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Stellingen 

1. Bij onderzoek aan de oxidatieve pentose-fosfaat-route in planten wordt in net algemeen 

te weinig rekening gehouden met het feit dat deze gelocaliseerd is in zowel het cytosol 

als in de plastiden. 

(dit proefschrift) 

2. De triose-hexose-fosfaat-cyclus in celsuspensies van de peen is altijd actief, 

onafhankelijk van de groeifase, omdat deze cyclus alleen gereguleerd wordt door de 

beschikbaarheid van koolstof-intermediairen. 

(dit proefschrift) 

3. Bij de verklaring van fysiologische verschillen in de reacties op glucose en fructose 

wordt ten onrechte geen rekening gehouden met de ongelijke 'compartimentatie' van 

glucokinase en fructokinase activiteit in het cytosol. 

(dit proefschrift) 

4. Zodra een behandeling van plantencellen leidt tot een sterk verhoogde ademhaling, zal 

hierdoor de gemeten activiteit van futiele cycli sterk onderschat worden. 

(dit proefschrift) 

5. Aangezien de respiratie van celsupensies bij een relatieve zuurstofspanning van 20% niet 

maximaal is, zal de ademhaling in intact, niet-fotosynthetiserend plantenweefsel beperkt 

worden door de zuurstofspanning in vivo. 

6. Indien futiele cycli een belangrijke rol spelen in de flexibiliteit van planten ten aanzien 

van nun milieu, zullen planten die een lage activiteit van deze cycli vertonen, slecht 

geadapteerd zijn aan het wisselende Hollandse weer en beter gedijen in een klimaat met 

constante zomers. 

7. De regulatie van futiele cycli in plantencellen vormt een aangrijpingspunt voor 

veredelaars van glas-tuinbouwproducten: de energie die planten in deze cycli steken zou 

beter gebruikt kunnen worden voor een verhoging van de opbrengst, omdat aanpassing 

van de koolstofhuishouding via deze cycli overbodig is in kassen. 



8. De aanpassing van zijn college-dictaten inzake de 'behandeling van homoseksualiteit' 

maakt, gezien het standpunt van de kerk, van bisschop Eijk een wolf in schaapskleren. 

9. Het fokprogramma om de Korenwolf te redden, in plaats van het behouden van het 

leefgebied waarin deze dieren teruggeplaatst zouden kunnen worden, geeft aan dat 

mensen vaak hun geweten sussen met kortzichtige redeneringen. 

10. Tijdens de zomeimaanden voorkomt een NEE-NEE sticker op de brievenbus de toevloed 

van folders en huis-aan-huis-bladen nauwelijks, waaruit blijkt dat de vakantie-bezorger 

ook niet leest. 

11. Het toiletgebruik wordt in veel openbare gebouwen onnodig verseksualiseerd door het 

instellen van aparte dames- en heren-toiletten. 

12. Een reclame-aanduiding als "zuurkool vers uit het vat" verhult de werkelijke aard van 

een voedingmiddel. 

Stellingen, behorend bij het proefschrift 'Metabolic cycles in primary metabolism of cell 

suspensions of Daucus carota L. analysed by 13C-NMR\ door Janhendrik Krook. 

Wageningen, 7 december 1999. 
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Voorwoord 

Aan het eind van mijn studie in Groningen, kreeg ik de mogelijkheid een stage te 

doen bij de vakgroep Moleculaire Fysica van de -toen nog- Landbouwuniversiteit 

Wageningen. Daaruit vloeide in 1992 een aanstelling voort als 010 bij de afdeling 

Plantenfysiologie: ik ging onderzoek doen aan de suikerhuishouding van planten-

cellen met behulp van 'NMR'. Veel mensen hebben hun steentje bijgedragen; 

anderen hebben zich 7 jaren afgevraagd wat ik in vredesnaam deed in Wageningen. 

Welnu, het wetenschappelijk eindverslag lees je in de volgende hoofdstukken, aan de 

gebeurtenissen die vooraf gingen -en met name de mensen die mij erbij hebben 

geholpen- wijd ik hier een paar woorden. 

De betreffende groepen Moleculaire Fysica en Plantenfysiologie bedank ik voor mijn 

stationering op hun grondgebied. Bij de vakgroep Moleculaire Fysica stond Adri de 

Jager altijd op de achtergrond om technische problemen direct uit de wereld te 

helpen, waardoor de schaarse meettijd efficient benut kon worden. Cor Dijkema 

heeft mij -met veel geduld- geleerd om de NMR-machine nauwkeurig af te stellen 

met behulp van de UNIX-software. De laatste jaren, de schrijffase, heeft Cor als 

copromotor de NMR-kant van de artikelen en hoofdstukken voor mij bewaakt. 

Bij de werkeenheid Moleculaire Biologie verdient Marijke Hartog alle eer. Zij heeft 

mijn onderzoek steeds voorzien van 'embryogene' celsuspensies. Marijke, jouw A10 

en A+ lijnen zijn in dit proefschrift verwerkt! 

Bij de werkgroep Plantenfysiologie, mijn vaste stekkie met laboratoriumruimte en 

kantoor, heb ik de meeste tijd doorgebracht. Ik heb daar de hele periode met fijne 

collega's mogen werken. Naast het echte werk was vooral de koffiehoek door de 

jaren heen een grote bron van inspiratie. Een aantal mensen verdient een extra 

bedankje, omdat zij mij vaak problemen hebben ontnomen. Wytske en Trees, 

bedankt voor het eindeloos verwerken van post, bestellingen en andere dingen. Jan 

en Ruth, als technische tovenaars hebben jullie vaak al 's ochtends om half negen 

mijn meetopstellingen gefixt! Op het lab zelf heb ik door de jaren heen heel wat 

collega's meegemaakt, die onontbeerlijk waren om de talloze problemen en 

proefopzetten te bespreken! Vooral Diaan, Marc & Mark hebben hun geestelijke 

ondersteuning gegeven. Mark, je was als kamergenoot ook onvergetelijk! Patrick en 

Wessel waren als "computer-assistants" altijd bereid om mijn gevecht met de diverse 



computers in goede banen te leiden. 

Vrij snel na mijn aantreden mocht ik een student begeleiden; samen met hem heb ik 

de eerste resultaten behaald, die het begin van de suiker-proeven in de andere 

hoofdstukken vormden. Andre, de resultaten in Hoofdstuk 5 zijn voor een deel van 

jou afkomstig! 

De maandelijkse besprekingen met mijn copromotor Dick Vreugdenhil en promotor 

Linus van der Plas, zetten alles altijd weer op een rijtje, waarna een eindeloze reeks 

nieuwe proeven vanzelf volgde. Het was dan ook een hele omslag om los te komen 

uit dit ritme en om het lab in te ruilen voor de tekstverwerker. Jongens, -ook voor jullie-

het zit er op! Ik heb de efficiente besprekingen van artikelen erg gewaardeerd, deze 

leidden altijd tot een betere volgende versie! 

In de afgelopen jaren is ook het leven buiten de universiteit heel belangrijk geweest. 

