSYPSRFSSCINQYRNADSDRIIRPTNAVPFCTDR

OsNIN3 MNGQTPMGLAAAAAAAVRPCRRRLLSSATAAAAAATVATATPLFPRCPHPHHHLHGRR

Bv-A/N-Inv MTTAEALLSGSALWNPTFQSDIFLKPKLTHSGVFS

Itr-A/N-Inv MHLIANSTIQHTPSNPHMQATLLSFEVSSRAPIGIFYTSQLDHLKVKGKN

RU MASSVLSSAAVATRSNVAQANMVAPFTGLKSAASFPVSRKQNLDITSIASNGGRVQC

OE 33 MAASLQAAATLMQPTKLRSNTLQLKSNQSVSKA

Consensus motif P/GXnR/KXnS/TXnS*/T*

Table 2 A/N-Inv activity recovery from isolated Arabidopsis and
spinach chloroplasts

UGPase and fumarase activities were used as cytosol and mitochon-
drial contamination markers, respectively. NADP-MDH activity was
used as a control for the eYciency of chloroplasts breakage. Results are
mean values § standard error of three independent experiments. Nd,
not detectable

Enzyme Enzyme activity recovery (%)

Col 0 Spinach

A/N-Inv 13 § 1 20 § 2

UGPase 0.9 § 0.2 4.8 § 0.7

NADP-MDH 80 § 5 97 § 6

Fumarase Nd Nd

Fig. 1 Occurrence of A/N-Inv polypeptides in Arabidopsis and spin-
ach chloroplast extracts. Proteins from total crude extract (T) and chlo-
roplast protein preparations (C) were separated by SDS-PAGE using
12% acrylamide gels and electroblotted onto nitrocellulose membranes
for immunoassays. The amount of protein loaded in each lane was
standardized according to equal UGPase activity (cytosol marker)
present in the extracts (Beers et al. 1992). The blots were probed with
polyclonal antibodies raised against An-InvB or UGPase
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A/N-Inv with a putative transit peptide to chloroplast which
was expressed in leaves, we assumed that its protein prod-
uct (At-A/N-InvE) could correspond to the A/N-Inv
detected in the protein extract from Arabidopsis chloro-
plasts.

Because of the importance of Suc metabolism and its
metabolic cross-talk with chloroplasts, we focused our
study on the characterization of the putative chloroplast
At-A/N-InvE. Its amino acid deduced sequence was about
73% identical to OsNIN3, Lt-A/N-Inv and Dc-A/N-Invs
(all containing subcellular targeting signals), and about
59% identical to Ta-A-Inv (not shown) (Gallagher and
Pollock 1998; Sturm et al. 1999; Murayama and Handa
2007; Vargas et al. 2007). At-A/N-InvE encodes a predicted
protein of 617 amino acids (69,240 Da) and contains a
putative 45-amino-acid transit peptide. For biochemical
characterization, At-A/N-InvE sequence was PCR-ampli-
Wed, cloned, and expressed in E. coli. The puriWed His-tagged
recombinant protein was assayed for A/N-Inv activity. The
progress of the reaction was followed by chromatographic
analysis of the products (glucose:fructose in a 1:1 ratio)
(Fig. 3a). Immunoblots analysis using anti-An-InvB antibod-
ies revealed the puriWed protein as a single band (Fig. 3b).

To study the in vivo subcellular targeting of At-A/N-
InvE, the entire encoding sequence (excluding the stop
codon) was fused upstream of the gfp gene (At-A/N-
InvE::gfp). Transient expression experiments showed a
green Xuorescence pattern that co-localized with the red
autoXuorescence of chlorophyll (Fig. 3c). In the control

(expression of gfp driven by the CaMV 35 S promoter) the
green Xuorescence was only detected in the cytosol (not
shown). Taken together, these data demonstrate that At-A/
N-InvE encodes a chloroplast-targeted protein which dis-
plays A/N-Inv activity.

