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ABSTRACT

Hexose kinases are the enzymes which catalyze the phosphorylation of hexose sugars. Fructokinase
(FRK) belongs to this enzyme family; it phosphorylate fructose (substrate) to fructose-6-phosphate which
then further acts as one of the precursor for starch biosynthesis in plants. FRK is dimeric in nature, and
molecular weight is in the range of 75-100 kDa with high specificity only towards fructose (K., value
0.02-0.1 mM). Different isoforms of FRKs have been identified and their cDNA studies have been done
in different plants like tomato, peas, barley and potato. Review of literature revealed that in the
Solanaceae family, no considerable progress has been made on gene structure and function of FRK till
date. The expression patterns of FRK gene(s) during different stages of tuberization are yet to be
explored. With regard to the Indian potato cultivars there is no report on FRK is available. In the first
instance, the available FRK cDNAs were used for sequence comparison at both nucleotide and amino acid
levels. Based on sequence comparison, some salient sequence features were presented in this report
including hydropathy characters of FRK. Isolation of good quality genomic DNA was carried out from
different potato cultivars, and the quality and quantity were checked by spectrophotometric analyses. A
number of oligonucleotide primers were made based on the available FRK cDNA sequences in the
database. Polymerase chain reactions (PCR) were carried out using specific primer pairs and different
potato genomic DNAs template. Amplicon profiles were noted and analyzed for each PCR. Apart from
the expected ones, some cultivar-specific amplicons as found in the study need to be studied in detail at
molecular level. This report would be quite useful with regard to understanding structure and function of
FRK genes in the Solanaceae family, particularly in potato.
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CHAPTER 1: INTRODUCTION

1.1 About potato (Solanum tuberosum L..)

Potato (Solanum tuberosum L.) is one of the most important food crops after wheat, maize and rice,
contributing to food and nutritional security in the world. It is a non-grain food crop belonging to family
Solanaceae. The word potato may refer to the plant itself as well as the edible tuber. Around 8000 years
ago, potato originated in the highlands of the Peruvian Andes-mountains in South America on the border
between Bolivia and Peru. In 16" century, through Spanish conquerors potato was introduced to Europe
where it developed as temperate crop and with colonial expansion of European countries it got distributed
throughout the world. Either through British missionaries or Portuguese traders, potato first came to India
in 17" century. Soon it became an important staple food and field crop and became the third largest food
crop after rice and wheat.

Potato crop occupied an area of 1.2 million hectare in our country with a total production of 23.5 million
tonnes. It is a perishable commodity and its harvest time (March-April) coincides with the rise in
temperature in the Indian plains. Potato is the only major tuber crop that is grown in temperate regions.
Now when the country’s population has crossed one billion marks, there is an urgent need to redesign the
potato crop for quality and quantity improvement. Potato is an annual, herbaceous, dicotyledonous and
vegetatively propagated plant. However, in some envronments it can grow as perennial and can be
propagated through seeds, which are called true potato seeds (TPS). It is a nightshade plant and is
susceptible to frost and freezing. Potato plant produces a fibrous root system arising from the underground
portion of stem. It has dark green, broad and compound leaves with oval leaflets. They bear white, pink,
blue, or purple flowers with yellow stamens. It could have three kinds of stems including sprouts
(leafy stems), stolons and tubers (Beukema and Zaag 1979; Struik and Wiersema 1999). Tuber is swollen
underground stem used in commercial propagation. The tubers bear lateral buds (eyes) which grow into a
new plant under favorable conditions. Potato tubers are sink organs where starch is synthesized from the

sucrose (transported from the source leaves).

Solanum tuberosum is a hybrid between the diploid species Solanum stentotomum and the diploid weed
Solanum sparsipilum with subsequent chromosome doubling. It has a series of ploidy levels, based on a
haploid number of 12, ranging from diploid (2n=2x=24) to hexaploid (2n=6x=72), and including triploids,
tetraploids and pentaploids (Dodds 1962). The cultivated potatoes are autotetraploid (2n=4x=48); many



wild species are diploid, but may range up to hexaploid. The tetraploid cultivated potatoes are not diploid,

so that there are four interchangeable genes at each locus. Hence, the plant is heterozygous and shows

polyploidy.

Fig. 1 Schematic view of a potato plant

For different agro-climatic regions of the country with 28 varieties alone for north Indian plains, 47 potato
varieties have been bred so far. Varieties have also been developed for north Indian hills and other special
problem areas viz. Sikkim, north Bengal hills and south Indian hills. 19 varieties out of the 47 developed
varieties possess multiple resistances to different biotic and abiotic stresses. Out of these only nine
varieties are suitable for processing and commercial purposes, which are: Kufri Chipsona-1, Kufri
Chipsona-2, Kufri Chipsona-3, Kufri Himsona, Kufri Frysona, Kufri Jyoti, Kufri Chandramukhi, Kufri
Lauvkar and Kufri Surya (http://cpri.ernet.in/).

Currently, understanding various signals, signal transduction pathways, and particularly sugar-based
signaling in potato and other plants are important research areas. All over the world, efforts are being
made to produce disease-free and high-yielding potato varieties which can withstand a host of various

biotic and abiotic stresses.


http://cpri.ernet.in/

1.2 Biosynthesis of starch and sucrose in plants

In plants, sucrose and starch are the major photo assimilates produced during photosynthesis.
Photosynthesis provides energy and carbon to both photosynthetic and non-photosynthetic tissues for
their growth and development. Therefore, translocation and partitioning of the photo assimilates are basic
processes in plants where sucrose plays a very pivotal role. The sugar formation, its translocation,
assimilation and storage are controlled by the various factors coupled with number of genes. Sugar form,
its transport and quantity in particular tissue or plant organ effects various metabolic and growth activities

of plant. This process is highly co-ordinated, and controlled by various mechanisms as underlined below.

During active photosynthesis in bright light a plant leaf produces more carbohydrates (as triose-phosphate
such as 3-phosphoglycerate, glyceraldyhyde-3-phosphate) than it needs for generating energy or synthesis
precursors. In photo-synthesis, atmospheric carbon dioxide (CO,) is incorporated into organic molecules
via the Calvin cycle in the chloroplast to yield triose-phosphates (Triose-P) and these phosphates may be
stored temporarily in the chloroplast as starch (transient starch) or converted to sucrose and exported to
non photosynthetic or other parts of the plant. The balance between two processes is tightly regulated,
and both must be coordinated with rate of carbon fixation. Transporter sucrose could be used as fuel or
stored in other parts of plant. In most of the plants, starch is the main form of sugar storage. The synthesis
of sucrose and starch occurs in different cellular compartments (cytosol and plastids, respectively), and
the process involves a number of enzymes and are coordinated by a variety of regulatory mechanism that
respond to changes in light level and photosynthetic rate.

In the cytoplasm, triose phosphates combine and form fructose 1,6-biphosphate (F1,6BP) from where
F1,6BP can vyield fructose 6-phosphate (F6P), glucose 6-phosphate (G6P), glucose 1-phosphate (G1P),
and the nucleotide sugars UDP-glucose (UDP-G), and ADP-glucose (ADP-G). ADP-glucose serves as
precursor of starch biosynthesis and UDP-glucose as a precursor of sucrose biosynthesis (Dennis and
Blakeley 2000). The partitioning of triose phosphate between sucrose synthesis and starch synthesis is
regulated by the allosteric effects of the enzymes that determine the levels of fructose-6-phosphate. For
the use of glucose in metabolic processes it must be phosphorylated to produce G6P. G6P, then can be
isomerized into F6P to initiate glycolysis, respiration, and other catabolic and anabolic processes.
Alternatively, it may be mutated to G1P and the phosphate (P) group may be replaced by nucleotide
diphosphates, such as UDP and ADP, to form the nucleotide sugars UDP-G and ADP-G, which are
substrates for many biosynthetic and glycosylation reactions (Bar-Peled and O’Neill 2011). UDP-G may



combine with F6P to form sucrose-phosphate (Suc-P), which is dephosphorylated to produce sucrose.

Hence, number of enzymes is required for the sugar metabolism in plants.

Enzymes involved in starch and sucrose metabolism: A number of enzymes and their various forms are
involved in starch and sucrose metabolism, and in their inter conversions as well. The various enzymes
required for starch biosynthesis are ADP-glucose pyrophosphorylase, starch synthases (SS), starch-
branching enzymes (SBEs), and starch de-branching enzymes (DBEs). Starch synthase has several
isoforms in the plastid: one isoform, granule-bound starch synthase | [GBSS, starch granule-bound ADP
(UDP) glucose: a-1,4-D-glucan 4-a-glucosyl-transferase, EC 2.4.1.21] . It is a protein of nearly 60 kDa,
bound exclusively to the starch granule. It is responsible for the biosynthesis of major amylose starch
fraction in higher plants, and also contributes to the elongation of amylopectin chains. Second isoform of
starch synthase is Starch synthases (SS); its distribution in granular and stromal fractions can vary
between species, tissue, and developmental stages. Sucrose-biosynthesis-related proteins (SBRPs) include
sucrose-phosphate synthase (SPS), sucrose synthase (SuSy) and sucrose-phosphate phosphatase (SPP).

