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Summary

Vitis viniferacv Shiraz is a member of Vitaceae, one of thrgadri plant families in
which tartaric acid (TA) accumulates to significéatels. The accumulation of TA in
V. vinifera berry tissue is crucial for commercial wine makingreventing
discolouration and spoilage due to bacterial comtation. InV. viniferg TA is
biosynthesised via two pathway’s, the primary-asate and secondary-glucose
precursor pathway's. Little is known regarding teezymes responsible for the
biosynthesis of TA with.-idonate dehydrogenase-idonate-5-dehydrogenase) the
only enzyme identified in the primary-ascorbatecpreor pathway. The results
presented in this study describe a bioinformatipragch to the identification of
putative candidates for a 2-kebegluconate reductase (possessing 2-ketpHonate
reductase activity) and gluconate 5-dehydrogenaggested as being responsible for
the catalysis of the second steps of the primacgrésite and secondary-glucose
precursor pathway’s respectivelyln vitro biochemical characterisation of
recombinantly expressed proteins in conjunctiorwitvivo molecular analysis was

performed to support the candidates inclusion éréspective pathway’s.

Comparative analysis of thé viniferagenome with enzymes identified as catalysing
identical reactions in bacteria identified threendidate 2-ketam-gluconate
reductases,TC61548 TC59682 and TC55752 and three candidate gluconate 5-
dehydrogenase3$C52437 TC58004andTC55097(Gene Indices: Grape database).

All candidate genes were identified in immature rpecDNA except TC52437
therefore TC52437 was not pursued further. No active recombinanttgimowas
obtained for candidates TC61548, TC58004 and TCh56%netic analyses were
performed on purified samples of the recombinanb9&832 and TC55752 protein.
Optimal activity of recombinant TC59682 was obsdrat 35°C, pH 7.5. Activity
studies indicated the primary substrate of TC59%8Re 2-keta--gulonate (2KGA)
with a Km of 4.67mM. The Km for NADH was also detened as 0.77mM. A two-
step assay utilising the highly-specificdonate dehydrogenase indicateisionate is

a product of this reaction. The reversibility of 99682 was confirmed against
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idonate in the presence of NADat a rate 37-fold lower than the forward direatio
under identical conditions. Activity was also ohast against ascorbate, the pathway
precursor, 8.9-fold lower than that observed agalH&A. Activity increased against
all tested substrates in the presence of coenzyAigP{H) as compared to NAD(H).
Candidate TC55752 showed activity against 2KGA asmdorbate, 7.13-fold lower
and 1.82 fold higher than TC59682 in the presentecaenzyme NADPH

respectively.

QRT-PCR analysis of the candidate genes expressagrconducted in developing
vinifera cv Shiraz berries over the 2007-2008 season. Kpeession pattern of
TC59682 strongly coincided with the biosynthesis of TA pvdevelopment.
TC55752’'sexpression pattern does not indicate involvement An biosynthesis.
Expression patterns diC61548 TC58004andTC55097suggest these candidates are
not involved in TA biosynthesis

Activity of extracted soluble enzymes from a subskethe sampled Shiraz berries
showed an increase in activity against 2KGA ovevetljppment suggesting, as
recently shown withL-idonate dehydrogenase, the presence of the enzytmanl

berry development.
The results presented in this study suggest TC5%682a role in the primary TA

biosynthetic pathway. Based upon primary substegvity TC59682 will be

annotated as a 2-ketegulonate reductase.
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1.1 General Introduction

Tartaric (TA) and malic (MA) acids account for 6099 of the total acid in the grape
berry (Kliewer, 1966, Lamikanrat al, 1995). In the developing pre-véraison berry,
where véraison is denoted by the acquisition ofybeolour and the onset of hexose
accumulation, TA levels rapidly increase, peakipgraximately 50-70 days post-
anthesis (flowering), and remain constant thereg8aito and Kasai, 1968, Saito and
Kasai, 1978). The catabolism of Ascorbic acid (Asclibiquitous antioxidant vital to
cellular function, to TA, a seemingly inert orgaracid, is a curious process in
developing berries. Although currently there isavaence linking TA with the wider
metabolic activities of the cell, it is essentialwine production. The addition of TA
to wine must raises titratable acidity (the sunthef volatile and non-volatile acids
present) lowering the pH, preventing discolouratiamd spoilage due to
microorganisms (Cirami, 1973, Es-Safial, 2000, Toitet al, 2006, Zoeckleiret al,
1995). TA is a naturally occurring non-volatile éadn table grapes that is not
degraded by the wine making process and which msnassentially inert to
microbial metabolism, rendering it the prime caadédfor use in pH adjustment
(Zoeckleinet al, 1995). The grapevine is Australia’s seventh lstrgeonomically
important agricultural commodity, responsible fdre tproduction of food stuffs
including table grapes, sultanas, juice and wines(flian Bureau of Statistics,
2010). TA is also important in the palatability wofine, with the content and
composition of organic acids in conjunction witle tugars present greatly affecting
the organoleptic quality of grape cultivars (letial, 2007, Planet al, 1980).

Examination of TA levels among higher plants idigedi significant levels of TA
across the Vitaceae, Geraniaceae and Leguminosakefaonly (Stafford, 1959,
Vickery and Palmer, 1954). Work throughout the sectalf of the 28 century
focused on the elucidation of the biosynthetic patyis of TA across these families,
identifying three pathway’s of TA production bas®dthe identified precursar:-Asc
has been identified as the precursor of two of @éhpathway’s (Asc-inclusive

pathway, defined by cleavage at either the C4/C3her C2/C3 of a six-carbon
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intermediate compound), with-glucose the precursor of the third (Asc-noninclasiv
pathway).L-Asc is a ubiquitous constituent in the growth cyofeall active plant
tissues (Banhegyi and Loewus, 2004). This bioldlyicerucial organic acid has
multiple roles including the maintenance of thd’'sekdox balance and antioxidant
protection against reactive oxygen species (Smfir2600). The ability for the plant
cell system to readily convert an acid, whose presewithin the system is
fundamental, to an acid of arguably less prioritg &unctional benefits is a curious

occurrence.

Identification of the intermediate compounds of TAosynthesis has enabled
researchers to focus on the identification of ereymesponsible for the catalysis of
these pathway's. Through candidate selection, DieBblal. (2006) identifiedL-
idonate dehydrogenase, the first known enzyme weebin TA biosynthesis. Activity
studies showed that this enzyme is responsibléhrconversion of-idonate to 5-
keto--idonic acid (also known as 5-ketmsgluconic acid), which is believed to be
step 3 in the Asc-inclusive C4/C5 pathwayMn vinifera.L-ldonate dehydrogenase
will be denotedL-idonate dehydrogenase L-IinDH.1) throughout this study to
distinguish it from a putative homolog identifiedded on sequence similarity also

investigated as part of this project.

The development of DNA sequencing technologiesamabled the mapping of the
vinifera genome using Expressed Sequence Tags (EST) anig€g¢Assembled
EST’s, landolinoet al, 2004, The French-Italian Public Consortium foaavine
Genome Characterization, 2007, Troggib al, 2007, Velascoet al, 2007). V.
viniferais a non-novel species for molecular work with sleasonality of fruit tissue
a limiting factor. The public availability of the&/. vinifera genome enables
identification of putative enzymes based upon pnotchitecture and sequence
similarity to enzymes capable of performing thesactions as described in other
organisms. This introduction will review the liteuee pertaining to the biosynthesis
of TA in relation to the biochemical and viticultlraspects of its accumulation,

focusing on tartaric acid in the fruit tissue o tfiitaceae membaéfitis vinifera
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1.2 Tartaric Acid and Higher Plants

L-Tartaric acid (orn-threarate) exists as the four carbon dicarboxydid 2R, 3R)
2,3-dihydroxybutanedioc acid with three structusdimers (see Figure 1.1meso

levoanddextrg based on their optical activity (Pasteur, 1860).

L-, (+)-, dextro- Tartaric Acid D-, (-)-, leva- Tartaric Acid meso- Tartaric Acid

Figure 1.1: The three isomers of TA as identified by Pasté&60). All
forms are found in nature, in addition to racemaida an optically
inactive form comprising equal parts déxtro andlevo. The common

annotations of each isomer are also included.

Each stereoisomeric form of TA has been identifiedhigher plants including:
dextroTA, Vitaceae and Geraniaceae (Stafford, 1959, L9RVoTA, Bauhinia
(Rabate and Gourevitch, 1938)eseTA, spinach (Tadera and Mitstda, 1971). The
stereoisomeric form adextro TA is the metabolic product of both the Asc-indhes
and Asc-noninclusive pathway’s (Wagnet al, 1975). Although some strains of
bacteria are known to utilidevo-TA as a carbon source (Rode and Giffhorn, 1983),

only the metabolic origin adextra TA has been investigated (Wagretral, 1975).

Research into TA has received little attention cared to the more common malic,

ascorbic and citric acids. These acids are knovestsates utilised in primary cellular
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processes including metabolism in the citric acgdle (citric, Lance and Rustin,
1984, malic, Schulzet al, 2002), and as an antioxidant in cellular defern(@dex,
reviewed by Foyer, 2004). To date, there is noe&we suggesting TA has a role in
primary cellular function. Of the plant kingdom,ethvitaceae, Geraniaceae and
Leguminosae are the only families known to accuteuartrate in significant levels
(Figure 1.2). Although these families have beenntified as significant TA
accumulators, variation in the level of TA accuntigia is large with non-TA
accumulating members identified within each fanffygure 1.2). It is important to
note that the model plant speci@sabidopsis thalianas a non-TA accumulating
system, rendering modern molecular techniques licgipe. Chab et al (2010)
have recently developed a microvine grape moddiesyshat promises to enable

rapid genetic studies.
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pmoles/g FW  pmoles /g FW

Species Family Leaf tissue Berry tissue
Fitis vinifera Vitaceae 182 g53*
Bauhinia malabarica [eguminosae 154 HighTA
Vitis labruscana Vitaceae 121
Vitis riparia Vitaceae L G
Vitis acerifolia Vitaceae 112 .6*
Vitis bloodworthiana Vitaceae 1009
Vitis amerensis Vitaceae 70.3%
Vitis californica Vitaceae 0 64.0%
Vitis jaquomontii Vitaceae 155%
Vitis champinii Vitaceae 633*
Parthenocissus tricuspidata Vitaceae 51
Parthenocissus quinquefolia Vitaceae 34
Parthenocissus henryana Vitaceae 535%
Pelargonium hortarum ¥ ! 20
FPhaseolus vulgaris cv Wakaba L egumir 6.6%
Coleus biumei Labiatae 6
Ampelopsis brevipedunculata Vitaceae 40%
Tropacoium majus Tropaeolaceae 0330
Rosasp. Rosaceae 0550
Magnolia soulangeana Magnohaceae 0330
Giveine max Leguminosae 0550
Phaseolus limensis Leguminosae 0350
Pizum sativum Leguminosae 03550
Zea mays Grammeae 0350
Erodiurn cicutarium 0330
Geranium Viscosissimum ] 0350
Ricimus communis Euphorbiaceae 0550
Oxalis corniculata Cxalidaceae 0035
Medicage sativa 0-0.3
Trifolium pratensze 0035
Aesculus hippocasianum Hippocastanaceae 003
Hordeum vulgare Gramineae 0035
Geranium richardsonii 003
Chrysanthenmm sp. Compositae 0035
Beta vulgaris Chenopodiaceae 003
Phaseolus vulgaris cv Morocco Legummosae 0
Ampelopsis aconitifolia Vitaceae 0 L AL
Arabidepsis thaliana Brassicaceae 0

Figure 1.2: Composite table of tartaric acid levels in various
Angiosperms. The highest tartrate accumulatorsnigelo the higher plant
families VitaceaeGeraniaceae and Leguminosae. Data collected from
DeBolt (2006), Melino (unpublished) and Staffor®%9). *values have
been converted to umoles /g FW from the publishgtyr?W value

Page | 16



1.3 Grapevine Development, Solute Localisation antransport

Maturation of a grapevine is a process which, fs®ad to bearing fruit can take up
to 3 years. With this extended generation time ot feasible to use the grapevine
for genetic manipulation studies. The developmédrthe microvine system enables
forward and reverse genetic studies in a shomee frame (Ch#& et al, 2010). The
development of this system stems from a mutatiothef\Vvgail allele conferring
dwarf stature, short generation time and continutawsering. The system enables
the use of modern molecular techniques; howevdrsesquent effects due to the
alteration ofVvgailshould be considered. The growth of the grapeyksrbiphasic
(see Figure 1.3, Skene and Hale, 1971) comprisingvo periods of rapid cell
growth. The former denoted ‘berry formation’, thattér ‘berry ripening’ are
intersected by a lag phase in which cell diviseminimal (Coombe and lland, 2004,
Skene and Hale, 1971). The first phase occurs inatedd post-anthesis and is
characterised by the accumulation of malic andatigrtacids (Ruffner and Hawker,
1977). The second period of rapid growth, denob=diry ripening’, is characterised
by the onset of hexose accumulation (rise in °Btix¢ metabolism of malate and the
enlargement of the berry tissue due to water intdkés intake of water dilutes the
concentratiorof tartrate leading to the speculation of tartraetabolism (see section
1.7). The initiation of the second phase is termé&aison, observed visually by the

acquisition of colour (in red fruit varieties) aadftening of the berry tissue.
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Figure 1.3: Diagrammatic representation of grape berry develyn

over a single season. The accumulation of majartesland the levels of
°Brix, berry size and inflow through the xylem aptiloem are also
shown across development. Malate* indicates thealbodism of malate

not the accumulation. Picture modified from Coomahd lland (2004).

Metabolically speaking, there is a continual turelowf solutes within the plant

system (Beever, 1969). Tartrate accumulation isuske to the developmental stage
of berry formation, where synthesis is associatéti vapid cell division (Kliewer

and Nassar, 1966). This rapid division of cells rbayessential for TA biosynthesis
with cultured berry tissue lacking TA accumulatigS8kene and Hale, 1971).
Although accumulation of TA is most pronounced hie berry (Saito and Loewus,
1989b), evidence that the berry itself was a dit€Aobiosynthesis was the subject of

much conjecture. Early research suggested TA wathasgised in leaf tissue then
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translocated into the ripening berry (Stafford amewus, 1958). Young leaves are
capable of synthesising TA, with rapid formatiorridg initial growth stages (first 4
weeks of growth) and a gradual cessation as maiarggroceeds (Kliewer and
Nassar, 1966, Williams and Loewus, 1978). With lgafwth occurring prior to cap-
fall, the synthesis and translocation of TA withihre set developmental period is
probable (Stafford and Loewus, 1958). TranslocatibmA from the leaf to berry, if
operational, may be a regulatory process (Hard§81Williams and Loewus, 1978).
Evidence implicating berries as an important sft&d & synthesis came from feeding
“CO, to an adjacent leaf prior to girdling the stemaband below an immature
berry cluster, eliminating solute transport via gfdoem and isolating the cluster via
the removal of all leaf tissue (Hale, 1962). Halk9g2) observed 62-73% of
radioactivity incorporated into MA with 15% into TA'his was further supported in
V. labruscanaB Delaware berries by Saito and Kasai (1968) wheeoved 30%
incorporation of fed’CO,into TA. These results indicate TA biosynthesisursdn

both leaf and fruit tissue.

At a cellular level, the vacuole is the storageammgle of TA (Terrier and Romieu,
2001) with synthesis occurring in the cytoplasm.e Tlocalisation of Asc, the
precursor of TA via the primary C4/C5 pathway, lie tytoplasm (Pignocclat al,
2003) supports this hypothesis. Transport of TAos&rthe tonoplast is suggested to
occur via a malate transporter with affinity fortbhcorganic acids (Terrieet al,
1998). Transporters AttDT and AtALMT9 have beemiafeed as responsible for the
transport of MA across the tonoplastArabidopsis thaliandEmmerlichet al, 2003,
Hurth et al, 2005, Kovermanret al, 2007). To date, 4 ALMT9-like proteins have
been identified inV. vinifera (Patel, 2008, Rongala, 2008). Expression pattefns
VVALMT9:1-4correlated with the synthesis and metabolism of &&r development
with evidence suggesting VVALMT9:1, VVALMT9:2 andvXLMT9:4 are localised
to the tonoplast membrane when expressed exoggnousinion epidermal cells
(Patel, 2008, Rongala, 2008). The affinity of th&s@msporters to TA has yet to be
investigated. Weet al (2010) determined thatldnDH.1 is localised predominantly
in the cytoplasm of immature berries whereas mdiarey tissue showed localisation

to the cytoplasm and vacuole, further supporting ¢litoplasm as the site of TA
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biosynthesis. The detectionioldnDH.1 in the vacuole of mature berry tissue ig/ve
interesting as it lacks a signal peptide targetimg vacuole. Autophagic transport
may be relocating-ldnDH.1 to the vacuole indicating the catabolismexicess

protein by vacuolar proteases.

1.4 Tartaric Acid Biosynthetic Pathway’s in Higher Plants

The predominant pathway of TA biosynthesis diffenseach of the three TA-
accumulating higher plant families. TA biosynthepiedominantly occurs via an
Asc-inclusive C4/C5 cleavage pathway in Vitaceaegufe 1.4), whereas
Geraniaceae operates an Asc-inclusive C2/C3 cleapathway (Figure 1.5). TA
biosynthesis in Leguminosae does not involve Asih wiglucose the precursor of
the predominate pathway (Figure 1.6). Evidence mdates these families operate
one or more of these pathway's as a secondary npatthway. The application of
radiotracer studies accelerated the identificabbrthe compounds involved in TA
biosynthesis. Although, as the realisation of npldtibiosynthetic pathway’s within
one family had yet to become apparent, confusiadio #se sequence of each pathway

persisted.

1.4.1 The Asc-Inclusive C4/C5 Cleavage Pathway oftsceae

Early suggestions that-Asc was the precursor to TA were derived from data
suggesting the C4/C5 of Asc corresponded to th&€&2f TA (Hough and Jones,
1956). However, addition of labelled {6]Asc to excised grape leaves showed
insignificant levels of recovered label in TA (Loesvand Stafford, 1958), suggesting
thatL-Asc was not the immediate precursor of TA. Resetreh focused on various
hexoses and their derivatives as the precursorgset®on 1.4.3). The breakthrough
came when, utilising [1*C]Asc rather than [6%C]Asc, Saito and Kasai (1969)
recovered 72% of the radioactive label administeécednmatureV. labruscanacv
Delaware berries in C1 of TA. Further analysistaf tabelled TA molecule showed
the radiolabel was restricted to the carboxyl geoupdditional investigations using

[1-'“C]Asc in other Vitaceae members includiiglabruscaberries Parthenocissus

Page | 20



insertaleaves (Wagner and Loewus, 1974) &atthenocissus quinquefoligaves
(Helsperet al, 1981) confirmed the incorporation of label inte t-(+)-isomer of
TA (Wagneret al, 1975). Williams and Loewus (1978) f&fitis labruscaleaves [4-
“ClAasc and recovered 80% of the label in TA. Intérggy, analysis of the
radiolabel in TA resulting from [1*C]Asc and [4*'C]Asc incorporation showed the
label location corresponded to the C1 and C4 carbespectively indicating the C1-
C4 carbons of Asc are conserved as the C1-C4 catelaton of TA (Williams and
Loewus, 1978).

To determine the intermediates of the C4/C5 path(fdgure 1.4), Saito and Kasai
(1982) administered iodoacetic acid to slices omature berries oW. labrusca
which had been vacuum infiltrated with {%]Asc. This resulted in the identification
of three metabolic products based on i@ incorporation-idonic acid (-idonate),
L-idonog-lactone and 2-keto-idonic acid (Saito and Kasai, 1982). When labelled
idonic acid and 2-keta-idonic acid (2-keta-gulonic acid, 2KGA) were fed to grape
berries, TA and an unknown acidic compound accutedlarhis acidic compound
was later confirmed to be 5-keteidonic acid (5-keta-gluconic acid, S5KGA).
Malipiero et al (1987) investigated the kinetics of TA synthes@nf this pathway
indicating a consecutive formation of intermedia&GA, L-idonic acid and 5KGA
in developingVitis leaves (Figure 1.4). This kinetic data led Malipiet al (1987) to
suggest the oxidation of-idonate as the regulatory enzymatic reaction of the
pathway.
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The cleavage at C4/C5 of 5KGA before its conversmifA was established based
on separate feeding experiments using 5KGA indadiguabelled at atoms C1 and
C6 (Saito and Kasai, 1982, 1984, Wageeral, 1975). Labelled TA arising from
feeding V. labruscacv Delaware berries with f'C and not 6<'C labelled 5KGA
indicated a C4/C5 cleavage of 5KGA. The detectibeubstance-X (later identified
to be glycoaldehyde) supported this hypothesist¢Said Loewus, 1989a). Analysis
of the fate of glycoaldehyde with [BC€]Asc showed™C distribution in glucose
consistent with the C2 fragment recycled back th& carbon/triose pool (Loewus
and Stafford, 1958, Wagner and Loewus, 1974). kigatsons feedingL-[4-
YClthreotetruronate td/. labruscacv Delaware leaves identified threotetruronate
(tartaric acid semialdehyde) as the 4-carbon prodasultant from the C4/C5
cleavage of 5KGA (Saito, 1992). To investigate presence of this pathway in
Geraniaceae, 2-ketofU-'“Clidonic acid, L-[U-*'Clidonic acid, 5-ket®m-[1-
“Clgluconic acid and 5-ketp-[6-**C]gluconic acid were fed to detached
Pelargoniumleaves (Saitet al, 1984). Although each compound underwent partial

metabolism they did not contribute to the pool & T

In a review of Asc biosynthesis and catabolism, ¢dak and Viola (2005) proposed
dehydroascorbate (DHA) as an intermediate in TAymthesis. In this model, Asc is
oxidised to DHA, which is further hydrolysed to TAhe data to support this
hypothesis was derived from the work of Saito arasadd (1984). Radiolabelled
dehydro-[1%“C]Asc, when fed to grapevine leaf apices, resdittethe incorporation
of *C into 2KGA, IA and ultimately TA in a similar patin to that obtained through
feeding with radiolabelled [1*C]Asc. The conversion of DHA to Asc is a widely
observed component of the oxidation-reduction cyfléAsc metabolism in many
cells (Foyer, 2004) and no evidence stating DHA was converted to Asc before
further metabolism to TA was provided. Meliet al (2009b) founadV. viniferacv
Shiraz leaf tissue accumulates higher quantitiessafand subsequently a higher Asc
to DHA ratio than berries throughout developmeittisTsuggests the incorporation of
radiolabel in TA may be a result of DHA recyclirigvestigations in berry tissue are

required before the inclusion of DHA in this pathywa
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Recent investigations into the regulation of geme®lved in the biosynthesis and
metabolism of Asc irV. viniferacv Shiraz berries have shown no pre-emptive up-
regulation of Asc biosynthetic genes pre-TA accwatioh (Melino, 2009, Melineet

al., 2009a). Melinoet al (2009a) showed that in early berry development the
metabolism of Asc to products TA and oxalate mocéva then Asc recycling
whereas in late berry development Asc recycling d@sinant. Melincet al (2009a)
suggest TA biosynthesis is a gradual process wihsynthesised Asc in immature
berries predominantly catabolised, and predomigargtycled in mature berries

without a significant change in genetic regulation.

Since the suggestion of Asc as a precursor in 18%6,grapevine has been the
primary plant species used to determine the Asleisinge C4/C5 pathway. Values of
70% and 80% incorporation of label in TA from imtexdiates of this pathway clearly
implicate it as the primary pathway WA vinifera Unfortunately, much of the data
pertaining to the elucidation of this pathway ig ttesult of work conducted upon
excised leaf tissue, and not fruit. The resultdvielino et al (2009a) investigation

based on the use of radiolabel substrates hasereagshis TA biosynthetic pathway

in grape berry tissue.

1.4.2 The Asc-Inclusive C2/C3 Cleavage Pathway ofe@niaceae

The presence of a C2/C3 cleavage of Asc to formiozaid (OxA) andL-threonic
acid (ThA, which is further oxidised to yield TAjdgare 1.5) was first detected by
Herbertet al (1933). Investigations into the stereochemicakbane of Asc showed
correspondence between C4/C5 of Asc and C2/C3 ofTh¥s suggested the C3-C6
of Asc produced the resultant TA molecule via a@®¢leavage (Hough and Jones,
1956). Confirmation came from radiolabel studidksing labelled [62*C]Asc fed to
detached leaves dfelargoniumcrispumL. cv Prince Rupert (Wagner and Loewus,
1973). Significant label was recovered in TA exolaly in the carboxyl carbon
corresponding to the C3-C6 of Asc (Loewaisal, 1975, Wagner and Loewus, 1973).
Studies utilising [1, 6°C] Asc in geranium leaves recoveré@ labelled OxA, ThA
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and TA, confirming the pathway’s presence in Gexegae (Helsper and Loewus,
1982). Earlier work testing the pathway’s operation Vitaceae was however
unsuccessful: Loewus and Stafford (1958) fed*[BlAsc to a detached grape leaf
and found no significant incorporation into TA. BhiTA production via the Asc-
inclusive C2/C3 cleavage pathway was deemed noratipeal in Vitaceae

instigating further research into Asc-inclusive C8/pathway (see section 1.4.1).
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Those species of higher plants identified as ogada@icumulators are also known to
operate this pathway (Figure 1.5); however, TA paibn in these species is rare. In
these species, threonic acid is commonly metalablise glyceric acid which is

recycled back into the metabolic carbon pool (Nasd Loewus, 1978, Yang and
Loewus, 1975). Green and Fry (2005) fefl-*“Clascorbate t&Rosacell-suspension

cultures showing the pathway operates extraceljulaa several novel intermediates
including the previously unidentified @-oxalyl-L-threonate. Green and Fry (2005)
also suggest a non-enzymatic operation of the @atlwith multiple steps having the

capacity to generate peroxide, triggering oxidabivests.

1.4.3 The Asc-Noninclusive, Glucose Precursor Patlay of Leguminosae

Numerous studies early in the literature suggegikatose as a candidate for
precursor to TA synthesis in plants (Hardy, 196&8sWwus and Stafford, 1958, Maroc-
Gyr, 1965, Saito and Kasai, 1969, 1984, Saito avellus, 1989a, b, ¢, Stafford and
Loewus, 1958, Wagneat al, 1975). In grapevines, Ribéreau-Gayon (1968, t&sl ci
by Saito and Kasai, 1984) first suggested a pathefaf A synthesis exploiting
glucose suggesting the C1-C4 carbon backbone dfltle®se molecule provides the
carbon skeleton of TA via cleavage of 5-ketgiuconate, an intermediate common
to both the glucose and Asc-inclusive C4/C5 pathviapelling behaviour resultant
from D-[1-*“C]glucose inPelargoniumleaves suggested the presence of a hexonic
acid located between-glucose and 5-ketD-gluconate (Saiteet al, 1984, Figure
1.6). Saitoet al (1984) reasoned the unidentified hexonic acid mguconic acid
based on several facts: (1) its use as a precuxsob-ketob-gluconate in
microorganisms; (2) its efficiency as a TA precursger sucrose in grapes, and (3)
its chemical structure in comparison to the othkensical constituents of the
pathway. The identification of the hexose as 5K@#&well as this pathway’s primary
operation in Leguminosae, was later confirmedPimaseolus vulgari{Saito and
Loewus, 1989c).
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To confirm the presence of the glucose precursthwy in Vitaceous plants, Saito
and Loewus (1989b) used &, 3°H]glucose and compared the ratios’dfto **C

in TA and glucosyl residues in order to determine significance of the pathway’s
contribution to TA synthesis. The expectation wes tlue to oxidation at C3 prior to
Asc formation, TA synthesised by the Asc pathwaybldaot contairtH. Similarly,
TA formed via the glucose pathway should ret#inwith the difference reflected in
the *H to **C ratios in TA and cell walilerived glucosyl units. Berries &fitis
labruscacv Delaware, and leaves Barthenocissus quinquefol&irginia Creeper,
a member of the Vitaceae) were studied. Analysishef proportion of radiolabel
recovered in TA suggested that Vh labrusca 85-91% of TA was formed by the
C4/C5 pathway, while i?. quinquefoliad8% of TA was formed in this way. Values
were slightly lower when these treatments were ootedli on dark-growing plants.
These data suggested that the Asc-non-inclusivemagt is responsible for a minor

portion of TA synthesis in Vitaceae (Saito and Lasy1989D).

In 1994, Saito published data suggesting the gkigpoecursor pathway in Vitaceae
operates in a different manner. Saito (1994) feellad [11“C]GA to grape leaves in
the dark detecting a significant evolution*8€0,. Saito (1994) suggests this result
can be explained by the breakdown of GA to 6-phoghitonic acid, an intermediate
of the pentose phosphate pathway, before followivegsteps described in the Asc-
inclusive C4/C5 pathway downstream of 2-ketgulonic acid (Figure 1.7). This is
also supported by the accumulation®f into TA in [3-°H]GA fed tissue. Saito
(1994) then suggests the conversion of GA to 5K&Aagligible contradicting his
previous findings. Subsequent to publication, sk has been referenced twice in
review articles (Hancock and Viola, 2005, Loewu$£99) in relation to Asc
biosynthesis and catabolism in plants. Both revasticles do not draw upon this
alternative sequencing of the secondary pathwagemting the pathway sequence as
shown in Figure 1.6. Due to this, the research gotedl herein refers to the accepted

TA secondary biosynthetic pathway model (Figurg 1.6
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1.5 Enzymes of the Biosynthetic Tartaric AcidPathway’s in Vitaceae

In Vitaceae, two pathway's have been identified atdg of synthesising TA: a
secondary Asc-noninclusive pathway and a primarg-iAslusive pathway C4/C5
cleavage pathway. The secondary pathway, whoselimtetabolic compound is
glucose, generates 5KGA which undergoes furtheabadism to TA following the
same steps as the Asc-inclusive pathway (Figurg Tl&s suggests the enzymes
responsible for the metabolism of 5KGA and ultinhatthe synthesis of TA are
common to both pathway’s. Evidence supporting theymatic control of TA
biosynthesis came from the addition of iodoacetid,aa potent enzyme inhibitor, to
immature berry slices (Saito and Kasai, 1982).dSaid Kasai (1982) showed this

addition to immature berry slices inhibited thegurotion of TA.
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1.5.1 Step (1a)-Ascorbic Acid  2-Keto-L-Gulonic Acid

In spite of the multiple TA biosynthetic pathwaysesent inV. viniferg only theL-
(+)-isomer is formed (Wagnet al, 1975). This highly stereospecific process would
not be expected unless under enzymatic controtd@aid Kasai, 1978) specific to

the reductive reaction of the Astrediol group (Saito and Kasai, 1982).

1.5.2 Step (1bp-Glucose b-Gluconic Acid

Research into the enzymatic control of this reaciio plant tissue has yet to be
conducted. The production ofgluconic acid is not a common fate fglucose in
plant tissue. Based on the identified reaction mfdpct and substrate in this step,
glucose oxidase {d-glucose:@ oxidoreductase) is a plausible candidate. Glucose
oxidase EC 1.1.3.4)is responsible for the conversionmflucose to to kLD, andD-
glucono-1,5-lactone, which spontaneously hydrolysesd-gluconic acid in the
presence of oxygen and catalase (Anastasseidi$, 2003). This catalysis is used
commercially in the removal of residual sugars lbe tprevention of oxidative
deterioration in food stuffs such as beer, wine amalyonnaise (Walon, 1969).
Currently, D-glucono-1,5-lactone has not been identified witkis reaction. A
BLASTn of the cDNA sequence of glucose oxidase @zark accession J05242)
from Aspergillus nigeragainst the grape gene indices database did weotifig

candidates within th¥. viniferagenome.

1.5.3 Step (2a) 2-Keta-Gulonic Acid  L-ldonic Acid

The retention of the-isomer specificity of 2KGA and its conversionLtadonic acid
is also believed to be under enzymatic control tSand Kasai, 1984). Early
evidence suggests an oxido-reductase responsibtbdaatalytic activity observed.
Whilst examining gene expression libraries DeB&0Q6) identified a set of
candidate genes based on expression and proteiolbgyn Amongst this set, 4
genes encodingxido-reductase proteins were identifidd. planta activity of these

proteins has yet to be determined.
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1.5.4 Step (2bp-Gluconic Acid  5-Keto-p-Gluconic Acid

The apparent uniqueness of the second enzymatc astéhe secondary glucose
precursor pathway iN. viniferahas resulted in no investigations into the enzignat
control of this step. In bacteria, this intercorsien precedes substrate entry into the
Entner-Doudoroff and pentose phosphate pathwaygsigwed by Peekhaus and
Conway, 1998). The bacterial enzyme identified a@&sfgoming this reversible
reaction inGluconobacter oxydanss gluconate 5-dehydrogenase (Klassnal,
1995, Merfortet al, 2006a, Pruset al, 2005). Identification of this enzyme W.

vinifera has yet to occur.

1.5.5 Step (3)-Idonic Acid  5-Keto-D-Gluconic Acid

L-ldonate dehydrogenagdenotedL-idonate dehydrogenase 1 in this study, DeBolt,
2006) is the first enzyme positively identifiedthre Asc-inclusive C4/C5 pathway in
V. vinifera Malipieroet al (1987) showed the cessation of TA biosynthesisature
leaves occurred at the oxidation 1efdonic acid, which subsequently accumulated
indicating this as the ‘rate limiting’ step of tk/C5 pathway. Through examination
of gene expression libraries corresponding to theebpmental stages of the berry in
which TA synthesis is the highest, the candidaidonate dehydrogenase L- (
IdnDH.1) was identified. Analysis afldnDH.1 showed high levels of expression in
the green immature berry, ceasing 14 weeks posefiog. This expression pattern
coincided with the period of TA synthesis, indiaatispecificity of the enzyme to the
TA pathway and not general metabolism. This exjppagsattern has been confirmed
in V. viniferacv Cabernet Sauvignon, cv Shiraz, cv Semillon, an&yrah (DeBolt,
2006, Melino, 2009, Weret al, 2010). Not surprisingly,L.-ldnDH.1 showed
homology to several plant sorbitol dehydrogenases law homology to arL-
IdnDH.1 fromE. coli. Characterisation of the recombinant protiinvivo showed
catalytic activity specific to the metabolismieidonate (DeBolt, 2006, DeBo#t al,
2006). Recent studies utilising anldnDH.1 specific antibody have detected the
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presence of-ldnDH.1 in mature berry tissue whenddnDH.1 expression has ceased
(Wenet al, 2010). This may be due to an extended half fiftneL-ldnDH.1 protein.

DeBolt et al (2006) also identified a natural mutant, VitacepeciesAmpelopsis
aconitifolia which lacked TA accumulation during berry devel@mm Nevertheless,
A. aconitifoliawas found to have a higher than mean quantity sf iddicating the
presence of the precursor pathway. The absencddrfDH.1 was indicated using
specific primers probed against tAe aconitifoliagenome (DeBolet al, 2006).L-

idonic acid did not accumulate in this species, eaxdgenous addition of 5-ketn-

gluconic acid did not result in TA accumulation,ggasting the Asc-C4/C5 TA

biosynthetic pathway is absentAn aconitifolia(DeBolt, 2006).

Analysis of the grapevine EST database has idedtiéi possible homologue to
[dnDH.1, L-ldnDH.2 (Hayes, DeBolt, Cook and Ford, manuscript in garapon).L-
IdnDH.2 was identified due to a 70% nucleic acid and 7a%8nino acid identity.
Expression and purification of soluble recombinadtinDH.2 protein has been
successfully achieved. Preliminary characterisatibthe recombinant protein vivo
has yet to occur.