At-A/N-InvE-knockout plants lack chloroplast A/N-Inv

To conWrm that At-A/N-InvE corresponded to the enzyme
responsible for chloroplast A/N-Inv activity and was a plas-
tid isoform, we analyzed At-A/N-InvE knockout mutant
plants. The SALK_138953 Arabidopsis plants contain a T-
DNA insertion in the second exon of the gene At-A/N-InvE
(locus At5g22510) that impairs the expression of At-A/N-
InvE (Fig. 4a). The loss of At-A/N-InvE expression in
mutant plants was veriWed by RT-PCR assays (Fig. 4b).
The comparison of phenotypes of the mutant (SALK) and
wild-type (Col 0) plants, showed no diVerence in germina-
tion, the number of leaf or siliques per plant, seed produc-
tion, and Xowering time (Table 3). A/N-Inv activity
determined in protein extracts from fully expanded leaves
resulted about 30% lower in the mutant than in the Col 0
plants (Fig. 4c). Also, highly puriWed chloroplasts were
prepared from SALK and Col 0 plants. Conversely to the
wild-type plants, the knockout Arabidopsis plants did not
display chloroplast A/N-Inv activity (Fig. 4d). This was in
agreement with immunoblot analysis of the polypeptides
present in chloroplast protein extracts from SALK plants,
where no band was revealed with anti An-InvB antibodies
(Fig. 4e). Further biochemical characterization of the
SALK plants showed no diVerence in the total Suc content;
however, a signiWcative 33% lower starch content was
obtained at the end of the day in comparison with the wild-
type plants (Fig. 5a–c).

Discussion

The cyanobacterial endosymbiotic origin of plant chloro-
plasts and the transfer of most cyanobacterial genes to the
plant nucleus are generally accepted (Rujan and Martin
2001). Thus, Suc metabolism genes, which were proposed
to have originated before the cyanobacterial phylogenetic
radiation, seem to be lost eYciently from the ancestral chlo-
roplasts because no homologue has been identiWed in
sequenced plastid genomes (Salerno and Curatti 2003;
Vargas et al. 2003). However, in contrast to the majority of
protein product of cyanobacterial origin genes that were
preferentially re-imported to the organelle, Suc metabolism
proteins were believed to localize in the cytosol (Salerno
and Curatti 2003). Particularly, A/N-Invs were commonly
considered cytosolic enzymes in extant plants (Chen and
Black 1992; Van den Ende and Van Laere 1995; Ross et al.

Fig. 2 Expression of At-A/N-InvE and At-A/N-InvH in diVerent Ara-
bidopsis tissues. Semiquantitative RT-PCR experiments were carried
out using isoform-speciWc primers. Gene expression was assayed in
leaves (LD, leaves harvested in the midday; LN, leaves harvested in the
midnight), roots (R) and Xowers (F). RT-PCR products were analyzed
on 1% agarose gels and visualized after ethidium bromide staining.
AmpliWcation of ubiquitin (AtUbi, AK118678) was used as an internal
loading control
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1996; Lee and Sturm 1996; Walker et al. 1997; Vorster and
Botha 1998; Sturm 1999). But this statement should be
deWnitively forsaken. Our study demonstrates not only that
an Arabidopsis A/N-Inv is transported into chloroplasts but
also that Arabidopsis and spinach chloroplasts exhibit A/N-
Inv activity, complementing the recent Wndings of Murayama
and Handa (2007) in rice with respect to the chloroplast fate
of some A/N-Inv isoforms.

Structure and phylogeny analyses using amino acid-
deduced sequences of A/N-Invs from cyanobacteria and
from A. thaliana, O. sativa, B. vulgaris, I. triWda, L. corni-
culatus, S. lycopersicum, as well as from the functionally
characterized sequences of T. aestivum, L. temulentum and
D. carota, conWrmed that plant A/N-Invs grouped in two
separated families (Fig. S1 of Electronic Supplementary
Material), in agreement with recent reports (Ji et al. 2005;
Murayama and Handa 2007). In addition, we found the
presence of subcellular targeting signals in A/N-Inv
belonging to family C, including Dc-A/N-Inv, Bv-A/N-Inv,
Lt-A/N-Inv and Itr-A/N-Inv. The detection of putative tran-
sit peptides seems to be a feature of some A/N-Inv
sequences either of monocot or dicot plant species, which
led us to suggest that organelle-targeted A/N-Invs might
have emerged at early stages of plant diVerentiation

(Table 1, Vargas et al. 2007). However, taking into account
that A/N-Invs appear to be originated and conWned to oxy-
genic photosynthetic organisms (Salerno and Curatti 2003;
Vargas et al. 2003), the diVerential origin for A/N-Invs
transported to mitochondria and plastids proposed by
Murayama and Handa (2007) seems to be unlikely. An
increased complexity in the role and regulation of Suc
enzymes might have been adjusted after the endosymbiotic
origin of chloroplasts providing the basis of the contempo-
rary photosynthetic plant cell scenario.