The primary end product of photosynthesis is sucrose which is either metabolized in photosynthetic
tissues, or exported out of the photosynthetic (source) tissues to non-photosynthetic (sink) tissues, where
it acts as an initial substrate for all organic metabolic pathways. This sucrose must be cleaved by invertase
(INV) or sucrose synthase (SUS), the only two families of sucrose-cleaving enzyme that have been
identified in plants till now, so that it can be metabolized in sink or photosynthetic source tissues (Dennis
and Blakeley 2000). The monomer hexoses i.e., glucose and fructose are derived by enzymatic reaction of
INV on sucrose whereas SUS cleaves sucrose in the presence of UDP to yield UDP-glucose (UDP-G) and
fructose. Starch in photosynthetic tissues (during the dark period) and sink tissues is also degraded to
yield glucose monomers (Chia et al. 2004; Smith et al. 2005).
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Fig. 2 Sucrose metabolism in plant cells (Pego and Smeekens 2000).

Prior to be used in any metabolic process hexoses, glucose and fructose must be phosphorylated. Hence,
hexose-phosphorylating enzymes (hexose kinases) potentially play important role in maintaining the flux
of carbon from sucrose to starch formation and are essential for all aspects of plant metabolism and
development.

1.3 What are Hexose Kinases, Hexokinases (HXKSs) and Fructokinases (FRKs)?
Hexose kinases are the hexose (six carbon sugars eg. glucose, fructose, mannose etc) phosphorylating
enzymes utilizing NTP as phosphoryl donor (Anich et al. 1990). The hexose kinase having enzymatic
catalytic activity for various hexoses is known as hexokinase (HXK) (EC 2.7.1.1) (Purich et al. 1973).
This plant HXK is thus distinct from glucokinase (GK), fructokinase (FRK), mannokinase (MK) and
galactokinase (GalK) which are highly specific only to glucose, fructose, mannose and galactose,
respectively (Ca’'rdenas et al. 1998). HXK’s specificity for several hexose substrates makes this enzyme a
gateway to glycolysis for hexoses arising from D-sucrose or transitory starch degradation. These hexoses
must be phosphorylated to glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) for further

metabolism. Fructose can be phosphorylated by either hexokinase (HXK) or fructokinase (FRK) while,



glucose can only be phosphorylated by HXK. Interestingly, the reactions catalyzed by these enzymes are
of irreversible nature (Granot et al. 2013).

HXKs and FRKs were first purified from protein extracts of sink and source tissues by ion-exchange
chromatography in the early 1950s (Millerd et al. 1951; Saltman 1953; Medina and Sols 1956). The
potato (Solanum tuberosum) FRK was the first hexose-phosphorylating gene to be isolated from a plant
(Smith et al. 1993; Taylor et al. 1995) and the first HXK gene was isolated from Arabidopsis
(Arabidopsis thaliana) (Dai et al. 1995). Since those first discoveries several HXK and FRK genes have
been isolated from different plant species. The increased availability of plant genome sequences allowed
scientists (Karve et al. 2010) to estimate the number of HXK genes in the moss Physcomitrella patens,
thelycophyte Sellaginella mollendorffii, three eudicot species, and three monocot species. It was
concluded that the number of sequences associated with HXK gene families ranged from 11 sequences in
Physcomitrella to 5-7 sequences for Sellaginella and the eudicot species, and 8-10 sequences in the
monocot species. Based on genome sequence data, it is observed that there are seven FRK genes in
Arabidopsis, three in rice, and eight in Physcomitrella (Thelander 2009). It appears that both HXK and
FRK exist in species from the main land plant lineages, including mosses, lycophytes, gymnosperms and
angiosperms. Only few genes encoding hexose kinases have been cloned from plants.



CHAPTER 2: REVIEW OF LITERATURE

2.1 Hexose Kinases in the Solanaceae family

Solanaceae family is an economically important family that includes tomato, pepper, aubergine
(eggplant), petunia and tobacco. Two tomato cDNAs encoding FRK were isolated and their ability to
complement a yeast triple mutant unable to phosphorylate either glucose or fructose showed that both
cDNAs encoded genuine FRK (Kanayama et al. 1997; Kanayama et al. 1998). Two HXK genes from
potato (Jang et al. 1997) and one from tobacco (Veramendi et al. 1999) have been cloned so far. By using

RT-PCR and Southern Blotting two divergent genes were isolated from tomato (Menu et al. 2001).

2.2 Hexokinases (HXKSs) in plants

Catalytic properties and localization of HXKs in plants: HXK is believed to be an 80 year old enzyme
but still we need to know much more about this enzyme. In 1922, Noble Prize winner in Physiology or
Medicine, Otto Meyerhof was the first person to describe this enzyme which was extracted from baker’s
yeast (Saccharomyces cerevisiae) (Meyerhof 1927) and around a decade later its reaction (\Von Euler and
Adler 1935; Meyerhof 1935; Colowick and Kalckar 1943) was explained i.e., :
Hexose + ATP — Hexose-6-phosphate + ADP

In early 1950s, plant HXKs were first identified in sink and source tissues of various plants like wheat
(Triticum spp.) germ, potato (Solanum tuberosum) tubers, spinach (Spinacea oleracea) leaves, and pea
(Pisum sativum), mung bean (Phaseolus aureus) and oat (Avena sativa) seeds (Millerd et al. 1951;
Saltman 1953). In these species it was found that HXKs is capable of phosphorylating glucose, fructose,
mannose and glucosamine, but could not phosphorylate galactose (Saltman 1953). Studies done by
Turner and Copeland in 1981 showed that HXK has limited ability to phosphorylate galactose and
2-deoxy-D-glucose (the latter is a non-metabolic substrate).

In tobacco (Nicotiana spp.) it was reported that more than 80% activity of HXK of leaf tissue was
associated with mitochondria-containing particulate fraction (Sindelarova and Sindelar 1988). In pea
stems and leaves HXK activity was found in outer membrane of mitochondria (Cosio and Bustamante
1984; Dry et al. 1983; Tanner et al. 1983). Studies done on spinach and pea leaves (Baldus et al. 1981,
Schnarrenberger 1990), developing castor bean seeds (Miernyk and Dennis 1983), soybean (Glycine max)
nodules (Copeland and Morell 1985) and maize (Zea mays) roots (Galina et al. 1995) proved that apart

from mitochondrial association, plant HXKs are also found in cytosol (Claeyssen and Rivoal 2007).



Role of HXKs: To study the physiological role of HXK, its genes have been studied by exposuring plant
cell cultures, seeds and seedlings to exogenous sugars and its analog; by mutant selection and modifying
expression of HXK in transgenic plants. Gene expression, plant physiology and plant development were
analyzed to observe the effects of these treatments. In earlier studies it was hypothesized that plant HXK
enzyme also play sugar sensing role in regulation of sugar metabolism in addition to its metabolic
functions (Gancedo 1992; Jang and Sheen 1994). This hypothesis was proven when the photosynthetic
gene expression of maize protoplasts was monitored after their exposure to exogenous sugars and
repressed expression of photosynthetic genes like RBCs and chlorophyll A/B binding protein were taken
as markers for studying sugar-sensing in plants (Jang and Sheen 1997; Jang et al. 1997; Moore et al.
2003). The results showed that there was repressed expression of these genes by sugars that are substrates
of HXK and no effect by sugar analogs which are not HXK substrates. Therefore, HXK played sugar-

sensing role independent of downstream metabolism of G6P and F6P (Jang and Sheen 1997).

After germination, during the reproductive developmental stages of plant it has been established that the
repression of microRNA156 (miRNA156) function allows the transition from juvenile to adult state
(Wu et al. 2009). This repression of miRNA156 is mediated by leaf-derived signal i.e. sugar (Yang et al.
2011; Yang et al. 2013 and Yu et al. 2013). In plants, where leaves have been removed, showed high
levels of mMiRNA156 and also delayed transition from juvenile to adult state. The role of photosynthesis
products in this transition revealed that miRNA156 is partially dependent on HXK signaling in early
juvenile state, while at later state its expression is independent of HXK (Yang et al. 2013 and Yu et al.
2013). The role of HXK is to prevent the accumulation of mMiRNA156 and to promote early juvenile phase

transition in response to sugar.
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Fig. 3 Sugar metabolism in source and sink tissues. Triose phosphates, the product of photosynthetic CO2 fixation
in the Calvin cycle, are exported from the chloroplast to the cytoplasm (Granot et al. 2014).

