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Abstract

Several biologically important and diverse reactions are regulagethiamine
pyrophosphate (TPP) cofactor-dependent metabolic enzymes, mglugyruvate
decarboxylase (PDC), indole pyruvate decarboxylase (IPDC),aamtbhydroxy acid
synthase. PDC is a critical enzyme in plant metabolisnréigatlates energy production
especiallyduring periods of anaerobic stress. IPDC has long been proposed as a key
enzyme in the biosynthesis of the plant hormone indole-3-acetic a&#) from
tryptophan. Six putativédrabidopsis thaliana PDC gene family members have been
individually cloned and expressedtncoli, and recombinant PDC proteins were purified
and biochemically characterizedAtPDC2 was identified as a unique functional PDC
based on its measured biochemical activity. The pH and tempemgtima for the
recombinant protein were 6.2 and 55°C, respectively, and the Km wasM.5Also,
addition of 0.5 mM TPP and 5 mM Mgresulted in the highest activity. However,
AtPDC2 lacked any measurable IPDC activity as determinedaBychromatography-
mass spectrometry (GC-MS)-based methods. Thus, this mono-fuhcB@@ was
different from the more thoroughly studied microbial PDCs, whithale bi-functional
activity toward both indole-3-pyruvate and pyruvate substrateseTiedings suggest a
potential regulatory role for the catalytically inactive PPi©@teins in modulation of PDC
activity, similar to a mechanism proposed for yeast. None opdbenutants showed a
change in resistance to chlorsulfuron or imazamox herbicides, anceshi$ was also
consistent with the hypothesis that the inacéiBDC genes may play a role in PDC

activity regulation inArabidopsis.



Studies presented here show that the genes most likely to gmoteles with
PDC activity or IPDC activity, the PDC gene family, all lack IPB&ivity and all except
one lack PDC activity. Furthermore, éltabidopis PDC T-DNA insertion mutants were
found to share the same shade avoidance phenotype to as did wilddge These
findings bring into question the physiological significance of the afway for auxin

biosynthesis as has been previously proposed.

Very low levels of IPDC activity are difficult to measutesing procedures
developed for the enzyme activity of proteins from bacteria, whicuge substantial
levels of indole acetaldehyde (IAAld) from indole-3-pyruvate (IPA)o determine the
potential activity of plant enzymes, either expressedEincoli or extracted from
Arabidopsis plants, GC-MS assay methods were developed with high senstivity
specificity. For expressed proteins, IAAId produced from IPA wassured directly
using indole carboxaldehyde as an internal standard. This prodadedse however, to
detect IPA in the presence of plant protein extracts; thus, aesbiaplitro reaction with
aldehyde dehydrogenase that produced IAA from IPA was developedhahtlA was
quantified using PC¢]IAA as an internal standard, methylation with diazomethane, and
GC-MS detection. Together, these methods provide important sengitivgracise

methods for the search for IPDC activity in the plant kingdom.
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Chapter 1

Literature Review



1.1 Introduction

Auxins are the general name for a group of plant hormones or phytotesrand
the term “auxin” is derived from Greek “to increase or growAuxins were the first
major plant hormones to be discovered, with the first reports on suabbidersignal
appearing more than 130 years ago (Ciesielski, 1872). Although aunirte qgaroduced
in most organs in plants, the most abundant levels of auxins are pradubedgrowth
regions such as root and shoot meristems. Auxins play an esgastia plant viability
and are involved in nearly every stage of a plant’s life cydewxins regulate apical
dominance and promote the growth of stems, coleoptiles, and leaves, mrattibe
includes a rapid increase in the extensibility of the cell {Rdlyle and Cleland, 1992;
Yang et al., 1993). Auxins promote floral bud development and fruit devetaparel
they induce vascular differentiation (Okada et al., 1991; Aloni, 199%)xins also
promote the formation of lateral and adventitious roots but inhibit pyimgot growth
and delay the onset of leaf abscission (Thimann and Skoog, 1934). Commercially, auxins
are used to promote initiation of root growth, to improve uniform flowertioagncrease
fruit set, and to prevent premature fruit drop. In addition, synthetiosilrave a variety
of commercial uses and can be used as an herbicide to controlgieds (Taiz and

Zeiger, 1998).

Active auxin compounds include naturally occurring substances and tigynthe
compounds and both have similar physiological effects in plants. Indmtet® acid
(IAA), the most studied auxin, is the principal form of auxin in higilants. Therefore,
we often refer to IAA with the generic term “auxin”. HoweVvEXA is rather easily
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oxidized in agueous solutions and turns over rapidly once it enters tidigtae; thus,
IAA is not typically used commercially as a plant growth ragul. Besides IAA, there
are a few other native free auxins such as indole-3-butyric E4g, (ohenylacetic acid
(PAA), and 4-CI-IAA found in higher plants (Epstein, et al., 1989; LueMidler and
Cohen, 2002; Reinecke, 1999) (Figure 1.1). IBA is found in several sprabsas
Arabidopsis, pea, and maize (reviewed in Epstein and Ludwig-Muller, 1993) and has
been confirmed as a resource for conversion to IAA in grapevinelased(Epstein and
Lavee, 1984). IBA is an important ingredient in commercial plaatimg horticultural
products. 4-CI-IAA, a chlorinated derivative of IAA, has been found in pea, beary, barle
pine, and other species (Pless et al., 1984; Reinecke, 1999; Engvild, 1996)pohiant
biochemical effect of 4-CI-IAA, which may in part be responsiblesbme of its effects,

is its ability to regulate gibberellin (GA) synthesis in p@aga and Reinecke, 2003), and
this is similar to the mechanism of IAA changes in GA meiabokeen irArabidopsis
(Desgagneé-Penix and Sponsel, 2008). PAA is present in citris, fnaisturtiums, and
wheat (Khalifah et al., 1963; Ludwig-Miller and Cohen, 2002; Méahéa et al., 1981).
Though PAA is not commonly used in agriculture and horticulture duestavetak

effects, it has been used in some perfumes and in medicine.

Synthetic auxins include naphthalene acetic acid (NAA), 2,4-dichloropyecetic
acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), and a large nuohkzher
compounds with related structures (Figure 1.2). 2,4-D is the mostywided herbicide
in the world in the control of broadleaf weeds and also is an impatgpiement in
plant cell cultures. 2,4,5-T is another potent auxin herbicide alsoywided to defoliate
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broad-leafed plants. Dicamba (3,5-dichloro-o-anisic acid; its trade names include
Banvef’, Oracl® and Vanquisf) and picloram (4-amino-3,5,6-trichloropicolinic acid;
its trade names include Tordband Grazofl) are additional auxinic herbicides used for
controlling annual and perennial broadleaf weeds. NAA is used for fdane culture
and, like IBA, is also used for vegetative propagation of stem ahduéags. In plant

rooting practice it is used alone or as a mixture along with IBA.

1.2 Auxin metabolism

Plants have complex biochemical mechanisms to control IAA lawdighis has
been attributed to a critical role of this regulation for plamwgh and development
(Normanly et al., 2005). These mechanisms include biosynthesis, conjugaiispott,
and degradation as well as control mechanisms related to twation-biotic stress and
even environmental factors such as light and temperature. Aatugsacan be produced
by de novo biosynthesis, by transport to a site for action, by conversion &oother
form (such as IBA, indole-3-lactic acid or indole-3-ethanol), orcbgjugate hydrolysis

(Normanly et al., 2005).

1.2.1 Auxin conjugation

Most auxins are present in conjugated forms in plants (review&tbay et al.,
1999; Cohen and Gray, 2006). Several auxin conjugates, including IAA linkedino a
acids, sugars, and peptides, have been identified (Bandurski et al., 1¥8&edein

Woodward and Bartel, 2005). These conjugates have been classifiemvinggroups



based on the nature of the bond: ester-linked and amide-linked (Slovin £999).
Auxin conjugates are thought to serve as reservoirs of ina&teds a form for long
distance transport of active IAA, or as intermediates in IAA turnover, asItAA-ASp in

Arabidopsis (Tuominen et al., 1994; Normanly et al., 2005).

1.2.2 Auxin transport

Auxins are present in elevated amountsyaung shoot meristems and leaf
primordia and these have been postulated as major sources ofsgyntdeixins are
involved in nearly every stage of a plant’s life cycle, notabbsé processes resulting in
the establishment of growth polarity. Therefore, auxin polaspart plays an essential
role in plant growth and development. Polar transport can be studisdtbge labeling,
and an effective control can be obtained by applying auxin transpdsitarkj especially
N-1-naphthylphthalamic acid (NPA), which clearly defines polar mwm@ as distinct
from simple diffusion. Influx carrier proteins or proton co-trantgrsrare involved in
auxin uptake from outside into the cell, while efflux carrier prtehat are associated

with pin-formed (PIN) proteins transport auxin out of cells (Taiz and Zeiger, 1998).

1.2.3 IAA degradation

In general, there appear to be three routes of IAA degrmadtsed on the reaction
products. A decarboxylation pathway carried out by most peroxidaseneszyhe so-
called ‘IAA oxidase’, has a long history of study but now appeatsate little, if any,

role for normal auxin metabolism in intact plants (Normanly etl&95). More recently,



the direct ring oxidation route has been described in many sp@tesianly et al.,
2005). In such pathways, IAA is converted first into oxindole-3-aeatid (OXIAA) by
oxidation, as has been shown in maize endosperm (Reinecke and Bandurskiaii®83),
then the subsequent metabolism appears varied across speciege(teni®ormanly et
al., 2005), but in maize the OxIAA yields 7-OH-OxIAA-glucoside ta intermediate 7-
OH-OxIAA. The third route that has been shown to occuirabidopsis involves I1AA-
aspartate oxidation. Free IAA is first conjugated to an amam @and some of these
IAA-amino acid conjugates can produce free IAA by hydrolyssiéwed in Woodward
and Bartel, 2005) and others can enter into a catabolic route vianmetitor of OXIAA-
aspartate or Hexosyl-1-N-l1AA-aspartate (Tuominen et al., 1994;rCahé Gray, 2006).
This pathway is especially significant since it provides actlitennection between 1AA

conjugation and degradation (Cohen and Gray, 2006).

1.2.4 Interaction among hormones

Plant hormones include the auxins, but also consist of gibberelliogjnays,
abscisic acid, ethylene, brassinolides, salicylic acid, jasresnanhd a variety of other
identified plant growth regulators. Many of these hormones hagdabn implicated in
regulating auxin levels in plants (for example, JA; Sun et al. 2808) in some cases,
auxin alters the levels of these hormones as well (for exangA; Ngo et al., 2002;

Desgagné-Penix et al., 2005; Desgagné-Penix and Sponsel, 2008).

Both GA and IAA control stem elongation in plants. Not only does IArease
GA biosynthesis by increasing the expression of the gene endBdirp-oxidase (van

6



Huizen et al. 1997; Ross et al. 2001), but GA also promotes IAA biosysifizesvies,
2005) and, similarly, a known molecular response to 4-CI-IAA in péa isgulate GA

biosynthesis through altered expression of GA 20-oxidase (Ozga and Reinecke, 2003).

Althoughauxin biosynthesis has been ascribed as mainly originatiymuimy shoot
organs, it also plays an essential role in root growth and developsevell as in shoot
and root vascular differentiation (Shininger, 1979; Cooke et al., 2002; Chealg e
2006). The main location of cytokinin synthesis has been ascribed to thetippot
specifically the root cap cells (Jacobs, 1962tham, 1994; Aloni et al., 2004)Auxins
appear to function in some cases to regulate the biosynthesi®kihays (Nordstrom et
al., 2004). It is less clear, however, if cytokinins can functiomd¢oease or decrease
auxin levels because such studies have been done in plants by ovenex@resgrobial
isopentenyltransferagéPT) gene (Bourquin and Pilet, 1990; EkI6f et al., 2000) and the
biochemical phenotypes are complex. One thing that appearsstedlli€hed is that the
ratio of auxins to cytokinins is crucial for the regulation of rawdpism, apical

dominance, and the differentiation of plant tissues (see Nordstrom et al., 2004).

Abscisic acid (ABA) is involved in senescence, stress resposesed dormancy,
and seed germination. It has been shown that in senescing floiMEtgEumis melo,
ABA induces the conversion of free 1AA to esterified IAA (Dunlaga &0backer, 1990),
but how this might impact physiological processes regulatedB# remains unclear.
While brassinolides have been long known to work synergistically witlina to

promote cell expansion and cell elongation (Nemhauser et al., 2004)etieeits on



auxin metabolism are not well established (Cohen and Meudt, 1983; Khepadh

1999).

Jasmonic acid (or jasmonate, JA) has been shown to have importaninroles
regulating different aspects of plant development and defense. Wéeshawn, in an
international collaborative study (Appendix 1) that JA treatmantincrease free IAA
levels in 12 day seedlings éfabidopsis (Sun et al., 2009). In this case, we used the
mutantjdi1-1, a loss-of-function T-DNA line with the insert in tRNTHRANILATE
SYNTHASE ol (ASALl) gene. Anthranilate synthase is the rate-limiting enzyonéhie
production of all indolic compounds including tryptophan, the amino acid pogdars
several pathways proposed for auxin biosynthesis. The mutant lineedh@auced
numbers of lateral roots, a phenotype that is potentially due to the much loweresexin |
in the mutant as compared to the wild type (WT) (Appendix 1; Sul, &009). These
findings are consistent with the hypothesis that JA activageganscriptional expression
of ASAl and perhaps other auxin biosynthetic genes as well, which woulgbeted to
result in increased rates of auxin biosynthesis. At the sam® fIA was shown to
negatively effect local auxin distribution in roots. The combimatif effects should be
expected to result in the observed promotion of lateral root formgiigmendix 1; Sun,

et al., 2009).

1.2.5 Environmental factors and others

Many environmental factors including light, temperature, biologiodl physical
stress, and wounding appear to modify auxins and other aspects of imgddibolism
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(Tao et al., 2008; Gray et al. 1998; Rapparini et al., 2002; O'Donradll, @003; Sztein
et al., 2002). Wounding can induce altered auxin biosynthesis (Sztein et al., 2002), where
tryptophan dependent IAA biosynthesis is enhanced. Consistent with tlelsathm,
CYP79B2, a cytochrome P450, is wounding inducible and can catalyze thestomagr
tryptophano indole-3-acetaldoxime, an intermediate of one of the proposedphgot-

dependent auxin biosynthesis pathways (Mikkelsen et al., 2000).

Gray et al. (1998) observed that 7-day-old seedlings have I|biygecotyls
following treatment for 2 days at 29°C compared with those grown & a@ad we have
confirmed this finding (S. Ye, unpublished). While we did not observe amase in
IAA levels in the aerial parts dfrabidopsis seedling, Gray et al. (1998) found increased
IAA levels for hypocotyls under high temperature. The reasothi®difference may be
explained by the fact that the hypocotyl accounts for just al gradentage of the total
of the aerial parts. Rapparini et al. (2002) found ttembna gibba, when planted at
30°C, has a normal growth rate and normal IAA levels; however, Wietemperature
decreases to below 15°C, the plants have a reduced rate of growéleaattd 1AA
levels. When labeled withfHis]tryptophan and *PN]anthranilic acid, Rapparini et al.
(2002) found that the tryptophan-independent pathway was the major roul&Afor
biosynthesis under moderate temperatures and, when plants were gndem low
temperature, the tryptophan dependent pathway was then more auliveaa the

predominate route for IAA biosynthesis.

1.3 Auxin biosynthesis



Due in part to the multiple developmental and growth regulatieg anixins serve
in plants, the mechanisms for their biosynthesis and its regulatiom femained of
considerable interest for more than sixty years. IAA bio®sith has often been
described as being associated with rapidly dividing tissue, sushoass, young leaves,
and developing fruits, based primarily on the fact that theseeidsave high steady-state
levels of auxins (Taiz and Zeiger, 1998). Many different pathvaagsthe possibility of
plants using multiple pathways for IAA biosynthesis have been pedp@$ormanly et
al., 1995). 1AA is generally regarded as a derivative of tryptoghe to the structural
similarity of the two compounds and the fact that two sequentidhtigns are sufficient
to convert the amino acid to the auxiBe novo synthesis is regarded as the conversion
of a non-aromatic precursor to indole and then to IAA. IAA has [@wn to be
produced eitherin vivo or in vitro in many studies using either various labeled
intermediates as well as in unlabeled precursor studies. Sudiesswith tryptophan
auxotrophic mutants plant lines in the early 1990’s (Wright et al., 198dmanly et al.,
1993), IAA biosynthesis pathways have been grouped into two clasgpsptran-
dependent pathways and one or more tryptophan-independent pathways {Fjure
However, no specific auxin biosynthesis pathways in plants have, ,sbefan fully

elucidated.

1.3.1 Tryptophan dependent pathways

In plants, the tryptophan-dependent pathways have at least four proposed routes: the

indole-3-pyruvic acid (or indole pyruvate, IPA) pathway, the tryptamine (Y pathway,
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the indole-3-acetamide (IAM) pathway, and the indole-3-acetonitAle)(pathway. In
many cases multiple routes using these defining intermediatestdeen proposed and in
some cases there are overlapping reactions that are in comrtitoomasie than one

pathway.

1.3.1.1 The IAN pathway

The IAN pathway has been proposed to proceed from tryptophan to IAA vie-indol
3-acetaldoxime (IAOx) and indole-3-acetonitrile (IAN). The coneersf tryptophario
IAOx can be catalyzed by two cytochrome P450s, CYP79B2 and CYPT@Bn
Arabidopsis (Mikkelsen et al., 2000; Sugawara et al., 2009), and the conversion from
IAOx to IAN has been detected by isotopic tracer analysigplama membrane
preparations from Chinese cabbage (Ludwig-Miller and Hilgenberg, 1980 could
be an important metabolic branch point since it is also a precursandole
glucosinolates, a series of secondary metabolites which artedgi'ense compounds that
accumulate in members of tierassicaceae and may be important for human health.
Overexpression of CY79B2 irArabidopsis showed elevated levels of indolic
glucosinates, IAN, and IAA conjugates (reviewed in Bartel et24)01), whereas the
biosynthesis of IAOx was nullified i€YP79B mutants (Sugawara et al., 2009). These
results seem to add additional support for the idea that plantsteetpvalevels in part
through regulation of conjugation. IAN can be hydrolyzed by nitrilas#rilé
aminohydrolase, NIT, EC 3.5.5.1) directly to IAA or via a two-stenway where I1AN

is converted to indole-3-acetamide by nitrile hydratase, andeguestly an amidase
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converts indole-3-acetamide into IAA, as has been found in microbes (&bast al.,
1992). There are four differentially expressed nitrilase géN€E1-4) in Arabidopsis
thaliana and three of the four genes are tandemly located together onodmm
(Bartel and Fink, 1994). It has been demonstrated that IAN has akeiefects through
its hydrolysis to 1AA, and this hydrolysis can be achievedivo by NITI or NIT2
(Normanly, et al., 1997). However, the role of NIT3 or NIT4 is unkndwtryptophan
and the glucosinolate glucobrassicin can be precursors for IAN irBriisi caseae
(Mahadevan, 1963). Schmidt et al. (1996) observed that an auxin overmnducti
phenotype resulted from increased auxin levels after treatwfedtrabidopsis and
transgenic tobacco with IAN. Also, endogenous IAN has been detecteabidopsis
(Normanly et al., 1995). This adds evidence to support a potentiaforotee IAN
pathway contributing to IAA biosynthesis. Evidence for the IAN wath has been
found primarily in theCruciferae, Graminae, andMusaceae (Thimann and Mahadevan,
1964); therefore, the IAN pathway, if functional, may not be wide spfidadnanly et

al., 1995).

1.3.1.2 The TAM pathway

TAM is present as a native compound in tomato (Cooney and Nonhebel, 1989), as
well as many other plant species. TAM was tentatively iledtas an auxin precursor
due to its auxin effect on the elongation of coleoptiles and pattets labeling and that
of IAA in ?H,O labeling experiments (reviewed in Bartel et al., 2001). Tryptophan

be converted to TAM by decarboxylation, and TAM can then be furthtabholezed to
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indole acetaldehyde (IAAId) or IAA in the TAM pathway. TAM catso be converted
into N-hydroxyl-tryptamine, as has been proposed for YUCCA, a garig a flavin
monooxygenase (FMO)-like enzyme (Zhao et al., 2001). Overesipges UCCA plants
showed a high auxin phenotype althoygieca, a single gene mutant, did not reveal a
change in its endogenous IAA levels (Zhao et al., 2001). Surpsisiagén triple or
guadrupleyucca mutants did not show decreased auxin levels (Culler, 2007). This
phenomenon may be explained in part by the complexity contributed amétygsis of
the pathway because YUCCA is a multiple gene familyAmabidopsis. Although
YUCCA-like genes have been identified in other species (Yanwrabtal.,, 2007;
Gallavotti et al., 2008), an experiment using a transgene appro#chheitryptophan
decarboxylase (TDC) gene fro@atharanthus roseus to elevate TAM levels in tobacco
did not result in an accumulation of IAA (Songstad et al., 1990). eTfiedings may
suggest that YUCCA is one of the rate limiting enzyme stefige TAM pathway or that
the process in tobacco is different (Bartel et al., 2001). It avbel helpful to see the
effect of TDC in plants known to use the YUCCA pathway as welhglants over or
under expressing specific YUCCA genes. It also may be sediffom the evidence to
date that some plants may not have this pathway (Normanly d98b, reviewed in
Bartel et al., 2001). Mainly because of the lack of detectabM TMAsome species, the
TAM pathway has for many years been considered as one ti@tasuniversal pathway

of auxin biosynthesis.

1.3.1.3 The IAM pathway
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The 1AM pathway, also tryptophan-dependent, had long been thoughtttongxis
in bacteria. The formation of IAA from tryptophan is attributechi® sequential action of
two enzymes, tryptophan 2-monooxygendseNl gene) and indoleacetamide hydrolase
(laaH genes; Patten and Glick, 1996). IAM has recently been identifieal restural
compound inArabidopsis (Pollmann et al.,, 2002). A putative amidohydrolase gene
(AMI1) was described fromf\rabidopsis, andin vitro assays show that IAM can be
converted into 1AA by the AMI1 protein (Pollimann et al., 2003). Theperts suggest
IAM is a possible pathway in plants as well, although conformatiahthe pathway is

fully operative in plants remains for future studies to determine.

1.3.1.4 The IPA pathway

The IPA pathway has often been proposed as the main auxin biosyp#tlesiay
(Costacurta and Vanderleyden, 1995; Taiz and Zeiger, 1998) and has laskong in
studies of auxin biosynthesis (Dannenburg and Liverman, 1957). It has lopesent
that tryptophan is converted into IPA by a tryptophan transamir@asé&ansferase),
followed by either spontaneous or, more likely, enzymatic decaldtoxy to 1AAId,
which is further oxidized by an indole-3-acetaldehyde oxidadé&Ao IPA has been
identified as a native compound in tomato &nabidopsis (Cooney and Nonhebel, 1991;
Tam and Normanly, 1998). TAALl (Tryptophan aminotransferasAralbidopsis, EC
2.6.1.27) can potentially be a control point for the formation of IPA fietryptophan
(Tao et al., 2008; Stepanova et al., 2008). Under simulated foliag sbaditions (low

red to far-red ratios), plants have longer hypocotyls, and the longecdiyl has been
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ascribed to increased auxin levels (Tao et al., 2008). However, rgoiatithese previous
reports, | have shown that under simulated foliar shade treatmduotére red/far-red
light conditions) that the increase in IAA levels is short-lihadtl does not appear to
persist throughout the period of enhanced growth (unpublished data). Thsetdman
this pathway has been proposed to be catalyzed by the ahgtiddexidase (AAO1)
protein. It was observed, for example, that AAOL1 had increasedtyat superrootl
(surl), an auxin over-producing mutant (Seo et al., 1998). Indole-3-pyruvic acid
decarboxylase (IPDC) is the key enzyme in the IPA pathwayeueral microbes
(Costacurta et al., 1994) where this has been studied. The seepnd sate-limiting
step in microbes, is the formation of IAAld from IPA by IPDGEowever, a gene(s)
encoding this enzyme has not been identified in plants. Through secaealysis,
including motif identification, it has been shown that there aenadecarboxylases that
could be candidates for an IPDCAnabidopsis. Identifying this gene or gene family is
critical to confirming this pathway, or even to clarifying ttedationships among the

whole array of enzymes involved in proposed auxin biosynthetic pathways.

1.3.2 Tryptophan independent pathway

Using stable isotope labeling methods, Baldi et al. (1991) obsentddijeD-
tryptophan could not be converted into IAA while evenNJ-L-tryptophan was
converted at only very low rates liemna gibba. They showed that this rate was too low
to account for the expected needs for the growing plants and suggestesl aoute not

using tryptophan must be present. Endogenous tryptophan was also showeqgueois
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studies to be converted into IAA at lower rates than exogenous trypt¢Rhaaparini et
al., 1999; Cohen and Gray, 2006). Therefore, the primary contribution ofygtephan
dependent pathways in auxin biosynthesis has been critically iadle Tryptophan
independent pathways have now been found in several plant species. dratwiedrted
into tryptophan by tryptophan synthgséencoded by the geidrP-2). Free IAA levels
did not change in the tryptophan synthgselefective Arabidopsis mutant trp2-1;
however, the levels of amide-linked and ester-linked IAA incredsaahatically and, in
trp2-1 plants grown in the presence BN-antranilate, IAA was more enriched 1PN
than was tryptophan (Normanly et al., 1993). The orange pericarp naranin maize

is a double mutant line that lacks functional tryptophan syntfagenes; tryptophan,
therefore, cannot be synthesized from indole in this line and the glavise for only
about 20 days post-germination (Wright and Neuffer, 1989). However vitleolietotal
IAA was found to be significantly increased anp; mutant seedlinggrown on media
containing stable isotope labeled precursors resultddAnmore enriched than was
tryptophan and no incorporatiaf label into IAA from tryptophan could be detected
(Wright et al., 1991). In addition, dan vitro system showed that seedlings of normal
maize andorp maize could convert*{Clindole to IAA; however, the system did not
convert “Cltryptophan to T)CJIAA (Ostin et al., 1999). Therefore"*Clindole must be
converted into 'CJIAA via a pathway independent of the formation of a tryptophan
intermediate. These results reveal that indole and/or indole-8fglyshosphate (IGP)
may be used as precursors in the tryptophan-independent pathwayysn¢Oet al.

2001). A pathway from indole does not rule out the potential that IGRJolei may be
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converted first to an indolic precursor, such as IAOx or to IPA tlaewl be subsequently
metabolized via an IAN-like or IPA-like pathway. Such a scenamight define a
simplified mechanism to account for the observations that different deveitgdraages,
tissues, and environmental conditions have been shown to affect which ygthwa
tryptophan-independent and tryptophan-dependent, are used predominatéigicxdik

et al., 1992; Koshiba et al., 1995; Sztein et al., 2002; Epstein et al., 2@@rRRaet al.,
2002) and, in an evolutionary context, that the tryptophan-independent pathway and
tryptophan dependent routes seem to have both been present in plants thraingh out
entire green plant lineage (Sztein et al. 2000). Possibly bechtisis cedundancy, or
because of the need for some IAA production to have a viable plant, aotrthdat has
completely lost the ability to produce IAA has been identified imtgla The above
observations further highlight the complexity that continues to obsberentlividual

roles of the multiple auxin biosynthesis pathways (Patten and Glick, 1996).