1.5.6 Step (4) 5-Ket®m-Gluconic Acid  Tartaric Acid Semialdehyde

Enzymatic activity in relation to the C4/C5 cleagagf 5-Ketob-Gluconic Acid
(5KGA), resulting in TA formation was initialldisputed by Saito and Kasai (1984)
due to the substrate’s ability to undergo oxidatileavage to TA under both acidic
and alkaline conditions. Radiolabel studies based tbe number of atoms
incorporated into TA via b°0 and*0O indicate a hydrolase responsible for this
conversion (Saitet al, 1997). Work by Salusjanet al (2004) in Gluconobacter
suboxydanssuggest a transketolase may be responsible forcakedytic activity
during this step in the bacterium. Examination efg expression libraries by DeBolt
(2006) identified two transcripts with shared hoagyl to plant transketolasel

vitro assays to confirm the role of these candidateseapgred.
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1.5.7 Step (5) Tartaric Acid Semialdehyde L-Tartaric Acid

Preliminary evidence has suggested succinic seeflighte dehydrogenase as
responsible for the conversion of TA semialdehyaelA (Salusjarviet al, 2004,
Zimmermann, 2005). A candidateprovisional name tartaric semialdehyde
dehydrogenase (TSAD) was identified by DeBolt (20@&sed on differential
expression of the candidate during early berry greent. The amino acid sequence
of TSAD showed 99.4% and 98.9% similarity to theméin architecture of the
aldehyde dehydrogenase family and the NARpendent aldehyde dehydrogenase
domains respectively, key components of the aldehgdhydrogenase class of
enzymes. A conceptual translation of the transafmws close similarity to succinic
semialdehyde dehydrogenase, further supportingdneidates role in the pathway
(DeBolt, 2006).

1.6 Tartaric Acid Enzymes of Bacterial Origin

Microorganisms includinge. coli (Yum et al, 1998a), Pseudomonaspp (La
Riviére, 1956, Lockwood and Nelson, 195@)uconobacterspp (Chandrashekagt
al.,, 1999, Koichiet al, 1971) andAcetobacterspp. (Kamlet, 1943) are capable of
producing, metabolising, or performing many of ttentified catalytic steps of TA
biosynthesis. Koterat al (1972) first suggested a comparison between thetions
of both plant and bacterial enzymes. Across theseroorganisms K. coli
Gluconobacter, Acetobacter, Pseudomonaa) number of enzymes have been
identified to catalyse reactions identical to thosgponsible for TA biosynthesis in
plants (Figure 1.9). As shown in Figure 1.9, trepstcommon to TA biosynthesis in
V. viniferafeed major metabolic pathway’s including glycosysEntner-Doudoroff
and pentose phosphate pathway’s. Although TA islyced by the aforementioned
microorganisms, the method of production occurs tha excretion of a TA
intermediate during fermentation (Chandrashedtal, 1999, Kamlet, 1943, Yamada
et al, 1971) and not an enzymatic process (Klaseal, 1992a). Gluconobacter has

been shown to biosynthesise 5KGA from glucose, Wwhscthen converted to TA

Page | 36



extracellularly through an oxidising catalysis withnadate in the culture medium
and not a bacterial process (Klasenal, 1992a). Although the later stages of TA
production are different, the upstream reactionsanihat of TA biosynthesis IN.
vinifera enabling the utilisation of these enzymes in stigly.
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Figure 1.9 Composite bacterial pathway constructed from tlaa
obtained from the EcoCyc databagety://ecocyc.org/ (Keseler, 2005).

Compounds listed in red are those common to thagssi Asc-C4/C5
and secondary glucose precursor pathway’s with raegylisted in blue.
The coloured squares indicate the bacterial matabohthway the
substrate is associated with: yellow: glycolysisigbe: Entner-Doudoroff
pathway, green: ketogluconate metabolism, orangetose phosphate
pathway.
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Of interest in this study are the enzymes 2-ketogiate reductase and gluconate-5
dehydrogenase. These enzymes are described assidpofor the catalysis of
reactions identical to step 2a of the primary Ag€S and step 2b of the secondary
glucose pathway respectively (Figure 1.8). Unfoatety, the nomenclature of these
enzymes is inconsistent throughout the literatdrable 1.1). For this study, the

enzymes will be referred to by the name assignedhaE. coli system, 2-

ketogluconate reductase (2KGR) and gluconate-5dtelggnase (G5Dh).

Table 1.1: Summary of the enzymes investigated in this stuighch

enzyme is grouped by the enzymatic name it is medieto throughout this

study. Synonyms for each enzyme are listed inctydiveir designated

EC classification number. Data compiled from theeri®la database

(http://www.brenda-enzymes.ojg/

Enzyme Name

EC
Classification
Synonyms

L-ldonate
Dehydrogenase 1

1.1.1.128

L-idonate 2-
dehydrogenase

L-idonate:NADP+
2-oxidoreductase

5-ketob-gluconate
2-reductase
5-ketogluconate 2-
reductase

5-ketogluconate 5-
reductaseL(
idonate-forming)

5-ketoglucono-
idono-reductase

SKGR
L-ldnDH

2-Ketogluconate
Reductase

1.1.1.215
D-gluconate:NADP+
oxidoreductase

2-ketob-gluconate
reductase

2-ketob-gluconate-
yielding D-gluconate
dehydrogenase
2-ketoaldonate
reductase

2KGA reductase
gluconate 2-
dehydrogenase

2KGR
2KR
FAD-GADH
GADH

Gluconate 5-
Dehydrogenase

1.1.1.69

5-ketoD-gluconate
reductase

5-ketob-gluconate
5-reductase
5-ketogluconate 5-
reductase
5-ketogluconate
reductase
gluconate 5-
dehydrogenase
gluconate:NADP 5+
oxidoreductase

pyrroloquinoline
guinone-dependent
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2-Ketogluconate reductase (2KGR) has been idedtdigross a variety of bacterial
systems with an affinity to a broad range of swdtes (Adachiet al, 1978). The
reactions attributed to 2KGR activity across theggtems are summarised in Table
1.2. This broad substrate specificity led to thggastion 2KGR is responsible for the
regeneration of NADPfor the pentose phosphate pathway in acetic aaaeba
(Adachiet al, 1979). 2KGR has successfully been crystallisechfGluconobacter
liquefaciens(Chiyonobuet al, 1975a) andAcetobacter ascendengAdachi et al,
1978) although the structure has yet to be reso@K@&R activity is localised to the
cytosol (Adachiet al, 1978), the proposed site of TA biosynthesi¥.iwvinifera
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Table 1.2 Summary of the reactions performed by 2-ketoghate

reductase across various systems. The intermedidmgified in the

respectivepathway’sof V. viniferaare listed in blue (Asc-C4/C5 pathway)

and red (secondary glucose pathway) with those camim both in purple

and those not known to be involved in either of paghway’sin black. The

reversibility of each enzyme in relation to the amigm the enzyme was

identified is listed, untested indicates the renaglisy of the enzyme was not
determined. Data compiled from Yuet al (1998a, 1998b), Pitt and Mosley
(1985), Adachet al (1978), Ameyama and Adachi (1982b), Chiyonebal
(1976), Toyamat al(2007), and Saichared al (2007).

Reactior Reversible Organism
Untested Breviba_lctgrium ketosoreductum
Escherichia co
2-keto+._gulonate+ NADPH Acetobacter ascendens
L-idonate+ NADP* Yes Acetobacter rancens
Gluconobacter liquefaciens
Gluconobacter oxydans subsp. suboxydal
Acetobacter ascendens
L-idonate+ NADP* Untested Acetobacter rancens
2-ketot-idonate+ NADPH Gluconobacter liquefaciens
Gluconobacter oxydans subsp. suboxydal
Acetobacter ascendens
5-ketob-gluconatet NADPH Untested Acetobacter rancens
p-gluconater NADP* Gluconobacter liquefaciens
Gluconobacter oxydans subsp. suboxyc
2,5-diketop-gluconate + NADPH Untested Escherichia coli
5-ketoD-gluconater NADP* No Brevibacterium ketosoreductum
Brevibacterium ketosoreductum
Untested Escherichia coli
2-dehydrop-gluconatet NADPH Penicilllum notatum
b-gluconate+ NADP* Acetobacter ascendens
ves Acetobacter rancens
Gluconobacter liquefaciens
Gluconobacter oxydans subsp. suboxydal
p-gluconatet NADP* Untested Gluconobacter frateurii
2-dehydre-p-gluconati + NADPH Gluconobacter oxyda
acetiltizr:])g?i T\lﬁgg PH Untested Acetobacter rancens
Acetobacter ascendens
p-galactonate + NADP Yes Acetobacter rancens
2-ketop-galactonate + NADPH Gluconobacter liquefaciens
Gluconobacter oxydans subsp. suboxy
b-xylonate + NADPH Acetobacter rancens
2 ketop-xvionate + NADP Untested Gluconobacter liquefaciens
Y Gluconobacter oxydans subsp. subox
Y p Yy
glys;)%lglzg +N|<‘J‘ADE§ Untested Acetobacter rancens
zygﬁﬁﬁﬂiyggfa;yaﬁgfn app| Untested | Acetobacter rancens
pyruvate + NADPH Untested Acetobacter rancens

lactate + NADI
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Gluconate-5 dehydrogenase (G5Dh) has also beerifidénacross a variety of
bacterial systems with an affinity to a broad ranfjsubstrates (summarised in Table
1.3) with the exclusive utilisation of NAD(P)H (Ampamaet al, 1974, Klaseret al,
1992b). Two G5Dh enzymes have been identified baselcalisation and primary
substrate affinity. The G5Dh responsible for thaegation of 5KGA from GA is
localised to the cytosol, the proposed site of Téspnthesis inV. vinifera(De Ley
and Stouthamer, 1959). The cellular function of G5 microorganisms is
suggested to be the production of various ketoglates as extracellular carbon
sources (Shinagawet al, 1978). Purified G5Dh is highly unstable unlesbsttate-
bound suggesting the requirement of high turnovgorotein to maintain a carbon
source (Ameyama and Adachi, 1982a). Various strairSluconobactethave been
engineered via the over-expression of G5Dh in tmeroercial production af-TA to
increase the yield of 5SKGA (Elfadt al, 2005, Herrmanet al, 2004). 5KGA is then
excreted into the culture medium where the vandefendent catalysis of 5KGA to

TA under optimised fermentation conditions occltimgenet al, 1992a).
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Table 1.3 Summary of the

reactions performed by gluconate 5

dehydrogenase across various systems. The inteatasddentified in the

respectivepathway’sof V. viniferaare listed in blue (Asc-C4/C5 pathway)

and red (secondary glucose pathway) with those camim both in purple

and those not known to be involved in either of paghway’sin black. The

reversibility of each enzyme in relation to the amigm the enzyme was

identified is listed. Untested indicates the reNmlity of the enzyme was not

determined. *

indicates experimental

data was deteyd using a

recombinant enzyme. PND indicates the product ef rdaction was not

determined. Data compiled from Pitt and Mosley @)98Saichaneet al
(2007), Ameyamaet al (1974), De Ley (1966), Adachet al (1979),
Ameyama and Adachi (1982a), Klasen al (1992b), Chiyonobuet al
(1975b), Merfortet al (2006a, 2006b) and Elfaet al (2005).

Reactior Reversible Organism
Acetobacter aceti
Acetobacter ascendens
Acetobacter aurantium
Acetobacter kuetzingianus
Acetobacter orleanensis
Acetobacter pasteurianus
Acetobacter rancens
b-gluconate+ NAD(PY' Untested Acetobacter xyIinu_m
5-dehydrop-gluconater NAD(P)H + H' Gluconobacter albl_dus
Gluconobacter cerinus
Gluconobacter dioxyacetonicus
Gluconobacter gluconicus
Gluconobacter melanogenus
Gluconobacter oxydans subsp. suboxydans
Gluconobacter rosel
Gluconobacter liquefaciens
Yes
Gluconobacter oxyda
5'k6t8$|%| ggggf;&N'Xg%PH Untested Gluconobacter oxydans
Escherichia coli
Untested Gluco_nobacter oxydans subsp. suboxydans
5-dehydrop-gluconate+r NADPH Klebsiella sp
p-gluconater NADP* Penicillium notatur
Gluconobacter liquefaciens
Yes
Gluconobacter oxydans
5-dehyg_rgi-;trg;:(teOEeN;gSDPH Untested Gluconobacter liquefaciens
p-fructose + NADPH Untested Gluconobacter liquefaciens
5-dehydr-p-fructose + NADI* Gluconobacter oxyda
D-glucono-deltaF;INalgtone + NADP Untested | Gluconobacter liquefaciens
so}rjb’llt gl : mﬁgH Untested Gluconobacter oxydans
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Although both 2KGR and G5Dh have shown broad-rasugestrate specificity, the
localisation in the cytosol and the observed dffitbwards the substrates 2KGA and
GA respectively suggests these enzymes may bensifbo for TA biosynthesis in
V. vinifera Developmental studies indicate TA synthesis tszadn young immature
berries (Kliewer, 1964). This provides a definedvelepmental window in which
expression of enzymes specific to TA synthesisxiseeted. However, should the
enzymes be responsible for the regeneration of NPAB(or ketogluconate as a
carbon source, the expression patterns may coveltiptau stages of berry

development.

1.7 Dissimulation of Tartaric Acid

To date, TA has no known role in cellular metabulisn higher plants. The
suggestion of TA metabolism M. viniferaarose from early investigations detecting
a decrease in TA concentration post-véraison. Téumilation occurs in immature
berry tissue (see section 1.3) plateauing as Ilsetnnelergo véraison (Hale, 1968).
Post-véraison berries undergo various developmeht@hges including an increase
in fresh weight due to water intake (Coombe, 19T&)culation of TA on a per berry
basis shows the amount (mg) of TA remains relatiweinstant during maturation.
The detected decrease in TA is attributed to aidilunot a dissimulation (Ruffnest
al., 1983).

The use of radiolabelled substrates was again emgloto investigate the
dissimulation in ripening berries with.-(+)-tartaric acid-[1,4-'C] fed to detached
berries via the peduncle and the respif®(0; calculated (Saito and Kasai, 1968).
Saito and Kasai (1968) found the ratio of radioaistibetween the fed-(+)-tartaric
acid-[1,4%‘C] and that recovered a%'CO, was constant throughout ripening
suggesting TA was metabolised. Further support giasn by Hardy (1968) who
also fedL-(+)-tartaric acid-[1,4“'C] to excised immature berries via the pedicel.
Hardy (1968) detected trace amount$*efin glycolic and malic acids; however, this

was less than 1% of the extracté@ after 24 hours. Interestingly, Hardy (1968) then
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goes on to state that TA does not undergo degoagadithough previously stating it
did within the same paper. Takimob al (1976) repeated Saito and Kasai's (1968)
experiment utilising_-(+)-tartrate[U2“C]. Takimotoet al (1976) calculated the ratio
of **CO; evolution producing results consistent with thevimus work. Takimotet

al (1976) then went on to identify monoethyl-tartrated malate as the products in
which the radioactivé’C resided. Hrazdinat al (1984) extracted and measured the g
TA/100g FW over development from 3 weeks post-fseit to harvest in de Chaunac
berry tissue. Hrazdinat al(1984) reported a rapid metabolism of TA over ffesiod
denoted by two sharp declines in g/100g berry Euaersected by a period of TA
synthesis in which levels rose. No explanationditier of the observed rise or fall of
TA levels is offered by Hrazdinat al however, the steady overall decline of TA
correlates with the steady increase of berry wefghtipon maturation. Each case of
TA dissimulation utilising radiolabel studies usextised berry clusters. Additional
factors induced by removal of the cluster from tee must also be considered,

including the possibility of TA utilisation as arban source.

Saito and Kasai (1968) reported the TA synthesesaty in grape development was
readily converted to its salt form, tartrate, befaquilibrating approximately 100
days post-flowering. Degradation systems, if prgsare thought to be inactive
against the inert salt (Saito and Kasai, 1968, &figkand Palmer, 1954). Inhibition of
enzymatic degradation due to the formation of thésomer (Lewis and
Neelakanthan, 1959) and the storage of TA in thmuel® preventing cytoplasmic
enzymes degrading the compound have also beenlgdestuThis does not explain
the negligible quantities of dissimulation produdttected. Saito and Kasai (1968)
proposed the constant level of TA was maintainethbysynthesis and degradation of
the acid working in equilibrium. TA biosynthesisassociated with the rapid growth
of young berries and has yet to be detected in nmaterries (Ruffner, 1982).-
[dnDH.1, the first enzyme confirmed to be involved in TAogynthesis, is only
expressed in young immature berries (Deolal, 2006, Melinoet al, 2009a). The

L-ldnDH.1 protein has been detected in mature beisgu¢ whenL-ldnDH.1
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expression is not detected (Wen al, 2010) supporting the possibility of TA

biosynthesis late in berry development.

In addition to possessing enzymes capable of catajysteps of the TA biosynthetic
pathway (see section 1.6) microorganisms are capdbrhetabolising TA as a carbon
source (Figure 1.10). The ability to dehydrate DAokaloacetate and glycerate has
been identified in various species includiRgeudomonagFuruyoshiet al, 1987,
Hurlbert and Jakoby, 1965, Kohn and Jakoby, 19G8)rket al, 1968, Shilo, 1957,
Shilo and Stanier, 1957RhodopseudomonaEbbighausen and Giffhorn, 1984,
Giffnorn and Kuhn, 1983, Rode and Giffhorn, 198Rhodotorula (Dagley and
Trudgill, 1963, Ebbighausen and Giffhorn, 1984,iéedez and Ruiz-Amil, 1965)
andE. coli (Kim et al, 2007, Kim and Unden, 2007). As shown in FigurElthe
metabolism of tartrate feeds major metabolic pathsvimcluding carbon fixation, the
citric acid cycle and ascorbate metabolism, then@ry precursor for TA biosynthesis
in V. vinifera It is also worth noting that it is theisomer of TA that is metabolised,
althoughp-tartrate metabolism i&. coli has been identified (Kinet al, 2007). To
date, the enzymes directly responsible for the bwdtem of TA have not been

identified inV. vinifera
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Figure 1.1Q Composite bacterial pathway constructed from data

obtained from the KEGG databasettf://www.genome.jp/keqly/
(Kanehisa and Goto, 2000). Compounds listed inaredthose common
to the primary Asc-C4/C5 and secondary glucoseyrsec pathway’s

with enzymes listed in blue.
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Crouzet and Otten (1995) identified four intact mpeading frames present in the
Agrobacterium vitisgenome encoding enzymes capable of degrading Ta. T
grapevine is the natural host of the tumourgenitdsaum whose specificity to
theL(+)-isomer leads to the suggestion of a symbiaiationship. The utilisation
of L-TA by A. vitis however, appears to be negligible with no decré&adeA or

benefit to the vine reported.

1.8 Environmental Factors

The quality and respective ratios of organic aciMdgin a grape berry has a
significant impact on the organoleptic propertiéshe resultant wine (Liwet al,
2007). Environmental factors such as region, itiigg temperature and light
intensity are known to influence acid levels durbegry development (Amerine,
1956, Buttroseet al, 1971, Cirami, 1973, Kliewer, 1964, Kliewer andh8itz,
1964). Careful consideration of these factors iati@en to the grape cultivar is

required to ensure the quality of wine variety proed.

Early investigations into the influence of lightpmsure by artificial shading .
vinifera cv Sauvignon blanc resulted in delayed maturatioheory tissue and a
13% increase in MA levels. TA remained consistembss treatments (Kliewet
al., 1967). Additional studies incorporating the apgiion of light treatments
consistently altered levels of MA, leaving TA lesalithout significant alteration
(Dokoozlian and Kliewer, 1996, Kliewer and LideQ6B, Stafford and Loewus,
1958, Wagner and Loewus, 1974) suggesting only EMels are influenced by
light exposure. Recent research investigating thiecte of light exposure on
individual acids throughout berry development Hasn TA levels significantly
lower in shaded berries throughout all stages ofeld@pment (DeBoltet al,
2008). DeBoltet al (2008) encased attached berry bunche¥d/ .o¥inifera cv
Shiraz BVRC12 in boxes reducing ambient light withaffecting temperature
conditions. DeBoltket al (2008) determined light exclusion significantly vedd
berry weight and TA accumulation at all stages@fadlopment with pre-véraison
accumulation of MA slower yet peaking higher thiae tontrol lines. Melinet al

(2011), utilising the same technique, showed sicpuiit decreases in berry

Page | 50



weight, Asc and TA accumulation. No alteration inAMaccumulation pre-
véraison was observed; however, post-véraison MAabodism was altered.
Melino et al (2011) also investigated the effect of light expeson the regulation
of respective Asc-synthetic and catabolic enzymesr doerry development.
Melino et al (2011) determined 4 biosynthetic Asc genes angoresve to light
exposure, limited to a defined pre-véraison staygc recycling genes were
determined to be light dependent; howeueldnDH.1, the only identified TA
biosynthetic enzyme showed no light regulation.SiyAthesis has been associated
with rapid cell division (Skene and Hale, 1971)rdfere the decrease in TA
observed may be associated with the decreasedlgoiwerry tissue.

Temperature also influences organic acid accunwnatiith initial investigations
suggesting low temperature stimulates formation redee high temperature
triggers metabolism through increased respiratidayflaud and Maurié, 1958).
Low temperature has been shown to increase acelslaa berry tissue with
varietals grown in low temperate environments shdwraccumulate 2-3 fold
higher MA and TA levels than those in higher tenaperconditions (Kliewer,
1968, 1971). The relationship between low tempeeadind high acid levels is not
consistent among trials involving opposing tempeet treatment across

consecutive seasons (Kliewer, 1964).

The elucidation of the effects associated with tlighd temperature on berry
development are complicated by the suggestionwhedl regulation of enzymatic
activity specific to organic acid accumulation (irakto et al, 1976). Immature
grape berries show levels of principal organic aci@% higher during the day
supporting diurnal regulation (Kriedemann, 196Bjurnal regulation of TA
synthesis was investigated via the determinatiomdiolabel incorporation in TA
under both light and dark conditions. Saito andviueg (1989b) fed radiolabelled
[2-1%C, 3 H]glucose to leaves dParthenocissus quinquefoliand detected 85-
98% of labelled TA arose via the Asc pathway inltgkt, yet only 68-74% from
the same pathway in the dark. Similar results lati@n to light influencing the
quantity of incorporated radiolabel were also obsdrby Stafford and Loewus
(1958) in excised/. viniferacv Mission leaves and Takimotd al (1976) inV.

labruscanacv Delaware berries suggesting Vitaceae may alterpahway usage

Page | 51



based upon light- or dark-cycle conditions. Diurnagulation of organic acid-
associated enzymatic activity is supported by recewvestigations into
temperature regulation of the biosynthetic and hmdia enzymes of MA.
Sweetman (2011) showed the effect of temperaturéénrelated genes was
dependent upon the diurnal cycle the treatment a@gdied, supporting the
function of phosphoenolpyruvate carboxylase and NA&lic enzyme in

temperature-responsive malate synthesis and ceahaokspectively.

1.9 Conclusions and Aims

Grapes are globally the second most cultivated frith to 65.4 x 10 tonnes
produced in 2005 (Liet al, 2007). Economically, TA is a vital component with
levels determining the suitability of grapes foeus winemaking (DeBolet al,
2007). As well as affecting the organoleptic praiesr of the wine, it is also

important in preventing spoilage and oxidative dgenduring processing.

The synthesis and accumulation of TA in the devielppberry is still poorly
understood in spite of its importance to the indugiCoombe, 1992). TA
accumulation is not present in any model plant iggeadding to the complexity
of research into this acid. The confirmation 6ddnDH.1 as a functional
component of TA biosynthesis has increased therstateling of the process, but
the identification of enzymes responsible for tlieeo intermediate conversions
within the pathway is yet to occur. The identificat of a natural.-ldnDH.1
mutant, the ornamental variefy. aconitifolia and its resultant lack of tartrate

accumulation also warrants further investigation.

The specific aims of this study include:
Identify, clone, and determine kinetic parametefrsezombinant candidate
enzymes pertaining to both the primary and secondartaric acid
biosynthetic pathway’s
Determine the accumulation of tartaric acid in graperries over a

developmental season to enable correlatian sftu parameters
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Determine the transcriptional patterns of candidattaric acid biosynthetic
genes and subsequent protein actiuitysitu over development and correlate
this with the predetermined accumulation of tactacid

Determine the prevalence of the identified genesvamious table and
ornamental grape cultivars

Providein vivo evidence supporting the candidate genes’ inclusidartaric

acid biosynthesis
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Chapter 2:

Materials and Methods
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2.1 Chemicals

All chemicals and reagents used were of analytaralmolecular grade and
supplied by Sigma-Aldrich (USA), Bio-Rad (USA), Aesco (USA), Fluka
(USA), Merck (Germany) or Roche (Germany) as respliir

2.2 Plant Material

The cultivars Vitis vinifera cv Shiraz (clone BVRC12 on Schwarzmann
rootstock), Pinot Noir (own roots), Riesling (owoots) and Cabernet sauvignon
(own roots) were sampled from the University of kilde Coombe vineyard,
Waite Campus, Urrbrae, South Australia (elevatid@m, latitude 3258’S).

The specie®Ampelopsis aconitifolidgown roots) A. brevipedunculatéAccession
G875018) andParthenocissus henryan@Accession G831859) were sampled
from the Adelaide Botanic Gardens, South Austrédievation 180m, latitude
34°53'S).

Construction of transgenicV. vinifera cv Thompson Seedless-idonate
dehydrogenase knockdown vines (Hayes, DeBolt, Gowk Ford, manuscript in
preparation) was performed by The Ralph M. Parséosindation, Plant
Transformation Facility at the University of Califoa.

2.3 Sampling

A randomized complete block design was employeenture statistical viability
of the sample set for the developmental seriekettltivarV. viniferacv Shiraz.

4 replicates repeated across 5 rows located iraingigions of the vineyard were
selected and pooled resulting in 5 individual vimesistituting 1 replicate. The
order of these replicates within the rows was ramgoassigned, reducing the

effect of vineyard variability.

Individual berry bunches which had reached the ldgveental stage of 50% cap-
fall across all replicates were tagged. At eacheipuint across development,

berries were removed from randomly selected bunahdgooled. The pooling of
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multiple vines enabled sampling without affectirng tcarbohydrate sink-source
ratio within each vine. These berries were immediyagnap-frozen and stored at -

70°C until required.

The fruit sampled for this project was also usedvigfino (2009) and Sweetman

(2011) in their respective projects.

2.4 Seasonal Data Analysis

2.4.1 °Brix and Fresh Weight

A random selection of berries from the pooled sa®nl0 berries at pre-véraison
and 40 at post-véraison time-points) were seleatatl allowed to thaw at room
temperature. Any excess water due to condensatasnremoved and the sample

weighed. Fresh weight/berry was calculated usiegalowing calculation:

Fresh Weight (g/berry) = Total weight (g)oberries h

The berries were placed in a resealable plasticabagcrushed by hand. Cellular
debris was allowed to settle and a sample of thi@ebed juice taken. The sample
(approximately 60L) was placed on the detection platform of a salfbrating
ARAGO hand refractometer, and thrix value read. Distilled kD was used as

a reference solvent.

2.4.2 Organic Acid extraction and High-Performance.iquid
Chromatography Analysis

2.4.2.1 Organic Acid Extraction

0.5g of whole berry tissue was ground under liqutdbgen (LN) in a mortar and
pestle, transferred to a LN cooled 10mL centrifugbe and resuspended in
cooled 3% (w/v) metaphosphoric acid-1mM ethylenediaminetetraaceticd aci
(EDTA) to a final volume of 5mL. The tubes were wwad in aluminium foil to
prevent degradation of the organic acids (namely) Ay ultraviolet light. The
homogenate was then centrifuged at 22@0for 10 min at 4°C. 2mL of the
resultant supernatant (supernatant 1) was traesfento a fresh tube. The pellet

was resuspended in the remaining supernatant axednain a rotating wheel at
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room temperature for 2 hours. The tube was cegduas previously described
and the supernatant (supernatant 2) removed. Satpete 1 and 2 were
individually filtered through a 0.45 micron PVDHtér (Millex HV, Adelab
Scientific, Australia) into a pre-cooled 2mL cehige tube with a 300 (Al)
and 200L (E1) aliquot for supernatant 1, and a single 20QE2) aliquot for
supernatant 2 taken. 190 of 0.8M Trizma-HClI pH 9- 2.5mMtris(2-
carboxyethyl)phosphine (TCEP) was added to samgdletcAa final pH of 6.0
(TCEP is a reducing agent used to reduce all tleil\the sample to enable total
Asc to be determined). The sample was covered awdbated at room
temperature for 20 minutes then reacidified with. ®f 8.7M ortho-phosphoric
acid to pH 2.5. 0.2mL of the sample was then temsfl to a fresh 2mL
centrifuge tube (E3).

2.4.2.2 High Performance Liquid Chromatography

Organic acids from each extract were separatednofAgdent 1100 series High
Performance Liquid Chromatography (HPLC) (Agilenechnologies, USA)
equipped with a photodiode array detector setgnats 210 nm for OxA, TA and
MA, and 245 nm for Asc. 3. of each extract was individually injected intd30

X 4.6mm Synergi Fusion column (Phenomenex, Ausirdiited with a guard
cartridge of the same material maintained at 3@’ @radient elution at 1 mL/min
was employed with the mobile phases: eluent A: 86 KiH,PO,—0.1 mM EDTA

(pH 2.5): eluent B: methanol. The incremental daseeof eluent A from 100 to
90% coincided with the incremental increase of miug2from O to 10% over a 10
minute period. This gradient was reversed so thahe final run time of 20
minutes, the column was re-equilibrated to 100% A and 0% eluent B. The
data was analysed using Chemstation for LC 3D systeoftware (Agilent
Technologies, USA). Concentrations of soluble TAAAMand Asc were

determined from extract E1; total Asc was deterghiftem extract E3; and OxA
was determined from extract E2. Dehydroascorbid agas determined by
subtracting the calculated concentration of Asdréex E1) from the total Asc

concentration (extract E3).

The techniques of extraction and analysis of oranid have subsequently been
published by Melino (2009).
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2.5 RNA Extraction

Total RNA was extracted from berry tissue using gbdium-perchlorate method
described by Rezaian and Krake (1987), modifie®ayies and Robinson (1996)

with additional modifications as detailed below.

29 of berry tissue was ground under LN and transfieto a cooled 50mL sterile
disposable centrifuge tube containing 10 volumeRNA Extraction Buffer (5M
sodium perchlorate, 0.2M Tris pH 8.3, 2% (w/v) mlylene glycol 8000 (PEG),
1% (w/v) sodium dodecyl sulphate (SDS), 8.5% (w/vhsoluble
Polyvinylpyrrolidone (PVP), 1% (v/v) -mercaptoethanol (BME)). The
homogenate was inverted 3 times to mix and incubateroom temperature for
30 minutes on a platform mixer at low speed. Thenbgenate was passed
through a 10mL syringe containing a sterile fil{@onsisting of a pinch of
glasswool, wrapped in Miracloth and autoclaved}irgt in a sterile 50mL
centrifuge tube by centrifugation at 10@at 4°C for 10 minutes. The eluate was
resuspended in 30mL of cold (-20°C) 100% ethanoliryersion and stored
overnight at -20°C to allow nucleic acid precigitat The suspension was
centrifuged at 2,500 for 20 minutes at 4°C. The pellet was air-dried %o
minutes before resuspension in 10mL of cold (-20M0p6 (v/v) ethanol.
Homogenate was centrifuged at 1,25P%r 5 minutes at 4°C and the resultant
pellet air-dried. The dried pellet then underweMiAR purification using the
RNeasy Mini kit (Qiagen, Australia) and DNase tneant using SUPERase-In

(Ambion, Europe) according to the manufacturer&runctions.

RNA quality was assessed by visual observatiomtzict ribosomal bands after
treatment with a denaturing formaldehyde dye follayvgel electrophoresis. In
addition, spectrophotometric parameters were rechrdnd for the RNA to be
acceptable for further use, a 260/280nm ratio a2d® 260/230nm ratio >1.4 was
required. RNA that did not meet these conditiongewe-precipitated as per
Davies and Robinson (1996).
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2.6 cDNA Synthesis via Reverse Transcription

RNA extracted from berry tissue was reverse trabsdrusing SuperScriptlll
Reverse Transcriptase and Oligo(gTprimer (Invitrogen, USA). The standard
cycle consisted of 65°C for 5 minutes, ice for Inate, 50°C for 50 minutes,
85°C for 5 minutes. The sample was additionallateed with 2 units RNase H
(Invitrogen, USA) at 37°C for 20 minutes. The pregevas conducted in a Bio-
Rad MyCycler thermocycler (Bio-Rad, USA).

2.7 Gene Expression Analysis via Quantitative Redlime Polymerase

Chain Reaction

The Quantitative Real Time Polymerase Chain Readf@RT-PCR) reactions
were conducted on a fee-basis by the South Auastr&iesearch and Development
Institute (SARDI). Data analysis was conducted a$ pf the thesis work and is

described in Chapters 5 and 6.

QRT-PCR was performed using an ABI HT7900 Fast Reéale PCR System
with results analysed using Sequence Detectione8ystersion 2.3 software
(Applied Biosystems, USA). QRT-PCR was conducteitisutg the Universal

Probe Library (Roche, Germany) in conjunction vgéme specific primers (Table
2.1). The probes are labelled at theebd with fluorescein (FAM) and at the 3
end with a dark quencher dye. The sample reactamrtamed 0.9uM (final)

primer, 0.2pmol (final) probe, 50ng (final) cDNA crix FastStart Universal

Probe Master Mix to a final volume of 16pL.

The cycling conditions used were: 95°C for 10 masyt95°C for 15 seconds,
57°C for 1 minute. Steps 2-3 were cycled 45 tin@@santification was achieved
via a standard curve of known concentration samdle$0?, 10, 10°, 10°, 107,
108, 10° femtomole). Normalisation was performed using mexfee genes
Ankyrin (ANK) and Ubiquitin (Ubq).
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Table 2.1 Gene specific primer/probe combinations for useQRT-PCR against berry-derived template cDNA. Branwere

designed via the Universal Probe Library Assay §esientre: ProbeFinder version 2.45 database\.roche-applied-science.com

and ordered through GeneWorks Pty Ltd (Australia)dnDH.1 andL-ldnDH.2 primers designed by MA Hayes (personal

communication)and reference primers Ankyrin and Ubiquitin wersigeed by Sweetman (2011). All primers are non-degee.

Target Gene Forward Primer 5' 3’ Reverse Primer 5' 3' Probe Amplicon Length (nt)  Intron Spanning |

Reference Ankyrin GGTTATGGCAGGAAGGAGTG GGTGTCTTGCCATCCATGTT 120 83 Yes
Ubiquitin GTGGCCACAGCAACCAGT GCAACCTCCAATCCAGTCAT 143 64 Yes

Candidate TC58004 GGACGTATCGATGCTTTGCT GAGTATTATTCCATTCCTCCTCAGA 82 91 Yes
TC55097 CTATGTATGGAGTGACAAAAACAGC TGTCTGGGCCCATCTCAG 117 72 Yes
TC61548 GATCGTGGTACCTCACATTGC CCAATGTAGCCATTCCTTCG 38 62 Yes
TC59682 GACAAGATCGATTTGGTGAGG CATCCGGAGTGTTCGTAACC 133 61 No
TC55752 CCAAGCTATGACCCCTCATATT CCTTCACTCCAGCTGCGTAT 157 71 Yes
L-ldNnDH.1 GAAGTTTTTTGGATCTCCTCCACCCAA GCATGGATGCCGACACTGAGC 12 141 Yes
L-ldnDH.2 TGGCAAAGTTTGTCTCGTGGGGA CATATCGGCCATGTGTTCTTGTAC 18 121 Yes
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2.8 Genomic DNA Extraction from Young Leaf Tissue

Genomic DNA (gDNA) was extracted from young leabtie of grapevine species
V. viniferacv Pinot Noir,A. aconitifolia, A. brevipeduncula@ndP. henryanaas
described in Kinet al. (1997). Additional gDNA samples were obtained frbm

Tricia Franks (University of Adelaid®. viniferacv Chardonnay and Riesling).

