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a b s t r a c t

Plant vacuolar invertases, which belong to family 32 of glycoside hydrolases (GH32), are key enzymes in
sugar metabolism. They hydrolyse sucrose into glucose and fructose. The cDNA encoding a vacuolar
invertase from Solanum lycopersicum (TIV-1) was cloned and heterologously expressed in Pichia pastoris.
The functional role of four N-glycosylation sites in TIV-1 has been investigated by site-directed muta-
genesis. Single mutations to Asp of residues Asn52, Asn119 and Asn184, as well as the triple mutant
(Asn52, Asn119 and Asn184), lead to enzymes with reduced specific invertase activity and thermosta-
bility. Expression of the N516D mutant, as well as of the quadruple mutant (N52D, N119D, N184D and
N516D) could not be detected, indicating that these mutations dramatically affected the folding of the
protein. Our data indicate that N-glycosylation is important for TIV-1 activity and that glycosylation of
N516 is crucial for recombinant enzyme stability. Using a functional genomics approach a new vacuolar
invertase inhibitor of S. lycopersicum (SolyVIF) has been identified. SolyVIF cDNA was cloned and het-
erologously expressed in Escherichia coli. Specific interactions between SolyVIF and TIV-1 were investi-
gated by an enzymatic approach and surface plasmon resonance (SPR). Finally, qRT-PCR analysis of TIV-1
and SolyVIF transcript levels showed a specific tissue and developmental expression. TIV-1 was mainly
expressed in flowers and both genes were expressed in senescent leaves.

� 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

In higher plants b-D-fructofuranosyl-(2 / 1)-a-D-glucopyrano-
side (sucrose) is the major transport form of carbohydrates and it is

both a source of carbon skeletons and energy for plant organs
unable to perform photosynthesis. Sucrose is produced in the
source tissues and transported via the phloem to the different sink
tissues where it is hydrolysed by invertases (b-fructofuranosidases,
EC 3.2.1.26) or by sucrose synthases (EC 2.4.1.13) into glucose and
fructose, or UDP-glucose and fructose, respectively, which subse-
quently are used in different biochemical pathways [1].

Several isoforms of invertases have been identified and different
types are distinguished [2]. According to their pH optima, they are
classified into two major groups, acid invertases and neutral or
alkaline invertases. While neutral and alkaline invertases can be
localized in the cytosol, mitochondria or in plastids, acid invertases
are linked to the cell wall (cell wall invertases) or found in vacuoles
(vacuolar invertases). Acid invertases belong to glycoside hydrolase
family GH32 (http://www.cazy.org/) [3], which comprises acid in-
vertases from plants, fungal and bacterial endo- and exo-inulinases,

Abbreviations: CIF, cell wall inhibitor of b-fructosidase; DNS, dinitrosalicylic
acid; Endo H, endoglycosidase H; GH, glycoside hydrolase; INH, invertase inhibitor;
PMEI, inhibitor of pectin methylesterase; PMEI-RP, pectin methylesterase inhibitor
related protein; QM, quadruple mutant; SolyVIF, Solanum lycopersicum vacuolar
invertase inhibitor; SPR, surface plasmon resonance; TIV-1, Solanum lycopersicum
vacuolar invertase; TM, triple mutant; VIF, vacuolar inhibitor of b-fructosidase.
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levanases, plant fructan exohydrolases (FEHs) and plant fructan
biosynthetic enzymes.

Invertases have multiple functions e notably they are involved
in early plant development, most likely via control of sugar
composition and metabolic fluxes [4,5]. Biochemical and physio-
logical studies suggest that cell wall invertases play a key role in
regulation of phloem unloading and sucrose partitioning [2,6], cell
differentiation and plant development [7,8], as well as in regulation
of the response to various biotic and abiotic stresses [9e11]. The
proposed functions of vacuolar invertases include regulation of
turgor and cell enlargement [12,13], control of the sugar composi-
tion in fruits and storage organs [14e16], and involvement in the
response to wounding [11], cold [17], drought [18], hypoxia [19],
and gravitropism [20]. In contrast to acid invertases, cytoplasmic
invertases have been less investigated at the functional level, but
evidence is growing that they play a role in plant growth and
development and that they might be involved in oxidative stress
response [21,22].

Regulation of acid invertases occurs at the transcriptional and
translational levels following various stimuli such as hexose con-
centration or environmental changes [23,24]. N-Glycosylation,
where a glycan chain is attached in the endoplasmic reticulum to an
Asn residue of the acceptor proteins, is one of these important co-
and post-translational modifications. N-Glycosylation of yeast in-
vertases has been broadly studied and is known to have a crucial
role in protein stability [25e28]. In plants, acid invertases are
known to be glycosylated proteins and it has been shown that N-
glycosylation of these enzymes is important for stability, transport
and secretion [29,30]. Some differences in N-glycan chain compo-
sition have been noticed between cell wall and vacuolar invertases
[31].

Invertase activity can also be regulated by endogenous pro-
teinaceous inhibitors (INHs). INHs were first described in the
1960s in Solanum tuberosum [32] and later purified by Pressey
[33]. More recently INHs were studied in other organisms such as
Nicotiana tabacum [34], Arabidopsis thaliana [35], Coffea cane-
phora [36], and Solanum lycopersicum [37]. INHs belong to the
pectin methylesterase inhibitor related protein (PMEI-RP) family
(Pfam 04043), together with pectin methylesterase inhibitors
(PMEIs) [38]. INHs are named according to their subcellular
localization: Cell-wall Inhibitor of b-Fructosidases (CIF) and
Vacuolar Inhibitor of b-Fructosidases (VIF). INHs are named C/VIF
when the subcellular localization is not clear or when they inhibit
both vacuolar and cell wall invertases. Although the physiological
function of INHs has not yet been established, it has recently been
reported that the increase of CWI activity by silencing CIF delayed
leaf senescence and increased seed weight and fruit hexose levels
in tomato [16]. It has been shown that the resistance to cold-
induced sweetening in potato depends on the post-translational
regulation of the vacuolar invertase by its inhibitor and that
both proteins are localized in the same compartment [39e41].
The decrease of invertase inhibitor activity in source leaves via
down-regulation of INH expression is also part of the plant
defence response [42].

