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v-Aminobutyric acid (GABA) is a ubiquitous non-proteamino acid which
accumulates rapidly in response to diverse envienmtal stresses. The GABA shunt is a
pathway involving three enzymes, glutamate decafbse (GAD, encoded b$AD1),
GABA aminotransferase (GABA-T, encoded bsAl), and succinate semialdehyde
dehydrogenase (SSADH, encodediyA2). These three enzymes acting in concert
convert glutamate to succinate. GABA specific paasge(encoded blyGA4) mediates
the transportation of GABA into cells. The GABA sfie transcription factor (encoded
by UGA3) regulates the expression of GABA gend&Al, UGA2 andUGA4). We have

constructed deletion mutants of each of these gengsast and have found that



mutants of GAD, GABA-T and SSADH are more susceetib stress induced by lethal
temperature (45°C) than wild type yeast cells. Aiddally, set of the combinations of
double and triple mutants were examined. With &r@agment at 40°C (a non-lethal
temperature) for 30 min, the mutants retained fuiszkty to stress at 50°C compared to
the wild type. The levels of accumulated ROS wemeatated to the susceptibility of heat
stress. In addition, in thegal anduga2 mutants, GABA and-ketoglutarate accumulated
markedly higher compared to the wild-type, whilatgmate accumulated at higher levels
in gadl mutant. Deletion mutations &fGA3 andUGA4 grown showed heat tolerant to
45°C with overexpression of antioxidant genes supde dismutase compared to the
wild-type. Howeveruga3 mutant strain grown in minimal-GABA medium showesht
sensitive phenotype whikkuga4 maintained heat tolerance. RT-PCR analysis showed
that the expression of all GABA shunt genes @i@RA3 andUGA4 genes were GABA
inducible and were also up-regulated by lethal Bed6°C. In addition, acidic pH in the
growth medium induced the expressiorU@Al, UGA2 andUGA4 but not that ofGAD1
andUGAS. Under heat stress, deletionldEA3 suppressed the expressionJéAl and
UGA4 but not onGAD1 andUGA2, while deletion otJGA4 did not affect the expression
of all GABA shunt genes anldGA3. Additionally, the antioxidant genes superoxide
dismutase (encoded I3pD1 andSOD2) were found to be gradually induced by heat in
the wild-type strain but overexpressed in ftuga3 and4uga4 mutant strains.

Bioinformatic programme "TargetP and pSORT' predibat GABA transaminase
from Arabidopsisis localized in mitochondria with a 54 nucleotidéochondrial transit
peptide sequence, yeast GABA transaminase is kechin cytosol. We constructed
vectors expressing SCGABA-TKG and AtGABA-TP in bg#ast cytosol and
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mitochondria to complement yeast GABA transamimag&nt4ugal and succinate
semialdehyde dehydrogenase mutéuga2 phenotypes: GABA growth defect, thermo
sensitivity and heat induced production of reactixggen species (ROS). Our studies
revealed that plant AtGABA-TP is functionally intbangeable with yeast SCGABA-
TKG for GABA growth, thermotolerance and limitingogluction of ROS whether
located in mitochondria or cytosol in yeast. Howeyeast GABA-TKG, whether located
in mitochondria or in the cytosol, displayed mutiosger effect.

The yeast succinic semialdehyde dehydrogenase(§&#DH; EC 1.2.1.16) was
cloned and overexpressedHncoli., and kinetically characterized. It has a molecula
mass of subunit around 54 kDa, the purified enziiagea tetramer molecular mass of
200 kDa. The recombinant protein was highly speddr succinate semialdehyde, can
use both NAD and NADP as a cofactor but with higher affinity to NADThe enzyme
activity can be inhibited by substrate SSA, produ&DH and adenine nucleotides AMP,

ADP and ATP.
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|. LITERATURE REVIEW

GABA is a ubiquitous non protein amino acid whishwidely found from
prokaryotic to eukaryotic organisms. It was firsdabvered by Stewarg al. (1949). in
potato tubers . Later on, it was found in rat bieaid many parts of vertebrates,
invertebrates, plants, bacteria, and fungi (Sangbah, 1997). Interest in GABA shifted
to animals when it was found in large quantity faib. It is well known that GABA
functions as a negative neurotransmitter in anirtialdo and Kiss, 1986). In plants,
GABA accumulates in response to various biotic aidtic stresses including cold shock,
heat shock, mechanical damage, and water strage{@tand Thompson, 1972; Wallace
et al., 1984; Reggiargt al., 1988; Craw forctt al., 1994). However, in most organisms,
the role of GABA is not well known.

GABA is produced in the cytosol through the decaytbation of L-glutamate by
glutamate decarboxylase (GAD). GABA is then transated too-ketoglutarate or
pyruvate by GABA transaminase (GABA-T) producingtgimate or alanine and
succinate semialdehyde (SSA), which is an irrebésieaction. Finally, SSA is
converted to succinate (SUCC), a metabolite otrilcarboxylic acid cycle (TCA cycle)
by succinate semialdehyde dehydrogenase (SSADHselthree enzymes (GAD,
GABA-T and SSADH) work in concert to convert glutat® to succinate, and along with

glutamate dehydrogenase or severketoglutarate-dependent aminotransferases to



bypass 2 enzymes in the TCA cycle (Appendix). &foe, these reactions constitute the
GABA shunt.

In plants, Bouché, Net al. (2003) demonstrated that the disfunction of SSADH
leads to hyper sensitivity to environmental stresaad accumulation of higher levels of
reactive oxygen species (ROS). In addition, in §gaslemaret al. (2001) found that the
GABA shunt is involved in oxidative stress. Howeuée role of the GABA shunt in
response to other environmental stress condit®ogadcertain. Of particular interest in
this dissertation, is defining the role of GABA siiin thermotolerance.

This review will discuss the role of GABA in diffemt organisms, the role of the
three enzymes of GABA shunt, and the role of tleessymes and the GABA shunt in
heat stress and its relation to the production@8Rand finally the expression of the

three enzymes and the related regulatory proteidsnheat stress.

GABA Shunt enzymes

The GABA shunt is a metabolic pathway that linksagen and carbon metabolism
using glutamate as a substrate in the first catatyep while producing succinate as its
end product. The reactions of the GABA shunt atalgzed by three enzymes, glutamate
decarboxylase, GABA transaminase and succinateatgghiyde dehydrogenase.
Understanding the properties of each individualyemzin the metabolic pathway helps
to understand the specific regulation of GABA shumder stress conditions and the

possible physiological roles of GABA in differenmganisms.