1.3.3 Protein-linked system

As discussed above, there are tryptophan-dependent and tryptophan-independent
pathways that have been proposed to be involved in auxin biosynthesis. |aBe#s ©f
pathways appear to produce auxin by one or a few intermediktenaize endosperm,
none of these intermediates were able to be identified asy bevolved in auxin
biosynthesis. Interestingly, a novel pathway without low molecular weitdrmediates
has been proposed recently in maize endosperm (Culler, 2007). Apsateih of 8-16

kDa covalently binds to tryptophan and then, while bound to the protein, tryptaphan i

17



converted into IAA. Based on LC-MS-MS analysis of candidate m®tehis protein
probably is a phytosulfokine precursor that contains two cysteinehwaneé capable of
being linked to tryptophan (Culler, 2007). This particular pathwayilisusder active
study and it will be very interesting to identify this peptideivigivo andin vitro assays

and explore its importance in maize and possibly in other plant species as well.

1.3.4 Other auxins

Many compounds with structures that suggest they could be metainitites
potential role in auxin biosynthesis, such as IBA, indole-3-laatid (ILA), and indole-
3-ethanol (or indoleethanolEt, also called tryptophol, TOL), have been identified as
endogenous metabolites with auxin activity, likely by conversion to, WhAen fed to

higher plants.

1.3.4.1 IBA

IBA is found as a native compound in many plants (Epstein et al., EpS&in
and Ludwig-Mdiller, 1993; reviewed in Bartel et al., 2POBA has been widely used for
induction of adventitious roots in horticulture though its role as an endageplant
growth regulator is largely unknown. The difference betweendBd IAA is that the
IBA side chain has two more carbons than IAA and these may be added and removed in a
biochemical pathway similar to the mechanism of fatty biosyighashe peroxisome.
Free IBA has been proposed to be much more stable thaml¥i®o and, like IAA, can

be inactivated by conjugation. Many studies indicate thatBAeperoxisomalp-
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oxidation could be another source of providing free IAA, making the foaomaf IBA a
reserve or storage form, although the activity of IBA as amaunxts own right has not

been ruled out (reviewed in Bartel et al., 2001).

1.3.4.2 |IEt

IEt is a naturally occurring indole derivative in cucumb@udumis sativus L.)
seedlings (Rayle and Purves, 1967) and other plants (Magnus et 8l..LA8@n et al.,
1985; Sandberg et al., 2006). The enzyme indole-3-ethanol oxidase wasdpamifie
identified from cucumber seedlings by usind“@-substrate labeling procedure. This
enzyme was shown to be capable of catalyzing the oxidation dbIEAld and a
similar activity was also reported from bean (Vickery and Pyre872;Zhu and Scott,
1995). The reverse reaction, frdAAld to IEt can also occur, in the presence of NADH
(reduced form of nicotinamide adenine dinucleotide), by a speatfwohol
dehydrogenase. The quantitative measurement of 1AAld, the prodiube reaction
controlled by this oxidase, was established in these early stodily by using the
colorimetric Salkowski reagent (Vickery and Purves, 1972). The glgstal effects of

IEt have been attributed to its conversion to IAA (Rayle and Purves, 1967).

1.3.43 ILA

ILA is thought to be a good candidate for an auxin analogue due touttteral
similarity of the two compounds (Sprunck et al., 1995). ILA is a fogypct of IPA

reduction by lactate dehydrogenase in the presence of NADHc[ibmt and Rigaud,
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1974). Several products including IAA, IAAld, IEt, and tryptophan werastified when
ILA was used as a precursor (Rigaud, 1970). ILA is found as aahatmpound in low
amounts in plants. However, this intermediate has primarily begled in several
microbes. ILA is a weak IAA analogue, but its specific pblggjical role inPisum

sativum L., where it was identified, is unknown. Biochemical analysis show&dlbes

not, like the synthetic auxin analogue NAA, exhibit a high affibityABP,4, an auxin-
binding protein (Sprunck et al., 1995), but the physiological role fobihding protein

remains obscure so that the significance of this difference in binding cannoebseass

1.4 Thiamine biosynthesis

Free thiamin or thiamine, also known as vitamip B a water soluble vitamin
which is an essential molecule for all living organisms. cliesmical structure contains a
pyrimidine ring and a thiazole ring (Figure 1.4). Thiamine ndturatcurs as free
thiamine and as four phosphorylated derivatives: thiamine monophosphate ¢fM
ThMP), thiamine pyrophosphate (TPP) or thiamine diphosphate (ThDP)ninkia
triphosphate (TTP or ThTP), and adenosine thiamine triphosphate (AT PHHIP;
Figure 1.4). In addition, several thiamine disulfide derivatives, asalagluding
thiamine tetrahydrofurfuryl disulfide (TTFD) and thiamine prosulfide (TPD), have
been identified as a group of ‘fat-soluble thiamines’ which raoge stable and have

increased efficacy for thiamine activity than does free thiamine Rietcal., 1973).

TPP, also known ascarboxylase, is a major biologically active derivative of
thiamine. TPP is synthesized from free thiamine and adenogphedphate (ATP) by
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thiamine pyrophosphokinase, which requires magnesium or other divaleniscat a
cofactor. TPP is a prosthetic group or cofactor in many irapbgnzymes that catalyze

the decarboxylation of alpha-keto acids.

TTP is found in many organisms including bacteria, fungi, aniraats,plants
(Makarchikov et al., 2003). IB. coli, TTP is induced transiently by hypoxia, and it may
be involved in the response to amino acid starvation (Lakaye et al., Bétddndorff et
al.,, 2007). It also has been observed that TTP specifically phospkeryiatidyl
residues on rapsyn, a protein essential for the clusteringcofimc receptors, in the
electric organ offorpedo marmorata (Nghiém et al., 2000). The histidyl phosphorylation
in two-component kinase systems is a major regulatory schrepr®karyotes; whereas,
signal transduction pathways in eukaryotes are mainly througlfisggesphorylation
at Ser, Thr or Tyr residues (West and Stock, 2001). In this WER could be involved
in potential signaling pathways. Although complete details oT &P functions remain
elusive, plants appear to have retained the capacity for its sigith@P has been found,
for example, in very low amounts in beaPhéseolus wvulgaris) and sphagnum
(Sphagnum palustre). In Arabidopsis thaliana, TTP was detected only after the plants
were removed from the soil and at the onset of wilting, suggestings@onse to

environmental stress (Makarchikov et al., 2003).

ATTP or thiaminylated adenosine triphosphate (TATP) has redssdly detected
in bacteria, yeast, animals, and higher plants (Bettendortf,2007). ATTP, the first

discovered adenine nucleotide containing vitamin B1, may serve asargor to TPP
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and as a more stable ‘storage’ form for TTP when carbon isabl@i{Jordan, 2007). In

E. coli, the accumulation of ATTP is induced in the absence of any carbonesour
whereas ATTP decreases and TTP increases when glucosgidedr(Bettendorff et al.,
2007). Based on these results, it has been postulated that ATTP nnaglieed as part

of the response to carbon starvation and may serve as a sigeatlio§ as an enzyme

cofactor (Bettendorff et al., 2007).

1.4.1 Thiamine biosynthetic pathways

Thiaminede novo biosynthesis is only found in most microorganisms and higher
plants (Nosaka, 2006). TPP, a product of thiamine metabolism, is etacofar a
specific family of enzyme proteins that includes the kngwnuvate decarboxylase
(PDC, EC 4.1.1.1)and IPDC enzymes. Though animals can synthesize thiamine
phosphorylated esters, theinly source of free thiamine is dietarfitMP is formed by
thiamine phosphate synthase (TPS) by condensation of two substituted compdunds
methyl-5-(2-hydroxyethyl)thiazole phosphate (HET-P) and 4-amihgeBoxymethyl-2-
methylpyrimidine diphosphate (HMP-PP; Figure 1.5). The two compoumds a

synthesized in separate branches of the thiamine biosynthetic pathway.

So far, two pathways for HET-P biosynthesis have been inder{téiégdwed in
Roje, 2007). In bacteria, the thiazole moiety (HET-P) is formec fthree different
substrates: 1-deoxy-D-xylulose-5-phosphate, cysteine, and glycigeosine (reviewed
in Settembre et al, 2003). It has been postulated that plantasadyAD (nicotinamide

adenine dinucleotide) to form HET-P via a pathway similar toithgeast (Chatterjee et
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al., 2007). Thi4, a thiazole synthase, controls the biosynthesis of dimertkithiazole in

S cerevisiae (Chatterjee et al., 2006). Thi4 has been shown to bind tightly to @& AD
containing intermediate derived from NABnd may form HET-P from cysteine, glycine,
and NAD (reviewed in Roje, 2007). The homologs of the yeast thiazole (HET-P
synthase (THI4) have been identified Ziea mays, Arabidopsis thaliana, and Oryza
sativa (Belanger et al., 1995; Machado et al., 1996; Wang et al., 2006). Thehg¢éne
encodes HET-P synthase has been clon@@&anmays and Arabidopsis thaliana, and the
distribution of GUS expression suggests this gene may be locadizkd plastids and/or

mitochondria (Belanger et al., 1995; Chabregas et al., 2001).

There are two HMP-PP biosynthetic pathways that have beefiédeti bacteria,
HMP-PP is synthesized from 5-aminoimidazole ribonucleotide (Ai®jiewed in
Settembre et al.,, 2003). The formation of HMP-PP from AIR tsbated to the
sequential action of three enzymes: ThiC, ThiD and an unidentifiedmenzyhe
conversion of AIR to 4-amino-5-hydroxymethyl-2-methylpyrimidpteosphate (HMP-P)
is catalyzed by ThiC together with an unidentified proteirEircoli (Lawhorn et al.,
2004b). The next step is the phosphorylation of HMP-P to HMP-PP by (BhiBMP-P
kinase; Lawhorn et al., 2004aThe findings from numerous studies have supported the
concept that plants apparently synthesize HMP-PP via the lahcpaihway. For
example, the firsBTHI gene cloned from plant8iassica napus) involved in thiamine
biosynthesis encodes a bifunctiond-amino-5-hydroxymethyl-2-methylpyrimidine
monophosphate kinase (HMP-P kinase)/thiamine-phosphate pyrophosphdiNéRe
PPase; Kim et al., 1998). Additionally, the homologs of bactdiaC have been

23



identified in many plant species includingrabidopsis (reviewed in Roje, 2007).
However, in yeastpyridoxal 3-phosphate (PLPand L-histidine are thought to be the

precursors for the pyrimidine unit of thiamsi(Nosaka, 2006).

Thiamine is hydrolyzed from TMP by a phosphatase, an enzymeckbates a
phosphate group from its monoester substrate and forms a free Hyglroxy (Figure
1.5). InE. coli, ATTP is synthesized from TPP and ADP or ATP by a thiamine
diphosphate adenylyl transferase (Makarchikov et al., 2007). ThoughaddFRATTP
have been detected in higher plants, genes involving their biosynthesisdtalbeen

identified.

As mentioned above, the concentration of the TPP cofactor regulates PDCsgnzyme
which are involved in fermentation and many stress responses. boadthiamine
phosphate esters, including TTP and ATTP, may act as metabghalsi These
observations suggest it is very important to maintain TPP |éyelegulating the flux
through its biosynthetic pathway. Consistent with this suggestion, rxogehiamine
severely represses the expression level of many genes involMadmne biosynthesis
(Miranda-Rios et al., 2001; Croft et al., 2007). The expression ofad@enes involved
in thiamine biosynthesis is regulated by riboswitches, short sequeRNAs that bind a
small target metabolite and undergo a conformational change. Ttabatie-bound
riboswitches then affect the expression of the operon or gene(sjlimndbe target

metabolite at the level of transcription and/or translation (Mandal et al., 2003).
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Riboswitches are widespread in bacteria. TPP riboswitchdsaaisdeen found in
fungi, algae, and higher plants (Cheah et al., 2007; Croft &08I7,, Thore et al., 2006).
A TPP riboswitch, for example, has been identified in the 3'-UTRrdustated region)
in Arabidopsis thaliana (Sudarsan et al., 2003). A riboswitch consensus motif has been
identified in both rice and bluegrass for a protein homologous to theriabdibiC
protein, an enzyme that catalyzes the formation of HMP-P froR (Sludarsan et al.,

2003).

1.4.2 TPP - dependent enzymes

As briefly discussed above, TPP and®*Mare required for the activity of the
enzymes of TPP-dependent family in microbes. Freé"ian potentiate the catalytic
activity of TPP dependent enzymes (Koga et al., 1992). The amids of the catalytic
center of PDC and Mgbinding sites are highly conserved in all species (Hawkins et al.,
1989; Dyda et al.,, 1993). TPP-dependent enzymes include pyruvate dgnate
(PDH), 2-ketoglutarate dehydrogenase (KGDH), transketolaseC, PIPDC, and
acetohydroxy acid synthase (AHAS, EC 2.2.1.6, also known as acetolsymditase,
ALS; reviewed in Hohmann and Meacock, 1998). Most PDC-like enzynuhsding
PDC, IPDC, and AHAS are homotetramers. TPP-dependent enzymesast@rserved
pyrophosphate domain and a pyrimidine domain, and TPP is tightly bouneto t
interface of both domains (Todd et al., 2001; Costelloe et al., 2008). Badshoé TPP,
the pyrophosphate group and the aminopyrimide group, associate witrdpbgsphate
domain and pyrimidine domain, respectively, of different subunits, thusirfgrtight
dimers or tetramers (Dyda et al., 1993; Costelloe et al., 2008e Tmmains might have
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evolved from a common ancestor (Todd et al., 2001). Based on domaiedatekit all
TPP-dependent enzymes have been grouped into three classes: sudftepyruv
decarboxylase (SPDC) and phosphopyruvate decarboxylase (PPDCJikERGzymes,
and TKC (transketolase C-terminal domain)-containing enzymesegidestet al., 2008).
A third or central domain, the transhydrogenase dlll (TH3)-domaistseonly in all
PDC-like enzymes, which include PDC, IPDC, phenylpyruvate decgldse (PhPDC),
pyruvate oxidase (PO), AHAS, glyoxylate carboligase (GXChzhaklehyde lyase
(BAL), oxalyl CoA decarboxylase (OCADC), and benzoylformate adeaxylase
(BFDC; Costelloe et al., 2008). Pyrophosphate, TH3, and pyrimidineidenmaPDC-
like enzymes also are called B, andy domains, respectively. Although the order of
TPP-binding domains varies and they may be located on the saméoendisubunits,
their structure is highly conserved (Muller et al., 199BPCs and PhPDCs form mixed
clades close to PDCs, suggesting they might catalyze sommon reactions, which is
consistent with the observation that PDC/IPDC enzymes are bidoatin microbes

(Koga, 1995).

1.4.2.1 Bacterial IPDC homologs irArabidopsis

Many rhizosphere microbes synthesize IAA. The microbial IAA yridsetic
pathways have been well-studied and therefore offer a rangenomge information
about the enzymes involved in IAA biosynthesis (Patten and Glick, 1996nawly et
al., 2005). The post-genome-sequence era allows a shift from ganggeresearch to

whole-system global analysis of gene expression, metakalide protein dynamics,
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molecular interaction, and comparative genomics. New technolagiasas proteomics
and metabolomics will be helpful to find gene functions, and sequeatgsians useful
for discovering structural, functional, and evolutionary informatiabout genes.
Sequences that are alike or similar may have similar bmdbdunctions, similar
biochemical functions, and similar three-dimensional structures. &arhmo acid
sequence of IPDC from bacteri&nferobacter cloacae) has an extensive similarity
(36%) to that of PDC from yeast (Koga et al., 1991b). Sequeradgsés ofArabidopsis,
including motif identification, has shown a few candidate ortholods cofoacae IPDC.
TheseArabidopsis genes consist of fol’DC/IPDC genes, on®DC-like gene, and one
AHAS gene. The following sections will discuss the particularagtaristics of PDC,

IPDC, and AHAS enzymes.

1.4.2.2 PDC enzymes

Pyruvate is a key metabolite at the branch point between anaandbaerobic
respiratory pathways. Pyruvate can be converted into lactatdamol under anaerobic
conditions for anaerobic metabolism. PDC converts, by decarhiaxylayruvate into
acetaldehyde, and then alcohol dehydrogenase (ADH, EC 1.1.1.1) redueaddchgde
into ethanol. ManyDC genes in several microbial and plant species have been cloned
and identified, and some PDC enzymes have been partially purifiedhandcterized.
PDC is encoded by a gene family of at least six members (Eékiy1999). Based on
their function,PDC genes have been classified into two groups: structural genes and

regulatory genes. It has been suggestedSaharomyces has an elaborated mechanism
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to regulate PDC activity (Schaaff, et al., 1989). Due to itsregss role in oxygen related
stresses including flooding, PDC has been investigated in refespeceges as well as
crop plants, including maize, pea, barley, and rice. The moleadight of this
enzyme was found in plants to be about 240 kDa, consisting of 4 subunits. Thal opti

pH of PDC enzymes is in the range of 6.0 - 6.5 at 30°C in most plants studied to date.

1.4.2.3 IPDC enzymes

IPA has been identified as a native compound of tomato, mung bean, and
Arabidopsis (Cooney and Nonhebel, 1991; Tam and Normanly, 1998). The IPA
pathway, a proposed main auxin biosynthetic pathway, remains to kmnsteated in
plants (Costacura and Vanderleyden, 1995; Patten and Glick, 1996; Taiziged, Z
1998). The second step, a rate-limiting step in microbes, is thatfomof IAAId from
IPA by IPDC. While IPDC is a key enzyme in the IPA patlvin microbes (Costacura
et al., 1994), a gene(s) encoding this enzyme has so far not beefieidentplants. In
the bacteriunPseudomonas fluorescens, tryptophan is also converted to IAAId directly

by a side chain oxidase (Narumiya et al., 1979) obviating the need for an IRDty.act

In E. cloacae, IPDC has two forms; an inactive monomer and an active
homotetramer with a molecular weight of 240 KDa (Koga et al., )99lae active form
of this enzyme requires cofactors of ¥g@nd TPP. Hohmann and Meacock (1998)
found that TPP could be producdeinovo in plants and in several microorganisms.Sin
cerevisiae, the single copy geni80 encodes thiamine pyrophosphokinase (TPP kinase),

which catalyzes the final step of TPP anabolism. Mutation ofygme {hi80-1) resulted
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in a 25% decrease in the activity of TPP-kinase (Nishimurh, éi9®1). In Arabidopsis,
there are two genes, At1g02880 and At2g44750, which were annotated d&kelPP-
genes. Surprisingly, Hohmann and Meacock (1998) also foundhilBatone of the
positive regulators of TPP biosynthesisSncerevisiae, had a striking similarity (52%
identity) to PDC. This seems like an interesting systemrevtie enzyme regulating the
synthesis of a cofactor shares similarity to the enzynmedlaires the cofactor. Clearly,
TPP biosynthesis and its role in the IPA pathway in plantshstile much that needs to

be determined.

The microbial PDC/IPDC enzymes can use both pyruvate and IBAbasates;
however, they have different affinities and specificities est substrates (Koga, 1995).
Boiteux and Hess (1970) observed that PDC figaocharomyces cerevisiae has low
specificity and affinity for pyruvic acidK, = 1.3 mM) and can only slowly catalyze the
decarboxylation of IPAK, = 15 mM). IPDC fromE. cloacae has higher affinity and
specificity for IPA Ky, = 0.015 mM) than for pyruvic aciKkf = 2.5 mM; Koga et al.,
1992). These results indicated that IPDC potentially has a spesddiin regulating IAA

biosynthesis irkE. cloacae.

As the free acid, IPA is very unstable and degrades overtdir#®A and other
compounds. Thus, special precautions and proper controls are requirechforrensent
of enzymes that act on this substrate. IPDC catalyzes tagbdaylation of IPA to form
IAAId and ILA. IAAId and ILA are interconvertable by IAAld redtase and ILA

oxidase (or IEt oxidase) respectively (Bartel, 1997). TradilipnB®PDC activity was
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best assayed by measuring the amount of IAAlId and IEt produced H&hE to
fractionate the reaction products on g f@verse phase column (Koga et al., 1991a). Due
to the potential instability of the substrate this assay wawitfmbut concerns, and it was
important, for example, to do careful analysis of zero time cantrgihg parallel sample
preparations. Product identity can be confirmed either using BEM8& or by

derivatization and GC-MS, as described previously (Tam and Normanly, 1998).

1.4.2.4 AHAS enzyme

This enzyme, also known as ALS in the literature, catalyzdgshstep inde novo
synthesis of the branched-chain amino acids including valine, lgummnakisoleucine.
The products of this step are 2-acetolactate (AL) from a ssujietrate (pyruvate) or 2-
aceto-2-hydroxybutyrate (AHB) from substrates pyruvate am@t@utyrate. AHAS
apparently is present in fungi, bacteria, and plants (Falco €t9&85; Chipman et al.,
1998; reviewed in Duggleby et al, 2008). The AHAS gene has been idkmtifreany
higher plants includingfrabidopsis, corn, soybean, and wheat (Chang and Duggleby,
1997; reviewed in Green et al., 2008). In higher plants, AHAS is &atuencoded
enzyme but is localized in the plastid by way of a transitigeptThoughlLVBL (also
called ilvB, or bacterial acetolactate synthase-like), a homofo§HAS, is present in
humans, the pathway @k novo synthesis of the branched-chain amino acids does not

exist in humans and other animals (Joutel et al., 1996).

Besides using TPP and divalent metal ions such &5 adgcofactors, AHAS can

also bind flavin adenine dinucleotide (FAD) and serves as a cofactor in sornerbical
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reactions. AHAS is present in most of the sequenced genomes an& Al three
isoenzymes irkE. coli (reviewed in Duggleby et al, 2008). The AHAS enzyme is a
heterotetramer of two large and two small subunits. The large sybbout 65 kDa) is
catalytic, and the small subunit is regulatory and has a much dnaese range of
molecular weights, between 9 and 54 kDa (Hill et al., 1997; Chipmah, &005). The
regulatory domain oE. coli AHAS isoenzyme lll is a homo-dimer and the monomer is
18.1 kDa (Dugglegy et al., 2008). The regulatory subunit modifies the AhtAGty of

the catalytic subunit, for example by binding branched-chain anuitls avhich act as
negative feedback regulators (Mendel et al., 2001). AHAS I, which ysreglulated by
cAMP and the ‘“catabolite repression system,” has unique d¢atand regulatory
properties (Vinogradov et al., 2006) where the catalytic subunit alen&0k&0% of the
holoenzyme’s catalytic activity while the isolated catalgubunit of AHAS Ill has only
3-5% of the holoenzyme’s activitye. coli isoenzyme | and Ill are negatively regulated
by valine in the reconstituted system while isoenzyme Ihignisically insensitive to
valine (Hill et al., 1997; Lee and Duggleby, 2001). AHAS Il iStgpical” bacterial

AHAS and has a somewhat larger regulatory subunit (Vinogradov et al., 2006).

The eukaryotic AHAS have been less well studied. In plants, both subwai
synthesized from larger precursors containing an N-terminal trpaptide, which is
removed after the protein is localized into the plastidsArdabidopsis, the catalytic
subunit is a homo-tetramer and each monomer consists of three démm@irsndy) and
a C-terminal tail (McCourt et al., 2006). When either the fungalamt AHAS catalytic
subunit is expressed k& cali, it is not regulated by branched-chain amino acids, whereas
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AHAS extracted from eukaryotes is sensitive to one or more afched-chain amino
acids (Singh et al.,, 1992). Recently, the regulatory subunAralbidopsis thaliana
AHAS was identified and itgn vitro reconstitution showed that the AHAS enzyme was

inhibited by all three branched-chain amino acids (Lee and Duggleby, 2001).

1.4.3 AHAS-inhibiting herbicides

Since all branched-chain amino acids are essential and playpartant role in
protein synthesis and as metabolic precursors, any unique enzymesddgusynthesis
of any of the three branched-chain amino acids could potentially bergat for
development of specific herbicides. Inhibiting those enzymes nsait ie the decreased
level of one or more branched-chain amino acids, thus interferiigonotein synthesis.
Indeed, AHAS, threonine deaminase (TD, EC 4.3.1.19), ketol-acid rechuotmigse
(KARI, EC 1.1.1.86), and dihydroxyacid dehydratase (DHAD, EC 4.2.1.9) irdmbitas
lead to a group of herbicides inhibiting production of branched-chaimoa acids
(reviewed in McCourt and Duggleby, 2006). Herbicides inhibiting plantA8H
enzymes, the first common enzyme of the branched-chain amino aosigsthietic
pathway, are called AHAS-inhibiting herbicides. The inactivatbthe AHAS enzyme
leads to a shortage of branched-chain amino acids, which eventualtg resnhibition
of DNA synthesis as well. The first AHAS-inhibiting herbicidegre discovered by
George Levitt of DuPont in 1975 (Shaner and O’'Connor, 1991; Stetter, 1994; Green,
2007). There are five different chemical classes of AHAS heldxscior inhibitors:

sulfonylureas (SUs), imidazolinones (IMIs), triazolopyrimidin@€&Ps), pyrimidinyl
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oxybenzoates (POBs), and sulfonylamino carbonyl triazolinones (SEViewed in
Green et al., 2008). Among these, SUs and IMIs are the most populaneccial
herbicides in the world. These herbicides are also some of th&t; sad¢ only does
AHAS not exist in humans and other animals, but also they are haytiye at
controlling a wide spectrum of grasses and dicots. In addition, dedlARIAS gene can
be used as a selectable marker. For example, a mutated AHW&Srgm rice has been
used in wheat transformation (Ogawa et al., 2008). Therefore, AlHASha herbicides
have attracted considerable interest from many scientists,most of the focus being
upon the interaction between AHAS enzymes and herbicides and ichrdifi of mutant

alleles that are resistant to herbicides (Chipman et al., 2005).

It has been demonstrated by 3D structural analysis of thet tanzymes that
sulfonylureas and imidazolinones share some overlapping bindirgy @iteAHAS in
Arabidopsis (McCourt et al., 2006)When herbicides bind to those target sites, AHAS
activity is inhibited. AHAS displays quite diverse affinitiesdifferent target herbicides.
For example, th&; of AHAS in Arabidopsis for imazaquin (IQ, a member of the IMI
family) and chlorimuron ethyl (CE, a member of the SU famgy3.0 uM and 10.8 nM,

respectively (McCourt et al., 2006).