Until now, the most comprehensive study on how vacuolar
invertase could be regulated at a post-translational level by pro-
teinaceous inhibitor was performed on the partners from potato
[39e41,43]. In tomato most studies carried out so far focused on
the cell wall partners [16,37]. In the present study we aimed at a
better understanding of two independent mechanisms involved in
the post-translational regulation of vacuolar invertase from
S. lycopersicum (hereafter called TIV-1): N-glycosylation and inhi-
bition by a proteinaceous inhibitor. Previously TIV-1 has been
shown to be N-glycosylated and identified as a potent human
allergen (named Lyc e 2 in that study [44]). In this paper, the role of

N-glycosylation in protein folding was studied by expressing
diverse variants lacking one or more N-glycosylations and by
investigating the impact of single or multiple mutations on
enzyme activity and stability. Using a functional genomics
approach, a new VIF of S. lycopersicum (hereafter called SolyVIF)
was identified, cloned and characterized. Specific interactions
between SolyVIF and TIV-1 were investigated by an enzymatic
approach and surface plasmon resonance (SPR). And finally, the
expression of TIV-1 and SolyVIF mRNA was explored in different
plant tissues.

2. Material and methods

2.1. Cloning, expression and purification of vacuolar invertase (TIV-
1) and vacuolar inhibitor (SolyVIF) from S. lycopersicum

For TIV-1, mRNA from red tomato fruit was amplified by RT-PCR,
using specific primers (Supplementary Table S1), for 30 PCR cycles
at an annealing temperature of 42 �C. The PCR product was directly
cloned in the pPICZaA-derived Pichia pastoris expression plasmid
and sequenced by Beckman Coulter Genomics (Takeley, UK). Mu-
tations were introduced into the pPICZaA::TIV-1 plasmid using the
QuickChange XL Site-directed Mutagenesis kit (Stratagene Europe,
Amsterdam Zuidoost, The Netherlands). Two overlapping comple-
mentary oligonucleotides containing the corresponding nucleotide
changes were designed for each mutation (Table S1). Mutations
were confirmed by DNA sequencing. Transformation of cells and
selection of positive clones were performed as described previously
[45]. Large-scale expressionwas carried out as described previously
[46]. For purification of recombinant TIV-1 and its variants, the
culture supernatant was subjected to ammonium sulphate pre-
cipitation up to 80%, dialysed and loaded onto a size exclusion
column (Sephacryl S-200). The fractions containing invertase ac-
tivity were pooled.

For SolyVIF, the clone (SGN-U332870 which was superseded in
2009 by SGN-U567308) containing the complete open reading
frame of SolyVIF was obtained from the Boyce Thompson Institute
for Plant Research (New York, USA). The PCR products amplified
with the In-Fusion primers (Table S1) were combined with the
expression vector pOPINF following the manufacturer’s in-
structions (In-Fusion�, BD-Clonetech). The recombinant vectors
were checked by double stranded DNA sequencing (Beckman
Coulter Genomics, Takeley, UK). In-Fusion� system led to the
production of SolyVIF with a (His)6 tag at the N-terminus. The
Escherichia coli Rosetta gami strain, which possesses a pRARE
plasmid for supplying tRNAs for rare codons and mutations in trxB/
gor facilitating cytoplasmic disulfide bond formation, was trans-
formed with the recombinant vector. Transformants were grown at
37 �C in selective LB media. Gene expression was induced with
1 mM isopropyl-a-D-thiogalactopyranoside (Sigma) when the op-
tical density reached 0.6. After for 4 h at 37 �C, the cells were
collected by centrifugation at 4000 g for 15 min. Cells were resus-
pended in 20 mM sodium phosphate, 0.5 M NaCl and 20 mM
imidazole buffer pH 7.4 and lysed by addition of lysozyme
(200 mg mL�1 resuspension buffer) and Benzonase (25 U mL�1

resuspension buffer). After 30 min of incubation at room temper-
ature, cell debris was pelleted by centrifugation (12,000 g, 30 min,
4 �C). Solubilization of inclusion bodies was carried out by incu-
bating the pellet with 5 mL resuspension buffer containing 6 M
urea in ice for 1 h. The mix was centrifuged (12,000 g, 30 min, 4 �C)
and the supernatant was recovered. Purification was performed
using immobilized metal ion affinity chromatography (IMAC) (GE
Healthcare) according to the manufacturer’s instructions. The
fractions containing the eluted protein were pooled and dialysed
against 40 mM Na-acetate buffer pH 4.6.

A.S. Tauzin et al. / Biochimie 101 (2014) 39e4940
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2.2. Vacuolar invertase activity and determination of kinetic
parameters

TIV-1 activity wasmeasured at pH 4.5 and 50 �C for 10min using
the dinitrosalicylic acid (DNS) assay [47] with some modifications
as described by Reca et al. [37]. The optimal pH was determined on
sucrose in McIlvaines buffer (0.1 M citric acid, 0.2 M sodium
phosphate) in a pH range of 3.5e7.0. Activity was expressed in
micromoles of released reducing sugar/min/mg protein.

Kinetic parameters were determined at optimal conditions of
pH and temperature in Na-acetate buffer pH 4.5 at 50 �C, by incu-
bating 6 pM of TIV-1 with sucrose concentrations ranging from 10
to 150 mM.