Glutamate decarboxylase

In mammals, the cDNAs of GAD have been isolatedsetienced, it is encoded
by two different genes dAD1 and GAD2 which are located on different chromoseme
(Erlanderet al., 1991), the two isoforms are GAD67 and GADG65 wHi@ave molecular
weights of 67 and 65 kDa respectiveBAD1 is only expressed in brain tissue, and
GAD?2 is expressed in brain but also in pancrealsu@eret al., 1991). It is widely
thought that the two GAD isoforms in brain are lamad within different subcellular
compartments; GADG67 is related mainly to cytoplaspuols of GABA, while GADG65 is
associated with vesicular pools of GABA (Soghomoraad Martin, 1998). It is possible
that GAD67 regulates GABA synthesis for metabadlicdtions of the cell, while GAD65
regulates GABA synthesis for synaptic release (8oginian and Martin, 1998).
Mammalian GAD plays an important role in the regjola of GABA synthesis through
interaction with its co-factor pyridoxal-phosph§bgridoxal-P) (Martin and Rimvall,
1993).The two GAD isoforms in brain differ in bimgj with the co-factor, recombinant
GAD data showed that GAD65 is more preferable téactor pyridoxal-P than GAD67
(Erlanderet al., 1991), but characterization of the differensesot yet available. In most
regions of the rat brain, GAD65 appears to be tapnGAD isotype, however, research
from knockout mice and rats treated with vigalmatain irreversible inhibitor of GABA
transaminase, indicated that most of GABA in therbwas synthesized by GAD67
(Soghomonia and Martin, 1998). In neuronal celturels or brain slices, it was found
that GABA can be released through both Ca2+-dep#ratel -independent mechanisms
(Pin and Brockaert, 1989, Attwedl al., 1993, Belhaget al., 1993). The mammalian
GADs have a pH optimum of approximately 7 (&wal., 1974).
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In plants, GAD genes from various sources sucheasnia (Bauret al., 1993),
tomato (Gallegat al., 1995), tobacco (Yu and Oh, 1998), and ArabidofBurano and
Fang, 1998, Zilet al., 1998) have been identified. The activity of pl&AD was found
to be associated with senescence, seed germiraattbripening (Galleget al., 1995).
Plant GAD utilizes L-glutamate as a substrate aglgyridoxal 5'-phosphate as a
cofactor (Satya and Nair, 1986). Plant GADs denratestKkm's between 3 and 25 mM
depending on the plant species, and tissue so(fega and Nair, 1985; Sneddetral .,
1995; 1996) and from 22 to 25 mM respectively (Céeal., 1960). GAD appears to be
localized in cytosol of plant cells and possesseaslmodulin-binding domain (Breitkreuz
and Shelp, 1995). Unlike mammalian GAD, plant GAlase sharp acidic pH optima
around pH 5.8 (Satya and Nair, 1985; Sneddeh., 1995). The in vitro activity assay of
recombinant Petunia GAD shows that it has littlevétg in pH 7.0 in the absence of
calcium ion and calmodulin (Sneddetral., 1996).

Environmental stresses such as oxygen deficienbgatr shock ((Roberts al.,
1984; 1992; Loct al., 2000) and acid or ammonium treatments (L.A. Goaalvet al.,
1994) induce GABA synthesis resulting from a reducgosolic pH, presumably as a
result of stimulated GAD activity at lowered cybtis pH. Other environmental stresses
such as cold shock or touch are known to incregmesalic C&" levels (Knightet al..,
1991). GAD activity in vitro in a lot of speciesdaplant tissues is shown to be stimulated
by C&*/calmodulin at neutral pH 7.0 ~ 7.5, instead of gH lower than 6.5 (Snedden
et al., 1995; 1996; Lingt al., 1994).

In vivo experiments with 1 hour pretreatment by ‘G#annel-blockers and

calmodulin antagonists in aerobic conditions fof ‘@almodulin activation of GAD in
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the rice roots did not result in GABA accumulatiomder 3 hour of anoxia (Aurisareb
al., 1995). Hence, both in vivo and in vitro expenmtsesuggest that the stimulation of
GABA synthesis results from the stimulated GAD whis regulated by increasedCa
levels and calmodulin. Furthermore, in isolated &sgus mesophyll cells, Chuegal.
(1992) found that GAD activity is also stimulategddevated glutamate levels. The
catalytic activity of plant GAD is inhibited by rgants which can react with sulthydryl
groups. GAD activity is both transcriptionally atrenslationally regulated in different
Petunia organs (Cheahal., 1994). InArabidopsis, there are at least two GAD isoforms:
GADL1 is root specific and GAD2 is distributed in algans (Ziket al., 1998; Turano and
Fang, 1998). Additionally, with the whole genomegusenced in Arabidopsis, three more
putative GAD isoforms have been revealed by seqeomparisons, GADs 2 — 5 are 75
~ 82% identical t&AD1 for their protein sequences (Shet@l., 1999).

In fungi, the GAD enzyme was first reported in yaasl953 (Krishnaswamy and
Giri, 1953; 1956). Fungal GAD has been purified ahdracterized in several species
such asR glutinis (Krishnaswamy and Giri, 1953)l. crassa (Schmit and Brody, 1975),
A. niger ((Kubiceket al., 1979), and best studiedAnbisporus (Baldy, 1975). Like
mammalian and plant GADs, fungal GAD is exclusivelgalized in the cytosol , the
optimum pH is between 4.0 an 6.0, the Km for L-giaate is in the lower millimolar
range and requires pyridoxal phosphate as a avfdeartially purifiedR. glutinis GAD
is inhibited by hydroxylamine and the addition &Eess amount of pyridoxal phosphate
can reverse the inhibition (Krishnaswamy and Gi#i53; 1956)N. crassa GAD has been
purified from conidia, it is a 30 to 33 kDa mononaad the Km for pyridoxal phosphate

of 40 nM (Schmit and Brody, 1975A. bisporus GAD is similar toN. crassa GAD. In A.
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niger, only the conidiating mycelia, but not vegetatbedis, show GAD activity (Baldy,
1975). Blast searches show that GAD from yeaseshsgquences with GADs from
Petunia hybrida andA. thaliana with identities of 38% and 39% respectively.
Recombinant GAD studies demonstrated that yeast GaDalso bind to CaM like plant
GAD does, but no activities were found with the Cdind form, the functional GAD
inside cells is required for oxidative stress tatere (Colemast al., 2001).