0.25g of young leaf material was ground under LNaid.5mL centrifuge tube
with 5uL of 1% (v/v) BME. 300uL of Extraction Buff25mM EDTA, 200mM
Tris-HCI pH 8.0, 250mM NaCl, 0.5% (w/v) SDS) wasdad, mixed by vortex
and incubated at room temperature for 1 hour. 6% fwal) soluble PVP-10 and
0.5 volumes of 7.5M ammonium acetate were addedradample incubated on
ice for 30 minutes. The homogenate was centrifuaget,000xg for 10 minutes
at 4°C and the supernatant transferred to a fidst fThe gDNA was precipitated
via the addition of 1 volume of chilled (-20°C) mopanol and incubated at -
20°C for 30 minutes. The sample was centrifugegrasiously described, the
supernatant discarded and the gDNA pellet vacuuraddrThe pellet was
resuspended in 500uL of TE Buffer (10mM Tris, 0.1r&MTA, pH adjust to 8.0
with HCI and autoclave). The extract was treateth\2uL of 1mg/ml RNase A
(Sigma-Aldrich, USA) and incubated at 37°C for 1%nuates. One volume of
chloroform:isoamyl alcohol (24:1) was added, ingdrto mix and the extract
centrifuged at 10,000g for 5 minutes at 4°C. The upper layer of supemtatzas
transferred to a fresh 1.5mL centrifuge tube andollime chilled isopropanol
added. The extract was incubated at 20°C for 1Outeshand centrifuged at
10,000xg for 10 minutes at 4°C. The supernatant was digchahd the pellet
washed with 100uL 80% ethanol and vacuum dried. déiket was resuspended
in 30uL TE and quantified spectrophotometrically 260nm with quality
ascertained from 260/280nm ratios.

2.9 Enzyme Extraction from Berry Tissue

Enzymes were extracted from ground berry tissuelescribed in Sweetman
(2011).
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1g of berry tissue was ground under LN and transfeto a pre-cooled 50mL
centrifuge tube. Extraction Buffer (0.5M Tris-HCHB.5, 10mM EDTA, 5mM
dithtiothreitol (DTT), 6.2mM L-cysteine hydrochloride, 7mM sodium
diethyldithiocarbamate trihydrate (DEDTC), 1mM phkikenethanesulfonyl
fluoride (PMSF), 1mM 4-aminobenzamidine dihydroctde, 2% (w/v) PVPP,
8% (w/v) PEG-4000) was added to a final volume 2mL. The pH of each
extracts was checked to ensure remained higherfldaand adjusted as required.
Extracts were incubated at 4°C for 15 minutes withasional mixing. Extracts
were centrifuged at 1,000g for 2 minutes at 4°C. The supernatant was
transferred to a fresh tube and 65% final PEG-4fi(ed and mixed on a shaking
platform on medium speed at 4°C for 60 minutes| @litiPEG-4000 dissolved.
Extracts were centrifuged at 30,00@x for 15 minutes at 4°C and pellet
resuspended in 50Q of Resuspension Buffer (5mM Tris-HCI pH 7.0, 10mM
EDTA, 5mM DTT, 1mM PMSF, 1mM 4-aminobenzamidine ytirochloride, 3%
(v/v) Triton X-100), adjusted to a final volume @mL. The activity of the

extracted enzymes was immediately assayed as loleddn section 2.16.

0.5mM potassium cyanide (KCN) and ON6 octyl gallate (OG) were added to
the assay buffer to inhibit the activity of enzyniegolved in cellular respiration.
KCN inhibits cytochrome oxidase (Baket al, 1987) and OG inhibits alternative
oxidase (Alburyet al, 1996) of the electron transport/respiratory chain

2.10 Bioinformatics

The grapevine genome sequencesMowiniferacv Pinot Noir (Troggioet al,
2007, Velasceet al, 2007) and the Pinot Noir derived PN40024 (ThenEhne
Italian Public Consortium for Grapevine Genome @htarization, 2007) were
accessed using The Gene Index Project: Gene Indizepe database on the
Computation Biology and Functional Genomics Labamat website

(www.compbio.dfci.harvard.edu/igi The aforementioned database was also

utilised for EST library analysis. Basic Local Atignent Search Tools (BLAST,;
Altschul et al, 1990) including BLASTn, BLASTx and tBLASTn were
performed using the National Centre for Biotechggldnformation (NCBI)

database www.ncbi.nim.nih.goy. Protein domain and motif analysis was

performed using InterProScawww.ebi.ac.uk/tools/interproschmand the Centre

Page | 62



for Biological Sequence Analysis: CBS Prediction n/@es
(www.cbs.dtu.dk/serivgs Sequence identities were determined using COBALT

(Papadopoulos and Agarwala, 2007) alignments amdlyssing GeneDoc
software version 2.7.000 (Nicholas and Nichola§7)9

2.11 Polymerase Chain Reaction

All Polymerase Chain Reactions (PCR) were condutteal Bio-Rad MyCycler
thermocycler (Bio-Rad, USA)Volumes of PCR reactions varied from 20uL-
50uL in 0.2mL clear flat-cap tubes (Adelab, Aus#pl Bioline (Australia)

reagents were used unless otherwise stated.

A standard PCR reaction (20ul) contained: 1x PCRfeBul unit Taq DNA
Polymerase, 0.25mM dNTP, 0.3mM forward and revgnsmers (GeneWorks,
Australia), 2mM MgC4, varying concentration of template DNA and HPLC
molecular grade water (Sigma-Aldrich, USA). StaandéMango Taq, GoTaq
Flexi, (Promega, USA)) and Hi-fidelity (Platinum g dlInvitrogen)) Taq DNA
polymerase were used throughout this project.

The standard PCR cycle consisted of: 94°C for 2utesy 35 cycles of the
following temperature programme: 94°C for 30 sespr60°C for 30 seconds,
72°C for 1 minute, with a final extension step &°C for 4 minutes. PCR
reactions were visualised by gel electrophoresiptin@sation occurred with
respect to the following parameters: the annedkngperature of the primer pair
(Tannea), MgCl> concentration, primer concentration and numbecyaies with

both standard and Hi-fidelity Tag DNA polymerase.ensure amplification of a

single PCR product without primer dimerisation.

All primers (Table 2.2) used were supplied by Geoekd Pty Ltd (Australia)
with the exception of the pDRIVE sequencing primdi3 purchased from
QIAGEN (Australia) and the pET sequencing primerr Taurchased from
Novagen (Germany). The melting temperaturg,fér each primer was calculated
using the oligonucleotide properties calculator gBCalc

(http://www.basic.northwestern.edu/biotools/oligackaim)).
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Agarose gel electrophoresis was performed esslgrgigldescribed by Sambrook
(1989).

Standard gel electrophoresis was performed usihdgp% (w/v) analytical grade
agarose in 1x TAE buffer (40mM Tris, 1mM EDTA pH 8,1% (v/v) glacial
acetic acid). Loaded samples were mixed with DNadlag buffer (Promega) as

required.

Staining of DNA was achieved using a 0.01% (vAhigitum bromide soak (15
minutes following electrophoresis), or by the u§©®.6005% (v/v) GelRed nucleic
acid stain (Biotium, USA) added to the molten agardefore gel casting.
Visualisation of the stained gels was achieved unttea violet light on a Fusion
SL-3500.wl gel image system utilising Fusion vemsib5.11 software (Fisher
Biotech, USA).
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Table 2.2 Primers used in the amplification of a full lehgione (FLC) from cDNA and fragment from gDNA (@mplates for each candidate

gene grouped in relation to the homologue of igief@estriction sites Ndel (Forward primer) and BHrfReverse primer) were incorporated in

the primers as indicated in bold and ordered thmoGgneWorks Pty Ltd (Australia). pDRIVE sequenciprimers were purchased from

QIAGEN (Australia) and pET sequencing primer T7rghased from Novagen (Germany). All primers are-degenerate.

Candidate

Forward Primer 5' 3'

Reverse Primer 5' 3' Amplicon

2 Ketogluconate Reductase

(nt)

TC55752 FLC CTACATATG ATGGCGATGATGAAGCGAGTTGCTGAG CCAGGATCCTTACTGGTACTGGCTTGCTAGTTGGCC 1150
G AAAGCACATTCCCGACCTCCATGTTCTCATATCTACCCC GGGAAGCATCEATCAACATCCTCTTCAAACTTTGCTCC 487

TCo61548 FLC CTACATATG ATGGCTGTTGGATACAACAATGTTGA CCAGGATCCTTAGATGAAAAGCCAGTGTGAACAAGATGG 094
G GTTTGCCTGTTTCAAAGCTATGAGCAGGAGGGG FLC Primer 132

TC59682 FLC CTACATATG ACCAGCGAAGTCCCCAAAGATATCGGA CCAGGATCCTTAAACCACTGGAGTTAACAGTGGTTGTTCAG 1055
G FLC Primer CCTCACCAAATCGATCTTGTCCAACCCAACGC 369

Gluconate 5 Dehydrogenase

TC58004 FLC CTACATATG GGTCGCGAACCACCTCGA CCAGGATCCTTACATGATGAATAACCCAAGAAAACC 893
G FLC Primer CTCTAATGCCCGCATTATTTAGCAAAGCATCGATACGTC 292

TC55097 FLC CTACATATG ATGGAGAAGATCGGAAAGAGATTTCAAGGG CCAGGATCCCTAGAGTCTAGAAGGTATTCCACCAGC 760
G AGAAGGACATTGAGGATAAAACTCTACTCAACAGGCTTGG  FLC Primer 149

TC52437 FLC CTACATATG ATGGCTCAGACATGTGGGTTCAGC CCAGGATCCCTAGAACAGGTTTGGCTCAAAACC 876

L-ldonate Dehydrogenase

L-ldnDH.1 G ATGGGGAAAGGAGGCAACTCTGAGG CCCAGAGAAGGGAGAATGTAGGGTTG 125

L-ldnDH.2 G GTTGTGCATCCTGCAGATCTATGCTTTAAACTG CGGTAATCGTCTACATCACAATGACAATTCTG 230

Vector Sequencing

pET-14b T7r CCCTATAGTGAGTCGTATTA

T7r_upR TCATGAGCCCGAAGTGG
pDRIVE M13 GTAAAACGACGGCCAGT AACAGCTATGACCATG
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2.11.1 Nucleic Acid Sequencing

Sequencing of templates was performed by the Alismtra&Genome Research
Facility (AGRF).

Purified DNA samples were supplied according to AGRquirements. Double
stranded plasmids were supplied at between 600rH00Ith 9.6pmol of
appropriate primer. PCR products were suppliececasmmended by length (bp)
of template with 9.6pmol of appropriate primer. Tdyeling conditions used to
determine sequence information include: 96°C foo twinutes, 96°C for ten
seconds, 50°C for five seconds, 60°C for four nesutSteps 2-4 were cycled
thirty times. Primers used are listed in Table 2.2.

2.12 Construction of Candidate Cassette for Proteikxpression

PCR products were purified using the WiZa®V minipreps DNA Purification
System (Promega, USA) as per the manufacturersiftegation protocol.

2.12.1 Restriction Digest of Template

Restriction digests were performed over a rangeabimes from 10uL-50puL.
Restriction enzymes (RE) used (Ndel and BamHI) wsupplied from New
England Biolabs (USA) and used in conjunction witle compatible buffer.
Concentrations of 1 unit/ug DNA of RE were usedlidx RE buffer. A 10x
volume of 1mg/ml Bovine Serum Albumin (BSA) wasabdded to each digest
reaction which was conducted at 37°C for 3 houige$t was confirmed via 1%

agarose gel electrophoresis.

2.12.2 Ligation of Candidate Open Reading Frame it Vector

2.12.2.1 pDRIVE Vector

Template DNA was ligated into the pDRIVE (Qiagemus#alia) vector using the
PCR Cloning Kit (Qiagen, Australia) as per manufeet's instructions.
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25ng of pDRIVE cloning vector, 2uL purified PCR gt and 1x ligation
master mix were added to a flat-top PCR tube andhiated at 16°C for 2 hours.

Ligation mixture was then used for transformatidricocol..

2.12.2.2 pET-14b Vector

100-200ng of purified restriction digested PCR maid 50ng digested pET-14b
vector (Novagen, Germany), 1x T4 DNA ligase (Nevgland Biolabs, USA) and
1x ligation buffer were added to a 0.2mL flap-topé and incubated overnight at
16°C. Mixture was incubated at 65°C for 10 minutesinactivate the ligase.

Ligation mixture was then used for transformatidricocol..

2.12.3 Transformation of Vector + Cassette int&. coli

E. coli strain DH5 (Sigma-Aldrich, USA) was used for cloning and BIZIE3)
pLysS-TT (Sigma-Aldrich, USA) used for protein expression.

5uL of ligation mixture was added directly into tentre of a 50uL sample of the
desired competent cell line and incubated on ice&fminutes. The mixture was
then incubated in a water bath for 45 seconds 4t 4250uL of pre-warmed SOC
Media (solution 1 (autoclave); 2% (w/v) tryptone5% (w/v) yeast extract,
10mM NacCl, 2.5mM KCI. Solution 2 (filter); 10mM Md& 10mM MgSAQ,
20mM D-glucose. Combine solutions once cooled) added acubated at 37°C
for 1 hour shaking at 225 rpm. Culture was thendferred to Luria-Bertani (LB)
agar plates (with antibiotics as required) and lated overnight at 37°C.

Colonies were selected and PCR screened for pesiansformants.

50uM isopropylthiogalactoside (IPTG) and 80ug/mLGél were added to LB
agar plates for blue-white screening of positivansformants incorporating
pDRIVE + cassette.

2.13 Competent Cells for DNA Cloning and Protein Egression

E. coli strains DH5 and BI21 (DE3) pLysS-Ti (Sigma-Aldrich, USA) were
made chemically competent as described in lredw. (1990).
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250mL of SOB Media (2% (w/v) bacto tryptone, 0.584\{) yeast extract, 10mM
NaCl, autoclaved; 2.5mM KCI, 10mM Mg£l10mM MgSQ, filtered) was
inoculated with a culture of the desired cell lig@wn overnight in LB Media
(1% (w/v) bacto tryptone, 0.5% (w/v) yeast extra€t5% (w/v) NacCl,
autoclaved). The culture was incubated on a shgietfprm at 18°C until optical
density at 600nm reached 0.6-0.7. The culture wassterred to a 300mL
centrifuge bottle, incubated on ice for 10 minuaesl centrifuged at 2500x for
10 minutes at 4°C. The cells were resuspendednm_8ff Transformation Buffer
(TrB; 10mM Pipes, 15mM Cagl250mM KCI, 55mM MnCJ, pH to 6.7 with
KOH, filter sterilised and cooled in -20°C) and ubated on ice for 10 minutes.
Homogenate was centrifuged at 2508xfor 10 minutes at 4°C and pellet
resuspended in 20mif TrB. 7% (v/v final) of dimethyl sulfoxide (DMSQOyas
added and the solution incubated on ice for 10 teswuThe solution was
dispensed into pre-cooled 1.5mL centrifuge tubeapdrozen in LN and stored at
-70°C.

2.14 Culture Media for Cell Growth and Protein Expression

Bacterial Strains were grown in sterile LB Medi&({w/v) bacto tryptone, 0.5%
(w/v) yeast extract, 0.5% (w/v) NacCl, autoclavelx% bacto agar was added as

required.

Growth studies were conducted in M9 minimal medaaid MgSQ, 0.1mM
CaCl, 20% (v/v) M9 salts [64g/L N&IPO,-7H,0, 15g/L KHPOy, 2.5g/L NaCl,
5g/L NH4CI]) 0.4% (v/v final) carbon source was added agiired.

Protein expression was conducted in sterile TerrBiroth (TB; solution 1
(900ml); 4ml glycerol, 12g bacto tryptone, 249 lbageast extract. Solution 2
(200ml); 0.17M KHPQO,, 0.72M KHPO,.3H,O. Autoclave solutions separately,

combine once cooled.

Antibiotics were added as required including anilic{sodium salt; 100ug/mL),
chloramphenicol (34pg/mL), and kanamycin (sulphaggig/mL).
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2.15 Expression, Extraction and Purification of Reombinant Protein

1L of TB (with antibiotics as appropriate) was intated with 1mL of an
overnight culture oE. coli BL21 pLysS cells transformed with the recombinant
construct and incubated on a shaking platform @trpé at 37°C until the optical
density at 600nm reached 0.6-0.7. Isopropylthiagakde (IPTG; 0.1-0.4mM
final) was added to the culture to induce protexpression. The culture was
continuously shaken at 180 rpm on a platform shakeax constant temperature
(18-37°C) for the duration found optimal (3-48 hejurCells were harvested by
centrifugation at 3000g for 5 minutes at 4°C and the pellet stored at €70ftil

required.

1mL samples of pre- and post-induction cell cultwere transferred to a 1.5mL
centrifuge tube and centrifuged at max speed fonrfutes. The pellet was then
dried and stored at -20°C until required.

2.15.1 Extraction of Soluble Recombinant Protein

2.15.1.1 Standard Extraction

Pelleted cell culture was thawed on ice and reswdgaein 4mL/g wet cell paste
Modified Sonication Buffer (MSB; 20mM Tris-HCI pH.@ 500mM NaCl, 10%
(v/v) glycerol, 0.5% (v/v) Tween 20, 3mM imidazolenM BME). The cell paste
was then freeze/thawed via immersion in LN for 3€cohds and room
temperature water until thawed, repeated 4 timé&<) ¥olume of reconstituted
complete mini EDTA-free cocktail protease inhibit@oche, Germany) and a
level microspatula of DNase 1 (Sigma-Aldrich, USWps added and tubes
inverted. The cell paste was then drawn up andliedpehrough a polyethylene
syringe fitted with a 20 gauge needle to ensurelyst, repeated 10 times. Tubes
were then spun on a rotating wheel mixer for 30ut@s at 4°C, the centrifuged at
10,000xg for 30 minutes at 4°C. The supernatant (soluldetion) was aliquoted
into 1.5mL centrifuge tubes and stored at -70°Cil urgtquired. The pellet
(insoluble fraction) was transferred into a 1.5nelnkifuge tube and stored at
-20°C.
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2.15.1.2 Cell Lysis and Extraction of Soluble Protas using

BugBuster™

Pelleted cell culture was thawed on ice and reswdgaein 5mL/g wet cell paste
BugBustef" Master Mix (Novagen, Germany). 1/10 volume recibuistd

complete mini EDTA-free cocktail protease inhibitRoche, Germany) was
added and the homogenate spun on a rotating whret at a slow setting for 20
minutes at room temperature. Tubes were centrifagdd,000>g for 20 minutes

at 4°C. The supernatant (soluble fraction) wasualigd into 1.5mL centrifuge
tubes and stored at -70°C until required. The pdilesoluble fraction) was

transferred into a 1.5mL centrifuge tube and state@0°C.

2.15.2 Protein Purification via Immobilized Metal Affinity

Chromatography

Bulk protein was purified at room temperature usand@io-Rad Biologic LP
system fitted with a Bio-Rad Biofrac Fraction Cotier. A 10 x 100mm glass
Pharmacia Biotech (USA) was packed with 9mL of d¢ebased TALON
(Clontech, USA) resin. Flow-rate was a constant Amihute. Resin was
equilibrated in 5 bed volumes MSB. The solubletfracwas then passed through
the column. A minimum of 10 bed volumes of Modifiddash Buffer (MWB,;
20mM Tris-HCI pH 8.0, 500mM NaCl, 10% (v/v) glycé&r0.5% (v/v) Tween20,
10mM imidazole, 1ImM BME) was then passed throughablumn removing any
unbound proteins. The wash phase was monitoredreplotometrically using
LP Data View Software v1.03 to ensure all unbourmtgins had been removed.
Bound proteins were then eluted using Modified BlutBuffer (MEB; 20mM
Tris-HCI pH 8.0, 500mM NaCl, 10% (v/v) glycerol, 596 (v/v) TweenZ20,
200mM imidazole, 1ImM BME) and collected in 1-2mhdtions.

A plastic mini gravity-fed column (Bio-Rad, USA) waalso used to test

purification at 4°C following the same protocol.
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2.15.3 Confirmation of Protein Purity via Sodium Dalecyl Sulphate

Polyacrylamide Gel Electrophoresis

Sodium Dodecyl Sulphate Polyacrylamide Gel Eledimpsis (SDS-PAGE) gels
consisted of 3mL of 5% Stacking Gel (5% (v/v) T Ylamide:bis-acrylamide,

0.125M Tris-HCI pH 8.8, 0.1% (w/v) SDS, 0.05% ammowon persulphate, 0.03%
N,N,N ,N -Tetramethylethylenediamin@ EMED)) atop 6mL of 12% Resolving
Gel (12% (v/v) T Acrylamide:bis-acrylamide, 0.75kstHCI pH 8.8, 0.1% (w/v)

SDS, 0.05% ammonium persulphate, 0.03% TEMED).

5uL of Sample buffer (100mM DTT, 2% (w/v) SDS, 8%v) glycerol, 60mM
tris-HCI pH 6.8, 0.1% (w/v) bromophenol blue) wasxed with 20uL of each
purified fraction and boiled for 5 minutes. Samplas then loaded into a SDS-
PAGE Bio-Rad apparatus, using SDS-PAGE Running é8uf60mM Tris,
150mM Glycine, 0.1% (w/v) SDS) as per manufactgrémstructions and run at
180 volts for 45 minutes. Gels were removed and ensed in 50mL of
Coomassie Blue stain (40% (v/v) ethanol, 7% glaeietic acid, 0.1% (w/v)
Coomassie Blue R250) and heated on high using gp Sarousel microwave for
50 seconds. Excess Coomassie Blue stain was theveel at the gel immersed
in 50mL of Coomassie Blue destain (20% (v/v) ethaid®o (v/v) glacial acetic
acid) and heated as previously described. The gslthen incubated overnight on
a platform mixer at low speed with fresh Cooma&ies destain as required until

all Coomassie Blue removed.

Proteins were visualised using Fusion SL-3500.wl igeage system utilising
Fusion version 15.11 software (Fisher Biotech, USApteins were quantified as
required using a NanoDrop ND-1000 spectrophotoméidérermo Scientific,

USA).

2.16 Kinetic Parameters of Enzyme Activity

Enzyme activity was monitored at 340nm using a Fkt® Omega
spectrophotometer (with pathlength correction atéd) with Omega software
version 1.02 (BMG Labtech, Germany) for oxidation @duction of the
coenzyme NAD(P)H. Various conditions including tesrgiure, buffer pH,
substrate and coenzyme concentration (mM) werede3he pH range tested was
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covered by multiple buffers to ensure changes fiviacwere due to pH and not
interaction with the solutes of the differing buffe

A bulk reagent mix comprising purified enzyme (@Quq), buffer (40-100mM),
coenzyme, 1.7mM MgCI (as required), to a total tieacvolume of 200uL, was
dispensed into a 96 well flat-bottom UV plate (GostUSA) in triplicate and
equilibrated to the assay running temperature fd55minutes. The desired
substrate was added to each well to ensure actwag/substrate dependent. The
reaction was monitored for 40 minutes with absockareadings taken every 60-
90 seconds. Negative controls used included nomez{NoE), no substrate
(NoS), no coenzyme (NoC), protein extraction bufsaibstituted for purified
enzyme (PEB), plus a positive control of malic diegenase (Sigma-Aldrich,
USA).

Data was analysed using MARS Data Analysis Softwaaré GraphPad Prism
version 5.03.

2.17 Calculation of Enzyme Activity

The initial rate of enzyme activity was calculategsing a modified Beer-Lambert

formula;

Slope Dilution Factor ; ;
» g —_— = 1= ke
[ [Exti.ncticm Coefficient™® Pathbng&l] h IDDD] © mg/ml Protein RioES TS proten

The molar extinction coefficient of NAD(P)H usedsv200 M' cm* at 340nm.

2.18 Liquid Chromatography Mass Spectrometry

The identification of compounds produced by enzymmiaactions was performed
by Flinders Analytical (Flinders University, Auslieg using a Waters 2695 HPLC
with dual wavelength UV detection coupled to a l&ripguadrupole mass

spectrometer http://www.flinders.edu.au/research/flinders-lattorees/flinders-

analytical).
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Chapter 3:

Identification and Bioinformatic
Analysis of Candidate Genes Encoding
Enzymes Involved in Tartaric Acid
Biosynthesis
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3.1 Introduction

Model plant systems used for high-throughput amslysclude Arabidopsis
thaliana maize Zea maypsand rice Qryza sativy, species with small genomes,
rapid generation times and ease of cultivation ontwlled environments.
Unfortunately the grapevine, a globally significawdrticultural crop, does not
meet these requirements. Physiological constraimttuding vineyard space
requirements, an annual reproductive cycle and g@rgeration time limit the use
of the grapevine in genetic studies (Ghet al, 2010).The successful mapping of
the V. vinifera genome using Expressed Sequence Tags (EST) antig€on
(Assembled EST'’s) is enabling researchers to oweecthis problem (landolino
et al, 2004, The French-ltalian Public Consortium fora@avine Genome
Characterization, 2007, Trogged al, 2007, Velascet al, 2007). The grapevine
is Australia’s seventh largest economically impotrtagricultural commodity,
responsible for the production of food-stuffs irdihg table grapes, sultanas, juice
and wine (Australian Bureau of Statistics, 2010)thwhany parts of the world
experiencing changing climates and water deficesydnterest in the mechanism
of fruit development and stress response is inagrga®\lthough much of the
genome still requires annotation, the public adbdgyg of data in databases such

as NCBI (vww.ncbi.nim.nih.goy and Grape Indices

(www.compbio.dfci.harvard.edu/fgiis enabling the identification of genes

involved in grapevine development, metabolism amdewstress. Bioinformatics
enables the identification of putative homologuet@ins based on characteristics
previously identified in other systems. Additiomark is then required to confirm
the protein’s function within the system of intdreghis chapter describes the use
of such tools in the identification of candidateteins for the inclusion in the
primary Asc-precursor and secondary glucose-precur§A biosynthetic

pathway’s.

As previously discussed in Chapter 1 (section b#&jteria possess enzymes
capable of catalysing reactions comparative to e¢hot the TA biosynthetic
pathway. Extensive work has been conducted intgethneactions in their bacterial
systems, knowledge which can be applied to othstegys via bioinformatics.

Unfortunately, the nomenclature of these enzymesasnsistent throughout the
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literature (Table 1.1). Of interest in this study @ahe enzymes 2-ketogluconate
reductase (2KGR) and gluconate-5 dehydrogenase I{{55Ihese enzymes are
described as responsible for the catalysis of 8-kegulonic acid (2KGA) L-
idonic acid (IA) andD-gluconic acid (GA) 5-ketob-gluconic acid (5KGA)
respectively. 2KGR and G5Dh have also been idextiAs responsible for the
catalysis of additional reactions with slight vaga in the specific product or
substrate involved (Table 1.2. and 1.3 respectiveRecently a G5Dh in
Gluconobacter oxydan@Merfort et al, 2006a) and a 2KGR i&scherichia coli
(Yum et al, 1998a) have been identified. These enzymes satabactions within
their respective systems identical to those desdrin TA biosynthesis.
Enzymatic characterisation of 2KGR i coli confirmed its catalytic activity in
the reduction of 2KGA to IA (Yurret al, 1998a), whereas the accumulation of
downstream products in over-expression linesGofoxydansconfirmed G5Dh
catalysis of GA to 5KGA (Merforet al, 2006a).

This chapter will focus on the identification of tptive homologues of the
identified bacterial enzymes . vinifera 2KGR and G5Dh have yet to be
identified in plant tissue. Comparative analysishwbacterial enzymes has been
used to identify genes of interest based upon segusimilarity to the bacterial
gene of confirmed enzymatic activity., The PLEX datse
(http://www.plexdb.ory facilitates the comparative analysis of gene esgion

across multiple plant species and large-scale sktis (Wiseet al, 2007).The
PLEX databaseomplies gene expression data from a multitude cfoarray
experiments from plant systems including Arabidspdiarley, citrus, cotton,
grape, maize, Medicago, poplar, rice, soybean,rsaga, tomato, wheat (Wis
al., 2007). Microarray data has been used primarilythi@ identification and
expression analysis of candidate genes in prestudies inV. vinifera(Cramer
et al, 2007, DeBolt, 2006, Deluet al, 2007, Grimplett al, 2007, Lundet al,
2008, Pilatiet al, 2007). Although not utilised as the primary seuof candidate
identification in this study, QRT-PCR of a develagmtal grape series has been
used to support the role of the identified candidainvolvement in the TA
biosynthetic pathway (Chapter 5). Sequencing ofgtape transcriptome (Goes
da Silvaet al, 2005, landolinoet al, 2004, Terrieret al, 2001) has enabled
deeper investigations into the genetic workingsvoivinifera The isolation of
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tissue specific transcripts provides direct evidemar their inclusion in tissue
specific processes. Unfortunately, current librdegcriptors include ‘immature’,
‘pre-véraison’, or ‘green hard berries’. A completevelopmental series at
defined timepoints over development would be highdgneficial in the

identification of TA biosynthetic genes. As yetghs not available, therefore a
structured sampling process and analysis focusimghe individual genes of
interest is required to gain a complete understandf the role of the candidate

genes over berry development.

3.2 Results

3.2.1 Identification and Bioinformatic Analysis ofCandidate Genes

Involved in Tartaric Acid Biosynthesis

Investigations into the reactions of the TA bio$wtic pathway identified
enzymes of bacterial origin responsible for caialysdentical reactions within
their native system. In this study, enzymes respénor steps 2a and 2b (Figure
1.8) of the primary and secondary TA biosynthet@thgray were investigated.
The enzymes capable of performing step 2a of timgpoy-Asc precursor pathway
are denoted 2-ketogluconate reductases (2KGR). drieymes identified as
capable of catalysing step 2b of the secondaryogktprecursor pathway are
denoted gluconate-5 dehydrogenases (G5Dh). Oneiprodrresponding to each
desired activity was identified iBscherichia coli(Blattneret al, 1997, Sofiaet
al., 1994) andGluconobacter oxydanflasenet al, 1995, Pruskt al, 2005)
respectively (Figure 3.1). The identification ofethe. coli 2KGR (NCBI
Accession P37666) resulted from the purificationh&f gene product from region
80.1 min (geneyiaE) on theE. coli chromosome. Kinetic analysis showed the
enzyme capable of catalysing multiple reactionfusfiag the reduction of 2KGA
to IA. Further support was provided with the deletbf this gene resulting in the
loss of 2KGR activity (Yurret al, 1998a). The activity of G5Dh fro@. oxydans
(NCBI Accession P50199) was confirmed through tbeuenulation of products

in over-expression lines (Merfoet al, 2006a, Merforet al, 2006b).
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A) | MKPSVILYKALPDDLLQRLQEHFTVHQVANLSPQTVEQNAAIFAEAEGLLGSNENVNAAL
LEKMPKLRATSTISVGYDNFDVDALTARKILLMHTPTVLTETVADTLMALVLS TARRVVE
VAERVKAGEWTASIGPDWYGTDVHHKTLGIVGMGRIGMALAQRAHFGFNMPILYNARRH
HKEAEERFNARYCDLDTLLQESDFVCLILPLTDETHHLFGAEQFAKMKSSAIFINNGRGPVV
DENALIAALQKGEIHAAGLDVFEQEPLSVDSPLLSMANVVAVPHIGSATHETRYGMAACA
VDNLIDALQGKVEKNCVNPHVAD

B) | MSHPDLFSLSGARALVTGASRGIGLTLAKGLARYGAEVVLNGRNAESLDSAQSGEAEGL
KASTAVFDVTDQDAVIDGVAAIERDMGPIDILINNAGIQRRAPLEEFSRKDWDDLMSTNVN
AVFFVGQAVARHMIPRGRGKIVNICSVQSELARPGIAPYTATKGAVKNLTKGMATDWGRH
GLQINGLAPGYFATEMTERLVADEEFTDWLCKRTPAGRWGQVEELVGAAVFLSSRASFV
NGQVLMVDGGITVSL

Figure 3.1 Deduced amino acid sequences of the identifietebal
enzymes A) 2-ketogluconate reductase (NCBI Acces$37666)
from Escherichia coli B) Gluconate 5-dehydrogenase from
Gluconobacter oxydan®NCBI Accession P50199).

A tBLASTn search (Gish and States, 1993) was peraragainst the Gene Index
Project: Gene Indices: Grape database on the Catmput Biology and

Functional Genomics Laboratory websiteww.compbio.dfci.harvard.edu/{gi

using P37666 oE. coliand P50199 of5. oxydango identify homologues in the
V. viniferagenome. 9 TC (tentative consensus sequence, dl§8&’'s forming a
putative gene) sequences were identified withingitagpevine genome in relation
to P37666 (Table 3.1) and 18 TC sequences inoaléi P50199 (Table 3.2). The
libraries from which the EST sequences were idectifvere also recorded to aid
in the identification of an enzyme involved in thA biosynthetic pathway. Three
candidate homologues for each enzyme were seldzaséd upon selection
criteria including: tBLASTn rank, EST library lodan, % similarity to bacterial
enzyme (Tables 3.1 and 3.2) and the possessionsfecved residues, family
signatures and cofactor binding domains (Tablega8d33.4).
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Table 3.1 Results of a tBLASTn search Bf coliP37666 against the

V. vinifera genome. The libraries the EST’s were identifiedane

summarised with the ‘Other’ category representiatigte, stem, root,

flower and leaf tissue. The shaded sequences tedibase selected

for further analysis (see Chapter 4) based upoectz criteria

including: EST library location and the presencecafalytic/binding

domains and conserved residues (Table 3.3). Peraaritity
calculated at the amino acid level.
EST Libraries E Identity

Contig Preliminary Annotation Berry  Other Value (%)
TC59682 Hydroxyphenylpyruvate 5 8 3.0e-35 37
TC61548 Hydroxypyruvate reductase 5 1 1.3e-29 33
TC66090 Oxidoreductasé(thaliang 2 2 1.2e-25 29
TC57226  Hydroxypyruvate reductase 2 9 1.6e-23 19
TC55752 Formate dehydrogenase 24 15 1.1e-22 28
TC70223 Oxidoreductasé(thaliang 2 4.8e-22 32
TC65273  Oxidoreductasé(thaliang 7 2 4.9e-22 32
TC54577  Hydroxypyruvate reductase 2 4.9e-14 39
TC70044  Hydroxypyruvate reductase 2 13 8.6e-08 35
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Table 3.2 Results of a tBLASTNn o6. oxydan$®50199 against thé.
vinifera genome. The libraries the EST's were identified are
summarised with the ‘Other’ category representiatigte, stem, root,
flower and leaf tissue. The shaded sequences tedibase selected
for further analysis (see Chapter 4) based upoectel criteria
including: EST library location and the presencecafalytic/binding
domains and conserved residues (Table 3.4). Peradanitity
calculated at the amino acid level.