Effect of SolyVIF on the invertase activity was determined on
sucrose at pH 4.5. The inhibition constant (Ki) was determined at
50 �C for 10 min after pre-incubating TIV-1 with various concen-
trations of inhibitor (7e28 nM) at different substrate concentra-
tions (10e150 mM).

2.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE), N-
deglycosylation and periodic acid Schiff staining

Protein denaturating SDS-PAGE was performed on 10e15%
polyacrylamide gels. Gels were stained with Coomassie Brilliant
Blue R-250 [48]. Protein concentrations were determined by the
method of Bradford [49].

Purified TIV-1 (10 mg) was N-deglycosylated using 1000 units of
Endo H (New Englands BioLabs) and the reaction was performed
following the supplier recommendations.

For determination of glycosylation levels, SDS-polyacrylamide
gels were stained with periodic acid-Schiff stain using the SIGMA
glycoprotein Detection Kit� according to the manufacturer’s
protocol.

2.4. N-Terminal sequencing

After SDS-PAGE, the protein transfer was performed on a poly-
vinylidene difluoride membrane in transfer buffer (50 mM Tris/HCl
and 50 mM boric acid, pH 8.3) on constant amperage (250 mA) for
4 h at 4 �C. First of all, in order to be activated, the membrane was
immersed in three bashes successively: 10 s in methanol, 1e2 min
in water, then 10 min in transfer buffer. Quality of transfer was
confirmed by Ponceau red staining (0.2% Ponceau and 3% tri-
chloroacetic acid). Band of interest protein was cut and automated
repetitive Edman degradation was performed on a model 494
Procise� (Applied Biosystems) at Institut Pasteur (Paris).

2.5. Mass spectrometry analyses

Mass analyses were performed on a MALDI-TOF-TOF Bruker
Ultraflex III spectrometer (Bruker Daltonics) controlled by the
Flexcontrol 3.0 package (Build 51). This instrument was used at a
maximum accelerating potential of 25 kV and was operated in
linear mode at them/z range from 20,000 to 100,000. Five external
standards (Protein Calibration Standard II, Bruker Daltonics) were
used to calibrate each spectrum to amass accuracywithin 100 ppm.
One mL of sample was mixed with 1 mL of sinapinic acid matrix in an
acetonitrile/0.1% trifluoroacetic acid mixture (1:2) and 1 mL was
spotted on the target, dried and analysed. Peak picking was per-
formed with the Flexanalysis 3.0 software (Bruker Daltonics).

2.6. Surface plasmon resonance (SPR)

SPR experiments were performed at 25 �C on a Biacore 3000 (GE
Healthcare) instrument. About 150e250 response units (RU) of TIV-

1 were coupled on CM3 sensor chips at pH 4.5 using the amine
coupling kit (GE Healthcare). A control flow cell was activated and
deactivated in the same way, but without protein injection, to yield
a blank surface. SPR measurements were performed by injecting
various dilutions of SolyVIF in running buffer (20 mM Na-acetate,
130 mM NaCl, 2.5 mM spermine and 0.05% Tween 20, pH 4.5) at
30 mL min�1. For each sample injection, interactions were moni-
tored simultaneously in the different flow cells. Regeneration was
performed after each injection with 200 mM TriseHCl pH 8.0.
Analysis of biosensor data was performed using the Biaevaluation
3.1 control software. The stoichiometry of the SolyVIF/TIV-1 inter-
action was calculated using the formula: (analyte maximum
response/immobilization response) � (ligand MW/analyte MW).

2.7. RT-PCR and qRT-PCR

Total RNA was isolated from induced P. pastoris cultures
following the supplier recommendations (Invitrogen�). cDNAs
were generated from diverse P. pastoris clones through reverse-
transcription (RT-PCR) using SuperScript�VILO� cDNA Synthesis
Kit following the supplier recommendations (Invitrogen�). cDNA
were amplified with DNA polymerase (Platinium� Taq DNA Poly-
merase, Invitrogen�) according to the manufacturer’s instructions.
RT-PCR was performed with the following oligonucleotide primers:
VINVfor and VINVrev, AOX2for and AOX2rev (Table S1) using an
iCycler (Biorad).

Quantitative RT-PCR was performed as previously described
[37] and using the following oligonucleotide primers: SolyVIFfor
and SolyVIFrev, TIV-1for and TIV-1rev, ACT4for and ACT4rev
(Table S1). The expression level of the gene of interest was
normalized to the expression of the actin gene (ACT4) using a
modified version of the Pfaffl method [50].

2.8. Bioinformatic analyses

Nucleotide and amino acid sequences of SolyVIF (SGN-U567308)
were identified within the Solanaceae Cornell University Data Bank
(www.sgn.cornell.edu). The theoretical isoelectric point and mo-
lecular mass were predicted using Compute pI/Mw (http://web.
expasy.org/compute_pi/). The signal peptide and location of the
putative signal peptide cleavage site were predicted using the
SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). Pu-
tative N- and O-glycosylation sites were predicted using the
NetNGlyc 1.0 Sever (http://www.cbs.dtu.dk/services/NetNGlyc/)
and the DictyOGlyc 1.1 Server (http://www.cbs.dtu.dk/services/
DictyOGlyc/), respectively. All alignments were performed with
ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) [51]. The
secondary structure elements were added with ESPript [52]. The
kinetic parameters were estimated using non-linear regression
analysis with the GraphPad Prism software (GraphPad Prism
version 3.00 for Windows 95, GraphPad Software, San Diego, CA,
USA, www.graphpad.com). The three-dimensional model of TIV-1
was generated with the Swiss-Model Server (http://swissmodel.
expasy.org) using the Pachysandra terminalis 6-SST/6-SFT (PDB-ID
3UGF) (65% sequence identity with TIV-1) as template.
Figures were prepared with Pymol [53].