It is possible that over-expression of the rate-limiting enzyan¢arget for a
particular herbicide, can result in herbicide resistance. Howthgnmmechanism has not
been identified for AHAS-inhibiting herbicides (Chang and Duggleby, 199@8eed,

there are three mechanisms of AHAS-inhibiting herbicide registan plants: resistance
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due to change in enzyme structure, metabolic detoxification or degradand
prevention of the herbicide from reaching the target site (Sireret al., 1996). Many
crops are naturally resistant to some specific AHAS-inhibitiegbicides due to the
ability to rapidly degrade the herbicides (Chang and Duggleby, 188#ations that
result in a still functional AHAS enzyme, but with somewhatrdased enzymatic
activity in the presence of herbicides, yield an herbicidestaasi phenotype. Based on
studies to date, this would appear to be clearly a major routactpriring herbicide
resistance (Chang and Duggleby, 1998). There is also evidendegihat plants can be
modified to have increased herbicide resistance by over-exgmessimutant AHAS
genes (Harms, et al., 1992; Tourneur, et al., 1993). A single pbacies can have
different types of AHAS-inhibiting resistances due to the numbé possible different
mutations and their mechanisms (Hattori et al., 1992). Not all ilmgatesult in cross-
resistance to all AHAS-inhibiting herbicides (Anderson and George$989). In
Arabidopsis, herbicide resistance is induced by one or more substitutionsairserved
amino acid residues, Alal22, Pro197, Ala205, Trp574, Ser653 and Asp376 of the AHAS
gene product (Tranel and Wright, 2002; Whaley, et al., 2007; Yu €2(l8). These
mutations can result in three kinds of grouped phenotypes: broad estssasrce to SUs,
IMIs, TPs and PTBs; resistance to IMIs and PTBs only; andtaesie to SUs and TPs
only (Green et al., 2008). Weeds frequently gain natural restsgareclominantly by
mutating the gene encoding AHAS, as contrasted to metabolicdag¢igra mechanisms,
and in this way form what has been referred to as “superwégtsiman et al., 1996;

Green et al., 2008). Recent studies have addressed the public catwem
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“superweeds” resulting from the prevalence of AHAS-resistaBo&e many instances
of AHAS resistance do not cause any perceptible reductiomes§t(Green et al., 2008),
there have been at least 97 weed species that have been rapbeed such resistance

to AHAS-inhibiting herbicides (Heap, 2009).
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1.5 Conclusion

Auxin biosynthesis consists of several potential routede aiovo synthesis, and
IAA can be also obtained by IBB-oxidation and the hydrolysis of some conjugates. It
is difficult to study phenotypes that might result from defétta single gene or single
pathway due to the apparent redundant methods of IAA production, though recent
advances in technologies have broadened our understanding of auxin biosynthesis
mechanisms. Findings support a working hypothesis that a tryptophaeimt
pathway is the major pathway to produce IAA under normal conditionsle whi
tryptophan-dependent pathways are active and may predominate fobid&Sgnthesis

under special developmental needs or under different stress conditions.

The IPA pathway has long been proposed as a main tryptophan-dependent aux
biosynthetic pathway. Identifying an IPDC gene is a critical @& the hypothesis
concerning the possible function of this pathway in plants, or evenatdycthe
relationships among the whole array of enzymes involved in proposed ansymthietic
pathways. Herein | report cloning each of these candidate IPD€sgehave obtained a
set of T-DNA insertion lines, and | have produced overexpression bneath of these
genesln this study | have also developed an analytically prezmzeme assay for IPDC
activity and used it to check IPDC activity of all the prote#ensoded by these candidate
genes over-expressed i coli. | also analyzed the overexpression lines and plants

expressing a bacterial bifuctional PDC/IPDC enzyme.
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1.7 Figures
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Figure 1.1 The chemical structures of naturally occurrungre in plants. Naturally
occurring auxins include free acids such as indole-3-acetic &4, (indole-3-butyric
acid (IBA), phenylacetic acid (PAA), 4-chloroindole-3-aceticdgd-CI-IAA), and IAA
conjugates in which IAA is conjugated to a sugar, amino acid, or pepidean be a
sugar, amino acid, or peptide.
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Figure 1.2 The chemical structures of some synthetic auxins. dabiese synthetic
auxins are used as herbicides in agriculture. 2,4-D and NAA are used in tissue culture.
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Figure 1.5 Proposed biosynthetic pathways for thiamine and its degwah plants.
Genes are represented in italicsTHI4/Thil, thiazole synthase; HMPK,
hydroxymethylpyrimidine kinase;HETK, methylhydroxyethylthiazole kinaseTPS
thiamine phosphate synthasBylPP, thiamine phosphate phosphata$EK, thiamine
pyrophosphate kinase; ?, unidentified gen&®BPAT, thiamine diphosphate adenylyl
transferase (reviewed in Settembre et al., 2003; Lawhorn et al.,; @4 &t al., 1998;
Chatterjee et al., 2006; Chabregas et al., 2001; Makarchikov, et al., 200ah,J2007).
P, phosphate group; PP, diphosphate; AIR, 5-aminoimidazole ribonucleotide; NAD,
Nicotinamide adenine dinucleotide; HET, 4-methyg-Bydroxyethylthiazole; HMP, 2-
methyl-4-amino-5-hydroxymethylpyrimidine; TMP, thiamine monophosghalPP,
thiamine pyrophosphate; TTP, thiamine triphosphate; ATP, adenosimghb'sphate;
ADP, adenosine-5'-diphosphate; ATTP, adenosine thiamine triphosphate;
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Chapter 2

PDC2 from Arabidopis has pyruvate decarboxylase activity but
lacks significant activity toward indole-3-pyruvate
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2.1 Introduction

Pyruvate is a key metabolite at the branch point between acaanobaerobic
respiratory pathways. Pyruvate decarboxylase (PDC, EC 4.1.1.1¢asbaxy-lyase or
carbon-carbon lyase, which converts, by decarboxylation, pyruatieacetaldehyde,
and then alcohol dehydrogenase (ADH, EC 1.1.1.1) reduces acetaldeto/@éthanol
(Figure 2.1). PDC is particularly important under anaerobicsst@sditions (or anoxia),
which occur with events such as flooding, when plant roots cannot getheoxygen for
normal respiratory metabolism and must seek alternative meaesidogy production.
Because of the central role the reactions catalyzed by &GCelated enzymes play in
oxygen-stress responses, the enzymes remain under actiwtigatien in reference
species as well as in crop plants, including major studies irempea, barley, and rice
(Kirsteiner et a] 2003; Gass et al., 2005). Sevd?BIC genes from crop species, such
as sweet potata@dpa and Uritani, 1975), wheat (Singer, 1955), pea (Miicke et al., 1995),
tobacco (Bucher et al1995), and petunia (Gass et @005), have been described. The
PDC genes in all species studied were shown to be present as agsmalifamily
(Peschke and Sachs, 1993; Rivoal et al., 1997; Kirsteiner 20@8B). In Arabidopsis,
PDC genes are a family comprised of 4 memb&B(l, PDC2, PDC3, and PDC4;
Kirsteiner et aJ] 2003). PDC1 is dramatically induced under anoxia for 3 hours;
however, the expression BDC2, PDC3, andPDC4 were found to be undetectable even
under anoxia inArabidopsis (Kirsteiner et aJ 2003). Overexpression dDC2 in
Arabidopsis has been shown to increase hairy root tolerance to hypoxia byingdac
higher PDC activity during hypoxia (Shiao et &Q002). However, knowledge in this

58



area is still at an early stage. Biochemical charaation of PDC enzymes, or even
studies to confirm biochemically the number of functioRBIC genes, has not been

extensively pursued.

A closely related activity to PDC is the enzyme thataciadole-3-pyruvate,
indolepyruvate decarboxylase (IPDC; EC 4.1.1.74; 3-(indole-3-yl)pyewatboxy-lyase
[(2-indole-3-yl)acetaldehyde-forming]; Figure 2.2). Some of ¥bey earliest proposed
pathways for auxin (IAA) biogenesis hypothesized that this enzagetieity was a key
step in the conversion of tryptophan to IAA (Reinert, 1954; Gordon 1956), aedtre
studies on mutants of Arabidopsis impaired in tissue specific regptmssthylene or
shade-avoidance responses have heightened interest in this reaetimwéd in Palme
and Nagy, 2008). In spite of this long interest and recent awayeveessill lack critical
information about this enzyme, and it remains uncertain if a fumadtiPDC activity is
actually present in plants. The situation is made more compleékebfact that it has
been demonstrated that, in microbes, PDC and IPDC are bi-functidiatiexc of the
same proteins (Koga et al., 1992). Microbial enzymes that aranly either a PDC or
an IPDC protein display activities of varying levels toward mttuvate and indole-3-
pyruvate. Because microbes primarily produce IAA as paanohfection or synergism
strategy (Dullaart, 1970; Glick, et al., 1999), this promiscuous acttemvard two
substrates may have few significant regulatory consequenceseveigva bifunctional
activity in plants could be envisioned to either link primary and siggahetabolic
pathways in novel ways or it might be expected to result in tregutated production of
a hormonal signal with direct developmental consequences. To detertime
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relationship of PDC and IPDC in plants, we have examined the substrate reqtsreane
a major PDC inArabidopsis. This is the first report that a plant PDEPDC2, does not

have any measurable IPDC activity and thus is uniquely mono-functional.

60



2.2. Results

2.2.1 Homology of PDC1 fromZymomonas mobilis to putative PDCs inArabidopsis

by genomic sequence analysis

A search with the BLASTP program of th&rabidopsis protein database
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi?PAGE=Proteins&PROGRAlMstp&BL
AST_PROGRAMS=blastp) showed that the PDC Zyimomonas mobilis (accession
number gi: 118391) was homologous to four putalBNEC genes inArabidopsis. The
amino acid sequence identity is 41%-44% and similarity is 61%-62B& amino acid
sequences of these four putative PDC sequens#D(C1 or At4g33070, accession
number gi: 15234062AtPDC2 orAt5g54960, accession number gi: 152404&B,DC3
or At5g01330, accession number gi: 15240952; AtRDC4 or At5g01320, accession
number gi: 15240950) were aligned by the ClustalW program at NPS@ikeProtein
Sequence Analysis (Combet et al., 2000). Protein sequence aligsinogved that the
PDC protein sequences are highly conserved except for the N-temegan (see
supplemental Figure S2.1). The alignment clearly demonstratedsélatal regions,
which include the catalytic regions and the substrate binding aresighly conserved.
AtPDC2 encodes a protein with levels of amino acid sequence identity of 84 and
81% toAtPDC1,AtPDC3, andAtPDC4, respectively. FoktPDCL1, the analysis shows
that it is 88% and 87% identical in amino acid sequencAtRDC3 andAtPDC4,
respectively. Among the fouktPDC proteinsAtPDC3 andAtPDC4 share the highest

degree of identity in sequence at 92%.
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All the four putative PDC genes are highly conserved in the amithoea@ues of
the catalytic center of PDC and the #Mbinding sites found in all species (Hawkins et
al.,, 1989; Dyda et al, 1993). They also all have the TPP-enzymef, moti
PXXXXXXXXGD (P and GD were separated by 8 amino acittgt is characteristic for
the TPP binding site (see supplemental Figure S2.2), as woulgbetex for this class
of enzymes. The sequence analysis using HmmerPfam
(http://www.molgen.mpg.de/~service/scisoft/gcg/gcgl0/hmmerpfam.htmliGtructural
Classification of Proteins (SCOP; http://scop.mrc-Imb.cam.aco/s and Block

(http://blocks.fhcre.org/blocks/) confirmed that this conclusion.

BothAtPDC1 andAtPDC2 have the same number of amino acids, 607, while
AtPDC3 andAtPDC4 have 592 and 603, respectively. Except for the divergence at the 5'
coding area discussed above, the other parts of the sequence repmesamny identical
primary sequence. InterestifgpC2 is the only intron-free gene in this family while the
other three genes have four introns. Among the three genessthextin and third exon
are larger than other exons (Figure 2.3). From this anaRBI€3 and PDC4 may be
more closely related to each other and the intron{RB€2 may be more distantly

related relative to the others.
2.2.2 Phylogenetic tree analysis

Taking into account tHRDCs’ catalytic center and the cofactobmding sites in
the C-terminal (158 amino acids) regions, which are highly coedeamong all species,
reference sequences from the NCBI were used to evaluaterb&oydistance of the C-
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terminal regions of all the known plaRDCs andPDC of Zymomonas mobilis by using

the Jones-Taylor-Thornton model after the ClustalW2 alignment gJetnal, 1992). A
phylogenetic tree was generated using the Neighbor-Joining meth@talculate the
genetic distance (Saitou and Nei, 1987; Figure 2.4).PBICs from plants have a very
close genetic distance. In geneRI)Cs of the same species have a closer relationship
than that from other species. Anabidopsis, PDCs are mostly grouped together and the
tree indicated tha&tPDC2 is distinct relative to the other thr&PCs. PhPDC2 and
NtPDC2, pollen specifid®DCs in petunia and tobacco, respectively, have a much closer
relationship withAtPDC2 than they do to the oth@&DCs in Arabidopsis. This suggests
AtPDC2 may be a candidate gene that should be examined for pollen spegiBsson.
The analysis also showed that there are two group® @k in maize and rice and that
ZmPDC1 andOsPDCL1 are closely related to each other and their genetic distanees

close compared to the otHebCs of maize and rice.

2.2.3 Microarray data analysis

Genevestigator, a useful web based database, allows for tlee giaerly of
Affymetrix GeneChip data [webpage of www.genevestigator.ethiZahmermann et
al., 2004)]. This type of analysis shows expression patterns of indivedugdoups of
genes throughout chosen environmental conditions, different growth ,staiggsecific
organs (Zimmermann, 2004). Upon investigation of the transcription dé\adl PDC
genes using Genevestigator, the expression level could be detkbyititeeMeta profile

analysisfor each individuaPDC gene except for the pairs AIPDC3/AtPDC4, which
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share high sequence homology. TRBC gene family shows a broad pattern of
expression across many developmental stages (Figure 2.5). MPD&3/AtPDC4 had

a very low level of expression throughout the life cycle; howeMBDC2 was expressed
uniformly at a quite abundant level, although the levels changed dwmheagross
developmental stages. InterestingyPDC1 had a very low level of expression from
bolting through the flowering stage, but it had a high expressionilewefans such as
seeds, siliques, and leaves. The expression level of &D@egenes was induced under
hypoxia and anoxia (Figure 2.6). Hypoxia and anoxia increased thessipr of
AtPDC3/AtPDC4 from 70% to 120%; however, the expressiolAtIDC1 and AtPDC2

were greatly induced, in some cases by more than 8 fold.

Cold acclimation helps plants increase their tolerance toifgeeiue to the
induction of PDC and the subsequent elevated level of ethanol. Howetatls dbout
which PDCs are induced under these conditions are only now becomitablavaThe
transcription of different members of tROC gene family is known to be differentially
expressed during cold treatmetPDC1, for example, was not detectable in shoots, but
was at very high levels in roots (Figure 2.7A and 2.7B). In confk#DC2 had a much
lower expression level in both roots and shoots (Figure 2.8A and 2.8B).tiohddli
microarray data on expression levels in specific tissues italbleafrom the website
hosted by the Ward lab at http://wardlab.cbs.umn.edu/arabidopsis/. In respartde
stress, the expression of specifRDC gene family members displays dramatic
differences. The expression a8tPDC3/AtPDC4 was undetectable while the mRNA
levels of AtPDC1 and AtPDC2 did not increase under short periods of cold treatment
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(4°C; less than 6 hours), but increased by at least two-fold wotketreatment for 12
hours or 24 hours (Figure 2.7A and 2.7B). Interestingly, the expression AIRDE1
gene was imperceptible during short periods of cold stress, buuld de induced
dramatically following a six-hour or longer period of stress hoats (Figure 2.7A).
Using theArabidopsis 22k ATH1 microarray dataset (from AT-176, AT-220, and AT-
221), it was possible to investigate with Genevestigator the BibtAsignal values of the
PDC gene family under a 24-hour cold stress. The results werasimithat obtained
with a shorter exposure, addPDC1 was induced greatly in response to cold treatment,

while AtPDC2 andAtPDC3/AtPDC4 were only induced slightly (Figure 2.9).

2.2.4 Cloning and expression of recombinant protein i&. coli.

TheAtPDC2 gene was cloned into tie coli expression vector pPCRT7/NT-TOPO
TA (Invitrogen, Life Technologies Corp., Carlsbad, CA) by usingRFm a stress
cDNA library (LeClere and Bartel, 2001). The sequence was foumdbrtespond to
GenBankM entry NM_124878, but was changedone position (405, G- T). This
deviation is a silent mutation, which happens in the third position opithiene 135
codon. The gene was amplified by PCR from Columbia wild type genDMA and
when it was sequenced it confirmed that the position of 405 is @ashstf C. This
suggests the base change of-€ T at the position of 405 could refleet true
polymorphism and not an artifact from cloning. Recombinant proteins aviths-tag
encoded in the expressed gene were produced by cloning the pAtativdopsis PDC

genes in an expression system, pCRT7/NT-TOPOE.incoli. Although the total
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recombinant protein increased along with time, the soluble targttdin did not increase
concomitantly and most protein formed in inclusion bodies. We could neaseithe
proportion of soluble protein even when different vectors (Novagen's pET32,
Invitrogen’s pTrcHis-TOPO, or pCRT7/NT-TOPO), competent cellsprgpyl{3-D-
thiogalactopyranoside (IPTG) concentrations, media, and temperagimees were used

(data not shown).

2.2.5 Enzyme assay with recombinant protein

2.2.5.1 The molecular weight of PDC

The calculated subunit molecular mass foAtR®C proteins is approximately 65
KDa. This was confirmed by mobility on SDS-PAGE analysig\Fe. 2.10) and native
electrophoresis was employed to check the molecular weighteohalo-enzyme. A
band of ~240 kDa was observed (data not shown) and this supports the expsdted r
for the AtPDC2 enzyme as a tetramer, which is the same as hasdpseted in sweet

potato Oba and Uritani, 1975).

2.2.5.2 Time course of product formation

PDC activity was measured spectrophotometrically using a dosygéeem with
ADH and NADH (ter Schure et al., 1998; Figure 2.2). In initiadsts a lag phase was
observed before the enzyme reached its maximum rate (data nat) shéer excluded
the possibility of the lag phase being produced by the couplet@nsysince excess

amounts of ADH did not increase the overall activity. Therefdwe rate limiting step is
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not the ADH coupled reaction, but it is likely the PDC itsEifyire 2.11). This residual
lag time for the reaction obtaining its maximal rate mllvdocumented to be due to
substrate activation [the enzymes are inactive in the absensebsirate and are
activated only upon addition of the substrate to the enzyme bound TPk theah
stabilizes the enzyme dimer (Lu et al., 2001)], as has beenhséor microbial PDC
enzymes (Hubner et al., 1978; Baburina et al., 1994; reviewed in Konig, 499&)l as

the PDC fromPisum sativum (Dietrich and Koénig, 1997).

2.2.5.3 The effect of buffer on recombinant activity

A number of inhibitors of pyruvate decarboxylase including glyoxwate
identified based on their inhibitory effeoh the activity of the enzyme frobrewer’s
yeast (Flatau et al., 1988). Glyoxylate formed a noncleavable bahdtle catalytic
center of TPP, thus inhibiting enzymatic activity of PDC. In &oidj high concentration
of TPP (75 mM) also completely inhibited the activity of PDC emey(Wang et al.,
2004). There were prior reports indicating that 25 mM phosphate inkiatsctivity
(Lee and Langston-Unkefer, 1985). However, a lower concentration of phesjthanot
appear to inhibit PDC activity, as no significant differen@es\seen when we compared
10 mM sodium phosphate with 20 mM imidazole buffer. Similar results ween when

comparing the effects of a number of inorganic salts (Wang et al., 2004).

2.2.5.4 The effect of M§" and TPP on PDC activity
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Another potential reason that would explain the observed lag phadebeotiie
rate of binding between the enzyme and substrate. Sinslaltgevith an observed lag-
phase had been reported for the PDC of yeast and wheat gernfief8mxrger 1967;
Kenworthy and Davies, 1976). Increasing the TPP concentrations toNd.6/pically
increased the overall PDC activity (Figure 2.12A). PDC agtiwiith 0.6 mM TPP is
twice as fast as PDC activity measured in the absenaddsfd TPP. The end groups of
TPP are associated with thedomain ory-domain, respectively to form a tightly bound
dimer or tetramer (Dyda et al., 1993). Therefore, TPP mightgehdime association
between PDC molecules to dimerize and form tetramers, thustiadfePDC activity.
Therefore, a better understanding of the rates of binding betwegme and TPP and
self-association would be important factors to consider. TheoKTPP binding to

AtPDC2 was found to be 0.25 mM (Figure 2.12B).

2.2.5.5 Optimal pH, optimal temperature, and thermostability forAtPDC2 activity

The effect of pH on PDC activity was analyzed using phosphat/diuffer (pH
adjusted by varyinghe mixture of 20 mM dibasic sodium phosphate and 10 mM citric
acid; after Pearse, 1980). As shown in Figure 2.13A, the recomlAtRDC2 protein
displayed a relatively broad pH activity profilstPDC2 showed highest activity at a pH
between 5.5 and 7.0, and the broad pH optimum peaked at 6.2. Above pH 8.0 or below
pH 4.0, the enzyme was essentially inactive. This pH rangensistent with the
expected cytoplasmic pH during anoxia, when PDC activity is egge¢otbe maximized

(Roberts et al 1982). The pH effect witAtPDC2 shows quite different slopes between
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above and below the optimal pH point (Figure 2.13A), as had been showbGsrfRom

yeast and maize (Jordan et al., 1978; Lee and Langston-Unkefer, 1985).

The effect of temperature AtPDC2 was similar to that of pH. In general, PDC
activity escalated as the temperature increased when only nudegjes were made.
AtPDC2 had an optimal temperature of 55°C at pH 6.3 (Figure 2.13B3.isTtonsistent
with the prior observations that the optimal temperature of plant RDgbove 45°C

(Singer, 1955). The activity decreased as the temperature increased to 60°C.

After storage at -80°C for 2 months, the enzyme retained a@%4asof its activity.
In contrast, we observed that freezing at -20°C over sever@scyaused considerable
inactivation (80% or higher decrease; data not shown). To checkedhaadstability
under modest conditions, the enzyme reaction was measured at pH 6fadafrom
0 hour to 24 hours at 30°C. We found during the first half hatRDC2 reached its
highest activity. The reaction rate remained essentiallgahee in 1 - 4 hours, and it lost
just 20% of its activity after 24 hours (Figure 2.13C). The reagpte$s activity at O
hour is likely simply due to the addition of the cold protein sant@eliad been stored at
4°C. In general, it must be concluded that the expresdeDC?2 is relatively stable to

standard laboratory manipulations.

2.2.5.6 Kinetic characterization ofAtPDC2

It had been demonstrated that PDC and IPDC are bi-functional propertiesashéhe s

enzyme proteins for those isolated from microbes (Koga et al., 1d82hbial enzymes
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were named for their preferred substrates as either PDO& #Ad all display activities
toward both substrates to varying degrees. ThdaK AtPDC2 is 3.5 mM for pyruvate
(Figure 2.14A and 2.14B); however initial attempts to measureCIRDtivity were

unsuccessful. To clarify the situation with regard to IPDC agtid more specific and

sensitive assay was required.

2.2.5.7 Development of a gas chromatography-mass spectrometry basesay for

IPDC activity

Indolepyruvate and indoleacetaldehyde are both easily convertexkidgtive
reactions to products that we have found interfere with traditiossdya of IPDC
activity, even those based on separation techniques including HPLC. wWhes,
employing such methods we obtained ambiguous results that weppwoded by the
relatively low activity being measured. This necessitateddevelopment of a method
with high sensitivity and exacting chemical reliability tooall the indolic substrate and
product(s) to be accurately identified and quantitatively detedniflge enzyme reaction
was started by adding purified recombinAtPDC?2 into the equilibrated indolepyruvate
solution at 30°C. IAAId produced in the reaction was extracted Hiigaing against
ethyl acetate along with an internal standard, indole carbdyalde IAAId and indole
carboxaldehyde were moved into the ethyl acetate phase. Water decanted ethyl
acetate was removed by dehydration over anhydrous sodium sulfate and the sargle
analyzed by SIM-GC-MS. The quantification was based on thee oathe peak area of

IAAId (M ™ = 130m/2) and that of the internal standard’(M144m/z) as matched to the
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calibration curve (Figure 2.15). IAAId produced by spontaneous ddgrmadaas
subtracted based on the same time point obtained for the denatured enzyme protein.
To construct a calibration plot for 1AAld, the abundances of diffdegls of
indole carboxaldehyde were determined, and it was found that 0.6 ng indole
carboxaldehyde showed a significantly strong signal for caliorgdata not shown).
Next, a series of samples were prepared with differentdefdlAAld, and then each of
the samples was mixed with 0.6 ng indole carboxaldehyde, and theatategeak
abundances after SIM-GC-MS were calculated and graphed (Figure. Z'h6)
calibration plot for IAAld was linear in the range of 0 — 3 ng (#.6305x - 0.2754 when
x = log (IAAld) and y = log (abundance of IAAld/abundance of indokbaraldehyde);
R? = 0.9912). Since a fixed amount of indole carboxaldehyde was used (0.8Alg), |
quantification was based on the ratio of the integrated pealo&téAld (M* = 130m/z)

and the internal standard {M 144m/z) as matched to the calibration plot.

2.2.5.8 IPDC activity of recombinantAtPDC2

No detectable IPDC activity fohtPDC2 was found, suggesting that this plant
enzyme, unlike the microbial enzyme, is mono-functional (Figure 2.172d4@). In
addition, the cloned and express&®DC1 andAtPDC3 had no measurable activity of
either PDC or IPDC (data not shown). This further supportbypethesis thadtPDC2

may be a uniquPDC gene that encodes a mono-functional enzyme.

2.2.6 PDC and IPDC activity inArabidopsis seedlings
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2.2.6.1 PDC activity in seedlings

Analysis of plant protein extracts confirmed that there was RDWWity in
Arabidopsis seedlings (Figure 2.19). For further purification, it was criticatletermine
which fraction after ammonium sulfate precipitation contained thieeligactivity; thus
total soluble protein extracted froArabidopsis was precipitated by 0% — 25%, 25% —
35%, and 35% — 100% ammonium sulfate saturation, respectively. It wastf@airde
25% - 35% of ammonium sulfate fraction had the highest PDC gctand this fraction
had over a three-fold enrichment relative to the crude supernataaddition, the 0% —
25% and 35% — 100% ammonium sulfate fractions had less PDC activilyoohegared
to the supernatant. Therefore, fractionation with 25% - 35% ammoniumtesulfa

saturation can be used for partial PDC purification.

2.2.6.2 IPDC activity in seedlings

After finding no IPDC activity from expressed PDC proteins, tieMS based
IPDC assay was applied to proteins in plant extracts. As thwthexpressed proteins, it
was possible to measure PDC activity but the proteins wexaddef measurable IPDC
activity. However, dilutedeclPDC (kindly provided by Dr. Jinichiro Koga, Meiji Seika
Kasha, Ltd.) also failed to give measurable IAAId in the preseof plant protein

extracts, suggesting rapid degradation of the product (data not shown).

Thus, the GC-MS based IPDC assay method was modified using accoegottion

that rapidly converted IAAId to IAA using commercial ALDH (algele dehydrogenase,
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Sigma, Saint Louis, MO). IPDC activity was then observedBdPDC-spiked plant
extracts, even when theclPDC was diluted 200 times relative to the plant extracts;
however, even this system failed to detect IPDC activityeftirer the boiled control or
the non-spiked plant extracts (Figure 2.20). Theplant extract had less IAA than the T
control, and this was likely due to a slow degradation of the tid8efdéund in the
substrate and the protein extracts during the incubation. This fuxdhérmed the lack

of significant IPDC activity irArabidopsis PDC-related proteins.