Naast alle dingen die ik heb meegemaakt met vrienden en kennissen, gaven ook alle 

mensen van het COC veel inspiratie en inzicht in het leven! De verschillende werk-

groepen waar ik mee heb samengewerkt, en de laatste IV2 jaar het bestuur, hebben 

in mijn hart een warm plekje veroverd. Hans, het volgende boekje is vrijwel 

volledig op jouw ouwe rammelbak getypt! 

Mijn familie wekte steeds de indruk er in te geloven dat ik dit boekje zou voltooien. 

Ik ben dan ook blij dat ik jullie kan laten zien waar ik mij de afgelopen jaren mee 

heb bezig gehouden. Mocht dit boekje niet tot duidelijkheid leiden, luister dan op de 

promotie zelf vooral naar mijn verhaaltje vooraf. Mam, alle zorgen en stimulering 

heb ik erg gewaardeerd: het is af! 

Janhendrik 
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Abbreviations 

ADPG ADP-glucose 

DW dry weight 

FBPase fructose-1,6-bisphosphatase 

FW fresh weight 

Ke effector concentration at half maximum activity 

K,,, substrate concentration at half maximum activity 

NMR nuclear magnetic resonance 

NTP nucleotide triphosphate 

OPPP oxidative pentose phosphate pathway 

PEMs proembryogenic masses 

PFP PPrdependent fructose-6-phosphate phosphotransferase 

PFK ATP-dependent fructose-6-phosphate phosphotransferase 

PPi (inorganic) pyrophosphate 

SPS sucrose phosphate synthase 

SUSY sucrose synthase 

UDPG UDP-glucose 

UGPase UDP-glucose pyrophosphorylase 

VACs large, vacuolated cells 



Chapter 1 

General introduction 



Introduction 

In plants photosynthesis is responsible for the primary production of carbohydrates. These 

carbohydrates are used as building blocks for biosynthesis and for respiratory purposes 

yielding ATP and reducing equivalents (NAD(P)H). ATP is used to supply the activation 

energy of biosynthetic reactions while in the reduction of nitrate and sulphate reducing 

equivalents are consumed. Carbon metabolism in green plants is complicated since they 

consist of a large number of different tissues and cell types, and sugars are synthesized and 

consumed simultaneously. However, since heterotrophic cell suspensions do not possess a 

photosynthetic apparatus, these cells will only take up and convert sugar. The amount of 

sugar supplied in the experiment is known, and suspension cultures generally form a 

relatively homogenous population of cells; representative samples can be taken easily and the 

partitioning of carbon between biomass production, storage carbohydrates and respiration can 

be determined. Therefore, heterotrophic cell suspensions are widely used as model-systems 

in research on carbohydrate and energy metabolism. 

Embryogenic cell suspensions 

Cells suspensions of Daucus carota often are not completely homogeneous since they are 

embryogenic. It was discovered in 1958 that suspension-cultured cells of Daucus, 

resuspended at low density in the absence of the auxin 2,4-D, form somatic embryos at high 

frequency (Steward 1958). These cell suspensions consist of different cell types, identified 

as clusters of small cytoplasm-rich cells, called proembryogenic masses ("PEMs"), large 

vacuolated cells ("VACs") and an intermediate state, the isodiametric cells (Fig. 1). Since 

cytoplasm-rich PEMs have a higher density than VACs, the different cell types can be 

separated by percoll density centrifugation (Ulmer and Flad 1979). PEMs show a high cell 

division activity and may differentiate into somatic embryos, while VACs show a low rate 

of cell division and low differentiating capacity. However, PEMs might develop from VACs 

and isodiametric cells, or vice versa, within Daucus carota suspension cultures (Steward 

1958; Toonen et al. 1994). 

Physiologically, the various cell types, i.e. PEMs and VACs, might differ significantly with 

respect to sugar and starch accumulation: PEMs store higher levels of sucrose and starch than 
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VACs (Wurtele et al. 1988). Dijkema et al. (1988) showed different ratios of 

sucrose/hexoses in the various cell types. 
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Figure 1 Photograph of cells of a 7 days old embryogenic batch culture of Daucus 
carota showing different cell types. P = proembryogenic mass, V = large 
vacuolated cell and I = isodiametric cell. Bar = 100 /nm. 

In addition, a cell line containing a high percentage of PEMs showed low label exchange 

from [l-13C]-glucose to [6-13C]-sucrose and hexoses, while a cell line with less PEMs showed 

a higher percentage of label exchange (Dijkema et al. 1990). Since this exchange is supposed 

to occur at the level of triose phosphates after which resynthesis of hexose (phosphates) 

occurs, the glycolytic and gluconeogenetic fluxes were suggested to be different in the 

various cell types. Furthermore, a relation between the embryogenic potential of PEMs and 

the level of glucose was proposed (Verma and Dougall 1977; Dijkema et al. 1988; Tremblay 

and Tremblay 1991). 



Sugar uptake 

In general, carbon dioxide fixation in plants takes place by photosynthesis in "source" tissues, 

after which specific transport sugars are translocated to the non-photosynthetic "sink" tissues. 

Although plants from some genera transport stachyose, raffinose or verbascose, e.g. in the 

Leguminosae family (Frias et al. 1999) or sorbitol as in the Rosaceae family (Beruter et al. 

1997), most higher plants translocate sucrose; this also applies to carrot (Hole and Dearman 

1994). Next to transport sugar, sucrose is generally known as a storage sugar in for instance 

red beet (Getz 1991) and carrot roots (Hole and Dearman 1994). In intact plants sucrose is 

transported through the phloem. Phloem loading is known to occur in the source 

apoplastically by means of sucrose carriers (Hole and Dearman 1994; Schulz et al. 1998) as 

in Fabaceae and Scrophulariaceae or symplastically via plasmodesmata in for instance 

Lamiaceae and Saxifragaceae (van Bel et al. 1994). In sink tissue, phloem unloading again 

might take place symplastically or apoplastically; in the latter case carrier-mediated sucrose 

uptake might take place in the sink parenchyma cells (Shakya and Sturm 1998). Also, 

hydrolysis of sucrose might take place in the apoplast, followed by concomitant uptake of the 

resulting hexoses. 

Heterotrophically grown cell suspensions take up their sugars from the apoplast. Cell 

suspensions generally possess high activities of cell-wall-bound invertase (Kanabus et al. 

1986; Callebaut et al. 1987); therefore it is most likely that they take up hexoses when 

sucrose is fed in the medium. Hexose carriers are reported for different plant species and are 

known to take up both glucose and fructose (Felker et al. 1991; Tubbe and Buckhout 1992). 

Different homologous hexose transporter proteins were reported for Ricinus communis 

seedlings showing different expression patterns in sink and source tissues (Weig et al. 1994). 

Furthermore, expression of a leaf sucrose transporter was found to be diurnally modified in 

Solarium tuberosum (Kuhn et al. 1997). Next to active uptake via carriers (Botha and 

Kennedy 1998), diffusion-like uptake is reported at high sugar concentrations (Stanzel et al. 

1988b; Botha and Kennedy 1998). These sugars are thought to pass the lipid bilayer through 

spaces between lipid and transmembrane protein molecules. It is supposed, that this leakage 

is much faster through the plasmamembrane than through the tonoplast, since the first 

contains much more proteins (Aked and Hall 1993). 
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In the research described in this thesis, batch-grown cell suspensions of Daucus carota L. 

were used to study the uptake of hexoses, and subsequent conversion into sucrose and starch. 