EST Libraries E Identity

Contig Preliminary Annotation Berry Other  Value %
TC55106  3-oxoacyl-[acyl-carrier-protein] 2 7 6.4e-36 22
reductase
TC53716  Oxidoreductasd (thaliang 7 6 4.1e-34 25
TC52437 OxidoreductaseA. thaliang 7 33 1.8e-33 27
TC64853  Oxidoreductasd (thaliang 2 3.8e-33 26
TC68844  Oxidoreductasd (thaliang 2 1.3e-31 29
TC58159  Oxidoreductasé (thaliang 3 2 1.0e-30 23
TC68502  3-oxoacyl-[acyl-carrier-protein] 1 1 3.7e-28 32
reductase
TC55665  Oxidoreductasd (thaliang 1 2 1.5e-26 29
TC65709  Short-chain dehydrogenase/reductase 2 6 e224 28
TC55097 Short-chain alcohol dehydrogenase 5 7.5e-24 28
TC70734  Oxidoreductasd (thaliang 2 5.6e-23 29
TC58004 Dehydrogenase-like protein 43 1 7.3e-23 26
TC57281  Peroxisomal 2,4-dienoyl-CoA reductase 11 6 1.1e-22 22
TC66370  Oxidoreductasd (thaliang 2 2.7e-22 26
TC56205  Peroxisomal 2,4-dienoyl-CoA reductase 8 6 .0e-18 23
TC53841  Short-chain alcohol dehydrogenase 19 2 -182e 28
TC51869  Oxidoreductasd (thaliang 3 8.9e-18 22
TC54798 CPRD12 protein 7 1 2.7e-17 27

TA biosynthesis has been identified within bergstie during the first phase of
berry development denoted ‘berry formation’ (Satad Kasai, 1968, Saito and
Kasai, 1978). Therefore, the putative genes ofésteare those identified in berry
EST libraries. Table 3.1 summarises ftie vinifera homologues for 2KGR.
TC59682 and TC61548 were shown to be the mostasinalP37666 based on the
tBLASTn ranking. Although preliminary annotationdinates TC55752 as a
formate dehydrogenase, it has the highest numb&Sdfs identified in berry
libraries. Table 3.2 summarises t¥e viniferahomologues for G5Dh. TC58004
has the highest number of EST’s identified withagrrlg EST libraries, yet it is
ranked twelfth similar to P50199 based on the tBTASanking. TC52437 is

ranked third similar yet the majority of the putatigenes EST’s are located in
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libraries other than berry. In both selections/olviniferacandidate homologues

additional analysis was required to select probahls/mes for further analysis.

Sequence analysis was conducted to identify sigesitsuggestive of each of the
putative enzyme’s catalytic activity and familywhich it resides (Table 3.3 and
Table 3.4). Reaction 2a of the Asc-precursor payhweolves the reduction of 2-

keto4-gulonate ta_-idonate (Figure 1.8). This process is enzymaticiadatates

a coenzyme such as NAD(P)H is required. The presefca binding and/or

catalytic region would be indicative of an enzymapable of catalysing the

reaction. Recognition of the presence of integratiesnhains (a structurally

conserved feature related to protein activity sedrérom multiple databases),
family (diagnostic feature found in or related &ygions indicative of a certain

family of proteins) and conserved sites (a regidrseguence identified to be
highly conserved across a protein family) withie gequence was integral in the

candidate selection process (Mulder and Apweil@d32.
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Table 3.3 Summary of the integrated domains identified wmith. coli P37666 and th¥. viniferahomologues. Identification was

conducted using the web-based program InterProfegamv.ebi.ac.uk/tools/interproscanNo family or conserved site signatures

were identified in the amino acid sequences. Tlaglath sequences indicate those selected for fuattadysis (see Chapter 4) based

upon selected criteria including: EST library laoatand the presence of catalytic/binding domaird @nserved residues.

© Al [e0) (@] © A ™M ™ N~ <

o) [ee] <t (*2} N Lo N N~ N~ <

) o (o} Ln o AN N~ N A L0 o

Signature N B 3 ® b B R 8 » R

O O O O O O O O O

F FF F F F F F F F
NAD(P)-Binding G3DSA:3.4050.720 Y Y Y Y

D-lsomer Specific 2-
Hydroxyacid 2 Hacid Dh Y Y Y Y Y Y Y
Dehydrogenase, Catalytic

D-Isomer Specific 2- 2HacidDhC Y Y Y Y Y Y Y Y Y Y

Hydroxyacid D 2 Hydroxyacid Dh 1 Y Y Y Y Y
Dehydrogenase, NAD- D 2 Hydroxyacid Dh 2 Y Y
Binding D 2 Hydroxyacid Dh 3 Y Y
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V. vinifera candidates TC59682, TC61548 and TC55752 show tbsepce of
multiple signatures of NAD(P) binding domains cargmt with theE. coli
P37666 2KGR protein. The signature of a catalytmdin was also detected in
these contigs. The domains detected are compatablbe E. coli P37666
sequence, suggesting the ability to catalyse azyoe® dependent reaction. These
candidates were therefore selectedroritro activity analysis (see Chapter 4).

Reaction 2b of the secondary glucose-precursom@gtinvolves the oxidation of
D-gluconic acid to 5-ket@-gluconic acid (Figure 1.8). This enzymatic process
indicates a coenzyme such as NAD(R required. Again, the presence of a
binding and/or catalytic region would be indicatigé an enzyme capable of

catalysing this reaction.
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Table 3.4 Summary of integrated family, domain and consgrsie signatures withig. oxydansP50199 and th&/. vinifera

homologues. Identification was conducted using web-based program InterProScamwiv.ebi.ac.uk/tools/interproscanThe

shaded sequences indicate those selected for rfuatfaysis (see Chapter 4) based upon selectestiarincluding: EST library

location and the presence of catalytic/binding dosiand conserved residues.

(o] (o] N~ ™ < (©2] AN Lo (@] N~ < < —l (@] Lo — (e} [e0}
o —l (s2) Lo < Te} o (e} o (o] ™ o (e8] N~ o < (o] (*2]
— N~ < [ee] [e ] —l o (o] N~ o N~ o N (9] N [e ] [ee] N~
Signature B B h D e B 8 B Y8 B R B b B b B Db oD®
O O O @) O O O O O O O O O @) O O O O
F - F F FF + F F F F F F F F F F F F
SDR Family Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Short Chain Short Chain
Dehydrogenase/ReductaseDehydrogenase/ReductaseY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
SDR Family Member
Family ADH-Short Y Y Y
Glucose/Ribitol GDHRDH Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Dehydrogenase
3-Oxoacyl-(Acyl Carrier ~ 3-oxoacyl-[acyl-carrier- v v
Protein) Reductase protein] reductase
Domain NAD(P)-Binding Domain G3DSA:3.40.50.720 Y Y YY Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Conserved Short-Chain
Site Dehydrogenase/Reductase ADH Short Y Y Yoy v Yo v \ \ Y Y Y
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Family signatures, coenzyme binding and conserited gere identified (Zdobnov
and Apweiler, 2001) based on the amino acid seguehthe contig (Table 3.4). Due
to the high number of candidates identified froma th viniferagenome (Table 3.2),
candidates were selected based upon the presermn®érved sites and NAD(P)
binding signatures, and the libraries from whica BEST’'s were identified. Although
TC55097 EST's were identified exclusively in othEST libraries, signatures
congruent with thé&. oxydan<s5Dh protein were identified in this contig sugges
that the encoded protein has the capacity to catiie reaction. Therefore, the
contigs selected foin vitro activity analysis (see Chapter 4) were TC52437,
TC55097 and TC58004.

The nucleic and amino acid sequences of the sdlectetigs,V. vinifera TC59682,

TC61548 and TC55752 for 2KGR aNd viniferaTC52437, TC55097 and TC58004
for G5Dh are listed in Figures 3.2 and 3.3 respebti These sequences were
obtained from the Gene Index Project: Gene IndiGape database and used for all

bioinformatic analysis described within this segtio
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Figure 3.2: Nucleic (A) and amino (B) acid sequence of canida
proteins for a 2-ketogluconate reductase involwedhie primary Asc-
precursor pathway iW. vinifera Blue and red bases indicate the start and
stop codons of the open reading frame respectivelgenotes intron
positions identified via the Spidey mRNA-genomiggament program
(www.ncbi.nlm.nih.gov/IEB/Research/Ostell/Spifley
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TC61548 A ATGGCTGTTGGATACAACAATGTTGATGTGAATGCTGCTAATAAGTACGGTGTIGCTGTTGG
GAACACTCCA*GGAGTACTTACAGAGACTACAGCAGAGCTAGCAGCCTCAQTTCTATGGCA
GCTGCTCGAAGAATAGTTGAAGCAGACGAGTTCATGAGGGCAGGCTTATAGACGGATGGC
TTCCTCATCT*GTTTGTGGGGAATTTGCTCAGAGGACAGACTGTTGGTGTATTGGAGCAGGT
CGTATTGGATCTGCGTATGCTAGAATGATG*GTAGAAGGGTTCAAAATGAACCTGATTTACT
ATGATCTGTACCAAGCCACACGCCTGGAGAAGTTTGTTACAG*CTTATGGTAGTTCCTGAA
AGCCAGTGGTGAACAACCAGTGACCTGGAAAAGAGCTGCAAGTATGGATGAGTGCTCCGA
GAGGCTGATCTT*ATTAGTCTCCATCCAGTATTGGATAAGACCACTTATCATCTAGTCAACAA
GGAAAGGCTCTCAATGATGAAGAAG*GAAGCGATCCTTATAAACTGCAGCAGAGGGCCTGT
GATTGATGAAGTAGCTTTGGTGGCACATCTGAAAGAGAACCCCATGTTTCAGTTGGACTTG
ATGTCTTTGAG*GATGAACCTTACATGAAACCTGGTCTTGCTGAAATGAAGAACGCGATCGT
GGTACCTCACATTGCTTCTGCTTCCAAG*TGGACTCGCGAAGGAATGGCTBATTGGCTGCTC
TGAATGTCCTG*GGAAAGATCAAAGGATACCCAATTTGGCATGATCCAAATAAGGTTGAACC
ATTCCTCAACGAGAACTCCCTGCCCCCAGCTGCATCTCCAAGTATAGTCAARGCAAAAGCCT
TAG*GTTTGCCTGTTTCAAAGCTATGAGCAGGAGGGGTTAA

B MAVGYNNVDVNAANKYGVAVGNTPGVLTETTAELAASLSMAAARRIVEADEF MRAGLYDGW
LPHLFVGNLLRGQTVGVIGAGRIGSAYARMMVEGFKMNLIYYDLYQATRLE KFVTAYGQFLKA
SGEQPVTWKRAASMDEVLREADLISLHPVLDKTTYHLVNKERLSMMKKEAILINCSRGPVIDEV
ALVAHLKENPMFRVGLDVFEDEPYMKPGLAEMKNAIVVPHIASASKWTREGMATLAALNVLG
KIKGYPIWHDPNKVEPFLNENSLPPAASPSIVNAKALGLPVSKIU

TC59682 A ACCAGCGAAGTCCCCAAAGATATCGGACGGCTCATCCGCCCCACCGTCAGECCGCTGCACT
CCCACCTCCGTGCGCCGCCGAGTGTATAGTGCGTCTTTCACAAAGCGAAATATGGAAAGCA
TCGGGGTACTGTTGACTTGCCCAATGAACCCATACCTGGAACAGGAACTGBCAAGCGCTTC
AAGCTCTTCCGCTTCTGGGACTTTCCAAGCGCCAACGATCTTTTCAGGGAGATTCAAATTC
GATCCGAGCTGTGGTTGGAAACTCCTTCATCGGCGCCGACGCCCAGATGARGAGGCGTTGC
CCAAGATGGAGATTGTGTCGAGTTTCAGCGTTGGGTTGGACAAGATCGATTGGTGAGGTGC
AAGGAGAAGGGAATTAGGGTTACGAACACTCCGGATGTGCTGACGGAGGAGTGGCGGACT
TGGCACTTGCTTTGATTTTGGCGACTCTGAGACGTATTTGTGAAAGTGATGTTATGTGAGG
AGTGGGTCGTGGAAGAAAGGGGATTTCAAGTTGACTACCAAG*TTCACTGRAAATCAGTTG
GCATTATAGGGTTGGGTAGGATTGGCTCAGCAATTGCCAAGAGAGCCGAGGATTTAGCTG
TCCAATTAGTTACCATTCCAGAACAGAGAAACCAGGGACAAACTACAAGTACTATCCTAGT
GTCGTTGAATTGGCCTCCAACTGTCAAATCCTGGTTGTTGCTTGCGCGTTARCACCAGAAAC
CCGCCACATCATCAACCGTGAAGTCATCAATGCACTGGGTCCAAAGGGTGEGTCATCAACA
TCGGAAGGGGATTACATGTGGATGAACCTGAGCTTGTATCCGCACTGGTTBAGGCCGGTTG
GGAGGTGCTGGACTTGATGTGTTTGAAAATGAGCCTAATGTACCTGAAGAEGTGTTAGCAAT
GGACAATGTAGTCCTTTTGCCTCATGTTGGAAGCGGAACGGTGGAAACCCGAAAGACATG
GCTGACCTGGTACTTGGAAACTTAGAGGCTCACTTTCTGAACAAACCACTGTAACTCCAGT
GGTTTAA

B TSEVPKDIGRLIRPTVTAAALPPPCAAECIVRLSQSEW ESIGVLLTCPMNPYLEQELDKRFKLFRF
WDFPSANDLFREHSNSIRAVVGNSFIGADAQMIEALPKMEIVSSFSVGLDIOLVRCKEKGIRVTN
TPDVLTEDVADLALALILATLRRICESDRYVRSGSWKKGDFKLTTKFTGKSVGIIGLGRIGSAIAK
RAEGFSCPISYHSRTEKPGTNYKYYPSVVELASNCQILVVACALTPETRHNREVINALGPKGVVI
NIGRGLHVDEPELVSALVEGRLGGAGLDVFENEPNVPEELLAMDNVVLLPH/GSGTVETRKDM
ADLVLGNLEAHFLNKPLLTPVV U

TC55752 A ATGGCGATGATGAAGCGAGTTGCTGAGTCTGCGGTTAGGGCTTTTGCTCTGGGTTACTTC
CGGGGCTCTTACCAGGCACCTCCAT*GCTTCAGCTGGCAGCAAAAAGATTEGIGGGGTGTTT
TACAAGGCCAATGAATATGCTGCCATGAATCCCAACTTTGTGGGCTGTGTGAGGGAGCCTT
GGGCATTCGAGATTGGTTGGAATCACAAGGGCACCAGTACATAGTTACTGAGACAAAGAA
GGACCAGATTGTG*AACTTGAAAAGCACATTCCCGACCTCCATGTTCTCARTCTACCCCCTT
CCACCCTGCCTACGTAACAGCAGAGAGGATCAAGAAGGCCAAAAATCTACMCTTCTGCTT
ACAGCTGGAATTGGATCTGATCATATTGATTTGAAGGCAGCTGCTGCTGCGGGCTAACAGT
TGCTGAGGTCACTGGAAGCAACGTAGTGTCTGTTGCAGAAGATGAGCTCABAGAATCCTCA
TTCTTGTCCGGAATTTCTTGCCTGGACACCATCAGGTTATTAGTGGGGAGEGAATGTTGCA
GGTATTGCTTACAGAGCTTATGATCTTGAAGGCAAGACAGTGGGAACTGTIGGGGCTGGAC
GTATTGGTAGGCTTTTGCTCCAGCGATTGAAGCCTTTCAACTGTAATCTCTCTATCATGATC
GGATTAAAATGGACCCAGAATTGGAGAATCAGATAGGAGCAAAGTTTGAAGAGGATGTTGA
TGTGATGCTTCCCAAATGTGACATAATTGTCATCAACATGCCTCTTACTGANAAAACAAA*A
GGAATGTTCAACAAAGAGAGGATTGCAAAGTTGAAAAAGGGAGTTCTAATT GTTAACAATG
CTCGAGGAGCAATCATGGATACACAAGCTGTTGCCGATGCATGCTCCAGTGGCATATTGCA
G*GTTACAGTGGGGATGTTTGGTATCCACAGCCAGCCCCCAAGGACCATCRTGGCGGTACA
TGCCAAACCAAGCTATGACCCCTCATATTTCTGGCACCACCATTGATGCABG*TTGCGATA
CGCAGCTGGAGTGAAGGACATGCTAGACAGGTACTTCAAGGGAGAAGACTTCCGGCACAA
CATTACATCGTCAAGGAGGGCCAACTAGCAAGCCAGTACCAG AA

B MAMMKRVAESAVRAFALGSTSGALTRHLHASAGSKKIVGVFYKANEYAAMNP NFVGCVEGAL
GIRDWLESQGHQYIVTDDKEGPDCELEKHIPDLHVLISTPFHPAYVTAERKKAKNLQLLLTAGIG
SDHIDLKAAAAAGLTVAEVTGSNVVSVAEDELMRILILVRNFLPGHHQVIS GEWNVAGIAYRAY
DLEGKTVGTVGAGRIGRLLLQRLKPFNCNLLYHDRIKMDPELENQIGAKFEEDVDVMLPKCDIIV
INMPLTEKTKGMFNKERIAKLKKGVLIVNNARGAIMDTQAVADACSSGHIA GYSGDVWYPQPA
PKDHPWRYMPNQAMTPHISGTTIDAQLRYAAGVKDMLDRYFKGEDFPAQHYWVKEGQLASQY

QU
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TC52437 A ATGGCTCAGACATGTGGGTTCAGCTCTGGAGATAGTAGATGGTCTCTCAAGGGATGACTG
CTCTTGTAACTGGTGGAACTAAAGGAATTGGGCATGCAATTGTGGAGGAATOGGCTGGATT
AGGAGCAACCATACACACGTGTTCTCGAAAAGAAACCGAGCTCAATGAATGCTTAAAGGA
TTGGAAAGCTAAAGGTTTTGGAGTGAGTGGTTCAGTGTGTGATGTATCCTCCGGGCCCAA
AGGGAGAAGCTAATGGAGACTGTGTCTTCTGTGTTCAATGGGAAGCTGAARTCCTTGTCA
ACAACGCTGCTATTGTTATTCAGAAACCAACAGTAGAGGTCACGGCAGAAGAGTTCTCAA
CAATCATGGCCATAAATTTTGAATCTGTGTATCATCTGTCCCAACTCGCAG\CCCCCTTTTA
AAGGCATCAGGAGCGGGAAGCATTGTGTTCATCTCCTCTGTTGCAGGCGTABTGTCACTCA
AGTATCTGTCTGCTTATTCAGCGACCAAAGGAGCAATGAATCAACTTACAAAGAATTTGGC
ATGCGAGTGGGCGGAAGATAATATTAGAAGTAATGCAGTTGCTCCTTGGTAATCAAAACT
CCGATGGTGGATCAGATGCTCAGTAACAAAACCTTTCTGGAAGGGGTGATAATCGAGCT
CCACTTCGCCGTGTGGGAGATCCGAAGGAGGTGTCATCTTTGGTGGCATTICTGTCTAC
CAGCATCATCTTACATTACTGGACAGACTATTTGTGTCGATGGTGGCGTGATGTTAATGG
TTTTGAGCCAAACCTGTTCTAG

B MAQTCGFSSGDSRWSLKGMTALVTGGTKGIGHAIVEELAGLGATIHTCSRKEELNECLKDW
KAKGFGVSGSVCDVSSRAQREKLMETVSSVFNGKLNILVNNAAIVIQKPTVEVTAEEFSTIMAI
NFESVYHLSQLAHPLLKASGAGSIVFISSVAGVVSLKYLSAYSATKGAMNQLTKNLACEWAED
NIRSNAVAPWYIKTPMVDQMLSNKTFLEGVINRAPLRRVGDPKEVSSLVAR.CLPASSYITGQTI
CVDGGVTVNGFEPNLRJ

TC58004 A ATGGTCACCGGCGCTTCCTCGGGTCTCGGCAGCGAGTTCTGCCTCAACCTCGRAAGCCG
GCTGCAAGATCGTGGCGGCCGCCCGCCGAGTTGACCGACTCAAGTCTCTGTGACGAGAT
CAACAACCTCACCCACTCGAACCTTCCTCCAAACGCTGATCCGCCTCTCCEECCGTAGCA
GTCGAACTTGACGTCACCAGCGATGGCTCCTCAATCGGCGCCTCCGTTCABGGCTTGGG
AGGCCTTTGGACGTATCGATGCTTTGCTAAATAATGCGGGCATTAGAG*GBATGTGAACT
CTCCTCTGGATATATCTGAGGAGGAATGGAATAATACTCTGAAGACAAACTTGACGGGATC
ATGGTTGGTGTCAAAATATGTCGGTATGCGCATGAGGGATGCCAAGAATGBGGATCAAT
CATCAATATTTCTTCCATTGCTGCTCTTAATCGGGGACAGTTACCTGGAGBGTAGCCTATG
TGTCTTCCAAGTCAGGCTTGAGCGCCATGACAAAG*GTAATGGCTCTGGAATGGGGGCAT
ACAATATTAGAGCGAATGCAATAGCACCTGGACTATTCAAATCAGAGATAACTTCGGGCCT
TATGCAAAAAGACTGGCTCAACACTGTGGCTCAGAGAACATGCCCTATGC&GACCTTTGGA
ACATCGGACCCTGCATTGACATCCCTGGTGCGATACTTGATTCATGATTCTCACGATACAT
ATCAGGTAACATTTTCATTGTCGATGCAGGTGCAACCCTGCCGGGTGTCACATTTTCTCTT
CCCTTTGA

B MVTGASSGLGSEFCLNLAKAGCKIVAAARRVDRLKSLCDEINNLTHSNLPPNADPPLRAVAVE
LDVTSDGSSIGASVQKAWEAFGRIDALLNNAGIRGNVNSPLDISEEEWNNIKTNLTGSWLVS
KYVGMRMRDAKNGGSIINISSIAALNRGQLPGGVAYVSSKSGLSAMTKVMALELGAYNIRAN
AIAPGLFKSEITSGLMQKDWLNTVAQRTCPMRTFGTSDPALTSLVRYLIHESSRYISGNIFIVDA
GATLPGVPIFSSIU

TC55097 A ATGGAGAAGATCGGAAAGAGATTTCAAGGGAAGGTGGCGATCGTGACGGCGTCACTCAG
GGTATCGGCTTCAGCATTGCAGAGCGGCTGGGCTTGGAGGGCGCCTCGGITACTCTCGT
CTCGCAAGCAG*AACAATGTAGATGAGGCAGTTAAAAAGCTCAAAGCTCAAGGAATTGAA
GCGATGGGCGTGGTTTGTCATGTGTCCAATGCCCAACATAGGAAGAATCTATTGAAAAG
ACGGTTCAG*AAATACGGAGCAATAGATGTGGTTGTGTCCAATGCTGCTGCAACCCATCT
GTTGATCCTACGCTGGAAACACGAGAATCGGTTCTAGACAAGCTATGGGAATCAACGTC
AAATCTTCTATACTCATTCTACAG*GAGGCAGCTCCTCACTTGAGAAAGGGITCGTCGGTTG
TCCTAATTTCCTCTATTGCCGGGTATCAGCCACAGTCTTCCATGTCTATGATGGAGTGACA
AAAACAGCCCTTCTTGGGCTTACCAAG*GCCCTTGCAGCTGAGATGGGCCAGACACTCGT
GTAAATTGTGTTGCGCCTGGTTTTGTACCAACACACTTTGCCGAATTCCTBCGAAAAATG
CTGAGATT*AAGAAGGACATTGAGGATAAAACTCTACTCAACAGGCTTGGAACCACCAAG
GATATGGCTGCAGCCACGGCCTTCCTGGCTTCCGACGATGCTTCTTATARCTGGAGAGA
CGCTGGTAGTGGCTGGTGGAATACCTTCTAGACTTAG

B MEKIGKRFQGKVAIVTASTQGIGFSIAERLGLEGASVVLSSRKQNNVDEAVKKLKAQGIEAMG
VVCHVSNAQHRKNLIEKTVQKYGAIDVVVSNAAANPSVDPTLETRESVLDK LWEINVKSSILIL
QEAAPHLRKGSSVVLISSIAGYQPQSSMSMYGVTKTALLGLTKALAAEMGDTRVNCVAPGFV
PTHFAEFLTKNAEIKKDIEDKTLLNRLGTTKDMAAATAFLASDDASYITGE TLVVAGGIPSRLU

Figure 3.3: Nucleic (A) and amino (B) acid sequence of candida
proteins for a gluconate 5-dehydrogenase involvetheé secondary
glucose-precursor pathway Yh vinifera Blue and red bases indicate
the start and stop codons of the open reading freespectively.
*denotes intron positions identified via the SpideyRNA-genomic
alignment program

(www.ncbi.nim.nih.gov/IEB/Research/Ostell/Spijley
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A COBALT alignment (Papadopoulos and Agarwala, 306f7the amino acid
sequences of the bacterial candidates againsesipectiveV. viniferahomologue
sequences was performed to identify regions of hogyand to determine

percent identity across the sequences.

Alignment of the candidates for step 2a of the priynAsc-precursor pathway
(Figure 3.4) shows multiple conserved residues; dwar homology over large
sections of consecutive amino acids is not preseentity over the open reading
frame (ORF) of TC59682, TC61548 and TC55752 as ewetpto P37666 was
calculated as 34.7%, 31.5% and 21.3% respectively.

* 20 * 40 * €0 * 80 *
p37666 : [Irp-sVELvKaErDD FLQRIQEHETVEQUANLSPQIVEQNARIFAE @ 45
TC61548 : : -
TC55682 FESIG LTCPFNPY EQ DEREE-—LFRFWDFESANDLFREHSN : 44
TC55752 : EAMMK AESAERAFALGSTSGALTRHLHASAGSKKIVGVFYHANEYABMNPNFV’GCVEGAL IRDWPESQGHQYIVTODKEGPDCELERHIPD @ 94
m 1

* 0

100 * iz20 140 * 160 * 18
p37666 : -AEGRIG-SNEN--VNEAINERMPRIIRATSIT N ILTAR ST D BTl SRRV AS VAEREE TaSTE : 135
TC61548 = SANE Gl B ELAA. ALMN-SR S RDE R} DGWLE : 63
TC59682 : SIRAAGNSFIG--ADNQMIERALPRIETVEEF VRCKE TES? DL AN 3 SRS R--F : 134
TC55752 : —LEVMMSTEFHPAYVTL ERMKRARNSQLLIMA KEARA AEVTGSNY EDEN MRERE T LVIEN 7l PGHHC T Nv-2fe : 186
a [ D& a 1 6 g
280

Rr e

1 g6 €& tp vlite vA 3 G 5
* 200 * 220 * 240 * 260 *
P37666 : PDRYGTDYHH afesy g '{EBH M NAEHH ———————————————— HEEAFERENARYC 0 QES IL DE : 213
TC61548 : HIKVEN '({ S RMMV. KM YOLYQATRLEKFVTAYGQFLEASGEQPVTWERAA D RE. HDVEDET : 157
TC59682 : DFRLTIRFTS S RZAE. SC HYFTE-———————————————— KEGTNYRY ———YP S VEMZASNC (AC EE : 208
TC55752 : IAERAYIE pie RT4E L0 LK - FJgNC] HOEIK-—————————————] MDPELENQIGARFEE, 0 PK NM EE : 265
gk36 IGaar gF 6 ¥ x 6d 61 d 66 Lt

320 * 340 * 36

* 300 * o] *
P376€6 : LARE GRS O FARN S S, A 5 N R QKE LSVODSEEL, = A HERRS Y ACAV, ID : 307
TC61548 : (5. 13 RN S| yKE. C 2 VERRGA HISKEN YMEP—GEA. SF2 Sy TR TLAR LG : 250
TC59682 : RizpiT 2 VEINAFG PK I L. 5 PERR, VEe NVPE—-EJST. S{e TN TR DLVL Ex : 301
TC55752 = Jale M IBRIA JEC N TOERADECSSE {APEDHEWR [9) SGTMIDAQLRYBPACVRKDMEDR : 3585
T hé n 6 € [

E b6k N RGC 6De a6 al g 1 MN PH6 5 3 tr mhA neé

380 * 400 w 420

£37666 EEvE---KNCNPHVAD ;324

TC61548 : RIKeYPIWHDPNEY EPFLNENSLPPARSPSIVNARALGLEVSRL : 294

TC59682 : HELNRPL———LTEVU : 314

TC55752 : YFREEDF—————————————————— PRQHYIVREGQIASQYQU- : 384
g v

Figure 3.4: COBALT alignment of theE. coli 2KGR P37666 and
putativeV. viniferahomologues TC61548, TC59682 and TC55752

Alignment of the candidates for step 2b of the sdapny glucose-precursor
pathway (Figure 3.5) shows a similar pattern to pievious alignment with
homology over large sections of consecutive amicidsanot present. Identity
over the ORF of TC52437, TC58004 and TC55097 aspeoed to P50199 was
calculated as 30.7%, 26.2% and 28.3% respectively.
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*

p50199 : fB-————— SHPDLFSLi ATy 2CTG NAE sncsefi —————————— RES : 63
TC52437 : WAQTCGFSSGDSRWSLKE! \ d HTC SETEM ECLEDWEEKE ——————————— FGVS ;70
TCS58004 : I v cLd c = VORMKSLCDEINNLTHENLEPNADE ;80
TC55097 : BERIGK-———-——- REQERVERNMA SpiClepte GL 'QN -EAVKKLBE;C —————————— i 62

M g a VITg 3 G&G La Ga 6v
* 100 * 160
B501%9 H VDO DAVIDRYAARIERDM =10 A Q——RR EN RKD AVAR I-PRGR : 139
TCS52437 : G M SEAORERLIUETVSSVENER VNNA TVE A FES LAHP H—-ASGA : 147
TC58004 : AVELPNENSDGSSIGRASVOKAWEARFER A A IRG TG, SEYVGMRSDAENG : 139
TCS55097 : GVEC\?&NAQHRKNIEEKTVQKY VVENAEENNS DP —— nSV ) RKSST LCEAAP ———-KG : 137

v dv3 G 61 66nNA i 6

oS QSELAR——P infT TDV{RH r; E 217
-GVVSL——K szfs :.WAED K LE A 225

W ALNRGOLBGGVEPV R &S s |Ts —QK LN A 219
Bu:cvgrg--ssTst F sl PDT HFAE TKEAEIKK 214

g566 I=S5a Y 3K aG 6TK A e g x

P501%5 - QVEE-MVGAR
TC52437 : DPRE—{§SSLV
TC58004 : RT TSDPRMTSTV
TC55097 : TTKD AAAT

5

Figure 3.5: COBALT alignment of th&. oxydan$55Dh P50199 and
putative V. vinifera homologues TC52437, TC58004 and TC55097.

The conserved bases pertaining to a functionafjgiicant region are

B501%9
TC52437 :
TC58004 :
TC55097 :

: 256
271
: 267
: 254

boxed in yellow.

The highly conserved Y-x-x-x-K preceded by a senesidue is believed to be
functionally significant. This conserved polar @uiis believed to define a
secondary structure important in protein-substiateractions (Klaseret al,
1995, Perssoret al, 1991, Reidet al, 2003). Although TC55097 was not
identified in any berry EST libraries, it possessies conserved residues of a
G5Dh.

The amino acid sequence of each enzyme was fuatheysed using web-based
BLAST interfaces to predict protein characteristibased upon complied
experimental data. The sites used include: PepStats

(http://www.ebi.ac.uk/tools/emboss/pepipfbasic information based upon the

individual amino acid residues; Prositetp://expasy.org/prosiieredicts tertiary

structure and function of the protein based onepagtprofiles specific to protein
families and domains (de Castet al, 2006); and the Centre for Biological

Sequence Analysis protein annotation servicesww.cbs.dtu.dk/servicgs

NetPhos, identification of generic phosphorylatgites suggesting regulation of

enzymatic activity (Blomet al, 1999); TargetP, subcellular localisation of
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protiens based on the presence of signal peptilegrfuelssoret al, 2000);
TMHMM, presence of transmembrane helices indicatmgmbrane bound
(Krogh et al, 2001); NetNES identification of leucine-rich neiat export signals
(la Cour et al, 2004). These sites enabled the prediction of rgén@rotein
characteristics aiding in candidate selection arfzequent analysis of enzymatic
activity (P37666 and P50199 were not analysed &stam descriptors as the

database protocols pertain to Eukaryotic sequences)

Comparison oE. coli 2KGR P37666 and putatiwé. vinifera2KGRs TC61548,
TC59682 and TC55752 show similarities across alitgins (Table 3.5). No
transmembrane helices were detected in any ofdhdidate proteins indicating
they are not membrane bound; however, TC59682 dettified as posessing a
leucine-rich nuclear export signal suggesting rengport across the nuclear
envelope. TC55752 is the largest of the proteimstha only protein predicted to
encode a mitochondrial targetting peptide. Multipégine, threonine and tyrosine
residues were predicted as phosphorylation sitdirweach candidate sequence.

This suggests the proteins may be post-transcnigiiypregulated.

Comparrison ofG. oxydansG5Dh P50199 and putative. vinifera G5Dh’s

TC52437, TC58004 and TC55097 (Table 3.5) showedlasimesults to the

previous comparison with a high degree of comanaditross the proteins
observed. No transmembrane helices were detecteginynof the candidate
proteins indicating they are not membrane boundyewver, TC52437 was
identified as posessing a leucine-rich nuclear exgignal suggesting its transport
across the nuclear envelope. TC58004 was predicteeincode a chloroplast
transit peptide, the only protein identified as ading a targetting peptide. A
similar number of phosphorylated sites was predichdeross theV. vinifera

proteins with multiple serine, threonine and tynesiresidues predicted as

phosphorylation sites suggesting post-transcriptioegulatation.
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Table 3.5: Summary of the bacterial enzyme sequences andrdsgiectiveV. viniferahomologues. Properties are predicted based

on the amino acid sequence analysed via web-bas#dcpls. NP indicates the descriptor not predict€dther indicates the

sequence does not encode a chloroplast transag¢inaibhdrial targeting or signal peptide targetingpithe chloroplast, mitochondria

or secretory pathway respectively. N/A indicatealgsis not performed.