3. Results and discussion

3.1. Vacuolar invertase expression and characterization

For many years, plant invertases have received much attention
mainly due to their central role in metabolic functions, stress sig-
nalling and biotechnological utilization. Plant vacuolar invertases
are synthesized as pre-pro-proteins with a leader sequence

A.S. Tauzin et al. / Biochimie 101 (2014) 39e49 41
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containing a signal peptide and an N-terminal extension [54]. The
pro-region contains vacuolar sorting determinants essentials for
vacuolar trafficking [55]. The vacuolar invertase from
S. lycopersicum (TIV-1) without the N-terminal extension, corre-
sponding to the mature form found in tomato fruit as described by
Reca et al. (2008) [37], has been expressed and characterized.

The cDNA encoding TIV-1 used in this studywas cloned from red
Moneymaker tomato mRNA and the sequence was in agreement
with the sequence of TIV-1 mRNA (NCBI accession number
M81081), except for a difference in position 951 corresponding to a
silent mutation (ATT changed in ATC, both codons encoding Ile
residue). The open reading frame of 1632 nucleotides encodes a
protein of 544 amino acids with a calculated molecular mass of
60,142 Da. Based on sequence alignment, TIV-1 belongs to glycoside
hydrolase family GH32 (P29000 in the Uniprot database, www.
uniprot.org) according to the CAZY classification [3].

In order to perform biochemical and molecular studies, TIV-1
mature protein was heterologously expressed in P. pastoris using
a pPICZaA expression vector. Recombinant protein was secreted in
the supernatant medium after induction with methanol. TIV-1 was
purified to homogeneity, using size exclusion chromatography on a
Sephacryl S200 gel (Fig. S1). After purification, a major band with

an apparent molecular mass of 79 kDa was observed on SDS-PAGE
(Fig.1A, lane 2 and 3). The N-terminal sequence EAEAYAXSNA (with
X as indefinable amino acid residue, but probably Trp) was in
agreement with the sequence expected for the recombinant pro-
tein, EAEA corresponding to the a-factor signal peptide C-terminal
end of the pPICZaA vector, followed by YAXSNA corresponding to
the mature TIV-1 N-terminal (Fig. 1B). The protein identity was also
confirmed by tryptic digestion followed by MS/MS analysis (data
not shown). The purified enzyme showed a specific activity, Km, kcat
and kcat/Km of 5.2 U mg�1, 14 mM, 1384 s�1 and 99 s�1 mM�1,
respectively. Similar Km values have been reported for vacuolar
invertases purified from various plants, such as INV2 (12 mM) from
A. thaliana [56] and INVII (10.5 mM) from maize [57], or heterolo-
gously expressed, such as HvINV1 (14 mM) from barley [58], Ibb
fruct1 (10.7 mM) and Ibbfruct3 (10.1 mM) from potato [59,60],
OsVIN2 (13.2 mM) from rice [61] and VI (15 mM) from wheat [62].
By contrast, the Km value for sucrose of recombinant TIV-1 was
slightly higher than that of the native enzyme purified from red
fruit and the kcat value was lower (6.4 mM and 7250 s�1, respec-
tively) [37]. It is noteworthy that Reca et al. (2008) used the glucose
oxidase/peroxidase reagent to carry out the invertase activity assay
[37]. Moreover, kinetic differences between native and

Fig. 1. A. Analysis of deglycosylated and not deglycosylated TIV-1 stained with Coomassie blue and Schiff’s reagent. (1) molecular mass markers; (2 and 6) purified TIV-1; (3 and 7)
purified TIV-1 with buffers used for N-deglycosylation; (4 and 8) purified TIV-1 heated at 100 �C and treated with Endo H; (5 and 9) purified TIV-1 not heat-denatured and treated
with Endo H. B. Amino acid sequence of TIV-1. N-glycosylation consensus sequences are in blue with N-glycosylated residues outline in red. C. Molecular model of TIV-1. The model
was generated by the Swiss-Model Server based on the crystal structure of the Pachysandra terminalis 6-SST/6-SFT (PDB-ID 3UGF). The catalytic residues (D26 and E205) are
depicted in purple. N-glycosylation sites are drawn in orange.

A.S. Tauzin et al. / Biochimie 101 (2014) 39e4942
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recombinant enzymes have already been described for other sys-
tems, as for example the ones reported for sterol esterase from
Ophiostoma piceae with comparable Km values for native and re-
combinant enzyme but higher kcat values for the recombinant
enzyme (around 50 fold increase with the substrate p-nitrophenyl
butyrate) [63].

3.2. TIV-1 stability and activity are regulated by N-glycosylation

The molecular mass of recombinant TIV-1 as determined by
mass spectrometry (69,114 Da, data not shown) is much higher
than the theoretical mass of 60,566 Da, suggesting that recombi-
nant TIV-1 is glycosylated. Previously, native TIV-1 purified from
tomato fruit has been demonstrated to be a glycoprotein [44].
Indeed, four potential N-glycosylation sites were identified in the
amino acid sequence of TIV-1 at positions Asn52, Asn119, Asn184
and Asn516 (Fig. 1B), suggesting that N-glycosylation could be
responsible for the observed difference in molecular mass. These
sites are located far from the active site (Fig. 1C), as deduced from a
homology model of TIV-1 based on the crystal structure of P. ter-
minalis 6-SST/6-SFT (PDB-ID 3UGF). Two of them, Asn52 and
Asn516, are in positions equivalent to two out of the four glyco-
sylation sites observed in P. terminalis 6-SST/6-SFT, Asn59 and
Asn516, respectively [64]. In 6-SST/6-SFT these two sites exhibit the
complex glycosylation pattern typically observed in plant proteins
[64]. Residues equivalent to Asn119 in TIV-1 are found to be gly-
cosylated in the crystal structures of A. thaliana cell wall invertase
AtcwINV1 (PDB-ID 2AC1, Asn116) [65] and Cichorium intybus 1-
exohydrolase IIa (PDB-ID 1ST8, Asn116) [66]. None of the known
crystal structures of members of GH32 display glycosylation of
residues equivalent in position to TIV-1 Asn184, however this pu-
tative glycosylation site is conserved in Aspergillus awamori exo-
inulinase (PDB-ID 1Y4W) [67].