The role of photosynthesis products in this transition revealed that miRNAL56 is partially dependent on
HXK signaling in early juvenile state, where as at later state its expression is independent of HXK
(Yang et al. 2013; Yu et al. 2013). The role of HXK is to prevent the accumulation of mMiRNA156 and to
promote early juvenile phase transition in response to sugar.

In the latest studies, it has been found that HXK along with abscisic acid (ABA) mediates the closure of
stomata by sucrose within the guard cells (Kelly et al. 2013). These findings supported the hypothesis that
feedback-inhibition mechanism is mediated by sucrose and HXK (Outlaw 2003; Kang et al. 2007). When
the rate of sucrose production exceeds the rate of sucrose loading in phloem then, the surplus sucrose is
taken towards the stomata with the help of transpiration stream. It stimulates stomatal closure via HXK.
This prevents the water loss in plant system and thus also controls the uptake of water and minerals by the
plant. HXK also helps in breakdown of carbohydrates to fuel respiration and provides carbon

intermediated to various anabolic pathways, thus known as glycolytic enzymes (Plaxton 1996).
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Fig. 4 The direct effects (solid lines) of HXK on photosynthesis and transpiration, and how stomatal closure by
HXK reduces the uptake of CO,, water, and minerals (dashed blue line). HXK also enhances mineral uptake by
roots (dashed black line). HXK also enhances mineral uptake by roots (dashed black line) (Granot et al. 2014).

2.3 Fructokinases (FRKSs) in plants

The phosphorylation of free hexoses not only is the initial step of glycolysis but is also required for the
mobilization of all hexoses taken up by the cell. Fructose phosphorylation by fructokinase (FRK, EC
2.7.1.4) is an irreversible and near rate-limiting reaction in vivo, and could thus be an important site for
the regulation of carbohydrate metabolism. Fructokinase (EC 2.7.1.4) efficiently catalyses the
phosphorylation of fructose to fructose 6-phosphate. Hexose phosphorylation is especially important in

plants since the use of free phosphates is particularly complex (Kruger 1990).

Localization of FRKs: Through the studies of efficient movement of sucrose into plastids, plastidic INV
has been identified which explained the presence of fructose in plastids thus it was implied that fructose
phosphorylation by FRK does occurs in plastids (Gerrits et al. 2001; Vargas et al. 2008). GFP fusion
proteins of four tomato FRKs were studied to check intracellular localization of FRK isozymes. Three out
of these four tomato FRK isozymes were found to be located in cytosol and one within plastids and
stromules (Damari-Weissler et al. 2006). In eudicots HXK is associated with mitochondria and FRK is

localized in cytosol, which suggested that phosphorylation of glucose occurs adjacent to mitochondria,
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whereas fructose might be phosphorylated either adjacent to mitochondria by HXK or in cytosol FRKs

present in cytoplasm.

Advances on FRKs in plants at biochemical and molecular level: Activities of FRK have been purified
from various plant species and tissues, by ion exchange chromatography. Number of peaks was reported
between one to three and it varies among different tissues and species as well. Order of elution dictates
the designation attributed to the activity peaks, which leads to diversity in designations to different plant
FRK proteins. In potato, maize, barley three activity peaks were found, designated as FRK1, FRK2,
FRK3; FRKO, FRK1 and FRK2 and FRK1a, FRK1b and FRK2, respectively (Pego and Smeekens 2000).

Enzymatic attributes of FRKs: To determine the molecular weight of plant FRK, SDS gel analysis and
gel filtration assays studies were implied. SDS—-PAGE analysis revealed proteins of~36 kDa which shows
a close agreement with the values obtained based on the deduced amino acid sequence in potato, tomato
and sugar beet. Through gel filtration assays the dimeric nature of FRK proteins was revealed as it shows
a native molecular weight of 75-105 kDa. Most of the plant FRKSs is present as dimmers but in pea seed
and barley leaf, the FRK-2 is of monomeric in nature. Exceptionally, pea isoform has showed almost
twice weigh on SDS- PAGE i.e., 72 kDa from other species. FRK1 and FRK2 generally have same
attributes with some differences. Optimum pH is 8 for both isoforms and the km value ranges from 41 uM
to 220 uM for fructose. Principal substrate is ATP for FRK unless they are in cellular region with high
GTP or UTP concentration. Mg ion is an indispensable cofactor for FRK activity. Sucrose gradient
centrifugation revealed that FRK2 is present in cytosol and FRKL1 is associated with the chloroplast
(Pego and Smeekens 2000).

Role of FRKs: Unlike HXK, the physiochemical role of isozymes of FRK in plants is less known. The
information about FRK isozyme’s function has been collected mostly from transgenic plants and also via
gene expression profile analysis under different growth conditions. Earlier it was believed that FRK
affects the starch accumulation in different plant species (eg. tomato) (Schaffer and Petreikov 1997b) but
by examining FRK2- and FRK1-antisense tomato and potato plants it was reported that starch
accumulation is not affected by FRK (Dai et al. 2002a; Odanaka et al. 2002; Davies et al. 2005). By
studying the reduced expression of FRK2 in antisense plants it was found that FRK2 was essential for
vascular development because with its reduced expression the plants had deformed vasculature, smaller
cell size in xylem and phloem, reduced cambium activity and secondary walls in vessels, and small sieve

elements with low levels of callose deposition (German et al. 2003 and Damari-Weissler et al. 2009). In

11



the vascular system, the development of xylem and phloem depends on sucrose metabolism, therefore,
sucrose must be first cleaved by either INV or SUS so that it can be metabolized. In the vascular tissues of
tomato stems SUS1, SUS2 and FRK2 are highly expressed (German et al. 2003; Goren et al. 2011).
Fructose and UDP-G are the products of sucrose cleavage by SUS and both are believed to be central for
development of vascular system. In cellulose and cell wall synthesis UDP-G is used, while fructose is
phosphorylated so that it can be either utilized in energy production or fed into other metabolic pathways.
The exceeded concentration of fructose from 0.5-1 mM (Schaffer and Petreikov 1997a) causes feedback
inhibition of SUS. Thus the phosphorylation of fructose by FRK2 might be necessary for the sucrose
cleavage, sugar metabolism, and cell wall synthesis that are essential for proper development of the
vascular tissues (German et al. 2003 and Damari-Weissler et al. 2009). The FRK plant mutants suggested

that FRK genes are either essential or have highly redundant functions under normal growth conditions.

When the reduced FRK activity in potato, by antisense suppression of StFRK1 (the potato homolog of
tomato FRK2), was checked it was reported that there is reduced tuber yield in potato (Davies et al.
2005).

In anther development, it has been seen that FRKs play an important role as developing anther is not
photosyntheically active and thus for development it requires sucrose as energy source. FRK provides
F6P and facilitates UDP-G in cellulose synthesis for enlongation of cell wall, by stopping feedback
inhibition of SUS by fructose (Karni and Aloni 2002).

2.4 Competition between HXK and FRK for Fructose

The cleavage of sucrose by INV or SUS produces fructose (hexose sugar) which can serve as substrate for
both HXK and FRK. It is seen that in early tuber development in potato there is high INV and HXK
activity at subapical region of non-tuberizing stolon (Appeldoorn et al. 2002) and later during tuberization
FRK does most of the hexose phosphorylating activity due to predominant SUS function in sucrose
cleavage (Renz et al. 1993; Appeldoorn et al. 2002; Davies et al. 2005) thus the carbon flow via INV and
SUS routes at different stages of tuber development correlates the activities of HXK and FRK,

respectively.

2.5 Comparison between enzymatic activities of HXK and FRK
In plants, HXK is capable of phosphorylating glucose, fructose, mannose and glucosamine (reviewed by
Granot 2007 & 2008) whereas FRK activity is specific to fructose. The measured HXKs affinity for

glucose is in 0.02—0.1 mM range whereas its affinity for fructose is calculated to be in 2—120 mM range
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(Granot 2007) similarly, the affinity of FRKSs for fructose is very high, within same range as the affinity
of HXKs for glucose (Pego and Smeekens 2000; Granot 2007). With this reports it has been concluded
that HXKs phosphorylate mainly glucose whereas fructose is phosphorylated primarily by FRKSs in in

vivo conditions.

2.6 Advances on FRKSs in potato till date

Purification and studies on the properties of fructokinase have been done from developing tubers of
Potato (Solanum tuberosum L.) (Gardner et al. 1992). Hexose metabolism pathways in developing tubers
of potato have been explored (Davies et al. 2005). Primary structure and characterization of cDNA clone
of fructokinase from potato has been done, and its gene expression has been characterized (Smith et al.
1993). Features of cDNA, G+C content and structural features of protein has been identified (Taylor et al.
1995). Modulation of fructokinase activity in potato tuber metabolism has been studied (Davies et al.
2005). Kinetic studies on fructokinase isoforms of potato has been carried out (Gardner et al. 1992).
Characterization of antisense lines and over expression of fructokinase gene in potato has been analyzed
(Davies et al. 2005). Role of Fructokinase in catalyzing the sugar metabolism required for the

development of vascular tissues in the potato tubers (sink tissues) (Granot et al. 2014).