E. coli V. vinifera V. vinifera V. vinifera G. oxydans V.vinifera  V.vinifera V. vinifera

Molecular Weight (kDa) 36.41 38.27 42.08 28.83 28.14 26.89
Number of Residue (AA) 324 331 351 383 256 270 266 253
Charge -6.0 +3.0 -1.0 +6.0 -25 +3.0 +5.0 +6.0
Isoelectric Point (IP) 5.68 7.23 6.26 7.42 5.37 7.75 8.91 9.38
Nuclear Export Signals N/A NP L:147, A:148 NP N/A L:243 NP NP
( Residues) L:149, I:150

L:151, L:154
Subcellular Localisation N/A Other* Other Mitochondria N/A Other Chloroplast Other
Phosphorylation Sites
— Serine N/A 4 6 2 N/A 9 10 6
— Threonine 3 4 3 2 3 3
— Tyrosine 4 2 2 1 2 2

P37666

TC61548

TC59682

TC55752

P50199

TC52437

TC58004

TC55097
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3.3 Discussion

Bacterial species such dsscherichia coliand Gluconobacter oxydangossess
enzymes capable of catalysing steps 2a and 2b eofT#h biosynthetic pathway
respectively (Merfortet al, 2006a, Yumet al, 1998a). Putative homologues were
identified inV. viniferabased on the similarity of the deduced amino aeglence to
the respective bacterial enzyme. Additional charegation of these homologues at a
sequence level was conducted to investigate thieaprlity of their involvement in
the TA biosynthetic pathway. The presence of fuumal domains and family
signatures suggesting enzymatic activity of thedwates was also tested and
positive outcomes used to further add weight talchate identity. The libraries from
which the EST sequences forming the candidate’sn opading frame were
indentified in were also considered. TA biosyntedsikes place within berry tissue
during the berry formation phase of developmenit¢Sand Kasai, 1968, Saito and
Kasai, 1978). Contigs of interest therefore ares¢hidentified in berry EST libraries.
Of the EST’s constituting candidate TC61548, 83%ewelentified within berry
tissue. Saito and Kasai (1984) suggested an oxidotase as responsible for
catalysis of step 2a of the primary Asc-precursathyway. Although this is a broad
class of enzymes, preliminary annotation of coft(@70223 suggests it to be an
oxidoreductase identified exclusively in berry E¥aries (Table 3.1). Fedorowt

al (2002) applied the Audic and Claverie (1997) stm@l approach to gene
expression to validate experimentally obtained tdigNorthern data inVledicago
truncatula Calculations indicated a TC sequence must be oeetpof greater than 4
ESTs for its expression to be considered greater basal level, a finding supported
by experimental data (Fedoroea al, 2002). TC70223 does not meet the minimum
EST requirement, suggesting the expression ofttaisscript in berry tissue is low.
Candidates TC70734 and TC51869 for step 2b of gwerslary glucose-precursor
pathway are found exclusively in berry EST librarieowever, they also do not meet
the minimum EST requirement (Table 3.2). Therefadditional experimentation is
required to validate these gene products. Thehigtiaof the data presented in these

EST libraries is complicated by factors includimg tpotential cross-hybridization of
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closely related sequences and the depth at whihnthividual libraries have been
sequenced. This can produce false positives or ddliesices composed of low-
number ESTs. Without a defined timeframe of begg,ahe tissue analysed in these

libraries may not include a representative samplBobiosynthetic tissue.

Although TC55097 EST’s were not identified in amgriy libraries the presence of
conserved residues and motif analysis indicatesappropriate for further
investigation. In bacterial systems the enzymeslied in this pathway have
multiple substrate-specificity. If this also apglieo higher plant systems, the same
enzyme capable of catalysing the reactions of Té@dpction in young berry tissue
may also possess the ability to catalyse otheticeecin late berry tissue. TC55097’s
tentative annotation of a formate dehydrogenasalss a curiosity that led to its

inclusion forin vitro activity analysis.

Analysis of the amino acid sequence of each catelidas also conducted to enable
identification of integrated domains, family sigmags and conserved sites. Both step
2a and 2b of the TA biosynthetic pathway require elxidation or reduction of the
substrate, suggesting a coenzyme such as NAD(P)Ydquired. The presence of
binding and/or catalytic domains of this coenzymthiv the amino acid sequence is
indicative of a protein capable of catalysing thisaction. 2KGR candidates
TC61548, TC59682 and TC55752 (Table 3.3) and G5Bhdidates TC52437,
TC55097 and TC58004 (Table 3.4) meet this requirgnBKGR belongs to the aldo-
keto reductase (AKR) enzyme superfamily. The AKRestamily consists of 114
members over 14 families identified in both Eukdig/aand Prokaryotic systems
(Hyndmanet al, 2003). The members of this family constitute wedie group of
cytosolic NAD(P)H-dependent oxidoreductases appnakely 300 amino acids in
length (Jeudyet al, 2006). Collectively, the AKR superfamily membease
associated with the detoxification of a broad ranfjsubstrates (Grimshaw, 1992).
All identified AKR members possess a conservedlgataetrad comprising of a D,
Y, K and H residue. This catalytic tetrad corregpoto residues D:47, Y:52, K:77
and H:108 in the aldo-keto reductase AKR4C9 frAmthaliana (Simpsonet al,
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2009b). The yiakgene product (NCBI Accession P37666)Encoli is denoted a 2-
ketogluconate reductase, an AKR family member; vaneCOBALT analysis of the
sequence compared with AKR4C8, AKR4C9 and AKR4Ci@mf Arabidopsis
thaliana does not align with the conserved catalytic tet(ddta not shown). A
COBALT alignment of theV. viniferacandidates with th&. coli reductase showed
conserved regions (Figu&4); however, these did not align with the catalygtrad
of the A. thaliana AKR (data not shown). This may explain why anaysiith
InterProScan did not detect any family signaturéhiw the amino acid sequence
(Table 3.4). The yialgene product was denoted a 2KGR as a result ofitgcéind
knockdown studies and a 69.4% identity with a 2Ki@#n Erwinia herbicola(Yum

et al, 1998a). Identification of the residues pertainitogthe conserved catalytic
tetrad was not performed. The catalytic region I E. coli reductase and the
candidateV. vinifera2KGR may be present spanning a broader of narrosggon of
the protein sequence as compared toAththaliana2KGR. Structural studies of may

be required to identify this region, confirming thiezymes as AKR family members.

The selectedV. vinifera candidates for each step were compared to the rizcte
enzyme to determine homology and the level of ithericross the sequences. The
percent identity across the 2KGR and G5Dh candsdai@s similar, indicative of a
comparison of genes from distantly related systdpesssoret al (1991) analysed
sequence characteristics across the short chaigpddefenase family and found
residue identities between members to be typi@8hp, with glycine identified as the
most conserved residue across the family. Thidss @vident within thé/. vinifera
alignments (Figure 3.5). Eacl. vinifera G5Dh candidate possessed the highly
conserved polar region Y-x-x-x-K preceded by a reerresidue believed to be
important in protein-substrate interactions (Klas¢ral, 1995, Perssoet al, 1991,
Reidet al, 2003). AlthoughTC55097was not identified in any berry EST libraries, it
possesses the conserved residues of a G5Dh. Tpe beary library was generated
using a ‘reliability filter’ applied to the sequeng runs performed. EST's were
included if identified in more than 1 of the 4 sequing runs performed. Of the

signatures detected, 3.2% were not consideredbokeli@andolinoet al, 2008). The
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absence off C55097from berry libraries may be due to the lack ofedéibn in the

sequencing runs. The plant expression datalatse:/(www.plexdb.ory is a gene

expression database comprising of microarray daten fvarious experiments
involving plant and plant pathogens. A gene with3928 identity toTC55097was
identified on theV. vinifera 16K microarray in Cabernet Sauvignon berry specifi
tissue differentiation and long term water and saless experiments. The tissue
differentiation experiment detected expression kim,sseed and pulp indicating

TC55097is present in berry tissue.

The current hypothesis of the site of TA and MA dyiathesis is the cytoplasm,
before the acids are transported into the vacuadestored. MA is transported back
to the cytoplasm and respired or used for biosywhd A however, remains in the
vacuole and is not degraded. MA transporters At@d AtALMT9 have been
identified in A. thaliana responsible for MA transport across the tonoplast
(Emmerlichet al, 2003, Hurthet al, 2005, Kovermanet al, 2007). MA and TA are
dicarboxylic acids with high structural similariynd it is hypothesised both acids are
transported using the same transporter. StudiesEbymerlich et al (2003)
investigating AttDT support this hypothesis. Toela4 ALMT9-like proteins have
been identified inV. vinifera (Patel, 2008, Rongala, 2008) with localisation and
expression patterns supporting their role in MAnsgort. The affinity of these
transporters to TA has yet to be investigated. T&G25wvas identified as containing a
mitochondrial targeting peptide sequence and TC&%860ntained a chloroplast
transit peptide sequence (Table 3.5). The presehtteese targeting signals does not
support the hypothesis that TA biosynthesis occorapletely in the cytoplasm. It
should be noted however, that these web-basedquistare predictions based upon
model data. Recently Weet al (2010) detected-ldnDH.1 in the vacuole of mature
berry without possession of a signal targeting eage. Multiple residues across all
candidates of both 2KGR and G5Dh were predictedirtdergo phosphorylation
indicating a potential role in regulating enzyma#ctivity (Lindsley and Rutter,
2006). Post-translational phosphorylation and uliimation has been suggested to

occur to the V. vinifera gibberellin signal pathway regulator GAIl
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(http://www.uniprot.org/uniprot/Q8S4Wavith ubiqutination triggering degradation

of the protein, thus post-tralational regulatiomat without precendent M. vinfera

Based upon the analysis conducted at the amino lagil, putative candidates
TC52437, TC55097 and TC58004 forva vinifera G5Dh and putative candidates
TC61548, TC59682 and TC55752 foWavinifera2KGR were selected fon vitro
kinetic analysis (see Chapter 4) andvivo activity over development (see Chapter
5).
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Chapter 4.

Cloning, Heterologous Expression and
Analysis of Candidate Tartaric Acid
Biosynthetic Enzymes
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4.1 Introduction

The predominant pathway of tartaric acid (TA) biaesis inV. viniferais the Asc-
inclusive C4/C5 cleavage pathway (Figure 1.4). Pathway accounts for 85-91% of
TA production (Saito and Loewus, 1989b) with a selay pathway involving the
cleavage ob-glucose contributing a minor portion to the TA p@éigure 1.6). Work
throughout the second half of the™6entury focused on the elucidation of these
biosynthetic pathway’s; however, the associatedymes have received little
attention. To date,-idonate dehydrogenase LIfInDH.1) is the only known enzyme
involved in the primary-Asc TA biosynthetic pathwéyeBolt, 2006, DeBolet al,
2006). Activity studies showedldnDH.1 is responsible for catalysing the revessibl
conversion ofL-idonate to 5-keta-idonic acid (also known as Keto D-gluconic
acid). Substrate analysis indicatesdnDH.1 is highly specific to these substrates,
with no detectable activity observed against alitve substrates (DeBolt, 2006,
DeBolt et al, 2006). Investigations into the kinetics of therary-Asc pathway led
Malipiero et al (1987) to suggest this reaction as the regulatamymatic reaction of
the pathway.

The focus of this study is the identification ofdétnal enzymes involved in tartaric
acid biosynthesis, namely the identification of ymes responsible for the catalysis
of steps 2a of the primary-Asc and 2b of the seapndlucose pathway (Figure 1.8).

Step 2a of the primary-Asc pathway is proposechtolive the conversion of 2-keto-
L-gulonic acid (2KGA) ta_-idonic acid, which is subsequently converted te®bib-
gluconic acid (5KGA) by.-ldnDH.1 (DeBoltet al, 2006, Saito and Kasai, 1982).
Escherichia colipossesses the enzyme 2-ketogluconate reductag&R(P&apable of
catalysing the described reaction (Blatteeal, 1997, Sofieet al, 1994, Yumet al,
1998a). The identification and cloning of three ghive candidates for 2KGR,
TC61548, TC59682 and TC55752, from tHe vinifera genome was described in
Chapter 3.
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Step 2b of the secondary glucose pathway involvesconversion ob-gluconate to
5-ketob-gluconic acid (5KGA). Investigations into the sedary pathway are
limited, focusing only on the intermediate compasiagid not the enzymes involved.
The bacteriumGluconobacter oxydangossesses a gluconate-5 dehydrogenase
(G5Dh) capable of catalysing the described readfidasenet al, 1995, Merfortet

al., 2006a, Prusket al, 2005). The identification and cloning of threetgiive
candidate G5Dh, TC58004, TC55097 and TC52437 flV1 viniferagenome was
described in Chapter 3.

The work in this chapter describes the cloningefmbgous expression and kinetic
analysis of each respective candidate. Investigatimto the presence of each
candidate in berry cDNA and kinetic parametershef tecombinant proteim vitro

including temperature, pH, substrate range andzyoee affinity are described.

Kinetic analysis is essential in the understandih@n enzymes mechanism and its
interaction within the biological system in questi@ornish-Bowden, 2001, Schnell
and Maini, 2003). Heterologous expression is adstah technique used in the
characterisation of proteingnabling the inexpensive large-scale productiothef
desired protein in an alternative, well characestisell line such aSaccharomyces
cerevisiaeor E. coli (Joubertet al, 2010, Novyet al, 1995). Heterologous
expression enables the production of soluble prateshorter time periods than the
native cell line. The pET vector system, within e coli host cell line has been
specifically engineered for the cloning and expmsf recombinant proteins, a
technique which proved successful for the chareeton of L-ldnDH.1 (DeBolt,
2006, DeBoltet al, 2006, Novagen, 2006). During investigations indoinDH.1, a
transcript with approximately 70% nucleic acid itgn with L-IdnDH.1 was
identified in grapevine EST databases. This trapsdnformally calledL-IdnDH.2,
shares83% identity withL-IdnDH.1 at the amino acid level suggesting it mayab
homologue otf-IdnDH.1 (Hayes, DeBolt, Cook and Ford, manuscript in pratan).
The function of this enzyme has not been determitiegtefore characterisation of
purified recombinant-IdnDH.2 (supplied by Dr MA Hayes, University of Adale)
was also investigated in this chapter.
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4.2 Results

4.2.1 Cloning of PutativeVitis vinifera Tartaric Acid Biosynthetic Genes

into an Expression Vector

GenesTC61548 TC59682and TC55752are suggested to encode a 2-ketogluconate
reductase (2KGR) possibly involved in the primarseATA biosynthetic pathway
(identification described in Chapter 3).C58004, TC55097and TC52437 are
suggested to encode a gluconate 5-dehydrogenagEhj@dssibly in the secondary
TA biosynthetic pathway (identification described Chapter 3). Gene specific
primers were designed based upon the publishecesegs obtained from the Gene

Indices: Grape databaggvww.compbio.dfci.harvard.edu/fgiand the presence of

these genes within pre-véraison berry tissue ifyegsid. Pre-véraison berry cDNA
(obtained from material prepared by Vanessa Meligoiversity of Adelaide) was
used as the template of each candidate open re&dimg inV. viniferacv Shiraz.
The PCR products generated were ligated into theired) vector pDRIVE (Qiagen,
Australia) as described in Section 2.12. Confiroratof the amplified nucleic acid
sequence was obtained through sequencing of th&trachas described in Section
2.11.1. All genes suggested to encode 2KGR wergtifabel in pre-véraisonVv.
vinifera cv Shiraz berry cDNA. Of the candidates suggestecencode G5Dh,
TC58004and TC55097were successfully amplified from pre-véraison beDNA.
The expected open reading frame 1852437 could not be amplified from pre-
véraison berry cDNA. Conceptual translation of tht#ained sequence generated
multiple stop codons throughout the putative proteequence (data not shown).
Modifications to theTC52437 specific primer sets did not result in the expécte

protein sequence; therefore, this candidate wapunrsued further.
Upon confirmation of the expected open reading &asach candidate genes’ open

reading frame was digested and ligated into theresgon vector pET-14b as
described in Section 2.12.2.1. Confirmation of iertion of each candidate open

Page | 100



reading frame into the expression vector pET-14b wlatained through sequencing
of the vector as described in Section 2.11.1.

4.2.2 Heterologous Expression and Purification of &ombinantVitis

vinifera Proteins in Escherichia coli

Conditions of isopropylthiogalactoside induced egsion of candidate genes were
optimised to enable efficient heterologous expoessif soluble protein (see Section
2.15). Purification of the heterologously expresgedtein was performed using
immobilized metal affinity chromatography (IMAC, eseSection 2.15.2) with a
cobalt-based resin and visualised using sodium dddeilphate polyacrylamide gel
electrophoresis (SDS-PAGE, see Section 2.15.3).

Expression of the protein encoded B@61548was tested under multiple conditions
as described in Section 2.15. Computational aralysiicates the protein encoded by
TC61548is 36.4 kDa (Table 3.5). Standard extraction fromduced cell culture
(Section 2.9.1) did not result in purified solubl®tein of the expected size (data not
shown). Crude extracts of a post-induction wholé sample showed an increase in
protein at the expected size (Figure 4.1 A) sugggséxpression of the protein
encoded byTC61548 was successful. Crude extracts of the insolubgetifon
obtained during purification also showed an inceemsprotein at the expected size
(Figure 4.1 A) suggesting the TC61548 protein remaiin the insoluble fraction.
Comparison of crude extracts of the pre-inductiod aoluble fractions showed no

visual increase in protein at the expected sizguiiei 4.1 A).

Due to the apparent insoluble nature of the TC6X&48in, a high detergent buffer
was used as described in Section 2.15.1.2. No leojrotein was extracted under
these conditions (Figure 4.1 B) suggesting the Ba8Iprotein may be hydrophobic.
This is supported by computational analysis whicbves 33.8% of the amino acid
residues of the protein encoded B§61548are hydrophobic. The TC61548 protein
may have been expressed within Ehecoli pET-14b system and not purified due to
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storage in the inclusion bodies. Additional puation would be required to support
this.
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Figure 4.1: Heterologous expression of the protein encode@i®y1548
separated on an SDS-PAGE gel stained with CoomeaBkie and
visualised under white light. A 20uL aliquot of édcaction was loaded.
Red arrow indicates the expected size (36 kDah®fltC61548 protein.
A) Crude extracts of the respective fractions, girotof expected size
detected in the insoluble fraction. MWL 1 — Molemuhveight ladder
LMW (GE Healthcare, USA). B) IMAC purified elutidinactions, soluble
protein was not obtained. Protein extracted uduegiigh detergent buffer
BugBustef™. MWL 2 — Molecular weight ladder, broad range (New
England Biolabs, USA). Note: The lanes of the SD&sE gel have been
separated in the above image to enable clear tefimf each fraction.

Image A and B are the result of a single experiadenn
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Computational analysis indicates the protein endoole TC59682 the second
candidate for step 2a of the Primary-Asc precuis®rbiosynthetic pathway, is
38.2 kDa (Table 3.5). Expression of the proteinogied by TC59682 under

induction conditions described in Section 2.15 ftesin no soluble protein of the
expected size (data not shown). The induction teatpee was reduced and
duration extended to slow the expression of thdeproencoded by TC59682,
increasing solubility (Tolia and Joshua-Tor, 2006Huction conditions of 16°C
for 24 hours were tested without success; howevieen the induction duration
was extended to 48 hours, soluble protein of thpeeted size was purified
(Figure 4.2). Additional protein was also presemtthe eluted fractions, as
indicated by bands present on the SDS-PAGE gelu(€ig¢.2). Extended wash
periods prior to elution and purification at 4°Qldiot eliminate the additional

bands observed (data not shown).
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Figure 4.2: Heterologous expression of the protein encoded by
TC59682 separated on an SDS-PAGE gel stained withm@assie
Blue and visualised under white light. A 20uL abgwf each IMAC
purified elution fraction was loaded. Soluble pmotef the expected
size (38 kDa) was obtained as indicated on the Felction 7 was
used in all kinetic analysis (Section 4.2.3). MWIMelecular weight
ladder, broad range (New England Biolabs, USA).eNdhe lanes of
the SDS-PAGE gel have been separated in the abtagei to enable
clear definition of each fraction. The above imagehe result of a
single experimental run.

Expression of the protein encoded B¢55752was characteristically similar to
those observed foFC61548 Expression of the protein encoded y55752was
analysed under the induction conditions describe8dction 2.15. Crude extracts
of a post-induction sample indicate expression suasessful with an increase in
protein at the predicted size of 42 kDa (Table ®B3erved. However, soluble
protein was not successfully purified (data notvato An increase in protein at
the expected size was observed in the insolublidra (data not shown). A
reduction in induction temperature was performedaid in solubility of the
TC61548 protein; however, soluble protein was umdbl be purified (data not

shown) using techniques described in Section 2.153oluble protein of the
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expected size (Figure 4.3) was successfully puaritiglising the high-detergent
extraction buffer BugBust&f (see Section 2.15.1.2). This low-yield TC55752
protein was purified from a 100mL batch culture regsion system. An increase
in the culture volume resulted in a decrease infipdrsoluble protein (data not

shown) suggesting a decrease in the stabilityeptotein.
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Figure 4.3: Heterologous expression of the protein encoded by
TC55752 separated on an SDS-PAGE gel stained witbmassie
Blue and visualised under white light. A 20uL abgwf each IMAC
purified elution fraction was loaded. Soluble pmotef the expected
size (42 kDa) was obtained as indicated on the Felction 1 was
used in all kinetic analysis (Section 4.2.3). MWIMelecular weight
ladder, broad range (New England Biolabs, USA).eNdhe lanes of
the SDS-PAGE gel have been separated in the abtagei to enable
clear definition of each fraction. The above imagehe result of a

single experimental run.

Computational analysis indicates the protein enddoe TC58004is 28.1 kDa
(Table 3.5). Expression of the protein encoded Ti§568004 under induction
conditions described in Section 2.15 resulted irpanfied soluble protein of the

expected size (data not shown). A decrease inntthéction temperature resulted
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in the successful purification of soluble protelfigure 4.4). Scale-up of the
batch-culture did not increase the yield of TC58(0f&ta not shown).
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Figure 4.4: Heterologous expression of the protein encoded by
TC58004 separated on an SDS-PAGE gel stained witbmassie
Blue and visualised under white light. A 20uL abgwf each IMAC
purified elution fraction was loaded. Soluble pmotef the expected
size (28 kDa) was obtained as indicated on the Felction 4 was
used in all kinetic analysis (Section 4.2.3). MWIMelecular weight
ladder, broad range (New England Biolabs, USA).eNdthe gel
fragmented during visualisation procedures. Thesdaaf the SDS-
PAGE gel have been separated in the above imagmdble clear
definition of each fraction. The above image is tesult of a single

experimental run.

Computational analysis indicates the second cateliida the secondary glucose
pathway, TC55097 encodes a protein of 26.8 kDa (Table 3.5). Crexteacts of
the expression of the protein encodedTi355097under conditions described in
Section 2.15 showed an increase in protein at xpeated size in the insoluble
fraction. A decrease of induction temperature tesluin a substantial increase in
yield of soluble protein. Up-scale of the batchtgrd volume under these
conditions was successful with a high-yield of §bduTC55097 protein purified
(Figure 4.5).

Page | 108



L ~ 3] = s ] k=)

=} = =} = = =}

& 2 2 & 2 2

= € g € g g g

= g = g = g g

- [IH B ] Ea B R
66 KDa —
55 KDa —
42 KDa —
34 KDa —|

27 KDa —| --ﬂl— - +— Positive Band

Figure 4.5: Heterologous expression of the protein encoded by
TC55097 separated on an SDS-PAGE gel stained withmassie
Blue and visualised under white light. A 20uL abgwf each IMAC
purified elution fraction was loaded. Soluble pmotef the expected
size (26 kDa) was obtained as indicated on the F@lction 3 was
used in all kinetic analysis (Section 4.2.3). MWIMelecular weight
ladder, broad range (New England Biolabs, USA).eNdhe lanes of
the SDS-PAGE gel have been separated in the abtagei to enable

clear definition of each fraction. The above imagehe result of a
single experimental run.

4.2.3 Determination of the Kinetic Parameters of Emyme Activity

Purified recombinant proteins expressed from eatchhe putative candidate
sequences were analysed for their enzymatic actiaitfurther support their
inclusion in each respective biosynthetic pathwaysummary of the proteins

successfully purified (as detailed in Section 4.Z& enzymatic analysis are
listed in Table 4.1.
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Table 4.1: Summary of the purified recombinantly expresseatgin
used for analysis of enzymatic activity in this dstu Samples of
purified L-ldnDH.2 were provided by M Hayes (University of
Adelaide).

Purified Fraction Analysed for

Enzymatic Activity

Candidate Sample
Obtained

2-Ketogluconate Reductase

TC61548 4.1 No N/A
TC59682 4.2 Yes 7
TC55752 4.3 Yes 1
Gluconate 5-dehydrogenase

TC58004 4.4 Yes 4
TC55097 4.5 Yes 5

The conditions under which each recombinant enzyas most reactive were
investigated including temperature, buffer and pHe activity of each enzyme
against various substrates in the presence of NfD{as also investigated.
Purified samples of recombinant TC58004, TC5509Y laldnDH.2 were tested
under multiple substrate and coenzyme combinatiNosdetectable activity was
observed (data not shown) suggesting the extrgutaeins were inactive in the
conditions tested.

4.2.4 Optimal pH of Enzyme Activity

The pH range and buffer type at which the purifistombinant proteins
TC59682 were most reactive was determined as testcin Section 2.16. No
detectable activity was observed against purifiednges of recombinant
TC58004, TC55097 and-ldnDH.2 under all pH’s tested (data not shown)
indicating the extracted proteins were inactive amnthese conditions. Activity
was observed against samples of both recombinapieips TC55752 and
TC59682; however, due to the limited sample of frdi TC55752 protein
optimisation of assay conditions was performedemombinant protein TC59682

only.
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4.2.5 Favourable pH of TC59682 Catalytic Activity

The pH range and buffer type at which recombinantgin TC59682 was most
reactive were determined (Figure 4.6) as describeection 2.16. An aliquot of
fraction 7 of purified recombinant TC59682 (Figdr@) was diluted to 0.1mg/mL
with fresh protein extraction buffer (MEB, Sectidh15.2) and used in the
analysis. Activity was monitored spectrophotometiic at 340nm via the
oxidation of coenzyme NADH in the presence of swbst 2-keto=-gulonate

(2KGA), the expected primary substrate based upeWt viniferaTA pathway.

Although activity was detected at all pH concembrag tested, the activity of
TC59682 was observed to be most reactive at pHN720mM HEPES4-(2-

Hydroxyethyl)piperazine-1-ethanesulfonic acid). A enzyme control was also
tested under all pH conditions with minimal actvidbserved (Figure 4.6). All
assay constituents including substrate and coenzayere used in excess to

ensure the reaction was not limited.
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Figure 4.6: Activity of recombinant TC59682 at various pH anca
range of buffer types. Assays were performed wRBO(L total
reaction volume): 0.4ug purified recombinant enzyd@mM (final)
2-ketoi-gulonate (substrate) and 0.25mM (final) NADH (cognge)
at 37°C. Plotted values represent the mean ofidat@ assays with
error bars representing standard deviation. Rededlotriangle —
40mM Glycine-NaOH buffer pH 8.0-10.0 (De Ley, 196Red open
triangle — No enzyme control in 40mM Glycine-NaOtffer: Purple
closed triangle — 100mM Mcllvaine buffer pH 5.5-8Rurple open
triangle - No enzyme control in 100mM Mcllvaine farf Black
closed diamond — 100mM NaOAc (sodium acetate) by 3.5-6.0,
Black open diamond — No enzyme control in 100mM Wa®uffer:
Pink closed diamond - 100mM MES (2-[N-
morpholino]ethanesulfonic acid) buffer pH 5.5-6.Bink open
diamond — No enzyme control in 100mM MES bufferudliclosed
squares — 100mM Tris-HCI buffer pH 6.0-9.0, Blueoquares — No
enzyme control in 200mM Tris-HCI buffer: Orange s#d squares —
100mM HEPES34-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid)
buffer pH 6.5-8.5, Orange open squares — No enzgorgrol in
100mM HEPES
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4.2.6 Activity of Recombinant TC59682 Protein Agaist 2-keto-+-

gulonate

The protein encoded byC59682 is suggested to be responsible for the
conversion of 2-keta-gulonate toL-idonate, step 2a of the primary-Asc
biosynthetic pathway V. vinifera Therefore, the activity of putative TC59682
was analysed against 2-katgyulonate (2KGA) as described in Section 2.16. An
aliquot of fraction 7 of purified recombinant TCE&(Figure 4.2) was diluted to
0.1mg/mL with fresh protein extraction buffer (MEBection 2.15.2) and used in
the analysis. Multiple negative controls were téstecluding: no enzyme (NoE),
no substrate (NoS), no coenzyme (NoC) and protdira&tion buffer substituted
for purified enzyme (PEB, see Section 2.16). Novagtwas observed in all of
the aforementioned negative controls (Figure 4.Uygssting that enzyme
TC59682 was responsible for the observed activityrot an artefact of the assay
protocol. Oxidation of NADH was observed after #uslition of 2KGA (indicated
by arrows on Figure 4.7) suggesting the observaedatisn of NADH is due to
TC59682 activity. This is also supported by thesabstrate control.
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Figure 4.7: Representation of the TC59682 activity assays wcted
including negative controls. Assays were perfornusihg (200uL
total reaction volume): 0.4ug purified recombinanzyme, 40mM 2-
ketod-gulonate (substrate) and 0.25mM (final) NADH (cogne) in
100mM HEPES buffer pH 7.5 at 37°C. Plot represéimésmean of
triplicate assays with error bars representing deteth deviation.
Arrows indicate the addition of substrate. Blueidaquare — Run,
assay with all components; Red solid square — NuSsubstrate
added; Purple solid triangle — PEB, protein extoact buffer
substituted for purified enzyme, no purified TC526Gshzyme added,;
Orange solid triangle — NoC, no coenzyme added;ei@resolid

diamond — NoE, no enzyme added.

The initial rate of TC59682 activity was calculai@ghinst various concentrations
of 2KGA as described in Section 2.17 and fitteth® hyperbolic saturation curve
and thus displayed Michaelis-Menten kinetics (Fegdi8).
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Figure 4.8: Activity of TC59682 against various concentratioofs
substrate 2-keta-gulonate. Assays were performed using (200uL
total reaction volume): 0.4ug purified recombinanzyme, 0.25mM
(final) NADH (coenzyme) in 100mM HEPES buffer pHo7at 37°C.
Plot represents the mean of triplicate assays wdthor bars
representing standard deviation. The red bar repteghe hyperbolic
curve of Michaelis-Menten kinetic analysis fitteding GraphPad
Prism version 5.03. Inset: Linear transformationtloé data in a

double-reciprocal Lineweavdurk plot.

A Vmax of 3.65 pmol/min/mg protein and Km of 4.67mAdainst 2KGA were
calculated using Michaelis-Menten kinetics. Thetetit Michaelis-Menten
hyperbolic curve had a calculated Bf 0.85. As the Km against 2KGA is
calculated as 4.67mM, further kinetic analysis wasducted in the presence of
40mM (final) substrate to ensure the reaction wassabstrate limited.

4.2.7 Coenzyme Affinity of TC59682

The affinity of recombinant TC59682 for the comnumenzyme NADH was also
investigated. The oxidation of NADH was monitorgeestrophotometrically at

340nm as previously described in Section 2.16. |Atell aliquot of fraction 7 of
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purified recombinant TC59682 (Figure 4.2) was usethe analysis. No activity
was observed in all negative controls (Figure 4sfggesting that enzyme
TC59682 was responsible for the observed oxidaifddADH. This is supported

by the no enzyme (NoE) control.
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Figure 4.9: Representation of the TC59682 activity assays wcied
with differing concentrations of the coenzyme NADAssays were
performed using (200uL total reaction volume): 1pgrified
recombinant enzyme, 40mM 2-ketegulonate (substrate) and in
100mM HEPES buffer pH 7.5 at 37°C. Plot represéimésmean of
triplicate assays with error bars representing dtamdard deviation.
Asterisk indicates the addition of substrate. DBltke solid triangle —
assay with all components including: 0.15mM (finBADH; Light
Blue solid triangle — assay with all componentsluding 0.25mM
(final) NADH; Teal solid triangle — assay with atlomponents
including 0.4mM (final) NADH; Orange solid circle REB, protein
extraction buffer added substituted for purifiedzygne, no purified
TC59682 enzyme added; Red solid square — NoE, ngmenadded,;
Purple solid triangle —NoC, no coenzyme added; &resolid

diamond — NoS, no substrate added.
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The initial rate of TC59682 activity was calculateghinst various concentrations
of NADH as described in Section 2.17 and fittedthe hyperbolic saturation
curve, displaying Michaelis-Menten kinetics (Figdré0).

pmoles/min/mg protein
=N

0 J I I !
0.0 0.5 1.0 1.5 2.0
NADH (mM) VmaX 1028 pmol/min/mg protein
Km 077 mM

Figure 4.10: Activity of TC59682 against various concentratiarfs
coenzyme NADH. Assays were performed using (20@i4l reaction
volume): 1ug purified recombinant enzyme, 40mM dfjn2-ketot.-
gulonate (substrate) in 100mM HEPES buffer pH #.3&C. Plot
represents the mean of triplicate assays with dyans representing
standard deviation. The red bar represents the adidiMenten
kinetic analysis fitted using GraphPad Prism versm03. Inset:
Linear transformation of the data in a double-remgpl Lineweaver

Burk plot.

A Vmax of 10.28 pmol/min/mg protein and Km of 0.7Vinagainst NADH were
calculated using Michaelis-Menten kinetics. Thetefit Michaelis-Menten
hyperbolic curve was shown to be a close fit whle talculated data with a
resultant R of 0.96. Transformation of the values in a douleleiprocal plot
(LineweaverBurk plot, Figure 4.10 Inset) indicates the lowemcentrations
tested were less accurate, suggesting the setyitiithe equipment used not
appropriate at this lower level. Further analysisT€59682 activity showed
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TC59682 was also capable of utilising NADPH (seeti®a 4.2.6.5). The Kinetic
parameters of this activity were not investigatadHfer in this study.

Based upon the calculated Km of 0.77mM against NARIrther kinetic analysis
was conducted in the presence of 1mM (final) coereyGeneral convention
states a concentration of 10 times the Km valueulshdbe used to ensure
saturation (Campbell and Farrell, 2007); howeveenzyme concentrations were
not increased beyond 1mM to ensure spectrophotametadings remained

within the range of the equipment used.

4.2.8 Optimal Temperature of TC59682 Activity

The optimal temperature for the reaction of thepue¢ 2-ketogluconate reductase
encoded byrC59682in the presence of substrate 2KGA and coenzyme NAD
was tested over a range of 20°C at 5°C incremdfitgie 4.11). Activity was
monitored spectrophotometrically at 340nm under ddmns previously
determined optimal (100mM HEPES pH 7.5, 40mM 2KG&AM NADH).

The initial rate of recombinant TC59682 activityr@gs the tested range was
calculated as previously described in Section 2vitid 35°C and 45°C showing
the greatest activity (Figure 4.11). No significatdifference was identified

between these temperatures; therefore 35°C wastaele
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Figure 4.11: Temperature of optimal TC59682 activity measureero
a range of 20°C. Assays were performed using (20@jel reaction
volume): 1ug purified recombinant enzyme, 40mM gfn2-ketot -
gulonate (substrate) and 1mM (final) NADH (coenzynme 100mM
HEPES buffer pH 7.5. Plot represents the meaniplidate assays

with error bars representing standard deviation.

4.2.9 Substrate Range of Putative Recombinantly ExessedVitis

vinifera Enzymes

The activity of the candidate 2-ketogluconate re¢ases TC59682 and TC55752
(step 2a of the primary-Asc pathway Vh viniferg, candidate gluconate 5-
dehydrogenases TC58004 and TC55097 (step 2b ofsélsendary glucose
pathway inV. viniferg andL-ldnDH.2 (putative homologue afldnDH.1) was
tested against a broad range of substrates. Tistratds tested were selected due
to their presence in either the viniferaor bacterial pathway’s, or due to tentative

annotations of candidates during bioinformatic gsial
Activity of purified recombinant TC59682 was testattler conditions previously

determined (200uL total reaction volume: 1mM coeney 40mM substrate,
100mM HEPES pH 7.5, 35°C).