The occurrence of Suc in the chloroplasts was controver-
sial for decades. Several reports had previously described
the presence of the disaccharide in the plastids (Heldt and
Sauer 1971; Wang and Nobel 1971; Santarius and Milde
1977; Stitt and Heldt 1981; Heineke et al. 1994; Winter
et al. 1994; Fukushima et al. 2001), but no active Suc
metabolism enzymes had been characterized in those
organelles. Stitt and Heldt (1981) described that isolated
chloroplasts from spinach kept at 20°C hydrolyzed Suc into
glucose and fructose. Recently, Gerrits et al. (2001) indi-
rectly demonstrated a substantial inXux of Suc into plastids
and proposed a high rate of degradation for the disaccha-
ride. This hydrolysis may be due to the action of an A/N-
Inv, with maximum activity at a pH range similar to that of

Fig. 3 Functional characterization and subcellular localization of the
protein product of At-A/N-InvE. a A/N-Inv activity determination of
the puriWed His6::At-A/N-InvE. Activity was determined using
[14C]Suc in a mixture buVered at pH 7.5. The reaction products were
chromatographically analyzed. The position of standard sugars are
indicated (Suc, sucrose; Glc, glucose; Fru, fructose). No activity was
retrieved when it was assayed at pH 4.5. b Immunoanalysis after SDS-
PAGE. The polypeptides present in non-induced (lane 1) and IPTG-in-
duced (lane 2) E. coli cells, and the puriWed enzyme (lane 3), were
separated by SDS-PAGE, blotted onto nitrocellulose membranes and
probed with polyclonal antibodies against An-InvB. Arrowhead

indicates the expected position for His6::At-A/N-InvE. The immnode-
tection of a polypeptide in lane 1 may be ascribed to a leaky expression
of the protein in E. coli cells. c Subcellular localization of At-A/N-InvE
in Arabidopsis cells. The translational fusion of the gfp coding se-
quence and At-A/N-InvE was constructed downstream of the CaMV
35 S promoter in the plasmid pCHF3 (pCHF3::At-A/N-InvE::gfp).
Arabidopsis leaves were inWltrated with cell suspensions of
A. tumefaciens CV2266 carrying the plasmid pCHF3::At-A/N-
InvE::gfp. After 48 h, protoplasts were prepared from inWltrated leaves
and visualized under laser scanning confocal microscope
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the stroma (pH between 7 and 8 depending on the physio-
logical status of the cell; Hauser et al. 1995; Sturm 1999).

Whereas recent reports predicted plastid and mitochon-
dria A/N-Inv isoforms (Murayama and Handa 2007; Var-
gas et al. 2007), only a mitochondrial-located A/N-Inv
(OsNIN1) of O. sativa was functionally characterized
(Murayama and Handa 2007). The present biochemical and
functional genomic studies go beyond those Wndings and
deWnitively prove that Suc hydrolysis can take place inside
the chloroplasts by the action of an A/N-Inv encoded in the
cell nucleus (Table 2; Fig. 1). The A. thaliana At-A/N-InvE
was conWrmed to be targeted into chloroplasts (Fig. 3c) and
the gene product was functionally characterized after heter-
ologous expression in E. coli cells (Fig. 3a,b). Our data
contribute to set up a new picture for Suc metabolism
where the occurrence of organelle-targeted A/N-Inv iso-
forms is a more general phenomenon in plants. The diVer-
ential A/N-Inv subcellular localization suggests distinct

physiological functions for the isoenzymes, giving more
intricate levels to Suc metabolism regulation and to carbon
traYcking control.

To gain knowledge on the physiological relevance of
chloroplast A/N-Inv, we analyzed Arabidopsis mutant
plants (SALK_138953) impaired in the expression of At-A/
N-InvE. These plants were shown to exhibit lower total
A/N-Inv and, particularly, neither A/N-Inv polypeptide nor
activity were detected in their chloroplasts (Fig. 4), leading
to the conclusion that At-A/N-InvE encodes the protein
localized in these plastids (Table 2). The analysis of the
impact on carbohydrate content of At-A/N-InvE knockout
plants showed that At-A/N-InvE is not crucial for the accu-
mulation of Suc in leaves; however, its activity seems to be
linked to photosynthetic starch accumulation (Fig. 5).