In bacteria, GAD is best characterizedestherichia coli, it is easily induced in the
growth media by glutamate (Fonda, 1985). Two iso®ofgadA andgadB were cloned
in E. coli, (Smithet al., 1992), both isozymes showed identical kinetid physico-
chemical properties (Biagtal., 1996). Purified GAD front. coli is a 53 kDa hexamer,
with one pyridoxal 5'-phosphate (PLP) site on eadbunit (Strausbauch and Fischer,
1970). The optimum pH is between 4.0 and 4.5, ahds broad ranges of substrates such
asy-methylene -glutamate, thrgbhydroxy- glutamate, and homocysteine sulfinate, b
-glutamate was shown to be the best substrate &d®d2). The activity of Escherichia
coli GAD was inhibited by suicide substrates suslserine-O-sulfate, R-(-)-4-aminohex-
5-ynoic acid, and-fluoromethyl-glutamate (Kuo and Rando, 1981; Su&ha and
Braunshtein, 1971; Likogt al., 1982), the inhibition mechanism was found tahee
same as aspartate aminotransferase (Lekak, 1982).GAD has also been purified and
characterized from other bacteria sucl®agptococcus pneumoniae which resembles
mammalianGAD (Garcia and Lopez, 1995) ahdctobacillus brevis which resembleE.

coli GAD (Uenoet al., 1997).



GABA transaminase

In mammals, GABA is present in many mammalian gssand is a major inhibitory
neurotransmitter in the central nervous systemifbion 1987). The concentration of
GABA is controlled by GAD and GABA transaminase (BAT). After its synthesis by
GAD, GABA is catabolized by GABA-T to succinic safdehyde for subsequent
conversion into succinate. In mammals, GABA-T hasrbpurified and characterized
mostly from brain tissues such as mouse, rat, tapii human brains (Maitet al., 1975;
John and Fower, 1976; White and Sato, 1978). Thalllavel of GABA-T activity is low.
Recombinant human GABA-T has an apparent Km vdlresubstrates-ketoglutarate
and GABA of 0.11 mm and 1.27 mm respectively (Sesra)., 2000). These values are
similar to those from bovine and pig brains (Cétaal., 1993). The activity of GABA-T
is inhibited by vigabatrin. Mammalian GABA-T rege# pyridoxal-5-phosphate as co-
factor. It catalyzes the transamination of GABAwa Km of 1.1 mM and catalyzes the
transamination of3-alanine to the same extent of GABA (Schoustic.,1973;
Buzenetet al., 1978).

In plants, the catabolism of GABA takes places itbahondria (Breitkreuz and
Shelp, 1995). It was shown that tobacco crude etg@pparently contain two GABA
transaminases. One enzyme utilizes GABA, togetliter pyruvate while the other
enzyme utilizes GABA and-ketoglutarate. The two enzymes form succinate
semialdehyde and alanine or glutamate respect(@&lglpet al., 1999; Satya and Nair,
1990; Van Cauwenbergleeal., 1999). However, the-ketoglutarate-dependent GABA-
T remains to be further elucidated, the activity caly be detected in tobacco crude

extract and is undetectable subsequently durindigation (Van Cauwenberghet al.,
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1999). Additionally, it is noteworthy that thereearoo-ketoglutarate-dependent GABA-
T sequences found in any plant genome utilizing@dhAST search engine at NCBI to
search the GenBank database.

Plant GABA-T has not been purified from any plambwever, biochemical studies
from plant crude preparations show the optimum @tpfant GABA-T is between 8.6 to
9.0 (Streeter and Thompson, 1972; Satya and N2#6)1 and requires pyridoxal-
phosphate (PLP) as a cofactor ( Satya and Nair; 15880, Van Cauwenbergleeal .,
1999). Plant pyruvate dependent GABA-T has beened fromArabidopsis (Van
Cauwenberghet al., 2002) and rice (Ansaet al., 2005). These enzymes show putative
mitochondrial targeting sequences and conserveddifiding domains. In addition, the
GABA-T knockout in Arabidopsis provides evidencattlbABA accumulates greatly in
flowers up to 113- fold compared with wild type gegting GABA-T functions in vivo
(Palaniveluet al., 2003).

In yeast and other fungi, Robedsal. (1953) discovered thatketoglutarate-
dependent GABA-T is involved in nitrogen utilizatio Subsequently, Yonaletal.
(1983) found that GABA-T exists in a variety of maeorganisms including yeast and
other molds. GABA-T was induced in yeast spedlesJaccharomyces, Hansenula and
Candida on medium with GABA but not op-alanine, while in molds and other genera
such asrhizopus, Aspergillus, Penicillium andNeurospora, GABA-T was detected on
both GABA and p-alanine-containing media (Yonahal., 1983). Characterization of
GABA-Ts purified fromCandida (Deret al., 1986) orA. bisporus carpophore (Baldy,
1976) indicated that they share some catalytiaifeat pyridoxal phosphate-dependent,

optimum pH of 8.0¢-ketoglutarate specificity and inhibition by shohain fatty acids
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such as propionate and butyrate. GABA-T has bemmed from yeas$accharomyces
cerevisiae (Andre and Jauniaux, 1990), and it is encoded GAU gene. Previous studies
from UGAL1 knockout demonstrated that yeast GABAEg other genes in GABA shunt
pathway, plays an essential role in oxidative sttekerance (Colemaat al., 2001).
Bacterial GABA-T, is most similar to yeast GABA-But different from the GABA-T of
other fungi and mammals. It is specific for GAB#ges not utilizg-alanine, and
requiresu-ketoglutarate as an amino acceptor (Yoreitsgh,, 1983). GABA-T was found
to be abundantly distributed in most strains oftéaa grown on media with-alanine or
GABA as nitrogen sources (Yonabiaal., 1983). Studies from cowp&izobium also
show that GABA-T requires-ketoglutarate. The activity of GABA-T is induced
media containing GABA as the sole carbon and nénogpurce (Jiet al., 1990).
Recently, a GABA-T gene (gabT) froRhizobium leguminosarum bv. Viciae was
identified, cloned, and characterized (Petkl., 2002). It is induced by GABA and
highly expressed in bacteroids. Mutants of galst tleea-ketoglutarate-dependent
GABA-T activity, but they are still able to grow @ABA as the sole carbon and
nitrogen source, suggesting the existence of mel@AB-Ts which have different
substrate specificities in this organism. Accordind unnicliff (1993), the activity of
GABA-T from Pseudomonas fluorescens is inhibited by ATP, and its analogues ADP,
CTP and XTP in a competitive manner, the inhibitdfect can be antagonized by
GABA, indicating ATP competes with GABA for the gmae binding site. Voellym and
Leisinger (1976) purified GABA-T frorPseudomonas aeruginosa. In addition to GABA,

the purified enzyme catalyzed the transaminatioNZfcetyl-L-ornithine, L-ornithine,



putrescine, L-lysine, and cadaverine in order afredasing activity. The enzyme is

induced by GABA, guanidinobutyrate, or putrescisenell.