2.2.7 Shade avoidance response (SAR)

Under simulated shade conditions, plants have longer hypocotyls atuhdee
hypocotyl has been ascribed to the resulting increase in aaxels| under these
conditions (Figure 2.21A; Tao et al., 2008). Since a functional TAAlskasvn to be
required to observe a SAR and the proposed product of activity of th& ploAein, an
aminotransferase, is indole-3-pyruvate when tryptophan is the substrate réasanable
to propose that an IPDC would also be required for the pathway tarijdete. Thus, as
an additional test of the potential role of the PDC genedgvo, it was important to
determine ifpdc2 mutants gave the same SAR response as TAAL. gde® mutants,
CS875641, an exon insertion line and Salk066678, a 5 UTR insertion line egézd.t
Both pdc2 mutants showed the same phenotype of SAR as the wild types.plémt
addition, mutants of each of the other members optltegene family also showed the
same phenotype under SAR conditionp@s? and the wild type plants (data not shown).

Because an active IPDC was proposed as potentially the ratiedimnzyme in the IPA
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pathway (Tao et al.,, 2008), this would suggest that analysis of atiomutof this
particular gene would be a particularly dramatic phenotypic redative to the IPA
pathway and the SAR. Thus, these findings bring into question both theistiackon
of the IPA pathway as well as the role of the homologous PDC genigyfin that
pathway. Although we can not fully exclude other mechanisms, such siblpgsotein
modifications, or association of PDCs into new complexes, or theeeges of an active
IPDC with limited homology to the known PDC/IPDC family and pbgisproperties
that make it undetectable in the protein extracts we testese thessibilities seem
unlikely. Therefore, if shade does induce an IPA pathwagrabidopsis, it does not
appear to involve any of the enzymes identified by sequence homolbgymembers of

the PDC family.
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2.3 Summary and Discussion

Four putativePDC genes were found irabidopsis by a sequence homology
search. The putativBDC genes have been cloned irfocoli using cDNA clones or
from anArabidopsis cDNA library. Bacterially expresse®PDC2was shown to be a
functional PDC with a K of 3.5 mM. AtPDC2 however does not appear to have any
measurable IPDC activity and thus is uniquely mono-functional in ctrtwahe better
studied PDCs in microbes which all have bi-functional activityaimaboth indole-3-

pyruvate and pyruvate substrates.

There was no significant IPDC activity in proteins exprebsadArabidopsis genes
assayed by a new GC-MS based method. IPDC activity was nals@bserved in
Arabidopsis protein extracts, although extracts spiked viatdhPDC showed substantial
activity. While the microbial gene produced a bi-functional PD@r¢dein that had both
IPDC and PDC activities) the enzyme produced from the Ané§pidopsis gene with
PDC activity was mono-functional and lacked measureable IPO@tyactn addition,
shade did not appear to induce the IPA pathwmayivo based on the wild type shade
response of mutants in each of the PDCs. These findings hriagquestion the
physiological significance of the IPA pathway as proposed, althoug cannot fully
exclude all potential mechanisms of activation, redundanay afvo function or of an
IPDC without significant sequence homology as well as signifigalifferent physical

properties to the known PDCs.
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2.4 Experimental procedures
2.4.1 Construction of the phylogenetic tree

All known PDC protein sequences from different plant species, inclatifaur
annotated PDC sequencesAofbidopsis, retrieved from NCBI databases were used for
the construction of a phylogenetic tree. Alignments of full girotsequences were
performed using ClustalW?2 at the homepage URL:
http://www.ebi.ac.uk/Tools/clustalw2/index.html (Lakin et al., 2007). Theegtiee
obtained from ClustalW2 was viewed and saved by TreeView (PH@5). The
alignment created by ClustalW2 was edited by BioEdit (version 7Ha8; 1999), a
biological sequence alignment editor. Genetic distance foretligesaces was calculated
with the Prodist program using the Jones-Taylor-Thornton model (Jbagsl892) and
was reestablished with the Neighbor program, using the Neigbbung method
(Saitou and Nei, 1987). The phylogenetic tree was created witvgbam. Prodist,
Neighbor, and Drawgram programs are contained in the PHYLIP seftpackage
(version 3.68; Felsenstein, 1993), and operations were performed based ontifile mul
alignments using the protein C-terminus (158 amino acids) sequences.
2.4.2 Microarray data analysis by Genevestigator

The Meta profile analysis tools of the Genevestigator softwasequeried with
the AGI (Arabidopsis Genome Initiativeodes of allPDC genegZimmermann, 2004)
The microarray analyses at various developmental stages were pedfarsing3110
publicly available ATH1 22k microarray datasets. The expressigai &t different stages

was determined by different numlzatasetdased on availability.
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The transcription expressionRBDC under hypoxia and anoxia wdsterminedoy
searching results compiled froArabidopsis 22k ATH1 microarray experiments. These
experiments include AT-158 from Perata’s lab: Effects of anfess than10 pgmt.0,
achieved by Anaerobic System model 1025; Forma Scientific, N&@grieH) and 90 mM
sucrose on seedling growth (Loreti et al., 2005), and AT-171 froneyB&8ierres’ Lab:
Change in transcript abundance and association with large polysomesponse to
hypoxia stresén sealed Lucite chambers (Baxter-Burrell, et al., 2Bv&nco-Price et al.,
2005). Northern signal values were obtained from the website soucodedewith
Image J, a Java-based image processing program developed atidimalNastitutes of
Health (Collins, 2007). Anoxia treatment had four replicate dataseid all other
treatments had two replicate datasets (see more migyoeonditions atsonzali et al.,
2005;Branco-Price et al., 2005).

Data for the cold stress (4°C) time course from AtGenExpresgded to the
database by the Kudla lab, was analyzed (Kilian et al., 2007). &hdatoot tissue of
18-day-old seedlings had been treated and collected separatdly fllowing time
points: 0.5 hour, 1 hour, 3 hours, 6 hours, 12 hours, and 24 hours. More detailed
information about the experiment that was done to obtain the public datas@ilable
from the website at:
http://arabidopsis.org/servlets/TairObject?type=expression_setidallQ07966553.

The transcription expressionRIDC in relation to the cold response (4°C) was
investigated by using public datasets obtained with Anebidopsis 22k ATH1

microarray: AT-176 from Fowler’s lab: response to CBF2 and ZAT#ession and
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response to cold in plate and soil grown plants (Vogel et al.,, 200522ATfrom
Thomashow'’s lab: response to cold, plate grown plants (Vogel et al., 2005); AT-220 from
Zhu's lab: ICE1 regulation of tharabidopsis cold-responsive transcription (Lee et al.,
2005). Northern data from above three teams decoded by Image J eete galculate
the difference between control and 24-hour 4°C treatment.
2.4.3 Cloning of AtPDC2

AtPDC2 was amplified from a stress cDNA library (kindly providedByBartel,
LeClere and Bartel, 2001) by PCR uskig polymeras€Stratagene, La Jolla, CA). The
primers were designed based on GenBank/EMBitabase sequence available for
NM_124878 (AT5G54960), and they were ATGGACACTAAGATCGGATC and
CTACTGCGGATTTGGGGGA. The PCR products were cloned direailp the
PCRT7/NT vector(Invitrogen). The resulting construct was sequenced using the T7
promoter primer: TAATACGACTCACTATAGGGA and the T7 reverse primer:
GCTAGTTATTGCTCAGCGGTG at the DNAequencingand analysis facilityof the
BioMedical Genomics Center, University of Minnesota. We constluEtecloacae
IPDC from the plasmid plP362 (kindly provided by J. Koga, Meiji SeikasKailLtd,
Japan) into the above expression system as a positive controlt $iaseboth enzymatic
activities of IPDC and PDC. The primers used for tHBDC/PDC were:
ATGCGAACCCCATACTGCGT and TCAGGCGTTATTACACGCT.
2.4.4 Expression and Purification of the AtPDC and EclPDC Proteins

E. coli BL21 (DE3) Star™ (Invitrogen) was used for transformatanthe

pPpCRT7/NT-derived expression constructs #&tPDC and EcIPDC. They were
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subsequently grown overnight in LB medium (Luria-Bertani medium) oontp 75
pg/mlof ampicillin at 37°C. 0.5 mM IPTG was added whendtiés reached an optical
density (OD) of approximately 0.6 at 595 nm. After 5 h of inductioa ttansformants
were harvested by centrifugation for 15 min at 58@9in a refrigerated (4°C) Sorvall
RC-5 centrifuge. The cell pellets wessuspended in CelLytic B Plus working solution
(Sigma). The cells were lysed by sonication at the 40%hgdVibra-Cell™, Sonics &
Materials, Inc., Newtown, CT) for 30 second and then centrifuged ab6&@dr 15 min.
The supernatant containing the soluble cell extract was applietit8-8elect™ Nickel
Affinity Gel (Sigma). The N-terminal His-tagge®tPDC and EcIPDC proteins were
purified according to the manufacturer's (Sigma) recommendati®hsg. sizes and purity
of the recombinant proteins were assessedSDS-PAGE (sodium dodecyl sulfate
polyacrylamide gel electrophoresis). Proteins were also eédteby immunoblot
(Western) analysis using an anti-polyhistidine antibody (Invitrogen).
2.4.5 PDC enzyme activity assay

The PDC assay was performed spectrophotometrically at 340 determine the
rate of acetaldehyde formation as shown by the concomitanbfatxidation of NADH
in a coupled reaction with yeast alcohol dehydrogenase (ADH;&igis determined
using a diode array UV spectrophotometer (Agilent model 8453; WaldbronmaGy).
The kinetic software mode in the Chemstation software (Agileaf used to measure
Asqo every 5 seconds, and then zero order conditions were used tatalhd rate of
NADH change. The molar extinction coefficient.) of NADH was taken as 6290 M

cm™ (Budavari et al., 1996). The purified protein was added to the reantidore
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without pyruvate and pre-incubated for 5 min at 30°C, and the react®initiated by
the addition of the substrate. The standard enzyme assay wasneelfat 30°C in the
following buffers: 10 mM potassium phosphate (pH 6.5), 40 mM imidazole(p}; and
20 mM phosphate/10 mM citrate buffer (pH 6.5; Pearse, 1980). In additioassaly
mixtures included 0.1 mM thiamine diphosphate (TPP), 5 mM Md(&0 uM NADH,
and yeast alcohol dehydrogenase (ADH, 2 IU/mL) unless othervéserided. All
reactions were started by the addition of 20 mM pyruvate ekaegetermination of Km
which was started by adding 0.2 mM, 0.5 mM, 1 mM, 1.5 mM, 2 mM, 3 mM\¥4 6n
mM, 8 mM, 10 mM, 15 mM, 20 mM, or 30 mM pyruvate, respectively. Omi¢ of
enzyme activity was defined as 1 mg of protein catalyzingléearboxylation of limol
of pyruvate per min. The initigPDC2 activity was 0.3 units per mg of protein. The
activities and th&, calculations were based on three or more replicate analyses.
2.4.6Influence of temperature and pH on PDC activity

The effect of pH oAtPDC was determined by incubating the reaction mixture at
different pH values ranging from 4.0 to 8.0 in the phosphate/citrdfter molutions. The
different pH values were achieved by changing the ratio of stoltkions of 20 mM
dibasic sodium phosphate to 10 mM citric acid (Pearse, 1980). The optimum temperature
for PDC activity was determined by performing the assaylifiérent temperatures
ranging from 24 to 60 °C at the optimal pH value (pH = 6.3). To chestkniostability
under moderate conditions, the enzyme reaction was performed at pidllévwang
incubation for O hour to 24 hours at 30°C. The effect of TPP concentration was measured

essentially the same way as described for analysis of pH, at pH 6.3 and 30°C.
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2.4.7 Analysis of IPDC activity by GC-MS

Indole-3-pyruvate (0.4 mM) was preincubatedlth mM KH,PO, with 5 mM
MgCl,and 0.25 mM TPP at room temperature (21°C) for 20 min. The incubation volume
was 300uL, and 2 mg purified recombinant protein in &0 was added to start the
reaction at 30°C. At each time point of 0 min, 10 min, and 25 minulLO@action
mixture was transferred into a tube with an equal volume of acé®ranhd then the
reaction was stopped. The mixture was extracted withuROff ethyl acetate with 180
ng indole carboxaldehyde (internal standard). The ethyl acptaise was dehydrated
with anhydrous sodium sulfate at 4°C for 1 hour. The samples wecgethjesing the
splitless mode into a 5890A gas chromatograph coupled to a model 5970 quathsple
spectrometer (Hewlett Packard, Palo Alto, CA) equipped with a,3D.26 mm internal
diameter capillary column (HP-5MS; Hewlett Packard) withrasslinked 0.25um film
of 5% phenylmethylsiloxane. The injectiport temperature was 280°C, and helium at 1
ml/min was used as the carrier gas. The column tempenatangained at 70°C during
the first 2 min, was increased by 20°C mito 280°C, and then finally was held for 5
min. The maximum sensitivity was achieved by using the selective ioriaringi(SIM)
mode. In the SIM mode, the first peak to elute was IAAId &V159m/z and a stronger
quinolinium fragment at M— 29 =130wz) and the second peak was indole
carboxaldehyde (M= 144nvz, with a base peak at M- 29 = 116/7). Retention time
and electron impact ionizationass data for the reaction product was confirmigia an
authentic standar@he quantification was based on the ratio of the peak area’dd IA

(M* = 130nv2) and internal standard (M 144m/z) as matched to the calibration curve
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based on combinations of a series of different levels of IAAlId Wik ng indole
carboxaldehyde.
2.4.8 Partial purification of PDC in Arabidopsis

The plant material used was 30-day-old seedlings planted and grewgrawth
chamber under continuous light (7nofm?s®, provided by cool white fluorescent
tubes). Approximately 30 mL of medium containing half strength Mugasand Skoog
salts (Caisson Laboratories, Inc., North Logan, UT), 1% sucrose, [0.BES (2-(N-
morpholino)-ethanesulfonic acid, Sigma) and 0.5% phytagel (Sigma), pH 5.7, wad pour
into each square Petri-dish (100 x 100 x 15 mm) and 19 seeds we@ iplacline, 1 cm
from the top edge. The Petri dishes were incubated verticallg°@t One g of freshly
harvested seedlings was ground completely using a mortar andgrestlalled on ice at
4°C. The sample was homogenized with 1.5 vol of 50 mM Tris buffer { &)
containing 150 mM NaCl, 0.2 mM DTT, 10% glycerol, 1% (wt/vol)
polyvinylpolypyrrolidone, and protease inhibitor (cocktail set VI; dathem, San
Diego, CA), and then the sample was centrifuged at 1000 x grfan.5 The supernatant
was strained through Miracloth (Calbiochem) into a new cengifogcrotube and
centrifuged at 10000 x g for 15 min. Protein was precipitated frorachible extract by
ammonium sulfate fractionation, and the ammonium sulfate concentraa®oakculated
from a website calculator: http://www.encorbio.com/protocols/AM-S@4.fAthe protein
fraction that precipitated between 0% and 25% saturation wasteallby centrifugation
at 10000 x g for 10 min. This material was then resuspended in a minimumevof 10

mM Tris/Mes buffer (pH 6.5). The supernatant was further precpitat 30% and 100%
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saturated ammonium sulfate as above. All steps were carrieat 66€ to 4°C. Protein
concentrations were determined using the Coomassie (BradfootgirPiAssay Kit

(Pierce, Rockford, IL).

2.4.9Plant extract IPDC enzyme assay

The plant material used was 3-week-old seedlings planted and gralescaed
previously. The sample was homogenized with 2 vol of 100 mM potassium phosphat
buffer (pH 7.2) containing 25 mM sodium metabisulfite, 1 mM DTT, 5% eglylc 1%
(wt/vol) polyvinylpolypyrrolidone, and protease inhibitor (Cocktail 8&t Calbiochem)
for 20 min, and then the sample was centrifuged at 10000 x g for 5 Rlant total
native protein was precipitated in 65% ammonium sulfate saturatidncollected by
centrifugation at 10000 x g for 10 min. This material was thesuspended in a
minimum volume of IPDC assay buffer (15 mM sodium phosphate with SMigial,
and 0.3 mM TPP buffer, pH 6.5). The insoluble portion was removed biyfegation
and the supernatant was dialyzed against PBS buffer (phosphate dséikne, pH 7.4)
by using a Slide-A-Lyzer MINI Dialysis Unit (3.5K MWCQO; idtce). Protein
concentrations were measured using the Coomassie (Bradford)nPhssay Kit

(Pierce).

For the IPDC assay, plant extract was incubated with 0.4 units@fl and 2 mM
NAD (nicotinamide adenine dinucleotide) in 125 pL IPDC assay batf&0°C for 15
min. The reaction was started by the addition of 250 pL of 0.4 mM ir8dplguvate in

IPDC assay buffer, followed by 2 hr incubation at 30°C. 100 uL ofdhetion mixture
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(To and &) was stopped by the addition of 150 pL isopropanol. After adding 40 ng of
[*°Ce] IAA as internal standard, each reaction was extracted,igirifnethylated and
then analyzed by using selected ion monitoring gas chromatognagds/-spectrometry
(GC-SIM-MS) as described (Barkawi et al., 2008; Appendix 1 ofttiesis).EcIPDC

and PBS buffer were used as positive and negative controls, resyeciiiece

biological replicates were analyzed for each enzyme reaction.

2.4.108AR of pdc2 mutants

Seeds were planted on medium as described above. Seedlings weratgP@rC

under light of photosynthetically active radiation (PAR) 5¢mEs*and R:FR = 11.8

(4 HID metal Halide (MH) lamps supplemented with 6 red lighbrescent tubes;
Engelen-Eigles et al., 2006). Five-day-old seedlings were traedfeo simulated foliar
shade conditions (PAR 20 @E%s*and R:FR = 0.68; 3 HID metal Halide (MH) lamps
and 6 far-red light fluorescent tubes with 50% cloth; Engelgte& et al., 2006) and
control condition (PAR 20 pEi%-s*and R:FR = 11.8; 4 HID metal Halide bulbs and 6
red light fluorescent tubes with 50% cloth) for three more daystlzen the lengths of
the hypocotyl of the seedlings were measured. T-DNA inselitn@s of mutant pdc2
(CS875641 and Salk066678) were from the ABRC (Arabidopsis Biological Resour

Center) seed collection.
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Figure 2.1. Schematic representation of pyruvate metabolismeircyttoplasm. Under
aerobic conditions, pyruvate is utilized in the mitochondria (marlsed alue shaded
area) and converted into acetyl-CoA. Acetyl-CoA goes on to footats ethanol, or
acetate under anaerobic conditions. The anaerobic stress A®#s) enzymes are
indicated in red and are proposed as being involved with anaerobic metaldel,
pyruvate decarboxylase; ALT, Alanine transaminase; ENO: e#molB&, pyruvate
kinase; LDH, lactate dehydrogenase; ACS, acetyl-CoA syrshetADH, alcohol
dehydrogenase; ALDH, aldehyde dehydrogenase.
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Figure 2.2. Comparison of the assays for enzymatic activitf’fo€ and PDC. A: PDC
activity was measured by the decrease of NADH in a coupletm. InArabidopsis,
this pathway is regulateth vivo by AtPDC2 andAtADC (alcohol dehydrogenase).
Bacterial ECIPDC as well asAtPDC2 showed high PDC activity in this assay. B:
Bacterial IPDC could be measured in the expressed proteinebiprimation of indole
acetaldehyde; however, this did not work with plant protein estrdae to the rapid
degradation of the product. In an attempt to measured IPDC adtyvipjant enzymes, a
coupled reaction was developed to measure this activity by the ghimuwf IAA.
EclPDC had IPDC activity when assayed alone or when added to ejdrdcts.
However, no IPDC was detected in plant extracts with this coupbettion and GC-MS
detection. Thus, an active IPDC férabidopsis remains an unknown. C: Indole
carboxaldehyde was the internal standard used to measure indddedyeta by the GC-
MS based method when production of indole acetaldehyde was being ssaydteE.
coli expressed proteins.
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Figure 2.3. The structure of eaBldC gene inArabidopsis. Blue solid rectangle, red
solid rectangle, and red line indicate untranslated region (UTR)p,eand intron,
respectively. AtPDC2 is an intron free gene whitPDC1, AtPDC3 andAtPDC4 have

five exons and four introns.
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Figure 2.4.Evolutionary tree of the C-terminal (158 amino acids) region oktigavn
PDC gene family product in plants using Neighbor joining (a distandbadg of Phylip.
Branch length was automatically rescaled. PDCs used iphylegenetic tree are the
following: ZmPDC1 (gi:162462437),ZmPDC2 (gi: 162458702),ZmPDC3 (gi:
162457852) fromZea mays, OsPDC1 (gi:115464407)0sPDC2 (gi: 115452421),
OsPDC3 (gi: 115474257) fromOryza sativa; (AtPDC1 (gi:15234062),AtPDC2
(91:15240423); AtPDC3(gi:15240952); AtPDC4 (gi:15240950) from Arabidopsis
thaliana; PsPDC1 (gi:1706326) fromPisum sativum; PhPDC2 (gi: 60656563) from
Petunia hybrida; NtPDC2 (gi: 1706330) fromicotiana tabacum; FaPDC(gi: 10121330)
from Fragaria ananassa. ZomPDC (gi: 118391) oZymomonas mobilis.
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Figure 2.5. The level oPDC gene expression at different developmental stages. The
Meta profile analysis tool of the Genevestigator software wasegueith the AGI codes

of all PDC genes from 3110 publicly available ATH1 22k microarray datasejsgéhe
expression of AT4G33070A(PDC1); (B), gene expression of AT5G54968tRDC?2);

(C), gene expression of AT5G0133ARDC3). Because of almost identical sequence,
the expression oAtPDC3 andAtPDCA4 are likely both reported for the data given for the
AtPDC3 gene. The numbers in parentheses indicate the datasets used.
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Figure 2.6. Expression iArabidopsis seedlings ofPDC genes as determined using
Genevestigator from data derived following hypoxia and anoxia. tidrescription
expression oPDC wasdeterminedoy searching results compiled frofnabidopsis 22k
ATH1 microarray experiments. These experiments include AT-158 theniPerata lab:
Effects of anoxia (less than 10 ug ™D, achieved by Anaerobic System model 1025;
Forma Scientific, Marietta, OH) and 90 mM sucrose on seedlingtigr@voreti et al.,
2005) and AT-171 from the Beiley-Serres Lab: change in transabphdance and
association with large polysomes in response to hypoxia sBeasro-Price et al.,
2005). The Meta profile analysis tool of the Genevestigator software wasdjugth the
AGI codes of allPDC genes. Genevestigator northern signal values were obtained from
the website source (Zimmermann, 2004). Error bars show standardethe mean
(SEM). Anoxia treatment has four replicates and all othatrtrent have two replicates.
AT5G33070, AT5G54960, and AT5G01320 corespond At®DC1, AtPDC2, and
AtPDC3/AtPDCA4, respectively.
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Figure 2.7. Time course of expression of the At4g330%PC1) gene in roots and
shoots. Data from a cold stress time course were obtained fit@BnEXxpress, as
provided by the Kudla lab, and were analyzed (Kilian et al., 2007). @hdatoot tissue
of 18-day-old seedlings had been treated at 4°C and then collepiathisly at the
following time points: O hr, 0.5 hr, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr. Eaalntent had
two replicates. A: expression in roots; B: expression in shoots.
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Figure 2.8. Time course of expression of the At5g5496PHC2) gene in roots and
shoots. Data for the cold stress time course were from AtGee&spas provided by the
Kudla lab, and were analyzed (Kilian et al., 2007). Shoot and roog tegsi8-day-old
seedlings had been treated (4°C) and were collected sepatatbly fallowing time
points: 0 hr, 0.5 hr, 1 hr, 3 hr, 6 hr, 12 hr, and 24 hr. Each treatment badpicates.
A: expression in roots; B: expression in shoots.
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Figure 2.9. Expression ifrabidopsis seedlings ofPDC genes as determined using
Genevestigator from data derived following cold stress (4°C). Gstigator stimulus
signal values were obtained from the website source (Zimmerniz004). The
transcription expression d?DC in the cold response was investigated by using the
Arabidopsis 22k ATH1 microarray dataset (control and 24-hour treatment): AT+br6 f
the Fowler lab: response to CBF2 and ZAT12 expression and resporad to plate
and soil grown plant®/ogel et al., 2005); AT-221 from the Thomashow lab: response to
cold, plate grown plants (Vogel et al., 2005); AT-220 from the Zhu @B1lregulation

of the Arabidopsis cold-responsive transcription (Lee et al., 2005). The Meta erofil
analysis tool of the Genevestigator software was queried matAGI codes of alPDC
genes. Five pairs of northern datasets decoded by Image lsestdo calculate the
difference between control and 24-hour 4°C treatments, and eacmane¢adbad two
replicates. Error bars show SEM.
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Figure 2.10. 4-15% SDS-PAGE gel (sodium dodecyl sulfate polyacgangel
electrophoresis) of purified recombinant AtPDC2 stained with Gelddlde Stain
Reagent (Pierce, Rockford, IL). Lane M indicates Precision PtoteiR All Blue
Standard¢Bio-Rad,Hercules,CA) with their sizes listed in kilodaltons (left) and lane 1
showspurified recombinant AtPDC2.
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Figure 2.11. PDC enzyme activity was measured by the slope detimease in NADH
concentration £As40). The assay mixture contained 0.2 mM TPP, 5 mMM$0 mM
sodium phosphate (pH 6.2), 150 uM NADH and 2 units of ADH. Data wasdezto
automatically at 5 second intervals using the kinetic mode on ¢ilerA 8453 diode
array spectrophotometer system. The slope using data in pink shewseasured
enzyme activity rate, and the lag due to substrate activatishawn by the blue time
points in the first 10 minutes.
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Figure 2.12. Effect of TPP concentration on the PDC activitktBDC2. The data are
shown as the binding &tPDC2 to different concentrations of TPP in the presence of 25
mM pyruvate (A; PDC activity is 100% when TPP is 0.3 mM) &mkeweaver-Burk
double reciprocal plot (B).
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Figure 2.13. Optimal pH, temperature, and thermostability for PDC2 activityheA, t
influence of pH on activity oAtPDC2; B, the effect of temperature on activity of
AtPDC2 (pH 6.3); C, the thermostability AfPDC2 at 30°C (pH 6.3). Letters over the
bars in C indicate the results form an analysis of varialid®YA) followed by a
Tukey's PosHoc test (using the SPSS software package; SPSS Inc., Chicago, IL) that
was performed on the enzyme thermostability data. Samples with diffettens are
significantly different at P < 0.05; error bars represent SEM.
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Figure 2.14. K, AtPDC2 and binding of TPP a#dPDC2. The buffer used was 10
mM sodium phosphate (pH 6.2) at 30°C. MAPDC2 activity of pyruvate substrate
concentration curve; B, Lineweaver-Burk plotAtPDC2 activity.
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Figure 2.15. Representative ion chromatogram for the products of D€ H3say
reaction analyzed by GC-SIM-MS. The peaks shown on the kfiram IAAld, which

has a molecular ion (M=n/z 159, green) and a stronger quinolinium fragment M

29 =m/z 130, blue) and the peaks shown on the right are from indole carboxaldehyde,
which has molecular ion (M=m/z 144, red) and a base peak (M 29 =m/z 116,
black).
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Figure 2.16. Standard concentration plot for calibration of the IPD@renZEcIPDC)
assay. The calibration plot of IAAId was linear in the raafj — 3 ng. Axes X and Y
stand for the log value of IAAId concentration (ng/uL) and ofréte of abundance of
IAAId to abundance of indole carboxaldehyde, respectively.
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Figure 2.17. IPDC activity dEclPDC at different time points as determined by GC-MS.
Enzyme reaction mixtures were incubated at 30°C for O min, 10 min2%anaiin,
respectively, and then reactions were stopped by adding an equal aflacetonitrile.
Enzyme assays had, as controls, sets using heat denatured protesatsandthout
protein. The quantification was based on the ratio of the peak ardaAdd

(M* = 130nV2) and the internal standard {M 144m/z) and compared to the calibration
plot. Each treatment had three replicates and error barseepi®EM.The error bar of
treatment ‘native 10 min’ was too small to see.
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Figure 2.18. IPDC activities fdeclPDC andAtPDC2 as determined by GC-MS. Black
and grey bars show the average rat€E@dPDC and AtPDC2, respectively. Break starts
from 0.001 to 0.179.
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concentrations from protein extractsArabidopsis. Each treatment had three replicates
and error bars represent SEM.
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Figure 2.21. Under simulated shade conditions, plants had longer hypocbhdsPAR
for both simulated foliar shade and control was 20mif:s™. A, Col-0 phenotype with
shade treatment; B, Shade avoidance response of Colgaleththutants.
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Figure S2.1. Comparison of the amino acid sequences of RR2€Eh gene product
(AtPDC1, accession number gi:15234082PDC2, accession number gi:15240423;
AtPDC3, accession number gi:152409882DC4, accession number gi:15240950) from
Arabidopsis. The ClustalW program (NPS@) was used to align the sequences
Numbering corresponds to the location of amino acid residues iRRXC2 protein. In
alignment, “-” stands for a gap and “*”, *:”, “.” and “ 7 indicaeamino acids that show

identity, or are strongly similar, weakly S|m|Iar, or different, respebt.

