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ABSTRACT

Apoplastic invertase is the key enzyme of carbatgdnetabolism in plants. The application of traarsg plants,
which possess genes of heterologous organismsnégpaderstanding of the functional role of product these
genes. The purpose of this study was to charaeté¢his invertase of S. cerevisiae from transgeniatpoplants
(Solanum tuberosum L., cv. Désirée), which expceise suc2 gene of yeast under the control of #tatip class |

B33 promoter. The suc2 gene presence in the plemime and its expression were shown using PCR arGR.

Yeast invertases were identified by MALDI-TOF M@&lysis. Our results demonstrated the transit of regture

protein of the yeast invertase to the apoplastolfitde form of the yeast invertase was presenthénapoplast, and
it was weakly adsorbed onto the cellular wall. Glse and fructose levels in the apoplastic fluidhef transgenic
plants increased by 40-55% as compared to thosieamwild-type potato plants. Increased acid inveetactivity in

the transgenic plant leaves was observed as thdtrefthe suc2 gene expression. Moreover, theeased total
sugar contents in the transgenic plants led to sehanges in their morphometric parameters (decréasféshoot
length, less developed root system, and larger maiatent in tissues). The potato line with theegrated suc2
gene is a convenient tool for studying the rolghef apoplastic invertase and the products of itsvag in plant

growth regulation and adaptation to unfavorable iemwment (in particular, to hypothermia).
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INTRODUCTION

The expression of heterologous genes in plantsieffective method to improve our understandingplaint
resistance mechanisms [1]. Transformed plant limese previously used to investigate the role obohydrate
metabolismn the development of cold resistaningpotato plants [2-6]. Of particular interest ip@tato line whose
carbohydrate metabolism is altered by the integnatif the targesuc2gene. This gene encodes the extracellular
Saccharomyces cerevisigeast invertase3fructofuranosidase, E.C. 3.2.1.26) under the obwmif the patatin class

| promoter B33 promoter). Since class | patatin is the main gt@rprotein of potato tubers, tiB83 promoter
mainly provides tuber-specific gene expressionhef ¢ontrolledsuc2gene [7]. Gene expression regulation occurs
chiefly at the transcriptional level where the readgory region (promoter) plays a major rotéence we investigated
the activity of the patatiB33 promoter in potato plant roots, stems and leavis.r&sults confirmed the high tissue
specificity of theB33 promoter and revealed its limited activity in vegate organs [2, 8].

In higher plants, an invertase has several isofpmiigch differ in the subcellular localization ahibchemical
properties. Alkaline/neutral invertases are solupiteins localized in the cytoplasm, mitochondrand
chloroplasts with optimum activity at pH 7.0-7.812]. Acid invertases have an optimum activity Ht4.5-5.0 and
are localized as soluble proteins in the vacuoteapoplast [9, 12]. Importantly, invertases loadizn the apoplast
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are subdivided into soluble and insoluble; they @saally ionically bound to the cell wall [13]. R¢d invertases
localized in the apoplast are covalently boundhte tell wall [14]. Therefore, potato lines with thec2 gene
expression offer unique opportunities for reseaiobe the integrateslic2gene encodes the yeast invertase with an
N-end-connected potato proteinase Il inhibitor sigmeptide, which provides apoplastic localizatiohfareign
invertase [15].

Apoplastic acid invertase is a key enzyme of caydodte metabolism involved in important physiolagic
processes, including phloem unloading, cell difféietion control, sucrose level regulation in fiedl spaces, and
sucrose transport across the plasmalemma [12,Mdieover, the potato plant apoplastic invertaserdioates
donor-acceptor bonds between the main photosyntbegians (leaves) and acceptor organs, i.e. tyb6fsThus,
the potato line with the integratedc2gene is a convenient tool to study the role ofdpeplastic invertase and the
products of its activity during tuber growth, deygient and formation.