By using specifically labelled [1-13C]- and [6-13C]-glucose and fructose in nuclear magnetic 

resonance (NMR) experiments it is possible to follow these molecules through the different 

pathways in primary metabolism, e.g. glycolysis, gluconeogenesis and the oxidative pentose 

phosphate pathway (OPPP). 

Enzymes involved in hexose phosphorylation. 

Once taken up by the cell, glucose and fructose might be transferred to the vacuole (Preisser 

et al. 1992) or phosphorylated in the cytosol at the expense of ATP. Hexose phosphorylation 

is known to take place by specific fructokinases and unspecific glucokinases, the latter 

phosphorylating glucose preferentially, but, also showing affinity towards fructose and 

mannose (Doehlert 1989). Therefore, the latter enzymes are often called "hexokinases" 

(Schnarrenberger 1990; Renz and Stitt 1993). 

Fructokinases are known to be regulated by substrate levels and product inhibition (Renz and 

Stitt 1993). Furthermore, fructokinase might use UTP in addition to ATP (Yamashita and 

Ashihara 1988; Bayesdorfer et al. 1989; Schnarrenberger 1990). Hexokinases, on the other 

hand, are predominantly active with ATP and their activity with UTP is only low. 

Furthermore, hexokinases are not subject to product inhibition (Schnarrenberger 1990). 

Sucrose and starch accumulation 

Sucrose, synthesized in the cytosol may be stored either in the cytosol, in the vacuole or both 

(Preisser and Komor 1991; Preisser et al. 1992). A second, non-osmotic storage 

carbohydrate in plants is starch. Starch is synthesized inside the plastids after uptake of 

hexose phosphates from the cytosol (Hill and Smith 1991; Neuhaus et al. 1993; Ross and 

Murphy 1993). The conversion of hexose-phosphate into ADPG might also partially occur 

in the cytosol as found for cereals (Villand and Kleczkowski 1993). 

Starch consists of mainly a(l,4)-glucan with various amounts of side chains coupled via 

a(l,6)-glucose. Starch may reach high levels in typical storage organs like potato tubers, 

seeds of faba bean (Viola et al. 1991) or cereals (Keeling et al. 1988; Batz et al. 1992). The 



equilibrium between sucrose and starch synthesizing capacity is dependent on the species; 

Daucus carota roots and cell suspensions synthesize about equal amounts of sucrose and 

starch (Keller et al. 1988; Ross and Murphy 1993). 

Cycling of carbohydrates and the use of parallel enzyme systems 

Besides storage of sugars in sink tissues and degradation in respiratory metabolism, a 

continuous cycling of carbon within cells is a well known phenomenon in plants. During this 

cycling, metabolic pathways are active while their products are not used instantaneously 

(Plaxton 1996). Instead, as long as the end-products are not needed they are cycled back, 

resulting in a simultaneous synthesis and degradation of metabolites. Since these metabolic 

conversions do not result in net production of (carbon) metabolites which are converted by 

other pathways, they are called 'futile cycles'. Futile cycles are reported within the primary 

carbon metabolism between triose and hexose phosphates (Keeling et al. 1988; Hatzfeld and 

Stitt 1990; Viola et al. 1991; Kosegarten et al. 1995), between hexoses and sucrose (Dancer 

et al. 1990; Wendler et al. 1990), between hexoses and pentoses using the OPPP and the 

gluconeogenetic pathway from triose phosphates to hexose phosphates (Wagner et al. 1987; 

Ernes and Fowler 1983; Hartwell et al. 1996; Redingbaugh and Campbell 1998) and to a 

lesser extent between hexoses and starch (Stitt and Heldt 1981; Hargreaves and ap Rees 

1988). 

Furthermore, plants possess different enzymes catalyzing the same reactions with different 

regulatory mechanisms. These 'enzyme-couples' are often connected with the futile carbon 

cycles and may therefore play a role in the physiological basis of these cycles in plants. For 

example, ATP-dependent fructose-6-phosphate phosphotransferase (PFK) and PPrdependent 

fructose-6-phosphate phosphotransferase (PFP) both convert fructose-6-phosphate into 

fructose-1,6-bisphosphate (Tobias et al. 1992). However, PFP catalyzes an reversible 

reaction while the PFK-catalyzed conversion is not reversible. Also, for the reverse reaction 

of fructose-1,6-bisphosphate into fructose-6-phosphate a irreversible enzyme exists, i.e. 

fructose-l,6-bisphosphatase (FBPase). This enzyme plays a role in photosynthetic tissues 

(Stitt et al. 1987); in non-green tissues it might be absent and PFP might replace its function 

(Entwistle and ap Rees 1990). 
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Although futile cycles may have appreciable costs in terms of energy consumption, 

advantages are also suggested, e.g. by Wendler et al. (1990), Hatzfeld and Stitt (1990) and 

Plaxton (1996). Futile cycles as well as the presence of parallel enzyme systems catalyzing 

the same reaction might make plants flexible in dealing with changing environmental 

conditions which occur very often in field situations. In this way futile cycles enable plants 

to restore the equilibrium between metabolites, if suddenly the flow through one or more 

pathways changes (Black et al. 1987). Possibly the coupling of a reversible and an 

irreversible reaction, using PPj and ATP, respectively, in these cycles plays a role in 

maintaining the desired levels of ATP and PP, (Dancer and ap Rees 1989). 

Cycling through the OPPP 

The OPPP converts hexose-6-phosphate into pentose-5-phosphate, producing 2 NADPH for 

each C02 which is released. The resulting pentose-5-phosphates may be cycled back to triose 

phosphates and hexose-phosphates, which might enter the OPPP again. In this way, glucose-

6-phosphate might be completely oxidized, yielding only C02 and NADPH, the latter feeding 

biosynthetic and reduction-reactions (Ernes and Fowler 1983; Redingbaugh and Campbell 

1998). Alternatively, the OPPP is able to interconvert pentose, erythrose and heptulose 

sugars, which are used in the biosynthesis of nucleic acids, aromatic amino acids or 

secondary metabolites (Wagner et al. 1987; Hagendoorn et al. 1991; Hartwell et al. 1996). 

Cycling of hexoses through sucrose 

Sucrose is known to be synthesized by sucrose phosphate synthase (SPS) in the cytosolic 

compartment (Goldner et al. 1991; Zhu et al. 1997). Degradation might occur in the cytosol 

by sucrose synthase (SUSY) or invertase (Dancer et al. 1990; Wendler et al. 1990) resulting 

in cytosolic sucrose cycles. After synthesis sucrose is also transported into the vacuole where 

hydrolysis might take place by acid invertase. When the resulting hexoses are transferred 

back to the cytosol, they can again be used as precursors for sucrose synthesis, leading to 

a mixed "vacuolar/cytosolic" sucrose cycle (Goldner et al. 1991, Lee and Sturm 1996). 

In the cytosol, hexose (phosphates) might immediately enter the sucrose cycle again, while 

in the vacuole hexoses are "protected" from hexose phosphorylating enzymes as long as they 



are not transferred from the vacuole to the cytosol. 