Succinate semialdehyde dehydrogenase

In mammals, SSADH has been purified to apparentdgameity from rat, pig and
human brains (Chambliss and Gibson, 1992; RyzlakRaetruszko, 1988; Lest al .,
1995). The purified human brain SSADH is localirednitochondria, has SSA as the
best substrate, but also has activities for thetsates of glutaric semialdehyde,
nitrobenzaldehyde, and short chain aliphatic aldeby The enzyme can only use NAD
as a cofactor (Ryzlak and Pietruszko, 1988). Tieyme from pig brain is substrate
inhibited by SSA and by the product, NADH (Duncaxd &ipton, 1971).
In plants, SSADH has been purified from wheat erobrfGalleschet al., 1983), barley
seeds (Yamuret al., 1988) and potato tubers (Satya and Nair, 198%9.first cloned
SSADH was fromArabidopsis (Bu et al., 1999). Biochemical analysis from previous
studies show plant SSADH is localized in mitochaadBreitkreuz and Shelp, 1995).
Mitochondrial localization is common among mostamgms except yeast. The plant
SSADH has an optimum pH of 9.0, is highly spedificsubstrate SSA, and can only use
NAD™ as a cofactor, the catalytic activity is inhibitegthe substrate SSA at higher
concentrations, the product NADH and also adenuwentides such as AMP, ADP and
ATP. A disruption of the unique SSADH geneArabidopsis has been shown to cause
necrotic lesions and programmed cell death durargpds of heat stress, UV light stress,
or hydrogen peroxide stress as result of accunaulati toxic reactive oxygen species

(Bouchéet al., 2003).
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In yeast and other fungi, SSADH has received nedgtilittle attention. Most
studies have been limited to enzyme activities fosade cell preparations (Pietruszko &
Fowden, 196; Ramaat al., 1985). Ramost al. (1985) found that SSADH from
Saccharomyces has a pH optimum of 8.4. It is highly specific the substrate succinate
semialdehyde with a Km in theM range. It can use both NARnd NADP as a
cofactor but has higher affinity for NAD Its activity is substrate inhibited by succinate
semialdehyde. These kinetic properties are alsedhay SSADH from niger mycelia
and plants (Kumar and Punekar, 1994; Pietruszld=amvden, 1961; Rating al., 1984;
Satya and Nair, 1989). Rametsal. (1985) found a thio requirement is not necesgary
yeast SSADH activity. Some exception was also olegkin fungi, for example, the
utilis extracts were shown to catalyze the reverse reabfiaeducing SSA to 4-
hydroxybutyric acid (Pietruszko and Fowden, 1961).

In Saccharomyces cerevisiae, SSADH is encoded by théGA2 gene (Colemast
al., 2001). Itis localized in the cytosol (Hehal., 2003). Together with UGA1JGA2 is
involved in the degradation of GABA to succinateutistion of either of UGA1 cUGA2,
makes yeast cells more sensitive to oxidative st{€slemaret al., 2001), and prevent
them from growing on GABA as the sole nitrogen sewells (Ramost al., 1985). Like
GAD1 andUGA1, UGA2 expression is also induced by GABA (Rarebal., 1985). The
expression levels da#GAL1 andUGA2 are under the control of transcription activator
UGA3p (Ramost al., 1985; Visserst al., 1989; Talibiet al., 1995; Colemast al.,
2001). Under oxidative stress, leveld 86A2 transcript were found to be up-regulated
(Colemaret al., 2001). Detailed regulation of the expressioGABA shunt genes and

the genes which control their expression will baeeed later.
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In bacteria, two proteins are involved in the attiof succinate semialdehyde
dehydrogenase: NABdependent and NADRIependent succinate semialdehyde
dehydrogenases. Cozzahal. (1980) separated these two proteins fiarooli. The
partially purified enzymes differ in their co-facsoNAD" or NADP'). The NADP-
dependent SSADH is very specific for the subst&8a while the NAD-dependent
SSADH can utilize n-butyraldehyde in addition taAS$ E. coli. B, both NAD-and
NADP*-dependent SSADH were induced by GABA, but the NADBpendent enzyme
has higher activity of GABA-T (Donnelly and Cood€981).

SSADH has also been cloned fr@ncoli.. Itis part of the gene cluster which
encodes the enzymes for GABA degradation. (MetadrHalpern, 1990; Bartsch al .,
1990; Niegemanst al., 1993). InE. coli, a second sad-encoded SSADH was identified
in addition to the gabD-encoded SSADH (Donnellgt @ooper, 1981; Marek and
Hensen,1988), and Pseudomonas sp., Klebsiella pneumoniae, andRalstonia eutropha
also an NADP+- and/ or an NAD+-dependent SSA-DHendstected (Nirenberg and

Jacoby, 1960; Sanchetzal., 1989)

The role of GABA in different organisms

In animal systems, GABA has been well known asaibitory neurotransmitter
mainly found in the central nervous systems (CNM&Yertebrates, GABA acts at
inhibitory synapses in the CNS by binding to spedifansmembrane receptors, which
causes the opening of ion channels to allow negjgtieharged chloride ions to flow into
the cell or positively-charged potassium ions tovflout of the cell (Rotlet al., 2003).

Three general classes of GABA receptor have beemifcGABAA and GABAC
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ionotropic receptors, which are ion channels théveseand GABAB metabotropic
receptors, which are G protein-coupled recept@zitgyevaet al., 2003; Mihicet al.,
1997; Boehnret al., 2006; Dimitrijevicet al., 2005).

In plants, for many years, GABA has been shown frumerous reports to
accumulate rapidly upon various stress factorathog heat, cold, drought, acidosis,
anoxia, mechanical damage. For example, in heessstd cowpea cells, GABA
accumulated 1,800-fold in 24 hours as comparebddgmon stressed control (Mayetral .,
1990). In soybeans subjected to cold stress antanexal damage, GABA level in
soybean leaves increased 2,000- and 2,700- foteecasely in 5 min (Wallacet al.,
1984). However, the physiological role GABA plagsplants is not well understood yet.
Early studies suggested different roles of GABAdsponse to stress conditions. These
roles are generally related to: contributing to@eN balance (Roliet al., 2000,
Breitkreuzet al., 1999, Snedden and Fromm, 1999), regulation tfsojic pH (Snedden
et al., 1995, 1996), protection against oxidative st(@ssichéet al., 2003), defense
against insects (Ramputh and Brown, 1996), or GABANn osmoregulator (Rentsath
al., 1996)

More recently, scientists are trying to find evides to show that GABA is a
signaling molecule by analogy to such a clearlyraef role in animals. [Arabidopsis,
the pollen—pistil-interaction2 (pop2) gene enco@&BA-T. The pop2 mutant
accumulated GABA in flowers, and the guidance amavth of the pollen tube was
disturbed. In the wild type, a GABA gradient wasated in the pistil, that was required
for proper pollen tube guidance to the ovule (Pakln et al., 2003; Bouchét al., 2004).