Page | 120



Putative 2KGR TC59682 displayed a broad substeatge with activity against 6
of the 9 substrates tested (Figure 4.12). The Bighetivity detected was against
2KGA in the presence of coenzyme NADPH, suggestipgeference for NADPH
binding. Activity was also detected againgtionate in the presence of coenzyme
NAD® and NADP, indicating the potential reversibility of the gmze. This
observed activity was at a decreased rate, 37-&ld 26-fold lower than
compared to 2KGA respectively. Activity was alscsetved againgb-gluconate
and 5-ketob-gluconate, at a rate 30-fold and 125-fold lowernthaKGA
respectively. Interestingly, TC59682 was found édttive against-ascorbate,
the precursor to 2KGA in the primary-Ast viniferapathway.L-Ascorbate was
shown to be the second-most active substrate teated rate 8.9-fold (with
coenzyme NADH) and 14.7-fold (with coenzyme NADHB\Wer than observed
with 2KGA. Control assays were also run includingEN(no enzyme) and NoC
(no coenzyme). All control assays showed no obskemeivity except those
againstL-ascorbate (data not shown). These values wereastsuxdr from the.-
ascorbate values displayed. The observed activijgests 2KGA is the preferred
substrate of TC59682. The utilisation of both NAP(Bnd NAD(P)H suggests

TC59682 is not coenzyme specific.
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Figure 4.12: Substrate activity of purified heterologously exgsed
TC59682. Assays were performed using (200uL towhction
volume): 1ug purified enzyme, 40mM (final) substraind 1mM
(final) NADH (coenzyme) in 100mM HEPES buffer pHb7at 35°C.
The bars represent the mean of triplicate assays airor bars
representing standard deviation. 2KGA: 2-ketgulonate. 5KGA: 5-
ketoD-gluconate. 6PGA: 6-phosphogluconate

TC55752, a putative 2KGR, was tested under comditioreviously determined
optimal for TC59682. TC55752 exhibited a narrowsttdie range. Activity was
observed against-Asc and 2KGA in the presence of coenzyme NADH and
NADPH (Figure 4.13). A low level of activity wassal observed againgi-
gluconate and-idonate in the presence of NADBnly. This suggests TC55752
is capable of utilising both coenzyme NAD{Rnd NAD(P)H dependent upon the

substrate involved.
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Figure 4.13: Substrate activity of purified heterologously eegsed
TC55752. Assays were performed using (200uL towhction
volume): 1ug purified enzyme, 40mM (final) substraand 1mM
(final) NADH (coenzyme) in 100mM HEPES buffer pHb7at 35°C.
The bars represent the mean of triplicate assays wairor bars
representing standard deviation. 2KGA: 2-ketgulonate. 5KGA: 5-
ketoD-gluconate. 6PGA: 6-phosphogluconate

Activities of recombinant TC58004 and TC55097 weested under conditions
described by Ameyama and Adachi (1982a, 0.15mM ogar, 20mM substrate,
1.7mM MgCh, 20mM Glycine pH 10, 30°C)L-ldnDH.2 was tested under
conditions identified optimal for-ldnDH.1 (DeBolt, 2006, 0.25mM coenzyme,
20mM substrate, 100mM Tris-HCI pH 8, 30°C).
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Table 4.2: Summary of substrate activity of purified hetegaasly
expressed TC58004, TC55097 anldinDH.2. All assay combinations
described were performed in triplicate

Candidate TC58004 TC55097 L-ldnDH.2

Substrate - Coenzyme Activity (Lmol/min/mg protein)
2-Keto-L-gulonate
NADPH 0 0 0
NADH 0 0 0
5-Keto-D-gluconate
NADP* 0 0 0
NAD" 0 0 0
D-Glucose NADP 0 0 0
NAD" 0 0 0
L-Ascorbate NADPH 0 0 0
NADH 0 0 0
D-Gluconate  NADP 0 0 0
NAD" 0 0 0
L-ldonate NADP 0 0 0
NAD" 0 0 0
6-Phosphogluconate
NADP* 0 0 0
NAD" 0 0 0
Sorbitol NADP 0 0 0
NAD" 0 0 0
Formate NADP 0 0 0
NAD" 0 0 0

No detectable activity was observed with TC5800€53097 andL-ldnDH.2
against the substrate/coenzyme combinations tg3taole 4.2) suggesting the

extracted recombinant proteins were inactive utiikeconditions tested.

4.2.10 Identification of Product Obtained from Canddate TC59682’s

Primary Reaction

Samples of an endpoint assay of recombinant TC59682ormed as described
in Section 2.16) conducted in the presence of 2K&BA NADH were processed
by Flinders Analytical Services (Section 2.18) tmfirm the reaction product-
Idonate is the expected product of this reactionfotdunately, both the 2KGA
standard (Figure 4.14 A) andidonate standard (Figure 4.14 B) have identical
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retention times. Due to this, 2KGA anddonate were unable to be separated in
mixed-standard samples. Modification to the separgirocedures was unable to
separate the compounds with an effective HPLC sdiparmethod unable to be
designed in the required timeframe of this projSgtectrophotometric monitoring
of the assay (as described in Section 2.16) shothedsubstrate-dependent
oxidation of NADH (Figure 4.7). This suggests 2KG@#derwent catabolism,
forming a product. The chromatogram of the assajopeed (Figure 4.14 C)
shows a single peak with a retention time of 5.88utes. One could conclude
that this singular peak is representative of bdth teaction product and un-
catabolised substrate, which would suggestonate as the reaction product. This
however, is not enough evidence to conclusiveltedtaatL-idonate is the product
of this reaction. The development of a HPLC metkadbling the separation of
the un-catabolised substrate from the product piommass spectrometry or
nuclear magnetic resonance spectroscopy is requivecnable conclusive

identification of the assay product.
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Figure 4.14: Trace of MS detection of HPLC separated samplgs; A
2-ketoi-gulonate standard, eluting 5.85 minutes. Bjdonate
standard, eluting 5.85 minutes and C) TC59682 emdtpassay,
major peak eluting 5.88 minutes. Performed by KimdAnalytical
Services

(http://www.flinders.edu.au/research/flinders-lakioris/flinders-

analytical).

To provide further evidence supportingdonate as the assay product, a 2-step
assay was designed under the conditions deemenhaptdr TC59682. It has
been previously determined thatidnDH.1 is specific toL-idonate and is not
reactive against 2KGA (DeBolt, 2006). Shoulddonate be the product of the
TC59682 reaction, the additionioldnDH.1 to a completed assay would result in
the generation of 5KGA, reducing the NApresent (Figure 4.15). The oxidation
of NADH by TC59682 and subsequent reduction of NALy L-ldnDH.1 was
monitored spectrophotometrically (Figure 4.16).
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Figure 4.15: Summary of the reaction expected by the 2-stepyass
Enzymes are shown in blue with the steps of thbvpay labelled in
red. TC59682 is suggested to be responsible fprZdeof the primary
(Asc-C4/C5) pathway of TA synthesis identified inita¢eae.L-
Idonate dehydrogenaselL-IdnDH.1) has been confirmed as

responsible for step 3.

The first step of the assay, the activity of TC5®@@8ainst 2KGA, was conducted
as previously described (Section 2.16). The ceasihdNADH oxidation, as
indicated by a flat-line in decreased absorbance deemed the completion of
TC59682 activity (Figure 4.16). Purified recombiharidnDH.1 was then added
to the assay. The expected increase in absorbaasebserved postidnDH.1
addition, supporting-idonate as the product of TC59682 catalytic agtiagainst
2KGA (Figure 4.16). Controls of NOoE (no enzyme) ar€69682 activity with no
addedL-1dnDH.1 were performed to ensure the observed aseren absorbance
was attributed solely to the addition of recombinaldnDH.1 (Figure 4.16).
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Figure 4.16: 2-step assay using purified heterologously expess
TC59682 and-1dnDH.1. * Indicates the addition of substrate 2eke
L-gulonate; the Arrow indicates the addition .l6fdnDH.1. Assays
were performed using 1ug purified TC59682 and 1.pugfied L-
IdnDH.1, 40mM (final) 2-keta~gulonate (substrate) and 1mM (final)
NADH (coenzyme) in 100mM HEPES buffer pH 7.5 at G5Blue
solid circles — Assay of TC59682 with addeddnDH.1; Red solid
squares — Assay of TC59682, maddnDH.1 added; Purple solid
triangle — NoE, no enzyme added, negative control.

4.3 Discussion

Tartaric (TA) and malic (MA) acids account for 6099 of total acid in the grape
berry (Kliewer, 1966, Lamikanrat al, 1995). Although the acids are structurally
similar, the pathway’s involved in the biosynthesisTA (reviewed by Loewus,
1999) and MA (reviewed by Sweetmanal, 2009) are vastly different. To date,
a single enzymel-idonate dehydrogenase 1, has been identified inTihe
biosynthetic pathway (DeBoét al, 2006). Chapter 3 described the identification
of three candidate enzymes for steps 2a of the goypAsc and 2b of the
secondary glucose pathway. These candidates, #ogHkeonate reductase and
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gluconate 5-dehydrogenase respectively, were iihin theV. viniferagenome
based on the high level of sequence similarityrtovkn bacterial enzymes.

TC61548 TC59682 and TC55752 each encoding a putative 2-ketogluconate
reductase were successfully amplified from preigéraberry cDNA and cloned
into pET-14b.

TC59682 was purified in high yields enabling chéegsation from a single
fraction. Visualisation of the purified protein vi@DS-PAGE identified an
additional band, approximately 29 kDa co-elutingthwithe HisTag bound
TC59682. Extended wash periods prior to elution pudfication at 4°C did not
remove this band. This unidentified band may beeakdown product or partially
expressed TC59682, or a protein that has interaeidd TC59682 during the
purification process.

The activity of TC59682 against the substrates etestvas monitored
spectrophotometrically at 340nm. Activity was nbserved until the addition of
substrate to the assay, suggesting in all testedscdhe observed oxidation of
NAD(P)H was due to TC59682 activity. Analysis ofetlinitial rate data of
TC59682 against 2KGA using a sigmoidal model shavedoser fit (Figure 4.8)
with an R of 0.87 as compared to 0.85 of Michaelis-Mentenetics. This
suggests a cooperative or allosteric mechanism lbeapperating. The kinetic
values for the allosteric model were not substéptdifferent to the Michaelis-
Menten model, suggesting if allosteric, any coopenais minimal. Further
investigations into the mode of the TC59682’s attiare required to determine if
an allosteric mechanism of substrate binding isratpenal. Regulation at an
intermediate position may suggest the intermedratelved was a component of
multiple pathway’s. Intermediate regulation mayoalse used to alter cellular

metabolism under stress conditions.

A Km of 4.67mM was determined for TC59682 againKiGA. This low Km
value suggests TC59682 has a high binding affittitgKGA. Determination of
kinetic parameters in the reverse direction (defias the conversion afidonate

to 2-ketot-gulonate) could not be calculated due to the lichagailability ofL-
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Idonate. A Km of 0.77mM for NADH against TC59682saalso determined. The
concentration of free NADH in potato tuber mitocdoa was detected at 100-
150uM (Kasimoveet al, 2006) whereas cytosolic NADH was measured at <5uM
in spinach leaf cells (Heineket al, 1991). These values are a fraction of the
determined Km for TC59682 against NADH. This suggethe majority of
TC59682 is in its free state, suggesting TC59682isding of NADH is
inefficient. The Ka (turn over number) of TC59682 activity against 2K@as
also calculated. The number of active sites TC59p8%sesses has yet to be

determined; however, the UniProt databab&p(//www.uniprot.orgy lists 2

putative Dictyostelium discoideumUniProt #Q54DP1 andacillus subtilis
UniProt #032264) and 1 identifiede( coli K12 #P37666) 2-ketogluconate
reductase enzymes with three active sites, baseuh ggquence similarity.
Therefore, it was assumed TC59682 possesses tlotee aites. With this
assumption, K;was calculated as 17497.6 SeRecombinant TC59682 therefore
has a calculated &/Km value, based on the assumption of three adiites, of
3.742 x 16 M St A KcafKm value of between £aand 18 suggestsiear-perfect
efficiency (Rogers and Gibon, 2009), suggesting TC59682 is@denate to highly
efficient enzyme in respect to the binding of 2KA@Ais important to note that
this calculation was performed with the assumptidrthree substrate binding
active sites on a monomeric protein. The identifocaof active sites and protein

interactiongn situ are required.

The true parameters of an enzyme’s activity needbéo calculated under
biologically relevant conditions (Cornish-Bowden98%4). In situ analysis of
protein activity is required to confirm the aforemiened values in TC59682’s
native environment. The aforementioned kinetic galuelate to the activity of
recombinant TC59682 in the forward direction (definas the conversion of
2KGA to L-idonate) of the TA biosynthetic pathway Vh vinifera. A 6x HisTag
was fused to the recombinant protein, later usethénpurification process and
was not cleaved prior to kinetic analysis. Invesiigns by Carsort al (2007)
showed the addition of these purification tags mid result in a conformational
change of the proteins native structure. Chantal (2005) investigated the
addition of a HisTag on the activity of the gengulatory protein AreA in
Aspergillus nidulanend showed function was not altered. Thereforejsit
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unlikely that the presence of the HisTag during ¢haracterisation of enzymatic
activity resulted in altered calculated values. t&ys specific investigations

however are required to confirm this.

The pH range and buffer type at which recombinaontgin TC59682 was most
reactive was investigated (Figure 4.6). Activity svaletected at all pH
concentrations tested, with pH 7.5 in 100mM HEPHSeoved to be most
reactive. Although activity was detected at pH WutBising buffers Tris-HCI,
Glycine and Mcllvaine, this activity was lower umddne same conditions as
HEPES pH 7.5. This suggests that the alternativiletsumay be affecting the
enzyme activity. Due to the higher level of actvitbserved utilising HEPES pH
7.5, this buffer was utilised throughout all enzytesting.

The activity of the purified TC59682 was analysgdiast a number of substrates
selected due to their presence in the bacteri&l. ainifera pathway’s, or due to
annotation suggesting specified activity. The Vmnaaxd Km of TC59682 against
2KGA were calculated as 3.65 pmol/min/mg protein @67mM respectively
(Figure 4.8) and against the coenzyme NADH as 1Qr88l/min/mg protein and
0.77mM respectively (Figure 4.10). A native 2-kdtmgnate reductase purified
from a cell free extract oAcetobacter rancenwas calculated to have a Km of
91mM against 2KGA and a Km of 0.1mM against NADPRADH was not
tested), with an optimum pH of 7.0 at 50°C (Chiybacet al, 1976). These
values, although highly specific to the enzyme aganism the enzyme
originates, indicate TC59682 has a higher affitatg KGA.

The high level of activity observed against sulistkK GA suggests 2KGA is the
preferred substrate of TC59682, supporting TC59G82 the TA biosynthetic
pathway. TC59682 showed activity against six of tiee compounds tested
(Figure 4.13). Although active against multiple stnates, Asc, the second active
substrate, was 8.9-fold (with coenzyme NADH) and7#4ld (with coenzyme
NADPH) lower than observed with 2KGA. Activity wadso detected against
idonate, suggesting the potential reversibilityrT@59682. The activity against
idonate was 37-fold (with coenzyme NADand 26-fold (with coenzyme NADP

lower than observed with 2KGA, suggesting this o the preferred direction of

Page | 131



the enzyme. The potential reversibility of TC596820f interest and warrants
further investigation. A detailed thermodynamic Iges of this reaction will
enable the G of the reaction to be defined supporting the rebdity of this
reactionin vivo. The observed activity of TC59682 against Asc sstgehe
possibility of a single enzyme catalysing the finsb steps on the primary TA
biosynthetic pathway. Activity against 2KGA was simoto be greater than Asc
suggesting this as the preferred reaction. Metinal (2009a) showed that in early
berry development the metabolism of Asc to prodii¢tsand oxalate more active
then Asc recycling suggesting TA biosynthesis igradual process with the
synthesised Asc in immature berries predominantlgtalmolised, and
predominantly recycled in mature berries withowdignificant change in genetic
regulation. The ability for TC59682 to metabolisscAmay be utilised in mature
berry tissue when Asc is predominantly recyclednfmation of this activityin
plantais required.

To confirm the role of TC59682 in TA biosynthesibe product of TC59682
catalysed oxidation of NADH in the presence of 2K@&uires identification.
Unfortunately, the purification of 2KGA from its galuct was unsuccessful. The
retention time of the expected productidonate, was identical to the substrate
2KGA. Analysis of an endpoint assay shows a sipglak at the retention time of
2KGA and L-idonate, suggesting-idonate as the product of the reaction. This
evidence is not conclusive, therefore a 2-stepyassess designed utilising the
specificity of L-ldnDH.1 toL-idonate.L-IdnDH.1, the only confirmed enzyme of
the TA biosynthetic pathway, was shown to be highlypstrate specificL-
IdnDH.1 is not reactive against 2KGA but has bebows to catalyse the
reduction of NAD while convertingL-idonate to 5KGA (DeBolt, 2006)L.-
IdnDH.1 was added to a completed assay of TC5968hst 2KGA and NADH.
The increase in absorbance observed suggests dbetiom of NAD present,
suggesting_-idonate as the product of the reaction (Figure ¥.IBe increase in
absorbance observed attributed tddnDH.1 activity was not large with a
recorded activity of 0.22 pmol/min/mg protein, camgd to 5.2 pmol/min/mg
protein of TC59682. This may be attributed to thenDH.1 assay not conducted
under optimal conditions or the produceddonate from the first stage of the

assay being in low quantities, limiting-ldnDH.1 activity (Figure 4.16).
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Additionally, the initial reaction may yield lowe¢han expected quantities of
idonate and NAD, resulting in the low levels of activity observeBurther
degradation and loss of NADH in the initial reantis also a possible factor
requiring further investigation. Additional NADvas not added to the reaction as
the oxidised NADH from the first reaction was thbtdo be adequate. The
collective addition of NAD andL-ldnDH.1 to the reaction may result in increased
activity of L-ldnDH.1. Additionally, assuming the UV absorbanpedra of the
product and substrate of this reaction is distisigable, spectral analysis may be
useful in the identification of the product. Detémation of the product of
TC59682’'s primary reaction and the quantities poedu from the known

substrates is therefore a priority.

Low quantities of soluble TC55752 (Figure 4.3) weuecessfully purified from a
small batch-culture (100mL) expression system usifggh detergent extraction
buffer. A scale-up of the culture system (1L) dt nesult in a purified protein
suggesting interactions in the larger cell voluneerdased the stability of the
protein or in such a large culture volume the probecame insoluble. Additional
purification of the inclusion bodies with strongn@¢uring agents may have
yielded greater quantities soluble TC55752 (Thatched Hitchcock, 1994,
Widersten, 1998). Due to the limited quantity of 5BZ52 protein obtained, a
complete kinetic investigation was not conductedst$ to determine TC55752
substrate and cofactor specificity were performBde substrate specificity of
recombinant TC55752 was determined under conditd@iermined optimal for
TC59682 activity.

TC55752 had a narrower substrate range than TC5@&B2activity observed
against 4 of the 9 substrates tested (Figure 4Al8)ough the highest activity of
TC55752 was detected against 2KGA in the preseh®¢ADPH, the observed
activity was 5.7-fold (with coenzyme NADH) and 7dd (with coenzyme
NADPH) lower than that observed with TC59682. Thigygests TC55752 is
capable only of low-level reactions or its primaybstrate was not tested. The
observed activity of TC55752 againsascorbate in the presence of NADPH was
not significantly different (2-way ANOVA; p = 0.68% to that of 2KGA. Activity

was observed againstgluconate and-idonate in the presence of NADRt a
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rate 38-fold and 114.5-fold less than 2KGA in thesence of NADPH. These
results suggest TC55752 is not effective in catatyshe reverse reaction of
idonate to 2KGA. The observed activity of TC557%iast 2KGA was 5.7-fold
(with coenzyme NADH) and 7.1-fold (with coenzyme DNRH) lower than
observed with TC59682. This difference may belaited to the assay conditions
optimised to TC59682 activity and not TC55752. Dmwethis, the substrate
concentration used may not have been adequate arunged the reaction,
resulting in the low rates observed. Optimisatidrassay conditions specific to
TC55752 activity may result in increased activi§ptimisation specific to
TC55752 activity was not performed due to the kditavailability of stable
purified protein. Addition of an agent to aid inabilising the purified
heterologously expressed sample would enable futidsting without loss of
activity. Bioinformatic analysis tentatively anntgd TC55752 as a formate
dehydrogenase based on sequence similarity (Tal)e Bhis was investigated
with activity of TC55752 tested against formate described by Nanbat al
(2003). No activity was observed suggesting TC558520t an NAD-dependent
formate dehydrogenase (Figure 4.13).

Increased activity of TC59682 and TC55752 was &bestly observed against all
tested substrates with the coenzyme NADPH suggeBlADPH as the preferred
coenzyme. Affinity studies are required to confitins; however, TC59682 and
TC55752 have been confirmed as capable of utilisioln NADH and NADPH
(Figure 4.12 and 4.13 respectively). Aldo-keto m@dse family members
generally catalyse reversible reactions that ar®RKA dependent, although some
members display dual NADH/NADPH activity with onbye aldo-keto reductase
member identified as NADH specific. AKR members aap of dual
NADH/NADPH activity have been shown to have a high#inity to NADPH
than NADH (Di Luccioet al, 2006). NADH and NADPH have several specific
roles within the cell. NADH has been implicated rmultiple roles including
protein modification, modulating cellular energytateolism, gene expression and
cell death (reviewed by Bergest al, 2004, Ying, 2008). NADPH has been
proven to be key in the regulatory control of fumdmtal cellular processes
including synthesis of fatty acids, steroids, ardADas well as a key component

in cellular antioxidation (reviewed by Berget al, 2004, Ying, 2008). The high
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activities observed of TC59682 and TC55752 agaiogh NADH and NADPH
suggest the enzymes are not specific to eitherzyoe®. The capacity to utilise
whichever molecule is available adds to the flditijpof the enzyme to catalyse
reactions involving multiple substrates under wasiocellular conditions.
Structural studies have shown AKR members to pgsaas/ -barrel binding
region. The flexibility of this region enables thatalysis of multiple substrates
(Jezet al, 1997). 2-Ketogluconate reductase€uorynebacteriunsp (Truesdelet
al., 1991),Erwinia sp (Sonoyamat al, 1987),E. coli (Jeudyet al, 2006, Yumet
al., 1998a) and multiple acetic acid bacteria (Adasthal, 1978, Chiyonobiet
al.,, 1974, Chiyonobuet al, 1976) have been identified as responsible for
catalysing multiple reactions, aiding in the enzgmae of cellular detoxification.
This suggests TC59682 and TC55752 may have additrofes within the cell.
Cellular localisation of TC59682 and TC55752 ialaportant in understanding
their enzymatic role within the cell. Currently, B&nes with the AKR signature
have been identified throughout the Arabidopsisoges, yet very little is known
of their catalytic function (Simpsoat al, 2009a). Arabidopsis is a non-tartrate
accumulating higher plant. Although characterisataf these identified genes
within Arabidopsis would be beneficial, identificat of these biosynthetic genes

native toV. viniferais required.

TC55752 was shown to catalyse the oxidation of NRE in the presence of Asc
as efficiently as 2KGA, the proposed primary sudistiof step 2a of the primary-
Asc TA biosynthetic pathway. TC59682 was also oles#rcatalysing the
oxidation of NAD(P)H in the presence of Asc althbugt a much lower rate to
that of 2KGA. The ability of these candidate enzgnte catalyse reactions
involving Asc suggests the possibility of a singlzyme catalysing the first two
steps of the primary-Asc TA biosynthetic pathway\ofvinifera (Figure 1.8).
Speculation as to the involvement of dehydroasderf@HA) in the primary
pathway is apparent with DHA proposed to be anrmmégliate compound (Green
and Fry, 2005, Hancock and Viola, 2005). Invesitgatinto the capacity of
TC59682 and TC55752 to metabolise DHA would aid imcreasing the
understanding of this initial step, and the possibVolvement of DHA within the
pathway. The broad range of substrates identifgadnst TC59682 and TC55752
suggests step 2a is not a regulatory step in TAybibesis or is a branch-point in
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the biosynthetic pathway feeding alternative uneis¢ed pathway’s. No evidence
for the latter has been found.

Purification of soluble TC61548 was not success@ptimisation of expression
conditions including induction temperature, dumaiextraction buffer and IPTG
concentration did not result in a purified solupletein. Visualisation via SDS-
PAGE shows a darkened band of the expected sitteeimsoluble fraction of the
protein extract. Observation of the soluble fratted the expected size shows a
band visually similar to the pre-induction fractiofhis suggests that TC61548 is
expressed under these conditions; however, theipra insoluble. Mehliret al
(2006) observed a correlation of high Pl (isoelectpoint) with protein
insolubility in heterologously express@bsmodium falciparunproteins Mehlin

et al (2006) showed a Pl of >6.0 had reduced succes®lobilty. TC61548
predicted Pl is above this range (7.23, Table 3&ygesting it may be a
contributing factor to its insolubility. Due to thasoluble nature of TC61548,
alternative methods were tested to obtain a pdrifieluble sample. The high
detergent buffer BugBustét (Novagen, Germany) was not successful in the
purification of TC61548. As TC61548 was expresseden the tested conditions,
extraction of the protein from the insoluble fractiunder denaturing conditions
andin vitro refolding under a decreasing urea gradient or yimodein refolding
kit is the next course of action. Refolding into antive tertiary structure,
however, is inefficient and requires additional impgation (Novagen, 2006).
Alternatively, the use of a vector with an assamlasolubility factor would be
beneficial. The vector pET-32a(+) acts by fusing éixpressed protein with tike
coli protein thioredoxin. Thioredoxin is a soluble therstable protein which, in
effect, pulls the recombinant protein into the btdufraction (Novyet al, 1995).
This method enablan vitro protein folding with reduced error.

TC52437, TC58004 and TC55097 are candidate glueobatehydrogenases
suggested responsible for step 2b of the secondargose-precursor TA
biosynthetic pathway (Figure 1.8). TC58004 and T@®G5 putative gluconate 5-
dehydrogenases were successfully amplified frorvpraison berry cDNA. The
expected sequence of TC52437, the third selectembghte 5-dehydrogenase was
not successfully amplified. Predictive translatiohthe amplified sequence to
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amino acids generated multiple stop codons throuighie putative protein
sequence. This suggests TC52437 is not presenteiry tDNA tissue as
annotated in the Gene Index Project: Gene Indic€sape database

(www.compbio.dfci.harvard.edu/fgused. This database was constructed through

the alignment of shotgun sequences of\theviniferacv Pinot Noir whereas the
cDNA used in this study wa¥. viniferacv Shiraz (Quackenbustt al, 2000,
Velascoet al, 2007). Cultivar difference or a misalignment ddighilar sequences

may explain this discrepancinalysis of TC52437 was not pursued further.

High-yield TC55097 was successfully purified fromrde-scale culture (2L).
TC58004 was successfully purified at a low-yieldnfr a small culture (100mL)
expression system. Scale-up of this protocol (1id) mbt increase the yield of
purified protein. The low-yield of TC58004 obtainedggests TC58004 may be
unstable or toxic to the cell limiting expressiantlee purification procedure used
was not sufficient. Extraction of the inclusion sl or modifications to the
purification protocol may yield higher quantitie$ soluble TC58004. Activity
analysis performed using these purified samples.dddDH.2 (samples obtained
from M Hayes, University of Adelaide), the putatilemologue ofL-ldnDH.1,
was unsuccessful with no activity observed. Althotested against 10 substrates,
these proteins may be highly specific to a singsldrstrate, rendering the tests
performed here negative. Post-translational maatifon is often used to regulate
the activation of protein activity in eukaryoticstsgms. Predictive analysis bf
[dnDH.2, TC58004 and TC55097 identified multiplesidues predicted to
undergo phosphorylation (Table 3L5ldnDH.2 results not shown). Expression in
a eukaryote system capable of post-translationaldifioations such as
Saccharomyces cerevisiae baculovirus will eliminate this as a factorprotein
inactivity. Di Luccio et al (2006) observed no catalytic activity of a cantida
aldo-keto reductases. Further investigations shatwees still capable of binding
both NADH and NADPH with similar affinities of othealdo-keto reductase
members (Di Luccicet al, 2006). Therefore, the binding activity ioldnDH.2,
TC58004 and TC55097 to NAD(P)H was investigateddetive analysis of each
candidates deduced amino acid sequence indicagegrédsence of an NAD(P)-
binding domain (Table 3.4-ldnDH.2 results not shown). A wavelength scan of
L-ldnDH.2, TC58004 and TC55097 was performed in tresgnce of NAD(P)
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and NAD(P)H without additional enzyme to enablecakdtion of each enzyme’s
dissociation constant (data not shown, method neatlifrom Di Luccioet al,
2006, Fromm, 1963). Preliminary experiments sugyédd(P)H binding was not
successful, indicating the lack of activity obsehi® enzymatic and not due to the

appropriate substrate being analysed.

The activity of gluconate 5-dehydrogenase has mEmtified as highly unstable,
with over 75% of activity lost within 3 days fromaraples purified from cefree

extracts of Gluconobacter suboxydan@dachi et al, 1979, Ameyama and
Adachi, 1982a). Stability was increased via theitamd of compounds gluconate
or 5KGA. The observed inactivity of TC58004 and B097 may be a result of
purification or extended storage times without @bsising compound present in
the buffer. Modifications to the purification protd or analysis of activity

immediately following purification may result intage protein samples.

TC59682 and TC55752 were successfully cloned, reamantly expressed and
purified. Substrate analysis of TC55752 indicatds capable of catalysing step
2b of the primary-Asc TA biosynthetic pathway, alligh only at a low rate (as
compared to TC59682). This low rate suggests TCB33:ot involved in TA
biosynthesis and is expected to have a high affteita compound not tested in
this study. Kinetic analysis of TC59682 showed haffinity to 2KGA, the
forward substrate of the reaction. Preliminary ideation indicates -idonate as
the reaction product. Reversibility of TC59682 vedso confirmed with activity
observed againstL-idonate. Activity analysis of TC59682 supports its
involvement in step 2a of the primary-Asc pathwa&orrelation of gene
expression data with the accumulation of TA overetigoment (Chapter 5) will
provide further support to TC59682 involvement inA Tbiosynthesis.
Characterisatiorin vitro determines the capabilities of the enzyme; however
biological constraints may alter the efficiencytbé enzymen vivo. Due to this,
comparison ofn vitro andin vivo activity is required to obtain a definitive kineti
analysis. Enzyme activity has been shown to didetween species (Chiyonobt
al., 1975b, Shinagawat al, 1976, Shinagawat al, 1978). Thereforeni situ
analysis is also a requirement in the tissue sipecifaracterisation of enzyme

activity (Chapter 5).
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Chapter 5:

Characterisation of Various
Physiological and Molecular Parameters
of Tartaric Acid Biosynthesis iNitis
viniferacv Shiraz over the 2007/2008
Season
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5.1 Introduction

Grape berry development is a 3 phase process dusihgh distinctive

physiological and metabolic events occur. The pitsise, berry formation, occurs
immediately post-anthesis and is characterised apydr cell growth and the
accumulation of malic and tartaric acids (Ruffned éHawker, 1977). Tartrate
accumulation is exclusive to this developmentagstaf berry formation during
which the appearance of the immature berry tissmaimns green and hard.
During the second phase of development, denotedplege, cell division is
minimal with change in berry size, colour and defation minimal (Coombe and
lland, 2004, Skene and Hale, 1971). Berry ripeniagthe third phase of
development characterised by rapid growth of betissue, the onset of
anthocyanin and hexose accumulation (rise in °Bary the metabolism of
malate causing an associated pH change. The ioitiaf berry ripening is termed
véraison, observed visually by the acquisitionabar (in red fruit varieties) and
a swelling and softening of the berry tissue duevaéder intake (Coombe, 1960,
Coombe and Bishop, 1980). Véraison is a significamé in berry development
as it sees a metabolic shift in which TA and MA w@aoalation ceases and MA
undergoes catabolism. The monitoring of the prajoes of berry ripening,

enables optimal harvesting of the berries for careupurpose as either food-

stuffs or in winemaking.

Qualitative real time polymerase chain reaction TEFCR) is the touchstone for
gene expression quantification (Buséhal, 2009) enabling the detection and
measurement of minute amounts of RNA transcriptenfmumerous samples
across a variety of sources (Bustin, 2000, Kulastal, 2006). The expression of
individual genes of interest can therefore be a®lyin specific tissues. This
approach has been used successfully in a numb&udies in berry tissue over
development analysing the expression of genes dimguthose involved in
abscisic acid regulation (Wheeler, 2006), berrg ¢i2avieset al, 2006), cell wall
metabolism and water transport (Schlossieal, 2008). QRT-PCR was used to
identify L-idonate dehydrogenase 1 expression exclusivelyréergimmature
berry tissue (DeBolt, 2006). This expression patwgincided with the period of
TA synthesis, indicating specificity of the enzynwethe TA pathway and not
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general metabolism. In this chapter the expressidbnthe proposed TA

biosynthetic genes will be analysed via QRT-PCRnejues.

The corresponding metabolic changes associated twéhbiosynthesis of TA
during berry formation and its cessation at vémisoof significant interest in this
study. In this chapter the defined stages of béeyelopment will be determined
via the analysis of the physiological changes mnesly described including berry
weight, colour, hexose and organic acid accumuiatiDefinition of these
developmental stages will enable the correlatiothefaccumulation of TA with
the expression levels of the proposed TA biosymthgénes.In vivo activity
analysis has been used to support the developnfentalon of proteins in grape
berry tissue for enzymes such as phosphoenolpyusatboxykinase (Ruffner
and Kliewer, 1975), phosphoenolpyruvate carboxytsg malic enzyme (Lakso
and Kliewer, 1975). The activity of the candidateymes for steps 2a and 2b of
the primary Asc-C4/C5 and secondary glucose pathwsgectively were tested
in vitro (see Chapter 4). The activity of these enzymesebad from berry tissue

will also be described in this chapter and coreslatith TA accumulation.

5.2 Results

5.2.1 Fresh Weight and °Brix

V. viniferacv Shiraz (clone BVRC12 on Schwarzmann rootsteodde sampled
every 3-4 days throughout development from the ehsity of Adelaide Coombe
vineyard, Waite Campus, Urrbrae, South Australilev@ion 123m, latitude
34°58'S). A randomized complete block design was eggalato ensure a random
selection across the vineyard was obtained. Sangu#scted across multiple
vines were pooled and snap frozen until requirelfiocation of the sampled
berries into two sets enabled molecular and phggichl characterisation to occur

on the same berry sample.

Colour acquisition of berry tissue over developmevds observed visually
(Figure 5.1).This observation enabled a non-destructive appratan of the
phases of berry development infield. Onset of teeetbpmental stage véraison

was deemed the stage at which individual berriegabeto acquire colour.
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Véraison was denoted as the time at which apprari;m&0% of the berries per

bunch acquired colour.

Date Sampled 16/11/2007 4/12/2007 15/02/2008
Days Post Anthesis 14 32 63 81 103

Figure 5.1: Development ofV. vinifera cv Shiraz berries sampled
over the 2007/2008 season. Véraison occurred 68 pagt-anthesis
as indicated by the acquisition of colour by apprately 50% of the

berries per bunch.