The presence of glycan chains linked to TIV-1 was revealed by
periodic acid Schiff staining (Fig. 1A, lanes 6 and 7). To confirm that
the difference in molecular mass was due to glycosylation, enzy-
matic deglycosylation was performed on heat-denatured enzyme.
By gel electrophoresis, the molecular mass of TIV-1 is estimated at
about 79 kDa (Fig. 1A, lane 2 and 3). After treatment with Endo-
glycosidase H (Endo H) to remove N-linked carbohydrate moieties,
a single band located at about 70 kDa was observed on SDS-PAGE
(Fig. 1A, lane 4), which corresponds to a discrepancy of about
9 kDa with respect to wild-type TIV-1 (Fig. 1A, lanes 2 and 3), close
to the difference between calculated and experimental molecular
masses. Furthermore, staining with Schiff’s reagent after deglyco-
sylation showed no residual staining (Fig. 1A, lane 8), which con-
firms that TIV-1 is only N-glycosylated. Similar results were
obtained with non-denatured enzyme (Fig. 1A, lanes 5 and 9),
suggesting that all N-glycosylation sites are accessible to Endo H.

To examine the role of N-linked glycosylation in TIV-1 activity,
tailored alterations of TIV-1 glycosylation were performed by site-
directed mutagenesis. A quadruple mutant (QM), with all four
putative N-glycosylation sites mutated to Asp, was generated. In
this case, QM activity and QM protein were not detected neither in
the culture filtrate, where the recombinant protein is usually
secreted, nor in cell extracts, indicating that glycosylation of TIV-1
plays a role in the biosynthesis and/or stability of the enzyme. To
determine the contribution of each single glycosylation site, all four
potentially glycosylated Asn residues were individually replaced
and the four resultant mutants N52D, N119D, N184D and N516D
were expressed in P. pastoris. As for the QM mutant, no recombi-
nant protein was obtained for the N516D mutant (data not shown).
MS/MS analyses showed that the molecular masses of the mutants
N52D, N119D and N184D were slightly lower than that of TIV-1
wild-type (69,114 Da) and were equal to 67,145 Da, 67,135 Da and

67,670 Da, respectively. The calculated N-linked glycan masses on
sites Asn52, Asn119 and Asn184 were 1968 Da, 1978 Da and
1443 Da, respectively. Values for Asn52 and Asn119 are in agree-
ment with the expected masses of typical P. pastoris high mannose
type N-glycan chains, with a mass of about 2 kDa, depending on the
number of mannose residues linked at the end of the glycan chain
(Man8GlcNAc2 or Man9GlcNAc2) [68]. The glycan chain linked to
Asn184 is probably shorter, due to the elimination of terminal
mannose residues from the high mannose core by the action of a a-
1,2-mannosidase secreted by P. pastoris [69], and could be
composed of only five or six mannose residues. A theoretical mo-
lecular mass of 3158 Da was deduced for the glycan N-linked to
Asn516 (Table 1). This site, which seems to be more glycosylated
(Man16GlcNAc2) than sites Asn52, Asn119 and Asn184, is close to
the C-terminal of the recombinant protein and presents an Asn
residue before the N-glycosylation consensus sequence
(N515N516A517T518) (Fig. 1B). In 1998, Wang et al. suggested that
tandem sites (NNTT) near the C-terminal of a single-chain variable
fragment (Fvs) induced hyperglycosylation in recombinant protein
produced by P. pastoris [70].

For both QM and N516D we controlled that the transformation
with the pPICZaA vector occurred on the alcohol oxidase 1 (AOX1)
locus of the yeast genome using a PCR approach on yeast genomic
DNA (data not shown). Moreover, mRNA expression of mutants was
confirmed by RT-PCR (Fig. S2) and likewise we verified that N516D
and QM mutants were not addressed to the intracellular
compartment, instead of the culture medium, by examining the
absence of invertase activity in P. pastoris crude extract (data not
shown). The absence of activity could arise from degradation of the
recombinant protein or to the presence of incorrectly folded pro-
tein due to the lack of glycosylation [31]. The failure to produce both
the N516D and QM active mutants points out the importance of
Asn516 for correct folding and stability of recombinant TIV-1.

We then produced a triple mutant N52D, N119D and N184D
(TM), which was expressed correctly in P. pastoris, indicating that
glycosylation of sites Asn52, Asn119 and Asn184 was not crucial for
protein folding. Next we wanted to test whether the lack of the
individual glycan chains affected the activity of TIV-1. As shown in
Table 1, all of the three individual mutations N52D, N119D and
N184D led to a decrease of the specific activity of about 30%e60%
when compared to the activity of wild-type TIV-1. Similarly, a
strong decrease in overall specific activity has been reported for
deglycosylated mutants of A. thaliana cell wall invertase (Atc-
wINV1) and Beta vulgaris fructan exohydrolase (Bv6-FEH) [65,71].

The thermal stability of each mutant as compared to the wild-
type was determined at pH 4.5 (Fig. 2) and showed that N52D,
N119D and TM were stable for 1 h at 40 �C, whereas N184D was
stable for at least 1 h at 45 �C. After 1 h at 50 �C, TIV-1 retained its
full activity, while N52D, N119D and TM retained about 50e60% of
their activity and N184D retained 70%. After 30 min at 60 �C, N52D
and TM were inactive, N119D and N184D retained 15% of their ac-
tivity and TIV-1 retained 30% of its activity. All recombinant pro-
teins lost their enzymatic activity after 5 min at 65 �C. Altogether
these results suggest that glycosylation of sites Asn52, Asn119 and
Asn184 plays an important role in stability of recombinant TIV-1.