Thus, this finding indicates GABA may play an imgaot role in signaling. However,
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there is a strong need in plants to elucidate thBA&signaling pathway by showing the
presence of GABA receptors. Genes which sharedeglience similarities with animal
ionotropic glutamate receptors have been identifiedlabidopsis as putative glutamate
receptors (designated as ATGLRSs) (Lacoraba., 2001), these ATGLRs posses
domains which are structurally highly homologou&t#BAB receptors, thus, it is
reasonable to assume GABA interacts with ATGLRgl#&y its signaling role by binding
to these domains.

In bacteria, GABA was first found to play a rotedarbon and nitrogen metabolism,
wild type laboratory strains d&. coli K-12 are unable to utilizeaminobutyrate (GABA)
as the sole carbon and nitrogen source. HowewrreiDand Halpern (1972) found UV
induced mutants are able to grow on GABA as acalkbon and nitrogen source, and
also the activities of GABA aminotransferase agd\BH were both increased six- to
nine-fold. Foester and Foester (1973) reported@#BA plays a role in the germination
of theBacillus megaterium spores. GAD activity increased dramatically dgrin
germination leading to accumulation of GABA. In #uaoh, Castanietheret al. (1999)
reported that the production of GABA was involvedacidic pH resistance i coli.

The GAD enzyme protects the cell from extreme aoiditions during transit through
the host stomach since GAD consumes protons biyzatg decarboxylation of
glutamate. The product GABA is finally exportedrfrahe cells.

In yeast and other fungi, GABA was first isolateonfi acid treated yeast extracts
(Reed, 1950). It was subsequently found in varathsr fungi. GABA accumulated
unusually inA. niger during acidogenesis coupled with the increaseto€ acid

(Kubiceket al., 1979). In understanding the role of GABA in dgurthe following have

14



been summarized from previous studies: Firstly, @ABetabolism is involved in the
catabolism of nitrogen compounds.Srcerevisiae (Ramoset al., 1985) andA. nidulans
(Yonahaet al., 1983), GABA in the growth media as a sole nignogource induces the
expression of the enzymes which catabolize GABAagGABA-T and SSADH, the
GABA transporter gendJGA4) is also induced (Ramasal., 1985).

GABA metabolism is involved in conidiation and gemnation of conidia. This role
was established from the work of Schetial (Schmit and Brody, 1975; Hao and Schmit,
1991; 1993), Schmit and Brody (1975) who found G&dd only be detected at
conidiation stage but GAD is not found in myceliehe levels of GAD increase at
conidia as they mature and decline in the earlyeltd conidial germination. Therefore,
this work enabled Schmit al. (1975) to first clone GAD as a conidiation stagecific
marker enzyme.

Furthermore, GABA metabolism seems to be involvedxidative stress tolerance.
Coleman and co-workers (Colemetral., 2001) showed the three genes includefd 1,
UGA1 andUGA2 in the GABA metabolic pathway are all requireddterate oxidative
stress. Strains bearing single mutations in theses are more sensitive to oxidative
stress compared to wild type, and the single mstahgjaba-t and ssadh can no longer
grow on GABA as their sole nitrogen source. Howguaetefinitive physiological role of
GABA in yeast, other fungi and most of other orgams remains understood for other

stress conditions.

Heat shock and yeast thermotolerance

Induced thermotolerance, or the increased resistahcells and tissues to severe
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(or lethal) heat shock following a prior exposuweantild (sublethal) heat shock has been
described in all living organisms from prokaryof®srozovet al., 1997) to eukaryotes
(Mager and Moradas, 1993). Direct exposure to ¢édevkethal temperature can damage
major components of cells such as proteins and meemeb. Prior exposure to a mild heat
shock can induce heat shock proteins (HSP) and o#étlelar changes, thereby making
cells more resistant to a subsequent, even moeres@eat shock. For yeast
Saccharomyces cerevisiae, the optimal growth temperature is within the rauod 25 to
35°C, at temperature of 35 to 37°C, yeast celldicoa to grow, but are moderately
stressed, developing a protective tolerance ageiesated lethal temperature. At
temperatures above 45°C, yeast cells are sevdregsed, and 99% of growing non-
adapted aerobic yeast cells die after a 5 min expast 50°C (Davidsod al., 20014,
2001b). Thermotolerant yeasts are considered te Aawptimum growth temperature
above 40°C (Walker, 1998).

Heat-shock is one of the best studied stress-ibticesponses, not only of yeast
but also of virtually all living organisms. The hefock response system is understood
very well at the DNA level (Craig, 1986; Lindquestd Craig, 1988; Parsell and
Lindquist, 1993). For yeasts, the induced thermeoémce acquired from a pre-exposure
to a mild heat treatment is related to heat shactofs and stress response element
pathways that regulate the synthesis of heat spaatkins (HSPs) (Mager and Moradas,
1993). Milleret al. (1982) have shown a temperature shift from 234 in
Saccharomyces cerevisiae transiently induces approximately 80 proteins.emty of
these induced proteins belong to major HSP familiegse proteins play important roles

in helping cells cope with the toxic effects of hhiggmperatures, but they have different
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expression patterns and molecular functions. SdrntteedHSPs have been functionally
characterized, but the function of most of the H&Psains to be understood (Mager and
Moradas, 1993).

In the yeasBaccharomyces cerevisiae, heat shock proteins of Hsp90 and Hsp70 are
important at all temperatures and are requiredjfowth at higher temperature
(Borkovichet al., 1989). Sanchez and Lindquist (1990) have shdgpiO4 is induced
by heat but expressed at a low level under nossftrtetemperatures. Hsp104 apparently
plays a crucial role in helping cells tolerate $texposures to extreme temperatures.
Sanchez and Lindquist (1990) show that with a paetreatment (30 min at 37°C)
followed by stress at 50°C, both wild type andsekaring a deletion in Hsp 104
acquired thermotolerance, but the hsp104 deletiotam died 100-1000 fold faster than
the wild type cells.