Physiological parameters including berry fresh \wei¢FW) and total soluble
solids (°Brix) was analysed for each replicate (IF¢g5.2). Based on this data set,
the phases of berry development were determinedetwerry formation 0-35
days, lag phase 35-60 days and berry ripening 60dHys post-anthesis. The
onset of hexose accumulation (rise in total soldalkds, °Brix), in conjunction
with visual observations, enabled refinement of tete at which véraison
occurred. These measurements indicate véraisonredc80 days post-anthesis
(January 1 2008). Variation across replicates was minimairaticated by the
tight error bars. Harvest occurred at 105 days-po8tesis (February £52008).
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Figure 5.2: Accumulation of fresh weight (FW, closed red @s)l
and total soluble solids (°Brix, closed blue sqepm/er development
of V. vinifera cv Shiraz berries sampled in quadruplicate over th
2007/2008 season. Error bars represent the stardardof the mean.
Developmental stages are indicated by the colobedncorporated
into the x-axis with berry formation, lag phase awelry ripening
indicated in yellow, gold and orange respectivégraison occurred
60 days post-anthesis, indicated by the dotted Tilhés data has also
been represented in Melino (2009) and Sweetmanl{201

5.2.2 Organic Acids Accumulation

Organic acid (OA) levels were determined from thme sample sets of berries as
described in section 5.2.1. The accumulation aéter (TA) and malic acid (MA)
occurred rapidly during stage 1 of berry developméhigure 5.3). TA
accumulation occurred rapidly 0-20 days post-amhewith accumulation
occurring at a slower rate with levels peaking 4§sdpost-anthesis. The quantity
of TA remained constant throughout the remaindebeafy development. MA
also experienced accelerated accumulation 0-20 dagsanthesis, peaking 52
days post-anthesis. MA underwent catabolism postis@n resulting in a decline
in the acid level. Asc is known to exist in botheduced and oxidised state within
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the cell (reviewed by Buettner and Schafer, 20@dl) Asc was reduced during
analysis to enable total Asc quantification. Ascuaulation was sigmodial with
production in both stage 1 and stage 3 of berryelkbgwment. Variation among
replicates was minimal as indicated by tight efpars validating the sampling

technique used.
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Figure 5.3: Accumulation of the organic acids ascorbate (Asoeb
closed triangles), tartrate (TA, purple closed sgsipand malate (MA,
red closed circles) over berry development. Berwese sampled in
guadruplicate over the 2007/2008 season. Error bepeesent the
standard error of the mean. Developmental stagesdicated by the
coloured bar incorporated into the x-axis with peformation, lag
phase and berry ripening indicated in yellow, gealdd orange
respectively. Véraison occurred 60 days post-aighedicated by the
dotted line. This data has also been representteimo (2009) and
Sweetman (2011).

5.2.3 Gene Expression Analysis utilising Qualitatie Real Time PCR

The berries used for qualitative real time PCR (G@HROR) analysis were a

subsample of the sampléd viniferacv Shiraz berries analysed for FW, °Brix

Page | 144



and OA accumulation (Sections 5.2.1 and 5.2.2)s €hiables a direct comparison

of results without vine-to-vine or seasonal vaaati

The expression of potential reference geAegyrin Ubiquitin and Actin was
analysed prior to the experiment using the PleX p&radatabase

(www.plexdb.ord. Sequences that showed steady expression lewisssa

development under conditions described in the wariexperimental conditions
were selectedvvActinwas shown to be to variable across developmentasd

not selectedVvAnkyrin (Ank andVvUbiquitin (Ubg) were stably expressed and
selected to normalise the data. Candidate genessipn was normalised against
both Ank and Ubg with no difference between each house-keeping gene
expression pattern observed. Data presented hew shndidate expression
patterns normalised agaimshk Four replicates were obtained for each timepoint;
however, extractions did not obtain high quality&Rfr all replicates. Therefore

the three replicates with the highest quality ofARMere analysed.

CandidatesTC61548 TC59682 and TC55752 are enzymes proposed to be
involved in step 2a of the primary Asc-precursor Bidsynthetic pathway (Figure
1.8). TC61548 expression (Figure 5.4 A) oscillates during befoymation.
Although the expression was not constant througkiuststage, it was the stage
with average peaHC61548expression. Expression decreased during lag phase
and remained low throughout berry ripening. Thidgra indicated thatC61548
expression was associated with pre-véraison denedop TC59682expression
(Figure 5.4 B) peaked at anthesis and decreasett 44ithin 10 days of berry
development. Expression increased at the initiatibberry ripening to a level
half that of its peak during berry formation. Tleigpression pattern suggests that,
TC59682is strongly associated with the initial stagesbefry development.
Expression off C55752(Figure 5.4 C) increased throughout berry fornmatibhe
level of expression steadied during lag phase wigtight decrease during berry
ripening. This pattern of expression suggests Ti§5752is associated with the

latter stages of berry development, not during T@synthesis.
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Figure 5.4: Analysis of gene expression of the candidatestep 2a

of the primary Asc-precursor pathway (Figure 1.Berries were

analysed in triplicate over the 2007/2008 seasot mormalised

against the housekeep¥r vinifera Ankyrin. Error bars represent the
standard error of the mean. Developmental stagesdicated by the
coloured bar incorporated into the x-axis with peformation, lag

phase and berry ripening indicated in yellow, galdd orange

respectively. Véraison occurred 60 days post-aighedicated by the
dotted line. A) CandidatefC61548 B) CandidateTC59682 C)

CandidatelC55752
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TC58004 and TC55097 are candidates for step 2b of the secondary ghicos
precursor TA biosynthetic pathway (Figure 1 BE58004(Figure 5.5 A) showed
minimal expression throughout berry formation, easing in the lag phase and
remaining high throughout berry ripening. Varialilof TC58004expression in
the post-véraison berry was higher as comparedhéo pre-véraison berry.
TC55097 (Figure 5.5 B) shows steady expression througleadh stage of
development. This indicates that this gene’s exgmesis not linked to a specific
developmental phase. The level of expression wasothest of all the candidates

tested.

Page | 147



) 0.15-
(0]
[
Q
0L
T Z 0.10
2=
[}
E2
S o
< 5 0.051
% s
o-oc T T T L) T l T ) T L 1
0 10 20 30 40 50 60 70 80 90 100110
Days Post Anthesis
) 0.015-
[0}
[y
Q
(O
3 Z 0.010-
2
[}
E 2
S o
< 5 0.0054
c X
é L
0.000

T T L) L) T ; T L T T 1
0 10 20 30 40 50 60 70 80 90 100110
Days Post Anthesis

Figure 5.5: Analysis of gene expression of the candidatestiep 2b
of the secondary glucose-precursor pathway (FigjL8e Berries were
analysed in triplicate over the 2007/2008 seasot mormalised
against the housekeep¥r vinifera Ankyrin. Error bars represent the
standard error of the mean. Developmental stagesdrcated by the
coloured bar incorporated into the x-axis with peformation, lag
phase and berry ripening indicated in yellow, galdd orange
respectively. Véraison occurred 60 days post-aighedicated by the
dotted line. A) Candidat€C58004 B) Candidata C55097

L-ldnDH.1 is to date the only confirmed enzyme inwalvin TA biosynthesis
(DeBolt et al, 2006), responsible for step 3 of the Primary psecursor pathway
(Figure 1.8)L-IdnDH.2 has been identified as a possible homologueltmDH.1
based on a 70% nucleic acid and 77.59% amino aedtity (Hayes, DeBolt,
Cook and Ford, manuscript in preparatian)dnDH.1 expression (Figure 5.6 A)
was strongly associated with the initial stage effr{p development. Expression
levels decreased 4-fold within 30 days of berrydlepment. Expression levels

remained minimal throughout the remainder of dgwelent with a slight increase
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3 weeks pre-harvest-ldnDH.2 expression (Figure 5.6 B) increased throughout
berry development spiking at the transition of easthige between berry
formation-lag phase, lag phase-berry ripening, &advest. This expression
pattern suggests thatldnDH.2 is associated with the lag phase and berry
ripening and not berry formation, the phase assediaith TA biosynthesis.
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Figure 5.6: Analysis of gene expression of the enzymdnDH.1and
possible homologue-ldnDH.2 for step 3 of the primary ascorbate-
precursor pathway (Figure 1.8). Berries were amaym triplicate
over the 2007/2008 season and normalised agams$taihisekeepey.
vinifera Ankyrin. Error bars represent the standard errathefmean.
Developmental stages are indicated by the colobeedncorporated
into the x-axis with berry formation, lag phase dwelry ripening
indicated in yellow, gold and orange respectivégraison occurred
60 days post-anthesis indicated by the dotted lkle Enzyme L-
IdnDH.1; B) Candidate.-ldnDH.2
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5.2.4 Enzyme Extractions

Soluble protein was extracted from the same setashpledV. viniferacv Shiraz
berries analysed for FW, °Brix, OA accumulation ayahe expression (Sections
5.2.1, 5.2.2 and 5.2.3) enabling a direct comparlsgtween gene expression and
protein activity. Enzyme extracts were used in spphotometric assays based
on conditions determined in Chapter 4. Potassiumnice (KCN) and octyl
gallate (OG) were added to the assay buffer tdihthe activity of the metabolic
enzymes cytochrome oxidase (Bakeral, 1987) and alternative oxidase (Albury
et al, 1996) respectively, preventing the oxidation ol &NAD(P)H by these
metabolic enzymes during the assay.

The concentration of protein extracts was meastoedetermine the amount of
protein extracted from each timepoint throughouvetigoment (Figure 5.7).

Analysis shows the level of protein extracted wassistent over development.
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Figure 5.7: Quantity of protein extracted froM. viniferacv Shiraz
berry tissue following a 65% (w/v) PEG precipitatidMeasurements
were performed in triplicate with mean values show#nror bars
represent the standard error of the mean. Develofnstages are
indicated by the coloured bar incorporated into xkexis with berry
formation, lag phase and berry ripening indicategallow, gold and
orange respectively. Véraison is indicated by thied line.

Malate dehydrogenase (MDH) is a ubiquitous enzynnecial in cellular
metabolism involved in the citric acid cycle. Thazgme is responsible for
catalysing the reversible reaction of oxaloacetatenalate in the presence of
NADH/NAD* (reviewed by Minériket al, 2002). Due to the enzyme’s ubiquitous
nature within the cell and the high content of mehithin the berry, MDH was
chosen as a positive control of protein extractioe to its high likelihood of
being present in the extract.

Activity of the enzymes in the extract was obserspdctrophotometrically in the
presence of a specific cofactor and substrate. MbD#Vity was observed, in the
presence of NADH and the substrate oxaloacetated amonitored

overdevelopment (Figure 5.8). MDH activity incredsever berry development,

with the greatest amount of activity in the postaigon tissue. The greatest
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amount of variation was also seen in this tissuBHVactivity showed that active
protein was extracted at each timepoint over dgretmt. A negative control of
added NADH without substrate was performed whicowsdd no activity at all
timepoints, indicating that the observed oxidattdtNADH was due to enzymatic

activity in the presence of the substrate.
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Figure 5.8: Activity of Malate Dehydrogenase (MDH) observed
spectrophotometrically via the consumption of NADHhe presence
of oxaloacetate (blue closed circles). A negativetwl of NADH
without added substrate was also measured (recectlgguares).
Triplicate samples were extracted at each timepaitit mean values
shown. Error bars represent the standard errohefmtean. Soluble
protein was extracted frorW. vinifera cv Shiraz berry tissue over
development. Developmental stages are indicatetthddygoloured bar
incorporated into the x-axis with berry formatidéag phase and berry
ripening indicated in yellow, gold and orange respely. Véraison is
indicated by the dotted line.

The enzyme responsible for catalysing step 2a ef ABc-precursor pathway
(Figure 1.8) is a putative 2-ketogluconate redwctabhis enzyme would be
responsible for the reduction of 2KGA in the presef NADH toL-idonate.
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TC61548, TC59682 and TC55752 are candidates ferstbep. Enzyme extracts of
each timepoint were observed spectrophotometri¢atlyhe oxidation of NADH

in the presence of 2KGA (Figure 5.9). OG and KCNenalso present to prevent
metabolic oxidation of NADH. Activity against 2KGAvas shown to increase
over development, with the greatest activity in fest-véraison tissue. A high
degree of variability was also detected in thisues A no substrate negative

control was also performed, which showed no NADktlakon at all timepoints.
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Figure 5.9: Activity of putative 2-ketogluconate reductaselserved
spectrophotometrically via the oxidation of NADH time presence of
2KGA (blue closed circles). A negative control oADH without
added substrate was also measured (red closedesyju&@oluble
enzyme was extracted fromi. vinifera cv Shiraz berry tissue over
development. Triplicate samples were extractecel #mepoint with
mean values shown. Error bars represent the sthretaor of the
mean. Developmental stages are indicated by theud bar
incorporated into the x-axis with berry formatidéag phase and berry
ripening indicated in yellow, gold and orange respely. Véraison is

indicated by the dotted line.
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The enzyme responsible for catalysing step 3 of Alse-precursor pathway
(Figure 1.8) is.-idonate dehydrogenase (DeBettal, 2006). This step involves
the interconversion of-idonate to 5KGA in the presence of NANADH. L-

Idonate is not commercially available and so tloisvély was not tested, however,
it was assayed in the reverse direction, i.e. \BKGA as the substrate in the
presence of NADH. Under these conditions no agtivitas detected at any

timepoint throughout development (data not shown).

The step of the pathway whereby the secondary glipoecursor and primary
Asc-precursor pathway intersect is step 2b, catdlysy a putative gluconate 5-
dehydrogenase. TC58004 and TC55097 are both cadesiftar this step (Figure
1.8). Activity was tested in the presence of NAdhd gluconate. Activity was not
detected consistently throughout development (datashown). Activity was also
tested in the presence of NARNd 5KGA (Figure 5.10), the theoretical reverse
direction of this enzyme. Activity was detectedoilnghout development, most
active in the post-véraison berry. There was a ligiount of variation between
samples throughout development. A no substrate tiwegaontrol was also
performed which showed no NADReduction at all timepoints.
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Figure 5.10: Activity of a putative gluconate 5-dehydrogenase’s
observed spectrophotometrically via the consumptibNAD™ in the
presence of 5KGA (blue closed circles), the thecmktreverse
direction of the enzyme. A negative control of NARithout added
substrate was also measured (red closed squaocdshleSenzyme was
extracted fromV. vinifera cv Shiraz berry tissue over development.
Triplicate samples were extracted at each timepwitit mean values
shown. Error bars represent the standard error haf mean.
Developmental stages are indicated by the colobeedncorporated
into the x-axis with berry formation, lag phase amelry ripening
indicated in yellow, gold and orange respectivelfgraison is

indicated by the dotted line.

5.3 Discussion

The development o¥. viniferacv Shiraz berries over the 2007/2008 season was
followed using numerous physiological parametersluging FW and °Brix
(Figure 5.1), colour acquisition (Figure 5.2) anthamic acid accumulation
(Figure 5.3). All parameters were consistent withevpusly described
developmental patterns (Coombe, 1980, Coombe askloBj 1980, Terrier and
Romieu, 2001). The phases of berry developmentdoasehese parameters were
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determined to be: berry formation 0-35 days, lagseh35-60 days and berry
ripening 60-110 days post-anthesis. The developahesthge véraison occurred
60 days post-anthesis.

TA was determined to be the dominant acid throughdevelopment. TA
accumulation was consistently higher than MA atheaampled timepoint
throughout development. MA has been reported asdtminant acid in pre-
véraison tissue (Terrier and Romieu, 2001). Varidiféeerence and environmental
effects may account for this discrepancy. Withaheumulation of FW, °Brix and
organic acid as reported throughout the literatwee have a high degree of
confidence that the molecular parameters are itideaf standard growth and
not a response to any biotic or abiotic stressvine may have experienced

throughout the season.

QRT-PCR analysis was used to determine the develpfahstage at which the
candidate genes were highly expressed. TA accuiomnlaiccurred during pre-
véraison (Figure 5.3), therefore, the genes assatigith TA biosynthesis would
be expected to be highly expressed during thisgph@enetic expression of the
only known TA biosynthetic enzyme-IdnDH.1 was shown previously to be
expressed predominantly in pre-véraison tissue (MieR006) confirming this

hypothesis.

TC61548, TC59682 and TC55752 were identified aslicates (Chapter 3) for a
putative 2-ketogluconate reductase responsibledtalysing step 2a (Figure 1.8)
of the primary Asc-precursor pathwayTC61548 showed expression
predominantly in the pre-véraison tissue (Figure/A). Although this expression
showed large variation between timepoints, véraisoggered a consistent
decrease in expression. This suggeb@61548is involved in pre-véraison
activity and is regulated by a véraison switch. dstfnately, no soluble protein of
TC61548 was obtained preventing activity analysesnf being conducted (see
Figure 4.1).TC59682expression pattern indicates it is strongly asged with

pre-véraison development (Figure 5.4 B). ExpressionC59682peaked 7 days
post-anthesis, decreasing 4-fold within 20 daysl@felopment. This period of
development correlates with the majority of TA lyiothesis (Figure 5.3). The
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expression oTC55752steadily increased in pre-véraison tissue, remgisteady
throughout post-véraison development (Figure 5.4 T)is pattern suggests
TC55752 is associated with post-véraison development amd im TA
biosynthesis. Of the three candidates for a pwgafivketogluconate reductase,
data analysed supporis€C59682as responsible for this role in TA biosynthesis
especially in conjunction with enzymatic analysésexombinant forms of the

enzyme (see Chapter 4).

TC58004 and TC55097 were identified as candidaidmfter 3) for a putative
gluconate 5-dehydrogenase responsible for cataystiep 2b (Figure 1.8) of the
secondary glucose-precursor pathway. ExpressiaamdidateT C58004showed
a low level of expression in pre-véraison tissueylding in the post-véraison
tissue (Figure 5.5 A). This expression pattern datis that expression is
responsive to a véraison switch, suggesting thes geaybe involved in post-
véraison development. This does not support airoleet TA biosynthesis but
may suggest a role in the maintenance of TA leweldater development.
CandidateTC55097was shown to have the lowest expression levellajemes
tested (Figure 5.5 B). Expression was steady throug all stages of
development, indicating it was not required durngpecific developmental stage.
The low level of gene expression suggested thagéme is either not required in
berry tissue, or is a background gene requiredwnlévels for cellular function.

This does not support a role in TA biosynthesis.

L-IdnDH.1 has been confirmed as a TA biosynthetio/erez(DeBoltet al, 2006).
The pattern ofL-ldnDH.1 expression matches that previously described én th
literature (DeBolt, 2006, Melinet al, 2009a) with one slight variation. DeBolt
(2006) found expression exclusive to 8 weeks po8iesis with peak activity 4
weeks post-anthesis. This variation in peak agticbuld be due to varietal
difference withV. vinifera cv Cabernet Sauvignon being analysed by DeBolt

whereas/. viniferacv Shiraz was used in this study.

L-ldnDH.2 was selected as a possible homologue-kdnDH.1 due to a 70%
nucleic and 77.59% amino acid identity identified the grapevine EST database
(Hayes, DeBolt, Cook and Ford, manuscript in prapan). Expression patterns

of L-ldnDH.2 increased throughout development (Figure 5.6 Bjs Ppattern was
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not consistent with a TA biosynthetic gene. Theregpion of_.-ldnDH.2 opposes
that of L-IdnDH.1 This suggests that shoulddnDH.2 be confirmed as a TA
biosynthetic gene, they are working cooperativetyotghout development
ensuring continual TA biosynthesis. TA biosynthdss not been shown to occur
during the latter stages of berry development, vawnea double knockdown of
each gene irV. viniferacv Thompson Seedless showed active TA production
(Appendix A.1).L-IdnDH.1 is a member of the sorbitol dehydrogenassilfy
(DeBolt, 2006). The expression ofldnDH.2 detected in this study correlates
with the activity of sorbitol dehydrogenase in depéng apple fruit (Tecet al,
2006) and seed (Nosarzewski and Archbold, 2007)exmpdession in developing
loquat fruit (Bantoget al, 2000). This suggests thatdnDH.2 may be a sorbitol

dehydrogenase and not iaildnDH.1 homologue.
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Figure 5.11: Composite of figures 5.6 A and 5.4 B comparing the
expression of the known TA biosynthetic ganklinDH.1 (red solid
circle) and the candidate for the preceding stepthie pathway,
candidateTC59682(blue closed triangle) respectively. Developmental
stages are indicated by the coloured bar incorpdratto the x-axis
with berry formation, lag phase and berry ripenimglicated in
yellow, gold and orange respectively. Véraisonndidated by the

dotted line. Error bars represent the standard efrthe mean.

CandidateTC59682and L-ldnDH.1 encode enzymes responsible for consecutive
steps in the Asc-precursor pathwalC59682 displayed a higher level of
expression compared taldnDH.1 with an additional accumulation phase (Figure
5.11). This suggests that TC59682 may have aniadditrole in later berry
development. The accumulation pattern of TA overettjpment shows a slight
decrease in TA levels at véraison, increasing te firevious peak at
approximately 70 days post anthesis (Figure 5.3)is Tsecondary peak in
expression TC59682 correlates with this secondacyease in TA levels. This
secondary increase in TA levels was not substaatidlno increase in-idonate
expression correlates with this timepoint. Watral (2010) identified.-idonate in
mature berry tissue. This suggests that the TAybibetic pathway is present in
mature berry tissue however not active. A secont@gynthetic phase in late
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berry development (when required) may suggest thmtenance of TA levels
crucial in berry development. A correlation betweapid cell division and TA
biosynthesis has been proposed (Hale, 1962). Melimb(2009a) showed that in
early berry development the metabolism of Asc tdpcts TA and oxalate more
active then Asc recycling. This suggests TA biokgsts requires an initial trigger
driving the Asc to TA biosynthesis in early berrgveélopment, whereas in later
stages of development the key enzymegl¢nate) are already present with the
intermediary enzymes synthesised (TC59682) to enbinlsynthesis, depending

on which intermediary compound is present.

Confirmation of enzymatic activitin planta was also conducted. Total protein
was extracted from sampled berry tissue and agtiamalysed throughout
development. The concentration of total protein \a® measured throughout
development (Figure 5.7). Analysis showed thati¢lrel of extracted protein was
consistent over development. This finding is supabby Sweetman (2011) using
a subset of the same berry samples. Gitiai (1984) measured total protein over
development irV. viniferacv. Merlot and showed immature berries had a hmighe
protein level than mature tissue on a mg/g dry enabtasis. This was later
supported irV. viniferacv. Nebbiolo Lampia berries on a mg/g fresh welggis
(Giribaldi et al, 2007). This discrepancy in protein levels of thature tissue is
expected with the values obtained in this studgg@méed on a mg/ml basis. Over
development, berry FW increased due to the uptdksotutes (Figure 5.2,
Coombe, 1976) accounting for the decreased prateimcentration in mature
tissue reported by Ghist al (1984) and Giribaldet al (2007).

MDH was used as a positive indicator of active @rotextraction from tissue.
MDH activity in V. vinifera has been previously shown to increase over
development (Sweetman, 2011). This developmeratdem was confirmed in
this study, although the activity levels detectedravat a reduced rate. The
reduced rate of activity in this study may be resul from the difference in
absolute protein levels extracted from the bersgue. De Souzat al (2005)
extracted and assayed MDH using a modified proté@dhe one in this study
without the addition of OG or KCN and attributediaty in the extracts to MDH.
The addition of KCN and OG to the assay buffer eeduhe inhibition of
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cytochrome oxidase (Baket al, 1987) and alternative oxidase (Hoefnagfehl,
1995). Neither metabolic enzymes involve the mdtatvoof NAD(H); however,
both are involved in the mitochondrial electronngport chain (METC).
NADH:coenzyme Q reductase precedes both enzymié®imETC and involves
NAD(P)H metabolism. Rotenone inhibits NADH coenzyn@ reductase
(Darrouzetet al, 1998, Okunet al, 1999); however, this was not added to the
assay buffer. Plant mitochondria posses an aligegnatETC which can bypass
NADH coenzyme Q reductase (Soole and Menz, 1995 S$imultaneous
inhibition of cytochrome oxidase and alternativeidase inhibits the flow of
electrons through both pathway’s of the mETC, iitmg NADH coenzyme Q

reductase and so NADH metabolism in the process.

Enzymatic activity of NAD in the presence of gluconic acid showed a limited
number of timepoints with detectable activity (datat shown). Step 2b of the
secondary glucose-precursor pathway is the steghih gluconic acid (GA) is
committed to TA biosynthesis. Studies using dabelled fH, **C]GA indicate
this to be a single step involving one enzyme (54di®94). Observations of the
process occurring at this step indicate gluconatergoes hydrolysis due to the
loss of a hydroxyl group. This indicates NADH tothe likely cofactor involved,
and possibly the requirement of an ATP moleculezyiare activity analysis
should have been conducted observing NADH oxidaitiothe presence of GA.
The reverse of this step, the reduction of NADthe presence of 5KGA showed
an increase in activity over development (Figudh. The levels of activity were
the lowest detected for all tested activities. gheatest level of activity occurred
in the post-véraison tissue, with a high level afiability observed. No reduction
of NAD" was observed in the absence of 5KGA indicating #uitivity was
substrate dependent. TC58004, a candidate fosteswas shown to have peak
expression in the post-véraison berry (Figure 5HM)is may account for the
increased activity observed over development. ok bf active proteirmn vitro
prevents the confirmation of this proteins actii@hapter 4). Kinetic analysis on

an active protein sample is required.

Due to the limitations of-idonate availability, the reduction of NADn the

presence of-idonate was not conducted. This would have provieldence for
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the operation ot-ldnDH.1 andL-IdnDH.2 in the forward direction (producing
5KGA), and the putative 2-ketogluconate reductasethe reverse direction
(producing 2KGA). Putative 2-ketogluconate reduetams tested in the forward
direction with the oxidation of NADH in the presen@KGA (Figure 5.9).
Activity was shown to increase over developmenakpeg in post-véraison tissue.
TC59682 and TC61548 are candidate enzymes forattigity. Both candidates
show peak expression in the pre-véraison tissugu(€i5.5 A, B), suggesting
peak activity would be observed in this tissue .al8059682 had been showm
vitro to possess catalytic activity specific to thisctemn, suggesting TC59682 as
the stronger candidate. The lack of peak activitgre-véraison tissue may be due
to the extraction process used. The quantity oaltgrotein extracted was
consistent over development (Figure 5.7). 2KGR kmewn to be unstable
(Adachi et al, 1979, Ameyama and Adachi, 1982b). Modificatioms the
extraction protocol may enable a higher yield dtibte stable protein from green
hard pre-véraison berry tissue. The half-life aabgity in a bound substrate-
protein complex of TC59682 may account for thiseexied activity, and so
investigations into TC59682 stability and half-l#euld be warranted. Protein-
protein interactions may also be a factor in tlghlprotein extract. A western blot
with a TC59682 protein-specific antibody againse tprotein extract would
indicate the presence of this protein in tissuegrelhexpression was low. An
antibody specific to TC59682 has yet to be manufactk. Although prominent
respiratory enzymes were inhibited other cellulazyenes that are capable of
metabolising NADH in the presence of 2KGA may besent in the extract and
responsible for the activity detected in the laasonal timepoints. Although this
activity cannot be attributed solely to TC59682¢ thegative control and
inhibition of other known enzymes gives strong ewice that the oxidation of
NADH observed is due to enzymatic activity spedii@KGA.

Identification of the genes involved in TA biosyasiis will enable application of
forward and reverse genetic tools in the manipottadf the pathway for further
study. The developmental stage of gene expressidpm@tein activity correlating
with the accumulation of TA provides strong evidefar the association with the
acids biosynthesis. Developmental aimd vitro kinetic analysis of TC59682
suggests it is involved in TA biosynthesiBC61548expression patterns show
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activity exclusive to pre-véraison tissue, indieatof TA biosynthesis, warranting
further investigation into a possible biosynthette.
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Chapter 6:

Using Complementation Strategies to
Characterise Candidates Genes Enco
Putative Members of Tartaric Acid
Biosynthetic Pathway
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6.1 Introduction

The work described in this chapter involves the afsgenetically altered tartaric
acid accumulating and non-accumulating systemsHerin vivo testing of the
putative tartaric acid (TA) biosynthetic enzyme gesequenceslin vivo
characterisation of enzyme activity is vital in t@nfirmation of the enzymes role
under physiologically relevant conditions (CornBbwden, 1984).
Unfortunately, constraints including the long gextien time ofV. viniferahave
hampered investigations into enzymes \n vinifera (Chab et al, 2010),
including the biosynthetic enzymes of tartaric adid). In recent years, forward
and reverse genetic strategies for gene discovawe lbeen performed using
Arabidopsis thalianathe model plant species, due to its small gendtaeapid
generation time and the plethora of mutants pulbjicavailable for use.
However, in this study, the use Af thalianawas limited due to the inability of
Arabidopsis to naturally accumulate TA (Caldwelbét 2004). The development
of microvine technology in 2010 by Cheet al. promises to be a useful tool in the
understandingV. vinifera biology (Chab et al, 2010). Although the use of
microvine technology was not feasible in this sfutiyee reverse genetic systems
were employed to investigate thiea vivo function of the candidate TA

biosynthetic pathway enzymes identified in Chafter

The first technique used involved the model baatespecie€scherichia coli E.
coli possesses a number of enzymes identified to satalactions identical to
those responsible for TA synthesis in plants. FegGrl shows that the steps
common to TA biosynthesis V. vinifera feed major metabolic pathway’'s
including glycolysis, Entner-Doudoroff and pentgdesphate pathway’&. coli
K-12 is one of the most characterised organismbdiRa al, 2007) with readily
available collections of transformed lines. Onehsaallection, the Keio collection
(National BioResources Project, NIG, Japan), cés1sid single-gene deletion
lines covering 92.4% of thE. coli genome (Baba et al., 2006). Highly-specific
deletions to 3985 nonessential genes were suctgssiitained in theE. coli K-

12 strain BW25113. Of interest in this study are fmes JW4223, with a
disruption to thddnO gene encoding a gluconate-5 dehydrogenase (F@lre
inset A) and JW4224, with a disruption to tdaD gene encoding aidonate-5-
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dehydrogenase (Figure 6.1 inset B). It is predithed the deletion of these genes
will have detrimental effects to these lines, whiglll be manifested by their
differential utilisation of carbon sources. Compé@rtation studies of these lines
via the incorporation of the respective putatiteviniferacandidates (Chapter 3)

will provide additional support for the candidatesvivo activity.
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Figure 6.1: Composite bacterial pathway constructed from data
obtained from the EcoCyc databadettd://ecocyc.org/ (Keseler,

2005). Compounds listed in red are those commdhegrimary-Asc
and secondary glucose precursor pathway’s, wittyregg listed in
blue. The coloured squares indicate the bacterethbolic pathway
the substrate is associated with: yellow: glycaysgurple: Entner-
Doudoroff pathway, green: ketogluconate metabolisarange:
pentose phosphate pathway. Inset A: the inhibigadtion in mutant
bacterial strain JW4223. Inset B: The inhibitedctea in mutant
bacterial strain JW4224.
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The second approach utilised in this chapter ire@lthe identification of putative
TA biosynthetic genes in previously identified TAccamulating and non-
accumulating members of the family, Vitaceadempelopsis aconitifoliahas
previously been identified as a natural variantkilag L-ldnDH.1, the only
identified TA biosynthetic gene (DeBolt, 2006, DéBet al, 2006). The absence
of L-ldnDH.1 is suggested to be the reasdnaconitifoliais incapable of TA
accumulation (DeBolt, 2006, DeBokt al, 2006). Additionally, significant
amounts of ascorbate, the primary precursor of &¢ehbeen detected within this
species (DeBolt, 2006). Another member of the \@gaecfamily,A. aconitifoliais
an ornamental grape variety not used in commevdgia production, it is closely
related toV. viniferaresiding within the same clade (Wenal, 2007).L-ldnDH.1
was identified in related ornamental varietie®\. brevipedunculataand
Parthenocissus henryar(®eBoltet al, 2006) along with the accumulation of TA
(Figure 1.2). Should the candidate genes, idedtifrethis study, be involved in
TA biosynthesis, then their presence within the dadsumulating species

genomes would be expected.

The third strategy that was explored was the arsbfsthe candidate enzymes in
tissue from a previously engineered RNAidonate dehydrogenase knockdown
line (Hayes, DeBolt, Cook and Ford, manuscript ieparation). Thé/. vinifera
L-idonate dehydrogenase enzyme (denattthDH.1 in this study) was identified
by DeBolt et al. (2006) as responsible for the catalysis of thecqieed rate
limiting step (Malipiero et al, 1987) of the primary Asc-precursor TA
biosynthetic pathway. Construction of recombin&ft vinifera cv Thompson
Seedless vines, where RNAI knockdown was used ppress expression af
idonate dehydrogenase in a previous study (Hayef3old, Cook and Ford,
manuscript in preparation), have been used to igae what the subsequent
effects ofL-idonate dehydrogenase suppression are on TA biossist Malipiero
et al (1987) showed that the cessation of TA biosynthesimature leave¥itis
vinifera L cv Riesling x Silvaner occurred at the levelLationic acid oxidation
which subsequently accumulated. The knockdowrL-tdnDH.1 activity was
expected to significantly decrease TA biosynthdki®ugh the primary-Asc
pathway leading to an accumulationLidonate and a possible rise in ascorbate

Page | 169



levels. Significant TA accumulation was still obs=dt in the leaf tissue of all
lines tested (Appendix 1, Hayes, DeBolt, Cook anardF manuscript in
preparation). Due to the timeframe of fruit prodoictfrom immature seedling
vines, berry tissue was not available for analydike biosynthesis of TA
observed in these lines is expected to be occuthiraugh the secondary glucose
pathway, which may be up-regulated due to the drdemhibition of the

primary-Asc pathway (Hayes, DeBolt, Cook and Fondnuscript in preparation).

The detection of the putative TA biosynthetic geimesxpected TA accumulating
lines (Section 6.2.2) and the observation of completary activity in genetically
modified bacteria (Section 6.2.1) in conjunctionthwian expected altered
expression due to a genetically altered TA biosgtthpathway (Section 6.2.3)
would support the candidate genes role in TA bitdsssis. Thus, these strategies
were explored in this study to provide further evide of their function in grape

berries.

6.2 Results

6.2.1 Complementation Studies using MutanEscherichia coliStrains

Growing on Various Carbon Sources

Mutant E. coli K-12 lines JW4223 and JW4224 from the Kieo coitattwere
transformed with the respective viniferacandidate gene identified in Chapter 3
as described in Section 2.12.3, using bacteriatemsgion vectors. Gluconate-5
dehydrogenase (G5Dh) mutant bacterial strain JW4223transformed with the
expression vector of putativel. vinifera enzymes TC55097 and TC58004,
candidate G5Dh for step 2b of the secondary glupasievay (Figure 1.8). The
Idonate-5-dehydrogenase mutant bacterial strain2P/4vas transformed with
the expression vector afidonate dehydrogenase U-IinDH.1) and its putative
homologueL-idonate dehydrogenase 2I(inDH.1). No mutant 2-ketogluconate
reductase line was obtained from the Keio collecti®haking cultures of each
line were grown as described in Section 2.14. Theban sources selected

(glucose, fructose, gluconate, 2-ketgulonate, 5-ketm-gluconate) enter the

Page | 170



pathway at different stages (Figure 6.1). Glucosd &uctose were used as
standard carbon sources for normal growth of eactebal strain.
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Figure 6.2: Growth studies of transformed and transformed niua
coli K-12 bacterial strains in M9 minimal media with elected carbon
source. Plotted values represent the mean ofdaigicultures with error
bars representing the standard error of the meanteBal strains used
include WT: wild type bacterial strala. coli K-12; JW4223: gluconate 5-
dehydrogenase mutant bacterial strain; JW4224d:idonate-5-
dehydrogenase mutant bacterial strain; J3+X: JW42&&formed with
an empty pET-14b vector; J4+X: JW4224 transformeth \an empty
pET-14b vector; J3+TC58004: JW4223 transformed wii@58004
expression vector; J3+TC55097: JW4223 transformdth WwC55097
expression vector; J4#dnDH.1: JW4224 transformed withldnDH.1
expression vector; J4HdnDH.2: JW4224 transformed withIdnDH.2
expression vector. Carbon sources used inch)délucose B) Fructose,
C) GluconateD) 2-Ketoi-Gulonate and) 5-KetoD-Gluconate.
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Growth was observed in all bacterial strains utifjsthe carbon sources glucose
(Figure 6.2 A), fructose (Figure 6.2 B) and gludengrigure 6.2 C). Growth of the
WT (wild type, E. coli K-12) cells was the slowest in the presence otage
compared to the other lines tested (Figure 6.2TAjs may be a result of a non-
optimal starter culture used for this line. StraM&r, JW4223, JW4224, Jd+
[dnDH.1 (JW4224 transformed withldnDH.1 expression vector) and J4kinDH.2
(Jw4224 transformed with-ldnDH.2 expression vector) reached exponential grow
phase in the presence of glucose. Steady growthobasrved by strains: J3+X
(JW4223 transformed with an empty pET-14b vectan{ml)), J4+X (JW4224
transformed with an empty pET-14b vector (controlJB+TC58004 (JwW4223
transformed with TC58004 expression vector) and TEH5097 (JwW4223
transformed with TC55097 expression vector). Exptiak growth phase was
observed by all bacterial strains in the presencdéruztose and gluconate with
comparable growth patterns across each line ob$dRigure 6.2 B, C). The initial
lag phase of growth in the presence of gluconatse tha longest measured with
exponential growth not observed until late in tlehbur incubation period (Figure
6.2 C).