112



460 470 480 490 500
I I I I

At PDC3 GYEFQVQYGS| GABVGATL GYAQAT- - - - PEKRVL SFI GDGSFQVTAQDV
At PDCA GYEFQVQYGS| GABVGATL GYAQAT- - - - PEKRVL SFI GDGSFQVTAQDI
At PDC1 GYEFQVQYGS| GABVGATL GYAQAS- - - - PEKRVLAFI GDGSFQVTVQDI
At PDC2 GYEFQVQYGS| GASVGATL GYAQAM - - - PNRRVI ACI GDGSFQVTAQDV
ZnoPDC RVEYENMQAGHI GABVPAAFGYAVGA- - - - PERRNI LMVGDGSFQLTAQEV
ScPDCL YG SQVLWGS| GFTTGATL GAAFAAEEI DPKKRVI LFI GDGSLQLTVQE!
ScPDC5 YAl VQVLWGS| GFTVGAL L GATMAAEEL DPKKRVI LFI GDGSLQLTVQE!
ScPDC6 YG SQVLWGS| GFTTGATL GAAFAAEEI DPNKRVI LFI GDGSL QL TVQE!

Figure S2.2. Sequences alignments of four PDCs from microbes atidgpB2aCs from
Arabidopsis. The ClustalW program (NPS@: Network Protein Sequence Asjplyas
used to align the sequences. Numbering corresponds to the locationinof acrd
residues in theAtPDC3 protein. AtPDC1, accession number gi: 15234082PDC2,
accession number gi: 1524042&PDC3, accession number gi: 152409%2PDC4,
accession number gi: 15240920noPDC of Zymomonas mobilis, accession number gi:
118391).
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Chapter 3

The pyruvate decarboxylase and/or indole pyruvate
decarboxylase gene family irArabidopsis
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3.1 Introduction

Thiamine pyrophosphate (TPP), a major biologically active phospledyla
derivative of thiamine, is a cofactor in many important enzymeall living systems.
TPP and divalent cations such as’Mare required for the activity of the enzymes of the
TPP-dependent family in microbes. The members of this familjudacpyruvate
decarboxylase (PDC), indole pyruvate decarboxylase (indoletBApy acid
decarboxylase or indolepyruvate decarboxylase, IPDC), and acetohyaoxsynthase
(AHAS, also referred to acetolactate synth#@des reviewed in Hohmann and Meacock,
1998). It was found that the amino acids at the catalytic cehfePC and at the M
binding sites are highly conserved in all species studied to(Hatekins et al., 1989;
Dyda, et al., 1993). In addition, those enzymes share a conserved ppiogieodomain,
a pyrimidine domain, and a structure where TPP is tightly bowigetinterface of both
domains, thus forming tight dimers or even tetramers (Dyda, et al., 1993; Ganstell.,

2008).

Auxins, an essential group of phytohormones, are involved in plant viahility
essentially every stage of a plant’s life cycle. Auwewels and the metabolic events that
control auxin levels are strictly regulated by complex biochahmechanisms, including
redundant pathways for biosynthesis, conjugation and conjugate hydrolysspoita
and degradation (Cohen and Gray, 2006). Not only are these processatedegyplant
developmental signals but the control mechanisms are also resptnbiagic or non-

biotic stress, and even environmental factors such as light aperare. The indole-3-
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pyruvate (or indole pyruvic acid, IPA) pathway, one of the trypdopdependent
pathways, has often been proposed as the main auxin biosynthetic yp&ostacurta
and Vanderleyden, 1995; Taiz and Zeiger, 1998). More recently, basedveral
different lines of physiological responses, it has been proposed #&it, Ta gene
encoding a protein with aminotransferase actiuityitro, is potentially the first step of
the IPA pathway (Stepanova et al., 2008; Yamada et al., 2009). Houtew@s also
suggested that it may not be the key rate-limiting enzymeyjrtophan-dependent IAA
biosynthesis based on the fact that no auxin overproduction phenotype or longe
hypocotyl under simulated foliar shade conditions was found for TAAl-ex@ession
lines (Tao et al., 2008). The second proposed step in the IPA pathwatg IRAId, is
thought to be catalyzed by an IPDC. In microbial IAA biosynthdsis is the rate-
limiting enzyme in the IPA biosynthetic pathway, as first dbscr in Enterobacter
cloacae (Koga, 1995). However, a functional IPDC has not yet been found in plants.
There are a few candidate orthologues ofEheloacae IPDC (EcIPDC) gene present in
Arabidopsis as shown by sequence analysis. These genes alRROQUPDC genes, one
PDC-like gene, and on@HAS (see Chapter 2). It was not possible to detect, in
Arabidopsis protein extracts, measurable IPDC activity even when usintewly
developed, sensitive, and highly reliable gas chromatography-massospetry based
assay. This finding likely excludes an expected role in IAA bithesis for these gene
products; nevertheless, the other potential phenotypes of PDC familg gesre
investigated in this chapter in order to determine if the obdgrtienotypes confirm the

invitro analysis.
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3.2 Results and Discussion

3.2.1 Homologs of known bacterial IPDC irArabidopsis

A search with the BLASTP programsAnabidopsis protein databases showed that
the IPDC of Enterobacter cloacae (EcIPDC, accession number @i:118333) was
homologous to six putativeDC-like family genes, which were named AS’DC1,
AtPDC2, AtPDC3, AtPDC4, AtPDC-like, and AtAHAS. The whole protein sequence
identity and similarity betweeiclPDC andAtPDC1-4 are 31%-33% and 49%-50%,
respectively. The identity and similarity betwdetiPDC andAtPDC-like are 23% and
38%, respectively, while the identity and similarity betw&etiPDC andAtAHAS are
23% and 40%, respectivelfeclPDC and these six amino acid sequences of the PDC-like
family (AtPDC1, At5g33070, accession number gi: 1523406&:PDC2, At5g54960,
accession number gi: 15240428PDC3, At5g0133(Q accession number gi: 15240952;
AtPDC4, At5g01320, accession number gi: 15240988HAS, At3g48560,accession
number gi: 58331777AtPDC-like, At5g17380,accession number gi: 15237954) were
aligned by the ClustalW program at NPS@ Network Protein Sequénedysis
(Combet, et al., 2000). Protein sequence alignment shows that C-fedumain
sequences are highly conserved and they have the TPP-enzyme motif,
PXXXXXXXXGD (P and GD were separated by 8 amino acids), fier TPP binding
site, as would be expected for this class of enzymes (Figur€Bapter 2).AtPDC2, a
real PDC gene,encodes a protein with levels of amino acid sequence identity of 82%,
80%, 81%, 39%, and 39% to AtPDC1, AtPDC3, AtPDBHDC-like, and AtAHAS
respectively.
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Similar searches with the BLASTP programs analyzingAttabidopsis protein
databases showed that the typical “AHAS” Esdcherichia coli strain K-12 sub-strain
W3110 EcAHASIII, accession number gi: 89106961) was also homologous to products
of these six homologous genesAmabidopsis. Among them AtAHAS has the highest
homology with an identity of 40% and a similarity of 608PDC-like has the second
highest homology with an identity of 26% and a similarity of 44%he homology
between bacterial AHASIII andtPDC1-4 is low with identity of 20% and similarity of
40%. The C-terminal amino acid sequences of bacterial AHAS and PDC candiniates f

Arabidopsiswere conserved (Figure 3.2).

3.2.2 Structure of PDC family genes iArabidopsis

AtPDC1 is on chromosome 4 amtAHAS is on chromosome 3, wheread’?DC2,
AtPDC3, AtPDC4, andAtPDC-like are all on chromosome SAtPDC3 and AtPDC4 are
aligned next to each othektPDC1 and AtPDC2 both have the same number of amino
acids, 607, whileAtPDC3, AtPDC4, AtAHAS, andAtPDC-like have 592, 603, 670, and
572 amino acids, respectively. Coincidently, the activitAttiDC2 and AtAHAS, the
only intron-free genes in this family, have been identified (Chh&ytRoux et al., 2005),
while the functions of the other family members have yet tolderlg shown AtPDC-
like has one intron whil&tPDC1, AtPDC3, andAtPDC4 have four introns (Figure 3.3).
The size and order of exons AfPDC1, AtPDC3, and AtPDC4 are quite similar. For

example, the first exon and third exon are larger than the other exons (Figure 3.3).

3.2.3 Subcellular localization prediction for PDC family genes
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Predictions of protein localization were performed using the wejogong Predotar,
PSORT, and TargetP (Small et al., 2004; Emanuelsson et al., 2004 ; axakKanehisa,
1991).Predotar (Prediction of Organelle Targeting sequenceshésiial network-based
program capable of identifying plastid transit peptides (as waslisignal peptide
sequences) amongst eukaryotic genome sequences (Small et al., ZDE4getP, a
subcellular predictor, relies on the detection of an N-terminakitraequence using
neural networks for pattern recognition (Emanuelsson et al.,, 2000RP&nalyzes the
input sequence and its source origin by applying the designed algoritinvarious
sequence features of known protein sorting signals (Nakai and Kanehisa, 19HASAtA
showed a high probability of chloroplast localization (scores of 0.95-@®#&scale of
0-1.0 by the three web programs shown in Table 3.1), while AtPDCD@E2PAtPDC4,
and AtPDC-like did not appear to be plastid-localized proteins. bitegly, a transit
peptide was predicted by TargetP, but not by Predptar and PSORSMHEDIC3. Of
course, each program can vyield either false positives or fagatives, and such
contradictions among programs need to be resolved experimentadly tlkough TargetP
performed very well on prediction of mitochondrial and plastid trapeftides and
secretory pathway signal peptides, the success rate oetesias 85% (Emanuelsson et
al., 2000). Therefore, more investigation will be required to resbkvaifference and to

confirm the specific subcellular localizations of these gene products.

3.2.4 Phylogenetic tree analysis
A phylogenetic tree was generated using the TPP binding doma&@n AHAS

protein sequences including the 6 candidate sequenéeslmtiopsis. The tree indicated

119



that microbial AHASs were grouped together, and they were quierafit from plant
AHASSs. In addition,AtAHAS was distinct from other PDC proteins Arabidopsis
(Figure 3.4). AtAHASappeared to have evolved in parallel to AHASBofnapus
(Bekkaoui et al., 1991). This confirmed th&AHAS is a uniqueAHAS gene in
Arabidopsis althoughAHAS was shown to be a family of five genesBrassica napus

(Ouellet et al., 1992).

A similar tree was generated using the TPP binding domaigniéicsint structural
feature of all known IPDC proteins including the six candidate sequehégeabidopsis
(Figure 3.5). The tree showed that AtPDC1-4 were significantlferdiit from the

reference microbial IPDC sequences.

3.2.5 Microarray data analysis

To investigate differential gene expression of PDC family géé8 ATH1 22k
microarray datasets were queried by the GenevestigataraseftThese results showed
that the PDC gene family had a different pattern of expression through sequential
developmental stages (Figure 3.6). Throughout the entire lifee,cy&t5g01330
(AtPDC3)/At5g01320 AtPDC4) had very low expression while At3G4856&tAHAS)
showed especially high expression. The difference might bedelatAtAHAS being a
chloroplast localized gene product since chloroplast proteins are athengnost
abundant cellular proteins. At5G17388RDC-like) and At5g54960AtPDC?2) had very
similar expression patterns, which were characterized by emante at an abundant

expression level relative to the other genes in the family. relstiag, At4g33070
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(AtPDC1) has a very low level of expression from bolting through the flmgestage,

but has a higher level of expression at earlier and later stages.

3.2.6 Shade avoidance response (SAR)

The IPA pathway, where tryptophan is converted to IPA followed by

decarboxylation to IAAId by IPDC and then oxidized to IAA, had bgleown to be one

of the main auxin biosynthetic pathways in microbes (Taiz and Zel§98), and its
presence is often found in beneficial plant-associated bactditk @ al. 1999). Based
largely on physiological evidence obtained while studying simultdkar shade (low
ratio of red light to far-red light, R:FR) and shade-inducecrdases in growth of
Arabidopsis lines, IPDC was postulated to be a potential rate-limitmzye in the IPA
pathway (Tao et al., 2008). Under low R:FR, CS83680tagha mutant defective in a
gene encoding an aminotransferase) had the same short hypaeentgitype as control
(high R:FR) treatment (Figure 3.7; Tao et al., 2008). This findegmed to confirm
that a functional TAAL1 was required in order to observe a shadéeamca response
(SAR). Based on the hypothesis put forward by Tao et al. (2008puild be expected
then that a mutation of a functional IPDC, if it existed, would hasarédar phenotype
relative to the SAR as was shown tgal. Mutants of AtPDC2, a unique mono-
functional PDC, showed the same SAR phenotype as WT plants (Chapter 2). This
provides genetic evidence that adds support torthero analysis that showed no IPDC
activity for AtPDC2, provided that the original hypothesis relatoveaal and SAR was

correct. To investigate if other PDCs were involved in SAR, poss&iplacting as an
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IPDC that was not detected by our methodspddl mutants were treated under foliar
shade conditions. Mutants of the other members oPI€ family genes also showed
the same phenotype under SAR conditionpde® and the wild type plants (Figure 3.7).
This observation, coupled with the finding that there was not measuPd{& activity
even inArabidopsis total protein extracts (Chapter 2), suggests that none of theneazy
identified by sequence homology to proteins encoded byDt family of genes are
functionally involved in the SAR and brings into question the relatipnséiween shade

avoidance and any IPA-like IAA biosynthetic pathwayAnmabidopsis.

3.2.7 Herbicide resistance assay

The relationship between thAeabidopsis AHAS and PDC family genes suggested
experiments to investigate the inhibition of AHAS-type herbicidesArabidopsis in
order to suggest a possible function of one or more members ofjghis family.
Specifically, if any members of this gene family were fiorally involved in the
biosynthetic pathway for the branched-chain amino acids, one wogplectethat a
deletion mutation in that gene would alter the response to the herfdidag et al.,
2005). Seedlings of Col-0 and ptic mutants were sprayed with different concentrations
of Telar DF (chlorsulfuron; DuPont, DL) and Raptor (ammonium of immaza BASF,
NC). In the case of Telar treatment, a concentration of 60 pM (09 killed 100%
of the seedlings while a concentration of 3.8 pM (18.9 [fykilled around 80% of the
seedlings (Figure 3.8A and 3.8B). This result was consistent aviphevious report
(Jander et al., 2003). A similar result was observed in the caBapibr treatment: a
concentration of 21 mM (15.76 pgdn killed 100% of the seedlings while a
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concentration of 2.34 mM (1.75 pg3nkilled around 70% of the seedlings (data not
shown). To determine thesgl (herbicide concentration giving 50% inhibition)
concentration of chlorsulfuron and imazamox Asabidopsis, seven-day-old seedlings
planted on agar plates were transferred onto a range of herbandentrations. Root
growth inhibition was observed one day after treatment, whileseturned yellow in
four days and shoot growth inhibition was observed in five to six dayes.lsgHor
chlorsulfuron inArabidopsis was estimated in the range of 1 nM to 10 nM while the |
of imazamox was around 10 fold higher than #aef chlorsulfuron (Figure 3.9A, 3.9B,
and 3.9C). Therefore, chlorsulfuron was more active than imazamoirdbrdopsis.
Considering the similar biological effect caused by chlorsoitfuand imazamox
(McCourt et al., 2006), imazamox was used for a more detailed enafythe o for
inhibition using a greater number of concentration levels. Fh®flimazamox for

Arabidopsis was shown to be 11.8 nM (Figure 3.9D).

All pdc-family mutants, including the twa@has mutants, did not show any
resistance or enhanced sensitivity to chlorsulfuron (data not shownjar, no
detectable resistance or increase in sensitivity to imazamasxshown by all thedc

mutants (data not shown).
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3.3 Summary

Among all sbPDC genes studieditPDC2 is the only structurdPDC gene found
in Arabidopsis. No detectable IPDC or PDC enzyme activity was observed iothe
PDC genes. While this result may seem unusual, it is in fact not dissimilar touhtosit
observed in yeast, wheRDC1, PDC5, and the weakly express&DC6 are structural
genes, while the function dPDC2 is unknown and expression of the functionally
inactivePDC3 andPDC4 genes reduce PDC activity and alter glucose fermentatten r
accordingly (Hohmann and Cederberg, 1990; Hohmann, 1991). Since the activity of
PDC enzymes has been shown to function via formation of a shared sitdi between
dimers (Sergienko and Jordan, 2002), the formation of heterodimersdmeactive and
inactive or less active protein pairs appears in yeast to exlaamism for modulation of
overall PDC activity. Such a mechanism for regulation of dgtiai yeast would in part
account for the observation thatpdcl deletion mutation had a distinctly different
phenotype from the catalytically inactivedcl-8 point mutation (Schmitt and
Zimmermann, 1982; Schaaff et al.,, 1989; Hohmann and Cederberg, 1990).axdas
bacterial PDCs are typically found as tetramers that caodate into fully functional
dimers after exposure to elevated pH. PDCs of plant origin arerktmform aggregate
structures from tetramers to complexes as large as 1 MBrigK1998), suggesting an
essentially endless number of associations composed of hetero- andlinoen pairs. In
addition, for the PDCs in yeast, it has been shown that deletion ahdhe strongly
expressedPDC1 gene stimulates the activity of the promoters of RIIC1 andPDC5
structural genes. The repressive effect of protein expressi®DGntranscription also
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seems to be independent of the catalytic activity (Eberhardal.et1999). This
phenomenon is called PDC autoregulation (Hohmann and Cederberg, 1990)w&/hile
do not as yet know the proteins that make up the dimer pafsabidopsis nor do we
know if regulatory responses similar to PDC autoregulation owtthr plant PDC and
PDC-like genes, the presence of genes encoding proteins that show no ,activity
presumably when assayed as homodimers, suggests that a sindlanmem to that
proposed for yeast might be possibleAirabidopsis as well. This possibility should be
explored in future studies and the methods established in this studg alowl detailed

future investigations on this aspect of PDC regulation in plant systems.

All Arabidopis PDC T-DNA insertion mutants were found to share the same
responsive phenotype to shade avoidance as did wild-type plants. Thisapgsars to
confirm ourin vitro studies that could not detect IPDC Anabidopsis gene products
expressed itfe. coli nor in enzyme extracts from plant material. It also sugdkatshe
hypothesis that th€AAL gene product produces IPA that is acted upon by an IPDC needs
to be reexamined.

None of thepdc mutants showed a change in resistance to chlorsulfuron or
imazamox herbicides, and this result suggests that althoughdrékateequence to the
AHAS genes, the product of which is the established herbicide tangegene products
are not likely functioning as AHAS-like enzymes involved in branchinchaino acid
biosynthesis. This result is also consistent with a hypothlesistie inactiveAtPDC

genes may play a role in PDC activity regulatiodiabidopsis.
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3.4 Experimental procedures

3.4.1 Construction of phylogenetic trees

All known IPDC protein sequences from different microbes andaalllidates in
Arabidopsis were retrieved, aligned, and edited using methods described in CBRapte
The TPP binding module (for example, amino acid sequence of 385- 468R1C)
was chosen to demonstrate the genetic distance using Seqgboot, Pxpaensus, and

Drawgram programs in the PHYLIP software package (version 3.68; Felaeh9@3).

Similarly, AHAS sequences with the TPP binding domain (for exarhpB amino
acids from 391-583 iB. napus) were used to demonstrate the relationship of AHAS

from different species.

3.4.2 Prediction of protein localization sitesin cells

An assortment of bioinformatic software is available to idensiipcellular
localization target sequences. Analyses of the deduced aminoeagidnses oPDC
gene family members were performed for possible subcellokalizations. The
programs utilized for these studies included the web-site versfonsPredotar v.1.03
(http://urgi.versailles.inra.fr/predotar/predotar.ntml; Small et. &004), PSORT
(http://psort.ims.u-tokyo.ac.jp/form.html; Nakai and Kanehisa 1991), argefRarv.1.01

(http://www.cbs.dtu.dk/services/TargetP/; Emanuelson et al. 2007).

3.4.3 Microarray data analysis by Genevestigator
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The transcriptional expression data analysis for all six carmdRC genes in
plant tissues at different development stages were queried ts@nenevestigator

software as described in Chapter 2.

3.4.4 Cloning of all PDC candidate genes

Cloning of alPDC genes was the same as the method used for clonigPDC2
described in Chapter 2AtPDC1, AtPDC3, AtPDC-like, and AtAHAS were cloned by
PCR from cDNA clones U18426, U22953, U25039, and S69379, respectively, provided
from the Arabidopsis Biological Resource Center (ABRC). The pameere:
ATGGACACCAAAATCGGATCGA and CTACTGAGGATTGGGAGGAC for

AtPDC1;, ATGGACGTCCGAAGTCTACC and CTACTGAGGATTGGGAGGAC for

AtPDC3; ATGGCGGATAAATCAGAAACCACTCCAC and
TTAGTTCTTGTGCTGTAATCTCCCACTC for AtPDC-like;
ATGGCGGCGGCAACAACAACAACAACAACATC and

TCAGTATTTAATCCGGCCATC for AtAHAS. AtPDC4 was cloned from eéDNA
stress library (kindly provided by B. Bartel, Rice University) PCR using the primers
ATGGACACCAAAATTGGAGC and CTACTGAGGATTGGGAGGACGA. Theahes
with insertion of PCR products were chosen for enzyme digestiopeéife pattern of
enzyme digestion was used to select colonies for the corieataiion. Plasmid DNA
was isolated from positive transformants and was further rooedi by sequencing.

Finally, all PDC genes were over-expressed by induction ofxpeession of T7 RNA
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polymerase with 0.5 mM IPTG (isoprop§tD-1-thiogalactopyranoside). Recombinant

proteins were purified using the methods described in Chapter 2.

3.4.5 SAR of pdc mutants

Seeds germination, growth conditions, and shade treatments werscabeikin
Chapter 2. T-DNA insertion lines Salk090204, Salk087974, CS872403, Salk142717,
Salk053813/Salk002944, and CS836803 were T-DNA insertion mutapchf pdc3,
pdc4, pde-like, ahas, andtaal, respectively. Their insertions were in exon areas except
Salk053813 and Salk002944, whose insertions were in the 5’ UTR (untranstated.re
All T-DNA insertion lines including CS875641 and Salk066678 (T-DNA insettites
of mutantpdc2) were from the ABRC seed collection.

3.4.6 Test for herbicide resistance

For analysis of seedling plants growing on soil, approximately 1068 sé€ol-0
or pdc mutants were planted in 9-cm plastic pots. Nine-day-old segsdiiere sprayed
with Tela® DF (chlorsulfuron, active ingredient 75%; DuPont, DL) and Ré&ptor
(ammonium of imazamox, active ingredient 12.1%; BASF, NC) usimgssprized track
sprayer equipped with a TP8004EVS nozzle (Spraying Systems Co.toWhlg at a
boom height of 46 cm and 18.7 ml9earrier volume. Rapt8rwas applied at 1.75 pg'm
2 and 15.76 pg ihwhile Telaf was applied at 18.9 pghand 301 pg . One week

after treatment, seedling viability was recorded following visuduatian.

For analysis of seedlings growing in Petri plants on solid medesds were

planted on germination medium as shown in the Appendix. Seven-day-olthgeedtre
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transferred to the treatment medium supplemented with 0 - 1 hidsalfuron p-
Chloro-N-[[4-methoxy-6-methyl-1.3.5-triazin-2-yl)amino]carborghzenesulfonamide;
Chem Service Inc., West Chester, |Pdr 0 - 10 uM imazamox [Raptor®/(RS)-2-(4-
Isopropyl-4-methyl-5-oxo-2-imidazolin-2-yl)-5-methoxy-methylnioad  acid; Chem
Service Inc., West Chester, PA] and were allowed to growaforadditional 4 days.

Primary root length was measured and the plates were photographed.
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3.6 Table

Gene AGIl code | Length | Prediction tools* Localization
name (aa #) | Predotar| PSORT| TargetP(cTP)
AtPDC1 | At4g33070| 607 0 0.126 0.199 No
AtPDC2 | At5g54960 | 607 0 0.126 0.384 No
AtPDC3 | At5g01330 | 592 0.01 0.2 0.504 ?
AtPDC4 | At5g01320 | 603 0 0.126 0.433 No
AtPDC- At5G17380| 572 0.01 0.28 0.148 No
Lljt(iHAS At3G48560| 670 0.97 0.95 0.976 Yes

Table 3.1 List of predicted protein localizations for six PD@didate genes. * These
three scores show the probability of plastid localization as geetliby the respective
programs. If the value is over 0.5, it is likely that the targetitagis the chloroplast and
“Yes” will be given to cTP; otherwise, it will be “No”. cTP = predictgdoroplast transit
peptide; ? = unknown/could not be determined based on conflicting rasubisg the
three prediction programs.