In general, heat shock proteins are molecular gloaps required for survival under
stress conditions (Brosnahal., 2000). HSPs confer thermotolerance in organisyns
preventing the denaturation of proteins duringhat stress and by facilitating the
refolding of already damaged proteins. HSPs atedad in yeast cells under stresses
other than heat shock. Parsetlbl. (1994) have shown that HsplO4 functions to pramot
the resolubilization and reactivation of proteinhatthave unfolded and aggregated after
exposure to high temperatures. Hsp70 and HspS@praggregation by binding to
unfolded proteins, maintaining them in a nativexclional state (Parsell and Lindquist,
1993). Other Hsps help to usher unfolded protaiosg the degradation pathway.

In addition to HSPs, it has been suggested thatisemhthermotolerance is mediated by

other factors. For example, in heat shock fact@KHmutanhsfl-m3 yeast cells, the
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induction of thermotolerance was not impaired (8maitd Yaffe, 1991). Furthermore,
recent work by De Virgiliet al. (1994) has shown that trehalose plays an importéda
in acquired thermotolerance $cerevisiae, and the mutations that block trehalose
synthesis sharply reduce thermotolerance. Treh#@aselisaccharide that changes the
solvent properties of the fluid phase and reduiceslenaturation of proteins at high
temperatures (Yanat al., 1982). Trehalose acts synergistically with HSPtDprotect

cells ofS. cerevisiae from heat damage (Estruch, 2000).

Heat shock and reactive oxygen species

The production of reactive oxygen species (RO&hisnavoidable consequence of
life in an aerobic environment. ROS are characterizy their high chemical reactivity
and include both free radicals (that is, speci¢l wme or more unpaired electrons, such
as superoxide (£-) and hydroxyl radicals (OH.)), and non-radiga¢&es such as
hydrogen peroxide (#D.) (Shah and Channon, 2004). Indeed, organisms &éapance
between ROS generation and antioxidant systemstlagenge or reduce ROS
concentrations. The imbalance caused by over ptmotuof ROS and / or reduced
antioxidant capabilities generates oxidative stress

However, during episodes of environmental stresael as high temperature or
during the fermentation process, ROS levels inerelaamatically, which can result in
significant damage to cellular components includdiA fragmentation, protein or
enzyme inactivation, the modification of carbohydreompounds, and changes in
membrane fluidity via lipid peroxidation (Elighal., 2000). Cells are normally able to

defend themselves against ROS damage through ¢hef detoxifying enzymes such as
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superoxide dismutase, catalase, and glutathiorexigeise, small molecule antioxidants
such as ascorbic acid (vitamin C), uric acid, aludiaghione, polyphenol antioxidants
assist in preventing ROS damage by scavengingdidieals (Arrigoet al., 2002). Heat
stress has been documented to produce oxidatessqtiDavidsost al., 1996; Davidson
and R. H. Schiestl, 2001a; 2001b), and to somengxteat stress is equivalent to
oxidative stress ( Sugiya al., 2000). For example, Collinson and Dawes (192®e
shown heat stress induces HSPs as well as a aptiokidant enzyme genes such as
catalase (CTT1), thioredoxin peroxidase (TPX1 aRX2), and cytochrome c peroxidase
(CCP1). Mutant cells with deletion of protein axidant enzymes including catalase,
cytochrome c peroxidase, superoxide dismutasethaogedoxin peroxidase are more
sensitive to heat stress compared to the wild ¢ypavidsonet al., 1996).

Bouchéet al. (2003) show disfunction of mitochondrial succenaemialdehyde
dehydrogenase in plants caused cells to be vesjtsento heat stress and over-
accumulation of ROS, suggesting a role of GABA shnithermotolerance by restricting
the production of ROS. Kralet al. (1996) found aerobic exposure of yeast cells to
higher temperatures increases the concentratioriratellular oxygen, consequently
increasing the production and reactivity of ROS¢€lset al., 1986). In addition, it has
been found that D, pretreatment strongly induces many of HSPs (Gatlah, 1998).
Thus, some overlap must exist between mechanisimsadfand oxidative stress
supporting the concept that both HSPs and antioxsdeontribute to the thermotolerance
of yeast cells (Jamieson, 1995).

In respiring yeast cells, the main source of RQ&lpction is the mitochondrial
electron transport chain, the principal site bgangximal to the cytochrome c oxidase
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complex (Guidott al., 1993). In the cytosol, ROS such g®kland superoxide may be
formed by P450 cytochromes and dioxygenases (Daltaln, 1999), or generated during
glycolytic fermentative metabolism (Hamm-Kunzelmaahal., 1997). In mammalian
cells, Halliwell and Gutteridge (1989) indicatee ttmajor source of ROS is mitochondria,
other potential ROS sources include, xanthine adaytochrome P450 based enzymes,
NADPH oxidases, dysfunctional NO synthases, peomes and infiltrating

inflammatory cells. However, a major ROS sourceréatox signalling is NADPH
oxidases (Shah and Channon, 2004). In plant ¢S are generated at a number of
cellular sites, predominantly in mitochondria, aolglasts, and peroxisomes. Another

source includes the extracellular side of the plasmmbrane (Laoét al., 2004).

Heat shock and the expression of yeast GABA shunéges

The three geneSAD1, UGA1 andUGAZ2 in the GABA shunt pathway play
important role in the metabolism of GABA. To cop#hathe damaging effects from the
environmental and physiological stresses such afsstieess, osmotic stress, or oxidative
stress, yeast cells have developed rapid moleceg@onses by changing their gene
expression patterns (Estruch, F.. 2000). In resptmbeat stress, heat shock proteins
may not be the major factor regulating thermotaieea Expression analysis upon
environmental changes in yeast has been invediidgigtseveral scientists using the
technique of DNA microarray. Gasehal. (2000) show in response to mild heat stress
37°C shifting from various temperatures from 176C33°C, all the three enzymes in the
GABA shunt pathway were similarly up-regulatedestdt 3 fold upon heat stress at 37°C

in a time dependent manner. A genome wide gendipgp€onducted by Sakakt al.
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(2003) indicated that 104 genes were up-regulated?287 genes were down-regulated
under mild heat stress by shifting cells from 256@7°C, among the down-regulated or
repressed genes are mitochondrial related, ameangpiegulated genes are heat shock
proteins and antioxidant genes, the three stregonsive genesGAD1, UGAL and