Several researchers who worked with this potate fotused mainly on the following: i) functionaltiaity of the
invertase protein encoded by thec2gene under heterologous expression, and ii) thityadif the protein to cause
physiological and biochemical changes in the pgtédat metabolism. It was found that potato plaxgsressing the
yeast invertase gene had an increased activitgidfiavertase. These plants also featured highgarscontent in
tubers (specifically, higher glucose and fructosatent) [17] and leaves (specifically, higher glse@nd sucrose
content) [2, 18] as compared to the control plafite transformants were characterized by reducesitséty to
hypothermia [2, 3] and oxidative stress inducedobyaquat [19], and they reduced the threshold cdratéon of
sucrose required for tuber initiatiégm vitro [20]. Moreover, unlike the control plants, thensformed plants formed
a minimal number of tubers per one plant, but tibets were heavier [15].

Our choice of thesuc2gene fromS. cerevisiaas a target gene was determined by two reasorsilyfFthe yeast
invertase is foreign to the potato plants, and bétscactivity is not inhibited by common plant ibitors. Secondly,
the yeast invertase has a wider pH range as coohpeth the plant invertase [21]. In order to prevpossible
transgene expression termination after some perfidisne, the presence and expression of the tayge¢ must be
periodically monitored. For this purpose, we cortddcappropriate long-term molecular-biochemicadigs to

identify and characterize some properties and fonat features of the yeast invertase encoded bub2gene

under heterologous expression in potato plants.

MATERIALSAND METHODS

Plant materialsand growth conditions

The materials used in this study were potato plé®tdanum tuberosurh., cv. Désirée) (hereinafter referred to as
wild-type plants) and the potato line transformeithva vector containing theuc2gene, under the control of the
tuber-specific patatiB33promoter of class | (hereinafter referred to asdfarmedplants).

Potato plants were grown vitro at 22°C under a 16-h light/8-h dark regime and 100 pmdl st light intensity
for 5 weeks on a Murashige-Skoog medium [22] caointgi 0.7% agar and 2% sucrose, pH 5.8. Leaves tiken
the middle of the plants were used as the resenatérials.

Construction of the expression vector and plant transformation

The apoplastic invertase construct was preparetd) @wiAsp718/Salfragment (containing the sequerafethe suc2
gene encoding the mature invertase protein fuséoetsignal sequence of proteinase inhibitor 18pared from the
PI-3-INV® plasmid [15]. Transformed plants were obtained Aistumefaciensnediated transformation and,
selectedn vitro on kanamycin containing medium. They were testedrimsgene expression using the Northern-
blot hybridization [15, 23].

Isolation of plant DNA and RNA, and cDNA Synthesis

Genomic DNA was isolated by using cetyl trimethgiraonium bromide [24]. Total RNA was extracted usihg
Plant Total RNA Kit Spectrum (Sigma, USA) and cDNynthesis was performed with the Agilent Low RNAuUn
Fluorescent Linear Amplification Kit (Agilent, USApllowing the manufacturer’s recommendations.

PCR analysis

The presence of the invertase-encodthgerevisiae sucgene in the transgenic plant genome was confirimed
polymerase chain reaction (PCR). Primers were dedigising the Vector NTI program based onSheerevisiae
suc2 gene sequence, presented in the NCBI database .(webiwnim.nih.gov): 5'-
TCCAAGACAAAGATGCGTTGCG-3' (forward primer (F)) an8-TGAAGGAACCGCCAGCAGGT-5' (reverse
primer (R)). A 20ul PCR reaction volume was prepared using 150 ngt glanomic DNA, 0.2 mM dNTP, 0.02 nM
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primers and 1 U Tag DNA polymerase (Celanese, Buysand the buffer was prepared using 50 mM KCInd
Tris-HCI (pH 9), 0.1% Triton X-100 and 2.5 mM MgCPCR was performed in a My Cycler TM Thermal Cycle
(Bio-Rad, USA) under the following conditions: pesdturation at 92C for 4 min followed by 30 cycles consisting
of denaturation at 92C for 45 s, annealing at &C for 1 min, and synthesis at 72 for 1 min; then there was a
final elongation at 72C for 5 min. The amplified DNA fragments were seped using 1.5% agarose gel
electrophoresis in a Tris-acetate buffer, iderditiy staining with ethidium bromide and visualizedier ultraviolet
light, using the Gel Doc XR System (Bio-Rad, USAhe GeneRuler TM Express DNA Ladder Set (Fermentas,
Lithuania) was used as a molecular-weight size arark