A strong body of evidence indicates a close interplay
between Suc and starch metabolism. Chloroplast starch
content depends on a high regulation of the enzymes related

Fig. 4 A/N-Inv in At-A/N-InvE knockout Arabidopsis plants. a Struc-
ture of the At-A/N-InvE gene: seven exons and six introns. The coding
and untranslated regions are depicted by grey and black boxes, respec-
tively. The triangle shows the T-DNA insertion site in the
SALK_138953 mutant line. b At-A/N-InvE expression in wild-type
(Col 0) and mutant Arabidopsis plants. Expression was assayed by
semiquantitative RT-PCR with total RNA extracted from leaves. RT-
PCR products were analyzed on 1% agarose gels and visualized after
ethidium bromide staining. AmpliWcation of ubiquitin encoding
sequence (AtUbi, AK118678) was used as an internal loading control.
c A/N-Inv activity in crude extracts prepared from mature leaves of
wild-type and At-A/N-InvE-knockout Arabidopsis plants. Values are
the mean § standard error of three independent experiments. d Deter-

mination of A/N-Inv activity in protein extracts of chloroplasts from
wild-type and At-A/N-InvE knockout plants. Enzymatic activity was
corrected considering the cytosolic contamination, which was evalu-
ated with the UGPase activity. Values are the mean § standard error of
three independent experiments. Nd: not detected. e Immunodetection
of A/N-Inv polypeptides in protein extracts of chloroplast isolated
from wild-type and At-A/N-InvE knockout Arabidopsis plants. Proteins
were electrophoresed on 12% SDS-acrylamide gels, electroblotted
onto nitrocellulose membranes and probed with polyclonal antibodies
anti An-InvB or UGPase. The amount of protein loaded in each lane
was equivalent to equal UGPase activity. Similar results were obtained
in independent experiments. Col 0: Arabidopsis wild-type plants.
SALK: Arabidopsis At-A/N-InvE knockout plants (SALK_138953)
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to its biosynthesis and degradation (Martin and Smith 1995;
Smith et al. 2005). Suc levels control not only starch accu-
mulation but also can aVect its degradation. Moreover, a
direct correlation was found between the cell Suc content
and the activation state of ADP-glucose pyrophosphory-
lase, a key enzyme for starch biosynthesis in amylosplasts
and chloroplasts (Tiessen et al. 2002; Hendriks et al. 2003).
On the other hand, starch degradation can be regulated by
light and the carbohydrate status of the cell (Sharkey et al.
2004; Smith et al. 2005). At night, maltose export from
chloroplasts is an essential step in starch-to-Suc conversion,
and it was hypothesized that plants sense this conversion
and alter starch/Suc ratios by tracking Xux through the
cytosolic hexokinase (Sharkey et al. 2004). Since in many
cases a lag in starch degradation was observed until there
was a drop in leaf Suc content, it was suggested that high
sugar contents have a (still unknown) feedback eVect on
starch degradation other than Pi/triose-phosphate exchange
(Paul and Foyer 2001). However, to date the molecular
mechanisms and signalling pathways by which Suc medi-
ates starch content regulation still remain unknown.

Suc hydrolysis by an A/N-Inv inside the chloroplasts is
likely to be part of a novel mechanism controlling chloro-
plast-cytosolic carbon partitioning. It is well known that
Suc is an important signal molecule in plant cells that con-
trols diVerent processes in the plant life (Paul and Foyer
2001; Sheen et al. 1999; Koch 2004). One of the most well-
accepted sensing mechanisms involves Suc hydrolysis fol-
lowed by glucose and fructose phosphorylation by hexoki-
nase (Koch 2004). The occurrence of hexokinases
associated with organelles (chloroplasts, mitochondria, and

nucleus) was already related with sugar sensing and regula-
tory functions (Rolland et al. 2002; Cho et al. 2006). The
presence of a functional hexokinase (Hxk2) in chloroplast
stroma was already demonstrated in tobacco (Giese et al.
2005). We identiWed a sequence in the Arabidopsis genome