3.3. SolyVIF is a novel proteinaceous invertase inhibitor

After focusing on SolyCIF as potential inhibitor of TIV-1 [37], our
aim was to find a putative vacuolar invertase inhibitor. Using the
sequences of thewell characterized vacuolar and cell-wall INHs from
N. tabacum as template, homolog genes from tomato were searched
in the Sol Genomics Networks database (http://solgenomics.net/
organism/solanum_lycopersicum/genome). Based on sequence ho-
mology, a sequence encoding a putative vacuolar INH emerged,
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identified with the number SGN-U567308, and hereafter called Sol-
yVIF. The 528 bp SolyVIF gene encodes a protein of 175 amino acids
and contains a signalpeptide for subcellular targetingwhoseputative
cleavage site is located between Leu16 and Asn17. Removal of the
predicted N-terminal signal peptide generates mature SolyVIF of 159
amino acids with a theoretical molecular mass of 18,030 Da and a
predicted isoelectric point of 5.12. SolyVIF shows highest sequence
identity with vacuolar StInvInh2A (82%) and StInvInh2B (76%) from
potato andvacuolarNtVIF (71%) fromN. tabacum. Bycontrast, SolyVIF
has only 43% and 45% sequence identity with cell wall NtCIF from
N. tabacum and SolyCIF from S. lycopersicum, respectively. Liu et al.

proposed a phylogenetic tree of Solanaceae INHs where SlInvInh2
(corresponding to SolyVIF) belongs to the subgroup a with vacuolar
StInvInh2A, StInvInh2B and NtInvInh2 (NtVIF), while the subgroup b
includes cell wall SlInvInh1 (SolyCIF) and NtInvInh1 (NtCIF), sug-
gesting a distribution according to the specificity (Fig. 2 from Ref.
[40]). A specific interactionbetweenStInvInh2andvacuolar invertase
from potato (StvacInv1) was demonstrated by bimolecular fluores-
cence complementation and in vivo studies showed that both
contributed to the cold-induced sweetening regulation [40,41]. The
high sequence identitywith StInvInh2Aand StInvInh2B suggests that
SolyVIF might as well have a vacuolar specificity.

Fig. 2. Temperature stability of TIV-1 (diamond-shaped) compared to mutants N52D (square), N119D (triangle), N184D (cross) and TM (circle). Values depicted are the mean of
duplicates based on at least three independent experiments.

Table 1
N-Glycosylation sites in TIV-1 and the effect on specific activity upon their site-directed removal.

Protein name Schematic representation Specific activity
(mmol min�1 mg�1)

MM (Da) MM of the lacking
N-linked chain (Da)

TIV-1 5.2 69,114a 0b

N52D 3.4 67,145a 1968b

N119D 3.5 67,136a 1978b

N184D 2.3 67,670a 1443b

N516D n.d. n.d. 3158b

TM 3.3 63,724b 5399b

QM n.d. n.d. 8547b

Glycosidic chains are depicted with orange squares. n.d.: not determined.
a Determined by mass spectrometry.
b Deduced.
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To functionally characterize the inhibitor, the SolyVIF cDNA was
cloned into the pOPINF plasmid and expressed in E. coli Rosetta-
gami� (DE3) strain as a N-terminal (His)6 tagged protein. In vivo,
INHs are not glycosylated [72e74] and several of them have been
largely expressed in E. coli [35,40,75,76]. It is noteworthy that het-
erologous expressionof SolyVIF inP. pastoriswasnot successful (data
not shown). After cell lysis, SolyVIF was found in inclusion bodies.
Soluble protein was obtained after resolubilization with the chaot-
ropic agent urea and purified by immobilized metal ion affinity
chromatography. The expression yield was approximately 2 mg L�1.

Purified SolyVIF was loaded onto SDS gel under reducing (þDTT)
and non-reducing conditions (�DTT) (Fig. S3). The oxidized protein
runs at an apparent molecular mass lower than the reduced protein
(19 kDa vs 23 kDa), indicating that the native protein has a more
compact structure compared to the denaturated protein, probably

due to the presence of the four Cys residues engaged in intra-
molecular disulphide bridges. Indeed, SolyVIF possesses four cys-
teines typically conserved in PMEI-RP (Fig. S4). Indeed, crystallo-
graphic analyses of N. tabacum NtCIF [77], Actinidia deliciosa
AcPMEI [78] and A. thaliana AtPMEI-2 [38] have shown that these
close homologues are composed of a-helices stabilized by two
disulphide bridges [38,77,78].

3.4. TIV-1 interacts with SolyVIF

In order to assess whether SolyVIF was a genuine inhibitor of
TIV-1 we analysed their potential interaction by SPR. The results of
the analyses showed that there was indeed strong interaction be-
tween SolyVIF and TIV-1, with a dissociation constant value (KD) of
0.4 � 0.2 nM (Fig. 3). The kon and koff values were

Fig. 3. SPR measurement of SolyVIF interaction with TIV-1. A set of concentrations of SolyVIF ranging from 1 to 64 nM was injected over immobilized TIV-1. The black traces
represent the specific binding obtained after subtraction of a blank run and the red traces depict the global fit of the data to a simple 1:1 bimolecular Langmuir model. The data
illustrated are representative of four independent experiments.