Cycling between triose and hexose phosphates 

Young, meristematic tissue often possesses high hexose and sucrose importing (sink) 

properties as well as high sucrose hydrolysing activity by SUSY and high levels of PFP 

(Spilatro and Anderson 1988; Dancer and ap Rees 1989; Ashihara and Sato 1993). PFP is 

connected with triose-hexose phosphate cycling as was shown in antisense-PFP plants of 

Solanum tuberosum which had a much lower label exchange than the untransformed plants 

(Hajirezaei et al. 1994). It is still not clear whether PFP is working mainly in the glycolytic 

direction (Botha et al. 1992), the gluconeogenetic direction (Hatzfeld and Stitt 1990), or both 

(Hajirezaei et al. 1994). Tobias et al. (1992) and Sung et al. (1988) suggested that PFK may 

act as a maintenance enzyme supplying substrates for respiration, while PFP is an adaptive 

enzyme supplying intermediates for biosynthesis and cycling of sucrose. 

Measuring of metabolic fluxes 

In order to determine the dynamics of metabolic cycles in plants the flux of metabolites 

through the different pathways should be known. 13C-labelled hexoses were supplied to the 

cells to study the conversion rate of hexoses by the various metabolic pathways by means of 

nuclear magnetic resonance (NMR). Next to the level of labelled sugar, also the total level 

of sugar must be known to calculate the changes in labelling percentage in time. 

HPLC is a sensitive technique for measuring total sugar concentrations as low as 10 /xM. On 

the other hand, 13C-NMR is a less-sensitive method which requires concentrations in the mM-

range. Since natural abundance 13C is only 1.1%, sensitivity can be increased almost 100-fold 

by using labelled substrates. 

The resulting pattern of labelling percentages provides information about the flux and 

turnover rate of carbohydrates through the various pathways and cycles. 

13C-Nuclear Magnetic Resonance (NMR) 

NMR is a technique which has been developed already fifty years ago, but is used as a tool 

to study plant metabolism from the beginning of the seventies (Farrar and Becker 1971). 
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Various nuclei can be measured by means of NMR, e.g. 13C, 14N, 15N, 23Na and 31P (Farrar 

and Becker 1971; Leibritz 1996; Schneider 1997). In biological research 'H, 31P and 13C are 

most commonly used. 'H is predominantly used for probing water (movement) to gain 

information about compartmentation or transport of water. 31P is used for measuring 

phosphorylated cell components like sugar phosphates and nucleotide phosphates. 

Furthermore, its pH-dependence makes it very useful for determining the pH in 

compartmentation studies (Loughman et al. 1989; Fox and Ratcliffe 1990; Quiquampoix et 

al. 1993). Although 13C is a less sensitive nucleus compared to 'H and 31P, 13C-NMR can be 

used to measure glucose, fructose and sucrose in plant cells. Since the natural abundance of 
13C is only 1.1 %, it is possible to specifically label the sugar molecules at a certain position 

(Breitmaier and Voelter 1987; Dijkema et al. 1990). Commercially 99.9% [n-13C]-labelled 

sugars are available for nearly every carbon position in the glucose or fructose molecules. 

We used high resolution ID Nuclear Magnetic Resonance (NMR) to measure the "amplitude" 

of different "resonance frequencies", to determine the amount of labelled carbon atoms 

within glucose, fructose and sucrose after feeding 99.9 % [1-13C]- and [6-13C]-labelled 

glucose and fructose, in extracts of cell suspensions and in cell suspensions in vivo. A major 

advantage of in vivo NMR-measurements is that they can be done non-destructively and are 

applicable to living plants, tissues or cell suspensions. Therefore, it is possible to follow the 

fate of a labelled substrate by gathering successive data points from the same sample. 

Figure 2 gives examples of natural abundance reference spectra of 50 mM glucose (A), 

fructose (B) and sucrose (C); each carbon atom has its own resonance frequency (expressed 

in part per million relative to the basic frequency of a standard of tetra methyl silane). 

Secondly, molecules may appear in different conformations: i.e. an a- or B- ring of 6 atoms 

(pyranose) or of 5 atoms (furanose). Thirdly, each atom has its own "response factor" which 

may differ significantly between the nuclei of sucrose, fructose and glucose depending on the 

molecular localisation (and therefore relaxation behaviour). The response factors of known 

concentrations of 13C shown in Fig. 2 are used to calculate the concentration of label 

determined in the experiments. Carbons attached to -OH groups resonate in the range of 60-

105 ppm (Figs 2, 3), and carboxylic carbons (attached to -OOH groups) in the range from 

120-170 ppm (Fig. 4, Breitmaier and Voelter 1987). 



(A) n.a. 13C-NMR spectrum of glucose 

65 105 ppm 95 85 75 55 

Figure 2 Natural abundance (n.a.) spectra of 50 mM solutions of glucose (A), fructose 
(B) and sucrose (C) in Gamborg's B5 medium. Glucose (G) shows 12 -
partially overlapping- peaks corresponding to carbons 1-6 in a and 6 
configuration. Fructose (F) occurs mainly in the pyranose (p) and less in the 
furanose (f) form, both in the 15 configuration. Minor peaks are from a-
configurations. Sucrose shows 12 peaks of the B-furanose of the fructosyl- (SF) 
and a-pyranose of the glucosyl-unit (SG). Molecules: schematic drawings of 
carbon-skeletons of sugars; only the C-l and C-6 carbons are indicated, bold 
bars represent the -OH groups. 
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Figure 3 Representation of a natural abundance (n.a.) in vivo spectrum of 7 days old 
batch-cultured Daucus carota cells (A) and a spectrum of 14 days old Daucus 
carota cells after labelling with [l-13C]-glucose in an airlift-system for 5 h (B). 
Symbols are as in Fig. 1. Spectra in A and B are accumulated scans of 1-h 
measurements, resulting in a higher signal/noise ratio for labelled carbon 
resonances in B. 

170 Ppm 

Figure 4 Example of the 13C03
2 resonance at 164.5 ppm in a 10% KOH solution with 

10 mM [l-13C]-glucose (resonating at 96.8 and 93.0 ppm) as internal 
reference. 
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Figure 3A shows an example of a natural abundance 13C-NMR spectrum of 7 days old 

Daucus carota cells. Figure 3B gives an example of 14 days old Daucus carota cells labelled 

with [l-13C]-glucose for 5 h. Next to [l-13C]-glucose (GJ also [l-13C]-fructose (FJ, sucrose-

glucosyl C-l (SGj) and fructosyl C-l (SF,) are observed. Furthermore, C-6 carbons are 

observed in fructose (F6) and sucrose (SG6 and SF6). 

Next to the sugars also C02 produced by the cells was determined. Figure 4 shows an 

example of the C03
2" resonance at 164.5 ppm and a reference of 10 mM [l-13C]-glucose 

resonating at 96.8 and 93.0 ppm. The differences in ratio of B and a-glucose C-l carbons 

in Fig. 2A and Fig. 4 are caused by differences in ionic composition of the solution 

(Gamborg's B5 medium versus 10% KOH), since ions influence the equilibrium between the 

a- and 6-conformation and relaxation behaviour of the spin labels. 