13



Origin of the problem

As discussed in the earlier sections, in plants FRK is a crucial enzyme with regard to carbohydrate
metabolism, more precisely, sucrose and starch biosynthesis. Literature review revealed that till date
most of the work was carried out on potato FRKs at cDNA and enzyme level only. With regard to
structure and function of FRK gene(s), there is no substantial report in the database and literature as well.
Regulation and differential expression of FRK gene(s) are an important area of research. Molecular and
biochemical studies of gene structure and functions of different forms of fructokinases in different potato
cultivars are yet to be carried out. There was no comprehensive study for different patterns of expression
of fructokinase gene(s) particularly during different phases of tuber development. Likewise biochemical
attributes of different forms of fructokinases are yet to be studied in detail. We need to have in-depth
understanding on fructokinases with regard to their role during sucrose-starch interconversions. In this
context, it may be noted that there are many commercially important Indian potato cultivars. However, no
considerable progress had been made on FRKSs in these cultivars. Biochemical, molecular and genetic
studies on different FRK forms in potato could help in improving these cultivars through transgenics.

Keeping in view of above review of literature following objectives were framed for the present study.

Objectives

= Sequence analyses of the FRK cDNAs, and the corresponding predicted
polypeptides as available in the database

= Jsolation and purification of genomic DNA from different potato cultivars

= Analyses of the amplicon profiles in the potato cultivars using potato
FRK-specific oligonucleotide primers under various conditions
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CHAPTER 3: MATERIALS AND METHODS

3.1 Plants and Materials

Potato germplasm procurement: The germplasm of various Indian potato cultivars such as Kufri
Chipsona-1 (CS-1), Kufri Chipsona-2 (CS-2), Kufri Chandramukhi (KCM), Kufri Jyoti (KJ), Kufri
Ashoka (AS) and Kufri Pukhraj (PR) (names are abbreviated for convenience) were procured from
Central Potato Research Institute (CPRI), Shimla, India. These germplasm are routinely maintained on

basal MS medium in our laboratory.

Buffers:

Gel loading buffer (5X)
Sucrose - 35 % (w/v)

EDTA - 50 mM (pH 8.0)

Tris — 25 mM

Bromophenol blue - 0.2 % (w/v)

TBE (5X) buffer

Tris Base - 54 gL™

Boric acid - 28 gL™
EDTA-3.8¢gL™

The pH of the buffer was set at 8.0

TE buffer
Tris.HCI - 10 mM (pH 8.0)
EDTA - 1 mM (pH 8.0)

3.2 Methods

Genomic DNA isolation from potato cultivars: Genomic DNA was isolated from the potato cultivars by
the protocol described by Kumari et al. (2012). 0.2 to 1 g of plant material was taken from fresh in vitro

cultures and grounded to fine powder in the presence of liquid nitrogen using mortar and pestle. The fine
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powder was then transferred to conical flask containing 5 mL extraction buffer (50 mM Tris-HCI pH 8.0,
50 mM EDTA(pH 8.0), 250 mM NaCl and 15% (w/v) sucrose) maintained at 65°C. Contents were mixed
properly and incubated at 65°C for 20 min with intermittent gentle shaking. The mixture was then cooled
and centrifuged at 5500 rpm for 15 minutes. The supernatant was taken in fresh tube and one-third
volume of 5.0 M potassium acetate solution was added, mixed vigorously and incubated further on ice for
20 min and then centrifuged at 5500 rpm at 4°C for 25 min. The supernatant was filtered through a fine
muslin cloth and equal volume of isopropanol was added, mixed gently and incubated at 4°C for 1 hour.
DNA was extracted by centrifugation at 10000 g at 4°C for 25 min. The crude DNA pellet was washed
with ice cold 70% ethanol, air dried and suspended in 40 pL of TE buffer (10 mM Tris-HCI pH 8.0 and
1.0 mM EDTA pH 8.0). Further purification of DNA was done by treatment with DNase —free RNase
followed by solvent extraction step twice using mixture of phenol:chloroform:isoamyl alcohol (25:24:1).
DNA was then precipitated using one-tenth the volume of 3.0 M sodium acetate (pH 5.5) and equal
volumes of isopropanol and the DNA was finally recovered by dissolving in 200 uL of TE buffer and
stored at -20°C. The quality and quantity of DNA was initially checked through nano-drop
spectrophotometric method by measuring the Agso/Azgo ratio and 260 nm respectively.

“Primer Designing: The oligonucleotide primers were designed based on the available genome sequence

corresponding to fructokinase gene in GenBank databse (Accession numbers 212823 and JX576230 from
Smith et al. 1993 and Gangadhar et al. 2014, respectively). GenBank ID 212823, refers to fructokinase
cDNA sequence cloned from S. tuberosum L. cv Record, contains ORF of 960 nts (i.e.319-aa). Apart
from this NCBI database search revealed GenBank accession number JX576230 which also encodes for
969 bp cDNA sequence of fructokinase consisting polypeptide of 256-aa.To ensure minimum chances of

non-specific amplification, important factors kept in consideration while designing the primers were:

= Oligonucleotide primers should be 10-24 nucleotides long.

= GC content should be 40-60%.

= The primer should not be self-complementary or complementary to any other primer to form
primer-dimer or hair pin.

= Melting temperatures of primer pairs should not differ by more than 5°C, so the GC content and
length must be chosen accordingly.

» The annealing temperature should be about 5°C lower than the melting temperature.

= Long run sequences of a single nucleotide should be avoided.

= Primers with significant structures are avoided.
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Keeping all these parameters in mind following primers were designed using cDNA sequences of FRK
present in database:

» 5 CATCGTCGCCATGGCAGTTA 3’ (F1A-FKO01; Bases 1-20 of 212823)

5 TCGAGTTCCACATCGCTGAC 3’ (R1-FK606; complementary to the bases 587-606 of

Z712823)

= 5 AACATGATGTTTCTATGCTC 3' (R2-FK982; complementary to the bases 963-982 of
Z12823. Note: This sequence is also complementary to the bases 765-784 of JX576230)

= 5 TGATGGACCGTATCACAACA 3’ (R3-FK1110; complementary to the bases 1091-1110 of
Z712823)

= 5 GATGCTCGCCGGGATTCTGA 3’ (F2B-FKO01; Bases 1-20 of JX576230)

= 5 ATAGTTCCAGATGCTCTTGA 3 (RU-FK373; complementary to the bases 354-373 of
JX576230)

Polymerase Chain Reaction (PCR): PCR was used to amplify a specific DNA sequence in a simple,
rapid and automated manner using forward and reverse primer. PCR is repeated cycling of three steps:
heat denaturation of template DNA (94°C); annealing of primers to the complementary sequences in
template DNA (55°C & 50°C); extension of annealed primers by a thermo stable DNA polymerase
(72°C). [Note: Prior to applying the thermal cycling parameters, the reaction mixture was incubated for
1 min at 94°C and then Taqg DNA Polymerase was added.]
The genomic DNA preparations from the following potato cultivars were used in PCR:

e Kufri Chipsona-1 (CS-1)

e Kufri Chipsona-2 (CS-2)

o Kufri Jyoti (KJ)

e Kufri Chandramukhi (KCM)

e Kufri Ashoka (AS)

e Kaufri Pukhraj (PR)

e Désiree (De)

Different primer pairs were used to carry out PCR under different conditions.
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Composition of PCR reaction:

Total reaction volume: 50uL

Template DNA 3 uL

Buffer 10X 5uL

Forward primer 10 pmoles

Reverse primer 10 pmoles

dNTP’s 25 mM

Sterile deionized water volume made up to 50 pL
Tag DNA polymerase 3U/uL

The thermal cycling parameters were as given below:

Step

i Time
Denaturation 1 min
Annealing 2 min
Polymerization 2-3 min

The reaction was carried out for 30 cycles with final extension at 72°C for 5 minutes.

Agarose gel electrophoresis: Agarose gel electrophoresis was performed using standard methods
(Sambrook- a laboratory manual). 1% agarose gel was made in 0.5X TBE buffer and ethidium bromide
dye (0.5 pg mL™) was added to it. Gel was then casted in the casting tray. The gel was first allowed to
solidify and then DNA samples were loaded. Electrophoresis was carried out in 0.5X TBE (running
buffer) at 2 — 5 Volt per cm till the tracking dye covered two-third of the gel length. Finally, the DNA

bands were visualized under UV light.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Sequence analyses of FRK cDNAs

During the last few decades, considerable progress had been made on FRKSs in the different plant species
including the members of the Solanaceae family. FRK has several forms as evident from both
biochemical and cDNA cloning studies. With regard to sequence analyses and comparison, no
comprehensive report is available in the database. One of the objectives includes sequence analyses and
comparison between the FRK cDNAs at both nucleotide and amino acid levels. The results of the
sequence analyses as carried out in the study are provided in following sections. NCBI database search
revealed a few cDNA sequences encoding FRK and FRK-like protein in potato.