Detection of invertase activity

Soluble invertase fractions and fractions assodiatgh the cell wall were isolated according to stman [25].
These fractions were used for electrophoretic sdijoer of proteins in polyacrylamide gel (PAGE) wath Na-
dodecyl sulfate (Ds-Na) (Native electrophoresigoading to Davis [26].

Acid invertase activity in the gel was visualizestarding to the method of [27], based on hydrolggisucrose by
the enzyme and subsequent oxidation of the formadoge during the reduction of 2,3,5-triphenyltetdaum

chloride (TTC) in an alkaline medium into a redareld compound, formazan. The gel obtained fromdaiAGE

was washed with a 0.1 M phosphate-citrate buffét §5) and left in the dark for 1 hour at 3Z in the same
buffer, containing 0.1 M sucrose. Following a briedsh in distilled water, gels were developed lmubation in a
boiling solution of 4% NaOH containing 0.2% (w/vJ T. Red band coloration in the gel appeared aptsitions
of invertase activity within 1 minute.

The activity of different forms of invertase wagiested by the amount of glucose formed by hydiislg$ sucrose
in the incubation medium containing 0.2 ml of tmzyme fraction and 0.3 ml buffer with sucrose (ihal sucrose
concentration was 150 mM). Invertase fractions weepared as previously described [3]. To deterrtieeacidic
(vacuolar or apoplast) invertase activity, we ugedincubation medium which contained a 1 M acetaféer (pH
4.7), whereas for the determination of the alkdfiratral (cytoplasmic) invertase activity, we ugkd incubation
medium which contained a phosphate-citrate buffer 7.5). The enzyme activity was expressegrasl of glucose
formed by hydrolysis of sucrose in the incubatioedimm per volume of sample taken for analysis.

Apoplastic fluid was prepared according to Hone][Z8oteins of apoplastic fluid were precipitatedhaacetone
and separated by denaturing electrophoresis ir#dD5-Na-PAGE. After electrophoresis, the gel wasnstd with
Coomassie R-250 to visualize the proteins. TheiSicecPlus Protein TM Standards Set (Bio-Rad, U%A} used
as molecular-weight size marker.

MALDI-TOF

Yeast invertases were identified by means of Meadggisted laser desorption/ionization time-of-flighass
spectrometry (MALDI-TOF MS) analysis. The mass $mewere measured with a Bruker Ultraflex MALDI-TOF
mass spectrometer (Germany). Protein identificatisms accomplished using the Mascot software
(www.matrixscience.com). The search was perforngdguthe NCBI database.

Deter mination of carbohydrates

The content of fructose in the apoplastic fluid veetermined according to Roe by the reaction obdext with
resorcinol and subsequent recalculation of theasgccontent [29]. The glucose content was detedninethe
glucose oxidase method using the Agat-glucoseRiséia).

Statistical analysis

Statistical processing of data was performed byTtests program (ISI, USA) and visualized using gnaphical
mathematical package Microcal Origin (Microcal 8afte Inc., USA). The figures show the mean valuethe
typical experiment and their standard errors. Stikje the method used, the experiments were regpehtee to
seven times to obtain similar reproducible results.

P < 0.05was considered to be statistically significant.