The observed exchange of label from C-l and C-6 carbons is supposed to occur at the level 

of triose phosphates, and thereby gives information about the glycolytic and gluconeogenetic 

flux; the difference in production of 13C02 from [1-13C]- and [6-13C]-glucose gives 

information about OPPP activity and the conversion from [l-13C]-glucose into sucrose and 

fructose gives information about the flux through the sucrose cycles. From the time-course 

of the subsequent appearance of label in glucose, sucrose and fructose conclusions can be 

drawn about the cellular localisation of the various sugar pools. 

High Performance Liquid Chromatography (HPLC) 

Total sugar levels were measured to calculate labelling percentages during the various 

experiments. Glucose, fructose and sucrose can be determined by a sugar-specific HPLC-

system of "DIONEX" to which a carbopac PA-1 column is connected which specifically 

binds -O" groups of carbohydrates at high pH (Tetteroo et al. 1995). Glucose, fructose and 

sucrose were eluted with 100 mM NaOH solution (Fig. 5A) and sugar-phosphates with a Na-

acetate gradient (Fig. 5B). The most abundant sugar phosphates in Daucus carota cells were 

glucose-6-phosphate, fructose-6-phosphate and glucose-1-phosphate. 
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Figure 5 Standard HPLC chromatogram of neutral sugars separated with 100 mM 

NaOH (A) and of phosphorylated sugars separated with a Na-acetate gradient 

(50-650 mM, right axis) in 20 mM NaOH on a DIONEX HPLC-system 

equipped with a carbopac PA-1 column at room temperature and 4 °C, 

respectively. 
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Scope of the thesis 

This thesis analyses the primary metabolism in Daucus carota cell suspensions, in order to 

understand more about the complex relationship between the different pathways, and the way 

they are regulated. Sugar uptake and conversion, including cycling of metabolites through 

different pathways were analyzed in logarithmic and stationary phase cells from batch 

cultures. 

In Chapter 2, special attention is paid to the question whether differences exist between the 

use of glucose and fructose by plant cells. Both molecules are formed by hydrolysis of 

sucrose and form the main carbon-source of the cells. The molecules resemble each other: 

the overall chemical formula is the same (Figs 2A,B). In addition, the phosphorylation 

products of glucose and fructose, glucose-6-phosphate and fructose-6-phosphate are known 

to be rapidly interconverted by the enzyme phosphoglucoisomerase. However, the stereo­

chemical composition of glucose and fructose is different (Figs 2A,B) which might influence 

the stereo-specific uptake (Kanabus et al. 1988; Botha and Kennedy 1998) and 

phosphorylation (Doehlert 1989; Steward and Copeland 1993) and the regulation of gene 

expression by sugar sensing (Jang and Sheen 1994; Smeekens and Rook 1997). Sucrose 

cycling might be influenced by the difference in the inhibition of the degrading enzymes 

(Sebkova et al. 1995; Lee and Sturm 1996). A model is proposed in which glucose and 

fructose are taken up with different efficiencies by a hexose carrier in the plasmamembrane 

and are phosphorylated with different efficiencies by soluble fructokinases and mitochondrial-

associated hexokinases. 

The aim of the next two chapters (3 and 4) was to elucidate the extent to which carbon is 

cycled during different stages of batch cultured Daucus carota cells. Chapter 3 describes 

label exchange from C-l to C-6 carbons and the localisation of the OPPP in cytosol and 

plastids during long-term labelling of batch cultures grown for 14 days. Chapter 4 analyzes 

short-term labelling for 8 h of cells from different growth stages of batch-cultured cells. It 

was found that label exchange between C-l and C-6 carbons, the extent of cycling of sucrose 

and the amount of carbon cycling through the OPPP were dependent upon the growth stage 

and respiration rate. 

Chapter 5 describes the effect of PFP and the oxygen concentration on cycling of carbon 
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between hexose phosphates and triose phosphates and sucrose cycling in two carrot cell lines 

differing in the composition of cell types, i.e. PEMs and VACs. 

Finally, integrated models for the different carbon cycles described in the experimental 

chapters of this thesis are proposed for logarithmically growing cells (importing sugar and 

synthesizing storage sugars and starch) and stationary phase cells (mobilizing stored 

carbohydrates). The role of futile cycling of carbohydrates is discussed as a feature of plant 

metabolism necessary to overcome the changes in environmental conditions and stress factors 

to which plants are exposed. 

15 



Chapter 2 

Sucrose and starch metabolism in carrot (Daucus carota L.) cell 

suspensions analyzed by 13C-labelling: Indications for a cytosol and a 

plastid-localised oxidative pentose phosphate pathway 

Janhendrik Krook1, Dick Vreugdenhil1, Cor Dijkema2 and Linus H.W. van der Plas1, 

'Laboratory of Plant Physiology, Wageningen University, 

Arboretumlaan 4, 6703 BD Wageningen, The Netherlands 
2Laboratory of Molecular Physics, Wageningen University, 

Dreijenlaan 3, 6703 HA Wageningen, The Netherlands 

published in Journal of Experimental Botany (1998) 49: 1917-1924. 

17 



Abstract 

Cells were grown in batch culture on a mixture of 50 mM glucose and fructose as carbon 

source; either the glucose or the fructose was [l-13C]-labelled. In order to investigate the 

uptake and conversion of glucose and fructose during long-term labelling experiments in cell 

suspensions of Daucus carota L., samples were taken every two days during a two weeks 

culture period and sucrose and starch were assayed by means of HPLC and 13C-Nuclear 

Magnetic Resonance. The fructose moieties of sucrose had a lower labelling percentage than 

the glucose moieties. Oxidative pentose phosphate pathway activity in the cytosol is suggested 

to be responsible for this loss of label of especially C-l carbons. A combination of oxidative 

pentose phosphate pathway activity, a relatively high activity of the pathway to sucrose 

synthesis and a slow equilibration between glucose-6-phosphate and fructose-6-phosphate 

could explain these results. Starch contained glucose units with a much lower labelling 

percentage than glucose moieties of sucrose: it was concluded that a second, plastid-localised, 

oxidative pentose phosphate pathway was responsible for removal of C-l carbons of the 

glucosyl units used for synthesis of starch. Redistribution of label from [l-13C]-hexoses to 

[6-13C]-hexoses also occurred: 18-45% of the label was found at the C-6 carbons. This is a 

consequence of cycling between hexose phosphates and triose phosphates in the cytosol 

catalysed by PFP. The results indicate that independent (oxidative pentose phosphate pathway 

mediated) sugar converting cycles exist in the cytosol and the plastid. 

Keywords: Daucus carota L. (cell suspensions), carbon-13 nuclear magnetic resonance 

(13C-NMR), carbohydrate cycling, oxidative pentose phosphate pathway, plastid 
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Introduction 

Heterotrophic plant cells growing in suspension cultures are dependent on import of 

carbohydrates from the medium. Sucrose which is usually used as the carbon source is very 

rapidly hydrolysed extracellularly by a cell-wall-bound invertase after inoculating the cultures 

and the resulting hexoses are taken up separately (Kanabus et al. 1986; Spilatro and 

Anderson 1988; Wickremesinhe and Arteca 1994). Although glucose and fructose are 

interconverted after phosphorylation, glucose is preferentially used compared to fructose in 

several plant cell suspensions as has been demonstrated for Catharanthus roseus (Sagishima 

et al. 1989), Glycine max (Spilatro and Anderson 1988), Daucus carota (Kanabus et al. 