UGA2) in GABA shunt pathway, and also genes involvegdrimduction of oxaloacetic

acid (OAA) and acetyl-coenzyme A (CoA) were induabérefore an increased synthesis
of a-ketoglutarate may occur through TCA cycle leadimgn elevated level of glutamate,
which may subsequently stimulate GABA synthesissEresults further

indicated that cells adapted to heat stress by degulation of mitochondrial genes to
avoid heat induced ROS and also by up-regulatiayeats to activate metabolic
pathways. However, the effect of lethal temperaturéhe gene expression pattern and
the specific response of GABA shunt remain to bestigated. Under other
environmental stress conditions, Colenefial (2003) demonstrated UGA1p and UGA2p
together with GAD1p are oxidative stress respongrageins. By screening among
different nitrogen sources, Ramaisal. (1985), Andreet al. (1993) Talibiet al.(1995)

and Patrice Godaret al. (2007) found the expressionldGAL1 andUGA2 genes were
induced 30 - 240 fold by the presence of GABA de asdrogen source instead of
ammonium sulfate; According to Colemetral. (2001), the expression DIGA2 was
induced 3- fold when yeast cells were exposedrtdtVLlH202 stress, however,
information obtained on the expression of thesedlyenesGAD1, UGAL andUGA2)

under stress conditions is limited.
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The expression of genes regulating GABA metabolisnelated genes

In addition to the environmental changes, the esgpom of GABA shunt genes is
also under the control of two other regulatory geh&sA3 andUGA4.

UGA3 gene is a transcription factor which regulatesetkgression of GABA metabolism
related UGA genes such &AL, UGA2 andUGA4 (Coornaertt al., 1991),UGA35 or
DAL8L gene is a general positive regulator of geneslvegbin nitrogen utilization
related to metabolisms of GABA, urea, arginine ahatoin (Visserst al., 1990).
Together with UGA35p/DAL81p, UGA3p controls the geaxpression by recognizing
the promoter elements centered around a GATAA sesmvolving in the metabolism
of poor nitrogen source such as GABA (Cunningletiad., 1994). In yeast, UGA3p is
required for the transcriptional activationldGA1 andUGA4 (Visserset al., 1989),
deletion of eithetJGA3 or UGA35 impairs the expression &fiGAL andUGA4 (Vissers

et al., 1990). Gascht al. (2000) has found the expressionJ#A3 was strongly induced
by nitrogen depletion but unaffected by mild heegss at 37°C.

In yeast, GABA is imported into cells by three f@ias: the general amino acid
permease (GAP1), proline specific permease (PUadg)the GABA permease (UGA4p)
(Grensoret al., 1987). The expression of th&A4 gene was induced by GABA as sole
nitrogen source (Ramasal., 1985), but also dependent on the cell growthditams
(Moretti et al., 1998). As reviewed above, the constitutive esgicn ofUGA4 requires
two positive-acting proteins, the specific UGA3mldhe pleiotropic UGA35p/DAL81p
(Andreet al., 1995; Garciat al., 2000). By measuring-galactosidase activity in the
cells carrying &JGA4::lacZ fusion gene, Moretét al. (2001) have shown the expression

of UGA4 was induced in response to acid pH (4.0) mediuthercondition without the
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repression bYGAA43 repressor factor or induction by GABA. Previousdsts have
demonstrated cells with the mutationl®A1 or UGA2 are unable to grow on GABA as
the sole nitrogen source (Ranmabsl., 1985; Colemast al., 2001), Andreet al. (1993)
found mutation ofJGA4 has the same phenotype if with the mutation obther GABA
transporter genes GAP1 and PUT4. From Gahsh's (2000) expression investigation, in
response to mild heat stress at 37°C, slight inolu¢t-1.5 fold) was observed after 5 min,
but this induction was only temporary. In contraisé expression diGA4 was induced

after the temperature was shifted from 37°C to Z6¢@5 min.

Yeast is powerful genetic tool

"Yeast" is often taken as a synonym ®cerevisiae (Kurtzman, 1994). Itis
unicellular, and is a proven model eukaryote foteoolar and cellular biology studies. It
is well known that yeast has a small genome, gifagts and is easy to manipulate which
makesS. cerevisiae a popular tool for genome wide studies. The genbasebeen
sequenced, and the corresponding databases alabée/anline. The most
comprehensive database about yeast genes andchessfarences is provided by
Saccharomyces Genome Database. By the stratémnuadlogous recombination,
knockouts of almost every yeast gene have beertraotedd (as heterozygous diploids for
essential genes; as homozygous diploids and haplaidhe others), and are available
from American Type Culture Collection (ATCC). Thes#lections have been widely
used for numerous genome wide studies, or for ctitrgrestudies using the specific “bar
codes” of each disruption for identification (Frighiet al., 2007).

Yeast has also been widely used for protein-pratearactions by two-hybrid or
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synthetic lethality studies. Because of its singdaome, yeast provides a "clean
background" for expressing genes from other euk&rggstems such as humans or
plants. Yeast also provides a convenience for kingobut genes which have only single
copies in yeast but exist in homologues of multiptdorms in other organisms such as
plants, which is still lack of an effective geneokkout strategy for functional
characterization under stress conditions. Becaligeese advantageous features, yeast
has become the model organism for medical, appdied fundamental research (Mager

and Winderickx, 2005).
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II. THE GABA SHUNT MEDIATES BASAL THERMOTOLERANCE
IN SACCHAROMYCES CEREVISIAE BY REDUCING THE

PRODUCTION OF REACTIVE OXYGEN SPECIES

Abstract

The GABA shunt pathway involves three enzymes:aghéte decarboxylase
(GAD), GABA aminotransferase (GABA-TA), and sucdimaemialdehyde
dehydrogenase (SSADH). These enzymes act in cacenhvern-ketoglutarate
(through glutamate) to succinate. Deletion mutaimneach of these genes in
Saccharomyces cerevisiae resulted in growth defects at 45°C or at 50°Cofwlhg an
induction period at 40°C. Double and triple mutatamnstructs were compared for
thermotolerance with the wild type and single mutrains. Although wild type and all
mutant strains were highly susceptible to everf Ieéat stress at 50°C, a 30 min at 40°C
(a non-lethal temperature) induced tolerance af wipe and all of the mutants to the
50°C (lethal temperature). The mutant strains ctilely exhibited similar susceptibility
at both 45°C and the induced 50°C treatments.dali@ar reactive oxygen species
(ROS) accumulation was measured in wild type aott @athe mutant strains. ROS
accumulation in each of the mutants and under varstress conditions was correlated to
heat susceptibility of the mutant strains. The adidiof ROS scavengé-tert-butyl-o-

phenylnitrone (PBN) enhanced the mutant growthaefed strongly inhibited the
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accumulation of ROS, but did not have significafeat on the wild-type. Measurement

of intracellular GABA, glutamate andketoglutarate during lethal heat exposure at 45°C
showed higher level of accumulation of GABA an#tetoglutarate in thegal anduga2
mutants, while glutamate accumulated at higher liemgadl mutant. These results
suggest that GABA shunt pathway plays a crucia molprotecting yeast cells from heat
damage by restricting reactive oxygen species mtomtuinvolving the flux of carbon

from a-ketoglutarate in yeast cells to succinate duriegtistress in mutant cells lacking a

functional GABA shunt pathway.
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Introduction

Virtually all living organisms contain the GABA shuupathway consisting of 3
enzymes: glutamate decarboxylase (GAD) catalyAiegconversion of glutamate (Glu)
to GABA, GABA aminotransferase (GABA-AT) catalyzitige conversion of GABA and
o-ketoglutarate-KG) into succinate semialdehyde (SSA) and Glu, suctinate
semialdehyde dehydrogenase (SSADH) catalyzing tie(R)-dependent conversion of
SSA into succinate. The pathway serves to nw¥es to succinate bypassing two
reactions of the tricarboxylic acid cycle.