RESULTSAND DISCUSSION

The presence of target gene in the transforpe@to plant genome was shown using PCR with gpaeific
primers and subsequent product separation was deimg agarose gel electrophoresis. A 636 bp bansl wa
amplified from DNA isolated from all Km-resistanbfato plants (Figure 1la). The above band was nqiifead
from DNA of the wild-type plants. Consequently, th&rget heterologousuc2 gene was localized in the
transformant genome. Since the presencsuofgene in the genome of the transgenic plants nmighsignify its
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expression, the next task was to identify shie2gene expression in the transformed potato planbmge. For this
purpose, we used three independent methods: ljseetanscription followed by PCR (RT-PCR); 2) dpadilve
reaction in the gel (based on the invertase, aeprqiroduct of thesuc2gene) and 3) quantitative analysis of the
invertase enzymatic activity based on the detertiinaof the amount of glucose resulted from thercse
decomposition in the incubation medium.
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Figure 1. Results of (a) PCR and (b) RT-PCR analyses of the wild-type potato plants and plants transfor med with the vector containing
the suc2 gene of theyeast S. cerevisiae with gene specific primers. M - GeneRuler TM Express DNA Ladder, W - purity control of the
reaction, 1 and 2 - transformed and wild-type plants, respectively.

RT-PCR is the most sensitive method used to deteeabundance mRNA and obtain evidence of a pdaicqgene
expression. All PCR-positive transformants showestic2gene expression as evidenced by RT-PCR (Figure 1b).

Native protein electrophoresis followed by the t&ac product (acid invertase) visualization is asfethe most
reliable methods for identifying protein produatsrfied as a result of the target gene operation [tLig known that
TTC can be reduced in an alkaline medium by botiydeogenases and via a nonenzymatic pathway [38hgwrs
(glucose, fructose, etc.). We therefore performemtgin electrophoresis without Ds-Na and determitiesl acid

yeast invertase localization in order to confirme sic2gene expression. Invertase activity gels showad ttiere
was considerable invertase activity in the soldtdetion but no activity in the cell wall fractigifrigure 2, lane 3
and 4). No invertase activity was detected in thatde or cell wall fractions in the wild-type plan(Figure 2, lane
1 and 2). Yeast invertase activity in the leaf hgemates of the transformants showed active expressgithesuc2

gene and poor adsorption of the heterologous prateie cell walls of potato plants.

1 2 3 4

Figure 2. Visualization of theinvertase protein activity in the gel under non-denaturing conditions (the results of a native PAGE). 1 and 2
- wild-type plants (super natant and cell wall fractions, respectively), 3 and 4 - transformed plants (supernatant and cell wall fractions,
respectively).

Subsequent analysis of the different forms of thesitase activity in the potato plant leaves shotedincreased
activity of apoplastic and vacuolar invertase foimshe transformed plants by 30% and 40%, respagti{Figure

3). A slight increase in the cytoplasmic invertasévity in the transformed plants was probably tué¢he residual
yeast invertase activity in the growth medium with 7.5. The observed increase in the vacuolar tageractivity

in the transformed plants confirmed our assumptinrthe partial adsorption of yeast invertase inabk wall, as

well as evidenced the presence of invertase iishaes of the transformed plants in soluble fofigyre 2). Thus,
obtained data indicated that a higher constitugietivity of the acid invertase in the transfornmants compared to
that in the wild-type plants was a result of sue2gene expression.

The S. cerevisiadnvertase activity varies depending on the subsstcamncentration. The maximal activity was
previously observed at 62 mM sucrose in the cuitmvamedium, pH 4 [31], which correlated with thecsose
concentration in the plant growth medium used im swdies. However, there was a need for some fapeci