Analyses of FRK and FRK-like cDNA sequences: Carefully analyzing the sequences listed some

interesting attributes which are given below:

FRK-specific cDNA sequence (GenBank 1D: Z212823): This refers to 1143-bp cDNA sequence cloned
from S. tuberosum L. cv Record. The cDNA contains an ORF of 960 nucleotides encoding a form of FRK
consisting of 319-aa (Protein ID- CAA78283).

FRK-specific cDNA sequence (GenBank ID: JX576230): This ID referred to 969-bp cDNA sequence,
clone from potato which contained 771 nucleotides ORF which is encoding another form of FRK. In this
case FRK consisted of 256-aa. Therefore, it was concluded that these two cDNAs (GenBank IDs: 212823
and JX576230) encodes two distinct isoforms of FRK in potato.

FRK-like cDNA sequence (GenBank ID: JX576279): Apart from previous two GenBank IDs, NCBI
database search also revealed this ID which referred to 1097-bp cDNA encoding for FRK-like protein in

potato. This cDNA contains ORF of 801 nucleotides encoding 266-aa polypeptide of FRK-like protein

BLAST analyses of FRK and FRK-like sequences: All the cDNA sequences were further analyzed at
both nucleotide and amino acids sequence levels using double alignment tool in BLAST. The salient

features of these analyses are listed below:

Comparison between GenBank IDs, 212823 and JX576230: At nucleotide level, the results showed that
there was 96% sequence identity with query coverage of 79%, thus there is significant difference between
them. The corresponding deduced polypeptides of both FRKs were found to show 93% sequence identity

with a query coverage of 77% indicating again that there is considerable sequence difference at level of
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amino acids also. Interestingly, the N-terminal region appears to be highly divergent as reflected by

presence a unique 73-aa extension present only in Z12823.

Comparison between GenBank IDs, 7212823 and JX576279: At nucleotide level, the BLAST results
between these two GenBank IDs showed that there is 99% sequence identity between them with 86%
query coverage. Therefore, this cDNA is more close to 212823 than JX576230 but still there is significant
divergent between them. The deduced polypeptides of FRK and FRK-like showed 94% sequence identity
with 78% query coverage depicting the difference between at amino acid level also. It was seen that the
presence of 63-aa more in 212823 at C-terminal gives the significant amount of variation between the two
forms of FRK in potato.

StFRK-L  GCTCCTCCTCTTCTCTCTCTATTACTATATAAAACCTATAGATACATATATTTTCTCTAT 60
StFRK-L  TCATCGTCGCCATGGCAGTTAACGGTAGTGCTCCTTCTTCTGGTTTGATCGTCAGTTTCG 120
STFRKO1 CATCGTCGCCATGGCAGTTAACGGTAGTGCTCTTTCTTCCGGTTTGATCGTCAGTTTCG 59
F1A-FKO1
StFRK-L  GTGAGATGTTGATCGATTTCGTTCCGACAGTCTCCGGCGTATCCCTTGCCGAGGCTCCCG 180
StFRKO1  GTGAGATGTTGATCGATTTCGTTCCGACAGTCTCCGGCGTATCCCTGGCCGAGGCTCCCG 119
StFRK-L  GATTTTTGAAAGCTCCGGGCGGTGCACCGGCGAACGTCGCCATCGCGGTGACAAGGCTCG 240
StFRKO1  GATTTTTGAAAGCTCCCGGCGGTGCACCGGCGAACGTCGCCATCGCGGTGACAAGGCTCG 179
StFRK-L  GAGGGAAGTCGGCGTTCGTCGGGAAACTCGGCGACGATGAGTTTGGTCACATGCTCGCCG 300
StFRKO1  GAGGGAAGTCGGCGTTCGTCGGGAAACTCGGCGACGATGAGTTTGGTCACATGCTCGCCG 239
StFRK02 GATGCTCGCCG 11
F2A-FKO1
.................................................. *kkhkkkkkkKkk*k
StFRK-L  GGATTCTGAAAACGAACGGCGTACAAGCCGACGGAATCAATTTTGACAAGGGCGCCAGGA 360
StFRKO1  GGATTCTGAAAACGAACGGCGTACAAGCCGACGGAATCAATTTTGACAAGGGCGCCAGGA 299
StFRK02  GGATTCTGAAAACGAACGGCGTACAAGCCGACGGAATCAATTTTGACAAGGGTGCCAGGA 71

KK AR KA KRR A KRR AR A AR A A KR A A KA A AN A I A A I A AR A A A AR A A AR A AR A A I Ak e Ak kA XX Kk

StFRK-L CGGCTTTGGCGTTCGTGACTCTACGCGCCGACGGAGAGCGTGAGTTTATGTTTTACAGAA 420
StFRKO1 CGGCTTTGGCGTTCGTGACTCTACGCGCCGACGGAGAGCGTGAGTTTATGTTTTACAGAA 359
StFRKO02 CGGCTTTGGCGTTCGTGACTCTACGCGCCGACGGAGAGCGTGAGTTTATGTTTTACAGAA 131

KK R AR A AR A AR AR A AR A AR A AR A AR A AR A AR A A A A A A A AR AR A AR AN A A AR A A A A A A XK

StFRK-L ATCCCAGTGCTGATATGTTGCTCACGCCCGATGAGTTGAATCTTGATCTTATTAGATCTG 480
StFRKO1 ATCCCAGTGCTGATATGTTGCTCACGCCCGATGAGTTGAATCTTGATCTTATTAGATCTG 419
StFRKO02 ATCCCAGTGCTGATATGTTGCTCACGCCCGATGAGTTGAGTCTTGATCTTATTAGATCTG 191

KK KA AR A AR A AR A KRR AR A AR A AR A A AR AR A AR A A A A A A AR e Ak A A A A AR A A AR A A XA A KK
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StFRK-L
StFRKO1
StFRKO02

StFRK-L
StFRKO1
StFRKO02

StFRK-L
StFRKO1
StFRK02

StFRK-L
StFRKO1

StFRKO2

StFRK-L
StFRKO1
StFRKO2

StFRK-L
StFRKO1
StFRKO2

StFRK-L
StFRKO1
StFRKO02

StFRK-L
StFRKO1
StFRKO2

StFRK-L
StFRKO1
StFRKO02

StFRK-L
StFRKO1

StFRKO02

StFRK-L
StFRKO1
StFRKO02

CTAAGGTGTTCCACTACGGATCAATTAGTTTGATCGTGGAGCCATGTAGATCAGCACATT
CTAAGGTGTTCCACTATGGATCAATTAGTTTGATCGTGGAGCCATGTAGATCAGCACATT
CTAAGGTGTTCCACTATGGATCAATTAGTTTGATCGTGGAGCCATGTAGATCAGCACATT

KA A KK A KA A KRAAKRAAKR e A A A KA A KA AR A A KA A I AR I AR I AR I AR A AR A AR A AR A AR AKX KA

TGAAGGCAATGGAAGTAGCAAAGGAGGCAGGGGCATTGCTCTCTTATGACCCAAACCTTC
TGAAGGCAATGGAAGTAGCAAAGGAGGCAGGGGCATTGCTCTCTTATGACCCAAACCTTC
TGAAGGCAATGGAAGTAGCAAAGGAGGCAGGGGCATTGCTCTCTTATGACCCAAATCTTC
Kok kK ok kK ok ok ok ok ok ok ok ok ok ok k ok ok k ok ok k ok ok k ok ok k ok ok ok ok ok ok ok ok ok k ok k ok ok ok ok ok ok ok ok ok ok ok ok ok o kR ok ok
GTTTGCCGCTGTGGTCTTCGGAAGAAGAGGCCAGGAAGCAAATCAAGAGCATCTGGAACT
GTTTGCCGCTGTGGTCTTCGGAAGCAGAGGCCAGGAAAGCA-——————————————————

GTTTGCCGCTGTGGTCTTCGGAAGAAGAGGCCAGGAAGCAAATCAAGAGCATCTGGAACT
RU-FK373

KA AR KA AR A AR KA A AR AA KNI A AR A K e kA AR AA A KA A Kk o o o koo oo oo ooooeoeooeoeoseoeos

ATGCTGATGTGATCAAGGTCAGCGATGTGGAACTCGAATTCCTAACTGGAAGCAACAAGA

——————————— ATCAAGGTCAGCGATGTGGAACTCGAATTCCTCACTGGAAGCGACAAGA
R1-FK606
ATGCTGATGTGATCAAGGTCAGCGATGTGGAACTCGAATTCCTCACTGGAAGCAACAAGA

........... AKX KA A KA A KAKA AR A AR AR A AR A AR A AR A A A A Ak hAmAA rhrhhhrk ke khkkkhx%k