3.7 Figures
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550 560 570 580 590 600

| | | | | |
At PDC3 VGATL GYAQATPEKRVL SFI GDGSFQVTAQDVSTM RNGQKTI | FLI NNGGYTI EVEI H

At PDC4 VGATLGYAQATPEKRVLSFI GDGSFQVTAQDI STM RNGQKAI | FLI NNGGYTI EVEI H-
At PDC1 VGATLGYAQASPEKRVLAFI GDGSFQVTVQDI STMLRNGCKTI | FLI NNGGYTI EVEIl H-
At PDC2 VGATLGYAQAMPNRRVI ACI GDGSFQVTAQDVSTM RCGKTI | FLI NNGGYTI EVEI H-
Ecl PDC LAAAFGAQTACPNRRVI VLTCDGAAQLTI QELGSMLRDKQHPI | LVLNNEGYTVERAI HG
At AHAS LPAAI GASVANPDAI VWDl DGDGSFI MNVQELATI RVENL PVKVL L L NNQHL GWMME-

ATPDC- | i ke LGYCl AAAVASPDRL VWAVECDSGFGFSAMEVETLVRYNLAWI | VENNGGVYGGEDRRG

* k. * - * % ek %

Figure 3.1. Sequence alignments of EcIPDC and homologous proteinarabidopsis.
The ClustalW program (NPS@: Network Protein Sequence Analysis)used to align
the sequences. Numbering corresponds to the location of the speaific acid residue
in the EcIPDC protein. AtPDC1, accession number gi: 15234088°DC2, accession
number gi: 15240423AtPDC3, accession number gi: 15240922PDC4, accession
number gi: 1524095cIPDC of Enterobacter cloacae, accession number gi: 118333;
AtAHAS, accession number gi: 583317AIPDC-like, accession number gi: 15237954).
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550 560 570 580 590 600
| | | |

At PDC3 GWEVGATLGYAQATPEKRVLSFI CDGSFQVTAQDVSTM RNGOKTI | FLI NNGGYTI EVE
At PDCA GWEVGATLGYAQATPEKRVLSFI GDGSFQVTAQDI STM RNGQKAI | FLI NNGGYTI EVE
At PDC1 GWEVGATL GYAQASPEKRVLAFI CDGSFQVTVQDI STMLRNGOKTI | FLI NNGGYTI EVE
At PDC2 GWEVGATL GYAQAMPNRRVI ACI GDGSFQVTAQDVSTM RCGOKTI | FLI NNGGYTI EVE
ECAHASI | | GFGLPAALGVKMALPEETVWCVTCGDGSI QUNI QELSTALQYEL PVLVVNLNNRYLGWKQ
At AHAS GFGLPAAI GASVANPDAI VDI DGDGSFI MNVQELATI RVENL PVKVLLLNNQHLGWMQ
Ec AHASI GFGLPAAI GAALANPDRKVL CFSGDGSLMWNI QENVATASENQLDVKI | LIMNNEAL GLVHQ
ECAHASI | GFGLPAAVGAQVARPNDTVVCI SGDGSFMVNVQEL GTVKRKQLPLKI VL L DNQRLGWRQ

At PDC- | i ke GVGLGYCl AAAVASPDRL VWAVECDSG-GFSAMEVETLVRYNLAWVI | VENNGGVYGGDR

* * . * . * % . « .

Arabidopsis. The sequences were aligned by using the ClustalW progra@NP
Network Protein Sequence Analysis). Numbering corresponds to t@loof specific
amino acid residues in the AHAS Ill &. coli. Accession numbers foAtPDC1,
AtPDC2, AtPDC3, AtPDC4, AtAHAS, and AtPDC-like are gi: 15234062, 15240423,
15240952, 1524095®8331777, and 15237954, respectively and accession numbers for
E. coli AHAS I, II, and 1l are gi: 89110341, 15833956, and 89106961, respectively.
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AtPDC I — 2149bp

AtPDC 2 I —— 2075bp

AtPDC3 I 2053bp

AtPDC4 e S S S S 1994bp

AtAHAS I 2270bp

AtPDC-lik e — 1906bp

Figure 3.3. The structure ®DC candidate genes froArabidopsis. Blue solid rectangle,
red solid rectangle, and red line indicate UTR, exon, and introrectasgly. AtPDC2
and AtAHAS are intron free genes whil&tPDC-like has one intron andtPDC1,
AtPDC3, andAtPDC4 each have four introns.
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Figure 3.4. Phylogenetic tree showing similarity among AH#enes. Sequences of
AHAS genes are available from GenBank. Phylogenic oglships were calculated with
SEQBOOT, PROTPARS, and CONSENSUS programs and creat€@RBYWGRAM
from the PHYLIP software package. The bootstrapped value®fa@utotal of 100) are
indicated on the branches to show the level of support of eachonotihe tree. Source
names are shown as follows: S.cere, Saccharomyces cerebmkae'q yeast); V.cart.,
Volvox carteri; C.rein., Chlamydomonas reinhardtii; B.scop., Bassia scoparia
(burningbush); O.sati.QOryza sativa (rice); A.myos.,Alopecurus myosuroides (slender
meadow foxtail); M.vagi.,Monochoria vaginalis (heartshape false pickerelweed);
S.junc., Schoenoplectus juncoides (rock bulrush); S.trif.,Sagittaria trifolia (threeleaf
arrowhead); B.tect.Bromus tectorum (cheatgrass); B.napu8rassica napus (oilseed
rape); M.trun., Medicago truncatula (annual medic, relative of alfalfa); A.tube.,
Amaranthus tuberculatus (roughfruit amaranth); P.rhoe?apaver rhoeas (corn poppy);
S.asperSonchus asper (spiny sowthistle); C.micrCamelina microcarpa (littlepod false
flax); L.mult., Lolium multiflorum (Italian ryegrass); O.taurQstreococcus tauri (marine
green alga; smallest-known free-living eukaryote); N.tadWi@gtiana tabacum (tobacco);
Z.mays, Zea mays (maize, corn); G.hirs.,Gossypium hirsutum (cotton); E.coli,
Escherichia coli.
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Figure 3.5. Phylogenetic tree showing similarity among mictdBBBC genes and the
Arabidopsis genes used in this study. Sequences of specific IPDC genesadliable
from GenBank. Phylogenic relationships were calculated witQEBBEOT, PROTPARS,
and CONSENSUS programs and created by DRAWGRAM in the PHY¥biBvare
package. The bootstrapped values (out of a total of 100) are indicatedlartbees to
show the level of support of each node on the tree. Source nanssare as follows:
Y.enter., Yersinia enterocolitica; P.atros., Pectobacterium atrosepticum; F.tular.,
Francisella tularensis; R.eutro, Ralstonia eutropha; B.BTAIl, Bradyrhizobium sp.
BTAIl; S.epide, Staphylococcus epidermidis; M.aceti., Methanosarcina acetivorans;
R.palus., Rhodopseudomonas palustris, E.cloac., Enterobacter cloacae; A.brasi.,
Azospirillum brasilense; A.lipof., Azospirillum lipoferum; P.mirab.,Proteus mirabilis;
B.cereu. Bacillus cereus; P.agglo. Pantoea agglomerans; S.enter.Salmonella enterica;
G.viola., Gloeobacter violaceus;S.CC9311, Synechococcus sp. CC9311; A.bauma.,
Acinetobacter baumannii; M.avium, Mycobacterium avium; S.WH7803,Synechococcus
sp. WH 7803; D.psychDesulfotalea psychrophila.
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Figure 3.6. The differential expressionRIDC genes at different stages of development
in Arabidopsis. 4070 ATH1 22k microarray datasets were queried by the Genevesstiga
software. (A), gene expression of AT4G3307@&tPDC1); (B), gene expression of
AT5G54960 AtPDC2); (C), gene expression of AT5G01338tRDC3). Because of
almost identical sequence, the expressionABIDC3 and AtPDC4 are likely both
reported for the data given for th¢PDC3 gene. (D), gene expression AfPDC-like;

(E), gene expression 8tAHAS. The numbers in parentheses indicate the datasets used.
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Figure 3.7. Under simulated foliar shade conditions [Red:Far R#R] ratio of 0.68],
plants have longer hypocotyls. Seedlings were grown at 22°C under dight
photosynthetically active radiation (PAR) of 50-pE-s*and R:FR = 11.8 for 5 d and
then transferred to shade conditions (PAR 2Cmifs® and R:FR = 0.68) or control
conditions (PAR 20 p#Enr%s*and R:FR = 11.8) for another 3 days. T-DNA insertion
lines are Salk090204dcl), Salk087974 dc3), CS872403 dc4), Salk142717 ddc-
like), Salk053813 ghas), and CS836803tdal). Their T-DNA insertions were in the
exon areas except for Salk053813, whose insertion was in the 5’AllTiRsertion lines
were from the ABRC (Arabidopsis Biological Resource Center) seed oofiect
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Figure 3.8. Nine-day-old seedlings of Col-0 anddhas mutant were sprayed with 18.9
ng/m? and 301ug/n? Telar®. Plants without treatment (bottom row of four pots) were
used as the controls. A, Comparison between Col-0 and Salk053Ba§ (inder
treatment; B, Comparison between Col-0 and Salk002&+#$)(under treatment.
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Figure 3.9. The inhibition ofArabidopsis growth by treatment with different
concentrations of imazamox and chlorsulfuron. Seedlings were giowi days on
unsupplemented medium and then transferred to the treatment mediutinewribicated
concentration of herbicide for an additional 4 days.

A, Representative Col-0 seedlings after being treated wiibrsulfuron (SU) for four
days.

B, Inhibition of Arabidopsis seedlings (Col-0) treated with imazamox (IM).

C, Primary root growth reduction of both wild-type (black bar) ani#é082944 @has,
red bar) four days following 0-10 uM treatment with the herbicide grimary root
lengths were measured (n=9). Error bars indicate standard error ofah¢Sai).

D, Primary root growth reduction of both wild-type (black bar) and G68% pdc2, see

Chapter 2, blue bar) under 0—300 nM herbicide treatment. The length of the primary roots

was measured (n > 8). Error bars indicate SEM.
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4.1 Summary of work and main conclusions

4.1.1AtPDC2 is a unique functional PDC ofArabidopsis

Pyruvate decarboxylase is a critical enzyme in plant metabdiiat regulates
energy productiomspeciallyduring periods of anaerobic stress. As shown in this work,
AtPDC2 has now been identified in Chapter 2 as a unique monofunctioliiPD
Arabidopsis, and this result was confirmed by methods of molecular cloning, biochemical
characterization, and GC-MS analysis of putative products. In @hapt was shown
that proteins expressed from the genes with close homolodPRC2 lacked both PDC
and IPDC activity, and it was proposed that this might suggesuéatexy role for these

proteins in modulation of PDC activity, similar to a mechanism found in yeast.

4.1.2 AtPDC2 has PDC activity but lacks significant activity towardindole-3-

pyruvate

It had been demonstrated that PDC and IPDC are bi-functiondiesof the same
proteins in microbes. Enzymes that are primarily either & PD an IPDC protein
display activities of varying levels of activity toward both dtdies: pyruvate and
indole-3-pyruvate. This has led to an unresolved question in plant metatsihse
indole-3-pyruvate is thought to be a precursor to the signalingcoieléndole-3-acetic
acid and production of substantial levels of a signal regulataer fiegpiratory regulatory
enzyme was difficult to reconcile with our understanding of hormogabing systems.

However, in Chapter 2 it was shown that there was no signific®€ I&ctivity in the
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AtPDC2 protein expressed i coli although it was a fully functional PDC. In Chapter
3, data were presented that showed the proteins produEeddah for otherArabidopsis
genes with close homology to PDCs, as wellAagbidopsis protein extracts, lacked
measurable IPDC activity even when assayed by a sensitivexanting GC-MS based
method. These findings bring into question the role of the proposed IPA paihweA

in plants since without a functional IPDC activity; it is now rleac how such a process

might proceed.

4.1.3 Enzymatic activity of IPDC is measured by GC-MS methods

Due to the fact that indolepyruvate and indoleacetaldehyde dreubstable in
solution and during analytical procedures, it is difficult to acclyateeasure IPDC
activity using traditional assays including those based on HPLOChépter 2, indole
carboxaldehyde was introduced as an internal standard in ordeutataty measure the
levels of indole acetaldehyde produced in the enzymatic assaysity GC-MS for
detection. This provided an accurate quantitative assay with hsginaase of product
identity. Assays of plant-derived enzymes, however, produced no nigasiAald
even when spiked with actieclPDC protein. This appeared to be due to the aldehyde
reacting with something in the plant extracts. Thus, in ordasgay the products formed
from proteins isolated fromrabidopsis plant extracts, the GC-MS based IPDC assay
method was modified by using a coupled reaction that rapidly convédd formed in
the reaction to IAA by using a commercial aldehyde dehydrage (ALDH) and

assaying the 1AA formed by GC-MS after methylation. Bothhese methods are highly
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sensitive and accurate for the assay of IPDC activity, asrdeted by using a positive

control,EcIPDC.

Taken together, the results of this work represent the firstpiedmansive
functional analysis of the PDC gene familyAnabidopsis. The results show that many
of the preconceived ideas about these genes need to be reevalyseiicaly, there
appears to be only a single active PDC, AtPDC2, and it ladk€ I&ctivity. The other
members of this family appear to be inactive and this suggeastgulatory function for
these proteins. Finally, deletion mutants of each member of thef&bDiy all fail to
give an altered shade avoidance response, providing genetic evidahtieey are not

functionally linked to the activity of the TAAL gene.

4.2 Future directions

These experiments open up at least three directions for futuhest First, the
disconnect between the relationship between TAA1l and IPDC should prowpdetant
guidance for additional studies of the shade avoidance response s p&etond, the
possibility of alternative reactions substituting for an acti?d®C needs additional
attention before the IPA pathwayAmabidopsis can be excluded. Finally, understanding
the role of the inactive PDC proteins, potentially as regulapwoeins, need to be
followed up in a plant system, and these data now rAa#taidopsis the most advanced

plant species in which to pursue such studies.
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TAAL, an aminotransferase proposed to be linked to plant IPDC activity bysisatal
of the step previous to a IPDC function in the IPA pathway, hasnttgcbeen
substantially studied in plants by at least three groups (Talo, @008; Stepanova et al.,
2008; Yamada et al., 2009). It was proposed that TAAL1 might be involvedgan
development and responses to ethylene, auxin transport inhibitors, ancagbai@ece.
However, a gene(s) encoding a functional IPDC enzyme, whidteisate-limiting step
of the IPA pathway in microbes, has not been identifigplants. These present studies
show that the genes most likely to be candidates for an IPDIC dach activity.
Furthermore, every single gene T-DNA insertion mutant of them®lidate genes
identified by sequence homology did not shiaal-like phenotypes (Table 4.1). While
it might be important to determine the shade avoidance phenotype otdtigie, or
guadruplepdc insertion lines to assuage any doubts about functions of hetersdiaer
more fruitful approach for future studies is to determine thealnodit fate of IPA in
plants. AsArabidopsis has a wealth of novel indolic pathways, it is far from certéin a

this point that IPA serves as a precursor to IAAiVo.

The dilemma faced by pollen during germination is to balance dretvapid
growth, a process of high energy consumption in competitive environmehiig
managing the conditions of an energy crisis such as hypoxia orawxia.  Thus,
pollen tube elongation may result in the redirection of energy meabob ethanolic
fermentation, in which ethanol is produced during pyruvate assimilagyoRDC and
other enzymes. PDC2, the only PDC expressed in petunia polldre rate-limiting
enzyme in the PDH bypass pathway, which provides acetyl-CoA totaimaienergy
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production (Gass et al., 2005). The situation is more complex in otiseles, for
example in roots during flooding. In order to better understand regulafiadhe
functional activity of PDC, it will be critical to identifyhich genes are expressed during
pollen germination as well as during other times of respiratoegs The data in this
thesis suggest that a fruitful area for future study is &néxe the role of heterodimers in
the regulation of activity of the functional enzyme. A combinatiomohunoaffinity
approaches, coupled with analysis of the specific proteins, shoulddseliye some of
these questions. In addition, more detailed expression analysis, pbyhapmitoring
GFP localization following expression using PDC-GFP constructsmiby the promoter
of each PDC would be helpful. In addition, gene expression of each dabe
identified by real-time quantitative PCR. This method will befuisto confirm PDC
autoregulation usinggdc mutants and to detect which PDC is induced under different
stress conditions such as cold, anoxia, or even pollen elongation. Fanadghnique
used with yeast, where the promoters and structural geneatarehanged, might be

useful to understand the relationship among the PDC genes in the family.
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Gene name AGI code Mutants (insertion position) Overexpressior
lines
AtPDC1 At4g33070 | Salk090204, exon pBI1.4t-PDC1
AtPDC2 At5g54960 | Salk066678 (5’ UTR) pX7-PDC2
CS875641 (exon)
Salk053097 (5' UTR)
AtPDC3 At5g01330 | Salk087974 (exon) pBI1.4t-PDC3
APDC4 At5g01320 | CS872403 (exon) pBI1.4t-PDC4
CS843662 (5" UTR)
AtPDC-like | At5G17380| Salk142717 (exon) N/A
AtAHAS At3G48560 | Salk002944 (5’ UTR) N/A
Salk053813 (5’ UTR)
EclPDC pX7-IPDC

Table 4.1 A list of the T-DNA insertion lines and overexpressiorslofePDC family
genes used in this study. The T-DNA lines were obtained fourcss detailed in each
chapter and the overexpression lines were generated in thess.dtlidie untranslation
region; N/A, homozygous lines are not available yet; pX7 is angst-receptor-based
chemically-inducible system (kindly provided by Dr. Nam-Hai Chliae¢ Rockefeller
University); pBl1.4t, a plant transformation vector with modifiedM¥ 35S promoter
(kindly provided by Dr. Fumi Katagiri, University of Minnesota).
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Appendix

The Arabidopsis ASA1 Gene Is Important for Jasmonate-mediated Regulation of

Auxin Biosynthesis and Transport during Lateral Root Formation
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6.1 Abstract

Plant roots show an impressive degree of plasticity in adapkeng branching
patterns to ever-changing growth conditions. An important mechanisnmlyingethis
tremendous ability of adaptation is the interaction between horraodadlevelopmental
signals. Here we analyze the interaction of jasmonate witim aoxegulate lateral root
(LR) formation through characterization of &nabidopsis mutant,jasmonate-induced
defective lateral rootl (jdil/asal-1). We demonstrate that, whereas exogenous jasmonate
promotes LR formation in wild type, it represses LR formationdl/asal-1. JDL1
encodes the auxin biosynthetic ggldTHRANILATE SYNTHASE al (ASA1), which is
required for jasmonate-induced auxin biosynthesis. Inspection of auximbwtisn
through monitoring expression patterns of the auxin respopsdt@A2: GUS reporter
reveals that jasmonate elevates local auxin accumulation imags meristem of wild-
type roots, whereas it reduces local auxin accumulation in thérbasatem of mutant
roots, suggesting that in addition to activad®Al-dependent auxin biosynthesis,
jasmonate also affects auxin transport. Indeed, jasmonate matifesxpression of
auxin transport genes in afSAl-dependent manner. We further provide evidence
showing that the action mechanism of jasmonate to regulate LRtiormthroughASAl
differs from that of ethylene. Our results highlight the impw&aofASAL in jasmonate-
induced auxin biosynthesis and, reveal a role for jasmonate irttémuation of polar
auxin transport in the root. Jasmonate action therefore resdltetuning local auxin

distribution in the root basal meristem that appears to be critical for LRafiam
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6.2 Introduction

Root systems of higher plants mainly consist of an embryonic prroatr and
post-embryonically developed lateral roots (LRs). Root branching ofokiRation in
higher plants is influenced by a wide range of environmental eidsas nutrients and
water availability in the soil (Malamy, 2005). The plasticityL&f formation is of critical
importance for sessile plants, allowing them to compete for reseun the soil and
adapt to constantly-changing growth conditions. The mechanisms by \placks
incorporate diverse regulatory signals into the developmental pnogird.Rs are under

active investigation.

Extensive studies iArabidopsis thaliana have detailed the developmental processes
associated with the initiation and later development of the lat@vaprimordium (LRP).
A LRP is derived from the pericycle founder cell located in vasctissues of the
primary root (Malamy and Benfey, 1997; Casimiro et al., 2001; Dubrous&l,2001).
An early event at the onset of LRP initiation is that a kmahber of mature pericycle
cells adjacent to the xylem poles divide asymmetrically tmfdaughter cells which are
shorter than the flanking undivided pericycle cells. These daughtsrticeh undergo a
series of precisely oriented cell divisions and expansions leaditige tiormation of a
new organ. Eventually, an emerged LR contains a meristem whgledsantially the

same structure as that of the primary root meristem.

Despite structural and cytological changes occurring during Liiation and

development, the underlying molecular mechanisms are not yetuindlgrstood. The
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phytohormone auxin seems to play an important role during eachastageformation
(Casimiro et al., 2003; De Smet et al., 2006; Fukaki et al., 2007; Nibal, €1008;
Fukaki and Tasaka, 2009). Physiological studies have indicatedpfilataéion of auxin
stimulates LR formation (Celenza et al., 1995), whereas applicafigoolar auxin
transport (PAT) inhibitors prevents LR formation (Casimiro et2001; Himanen et al.,
2002). Wherea®rabidopsis mutants with elevated endogenous auxin levels have an
increased number of LRs, mutants with defective auxin transportpgiercer signaling
consistently show reduced LR formation (Casimiro et al., 2003; Det $mal., 2006;
Nibau et al., 2008). The essential role of auxin during LRP developmenbden
confirmed and refined by recent in-depth investigations using tken-eesponsive
reporter DR5:GUS (Benkova et al., 2003; Dubrovsky et al., 2008). These studies
elegantly demonstrated that auxin is the local instructivaeasifpr specification of
founder cells that give rise to LRPs. Furthermore, establishofiemt auxin gradient with

its maximum at the tip is important for proper LRP developments Tnadient is
dependent on PAT mediated by the PIN-FORMED (PIN) auxin effacilitators

(Tanaka et al., 2006; De Smet et al., 2006; Michniewicz et al., 2007).

In contrast to auxin, little is known about the action of jasmonatdérdiormation.
As a stress hormone, jasmonate plays a well-established roégyukation of defense
responses to herbivore attack and pathogen infection (Creelman and 1A8I&t Turner
et al., 2002; Browse, 2005; Wasternack, 2007; Howe and Jander, 2008; Kazan and
Manners, 2008). In addition, jasmonate also regulates many aspeasitofnoiwth and
development (Creelman and Mullet, 1997; Turner et al.,, 2002; Browse, 2005;
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Wasternack, 2007). For example, it has long been recognized that tipplica
jasmonate inhibits root growth (Ueda and Kato, 1980). This action hasbgxoyed as

the basis for the most prominent genetic assay to idensfggaate-related mutants in
Arabidopsis (Staswick et al., 1992; Turner et al., 2002; Wasternack, 2007), which have
significantly advanced our understanding on the molecular mechanigins jakmonate
signaling pathway (Creelman and Mullet, 1997; Turner et al., 2002; 98502005;

Wasternack, 2007; Howe and Jander, 2008; Kazan and Manners, 2008).

Here we report the characterization of Amabidopsis mutant designated as
jdil/asal-1 that essentially does not form LRs in the presence of 20 uM MihdA
methyl ester of jasmonic acid (JA). Using the mitotic pra@mnogporter construct
proCYCBL;1:GUS as a LRP reporter, we show that while MeJA promotes LRdtom
in wild type, it represses LRP initiation jdl1/asal-1. Gene cloning studies indicate that
JDL1 encodes the auxin biosynthetic geAETHRANILATE SYNTHASE ol (ASAl),
leading to a hypothesis that jasmonate regulates LR formationgtnrcrosstalk with
auxin and its biosynthesis. Our results not only highlight the importah@SAl in
mediating jasmonate-induced auxin biosynthesis, but also reveal aditteesked ability
of jasmonate to down-regulate PIN1 and PIN2 protein levels. We prapatisgsmonate
both controlsASAl-dependent auxin biosynthesis and, attenuates PIN-dependent auxin
transport, providing a fine-tuned regulation of local auxin accumulatidime root basal

meristem that is essential for LR formation.
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6.3 Results

6.3.1jdI/asal-1 is a jasmonate response mutant in LR formation

The inhibitory effect of jasmonate on primary root growth has betmegognized
and widely employed as a genetic assay to identify jasmeskted mutants in
Arabidopsis. We found that jasmonate promotes LR formation in wild-type (WT)
Arabidopsis plants. Under our growth conditions, MeJA at 1 uM, a concentratiodithat
not significantly affect primary root growth, increased the nuraebéotal LRs (including
LRPs and emerged LRs) by 83% (Figure 6.1B). MeJA, at condensaif 10 uM or 20
KM, significantly inhibited primary root growth (Figure 6.1C) and@ased total LRs by
about 33% (Figure 6.1B). When MeJA concentration was raised to 50 uMrpnioot
growth was severely inhibited (Figure 6.1C), and the promotionalt &ffecR formation
was not significant (Figure 6.1B). To explore the mechanismsofgaate action on LR
formation, we performed a forward genetic screen for seediiregsdid not show LR
formation when grown on medium containing 20 uM MeJA (see METHOBeedlings
that appeared similar to WT without MeJA but had reduced LR towman the presence
of MeJA were identified agll/asal mutants. Here we describe the characterization of the

jdll/asal mutant.

In the absence of MeJA, LR formation joil/asal-1 was only slightly reduced
compared to WT (Figures 6.1A and 6.1B). Detailed morphological casopaindicated
that, when grown on MeJA-free medium, LR developmendifvasal-1 was largely

normal (Supplemental Figure 6.1). To gain insight into the developmbatis for
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jasmonate action on LR formation, WT aipdll/asal-1 seedlings were grown on
medium containing a range of concentrations of MeJA and total viéte counted.
Interestingly, while MeJA application led to increased numbér®tal LRs in WT, it
exerted a repressive, rather than promotional, effect on LR fammatijdll/asal-1
(Figure 6.1A and 6.1B). Under our experimental conditions, 20 uM MeJ/Auffisient

to block the overall ability ofjdil/asal-1 to form LR (Figure 6.1A and 6.1B,
Supplemental Figure 6.1). Therefoyd,l/asal-1 represents a jasmonate response mutant

for LR formation.

To determine which stage of LR formation is blocked by MeJadlihasal-1, the
proCYCB1;1:GUS reporter was introduced into thell/asal-1 mutant background
through genetic crossing. TpeoCYCB1;1:GUSreporter marks the very first divisions in
pericycle cells during LR initiation and serves as a useful toolisualize the LRP
initiation and later development processes (Casimiro et al., 2005ndmet al., 2002;
Laplaze et al., 2007). Microscopic monitoringppbCYCB1;1: GUS expression indicated
that MeJA perturbs the initial anticlinal division of pericyclelle leading to LRP
initiation in thejdl/asal-1 mutant. For example, in the presence of 20 uM MeJA, GUS
was expressed in the primary root tip and LRP initiation sité&/T root (Figure 6.1D
and 6.1E). Indil/asal-1 root, however, GUS expression was only found in the root tip,
but not in pericycle cells (Figure 6.1F and 6.1G). Therefok&/asal-1 is impaired in

LRP initiation in response to jasmonate.
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Althoughjdil/asal-1 was defective in MeJA-induced LR formation, this mutant
showed normal response to MeJA in primary root growth (Figure 6sl@yesting that
JDL1 represents a critical component required for MeJA-regulatefbir®Ration, but not

for MeJA-induced inhibition of primary root growth.