65
Scholars Research Library



Alexander N. Deryabin et al Annals of Biological Research, 2016, 7 (5):62-69

experiments to confirm the presenceSofcerevisiagnvertase protein in the extracellular space (&=t of the
transformed plants. This need was determined byfdllewing: a) the increased yeast invertase ativm the
supernatant fraction in the gel (Figure 2) andh®) increased activity of apoplastic and vacuolaelitase forms
(Figure 3). Thesuc2gene sequence encoding the mature invertase pnotes fused with the signal sequence of
potato proteinase inhibitor Il in order to provitlee apoplast localization of foreign invertase. him order to
confirm extracellular localization of yeast invest¢a the apoplastic fluid from the wild-type andhsfmrmed potato
plant leaves was obtained, and one-dimensionaltdeng electrophoresis of soluble apoplastic prigeias carried
out. The SDS-PAGE electrophoresis of apoplastiteme showed the presence of a protein band witiolacular
weight of about 60 kDa in the transformed plantg, ot in the wild-type plants (data not shown)e®h cerevisiae
yeast invertase in the transformed potato plants identified using MALDI-TOF mass spectrometry (liig 4).
The extracellularS. cerevisiaeinvertase is mainly a homodimer with a moleculagight of 270 kDa [32].
Polymannan accounted for approximately 50% of teyme carbohydrate, while glucosamine accountedufr
3%. The removal of the enzyme carbohydrate revethiedthe yeast invertase consisted of two idehsoaunits
with a molecular weight of 60 kDa [33]. Thus, thesults of one-dimensional denaturing electrophsresid
MALDI-TOF MS analysis are consistent with the pshkd data and indicate the presence of the yeastase in
the apoplastic space of the transformed potatasglan
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Figure 3. Activity of different invertase formsin the leaves of the wild-type and transformed plants.

Analysis of sugar concentration in the leaf apapasvides additional information on the apoplasticalization of
yeast invertase in the transformed plant tissuess. known that theSolanumgenus comprises a group of plants
which use the apoplast as intermediate storagesifnéates (especially sugars) [19]. Our resultnaiestrated that
glucose and fructose concentrations in the apopfaste transformed plants, as compared to thosleeirwild-type
plants, were 55% and 40% higher, respectively (f@da). The total content of sucrose, glucose famtose in the
apoplast was also 40% higher in the transformadntur experiments we used potato plants with sgsijul
localization of yeast invertase. It is known thavieonmental conditions in the apoplast (pH 4.5r4&@mply with
the conditions of maximum activity of extracellulrcerevisiaénvertase (pH optimum 3.5-5) [17, 34].
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Fig. 4. MALDI-TOF mass spectra of proteinsisolated from the apoplagtic fluid of the transformed plants. The arrow pointsto the
invertase of theyeast S. cerevisae.

The sucrose and glucose levels in the transgeaitt féaves exceed those in the control plants 8y a0d 11%,
respectively (Figure 5b). The fructose contentathdines was low. The low fructose content resliftem the high
activity of fructokinase (E.C. 2.7.1.4.) that prded maximal use of free fructose in the glycolpéthway.

The morphometric parameters of the transformedcanttol plants unden vitro conditions were different (Table 1
and Figure 6). The transformed plants exhibitedreiesed offshoot length, less developed root syssenaller
number of internodes, and larger water contenissues. These differences were caused by the udtioth of the
suc2gene and its expression in the transformed plants.
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Figure5. Sugar (glucose, fructose and sucrose) content in (a) apoplastic fluid and (b) leaves of the wild-type and transfor med plants.

| Transformed plants

Figure 6. Wild-type potato plants and transfor med potato plants (5 weeks old). Potato plants were grown in vitro on a Murashige-Skoog
medium containing 2% sucrose.

Table 1. Morphometric parameter s of the potato plants (5 weeks old)

Parameter Wild-type Transfor med
plants plants
Shoot length, cm 13.8+0.3 10.6 +0.3
The number of internodes, 13.0+0.2 11.8+0.3
Fresh roots, mg/plant 26.2+5.2 106+2.1
Fresh leaves, mg/plant 80.2+6.4 59.1+84
Contents of dried mass, % of the fresh plants 9.61 8.98

Data are mean values = SE, n=30.
CONCLUSION

Our results show that theuc2 gene encoding the extracellular invertase of thasyS. cerevisiads actively
expressed in the genome of the transformed potatdsp The invertase protein is transported ineektracellular
space of the transformed plants due to the preseheesignal peptide of the potato proteinase idibll. The
soluble form of the protein occurs in the apopkast is weakly adsorbed onto the cellular wall. Tbastitutive
suc2 gene expression resulted in higher acid invertativity and increased sugar contents in the ajgbplad
leaves of the transformed potato plants as compartee wild-type plants.
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