TTGATGATGAATCCGCCATGTCCTTGTGGCATCCTAATTTGAAGCTCCTCTTGGTCACTC
TTGATGATGAATCCGCCATGTCCTTGTGGCATCCTAACTTGAAGCTCCTCTTGGTCACTC
TTGATGATGAATGCGCCATGTCCTTGTGGCATCCTAACTTGAAGCTCCTCTTGGTCACTC

KAKKAKKAKAKA KKK e AAXRKAAAA AR A A KA A A AR AR AR A A A A @A A A A A h A A A A Ak Ak kA kk k%

TTGGTGAAAAGGGTTGCAATTACTACACCAAGAAATTCCATGGAAGCGTTGGAGGATTCC
TTGGTGAAAAGGGTTGCAATTACTACACCAAGAAATTCCATGGAAGCGTTGGAGGATTCC
TTGGTGAAAAGGGTTGCAATTACTACACCAAGAAATTCCATGGAAGCGTTGGAGGATTCC

KA KR AR AR AR A AR A AR AR A A AR AR KA A AR A AR A AR AR A AR A AR AR A A AR AR A A ARk A Ak Ak k kK

ACGTGAGACTGTTGACA-CCACTG-AGCTGGTGATTCTTTTGTGTGCTCTCTACAGATG-
ACGTGAAGACTGTTGACACCACTGGAGCTGGTGATTCTTTTGTTGGTGCCCTTCTAACCA
ACGTGAAGACTGTTGACACCACTGGAGCTGGTGATTCTTTTGTTGGTGCCCTTCTAACCA

ok kA A A mmE R EEEEE AR ARk gk ok hkhk kA Ak kkkkhk kA Ak kpm pmrm*  m pm*amn

-——--TGATGATCAGCATTCTGAGAT--—--—————=———————— GAGCAGTGAGAGTACTAG
AGATTGTTGATGACCAAGCCATTCTTGAGGATGAAGCAAGGTTGAAGGAAGTACTAAGGT
AGATTGTTGATGACCAAGCCATTCTTGAGGATGAAGCAAGGTTGAAGGAAGTACTAAGGT

EEER YA r kA g g X R I NN AN NN NN NN EEEEEEEEEEEEEEYEEEEYEYiEEER

TTTCATGTGCATGTGAGCATCACACACAGAAGGAGCATCCA-—-=-——=-———— GCTCTGCTA
TTTCATGTGCATGTGGAGCCATCACAACCACCAAGAAAGGAGCAATTCCAGCTCTGCCTA
TTTCATGTGCATGTGGAGCCATCACAACCACCAAGAAAGGAGCAATCCCAGCTCTGCCTA

KA Ak kkkdd A xx X XS g XX S gppraEE X g g e EEEEE EEEEEEEEEEYXKK

CTGAATCTGAGCCTCACTGCTCAGGAA-——=-——=-————— GGACAGAACATCAGGTAACTT

CTGAATCTGAAGCACTCACTTTGCTCAAGGGAGGAGCATAGAAACATCATGTTATCTTTT
R2-FK982

CTGTATCTGAAGTCCTCACTTTGCTCAAGGGAGGAGCATAGAAACATCATGTTATCTTTT

*¥hkkoekkkkhdpme FEFEEE EEEEEFEEEEEEEEEEEERYYEYEYAEmtNkipEmEmtEEEtYK

TCATTTTTCATCCAATCCCCCTTAGACTACTCACGTGGAGCTCATAGTGATAGTTTTGGG
TAATTTTTTTTTCCATCTCCATATA-TT---CCCCCCTCTATGAGTTTTTTTACTTTCAA
TATTTTTTTTTTCCATCTCCATATA-TT---CCCCCCTCTATGAGTTTTTTTACTTTCAA

M EREEEEES I R B EEES EES R TN BN R FEXEmEEEEEEYEfEEEYERYEER YAk EEnm

540
479
251

600
539
311

660
580
371

720
629

431

780
689
491

840
749
551

897
809
611

936
869
671

986
929
731

1034
989

791

1094
1045
847
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StFRK-L ACG 1097
StFRKO1 GCTAGTAGGAAGCCTTTCAATTTTTAGTTTTGGATTTTAATGTTTTGTTGTGATACGGTC 1105

R3-FK1110
StFRKO02 GCTAGTTCA-—-—-——————— ATTTTTAGTTTGGGATTTTAATGTTTTGTTGTGATGACGGT 897
EEEEERN EEEEEEEEEESR EEEEEEEEEEEEEEEEEEEEEER n
StFRKO1 CATCAAGGCACTTAATAAACTAAGCTTTCGCGGCCGCG 1143
StFRKO02 CCATCAAGCACTTAATAAACTAAGCTTTCTTCCAAAAAAAAAAAAAAAAAATGGTGTTCT 957
L] L] SN EEEEEEEEEEEEEEEEESR
StFRKO02 CATCGTACCCCG 969

Fig. 5 Multiple sequence alignment of the nucleotide sequences of FRK and FRK-like proteins. StFRKO01, StFRK02
and StFRK-L refer to GenBank IDs 212823, JX576230 and JX576279, respectively. This alignment is based on
CLUSTAL OMEGA tool. Dashes in the nucleotide sequences indicate gaps arising during the alignment; dots refer
to match between the sequences StFRKO1 and StFRK-L; asterisk is for common nucleotides in all three sequences;
solid box ‘=’ denotes identical sequence between StFRKO01 and StFRKO02; and colon ‘: ’ refers to sequence identical
between StFRKO02 and StFRK-L. Labeled are regions from where oligonucleotide primers are designed

Studies and analyses for attributes of FRK protein by using EXPASy Resource Portal: The 319-aa FRK
sequence (GenBank ID: Z12823) was analyzed by using ProtParam tool of EXPASYy resource portal under
Swiss Institute of Bioinformatics (SIB) which revealed couple of attributes about the deduced
polypeptide. The molecular weight of predicted 319-aa polypeptide was ~33.8 kDa. The total number of
negatively charged residues (Asp+Glu) was 39 and the total number of positively charged residues
(Arg+Lys) was 32. This data clearly indicated that the protein is acidic in nature which was further proven
by its theoretical pl i.e., 5.47. The amino acid composition data showed that some of the amino acids such
as Gly (10%), Ala (11%) and Leu (12.5%) occurred more frequently as compared to their average
occurrence; whereas amino acids Gln (0.6%), Trp (0.6%) and Tyr (1.6%) occurred less frequently
(Doolittle 1989). The instability index (I1) was computed to be 20.75 thus the protein was classified as
stable. The average occurrence of Gly was found to be more frequent which implied that the protein
showed less propensity towards the alpha-helix formation. The half life was estimated to be 30 hours.

The hydropathy profile (Fig. 6) of FRK (Z12823) deduced polypeptide (319-aa) was generated with 9-aa
running window using the ProtScale tool based on the Kyte-Doolittle scale. According to this plot it can
be seen that around first 50 amino acids are showing high hydrophobicity and from 51% to 200" amino
acids hydrophilic amino acids are predominant though some portions of hydrophobic amino acids can be
seen. Interestingly from around 201™ to 319" hydrophobic and hydrophilic amino acids are present

periodically. This may indicate that hydrophilic amino acid residues are in contact with solvent, or water,
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and that they are therefore likely to reside on the outer surface of the protein, or the stretch of hydrophobic

amino acids may be part of alpha-helix across lipid bilayer, composed of hydrophobic fatty acids.

ProtScale cutput for user == quence

T T
Hiephok. -~ Kute % Doclittle

Score

1 1 1 1 1
S-a 1aa 1=5a ceaa =5a zaa
Fosition

Fig. 6 Hydropathy plots of the predicted amino acid sequences of FRK (Z12823) based on based on the Kyte and
Doolittle scale.

Multiple sequence alignment using CLUSTAL OMEGA tool: The multiple sequence alignment of
amino acids sequences of FRK and FRK-like proteins (Fig. 7) discovered that first 73-aa were absent in
PStFRK02 at N-terminal. In PStFRKO1 a fragment of amino acid sequence (from 191" to 200"™) was
found to be missing. It can be hypothesized that during the course of evolution mutation
(insertion/deletion) may have occurred in PStFRKO1. Interestingly it was also observed that 63-aa
amino acids were missing in PStFRK-L towards the C-terminal. From this data we can interpret that two
forms of FRK-specific were more divergent towards the N-terminal and FRK-like protein has more

variation towards C-terminal though significant part of sequences show consensus pattern.