1986; Dijkema et al. 1988, 1990) and Glycerrhiza glabra (Arias-Castro et al. 1993). This 

points to either a difference in the uptake of the two hexoses or in their phosphorylation 

efficiency, i.e. in glucokinase or fructokinase activity as was described by Renz and Stitt 

(1993) and Schaffer and Petreikov (1997). With the high initial sugar concentrations used in 

cell suspension cultures (50 mM) diffusion rather than carrier mediated uptake is the main 

route of uptake (Stanzel et al. 1988), implying that a difference in uptake is unlikely to 

occur. 

After phosphorylation, glucose and fructose are used either for respiration, for growth or for 

synthesis of storage materials: sucrose and starch. When [1-13C]-labelled hexoses are supplied 

to plant cells, this label will be found also primarily at the C-l positions of the cellular 

hexoses and the resulting hexose phosphates. A redistribution of label from C-l to C-6 

carbons has also been described, leading to C-6 labelled hexose phosphates that can be used 

for the synthesis of sucrose in the cytosol or for the synthesis of starch in the plastids. 

Hatzfeld and Stitt (1990) found for heterotrophic Chenopodium rubrum cell suspensions fed 

with [l-14C]-glucose 15-20% of the 14C-label at the C-6 carbons in sucrose. They concluded 

that intensive cycling of metabolites between hexose phosphates and triose phosphates occurs 

in vivo in the cytosol, resulting in the label redistribution from C-l to C-6 carbons. A 

relationship was found between this cycling and the activity of the reversible PPrdependent 

fructose-6-phosphate phosphotransferase (PFP): it probably plays a key role in the 

gluconeogenetic reaction from fructose-1,6-bisphosphate to fructose-6-phosphate in the 
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cytosol which is necessary for the production of C-6 labelled hexoses (Hatzfeld et al. 1990). 

In Chenopodium rubrum cells the redistribution of label from the C-l to the C-6 carbons was 

about the same in sucrose and starch; therefore they concluded that hexose phosphates which 

are used for starch synthesis are not subjected to triose phosphate cycling in the plastids of 

that species. However, they did report a lower redistribution of label in starch when [6-14C]-

glucose was used as a substrate instead of [l-14C]-glucose. Similar results obtained with 13C-

labelled glucose in Triticum aestivum endosperm (Keeling et al. 1988), led to the conclusion 

that probably a significant part of the oxidative pentose phosphate pathway may be located 

inside the plastid. Dieuaide-Noubhani et al. (1995) found redistribution of label from [2-13C]-

glucose to [l-13C]-hexose units in starch but not to [l-13C]-moieties of sucrose, thus 

concluding that the oxidative pentose phosphate pathway was nearly exclusively located in 

plastids of maize root tips. Viola et al. (1991), however, found for Solarium tuberosum tubers 

and Viciafaba seedlings nearly no label redistribution from [2-13C]-glucose to [l-13C]-hexose 

moieties in sucrose and [l-13C]-glucose units of starch, thereby concluding that the oxidative 

pentose phosphate pathway was not operating extensively in these tissues. Obviously the 

occurrence and detection of oxidative pentose phosphate pathway activity is dependent on the 

tissue examined and the labelling conditions. In all cases label was only applied during short-

time intervals ranging from 2 to 5 hours. 

Biochemical evidence for the occurrence of the oxidative pentose phosphate pathway in 

plastids is also reported. Emes and Fowler (1983) and Thom et al. (1998) found enzymes of 

the oxidative pentose phosphate pathway (glucose-6-phosphate dehydrogenase, 6-

phosphogluconate dehydrogenase, transaldolase, transketolase) in isolated amyloplasts of 

Pisum sativum roots and Capsicum annuum fruits, respectively. Schnarrenberger et al. (1995) 

found all enzymes of the oxidative pentose phosphate pathway to be present in the 

chloroplasts of Spinacia oleracea leaves. However, they found an incomplete set of enzymes 

of the oxidative pentose phosphate pathway in the cytosol. 

Next to the findings of oxidative pentose phosphate pathway activity during starch synthesis, 

evidence for a plastid localized oxidative pentose phosphate pathway was reported in relation 

to glutamate synthesis (Bowsher et al. 1992), fatty acid synthesis (Kang and Rawsthorne 

1996) and N02" reduction (Emes and Fowler 1983; Borchert et al. 1993; Hartwell et al. 
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1996). 

To further investigate the relevance of triose phosphate cycling and cycling of hexoses 

through the oxidative pentose phosphate pathway in sucrose and starch metabolism, 13C-

nuclear magnetic resonance (NMR) was used to continuously measure the uptake and 

conversion of glucose and fructose to sucrose and starch during long-term labelling 

experiments ranging from 2 to 14 days. To follow the fate of glucose and fructose 

independently, parallel experiments were carried out to measure the conversion of [1-13C]-

glucose in the presence of unlabelled fructose as well as the conversion of [l-13C]-fructose 

in the presence of unlabelled glucose. The incorporation of these specifically labelled carbon 

atoms into sucrose and starch and the redistribution of label from the C-l to the C-6 carbons 

can be followed within the same experiments (Keeling et al. 1988; Viola et al. 1991). 

In this report we deduce the existence of carbohydrate cycling in plants from the observed 

label distribution in sucrose and starch. Cycling in the cytosol between hexose-phosphates 

and triose phosphates mediated by PFP and cycling through the oxidative pentose phosphate 

pathway in both cytosol and plastids is suggested. 

Materials and Methods 

Cell suspensions 

After being initiated from hypocotyl-derived callus of Daucus carota L. cv. Flakkese 

(Zaadunie, Enkhuizen, The Netherlands) "Line 10" cell suspensions were kindly provided 

by Sacco C. de Vries and Marijke Hartog (de Vries et al. 1988). Cells were subcultured 

every 14 days by diluting 2 ml of packed cells in 50 ml Gamborg's B5 medium (Gamborg 

et al. 1968) supplemented with 2.3 ftM 2,4-D, 50 mM glucose and 50 mM fructose. 

Two parallel types of experiments were performed: one in which glucose was 99.9% [1-13C]-

labelled in combination with unlabelled fructose and one in which fructose was 99.9% [1-
13C]-labelled and glucose was unlabelled. 13C-labelled compounds were purchased from Isotec 

Inc. (Miamisburg, Ohio, USA). Samples were taken every two days. Cells were filtered over 

a Biichner funnel and washed 2 times with Gamborg's B5 medium without sugar, after which 

21 



they were frozen in liquid nitrogen and stored at -80 °C until freeze-drying in a Modulyo 

4k (Edwards, Crawley, Sussex, England). 