Fig. 4. Kinetic analysis of the inhibition of TIV-1 by SolyVIF using sucrose as substrate. A. LineweavereBurk plot. Hydrolysis reaction of TIV-1 on variable sucrose concentrations
(10e150 mM) and at a fixed concentration of SolyVIF (0 nM, diamond-shaped; 7 nM, circle; 14 nM, square; 21 nM, triangle and 28 nM, line). TIV-1 concentration was 6.9 nM. B, C.
Secondary plots showing the dependency of the vertical axis intercept (i) and slope (s) on the concentration of SolyVIF.
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1.2 � 0.5 � 106 M�1 s�1 and 4.8 � 1.7 � 10�4 s�1, respectively. The
apparent stoichiometry indicated a 1:1 interaction at equilibrium.
Using isothermal titration calorimetry, a KD in the nanomolar range
and a 1:1 stoichiometry were also demonstrated for the interaction
between a cell wall invertase inhibitor from N. tabacum (NtCIF) and
a cell wall invertase from A. thaliana (AtcwINV1) [79].

3.5. TIV-1 is inhibited by SolyVIF

The kinetic of inhibition of TIV-1 by SolyVIF was determined by
enzymatic assays in solution using sucrose as substrate. Reactions
were initiated by adding variable substrate concentrations of 10e
150 mM in a mixture containing the enzyme (TIV-1) alone or the
enzyme and the inhibitor (SolyVIF) at concentrations of 7e28 nM.
Before the addition of substrate the mixture was preincubated for
10 min at 50 �C to ensure that complete equilibrium was reached
between the enzyme (E), the inhibitor (I) and the enzymeeinhib-
itor complex (EI). Experiments confirmed that equilibrium had
been reached because all of the LineweavereBurk plots obtained
with different sucrose concentrations and fixed SolyVIF concen-
trations were linear (Fig. 4A). The intercept of these plots cuts the
horizontal axis and accounts for non-competitive inhibition (Fig
4A). A similar mode of inhibition has been observed for INHs
from potato [32,80e82], maize [57], tomato [73] and Pteris deflexa
[83]. However, Sander et al. (1996) suggested that cell wall in-
vertases could be protected against inhibition by sucrose, which
would account for a competitive mode of inhibition [84].

As shown in Fig. 4, the slope (s), indicating that I binds to the free
E, and the ordinate intercept, (i) showing that I binds to the
enzymeesubstrate complex (ES), increased with increasing SolyVIF
concentrations (Fig. 4B and C). The secondary LineweavereBurk
plots of sucrose hydrolysis (Fig. 4B and C) showing the slope (s) and
the vertical axis intercept (i) against the inhibitor concentration can
be described by a second-order polynome with respect to I, which
corresponds to a parabolic equation with an excellent correlation
coefficient (Equation (1)) [85]:

1=vi ¼
�
a0 þ a1½I� þ a2½I�2

�
1=½S� þ b0 þ b1½I� þ b2½I�2 ¼ s 1=½S� þ i

(1)

where the coefficients (a1, a2, b0, b1, b2) depending on the equilib-
rium constants correspond to the presence of EI, EI2 and ESI, ESI2
enzyme species in the reaction mixture. One and two SolyVIF
molecules bind to both the free E and the ES complex, respectively.
One model is proposed involving abortive complexes:

and consistent with the experimental data where the i and s
equations (Eq. (2) and (3)) are:

i ¼ 1
V
þ 1
VLli

½I� þ 1
VLliL2i

þ 1
VLliL2i

½I�2 (2)

s ¼ Km

V
þ Km

VKli
½I� þ Km

VKliK2i
½I�2 (3)

Both i and s equations (Eq. (4) and (5)) are of a parabolic type:

i ¼ dþ e½I� þ f ½I�2 (4)

s ¼ d0 þ e0½I� þ f 0½I�2 (5)

Kinetic parameters V, L1i and L2i were obtained from parameters
d, e and f, which were calculated from the secondary plot (Fig 4B).
Using the V value thus obtained, kinetic parameters Km, K1i and K2i

were determined by the same way from parameters d0, e0 and f0

calculated from plot of Fig. 4C.
Using the same calculations but with [I]¼ 0, the values of K1i, K2i

and L1i, L2i were 122.6 nM, 5.05 nM and 110 nM and 5.07 nM,
respectively (Table 2). The complexes EI and ESI are not formed
when the initial velocity is measured, therefore no immediate in-
hibition could be observed until a concentration of 10 nM of SolyVIF
is reached. The model is valid because the preincubation is of no
effect and because binding of I to E or ES are slow reactions.

The values of the pseudo dissociation equilibrium constants K1i,
L1i and K2i, L2i suggest that the EI and the ESI complexes are present
in smaller amounts than EI2 and ESI2. It was previously reported
that EI and ESI formation are slow processes [86,87]. In conclusion,
the kinetic experiments in solution demonstrated that 2 molecules
of inhibitor are able to bind to free E or the ES complex. The EI
complex determined by SPR indicates an apparent stoichiometry
1:1 at equilibrium, probably because SPR cannot distinguish the
additional binding site. The KD value (for EI ¼ 0.4 � 0.2 nM)
determined by SPR and K2i (for EI2 ¼ 5.05 nM) and L2i (for
ESI2 ¼ 5.07 nM), determined by kinetic analysis in solution,
demonstrate a very strong interaction between SolyVIF and TIV-1 in
the nanomolar range with a ratio of 12 between the results ob-
tained by the two methods. Such discrepancies between values
obtained by different methods are quite common, and in our case
may simply results from the fact that, while both techniques allow
to investigate proteineprotein interaction, kinetic experiments are
performed in solution, while in SPR one of the partners is immo-
bilized on a surface, which might prevent structural changes
occurring upon complex formation. Moreover, the temperatures
used in each assay were different, possibly accounting for the
observed differences (see Material and methods section).