Comparison with potato Hexokinase: To understand the relation and difference between HXK and
FRK, a comparison of amino acid sequences of HXK (Menu et al. 2001) and FRK sequences was done
(Fig. 7). This analyses showed us that, although isoforms of FRK shows substantial similarities in
regulatory motifs like ATP motif, phosphate motifs and sugar binding motifs, but when compared with
HXK, there was huge divergence but a few critical amino acids in these different motifs were conserved
in HXKs and FRKSs, for example in ATP motif amino acids like proline (P) and two glycine (G)
residues were conserved; in sugar binding motif amino acids glutamic acid (E), leucine (L) and

phenylalanine (F) were found to be consensus; in phosphate 1 binding segment three glycine (G),
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alanine (A), asparagine (N) and leucine (L) conserved residues were present; and phosphate 2 binding

domain had aspartic acid (D), valine (V) and glycine (G) amino acids conserved in it. This data showed

that although HXK and FRK are referred to as hexose kinases, still there are significant changes present

in specific motifs which account for diversification between them which can be use and exploited for

protein engineering studies of FRKSs.

PStFRK-L
PStFRKO1

PStFRK-L
PStFRKO1
PStFRKO2

PStFRK-L
PStFRKO1
PStFRKO2

PStFRK-L
PStFRKO1
PStFRKO2

PStFRK-L
PStFRKO1
PStFRKO2

PStFRKO1
PStFRKO2

Phosphate 1
MAVNGSAPSSGLIVSFGEMLIDEFVPTVSGVSLAEAPGFLKBRPGGAPANVAIAVT KS
MAVNGSALSSGLIVSFGEMLIDFVPTVSGVSLAEAPGFLKAPGGAPANVAIAVT KS

KKK IAKEIAKR A AR A AR A AR AR A AR KA A KRR A AR A KRR A A A AR A AR AR A AR A AR A AR A AR AR,k Kk

AFVGKLGDDEFGHMLAGILKTNGVQADGINFDKGARTALAFVTLRADGEREFMEFYRNPSA
AFVGKLGDDEFGHMLAGILKTNGVQADGINFDKGARTALAFVTLRADGEREFMEFYRNPSA
MLAGILKTNGVQADGINFDKGARTALAFVTLRADGEREFMFYRNPSA

KAk Ak Ak kA Ak A A A g e E NI E N E NS E NN NN E NN E NS NSNS NN NSNS NN EEEEEEEER

_ Sugar
DMLLTPDESENLDLIRSAKVEHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPL

DMLLTPDEENLDLIRSAKVEHYGSISLIVEPCRSAHLKAMEVAKEAGALLSYDPNLRLPL
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Fig. 7 Multiple sequence alignment of the amino acid sequences of FRK and FRK-like proteins. PStFRKO1,
PStFRKO02 and PStFRK-L refer to deduced polypeptide sequence of GenBank IDs Z12823, JX576230 and
JX576279, respectively. This alignment is based on CLUSTAL OMEGA tool. Dashes in sequences indicate gaps
arising during the alignment, asterisk is for common amino acids between PStFRK-L and PStFRKO1; shaded
grey portion refers to identical amino acids between PStFRK-L and PStFRKO2; symbol bullet ‘- indicates
common residues between PStFRKO01 and PStFRKO02 and symbol solid square ‘=’ denotes the consensus residues
in all three sequences. The conserved amino acids with phosphate 1, sugar, phosphate 2 and ATP motifs of
StHXK1 (Menu et al. 2001) are highlighted pink.
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4.2 Isolation of genomic DNA from different cultivars

Total genomic DNA was isolated from 3 weeks old in vitro potato cultures maintained in proper
laboratory conditions using method described in 3.2.1. The quality of DNA and band was check using
agrose gel electrophoresis and lambda DNA. Both the quality and quantity of the potato genomic DNA
preparations were further assessed by nano-drop spectrophotometer.

Fig. 8 3-weeks old potato cultures of Kufri Chipsona-1(CS-1) (8a), Kufri Jyoti (KJ) (8b), Kufri Chipsona-2 (CS-2)
(8c) and Kufri Chandramukhi (KCM) (8d).
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Fig. 9 Agrose gel electrophoresis of genomic DNA preparations from the potato cultivars.
Lane 1- A DNA; Lane-2 Kufri Chipsona-1 (CS-1); Lane-3 Kufri Chipsona-2 (CS-2); Lane-4 Kufri Jyoti (KJ);

1

2 3 4 5

6

¥ @

Lane-5 Kufri Chandramukhi (KCM); Lane-6 Kufri Ashoka (AS); Lane-7 Kufri Pukhraj (PR); Lane-8 Désirée (De)

Table 1 Spectrophotometeric quantification of potato genomic DNAs

Sr. . Amount of plant Volume of Ratio of Conc.
Potato cultivar . absorbance
No. material (g) DNA soln. (uL) (Aasol Asso) (ng/ uL)
260/ /7280
1. Kufri Chipsona-1 0.94 500 1.62 348.0
2. Kufri Chipsona-2 0.92 500 1.67 625.7
3. Kufri Jyoti 0.92 500 1.61 230.3
Kufri
4. Chandramukhi 0.93 500 1.59 545.8

4.3 FRK-specific oligonucleotides primer and analyses of Amplicon profiles between
different potato cultivars at varying conditions

Some relevant details about the oligonucleotide primers used in the study: One of the objectives of the

study was to study the amplicon profiles using different primer combinations. The individual primer

sequences were analyzed by BLAST search, and some relevant details are provided below:

F1A-FKO1 (forward primer): BLASTn search revealed that this 20-mer primer not only showed
100% sequence identity with FRK cDNA (GenBank ID: Z12823) of potato but also with number of
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other cDNA sequences encoding FRK-like proteins in potato (GENBANK IDs: JX576279, DQ235199,
DQ235181) and tomato (GenBank ID: AY325501).

R1-FK606 (reverse primer): Search showed that apart from 100% sequence identity with cDNA of
FRK in potato (GenBank IDs: JX576230, Z12823), it also had 100% sequence identity with FRK-like
proteins in potato (GENBANK IDs: JX576279, DQ235199, DQ235181).

R2-FK982 (reverse primer): This 20-mer oligonucleotide primer exhibit 100% sequence identity with
FRK cDNA (GenBank ID: JK576230), FRK-like cDNA (GenBank I1Ds: DQ235199, DQ235181), and
interestingly also with FrK-2 cDNA sequence in tomato (Lycopersicon hirsutum) (GenBank ID:
AY325501).

R3-FK1110 (reverse primer): BLASTn search of this particular 20-mer primer suggested that this
primer is very unique to a particular form of cDNA encoding FRK (GenBank I1D: Z12823) in potato as
it showed 100% identity only this FRK. Considering the region from which this primer was designed it
is very likely that cONAs encoding FRK and FRK-like proteins have significant divergence in 3' UTR

region.

F2B-FKO1 (forward primer): Apart from 100% identity with FRK cDNA (GenBank 1D: JX576230)
this 20-mer oligonucleotide primer showed nearly 95% sequence identity with some cDNA sequences
that encode FRK cDNA in potato (GenBank ID: Z12823) from bases 230 to 248, FRK-like protein in
potato (GENBANK IDs: DQ294257, DQ235199, DQ235181), and also with Frk-2 sequence in tomato
(GenBank ID: AY325501).

RU-FK373 (reverse primer): This oligonucleotide primer from FRK cDNA (JX576230) did not show
any reflection in FRK cDNA in Z128230. But, BLASTn search revealed that this sequence shows 100%
sequence identity with FRK-like cDNAs in potato (GENBANK IDs: DQ294257, JX576279,
DQ235181).
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PCR amplification using FRK-specific primer pairs

Individual PCR was carried out using specific primer pair and potato genomic DNA as template under
different annealing temperatures. The amplicons were analyzed by 1.0% agarose gel electrophoresis.

The details of PCR are given below:

a) PCR using the primer pair F1A-FKO01 and R1-FK606

PCR results revealed multiple band patterns in different potato cultivars. Amplicon profile showed that
a DNA band of ~1.6 kb is common in KJ, KCM, AS and De whereas, less intense DNA band of ~0.7 kb
was found for CS-1 and CS-2 which were near the expected size of bands i.e., ~0.6 kb. However, CS-2
showed a distinct band of ~1.4 kb which was absent in other cultivars and no amplicon was found in
PR.