6.3.2 JDL1 codes for ASA1l, a rate-limiting enzyme for the biosynthesiof

tryptophan, a metabolic intermediate for IAA production

The deficiency ofdll/asal-1 in MeJA-induced LR formation provides a facile
assay to determine the molecular basis of this defect using a map-baseg approach.
Using 1621 individuals showing thedll/asal-1 phenotype from a F2 mapping
population, thgdll/asal-1 mutation was mapped to a region between two molecular
markers on the BAC clone MJJ13 of chromosome 5 (Figure 6.2A). DNA seiqgeand
comparison of the predicted genes in this interval revealed & @b A nucleotide
substitution in the annotated gene At5g05730 (Figure 6.2B), which was previously shown
to encode ther-subunit of ANTHRANILATE SYNTHASE (ASA1) (Niyogi and Fink,
1992). Anthranilate synthase converts chorismate to anthranilaae-bnmiting step for
the biosynthesis of tryptophan, a metabolic intermediate for |AAsyithesis

(Radwanski and Last, 1995; Woodward and Bartel, 2005).

The G to A mutation ipdll/asal-1-derived ASALl occurs in the third exon and
results in a substitution of the predicted *ffgo a premature translational stop codon
(Figure 6.2B). Reverse transcription-PCR (RT-PCR) analydisated that this mutation

impairs the transcriptional expression A&Al1 (Figure 6.2C). We then analyzed two
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independent mutant alleles ABA1l. A homozygous T-DNA line, Salk 040353, which
contains a T-DNA insertion in the ninth exonAfAl (Figure 6.2B), showed a similar
MeJA-induced LR phenotype aglll/asal-1 (Figure 6.2D). F1 plants between
Salk 040353 and WT (Col-0) showed WT response to MeJA in LR formation,
suggesting that homozygous Salk 040353 harbors a recessive mutation §E2g)rd-1
plants from a cross betweegnlll/asal-1 and Salk 040353 showed defective LR
formation in the presence of exogenous MeJA, indicatiagjdi1l/asal-1 is allelic to
Salk 040353 (Figure 6.2D). In addition, tivei2-2 mutant, recently shown to be a null
allele of theASAl gene (Stepanova et al., 2005), also exhibited similar jasmonate-
induced LR formation defect (Figure 6.2E). Together, these refitonstrated that the
MeJA-induced LR formation defect ¢dl1/asal-1 is caused by loss-of-function of the
ASA1 gene. We therefore refer tlibL1 as ASAl, as this corresponds with the known
biochemical function of this gene. Accordingly, the origindll mutant was re-
designated assal-1, Salk 040353 was re-designated emal-2 and wei2-2 was re-

designated aassal-3 hence force.

Several independent studies have demonstrated that loss-of-funcigflakesults
in defective tryptophan biosynthesis and, as a consequence, leadedacton of
endogenous IAA levels (Rutherford et al., 1998; Ljung et al., 2005; Stepan@la et
2005). In this context, we reasoned that the LR formation phenotyddaisal-1 might
be caused by defective auxin biosynthesis. In our feeding experiments, 10 m@ax®g
anthranilate, a direct product of the ASA1 protein, fully resched.R formation defect
of jdll/asal-1 in the absence or presence of MeJA (Figure 6.3). Exogenous applichti
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tryptophan, a precursor of auxin biosynthesis, also correcteglitiasal-1 phenotype
(Figure 6.3). Finally, IAA at 10 nM, a concentration that does not shegraficant
effect on root growth of WT seedlings (Rahman et al., 2001; Stepanaka205), was
also able to partially restore the LR formation defectjdii/asal-1 (Figure 6.3).
Together, our feeding experiments support the notion that the LRtfompdnenotype of

jdil/asal-1is, in fact, caused by a defect in auxin biosynthesis in the presence of MeJA.

6.3.3ASA1l is important for MeJA-induced IAA biosynthesis

To study the role of th&SA1 gene in jasmonate response in LR formation, we
examined the MeJA-induced expressionASAl. For this experiment, 12-d-old WT
plants were treated with MeJA armkBAl transcript levels in whole seedlings were
measured with quantitative RT-PCR (qRT-PCR). As shown in Figudé, ASAL
transcript elevation was seen as early as 0.5 h after Medfnent, with a maximum
level reached after 2 h. The MeJA-induc@8Al expression showed a tendency of

reduction in a time course between 2 h to 9 h after MeJA treatment (Figure 6.4A).

To study whether the MeJA-induced expressioi®Al requires the function of
COI1, a central regulator of jasmonate-mediated process@sabidopsis (Xie et al.,
1998), we compared the MeJA-induca8Al expression in WT and thaoil-1 mutant
(Xie et al., 1998). Northern blot analysis using RNAs from whole segdshowed that
the MeJA-induced expression ABAL is largely reduced iroil-1 (Figure 6.4B). We
further examined the MeJA-inducé&®Al expression in shoot and root tissues by qRT-
PCR and found that theoil-1 mutation abolished MeJA-inducesBAl expression in
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both shoot and root tissues (Figure 6.4C). These data indicated thataelahtes the

expression oASAl in a COI1-dependent manner.

The MeJA-inducedASAl expression pattern was also examined with ASAL
promoter fused with the GUS reportgordASAL:GUS). At 5-d-old seedling stage,
proASAL:GUS was mainly expressed in the root tip and the hypocotyl/root amcti
(Figure 6.4D and 6.4F). MeJA treatment not only significantly enhapics&BALl: GUS
expression in the root tip, but also expanded its expression domainutavdssues
along the whole primary root (Figure 6.4E and 6.4G). In additioASAl, MeJA also
increased the transcription levels of several other auxin biosysttedated genes
(Supplemental Figure 6.2). Among theAEB1 (Stepanova et al., 200 T3 (Kutz et
al., 2002) andyUCCA2 (Cheng et al., 2006) have been shown to be directly involved in
IAA biosynthesis. Our promoter-GUS assays indicated that Maiisantly enhanced
the expression oASB1, NIT3 andYUCCA?Z in the root (Supplemental Figure 6.2). These
data suggest that MeJA induces IAA biosynthesis through transcriptiotization of
ASA1 and other auxin biosynthetic genes. To investigste this possibigymeasured
free IAA levels of 12-d-old WT anpll1/asal-1 seedlings. Without MeJA treatment, free
IAA levels injdil/asal-1 seedlings were slightly lower than those in WT (Figure 6.4H)
After MeJA treatment, however, free IAA levels in WT wedenost doubled, whereas
free IAA levels in the mutant were only increased by 50%uieig.4H), indicating that

ASA1l is required for MeJA-mediated induction of IAA biosynthesis.
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Taken together, these results demonstrated thaA$A#& function is required for
jasmonate-induced auxin biosynthesis and led us to hypothesize thahgsmegulates
LR formation through activation of thé&SAl-dependent auxin biosynthesis and
subsequent response. Further support to this hypothesis came frornding fihat
jasmonate failed to promote LR formation in ®#el (Fukaki et al., 2002) andrf7-1
arf19-2 (Okushima et al., 2005) double mutants (Supplemental Figure 5.3), in MRih

initiation is abolished as a result of disrupted auxin signaling.

6.3.4 MeJA-regulatedprol AA2:GUS expression in WT andjdl1/asal-1 roots

To explore how jasmonate interacts with auxin to differentiedigulate LR
formation in WT andjdll/asal-1, we examined the spatial distribution of the auxin
response in WT angll 1/asal-1 roots using the auxin-responsive repopied AA2: GUS,
which provides a greater spatial resolution of the auxin responke moat (Swarup et
al., 2001; Marchant et al., 200Z&yor this purpose, we introduced tpeolAA2:GUS
reporter into thgdll/asal-1 mutant background and compared the MeJA-induced GUS
expression between WT arjdll/asal-1 roots. In this experiment, we paid special
attention to theprolAA2:GUS expression in a region at the transition between the
meristem and the elongation zone, referred to as the root bassteme the site of LRP
initiation (Beemster et al., 2003; De Smet et al., 2007). In untre@téd roots,
prolAA2:GUS was expressed in the stele and columella cells (Figure 6.58n MeJA
treatment,prol AA2: GUS expression was strongly enhanced in the stele and ectopically

induced in the lateral root cap and epidermal cells (Figure 6sbigpesting that MeJA
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up-regulates auxin response in WT roots. As expected, the MeJateckdip-regulation

of prolAA2:GUS expression was significantly reduced in the jasmonate-insensiti
mutantcoil-1 (Figure 6.5C and 6.5D). Consistently, the MeJA-mediated induction of LR
formation was largely abolished ooil-2 (Xu et al., 2002), in which LR formation is
largely normal in the absence of MeJA (Figure 6.5l)jdi/asal-1 roots, the basal
expression oprolAA2:GUS was somehow lower (Figure 6.5E) and, most surprisingly,
MeJA treatment led to a significant reductiomodl AA2: GUS expression, particularly in
the root basal meristem (Figure 6.5F). These results indidghtgdwhereas MeJA
increases auxin response in basal meristem of WT roots, nuatés auxin response in
basal meristem qjfdll/asal-1 roots. The contrasting action of MeJA on the root auxin
response between WT ajail/asal-1 is consistent with the distinct effect of MeJA on
LR formation between the two genotypes. As MeJA can actualigase free IAA levels

by up to 50% indll/asal-1 whole seedlings (Figure 6.4F), a plausible explanation for
the MeJA-induced reduction girolAA2:GUS expression injdil/asal-1 root is that
MeJA might exert a negative effect on local auxin accunurain the mutant root,

especially in the root basal meristem.

Among the two physiologically distinct auxin transport pathways, bahphloem-
based auxin transport from source leaves and the local PAT in theawintbute to
auxin accumulation in the basal meristem (Swarup et al., 2001; @vearal., 2005;
Blilou et al., 2005; Leyser, 2005). It has been proposed that the auxin o#tuer
protein AUX1, which functions in both auxin transport routes, plays amaiennecting
the phloem-based transport of I1AA to the PAT system (Swarup, &081; Marchant et
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al., 2002; De Smet et al., 2007). In this context, we first checkedghenate-induced
expression ofprolAA2:GUS expression iraux1-22 (Swarup et al., 2007), a null mutant
disrupting the function of AUX1. The results indicated that the Meigfge¢red induction
of prolAA2: GUS expression was largely abolishedamx1-22 (Figure 6.5G and 6.5H),
suggesting that the jasmonate-mediated activation of auxin resjpotise root requires
the function of AUX1. Next, we checked the LR promotional effectagimonate in
several auxin transport mutants includeugkl-22, axr4-2 (Dharmasiri et al., 2006) and
lax3 aux1-21 (Swarup et al., 2008). Due to defective auxin transport capaditiese
mutants showed reduced LR formation in the absence of MeJA (F&Ghe As
expected, MeJA failed to restore LR formation of these mutanW®T levels (Figure

6.51), indicating that MeJA-mediated induction of LR formation requires auxmnsport.

The idea that MeJA affects auxin transport (both phloem-based triaasgd?AT)
during LR formation was substantiated by comparative inspectionhef auxin-
responsive reporte@R5rev:GFP (Ottenschlager et al., 2003) aBdR5: GUS (Ulmasov
et al., 1997) in WT anpll1/asal-1 roots. In WT roots, MeJA up-regulated the expression
of these reporters in root tips (Supplemental Figure 6.4) and &iRReinitiation sites
along the primary root length (Supplemental Figure 6.5)dIlhasal-1 roots, however,
MeJA down-regulated the expression of these reporters in psofSupplemental Figure

4) and at the LRP initiation sites along the primary root length (Supplenfeguaé 6.5).

6.3.5 Jasmonate modulates expression of auxin transport components
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To explore how jasmonate regulates auxin transport during LR fomnate
investigated the effect of MeJA treatment on the expressiosewéral important
components of the auxin transport machinery. Using transgenic domsining the
proPIN1:GUS proPIN2:GUS and proAUX1:GUS reporters, respectively, which have
been used previously to monitor the native gene expression (Viedaén2205; Ruzicka
et al., 2007), we observed a general induction effect of MeJA on thessigr of these
auxin efflux and infux genes at the transcriptional level. B@ngple, when 5-d-old
seedlings grown on control medium were transferred to medium cmgalO uM
MeJA, obvious up-regulation qiroPIN1:GUS (Figure 6.6A and 6.6B)roPIN2:GUS
(Figure 6C and 6D) anproAUX1:GUS (Figure 6.6E and 6.6)xpression was detectable

within 12 h after transfer.

To quantitatively assess the effect of MeJA on the expressitresd genes, we
performed gRT-PCR analyses using RNAs extracted from Mesbded roots. To
address whether thdl1/asal-1 mutation affects the action of MeJA on the regulation of
these genes, we examined the expressidAi, PIN2 and AUX1 in roots of WT and
jdil/asal-1. Similar to thepromoter:GUS assays, MeJA treatment led to a general
increase oPIN1, PIN2 andAUX1 mRNAs in WT roots (Figure 6.6G). Importantly, the
MeJA-mediated induction oPIN1 and PIN2 expression was obviously reduced in
jdil/asal-1 roots (Figure 6.6G). Notably, whereas MeJA up-regulalgX1 expression
in WT roots, this hormone significantly down-regulafddX1 expression indll/asal-1

roots (Figure 6.6G). These results demonstrated that MeJA regulatepitbesen of the
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auxin transport-related genes at the transcriptional level anddtiggdi the importance

of ASAL in this regulation.

Finally, we asked whether jasmonate might regulate auxin transfaied genes at
the protein level. For these experiments, 4-d-old WTjdldasal-1 seedlings grown on
control medium were transferred to medium without or withuRDMeJA. Forty-eight
hours after transfer, PIN1 and PIN2 protein levels were assbgsatmunolocalization
assays. As shown in Figure 6.6H to 6.61, MeJA treatment led ttastilas reduction of
PIN1 and PIN2 protein levels in WT roots. Significantly, the Medédiated reduction
of PIN1 and PIN2 protein levels julll/asal-1 roots was much more severe than that
observed in WT roots (Figure 6.6J and 6.6K), suggesting th&3h& gene function is

important for jasmonate-mediated down-regulation of PIN1 and PIN2 protein. levels

6.3.6 The Action of Jasmonate to Regulate LR Formation Is Indepeedt of

Ethylene

Recent reports have demonstrated that ethylene regulatésrrh&ion through
interaction with auxin (Negi et al., 2008; Ivanchenco et al., 2008). Tohtepossibility
that jasmonate might act through the ethylene pathway to tegul formation, we
checked the MeJA-induced LR formation in ethylene insensitive mugtt@ andein2-
5. ETR1 encodes one of the ethylene receptofrabidopsis (Chang et al., 1993EIN2
encodes a membrane protein with unknown biochemical function and playstae
role in ethylene signaling (Alonso et al., 1999). Consistent withnteobservations (Negi

et al., 2008; Ivanchenco et al., 2008Y,1-2 and ein2-5 showed slightly increased LR
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formation in the absence of MeJA (Figure 6.7A). Given #rdt-2 andein2-5 exhibited
increased sensitivity to MeJA in primary root growth, we gdathese plants with
relatively low concentrations of MeJA and compared their LR ftomawith that of
jdil/asal-1. As shown in Figure 6.7A, whereas QulM or 1 uM MeJA significantly
reduced LR formation injdll/asal-1, these concentrations of MeJA significantly
increased LR formation istrl-1, ein2-5 as well as WT. These results indicated that, in
contrast tgdil/asal-1 which was defective in MeJA-induced LR formatietr,1-1 and
eni2-5 showed near WT response to MeJA in LR formation, suggesting thidaha

action on LR formation does not require ethylene signaling.

It has been shown that tA&A1 gene play a role in ethylene-mediated inhibition of
primary root growth (Stepanova et al., 2005; Ruzicka et al., 2007; Swaalp 2007).
To test whetherASAl is also important for the ethylene action in LR formation,
jdil/asal-1 and WT were examined for their response to the ethylene poecisamino-
1-cyclopropane carboxylic acid (ACC) in LR formation. As shown gufe 6.7B, low
concentration of ACC (0.02M) was able to promote LR formation in WT, and this
promotional effect was impaired jalll/asal-1. High concentration of ACC (0.2M)
inhibited LR formation in WT, and there was a significant redudticime ability of 0.2
uM ACC to inhibit LR formation indl1l/asal-1 (Figure 6.7B), consistent with a recent
proposal thaASAl plays a role in ethylene-mediated regulation of LR formatiey( et
al.,, 2008). In parallel, we examined the ethylene-mediated LR fmman the
jasmonate-insensitiveoi1l-2 mutant, which is resistant to jasmonate but partially fertile
and able to produce a small quantity of seeds (Xu et al., 2002hads1sn Figure 6.7B,
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the ethylene response afil-2 in LR formation was essentially similar to that of WT,
suggesting that the ethylene action in regulating LR formationmmtegquire the COI1-

dependent jasmonate signaling.

Together, our results imply that the action of jasmonate to teduRaformation is
possibly independent of ethylene. This hypothesis is also supportbé Eact that loss-
of-function of ASAl led to altered response to ethylene both in primary root growth
(Stepanova et al., 2005; Ruzicka et al., 2007; Swarup et al., 2007) andrai tabt
formation (Negi et al., 2008; Ivanchenco et al., 2008; Figure 6.7B)hbuytl1l/asal-1
mutant only affects jasmonate-induced LR formation, does not affedANhduced

primary root growth (This work).
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6.4 Discussion

6.4.1 JDL1/ASAl is an interaction node through which jasmonate intgates its

action with auxin to regulate LR formation

It has been long recognized that the stress hormone jasmonits joriimary root
growth (Wasternack, 2007). We report here that jasmonate aigalale in regulating
LR formation in Arabidopsis. Given the established role of auxin in LR formation
(Casimiro et al., 2003; De Smet et al., 2006; Nibau et al., 2008, Fukaki and Tasaka, 2009)
and the previous finding that jasmonate and auxin share common compiondTes
signaling pathways (Tiryaki and Staswick, 2002), it is reason@blepeculate that
jasmonate may interact with auxin to regulate LR formation. cbaracterization of the
jdll/asal-1 mutant, which showed defective LR formation in the presence of eaoge
MeJA (Figure 6.1), proved this speculation and provided insights on the action
mechanisms of jasmonate to regulate LR formation. While MeJA promotéorixfation
in WT, it repressed LR formation judl1/asal-1 (Figure 6.1). The fact that the repressive
effect of MeJA on LR formation can only be observed injth¥asal-1 mutant implies
that, in WT, the repressive effect of MeJA on LR formation isked by theJDL1
function. Therefore, elucidation of the biochemical function ofJbel gene product is
critical to understand the molecular mechanisms underlying thaatisffect of MeJA

on LR formation between WT and 1/asal-1.

Not surprisingly, gene cloning studies indicated tBat1 encodes the well-

characterized auxin biosynthetic ge®Al (Figure 6.2) Early studies indicated that the
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expression oASA1 was induced by wounding and pathogen infections (Niyogi and Fink,
1992), suggesting a potential role for this gene in plant responses ta@ aidtiotic
stresses. IndeeddASA1 was also demonstrated recently to be required for ethylene-
induced auxin production and, therefore, plays a role in ethyleneteedegulation of
root growth inhibition (Stepanova et al., 2005). In this context, it soresble to propose
thatASA1 may represent an integration node through which jasmonate egetfedt on
auxin biosynthesis and, subsequently, regulates LR formation. Supporittenaee to

this hypothesis first came from our feeding experiments showiag anthranilate,
tryptophan and, finally auxin, can rescue or partially rescue thddfiRient phenotype

of thejdll/asal-1 mutant (Figure 6.3). Furthermore, gene expression analyses é@udicat
that MeJA activates the expressionA§A1 in a COIl1l-dependent manner (Figure 4B and
4C). In addition toASAl, MeJA also induces the expression of a list of other genes
known to be related to auxin biosynthesis (Supplemental Figure 6.2)lyFioar
measurement of free 1AA levels proved the rol&8AL in mediating jasmonate-induced
auxin biosynthesis (Figure 6.4G). Collectively, these results suppbstpothesis that
jasmonate activates the transcriptional expressioASHL and leads to increased free
IAA levels, which eventually contributes to MeJA-induced promotion ofdration in

WT plants. It is worth to note that, MeJA can increase free lé&\v&ls (by up to 50%)
even in thejdll/asal-1 mutant seedlings although not as much as in WT seedlings
(Figure 6.4G), indicating the existence of other targets of MieJMA biosynthesis.
Indeed, our gRT-PCR assays indicated that MeJA can induce gnession of the

putative IAA conjugate hydrolase gehd.5 (for ILR1-like5) (Supplemental Figure 6.2
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online). However, it remains to be determined whethetlthd gene product is an active

IAA amidohydrolase (Davies et al., 1999; Woodward and Bartel, 2005).

6.4.2 Characterization of thejdl1/asal-1 mutant reveals a masked role of jasmonate

to regulate auxin transport during LR formation

However, the above oversimplified scenario can not explain the phenorhahon t
MeJA represses LR formation in tj@#l/asal-1 mutant. Extensive studies have together
demonstrated that the phytohormone auxin serves as an instrucinad ®r LRP
initiation and later development (Casimiro et al. 2001, Bhalerab @002; Benkova et
al., 2003; Laplaze et al., 2007; Swarup et al., 2008; Dubrovsky et al.,. 206@&ply, a
recently elegant observation proposed that LR positioning is regulatedh i
spatiotemporal manner by auxin accumulation in the root basaltemer{sshikawa and
Evans, 1995; Beemster et al.,, 2003; De Smet et al., 2007). Under thisgpardue
jasmonate-induced LR formation defectdifl/asal-1 may result from suboptimal auxin
accumulation in the root basal meristem. The employment ofatixén responsive
reporter prolAA2:GUS enabled us to inspect, at cellular resolution, local auxin
accumulation in the root basal meristem. Our observations indidaa¢din WT, the
promotional effect of MeJA on LR formation is correlated withrélasedorol AA2: GUS
expression in the basal meristem (Figure 6.5A and 6.5B). Ijdib@sal-1 mutant, the
repressive effect of MeJA on LR formation is correlated wadhucedprol AA2: GUS in
the root basal meristem (Figure 6.5C and 6.5D). The basal meristem has beeadoi@pos

recycle the major auxin transport flows in the root, includingphi®em-based shoot-
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derived auxin transport flow and the local PAT flows (Swarup e2@0]; Marchant et
al., 2002; Swarup et al., 2005; Blilou et al.,, 2005; Leyser, 2005), therefasal b
meristem exhibits an auxin accumulation maximum which is eabént LR initiation
(De Smet et al., 2007). In this context, our observations @iA2: GUS expression in
WT and mutant roots point to a possibility that, in addition to actikx&fl-dependent
IAA biosynthesis, MeJA may also affect, directly or indirgcthe auxin transport flows
which are important for local auxin accumulation in the basal meristem. Ty abihe
aux1-22 mutation to reduce MeJA-induceprolAA2:GUS expression in the basal
meristem (Figure 6.5G and 6.5H) provided supporting evidence to thishegptsince
AUX1 was reported to be involved in the two physiologically distengxin transport
pathways (i.e., phloem-based transport and local PAT) in the ip&setem (Swarup et
al., 2001; Marchant et al., 2002; De Smet et al., 2007). Furthermore, we tfoaind
jasmonate exhibits a complex regulation on the expression of sewedal influx and
efflux facilitators at both transcription and protein levels (Fég6.6). Notably, in MeJA-
treated WT roots, PIN1 and PIN2 protein levels were decreasguréF6.6H and 6.61).
In MeJA-treateddl1l/asal-1 roots, the reduction was more severe than that in WT roots
(Figure 6.6J and 6.6K). These results suggested th&Shk function (i.e., jasmonate-
induced auxin biosynthesis) is important for JA-mediated regulatiauxih transport

components.

Previous characterization of independent mutant allelesSai, including trp5-
2" (Rutherford et al., 1998) arii7 (Ruegger et al., 1997; Ljung et al., 2005), which
were isolated based on altered root waving phenotype and resigiazgein transport
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inhibitors, respectively, provided evidence that mutation of ABAl function might
affect auxin transport. Together with our observations in this wbdset results raised
the interesting question of how jasmonate regulates the expredsauxin transport
components. Given jasmonate promof&Al-dependent auxin biosynthesis and auxin
itself can up-regulate the expression of Bl genes at the transcription level (Vieten et
al., 2005), it is possible that the MeJA-induced up-regulation of a&msdripts of auxin
transport-related genes is achieved indirectly through the auxin ggthw., MeJA
induces the expression A5A1 that leads to increased auxin synthesis which, in turn,
activates the transcriptional expression of these genes. Ourthdataéhejdll/asal-1
mutation affects the jasmonate-regulated expression levedgJ¥i, PIN1 and PIN2
(Figure 6.6A to 6.6G) lend support to this possibility. Considering treatAvpositively
regulates the biosynthesis of flavonoids (Dombrecht et al., 2007), wttics anegative
regulators of auxin transport (Brown et al., 2001; Buer and Muday, Zxgt; et al.,
2004; Besseau et al., 2007), it is also possible that the MeJA-mediated regulati@mof
transport-related genes is achieved through the up-regulation of fldvainsynthesis by
MeJA. In line with this idea, recent elegant work using flavonoidamtstwith altered
auxin transport indicated that flavonoids modulate the expression #lthgenes at
both mMRNA and protein levels in a tissue specific manner (Regl,e2004). Further
studies are required to elucidate the regulatory mechanismsisofopate on the

expression of auxin transport-related genes.

6.4.3 Jasmonate mediates a fine-tuned regulation of auxin accumulatiamthe root

basal meristem that is critical for LR formation
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Based on the results described in this study, we propose a modet (ig) to
explain the distinct effect of jasmonate on LR formation betwg&randjdl1/asal-1. In
WT plants, MeJA activates the transcriptional expressiolPA®k1 which leads to
increased IAA biosynthesis in shoot and root tissDesiovo synthesized IAA byASA1-
dependent pathway in the aerial part was delivered through phloem-bassgbrt or
long distance PAT to the root basal meristem region. I1AA syrabedocally in the root
by ASA1 was also transported through PAT to the root basal meristéas kheen shown
that defect of thédSAL1 gene harbored by the7-1 mutation allele has less impact on
root-specific IAA synthesis than on synthesis in the aerial podidhe seedling (Ljung
et al., 2005), suggesting that MeJA-induced IAA accumulation in thebesatl meristem
is mainly derived fromASAl synthesis in shoot tissues. Considering the proposed
dominant role of phloem-based transport in long-distance auxin distrib(ffanaka et
al., 2006), it is likely that the majority of IAA produced in theialepart by ASAL is
transported to the basal meristem through phloem. In addition to achsitl-
dependent auxin biosynthesis, MeJA also directly or indirectly dezseRIN1 and PIN2
protein levels, which results in a negative effect on PAT-matlidezal auxin
accumulation in the basal meristem. The combinational etbécMeJA on IAA
biosynthesis and transport leads to increased local auxin accumutatihe root basal

meristem, as a result, promotes LR formation.