Table 3 Phenotype characteristics of wild-type (Col 0) and
SALK_138953 Arabidopsis thaliana plants

a Average time from date of sowing
b Number of leaves at the moment of inXorescence emergence. Aver-
age of 10 plants § SD
c Time when the Wrst Xower bud was visible. Average of 10
plants § SD
d Determined after completion of Xowering. Average of 10
plants § SD
e Reported as a dry mass after seed desiccation. Average of 10
plants § SD

Col 0 SALK

Germination (%) 89 § 5 92 § 6

Hypocotyl and cotyledon 
emergence (days)a

5 § 1 5 § 1

Leaf (number/plant)b 12 § 2 14 § 3

InXorescence emergence (days)c 25 § 2 24 § 3

Silique production (number/plant)d 150 § 15 135 § 20

Seed production (mg/plant)e 120 § 10 125 § 15

Fig. 5 EVect of At-A/N-InvE knockout on Suc and starch accumula-
tion in Arabidopsis plants. a and b, Suc and starch content, respec-
tively. Mature leaves from wild-type Arabidopsis (Col 0) or
SALK_138953 (At-A/N-InvE knockout mutant) plants were harvested
at the end of the day (ED) and at the end of the night (EN). Values are
the mean § standard error of three independent experiments. The anal-
ysis of variance (P < 0.03) indicated a signiWcant diVerence in starch
content between Col 0 (black boxes) and SALK (empty boxes) plants
harvested at the end of the day. c In situ determination of starch accu-
mulation. Col 0 and SALK plants were harvested at the end of the day
and starch was stained with the iodine reagent
123



Planta (2008) 227:795–807 805
(At1g47840.1) as coding for a putative hexokinase (61%
identical to Hxk2) containing a transit peptide to chloro-
plasts (not shown). This, together with our data presented
above, points to Suc playing a sensing role also inside the
chloroplasts. This assumption supports the hypothesis that
chloroplastic Suc hydrolysis might be a source of glucose
and fructose sensed through hexokinase, which may con-
tribute to control carbon partitioning and Suc/starch ratio.
However, it must be also considered that a dynamic Suc
transport across the chloroplast membrane with a high
eZux activity, repressed in response to an increased exter-
nal Suc concentration (Edelman et al. 1971), would also
favor a possible channeling of any cytosolic Suc excess
toward the chloroplast. Thus, when Suc demands in the
cytosol would be satisWed, any transient increase of the
disaccharide content may be directed back into the chloro-
plast to be hydrolyzed by A/N-Inv and regulate starch accu-
mulation.

In addition, a possible regulatory mechanism involving
protein–protein interaction between chloroplastic A/N-Inv
with other proteins should be taken into account. A physi-
cal interaction was recently reported between a cytosolic
A/N-Inv and a phosphatidylinositol monophosphate kinase,
and that interaction was described to negatively regulate the
sugar-mediated root growth in Arabidopsis plants (Lou
et al. 2007). Since a high sequence similarity was reported
for A/N-Inv from diVerent plant species (Vargas et al.
2003; Ji et al. 2005; Vargas et al. 2007), it is likely that the
motifs involved in such interactions might be conserved in
the diVerent isoforms. Then, regulatory functions of chloro-
plastic A/N-Inv isoforms in starch/Suc ratio might not be
associated only with catalysis but also with protein–protein
interactions that control enzymatic activities involved in
carbon traYcking.

Even though the results presented in this report are
focused on the study of the presence of A/N-Inv in chloro-
plasts, the occurrence of these enzymes in other plastids
also deserves to be discussed. It is well known that during
ontogeny all plastids derive from embryonic proplastids
(López-Juez and Pyke 2005; López-Juez 2007). Also, simi-
lar molecular and biochemical processes, such as protein
recognition and transport across membranes, are common
to diVerent plastids (Kessler and Schnell 2006). Gerrits
et al. (2001) showed that Suc is also taken up by amylop-
lasts and suggested a substantial Xux and metabolism of
Suc in these organelles. The expression of At-A/N-InvE in
roots and Xowers, and of At-A/N-InvH in Xowers (Fig. 2)
points to the involvement of their gene products in the
hydrolysis of Suc in plastids other than chloroplasts, such
as the amyloplasts.

Organelle A/N-Invs introduce a new challenge for plant
biologists. The recent Wndings propose a more intricate

intracellular carbon traYcking in plants, encouraging scien-
tists to revise carbon partitioning regulation.
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