Fig. 10 PCR amplification using the primers, FIA-FK01 & R1-FK606 (annealing temp. 55°C), and DNA
templates from different potato cultivars as indicated lane wise. Lane 1 500 bp DNA ladder; Lane 2 CS-1; Lane 3

CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and Lane 8 De
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Table 2 Sizes of amplicons at annealing temp. of 55°C (Expected size of the amplicon for the primer pair

F1A-FKO1 and R1-FK606 is approx. 0.6 kb)

Observed band size at
Sr. Potato annealing temperature
No. Variety 55°C

(in kb)

1. Cs-1 ~0.7
2. CS-2 ~1.4,~0.7
3. KJ ~1.6
4. KCM ~1.6
5. AS ~1.6
6. PR Nil
7. De ~1.6

b) PCR using the primer pair F1A-FKO01 and R3-FK1110

PCR results at annealing temperature 50°C revealed that a DNA band of ~1.2 kb is common for all the

potato cultivars. However, the band is more intense in KCM followed by CS-2. Similar band pattern,

lesser then the expected size was observed in KJ, AS, PR and De. At annealing temperature 55°C, PCR

products showed distinct and intense band patterns. Bands of sizes ~1.2 Kb and ~0.9 kb were found in all

potato cultivars, though the bands for CS-1, CS-2 and De were more intense as compared with other

cultivars. Interestingly, it was noted that at both annealing temperatures all the varieties of potato showed

at least one band near the expected size i.e., ~1.1 kb. Thus, we can strongly say that this form of FRK is

found common in most of the varieties. Bands found below the expected size may be spurious in nature.
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Fig. 11 PCR amplification using the primers, F1IA-FK01 & R3-FK1110, and DNA templates from different
potato cultivars as indicated lane wise A annealing temperature 50°C Lane 1 500 bp DNA ladder; Lane 2 CS-1;
Lane 3 CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and Lane 8 De. B annealing temperature 55°C
Lane 1 500 bp DNA ladder; Lane 2 CS-1; Lane 3 CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and

Lane 8 De.

Table 3 Sizes of amplicons at annealing temp. of 55°C and 50°C (Expected size of the amplicon for primer pair
F1A-FKO01 and R3-FK1110 is approx. 1.1 kb)

Observed band Observed band size
(in kb) (in kb)
1. Cs-1 ~1.2 ~0.9,~1.2
2. CS-2 ~1.2 ~0.9,~1.2
3. KJ ~1.2 ~0.9,~1.2
4. KCM ~1.2,~0.9 ~0.9,~1.2
5. AS ~1.2 ~0.9,~1.2
6. PR ~1.2 ~0.9,~1.2
7. De ~1.2 ~0.9,~1.2

c) PCR using the primer pair F2A-FKO01 and R3-FK1110

In PCR products at annealing temperature 50°C, it was detected that in case of CS-1 and KJ there is only

one band of ~1.15 kb size, and for the remaining cultivars multiple amplicon bands were observed all
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with band of size ~1.15 kb. KCM, AS, PR and De showed similar band patterns of sizes ~1.1 kb, ~1.0 kb
and ~0.9kb. However, band intensity was more in KCM and AS. CS-2 showed intense band profile of
sizes ~1.05 kb, ~0.9 kb and ~0.8 kb which was very distinct from other cultivars. At annealing
temperature 55°C, amplicon profile showed that AS, PR and De has similar band pattern with band size of
~1.2 kb. However, for CS-1 and KCM no amplicon bands were observed. CS-2 and KJ showed different
band pattern from other cultivars. In CS-2, bands of sizes ~1.0 kb, ~0.9 kb, ~0.7kb and ~0.6 kb were seen
and for KJ light bands of size ~1.15 kb and ~0.7 kb were observed. We took this primer pair knowingly,
that both primers belong to distinct cDNAs, and surprisingly results showed very distinct amplicon
profile. Promising amplicon bands were seen at CS-2 at varying conditions. We can suggest that these
bands may represent another distinct form of FRK present in CS-2. As both the primers belonged to

different cDNAs the expected band size could not be calculated.

0.5

Fig. 12 PCR amplification using the primers, F2A-FK01 & R3-FK1110, and DNA templates from different
potato cultivars as indicated lane wise A annealing temperature 50°C Lane 1 500 bp DNA ladder; Lane 2 CS-1,;
Lane 3 CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and Lane 8 De. B annealing temperature 55°C
Lane 1 500 bp DNA ladder; Lane 2 CS-1; Lane 3 CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and
Lane 8 De.
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Table 4 Sizes of amplicons at annealing temp. of 55°C and 50°C

Observed band size at Observed band size at
Sr. Potato . .
No Variety annealing te_zmperature annealing tgmperature
' 50°C (in kb) 55°C (in kb)
1. CS-1 ~1.15 Nil
2. CS-2 ~1.15, ~1.05,~0.9,~0.8 | ~1.0,~0.9,~0.7, ~0.6
3. KJ ~1.15 ~1.15, ~0.7
4, KCM ~1.15,~1.1,~1.0, ~0.9 Nil
5. AS ~1.15,~1.1, ~1.0, ~0.9 ~1.2
6. PR ~1.15,~1.1, ~1.0, ~0.9 ~1.2
7. De ~1.15,~1.1, ~1.0, ~0.9 ~1.2

d) PCR using the primer pair F1A-FKO01 and RU-FK373

This primer combination also belongs to two different cDNAs and the cross using of primers for PCR

amplification at annealing temperature of 55°C revealed some very unique band pattern again

suggesting presence of different isoforms of FRK which are to be further studied. Careful examination
of the gel picture revealed similar band pattern of size ~0.7 kb for KJ, CS-2, KCM, AS and PR.

Whereas, potato cultivar KJ showed two distinct and intense bands of sizes ~1.7 kb and ~1.2 kb and,

single band of size ~1.2 kb was observed for CS-1. No amplicon was found in De.

Fig. 13 PCR amplification using the primers, F1A-FK01 & RU-FK373 (annealing temp. 55°C), and DNA templates
from different potato cultivars as indicated lane wise. Lane 1 500 bp DNA ladder; Lane 2 CS-1; Lane 3 KJ; Lane 4
CS-2; Lane 5 KCM:; Lane 6 AS; Lane 7 PR and Lane 8 De.
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Table 5 Sizes of amplicons at annealing temp. of 55°C

Observed band size at
Sr. Potato /
No Variety annealing temperature
' 55°C (in kb)
L Cs-1 ~1.2
2 CS-2 ~0.7
> K ~1.7,~1.2,~0.7
4. KCM ~0.7
> AS ~0.7
6 PR ~0.7
7 De Nil

e) PCR using the primer pair F2A-FKO01 and RU-FK373

PCR gel picture showed that band of size ~1.3 kb is consistent in all varieties of potato. Interestingly, it
was seen that only CS-2 showed a distinct band of size ~1.0 kb. Amplicon profile in AS, PR and De
seems to be similar in nature. Though, the expected band size of this pair was calculated approx. 0.3 kb,

the bands observed were of much bigger sizes indicating genotypic variations between potato varieties.

Fig. 14 PCR amplification using the primers, F2A-FK01 & RU-FK373 (annealing temp. 55°C), and DNA
templates from different potato cultivars as indicated lane wise. Lane 1 500 bp DNA ladder; Lane 2 CS-1; Lane 3
CS-2; Lane 4 KJ; Lane 5 KCM; Lane 6 AS; Lane 7 PR and Lane 8 De.
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Table 6 Sizes of amplicons at annealing temp. of 55°C (Expected size of the amplicon for primer pair F2A-

FKO1 and RU-FK373 is approx. 0.3kb)

Observed Band size
Sr. Potato at annealing
No. Variety temperature 55°C
(in kb)

1. CS-1 ~1.3

2. CS-2 ~1.3,~1.0

3. KJ ~1.3

4. KCM ~1.3

5. AS ~1.3

6 PR ~1.3

7. De ~1.3

Efforts were made to use R2-FK982 as reverse primer in some PCR using the primer either FLA-FKO01 or

F2A-FKO01, but no amplicon was found in these cases. It may be likely that the primer R2-FK982

corresponds to exon-intron boundary region of FRK gene.
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Concluding Remarks

Fructokinase belongs to hexose kinases enzyme family, which catalyze the phosphorylation of fructose
that is either fed in carbohydrate metabolic pathways or in energy production. To prevent feedback
inhibition of sucrose synthase in starch synthesis, fructokinase plays a very crucial role in tuber
development in potato. The biochemical and molecular attributes of this enzyme have been studied at both
cDNA and enzymatic levels but with regard to structure and function of FRK genes very little progress
has been made till to date. Also, no comprehensive report is available with regard to FRK isoforms and
their expression patterns in different potato tissues, particularly in the different stages of tuber
development. In this context, this study is quite relevant. The sequence analyses and comparison of
different forms of fructokinases at both nucleotide and amino acid levels gave a clear and comprehensive
idea about the sequence relatedness between them. Moreover, it helped to know about the salient
sequence features. Some conserved amino acids were found by comparing between FRKs and HXK. Such
type of information is not only helpful in understanding the evolutionary consequences but also important
with regard to gene manipulation and protein engineering. In this study, the good quality genomic DNA
was isolated from different commercially important Indian potato cultivars, and both quality and quantity
were assessed by spectrophotometric analysis. Use of different FRK-specific primers helped not only to
distinguish genotypic variations between these cultivars, some of the cultivar-specific amplicons could be
further studied in detail at molecular level. It is likely that some of the amplicons may correspond to some
of the allelic variants of the FRK gene in potato which are still not known. In conclusion, this report made

a consolidated base for further studying structure and function of FRK genes in potato.
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