Recently, the crystal structure of the complex between Atc-
wINV1 and NtCIF [79], without substrate, has been reported. The

authors showed that in the enzyme/inhibitor complex a residue of
the inhibitor (Lys98) inserts into the active site of AtcwINV1, where
it interacts with the acid/base catalyst Glu203, thus blocking access
for the substrate [79]. This mechanism corresponds to a competi-
tive inhibition with formation of an EI complex. Thus, in this case,
the absence of substrate during the crystallization process didn’t
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allow the formation of the ESI complex. Moreover, we can’t rule out
that the differences in the kinetic models arises from the fact that
the kinetic model determined in the present work was achieved
with vacuolar partners, which might bind together otherwise than
enzymes and inhibitors from the cell wall compartment, as previ-
ously suggested by Sander et al. (1996) [84].

3.6. TIV-1 and SolyVIF interactions are pH dependent

Weil et al. had reported a strong pH-dependency for the inhi-
bition of N. tabacum CWI by its inhibitor [34]. The structural basis
for a similar pH dependency has recently been provided by the
structural study of the AtcwINV1eNtCIF complex, coupled to
isothermal titration calorimetry [79]. The AtcwINV1eNtCIF com-
plex structure reveals a cluster of acidic residues that titrate in the
relevant pH range. The close contact of these functional carboxylate
groups implies that their protonation is required to allow interac-
tion, and that a shift of pH towards more basic conditions would
necessarily render the interactions unfavourable and disrupt the
complex. To test whether the inhibition of TIV-1 by SolyVIF was
dependent on pH, the inhibition of TIV-1 was measured at different
pH values with constant amounts of SolyVIF (equivalent of 50%
inhibition in optimal conditions). As shown in Fig. 5, inhibition
occurs essentially in a tight pH range between 4.0 and 5.0, with a
maximum at pH 4.5, which is the optimal pH of enzyme activity. It
is noteworthy that most of the plant vacuoles are acidic and should
the TIV-1/SolyVIF interaction be regulated via pH variations, this
must occur in a pH range attainable within the vacuole.

3.7. TIV-1 and SolyVIF expression is tissue specific and regulated
during plant development

The expression of TIV-1 and SolyVIF mRNAs was quantitatively
analysed in different tissues by real-time PCR, and the results were

normalized to the amount of act-4mRNA as reference gene (Fig. 6).
The expression of both the vacuolar invertase and its inhibitor
appeared to be tissue specific and developmentally regulated
(Fig. 6). The highest level of expression of TIV-1 was detected in
flowers in agreement with previous results showing a floral organ
specific expression pattern with high level of expression in petals
[88]. A higher level of expression of TIV-1 was also observed in red
fruits as compared to green fruits. These findings are in good
agreement with previous studies [88] and suggest a possible role of
the vacuolar enzyme in sourceesink sucrose metabolism during
fruit ripening. The contribution of TIV-1 in tomato fruit growth and
ripening was demonstrated in plants expressing a constitutive TIV-
1 antisense gene. Transgenic TIV-1 antisense plants showed a dra-
matic alteration of soluble sugar composition, with elevated su-
crose levels and changes in the concentration of osmotically active
sugars, correlated with a reduced mature fruit size and indicating a
role of TIV-1 in the regulation of turgor and cell enlargement during
fruit maturation [89].

On the other hand, our transcript analysis shows a not signifi-
cant expression of SolyVIF in flowers, as well as in both green and
red fruits, indicating that its inhibition of TIV-1 activity is not
relevant in flower tissue and during fruit ripening (Fig. 6). By
contrast, CIF from S. lycopersicum, SolyCIF, was highly expressed in
flowers and tomato green fruits [37], supporting the idea that CIFs
and VIFs play different physiological roles.

Co-expression of SolyVIF and TIV-1 in sink tissues such as roots
and stems, as well as in source leaves, points towards a role of
SolyVIF in the post-transcriptional regulation of TIV-1 (Fig. 6). The
co-expression was also observed in senescent leaves, suggesting
that the posttranscriptional regulation of the vacuolar invertase by
its inhibitory protein can play a role in controlling vacuolar sucrose
hydrolysis during leaf senescence. The pivotal role of the post-
transcriptional control of cell wall invertase activity by its inhibitor
in leaf senescence has been demonstrated for tomato, where

Table 2
The kinetic parameters, the inhibition constants and type of inhibition by SolyVIF for TIV-1 acting on sucrose. K1i, K2i, L1i and L2i are the EI, EI2, ESI and ESI2 related dissociation
constants. The parameters were determined from secondary LineweareBurk plots.

[Inhibitor] (nM) kcat (s�1) Km (mM) kcat/Km (s�1 mM�1) Inhibition % K1i (nM) K2i (nM) L1i (nM) L21 (nM) Inhibition type

No 1328 12 110.7 0
SolyVIF 122.6 5.05 110 5.07 Non-competitive
13.83 1159 96.6 12.7
20.75 894 74.5 32.7
27.6 652 54.3 51

Fig. 5. Effect of pH on the relative activity of TIV-1 in the absence (circle) and presence
(square) of SolyVIF (0.1 pmol to reach maximum of 50% inhibition in optimal condi-
tions). Residual invertase activity was measured at pH 4.5 and 50 �C after an enzyme/
inhibitor preincubation time of 10 min. Values depicted are the mean of duplicates
based on at least three independent experiments.

Fig. 6. Analysis of SolyVIF and TIV-1 expression in tomato tissues. The expression
analysis of SolyVIF (white bars) and TIV-1 (black bars) in various tomato organs was
determined using real-time qPCR. The relative level of gene expressionwas normalized
with respect to Act4 mRNA. Bars represent the average �SD (n ¼ 3).
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silencing of the S. lycopersicum inhibitor INVINH1 isoform in the
plant increased the activity of cell wall invertase and significantly
delayed abscisic acid induced leaf senescence [16].

Studies of tomato SolyVIF knock-out mutants or of plants
overexpressing the inhibitor are under way to further explore the
role(s) of this class of inhibitors during plant development.
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