Growth was also monitored in the presence of 2-kegalonate (Figure 6.2 D) and
5-ketob-gluconate (Figure 6.2 E). Metabolism of 5-ketgluconate should be
directly affected by the mutation of the JW4223tbaal strain. 2-Keta~Gulonate
metabolism is affected downstream by the mutatibbath JW4223 and JwW4224
bacterial strains, or 2-Keto-Gulonate can enter the pathway at a different stage
bypassing the mutation (Figure 6.0L)ldonate metabolism is directly affected by the
mutation of the JW4224 bacterial strain; howevesrit & not commercially available
this carbon source could not be tested. No growdis wbserved by the WT or
transformed bacterial strains in the presence két6-D-gluconate (Figure 6.2 E).
The lack of growth by the WT strain suggeBtscoli K-12 is incapable of using 5-
ketoD-gluconate as its sole carbon source. Minimal groweth indicated by the
nominal increase in optical density, was observgdthe WT and transformed
bacterial strains in the presence of 2-ketgulonate (Figure 6.2 D). This negligible
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growth suggests partial metabolism of 2-ketgulonate enabling slight growth, but

not enough to reach exponential growth phase.

No difference in growth was observed in the tramafal strains compared to the WT
line in the presence of the carbon sources tegtibered growth patterns were not
observed by the complementation of the transforb@aderial strain with the putative

V. viniferaprotein.

6.2.2 Identification of Putative Tartaric Acid Biosynthetic Enzymes in

Members of the Vitaceae Family.

The presence of the putative tartaric acid (TApidhetic genes was investigated in
the ornamental speciesAmpelopsis aconitifolia, A. brevipedunculatand
Parthenocissus henryanandV. viniferacvs Riesling, Pinot Noir and Chardonnay.
V. vinifera cv Shiraz has previously been identified as passgsthese genes
(Chapter 4)A. aconitifoliais a non-TA accumulating line previously identifiad a
natural mutant, lacking the tartaric acid biosytithenzyme_-idonate dehydrogenase
1 (DeBolt, 2006, DeBoltet al, 2006). All other Vitaceae members tested have
previously been identified as TA-accumulators (Fegl.2). Primers were designed to
amplify a segment of each candidate gene withiningles exon based upon the
obtainedV. viniferacv Shiraz nucleotide sequence. The nucleotideesemguof the
amplified segment was purified and sequenced tdiroorts similarity to theV.

viniferacv Shiraz sequence.
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Figure 6.3: Amplification of candidate 2-ketogluconate redsetgenes
from genomic DNA extracted from leaf tissue of vais Vitaceae family
members. DNA visualisation via GelR&€dNucleic Acid staining of a
1% agarose gel electrophoresis under ultraviotg#itli+: positive PCR
amplification. —: negative PCR amplification. NACR product sequence
not required to be determined. *: sequence of dr@lPCR product not
determined. Ladder: DNA marker Hyperladder 2 (Bieli Australia).

Similarity of amplified sequence calculated as ac@etage at the
nucleotide level as compared to the vinifera cv Shiraz sequence
obtained in Chapter 3. A) TC61548, B) TC59682, Cp5752
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Putative 2-ketogluconate reductases TC61548, TCH9&8d TC55752 are
candidates for step 2a of the primary-Asc biosythpathway (Figure 1.8).
Candidate TC61548 was identified in each of theittcéae members tested. The
sequence obtained was determined via sequenciadsgsetion 2.11.1) and found
to be highly similar to thé&/. viniferacv Shiraz sequence witR. henryanathe
least identical (Figure 6.3 A). Candidate TC596&&udentified in each of thé.
vinifera cultivars andA. aconitifolig however, was absent from both the
brevipedunculataand P. henryanagenomes. High similarity of the amplified
segments against thé viniferacv Shiraz sequence of those Vitaceae members
with positive amplification (Figure 6.3 B). PosikivPCR amplification of
candidate TC55752 was identified in each of the iGi\déae members tested.
Although PCR resulted in a band of expected silming of the PCR product
from Vitaceae memberg. viniferacv Riesling andA. aconitifoliainto a vector
for sequencing was unsuccessful. Sequencing dirigoth the PCR fragment was
not attempted due to the small size of the resulamplicon. As a result, the
sequence of the PCR products of these Vitaceae srsmias not confirmed. The
sequence obtained from the remaining varietals ighly similar to theV.

viniferacv Shiraz sequence (Figure 6.3 C).
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Figure 6.4: Amplification of candidate gluconate 5-dehydrogema
genes from genomic DNA extracted from leaf tissdevarious
Vitaceae family members. DNA visualisation via GetR' Nucleic
Acid staining of a 1% agarose gel electrophoresideu ultraviolet
light. +: positive PCR amplification. —: negativ&€€R amplification.
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compared to th¥. viniferacv Shiraz sequence obtained in Chapter 3.
A) TC58004, B) TC55097
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Putative gluconate 5-dehydrogenases TC58004 andd375are candidates for
step 2b of the secondary glucose biosynthetic paghéFigure 1.8). PCR
amplification of candidates TC58004 and TC55097 swaxessful against each of
the 6 Vitaceae members tested (Figure 6.4 A andsBectively). Although PCR
resulted in a band of expected size, cloning ofREB&R product of TC58004 from
A. aconitifoliaand TC55097 fronV. viniferacv Pinot Noir,A. brevipedunculata
and P. henryanainto a vector for sequencing was unsuccessfulaAssult, the
sequence of the PCR products of these varietalsnsasonfirmed. Greater than
93% similarity was calculated from the sequenceaiokt for TC58004 withiV.
vinifera cvs Riesling, Pinot Noir and Chardonnady, brevipedunculatand P.
henryana and for TC55097 withiv. viniferacvs Riesling and Chardonnay and

A. aconitifoliaas compared to thé. viniferacv Shiraz sequence.

6.2.3 Gene Expression Analysis utilising Qualitati Real Time PCR in

RNAI Thompson Seedless Lines

Qualitative real time PCR (QRT-PCR) was performed leaf tissue from a
transformedV. vinifera cv Thompson Seedlessidonate dehydrogenase RNAI
knockdown line engineered in a previous study (lHayeBolt, Cook and Ford,
manuscript in preparation). Each knockdown line wasuped based on its
observed phenotype as mild, moderate or severe. labels of each line
correspond to Appendix 1. The transformed Thompseadless lines were
immature with only leaf tissue available for an&yJ he tartaric acid (TA) levels
and the RNA used for the QRT-PCR (Figure 6.5) vexteacted by Dr M Hayes
(University of Adelaide). QRT-PCR was performediascribed in Section 2.7.
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Figure 6.5: Analysis of gene expression afldnDH.1 and the
putative homologueL-ldnDH.2 Young leaf tissue of RNAI
knockdown V. vinifera Thompson seedless lines and normalised
against the reference gene Ankyrin. Lines are gedupto phenotype
with WT: wild type Thompson Seedless — solid blaokd phenotype
— solid green; moderate phenotype — solid bluegrgephenotype —
solid red. Tartrate (TA) levels and phenotype datmn was
determined by Dr M. Hayes (University of Adelaid®RT-PCR was
conducted as part of this study. The labels of eacbmbinant line
correspond to Appendix 1. A) Tartaric acid lev@¥ Expression of-
IdnDH.1, C) Expression of-ldnDH.2

All RNAI knockdown lines showed a decrease.ilinDH.1 expression compared
to the wild type (WT, Figure 6.5 B). Due to the igequence similarity af-
IdnDH.1 to its putative homologue-ldnDH.2, the expression af-ldnDH.2 was
also knocked-down (Figure 6.5 C). The knockdownboth L-ldnDH.1 and L-
IdnDH.2 was predominantly greatest in the moderate aneresghenotypes. With

the knockdown of-ldnDH.1 it was expected the levels of accumulated TA in
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these lines would be minimal. Although the measulegdls of TA were lower in
the RNAI lines than the WT, the quantities of acalated TA were higher than
expected (Figure 6.5 A).

Candidate§ C61548, TC59682ndTC55752are putative homologues for step 2a
of the primary-Asc pathway. Expression of candid&@@®1548was the highest of
the 3 candidates for this step (Figure 6.6 A). Teweels of expression detected
across the RNAI knockdown lines varied with higlaed lower levels detected
compared to the WT. Expression DE59682was the lowest observed of the 3
candidates for this step (Figure 6.6 B). ExpressibMC59682was decreased in
all RNAI knockdown lines compared to the WT. Exmiea of TC55752varied
across all recombinant lines, with the majority a&qto, or greater than that
observed in the WT (Figure 6.6 C). A general trendlecreased expression of
TC59682was observed across all RNAI lines; however, esgion levels suggest
TC61548and TC55752were not affected by the knockdowniefdnDH.1 or its
putative homologue-ldnDH.2
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Figure 6.6: Analysis of gene expression of the putative 2-
ketogluconate reductase candidates for step 2aeoptimary Asc-
precursor pathway (Figure 1.8). Young leaf tissue RNAI
knockdown V. vinifera Thompson seedless lines and normalised
against the reference gene Ankyrin. Lines are gedupto phenotype
with WT: wild type Thompson Seedless — solid blaokd phenotype

— solid green; moderate phenotype — solid bluegrgephenotype —
solid red. Phenotype allocation was determined byMA Hayes
(University of Adelaide), QRT-PCR was conductedpast of this
study. The labels of each recombinant line corredpgo Appendix 1.
A) Expression offC61548 B) Expression oTC59682 C) Expression
of TC55752

CandidatesTC58004and TC55097are putative homologues for step 2b of the
secondary glucose pathway. Expression levels afidateTC58004was minimal

across all lines tested (Figure 6.7 A). A trendle¢reased expression in the RNAI
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lines tested was observed, with higher expressioserwed in 3 of the 32
recombinant lines, as compared to the WT. Exprassid C55097varied across
all tested lines, with a 2 fold difference obsenmedween the WT lines (Figure
6.7 B). This difference resulted in no apparemdracross the recombinant lines.
A general trend of decreased expressionT©68004was observed across the
recombinant lines; however, expression levels ssigfe55097was not affected
by the knockdown af-ldnDH.1or L-ldnDH.2
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Figure 6.7: Analysis of gene expression of the putative gluteta
dehydrogenase candidates for step 2b of the segorglacose
pathway (Figure 1.8). Young leaf tissue of RNAI kkdown V.

vinifera Thompson seedless lines and normalised againse¢firence
gene Ankyrin. Lines are grouped into phenotype Wifl: wild type

Thompson Seedless — solid black; mild phenotypeokd green;
moderate phenotype — solid blue; severe phenotypsolid red.
Phenotype allocation was determined by Dr MA Hayésiversity of

Adelaide), QRT-PCR was conducted as part of thidystThe labels
of each recombinant line correspond to Appendi&)1Expression of
TC58004 B) Expression oT C55097
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6.3 Discussion

Reverse genetics is a molecular technique enalthegcharacterisation of a
specific enzyme activity as a consequence of the &b the genes function on the
whole organism (Babaet al, 2007). This chapter has investigated the
characterisation of each candidate through threéerent reverse genetic

strategies.

The first approach involved the use of commerciadlyailable genetically
modifiedE. coli K-12 from the Keio collection. The strains obtaindw4223 and
JW4224, had a single-gene deletion inhibiting tlx@ression of gluconate-5
dehydrogenase andidonate-5-dehydrogenase respectively. The deletidhese
genes was expected to have a detrimental effeittege strains, when grown on
different carbon sources. Complementation of thetdsel strains with the
putativeV. viniferacDNA was expected to restore the deleted genesifumce-
establishing the mutant line’s growth pattern uneelimiting carbon source,
providing support for the genes function vivo. Growth was analysed against
carbon sources glucose, fructose, gluconate, Sikgfoconate and 2-keto-
gulonate (Figure 6.2). The mutant bacterial strgresv at a comparable rate to
the WT strain on carbon sources glucose (FigureA®,2ructose (Figure 6.2 B)
and gluconate (Figure 6.2 C) suggesting the resgecnhutations was not
detrimental to the growth of the strain. This groyttern was not conducive to
the hypothesis of an altered ability to utilisebmar sources resultant from the
absence of specific genes. Cellular growth on cadmurces 5-keto-gluconate
andL-idonate was expected to be hindered the greatestodilne inhibition of the
metabolism of the compounds catalysed by the gmailti deleted enzymes
gluconate-5 dehydrogenase andionate-5-dehydrogenase respectively.

No growth was observed for the WT or mutant stragsted against the carbon
source, 5-ketm-gluconate. Further investigation into the literatuegarding the
catabolism of sugars bE. coli identified multiple genes responsible for the
transport of nutrients across the membrane (rexdebyePeekhaus and Conway,
1998). Of specific interest to this studyntT andidnT are responsible for the
transport of gluconate andidonate respectively. A gene enabling the cellular
uptake of 5-ketm-gluconate was not identified . coli. This suggests that the
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lack of growth observed by thi& coli strains tested was due to the cells inability
to uptake the compound. Minute levels of growthevebserved by lines grown
on 2-ketok-gulonate (Figure 6.2 D). 2-KeteGulonate can be broken down to
gluconate (Figure 6.1) which can then be transdontéo the cell. Although a
transporter was identified for the cellular uptakeL-idonate and it is directly
metabolised by the deleted enzyme of line JW4R2donate is not commercially
available. Synthesis of-idonate was investigated; however, this was not a
feasible option within the financial constraintstbfs project. Therefore, growth

onL-idonate was unable to be tested.

Analysis of the quantity of compounds downstreanth&f deleted biosynthetic
steps in the transformed strains compared to the Witild provide a deeper
understanding of the reactions of interest. AltHoldgketob-gluconate and-
gluconate are the products of multiple steps withimm pathway (Figure 6.1), an
increase in these intermediate compounds is expaéctéhe mutant lines due to
the deletion of gluconate-5 dehydrogenase arndonate-5-dehydrogenase.
Should transformation of these lines with the puéaV. vinifera enzymes re-
establish the pathway’s function, and in turn thetabolism of these compounds,

this will provide support for the candidates rlevivo.

The second strategy explored for the identificabbthe putative TA biosynthetic
genes in TA accumulating and non-accumulating gigeanvolved an assessment
of the presence of the genes of interest in th@mes of members of Vitaceae
family that vary in their production of TA. Previswork (DeBolt, 2006, DeBolt
et al, 2006) has shown an ornamental species of ghappelopsis aconitifolias

a natural mutant lacking the-idonate dehydrogenase gene. As a redlt,
aconitifolia, a relative ol/. viniferg is unable to accumulate TA. The presence of
the candidate TA biosynthetic genes (indentified¢hapter 3) was investigated in
additional members of Vitaceae family using a geicoRCR strategy in leaf
tissue of cultivars includiny. viniferacv Riesling,V. viniferacv Pinot Noir,V.
vinifera cv Cabernet,A. brevipedunculataParthenocissus henryanand A.
aconitifolia. Primers were based on the knowinviniferacv shiraz sequence for a

resulting amplicon within a single exon.
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The presence of the genes for the TA biosynthetaymes are expected in TA
accumulating species. Putative vinifera 2-ketogluconate reductadeC59682
identified as capable of catalysing step 2a of phienary-Asc pathway, was
identified in all Vitaceae members excéptbrevipedunculatandP. henryana.
A. brevipedunculatand P. henryanaare both TA accumulating species (Figure
1.2). This suggests either TA biosynthesis occugsan alternative pathway in
non-Vitis species, ofrTC59682is not a gene for a TA biosynthetic enzyme.
Alternatively, A. brevipedunculatandP. henryanamay still posses3C59682;
however, its coding at the nucleic acid level maydidferent to that of Shiraz; the
cultivar the primers were designed against. Pwgativvinifera 2-ketogluconate
reductasesTC61548 and TC55752 and putative V. vinifera gluconate 5
dehydrogenasesC58004and TC55097were identified in all Vitaceae members
tested. All candidate TA biosynthetic genes werenidied in A. aconitifolia
supporting DeBolt’s (2006) hypothesis that the laEKA accumulation is solely
due to the absence pddnDH.1 The genes successfully identified and sequenced
show a high identity with >90% identity as compatedhe Shiraz sequence. This
suggests the candidates are highly similar acrbssctltivars supporting the
implication of the negative PCR result.

The third strategy used involved QRT-PCR analys$ithe candidate enzymes in
tissue from previously engineer&d viniferacv Thompson Seedlessidonate
dehydrogenase knockdown vines (Hayes, DeBolt, Gouk Ford, manuscript in
preparation). These vines were immature and therejet to produce berry
tissue. Due to this limitation, leaf tissue wasdusethe analysis of candidate gene
expression. Of the 34 lines tested, 2 were unnmei\i. viniferacv Thompson
Seedless lines (wildtype, WT). The engineered |wese allocated into groups
based upon the resultant phenotype observed, Witisplaying mild phenotypic
effects, 11 displaying moderate and 11 displayienese effects. The phenotype
effects observed included stunted growth and brogvnupturned leaves
(Appendix 1).

Analysis of the expression ofldnDH.1in young leaf tissue (Figure 6.5 B) shows
L-IdnDH.1 was successfully knocked-down in all engineeregdi The severe
phenotype lines showed the highest leveL-4dinDH.1 knockdown. Due to the
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high sequence similarity afldnDH.1 to its putative homologueldnDH.2, the
expression ofL-ldnDH.2 was also knockedown (Figure 6.5 C) with the
moderate and severe phenotypes showing the higweds of knockdown. With
the successful knockdown ofidnDH.1 the accumulation of TA was expected to
be inhibited. Tartaric acid (TA) levels of youngtdissue were analysed with all
lines showing reduced quantities of TA (Figure 8% Although reduced, the
levels detected were less than 2 fold lower thaa WAT. This suggests the
recombinant V. vinifera cv  Thompson Seedless-idonate dehydrogenase
knockdown vines are still capable of substantial @#&umulation. The results
obtained from the RNAI vines suggest an alternappa¢hway, the secondary
glucose precursor pathway, may be up-regulatedtopensate, or the minimal
quantities ofL-ldnDH.1 observed are capable of significant TA bidkesis.
CandidatesTC58004and TC55097are putative homologues for step 2b of the
secondary glucose pathway. QRT-PCR analysis shoavegeneral trend of
decreased expression levels of candida@®8004across the recombinant lines,
with higher expression observed in 3 of the 32 mdmoant lines compared to the
WT (Figure 6.7 A). No general trend in expressidrcandidateTC55097was
observed, with both increased and decreased ldettsted compared to the WT
(Figure 6.7 B). Neither candidate was up-regulaadgesting either TC58004
and TC55097 are not responsible for catalysing &@por step 2b is not up-
regulated due to-ldnDH.1 knockdown.

Candidate§ C61548, TC5968andTC55752are putative homologues for step 2a
of the primary-Asc pathway, precedingdnDH.1. Expression ofTC59682was
decreased in all recombinant knockdown lines coegp&o the WT (Figure 6.6
B). The decreased levels detected varied greatbsadhe lines. No general trend
for candidatesTC61548and TC55752 (Figure 6.7 A and B respectively) was
observed across the recombinant lines. Expresstoeld varied across the
candidates with increased and decreased levelstdéteompared to the WT.
Further investigation into these RNAI lines of bd#af and berry tissue is
required. The QRT-PCR analysis performed was cdeduzn a single sample of
young leaf tissue. Additional replication and aajee number of time-points are
required. A complete physiological and genetic ahtarisation of each

recombinant line is required to investigate the ngjes resultant from the
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knockdown ofL-ldnDH.1 Investigations utilising microarray techniquesuhb
enable a complete transcriptome approach. Withstiveessful knockdown af
IdnDH.1, these lines will be a valuable tool in future emsh into the TA

biosynthetic pathway.

Three independent approaches utilising reversetigesigategies were designed
to support the role of the putative TA biosynthegienes in TA biosynthesis.
Firstly, the restoration of enzymatic function teetgenetically modified Keio
lines JW4223 and JW4224 would have supported thgneatic function of thé/.
vinifera genesn vivo. The observed growth of the mutant lines compaoethée
wild type on the tested carbon sources was natealteendering complementation
invalid. Secondly, the presence of the genes forbi@gsynthetic enzymes are
required in TA accumulating Vitaceae species. Tioeeethe presence of these
genes was investigated in multiple TA accumulaang non-accumulating lines.
Enzyme TC59682 was identified as capable of catadystep 2b of the primary-
Asc pathway (Chapter 4); however, was not preseatlitested TA accumulating
members. Thirdly, gene expression was investigetéelaf tissue of a previously
engineered RNAIL-idonate dehydrogenase knockdown vine. Expression of
TC59682was decreased in all RNAI knockdown lines. Duéhi high quantities
of TA detected, the secondary-glucose pathway wapsaed to be up-regulated
to compensate for the loss of the primary-Asc pathwNo uniform changes in
expression of the candidate genes for the secomddinyvay were identified in the

engineered lines.
Unfortunately the results obtained from these drpemts do not contribute

conclusively to support or dismiss these candidagegutative TA biosynthetic

enzymes irV. vinifera
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Chapter 7:

Discussion and Future Work
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7.1 Introduction

The accumulation of tartaric acid (TA) in higheapls is a curious occurrence
limited to the Vitaceae, Geraniaceae and Legummdsigher plant families
(Stafford, 1959, Vickery and Palmer, 1954). Two Bidsynthetic pathway’s have
been identified irnVitis vinifera using various radiolabelled and inhibitor studies
(Loewus and Stafford, 1958, Saito, 1992, Saito ldashi, 1982, 1984, Saito and
Loewus, 1989a, Saitet al, 1984, Wagner and Loewus, 1974, Wageernl,
1975). The primary pathway catabolises ascorbase)(Avhereas the secondary
pathway catabolises glucose, a primary fuel so(Xewier et al, 2000). Work by
Saito and Loewus (1989b) showed the secondary pathsvresponsible for a

minor proportion (<5%) of TA synthesis in Vitaceae.

To date, there is no evidence linking TA with thielev metabolic activities of the
berry, adding to the curious nature of its accutma TA however, is important
in commercial winemaking, responsible for a numbeéifactors including the
lowering of pH to prevent discolouration and spgdadue to microorganisms
(Cirami, 1973, Es-Sa#t al, 2000, Toitet al, 2006, Zoeckleiret al, 1995). TA is
also important in the palatability of wine with tleentent and composition of
organic acids in conjunction with the sugars presgreatly affecting the
organoleptic quality of the resultant wine (latial, 2007, Planet al, 1980).

Since the elucidation of the biosynthetic pathwaysedominantly by Saito,
Loewus and Kasai in the 1960’s to 1980’s, work iftd has been limited.
Investigations into the enzymes involved in thespidghesis of TA by DeBolt
(2006) identified.-idonate dehydrogenase (denoteidonate dehydrogenase 1 in
this study) responsible for catalysing the peragiv@ate-limiting’ step of the
primary Asc precursor pathway (Malipieeb al, 1987). The expression pattern of
L-IdnDH.1 showed high levels of expression in the green itameaberry, ceasing
14 weeks post-flowering, coinciding with TA bioskasis. The detection af
[dnDH.1 in mature berry tissue whendnDH.1 expression has ceased by Vétn
al (2010) suggested an extended half life of the pro# natural variant of TA
metabolism was identified in the specidampelopsis aconitifolia which
accumulated high levels of Asc and no TA (DeBailtal, 2006).A. aconitifolia
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was shown to lack-ldnDH.1, the perceived reason for its inability to accusbel
TA.

The present investigation has sought to increase uhderstanding of TA
biosynthesis irVitis viniferathrough the identification of additional biosyntilce
enzymes, and the genes that encode them. The fidatmtn of putativeV.
vinifera homologues to enzymes responsible for the catabfsreactions within
E. coliidentical to those involved in TA biosynthesisulésd in the identification
multiple candidate genes which were investigated dopossible role in TA
biosynthesis.

7.2 Future Research

The results presented in this study demonstrateTi6&9682 and TC55752 have
the ability to catabolise multiple substrates. Beat 2-ketogluconate reductases
have a broad substrate range (Adaahal, 1978, Ameyama and Adachi, 1982b,
Chiyonobuet al, 1976) leading to the suggestion that 2-ketoglat®meductases
are responsible for the regeneration of NADRdachiet al, 1979). The ability to
catabolise multiple substrates may be exploitemature berry tissue under stress
where the biosynthesis of TA has ceased. The deteat protein in mature tissue
through western blot analysis is required. RecemiBstern blot analysis using an
L-ldnDH.1 specific antibody detectedddnDH.1 in mature berry tissue when gene
expression was minimal (Weet al, 2010). In this study, analysis of enzyme
activity extracted from mature berry tissue showegh levels of activity upon the
addition of intermediate TA biosynthetic compourffiggure 5.9 and 5.10). This
suggests enzymes responsible for TA biosynthesis stith be present in berry
tissue in which expression is minimal. This indégsathat the cessation of TA
biosynthesis may be due to the unavailability ofbsétates (due to
compartmentalisation or protein-protein interacsipand not enzymatic activity.
This suggests the primary Asc precursor pathwauligect to regulation upstream
of the proposed rate-limiting step catalysed bginDH.1, with the fate of Asc the
defining factor of TA biosynthesis. Determinatiorf protein half-life in
conjunction with a detailed thermodynamic analydishe flux through pathway
Is required to propose the most probable rateilisteps of this pathway.
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The development of a technique to measure the iyaot the pathway’'s

intermediate compounds in developing berry tissugrucial to the understanding
of TA biosynthesis on a biochemical level. Thesernmediate compounds are
expected to be present in low quantities, requithmg refinement of techniques
including LC or GC/MS enabling the detection of ot concentrations with a
high level of confidence. Detection of intermedia@mpounds will provide a

greater understanding towards the rate of TA biti®sis through the pathway as
a whole and provide support to the hypothesis efpithway regulation being, in
part, substrate limitation. Analysis of intermediaevels in genetic studies
utilising forward and reverse genetic techniqudsprovide further support to the
enzymes involved due to an increase in these ietgiate compounds and their

regulation.

The development of thé. viniferacv Thompson Seedless RNAi knockdown line
(Hayes, DeBolt, Cook, and Ford, manuscript in praf@an) will be a valuable
tool in future investigations of the primary Ascepursor pathway. TA
biosynthesis irV. vinifera occurs through two pathway’s, thus inhibition bét
primary Asc pathway through the knockdownLdfinDH.1 may have resulted in
over-expression of the secondary glucose precupstiiway to compensate.
Analysis of the levels of metabolites, specificaliye TA intermediates would be
highly beneficial in understanding the changesltiegufrom the knockdown af-
[dnDH.1 The dual knockdown of bothldnDH.1 andL-ldnDH.2 increases the
complexity of determining which gene is responsilfier the observed
physiological and metabolic changes. A completesjhggical investigation of
these lines is required to understand the impa¢h@fknockdown on the plant
system. Use of microarrays will enable efficiend aapid analysis of altered gene
expression compared to the wild type lines (Schetnal, 1995). Currently the
Thompson Seedless knockdown lines are immaturenanget producing berries.
Analysis of TA accumulation, intermediate levelsdaexpression of TA
biosynthetic genes over development in berry tisdtained from these lines will
greatly increase the understanding of TA biosyngheRecently, Melinoet al

(2009a) showed the Asc biosynthetic, recycling aathbolic genes in grape
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berries are under developmental regulation. Chatmdbe expression of these
genes due to the knockdownLeldnDH.1 should be investigated.

This study has investigated candidate TC59682 gsoresible for the conversion
of 2-ketoi-gulonate to L-idonate in the primary Asc pathwayn vitro
characterisation of recombinant protein amglantaexpression analysis supports
the involvement of TC59682 in TA biosynthesis. Fard/ and reverse genetic
techniquesn situ would provide further evidence supporting TC59683&le in
TA biosynthesis. The development of microvine tetbgy (Chab et al, 2010)
will be a powerful and effective tool for rapid ward and reverse genetic
techniques previously unavailable in grapevineugs¥&nockdown off C59682in
a microvine system would enable investigations i@ primary Asc precursor

pathway upstream afldnDH.1.

TA biosynthetic enzymes are expected to be loadlise the cytoplasm.
Localisation studies of TC59682 utilising GFP-laéel probes will support its
involvement in the pathway. Confirmation of VVALMT®atel, 2008, Rongala,
2008) affinity to transport TA across the tonoplesstequired to understand the
transport systems of TA throughout the cell. RdgentWen et al (2010)
determined thatL-ldnDH.1 is localised predominantly in the cytoplasmh
immature berries whereas mature berry tissue sholeedlisation to the
cytoplasm and vacuole. Transport systems must dentified to understand the
relocation of this protein in mature tissue in tiela to the regulation of TA

biosynthesis.

In this study, a preliminary investigation intaddnDH.1 putative homologue-
IdnDH.2 was undertakenL-ldnDH.2 was identified due to the high sequence
similarity with L-ldnDH.1. Expression of the two genes over develapgnmeas
contradictory, withL-ldnDH.1 expression high in developmental stages when
IdnDH.2 was low. Characterisation of kinetic activity wast performed due to
the lack of active recombinant protein, therefasafecmation ofL-ldnDH.2 as an
L-IdnDH.1 putative homologue was not obtained. Greater byason into L-
IdnDH.2 is required prior to annotation as a horgamofL-ldnDH.1.

Page | 194



Effective and inexpensive productioniefdonate is an important requirement for

studies on the TA biosynthetic pathwayldonate is the primary substrate for the

rate-limiting enzyme L-idonate dehydrogenase. The lack of commercial
availability of this compound is a limiting factan the investigations of TA

biosynthesis.

Active recombinant protein of both TC55097 and TQ®& candidates for the
secondary pathway, was not obtained. Based upoexiression patterns alone, a
role in TA biosynthesis is not expected. The exggdsopen reading frame did
encode a soluble protein. The lack of active redoant protein hinders the
annotation of each gene. Expression of these caredidn a eukaryote system
such asSaccharomyces cerevisiae baculovirus may result in an active purified

sample, enabling protein characterisation and genetation.

7.3 Conclusion

Much work is still required to understand the enggminvolved in TA
biosynthesis and their regulation. The work preseni this thesis supports the
annotation of theV. vinifera gene TC59682as a 2-keta-gulonate reductase.
Gene expression patterns, in combination withvitro recombinant kinetic
activity supports TC59682 inclusion in the prima&sc precursor TA biosynthetic

pathway. Future research supporting this enziynpdantais required.

This study has also identified genes which warréunther investigation.
Expression pattern of gen&C58004 shows expression increasing at the
developmental stage of veéraisomfC55752 expression increases until the
developmental stage of véraison then steadieshéoramainder of development.
Both expression patterns suggest regulation witreeaison switch’ influencing
expression. This study has also utilised the nhtaral engineered-ldnDH
reverse genetic linegy. aconitifoliaand RNAiI knockdown Thompson Seedless
lines respectively. A greater understanding of ¢héses would enhance the
knowledge of the TA biosynthetic pathway. An altgime technique for the
identification of TA biosynthetic enzymes was aoployed which may prove

useful in future investigations Mitis vinifera
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A greater understanding of the TA biosynthetic path will provide
viticulturalists with a greater understanding ofamic acids accumulation prior to
vinification. Genetic manipulation of grapevinesr foommercial purposes is
banned in Australia (Winemakers Federation of Aalsty 2003). Cross-breeding
of high-acid varietals shown to have a high acgtivif the TA biosynthetic
enzymes with a low acid variety may increase thiel devel of subsequent
generations while still being suitable for wine guction. Alternatively, cross-
breeding of varietals low in TA biosynthetic enzyaivity would yield higher
levels of Asc, an antioxidant crucial in the hunaet (reviewed by Daviest al,
1991), in the berry and resultant wine increasheglienefits of consumption. An
increase in Asc would increase the nutritional gatd the plant, and may also
improve resistance to abiotic stresses (Smiredfal, 2004). This would have
significant implications on the table grape and evindustry. Any changes in
organic acid level due to the manipulation of th&ghway must be approached
with caution as not only does TA levels affect trganoleptic properties of the
resultant wines, the malate:tartrate ratio alsoaicte on wine quality (Liwet al,
2007).
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A.1 Analysis of the RNAIL-IdnDH knockdown Thompson Seedless

Lines

Organic acids were analysed by Dr MA Hayes (Uniersf Adelaide). DHA
was not analysed therefore ascorbate values l@tedot total ascorbate. Each
mutant line had multiple labels dependent uponekgeriment conducted; the
labels displayed throughout this thesis are coedecto each line. Graphic
representation of each lines phenotype are displeyeere possible (images taken
by Dr MA Hayes, University of Adelaide). Each limeas grouped based on the
resultant phenotype observed by Dr MA Hayes (Usivgrof Adelaide).When
compared to control lines, RNAHdnDH lines showed stunted growth and leaves
displayed irregular morphology in terms of shapee sand leaf blade patterning
(Hayes, DeBolt, Cook and Ford, manuscript in prapan). This appendix

corresponds to Chapter 6.

* CAU = Corrected Area Units. This value represethis ascorbate peak on the

HPLC chromatogram. This value is not a concentnatio

Tartrate Ascorbate

Phenotype Line (mglg FW) (CAUY*

Control WT1 17.033 11346.26

WT2 17.533 11891.81

Mild 1.9 9.347 11379.48
1.10 11.368 11134.94
1.11 11.004 9627.89
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1.12 11.140 9595.36
2.8 13.180 9277.99
2.9 9.611 10983.18
2.10 11.698 13479.84
3.9 15.295 10626.11
3.10 15.109 9849.13
3.11 12.395 9397.69
Moderate 15 14.835 10250.9
1.6 10.799 11191.86
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1.7 9.822 5463.37
1.8 10.814 13231.26
2.4 10.153 8363.41
2.5 10.161 7043.96
2.6 15.986 8030.37
2.7 8.490 8492.53
3.5 10.538 11333.45
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3.6 14.091 12336.2
3.7 15.076 5548.46
Severe 1.1 9.702 8906.24
1.2 9.505 11157.75
1.3 11.724 8462.15
1.4 8.011 11375.75
2.1 11.641 11872.8
2.2 9.261 10252.71
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2.3 12.366 9541.8

3.1 9.914 10969.29
3.2 8.786 14284.07
3.3 12.851 9265.11
3.4 8.978 9311.93
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