Sugar and starch determinations 

Soluble sugars were extracted by boiling 20 mg freeze-dried material in 1.5 ml 80% 

methanol for 15 minutes at 76 °C. Methanol was evaporated in a Speedvac (Savant 

Instruments Inc. Farmingdale, NY, USA) and the samples were dissolved in 2.25 ml ultra 

pure water (Millipore Intertech, Bedford, USA). For NMR spectroscopy, 50 /xl 2.5 M Na-

acetate at pH 5.9 was added as an internal reference and 200 jul D20 was added for field 

lock. The remaining water-insoluble pellet was washed two times in 80% methanol to remove 

all soluble sugars. Hereafter starch was solubilized in 80% dimethylsulfoxide/1.6 N HC1 at 

60 °C for 60 minutes in a shaking waterbath. The acid hydrolysate was neutralized with 

NaOH and buffered with 100 mM citrate/200 mM phosphate to pH 4.6 in a final volume of 

10 ml and further degraded by 20 mg (1400 U) Aspergillus amyloglucosidase (Fluka, Buchs, 

Zwitzerland) for 30 minutes at 55 °C. Dimethylsulfoxide was evaporated at 80 °C and the 

remaining glucose units were freeze-dried. The samples were diluted as described for sugar 

extracts. 

Soluble sugars and glucose units derived from hydrolysed starch were measured with a 

Dionex HPLC system (Dionex Corporation, Sunnyvale, CA, USA) using a Carbopac PA-1 

(guard)column coupled to a pulsed amperometric detector. Isocratic elution was performed 

with 100 mM NaOH for 15 minutes to separate glucose, fructose and sucrose. Peak areas 

were quantified using standard sugar solutions. 

13C-NMR 
13C-labelled sugars were analysed using a Brucker AMX-300 spectrometer (Brucker, 

Germany) equipped with a 10 mm internal diameter 13C probe. The Waltz sequence was used 

for two-level proton decoupling. For each spectrum 7200 FID's were collected in 8k data 

points using a 60° pulse and a pulse repetition time of 0.5 s. A line broadening of 3 Hz was 

used and zero-filling to 16k data points was applied prior to fourier transformation. The C-2 

resonance of acetate at 24.0 ppm was used as an internal reference for quantification. 
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Peak areas at 96.8 ppm (B-glucose C-l), 93.0 ppm (sucrose-glucosyl C-l), 63.3 ppm 

(sucrose-fructosyl C-6), 62.0 ppm (sucrose-fructosyl C-l), 61.5 and 61.4 ppm (6- and a-

glucose C-6) and 60.9 ppm (sucrose-glucosyl C-6) were integrated. Spectra of standard 

solutions containing 50 mM of the various compounds recorded under similar experimental 

conditions were used for a proper quantification of the C-l and C-6 carbons. The amounts 

of labelled C-l and C-6 carbons were added and divided by the total concentration of sugar 

in order to calculate the labelling percentage. Label redistribution between C-l and C-6 

carbons was expressed as percentage labelled C-6 carbons of the sum of labelled C-l and C-6 

carbons. 

Enzyme determinations 

PPrdependent fructose-6-phosphate phosphotransferase (PFP, EC 2.7.1.90) and ATP-

dependent fructose-6-phosphate phosphotransferase (PFK, EC 2.7.1.11) were assayed in 

freshly made extracts from freeze dried material. Ten to twenty mg samples were extracted 

in 1.2 ml buffer containing 50 mM HEPES at pH 7.5, 5 mM dithiotreitol, 5 mM Mg-acetate 

and 1 mM EDTA at 4°C. Low molecular weight components were removed on a Biogel P6 

column (BioRad, Veenendaal, The Netherlands) (modified after Appeldoorn et al. 1997). 

Enzyme assays were performed under optimal conditions in a final volume of 1.2 ml 

containing 100 mM Tris/ acetic acid at pH 8.0, 0.15 mM NADH, 5.2 mM fructose-6-

phosphate, 0.8 U aldolase, 0.8 U glycerol phosphate dehydrogenase and 0.8 U triose 

phosphate isomerase. In the PFK assay an additional 0.5 mM MgCl2 was added. For assaying 

PFP 4.3 iiM fructose-2,6-bisphosphate and 0.5 mM Mg-acetate were added. Reactions were 

started by the addition of 2.5 mM ATP (in the case of PFK) or 1.0 mM PP; (in the case of 

PFP) (modified after Hatzfeld et al. 1990). NADH conversion was measured using a double 

beam spectrophotometer operating at 340 nm (Shimadzu, Kyoto, Japan). 

Respiration measurements 

Oxygen uptake was determined by transferring 2.5 ml of cell suspension directly from the 

batch culture into an oxygen electrode (Rank Bros., Bottisham, Cambridge, UK). Oxygen 

uptake was followed for about 10 minutes at 25 °C while stirring the suspension. The amount 
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of hexoses respired per flask (called the cumulative respiration) was calculated from 

respiration data, by integration of the respiration rate divided by six, as a function of the 

amount of dry weight. 

Results 

Sugar uptake, cell growth and sugar content 

Figure 1A shows the disappearance of glucose and fructose from the medium, during growth 

of the carrot cells, measured by HPLC. The [l-13C]-labelled sugars were also measured by 

NMR, yielding similar results (data not shown). The disappearance of fructose from the 

medium was clearly delayed compared to that of glucose. During the first 6 days about 300 

mg of glucose was taken up by the cells, but fructose uptake was only 100 mg (25%, Fig. 

1A) and only 6.5 mg was present as free fructose (data not shown) in this period. From day 

6 on the uptake rate of fructose was comparable to that of glucose (approximately 85 and 75 

mg.flask1.d"1 respectively). 

Sugar degradation via respiration (Fig. IB) matched the production of dry matter (Fig. 1C): 

at the end of the culture about 50% of the initially added hexoses was converted to C02. 

Figure 1C shows that maximum dry weight was reached at day 10-12 (about 425 mg flask1). 

Total sucrose and starch levels increased in parallel and were maximal at day 12: about 16 

mg flask"1 for sucrose and about 18 mg flask"1 for starch. After day 12 both levels were 

decreasing due to depletion of medium sugars and continuing respiration. 

Labelling of the cells 

Labelling percentages were calculated by adding the amount of labelled C-l and C-6 carbons 

divided by the total amount of (labelled and unlabelled) sugars. Labelling percentages of the 

fructose moieties in sucrose were between 89-95% of that of the glucose moieties (Fig. 2). 

Labelling percentages for sucrose were generally higher than for starch (Fig. 2). Cells 

growing on a mixture of [l-13C]-labelled glucose and unlabelled fructose showed a more or 

less constant maximum labelling percentage from day 2 until day 8 for sucrose (60%) and 
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Figure 1 Decrease of total medium glucose ( O ) and fructose ( • ) (A), cumulative 
consumption of sugar in respiration, calculated as mg monosaccharides ( A ) 
(B), and increase of cellular sucrose ( V ), starch ( • ) and dry weight ( • ) (C) 
during the course of growth of Daucus carota cells in batch culture expressed in 
mg.flask" . Values are the means of two experiments. 
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from day 4 to day 8 for starch (22%, Fig. 2A). From day 8 the labelled glucose in the 

medium was almost exhausted and unlabelled fructose was taken up only (Fig. 1A); as a 

consequence labelling percentages decreased to about 18% for both sucrose and starch (Fig. 

2A). 