In jdll/asal-1 mutants, the jasmonate-induced auxin biosynthesis thraggh is
blocked, which leads to defective auxin sources (both shoot and root tigeues)
jasmonate-induced auxin accumulation in the root basal meristemodate still exerts
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its negative effect on auxin transport capacity through redudiNg Bnd PIN2 protein
levels. These effects likely cause the root basal meristernet deprived of auxin
accumulation and, as a consequence, repress LR formation. It shoulcethehadi the
repressive effect of jasmonate on local auxin accumulation irotdasal meristem (as
well as LR formation) can only be observedjdhl/asal-1, but not in WT, suggesting
that the ASA1 function (i.e., jasmonate-induced auxin biosynthesis) counteracts the
repressive effect of jasmonate on auxin transport. Our resultentpthighlight the
importance oASAL in mediating jasmonate-induced auxin biosynthesis, but also reveal a
masked repressive role of jasmonate on auxin transport. The twotagl jasmonate
actions may represent a fine-tuned regulation of local auxin adation that is critical

for LR formation. Given the established role of jasmonate in plafénde, the
jasmonate-mediated fine-tuned regulation of LR formation may hadaptive

significance under conditions in which jasmonate levels are elevated.
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6.5 Methods

6.5.1 Plant materials and growth conditions

Arabidopsis mutants and/or transgenic lines described are in Columbia (Col-0)
background. Some of the plant materials used in this study wereysbvidescribed:
wei2-2 (Stepanova et al., 20053pil-1 (Xie et al., 1998);coil-2 (Xu et al., 2002);
proCYCB1;1:GUS (Col6n-Carmona et al., 1999PR5:GUS (Ulmasov et al., 1997);
proYUC2:GUS (Cheng et al., 2006proNIT3:GUS (Kutz et al., 2002)prolAA2:GUS
and prolAA2: GUSaux1-22 (Swarup et al., 2007PR5rev:GFP (Benkova et al., 2003);
aux1-22 (Swarup et al., 2007gxr4-2 (Dharmasiri et al., 2006)ax3 aux1-21 (Swarup et
al., 2008);proPIN1,2:GUS (Vieten et al., 2005) angroAUX1:GUS (Marchant et al.,
2002). Seeds of Salk 040353 were obtained fromAtiabidopsis Biological Resource

Center (Alonso et al., 2003).

Seeds were surface-sterilized for 15 min in 10% bleach, washedirfes with
sterile water, and plated on half-strength Murashige and Skoogrild&um (Murashige
and Skoog, 1962). Plants were stratifiedat #or 2 d in darkness and then transferred to
a phytotrone set at 22 with a 16-h light/8-h dark photoperiod (light intensity 120 pmol

m? sech).

6.5.2 Isolation of thegjdll/asal-1 mutant

Ethyl methanesulfonate (EMS)-mutagenized M2 seeds of the WSsaegeCol-0,

were kindly provided by Dr. Jianru Zuo (Institute of Genetics ande@pmental
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Biology, Chinese Academy of Sciences, Beijing). M2 seeds wemeimggied and grown
vertically on medium containing 20 uM MeJA for 10 d. Seedlings witluged LRs
were selected and directly transplanted to soil. Resulting Ma8ss&om the putative
mutants were confirmed on medium with 20 uM MeJA by LR phenotyjges original
jdil/asal-1 (jasmonate-induced defective lateral rootl-1) mutant was backcrossed to
Col-0 for three generations and the resulted homozygous progeniesiseeren this

study.

6.5.3 Map-based cloning of thédDL1 gene

For mapping, thglll/asal-1 mutant in the Col-0 background was crossed to the
polymorphic ecotype Landsbemyecta (Ler), and the resulting F1 plants were self
pollinated to yield F2 population segregating for jdel/asal-1 mutant phenotypes.
Simple sequence length polymorphism (SSLP) markers were usédkimge analysis
using a previously described procedure (Lukowitz et al., 2000). In thenfapping
process, we developed several PCR-based molecular markers. Thesgamhe SSLP
marker CER455774 are 5-CTAATAGAAGTGGAAAGTAAGA-3' and 5-
GGGGGAGTGATCAATGGTAT-3'. The following cleaved amplified pohorphic
sequence (CAPS) markers were designed: For MJJ-1, the primers 5
TAGAGGCCAACATGCACATATC-3' and 5-TGTTTTACCCTGCTCTTGCIT-3
were used, and the PCR product froen tan be digested bAfl 111 (198 bp and 145 bp);

For CER438063, the primers 5-TACTTGTTCTTGGCTAAATCC-3 and 5'-

203



GACCCACCTCTAATAAATCTACTA-3" were used, the PCR product frorerlcan be

digested byecoRV (241 bp and 391 bp).

The T-DNA insertion line Salk_040353 contains a T-DNA inserted in the ninth exon
of ASA1l (At5g05730). Homozygous T-DNA insertion plants were identified by
diagnostic PCR with the gene specific primers 5-TGATCGRB&GERAAAAAGGTTG-3’
and 5-ATGAAAAGCAATGTGCTGAGC-3'. The homozygous Salk 040353 mutant

was crossed witjdl1/asal-1 for allelic test.

To generateDR5:GUS reporter line in thedll/asal-1 mutant background,
homozygougdil/asal-1 plants were crossed to a transgenic line harborin@ReGUS
construct (Ulmasov et al, 1997) to produce an F2 population. Putative
DR5:GUYjdIl/asal-1 plants, which were homozygous for tjatl/asal-1 mutation as
well as theDR5: GUS construct, were identified in F2 and then re-tested in F3 (i.e3,in F
100% of seedlings showed no LR formation in the presence pkMeJA; 100% of
seedlings showed uniform staining for GUS). Similarly, Bieorev: GFP (Benkova et
al., 2003) proCYCBL,;1:GUS (Colén-Carmona et al., 1999) apdbl AA2: GUS (Swarup
et al., 2007) reporters were also introduced intgdHgasal-1 mutant backgroundlhe
prolAA2:GUS and DR5rev: GFP constructs were also transferred into ¢tbel-1 mutant

(Xie et al., 1998) using a similar approach.

6.5.4 Plasmid construction and plant transformation
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All molecular manipulations were performed according to standsethods
(Sambrook and Russell, 2001). A 2.0-kb genomic fragment upstream oASkie
translation start codon was amplified by PCR and cloned intSati/®amH]I sites of the
binary vector pCAMBIA1391-Z, resulting in the transcriptional fusiohnthe ASAL
promoter with the GUS coding region. Similarly, a 2.0-kb promotdonegf ASB1 was
also fused with the GUS coding region in the binary vector pCAMBIAIR9Rrimers
used for PCR amplification are as follows: 5-
CGCGTCGACTAGAATATGTTATGCTTC-3 (Sall) and 5'-
CTAGGATCCTGTAACGGCTAAGAACTC-3' (BamHI) for ASAl promoter; 5'-
ATCAAGCTTTTCGGGCAGAGATCGCAGAGC-3 KHindlIl) and 5'-

GCCGGATCAOGTCTGAGAAGCAAAGATTCCT-3 (BamHI) for ASB1 promoter.

The above constructs were then transformed Anttumefaciens strain GV3101
(PMP90), which were used for transformation Afabidopsis plants by vacuum

infiltration (Bechtold and Pelletier, 1998).

6.5.5 Analysis of GUS activity

Histochemical staining for GUS activity in transgenic plards performed as
described previously (Jefferson et al., 1987). Whole seedlings musaissues were
immersed in 1 mM 5-bromo-4-chloro-3-indoldglucuronic acid solution in 100 mM
sodium phosphate, pH 7.0, 0.1 mM EDTA, 0.5 mM ferricyanide, 0.5 mM ferrocyanide

and 0.1% Triton X-100, after applying vacuum for 2 min, they were inctilzt&87C
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from 20 min to overnight. Chlorophyll was cleared from plant tissyemmersing them

in 70% ethanol. Individual representative seedlings were photographed.

6.5.6 Observation of plants

Seedlings of DR5:GUSCol-0, DR5:GUSjdlIl/asal-1, prolAA2:GUSCol-0,
prolAA2:GUYjdI1/asal-1, prolAA2:GUS/coil-1, prolAA2: GUSaux1-22,
proASAL:GUSCol-0, proASB1: GUSCol-0, proPIN1,2:GUSCol-0, proAUX1:GUSCol-

0, proYUC2:GUS/Col-0 andproNIT3:GUSCol-0 reporter lines were photographed using
the Leica Microsystems (Leica DM5000B Microscope and Leieg4®0 CCD camera).
To observe the LRP and emerged LR, roots were first clearetieby1CG solution
(Chloroacetaldehyde : 8 : Glycerol = 8:3:1) for 30 s (Sabatini et al., 1999). The
numbers of LRPs and emerged LRs were counted with the InterfeBaaceepancy
Contrast Microscope system (Leica DM5000B Microscope). RodiRbfev: GFP/Col-

0, DRSrev.:GFP/jdll/asal-1 and DRSrev:GFP/coil-1 plants in different genetic
backgrounds were mounted in 10 uM propidium iodide (PI) solution for 3-5fanin
confocal scanning. The fluorescence excitation and image aagpssitiere monitored

by the laser scanning confocal microscope (LSM 510, Zeiss, Oberkochergargerm

6.5.7 Free IAA measurement

To measure the influence of jasmonate on auxin levels, seeds -6f abal
jdil/asal-1 were surface sterilized. Approximately 30 mL of medium contaitialj

strength Murashige and Skoog salts (Caisson Laboratories, Inc.), 18sesuand 0.5%
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phytagel (Sigma), pH 5.7 was poured into each square Petri-dishx (100 x 15 mm)
and 19 seeds were placed in a line, 1 cm from the top edge. TialiBlees were
incubated vertically at 2Z€ in a phytotrone. Four milliliters of 10@M MeJA
(Bedoukian Research, Inc., CT) was added to the plates in thertatiposition onto
the Petri dish to cover the seedlings for 10 minutes. Petri digitiesvieJA or control
solution were resealed and placed vertically in growth chamben&her 2 d. Ethanol
was used to make the 100 mM MeJA stock solution, resulting in 0.1% ethdhelfinal
100 uM treatment solution, and the same amount of ethanol in wateusess as the
control treatment. Fresh whole seedlings (25-50 mg) were hatyesteghed and then
frozen in liquid nitrogen. After adding 3 ng ofCe] IAA as internal standard, each
sample was extracted, purified, methylated and then analyzadsing selected ion
monitoring gas chromatography-mass spectrometry (GC-SIMad8gscribed (Barkawi

et al., 2008). At least 10 biological replicates were analyzed for eaamérgat

6.5.8 Immunolocalization ssay for PIN proteins

The PIN1 and PIN2 immunolocalization assays were performedthsingsituPro
robot (Friml et al., 2002). The following antibodies and dilutions weeduanti-PIN1
(1:50), anti-PIN2 (1:400) and Alexa Fluor® 488 or Alexa Fluor® 555 (1:50)rekary
antibodies (Molecular Probes, Oregon, USA). Fluorescent samplesingpected by
confocal laser scanning microscope Zeiss Axioplan 2 Imagingrendeiss LSM 510

Image Browser software.

6.5.9 Gene expression analysis
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For RNA gel blot analysis, total RNA was prepared by a guamnitliiocyanate
extraction method, and RNA gel blot analysis was performed asilukd previously
(Zheng et al., 2006). Ten micrograms of total RNA was segdriat an agarose gel
containing 10% formaldehyde, blotted onto HybonH iNembrane (Amersham), and
probed with®**P-labeled DNA fragment foASAL. Primers used to amplify thaSAl
probe are 5-GGCCGCCACCGAGTTCTTAG-3 and 5'-

GCAAATGTTCGCCGCTCAAA-Z'.

For quantitative RT-PCR (gRT-PCR) analysis, 12-dAvklbidopsis seedlings (Col-
0 andjdll/asal-1) grown vertically on medium plates were treated witusDMeJA for
3 h, or untreated as a control. Whole seedlings or different tissresfr@zen in liquid
nitrogen for RNA extraction. RNA was extracted with the Bdiekit (Qiagen). Poly(dT)
cDNA was prepared from 10g of total RNA with Superscript Il reverse transcriptase
(Invitrogen) and quantified with an cycler apparatus (Bio-Radh) Wie RealMasterMix
(SYBR Green) kit (Tiangen) according to the manufacturergructions. PCR was
performed in 96-well optical reaction plates heated for 5 m@b&t to activate hot start
Taqg DNA polymerase, followed by 40 cycles of denaturation for 305°&t, annealing
for 30 s at 59C and extension for 20 s at“€8 Expression levels of target genes were
normalized toACTIN2 or ACTIN2 expression levels. The statistical significance was
evaluated by-test analysis. Primers used to quantify gene expression levels wentarlist

Supplemental Table 1 online.
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Figure 6.1.jdl/asal-1 Shows Defective LR Formation in Response to MeJA Treatment.
(A) LR phenotypes of 10-d-old Col-0 anpdll/asal-1 seedlings grown vertically on
medium without MeJA (Control) or containing 20 uM MeJA (MeJA). Ntitat LR
formation in thgdll/asal-1 mutant was blocked by exogenous MeJA.
(B) Quantification of total LRs (LRPs plus emerged LRs) per anynroot. Seven-day-
old seedlings grown on Murashige and Skoog medium plates containing eddicat
concentrations of MeJA were counted for LR formation. Data showageeand SD of
15 seedlings and are representative of at least three mlgeexperiments. Asterisks
denotet test significance compared with untreated plants: *P < 0.05; **P < 0.01.
(C) Measurement of primary root length of 10-d-old Col-O gaid/asal-1 seedlings
grown on medium containing indicated concentrations of MeJA. Data aherage and
SD of 15 seedlings and are representative of at least three independentemgerim
(D) to (G) proCYCBL1;1:GUS staining assays showing that MeJA represses LRP
initiation in jdll/asal-1. Photographs show typical roots of 6-d-old seedlings. Arrows
show LRP or emerged LR, as indicatedpbgCYCBL,; 1: GUS staining.
(D) and (E) Expression pattern oproCYCB1;1:GUS at LRP initiation sites of
representative Col-0 roots grown on MeJA-free mediDjnor on medium containing 20
MM MeJA(E).
(F) and (G) Expression pattern oproCYCB1;1:GUS at LRP initiation sites of
representativejdil/asal-1 roots grown on MeJA-free mediurfF) or on medium
containing 20 uM MeJAG).
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Figure 6.2.Map-Based Cloning of thédDL1 Gene.

(A) Fine genetic and physical mappingJ8fL1. The target gene was initially mapped to
a genetic interval between markers ciwl8 and CRE482478 abidopsis chromosome

5. Analysis of a mapping population consisting of 1631 plants delimitethtbet gene
to a region defined by markers MJJ-1 and CER438063 on the BAC clone MJJ13.
Numbers in parentheses indicate the number of recombination eventBddergtween
markers and the target gene.

(B) Exon (box)-intron (line) structure of thA&SA1 gene (At5g05730). Sequence analysis
revealed that théASA1 gene derived from th@ll/asal-1 mutant contains a G-to-A
mutation, which results in substitution of the predicted Trp-175 to a ghoeen stop
codon. Two other T-DNA insertion alleles of tA&Al gene, including Salk 040353
(asal-2) andwei2-2 (asal-3), are indicated by open triangles.

(C) RT-PCR analysis oASA1 expression in thgll1/asal-1 mutant. Twelve-day-old Col-

0 andjdll/asal-1 seedlings were harvested for RNA extraction and RT-PCR/ssal
The primers used for PCR weASALF1 and ASA1IR1 for ASA1 and ACTIN7F1 and
ACTIN7R1 for ACTIN7 (see Supplemental Table 1 online).

(D) jdIl/asal-1 is allelic to the T-DNA insertion mutant Salk_040353, which contains a
T-DNA insertion in theASA1 gene. Col-0jdll/asal-1, Salk 040353, and F1 progenies
from crosses between Salk 040353 gihhtfasal-1 or Col-0 were grown vertically for 10

d on medium without MeJA (Control) or containing 20 uM MeJA (MeJA).

(E) LR phenotypes of thevei2-2 mutant, which is a T-DNA insertion allele 85A1
(Stepanova et al., 2005). Col-0 anei2-2 seedlings were grown vertically for 10 d on
medium without MeJA (Control) or with 20 uM MeJA (MeJA).
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Figure 6.3. Rescue of the LR Formation Defectjdfl/asal-1 by Anthranilate, Trp, and
IAA. Col-0 and jdll/asal-1 seedlings were grown vertically for 7 d on MeJA-free
medium or medium containing 20 uM MeJA, with or without supplementatid® ofM
anthranilate (ANT), 10 mM Trp, or 10 nM IAA, and total LRs (LRPssptmerged LRS)
per primary root were counted. Values represent average and SD cdnt$ ahd are
indicative of at least three independent experiments. Asterisidedetest significance
compared with untreated plants: *P < 0.05; **P < 0.01.
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Figure 6.4. MeJA Treatment Induces IAA Biosynthesis through Transcriptiona
Activation of ASA1 Expression.
(A) gRT-PCR analysis 0ASA1 expression in wild-type seedlings during the time course
after MeJA treatment. Twelve-day-old Col-0 seedlings welddewith 50 uM MeJA,
and whole seedlings were harvested at different time pointd\@rdxtraction and qRT-
PCR analyses. The transcript levelsA&A1 were normalized to thACTIN7 expression.
Error bars represent the SD of triplicate reactions.
(B) RNA gel blot analyses of MeJA-induc&®Al expression in the wild type (Col-0)
and thecoil-1 mutant. Twelve-day-old Col-0 arambil-1 seedlings were treated with 50
UM MeJA, and whole seedlings were harvested at the indicatess thor RNA
extraction. The top panel shows a RNA gel blot probed #RHabeled cDNA foASAL,
and the bottom panel shows amounts of rRNA as loading controls.
(C) gRT-PCR analyses of MeJA-regulated expressioAS#il in shoot and root tissues
of Col-0 andcoil-1. Twelve-day-old Col-0 andoil-1 seedlings were treated with 50 pM
MeJA for 3 h, and shoot and root tissues were harvested sepdoatBIMA extraction
and gRT-PCR analyses. The transcript level&®41 were normalized to thACTIN7
expression, and error bars represent the SD of triplicate reactions..
(D) to (G) MeJA-induced proASA1:GUS expression. Three-day-old seedlings of
proASAL:GUS transgenic line grown on control medium were transferred either to
medium without MeJAD) or to medium containing 10 uM MeJE) for 2 d.
(F) Magnification of the framed region (D). Bar = 50 um.
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(G) Magnification of the framed region (&). Bar = 50 um.

(H) Free IAA measurement of Col-0 apdll/asal-1 seedlings in response to MeJA
treatment. Twelve-day-old Col-0 apdl 1/asal-1 seedlings were left untreated (Control)
or treated with 100 uM MeJA (MeJA) for 2 d and then free |1A¥else were measured.
At least 10 biological replicates were analyzed. An analgkisariance followed by
Fisher's Least Significant Difference (LSD) mean sdfardest (SPSS) was performed
on the data. Samples with the different letters are significdiiferent at P < 0.01. Error
bars represent SE.
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Figure 6.5. MeJA-RegulatedprolAA2: GUS Expression in Roots of Col-Ggoil-1,
jdil/asal-1, andaux1-22.

(A) and(B) Control(A) and MeJA-treate(B) Col-0 roots.

(C) and(D) Control(C) and MeJA-treate(D) coil-1 roots.

(E) and(F) Control(E) and MeJA-treate@F) jdl1/asal-1 roots. Framed regions indicate
that MeJA reduceprolAA2: GUS expression in the basal meristemabi/asal-1 roots.

(G) and(H) Control (G) and MeJA treated (H) aux1-22 roots.

For (A) to (H), 4-d-old seedlings of the indicated genotypes grown on control medium
were transferred to medium without MeJA (Control) or containingMIOMeJA (MeJA)
for an additional 2 d, and thpeol AA2: GUS expression was monitored. Bars = 50 pm.
() MeJA-mediated LR formation was affected in JA signaling andin transport
mutants. Col-0,coil-2, aux1-22, axr4-2, and lax3 aux1-21 seedlings were grown
vertically on medium with or without 1 uM MeJA for 7 d, and totalsL@RPs plus
emerged LRs) per primary root were counted. Values show avarayeSD of 15
seedlings and are representative of at least three independenimexrpe Asterisks
denotet test significance compared with untreated plants: *P < 0.01.
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Figure 6.6. MeJA-Regulated Expression of Auxin Transport Components in the Rioots o
Wild-Type Plants.
(A) and (B) Control (A) and MeJA-treatedB) roots examined fomproPIN1:GUS
expression.
(C) and (D) Control (C) and MeJA-treatedD) roots examined fomproPIN2:GUS
expression.
(E) and (F) Control (E) and MeJA-treatedF) roots examined foproAUX1:GUS
expression.
For (A) to (F), 5-d-old seedlings of transgenic Col-0 plants containing the indicated
constructs were grown on control medium and then transferred to medlibout MeJA
(Control) or containing 10 uM MeJA (MeJA) for 12 h and then werkeci@d for GUS
staining. Bars =50 pm.
(G) gRT-PCR analyses of MeJA-regulated expressid?i i, PIN2, andAUX1 in Col-0
andjdll/asal-1 roots. Ten-day-old Col-0 anjdil/asal-1 seedlings were treated with 50
UM MeJA for 6 h, and roots were harvested for RNA extract@hgRT-PCR analyses.
The transcript levels oPIN1, PIN2, and AUX1 were normalized to théACTIN2
expression. Asterisks denoteest significance compared with untreated plants: *P <
0.05. Results of one of three independent experiments are shown. Esrcgfyasent the
SD of triplicate reactions.
(H) to (K) MeJA treatment downregulates the PIN1 and PIN2 protein levalgdd-type
andjdll/asal-1 roots.
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(H) PIN1 and PIN2 immunolocalization of untreated wild-type root.

() PIN1 and PIN2 immunolocalization of wild-type root treated with MeJA.

(J) PIN1 and PIN2 immunolocalization of untreajdd/asal-1 root.

(K) PIN1 and PIN2 immunolocalization jfl 1/asal-1 root treated with MeJA.
Four-day-old seedlings were transferred to medium without M&bAtfol) or with 20
UM MeJA (MeJA) for 48 h. Seedlings were fixed for PIN1 and PiN&unolocalization
assays. Root tips were visualized and photographed with a laser ngcanmmfocal
microscope. Green, PIN1; red, PIN2. Bars = 50 um. Images showepaesentative of
at least six independent experiments.
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Figure 6.7. The Relationship between Jasmonate and Ethylene in Controlling LR
Formation through thASA1 Gene.

(A) MeJA-induced LR formation of the ethylene-insensitive mutainis1 andein2-5.
Seven-day-old seedlings of Col-fdlll/asal-1, etrl-1, and ein2-5 grown on medium
containing indicated concentrations of MeJA were counted for LR&wom (LRPs plus
emerged LRs). Data show average and SD of 15 seedlingaramdpresentative of at
least three independent experiments. Asterisks dérett significance compared with
untreated plants: *P < 0.05.

(B) ACC-induced LR formation ipdll/asal-1 andcoil-2. Seven-day-old seedlings of
Col-0, jdIl/asal-1, andcoil-2 grown on medium containing indicated concentrations of
ethylene precursor ACC were counted for LR formation (LRPsgiusrged LRs). Data
show average and SD of 15 seedlings and are representatideastahree independent
experiments. Asterisks denatdest significance compared with untreated plants: *P <
0.05.
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Figure 6.8. Model Showing Jasmonate Modulation of Auxin Accumulation in the Root
Basal Meristem.

(A) In the wild type, JA stimulates ti&&A1l-dependent auxin synthesis in shoot and root
tissues, which are transported to the root basal meristem througgnpblsed and/or
polar transport pathways. On the other hand, jasmonate reduces the lentsnof
auxin efflux carriers (PIN1 and PIN2), which leads to decreamedn transport
capacities to the root basal meristem. The net effect ofojaat® is to increase local
auxin accumulation in the root basal meristem and promote LR formation.

(B) In the jdl/asal-1 mutant, ASAl-dependent auxin synthesis in the shoot and root
tissues is blocked. Jasmonate still represses auxin transport toothieasal meristem
through reducing the levels of PIN1 and PIN2 proteins. The net effgasmonate in the
mutant is to decrease auxin accumulation in the root basal emeriahd therefore
suppresses LR formation. Arrows represent auxin transport flovads in red represent
ASAl-dependent auxin synthesis in shoot and root, and dashed lines repghesent
jdil/asal-1 mutation blockASAl-dependent auxin synthesis.
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Supplemental Figures:
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Figure S6.1.Morphological Comparison of LRPs in WT ajulll/asal-1.

(A) Representative image of Col-0 LRPs at different developmental stagesn@eed|
were grown on MeJA-free medium (Control).

(B) Representative image of Col-0 LRPs at different developmental s&eptlings
were grown on medium containing gM MeJA (MeJA).

(C) Representative image mfil/asal-1 LRPs at different developmental stages.
Seedlings were grown on MeJA-free medium (Control).

(D) MeJA represses LRP formationjoiil/asal-1. Seedlings were grown on medium
containing 2QuM MeJA (MeJA).

Bars: 20um.
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Figure S6.2 MeJA-induced Expression of Auxin Biosynthesis-related Genes.

(A) - (C) MeJA-induced expression of auxin biosynthesis-related geagzad by
gRT-PCR assays. Twelve-d-old Col-0 seedlings were treated wjtM3deJA for 3 h,
and the whole seedlings were harvested for RNA extraction and gRT-PGReanal
Transcript levels of target genes were normalized to the expresd@TN2. Results of
one of three independent experiments are shown.

(D)-(F) MeJA-induced expression 8fSB1 (D), NIT3 (E) andYUCCA2 (F) analyzed by
promoter-GUS assays. Four-d-old seedlings grown on control medium werertezhsfe
to medium without MeJA (Control) or containing i® MeJA (MeJA) for 24 h. Bars:
50 um. Upper panel of each figure shows promoter-GUS expression of the indieated g
in root and aerial part of whole seedling, lower panel shows promoter-GUS éxpiass

the indicated gene in the root apical meristem and basal meristem.
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Figure S6.3 MeJA Fails to Promote Lateral Root Formatioslirl andarf7-1 arf19-2
Double Mutants.

(A) LR phenotypes of 10-d-old Col-0 addl seedlings grown on medium without
MeJA (Control) or containing 20 uM MeJA.

(B) LR phenotypes of two-week-old Col-0 aad7-1 arf19-2 double mutant seedlings
grown on medium without MeJA (Control) or containing 20 pM MeJA (MeJA).
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Figure S6.4 MeJA Differentially Regulates the ExpressiorDiR5-reporters in WT,

coil-1 andjdll/asal-1 Root Tips.

Seedlings of the indicated genotypes were grown on medium without MeJA (Control) or
containing 10 uM MeJA (MeJA) for 6 d, and the expressidbRBrev:GFP (A-F) and
DR5:GUS (G-J) was monitored. Bars: pdn. Images shown are representative of at least
six independent experiments.
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Figure S6.5 MeJA-RegulatedR5: GUS Expression along the Primary Root Length of
WT andjdll/asal-1.

(A) Quantification ofDR5: GUS staining sites along the primary root length. Seven-d-old
seedlings of Col-0 angdll 1/asal-1 grown on medium containing indicated concentrations
of MeJA were counted fdDR5: GUS staining sites. Data show average and SD of 15
seedlings and are representative of three independent experimentskastenoté-test
significance compared with untreated plants: *P < 0.05; **P < 0.01.

(B)-(E) DR5: GUS staining assays showing that MeJA repreBd®s GUS expression in
thejdll/asal-1 root.

(B) and (C) Expression patternDR5:GUS along the primary root length of
representative Col-0 roots grown on MeJA-free medium (B) or on medium containing 20

UM MeJA (C).
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(D) and (E) Expression patternDR5:GUS along the primary root length of
representativgdl 1/asal-1 roots grown on MeJA-free medium (D) or on medium
containing 20 uM MeJA (E).

For (B) to (E), photographs show typical roots of 6-d-old seedlings. Arroawg s
DR5: GUS staining sites, which are indicative of LRP initiation sites.

233