When cells were grown on a mixture of unlabelled glucose and [l-13C]-labelled fructose, 

labelling of cellular sugars and starch started during the first days of growth, although 

labelling did not exceed 12% for starch and 30% for sucrose during the first 8 days of 

culture (Fig. 2B). Labelling percentage increased after day 8, when unlabelled glucose had 

disappeared from the medium and the remaining 13C-labelled fructose was taken up by the 

cells. Maximum labelling of sucrose was 75% and was higher than that of starch which was 

maximal 25 %. 

Label redistribution from C-l to C-6 

Next to C-l labelled hexoses, also C-6 labelled carbons were detected in the NMR spectra. 

Label redistribution was expressed as percentage labelled C-6 carbons of total labelled (C-l 

and C-6) carbons (Fig. 3). Label redistribution within the glucosyl units of starch was always 

higher than in the glucose moieties of sucrose; they differed significantly as calculated with 

a paired Student t-test probability (p < 0.007) for both experimental data sets (i.e. labelling 

with [l-13C]-glucose or [l-13C]-fructose). However, label redistribution in the fructose 

moieties was significantly higher than in the glucose moieties of sucrose (Student t-test 

probability p < 0.055 for both data sets). Label redistribution increased during the culture 

period when cells were grown on [1-13C]-labelled glucose. This increase was larger for 

sucrose (both glucose and fructose moieties) than for starch (Fig. 3A). If cells were labelled 

with [l-13C]-fructose, label redistribution was more or less constant between day 4 and day 

10 for both sucrose and starch: fructose moieties of sucrose were labelled for about 25%, 

glucose moieties for about 20% and glucosyl units of starch for about 30% (Fig. 3B). 

PFP and PFK activity in relation to label redistribution 

Because label redistribution from C-l to C-6 carbons is thought to occur at the level of triose 

phosphates (Hatzfeld and Stitt 1990) and because PPrdependent fructose-6-phosphate 
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Figure 3 Redistribution of the incorporated label from the C-l to the C-6 carbons in 
glucose ( V ) and fructose moieties ( T ) of sucrose and in the glucosyl units of 
starch ( • ) during the course of growth of Daucus carota cells in batch culture 
grown on 99.9% labelled [1- 3C]-glucose and unlabelled fructose (A) or 99.9% 
labelled [1- C]-fructose and unlabelled glucose (B). Values are expressed as 
percentages of labelled C-6 carbons of total labelled carbons. 
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phosphotransferase (PFP) in the cytosol may account for the gluconeogenetic reaction 

responsible for this conversion (Hatzfeld et al. 1990), its activity was determined. Optimised 

PFP assays showed maximum activity in the logarithmic growth phase (Fig. 4). Its activity 

was of the same order of magnitude as that of ATP-dependent fructose-6-phosphate 

phosphotransferase (PFK), indicating that its activity is high enough to support the observed 

redistribution of label from C-l to C-6 carbons. 

3 6 9 12 15 
Time after inoculation (day) 

Figure 4 Activity of PPi-dependent fructose-6-phosphate phosphotransferase (PFP, T ) 
and ATP-dependent fructose-6-phosphate phosphotransferase (PFK, • ) 
expressed in U.g" DW during the course of growth of Daucus carota cells in 
batch culture. One Unit represents the amount of enzyme which liberates 1 umol 
product.min". 

Discussion 

Sugar uptake, cell growth and sugar content 

The preferential use of glucose by Daucus carota cell suspensions is consistent with reports 

about other plant cell suspensions. In the first 6 days of the culture about 100 mg of fructose 

and 300 mg of glucose was taken up from the medium (Fig. 1A). This 100 mg of fructose 

was far more than the cellular level of fructose present at that time: only 6.5 mg was 
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detected as free fructose {data not shown). Thus, fructose was already being metabolized, 

although to a much lesser extent than glucose. This result is consistent with the observations 

of Fig. 2B: cells grown on unlabelled glucose and I3C-labelled fructose showed some 

conversion of the 13C-labelled fructose resulting in 13C-labelled sucrose in the first 6 days. 

Labelling percentage of soluble sugars and starch 

About 50% of the hexoses was used in respiration (Fig. IB). From the incorporated hexoses 

only 5-10% of the 13C-label was present in monosaccharides, disaccharides and storage starch 

(Figs 1C, 2A,B). The remainder was used for synthesis of NMR invisible products other than 

starch, especially polymers like cell walls, lipids, proteins and polysaccharides. 

Because the labelling percentage of sucrose never exceeded 60% in cells grown on [1-13C]-

glucose (Fig. 2A) and 75 % in cells grown on [l-13C]-fructose (Fig. 2B) it was concluded that 

dilution of label could occur by a combination of uptake and conversion of unlabelled sugar, 

by unlabelled sugars which were already present in the cells and by metabolic pathways like 

the oxidative pentose phosphate pathway removing specific the C-l carbons of hexoses. 

The total labelling percentage (C-l and C-6 carbons) of the fructose moieties was slightly 

lower than that of the glucose moieties. This indicates that the labelling percentage of the 

fructose-6-phosphate pool (yielding the fructose moiety of sucrose) is lower than of the 

glucose-6-phosphate pool (responsible for the glucose moiety), independently whether [1-13C]-

glucose or [l-13C]-fructose was used by the cells. This may be explained by oxidative pentose 

phosphate pathway activity in the cytosol: C-l carbons are split off resulting in fructoses-

phosphate with a lower labelling percentage. This would only lead to the observed differences 

in labelling percentage if the interconversion of fructose-6-phosphate and glucose-6-phosphate 

is relatively slow compared to the flux of metabolites through the oxidative pentose phosphate 

pathway and the pathway responsible for sucrose synthesis (Fig. 5). 

Hexose phosphates are also transported from the cytosol to the plastids, where starch is 

synthesized via ADP-glucose (Keeling et al. 1988; Hatzfeld and Stitt 1990; Viola et al. 1991; 

Hill and Smith 1991; Neuhaus et al. 1993; Viola 1996). Thorbjornsen et al. (1996) reported 

ADP-glucose pyrophosphorylase to be present in the cytosol of Hordeum vulgare endosperm. 

They found one gene to encode for two different transcripts. One isoform is present in the 
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Figure 5 The proposed metabolic pathways in Daucus carota cells responsible for the 
observed label redistribution from C-l to C-6 carbons in sucrose and starch. P = 
phosphate group, PFK - ATP-dependent fructose-6-phosphate phosphotrans­
ferase, PFP = PPi-dependent fructose-6-phosphate phosphotransferase, PGM = 
phosphoglucomutase, PGI = phosphoglucoisomerase, PPP = oxidative pentose 
phosphate pathway, UDPG = UDP-glucose, ADPG = ADP-glucose. 

plastid and one in the cytosol (Thorbjornsen et al. 1998). In our experiments a difference in 

the total labelling percentage between sucrose and starch was found, indicating that the 

oxidative pentose phosphate pathway removed C-l label from hexose phosphates in the 

plastids before ADP-glucose was synthesised. 

Sucrose labelling reached a maximum of 75% (Fig. 2B); this labelling percentage quickly 

decreased as soon as labelled sugar in the medium was exhausted, indicating the fast turnover 

of sucrose in the cytosolic and vacuolar compartments as described by Wendler et al. (1990) 

and Dancer et al. (1990). Starch labelling never exceeded 25% and was less than the 

labelling percentage of sucrose for most of the growth period (Figs 2A,B). This can be 

30 