The biological function of the GABA shunt is variddpending on the organism in
which it exists. In bacteria and fungi, this patipvigresponsible for the assimilation of
exogenously supplied and excess glutamate (Ja®6B; Piquemadt al., 1961). In
animals, it is well established that GABA and assec metabolism is associated with
inhibitory neurotransmission (Petroff, 2002; Wamgl doseph, 1999). The disfunction of
each enzyme in the pathway is related to humarotagical genetic disorders (Jakodis
al., 1993). In plants, the GABA shunt appears to iouate to the control of cytosolic pH,
balance between carbon and nitrogen metabolismadapitation to stress (Bouche and
Fromm, 2004). GABA has been shown to play a patésignaling role in pollen tube
guidance (Palanivelet al., 2003). Disruption of th8SADH gene inArabidopsis results
in the accumulation of reactive oxygen species (R@&crotic leaf lesions, dwarfism,
and hypersensitivity to environmental stresses (Best al., 2003). In baker’s yeast,
GADL1 is required for tolerance to oxidative stress #edloss otJGAL andUGA2
reduced the oxidative stress tolerance (Coleehah, 2001). These studies suggest that

the GABA shunt pathway or at least an enzyme oymes in the pathway play a role in
45



limiting the production or lethality of ROS prodwtduring environmental stress
episodes. However, the molecular mechanism viaws$uch actions are mediated
remains largely unknown.

In fungi and higher plants, GAD is known to containalmodulin binding domain,
and the activity of the GABA shunt as well as GABé&cumulation appears to be
regulated by the binding of calcium and calmodtdithe GAD enzyme (Baut al .,
1993; Colemamt al., 2001). Thus, the accumulation of GABA duringsegies of
environmental stresses including heat stress mpknd fungi appears to be modulated
by calmodulin and stress modulated intracelluldcioen pools (Baunet al., 1996,
Boucheet al., 2005; Colemast al., 2001).

Although the mechanism of modulating GABA shunf\atyt appears to be
elucidated, the role of the enzymes of the GABAns abating the deleterious effects
of stress in fungi and plants remains to be eldeiaHere, we report the role of the three
GABA shunt enzymes during heat stresSancharomyces cerevisiae. Deletion mutants
of Agadl, Augal, andAuga2 and the double and triple mutation constructhese three
genes were made. Viability and thermotoleranceeti§ cintracellular levels of ROS,
GABA shunt metabolite levels were measured in thé type and various deletion

strains during the mid-log phase of growth duriegtrstress.

Materials and Methods

Yeast strains and growth mediaYeast strains used in this study were all derived
from stain W303-1ANat a leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met) and

the precise genotypes of the mutants are listdébie 1.
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In various experiments as detailed in text, tablk fegure legends, the strains were
grown on either YPD medium or YNB medium. YPD medioontains: 2% glucose, 1%
yeast extract, 2% yeast bactopeptone, and wasfoaisgobwth and cell survival
assay.YNB medium contains: 0.67% [wt/vol] yeastagen base, 2% glucose,

supplemented with essential amino acids (Shernaln, 1979).

Disruption of GAD1, UGA1 and UGA2 genes.The GAD1 disruption was
generated by PCR amplification / homologous recoatimn strategy (1) that replaced
the entire open reading frame@AD1 with TRP1 gene. Th&RP1 gene was amplified
from plasmid pRS414 template DNA using a forwaridher (named
GAD1UP45TRP1A, Table 1) that consisted of the 48lentides immediately upstream
of theGAD1 gene fastened upstream of the 5’'most portion@fme. The reverse
primer (named GAD1DN45TRP1D, Table 2) consistethef45 nucleotides immediately
downstream of th&AD1 gene ligated to the 22 nucleotides at the 3’ driie@TRP1
gene contained in pRS414. The PCR product wasttaesformed into yeast strain
W303-1A by lithium acetate as previously descrif@ditz and Woods, 2003), and TRP+
colonies were selected for genomic DNA isolatiohe Torrect integration was verified
by isolating genomic DNA (Hoffman and Winston, 19&bm each selected strain and
conducting a series of PCR reactions using prirtesland 300-500 nucleotides
upstream and downstream@®AD1 open reading frame and within thBP1 gene (Table
2).

The UGA1 gene was disrupted by replacing a fragment ofjhvee between bases

+293 to +911 with théll S3 gene. ThéJGA1L coding sequence was amplified by PCR
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from yeast genomic DNA utilizing PCR primers UGAB3FOR and UGA1HIS3REV
(Table 2). The amplifietd GA1l-orf was digested usingpnl and Sacl according to
manufacturer’s procedures and ligated into pBlupsarvhich had been linearized by
restriction with the same two enzymes to create-pl&&1-orf. This pBluescriptJGAl-
orf construct was then double digested v@h andAgel according to manufacturer's
procedures generating a 618 nucleotide deletian theUGA1-orf. TheHIS3 gene was
PCR amplified from the pRS413 plasmid using forwand reverse primers that had a
Sall restriction site added 5' to the 5'-25 nucleatidétheHIS3 gene and aAgel
restriction site added 3' to the 3' end of #i&3 gene sequence. This PCR product was
then ligated into pGEM-T easy vector, and the pldsmas amplified irk. coli strain
DH5-qa, the insert was recovered from this amplified plakby digestion witlsall and
Agel restriction endonucleases. T8all / Agel insert was subsequently ligated into the
linearized, digested pBRJGA1L-orf to replace the deleted 618 base-pair sequeince
UGA1-orf generating pBSugal-orf::HIS3. The disruptedigal-orf::HIS3 sequence was
PCR amplified from pB&ugal-orf::HIS3 and this PCR productdal::HIS3) was used
as the disruption cassette to transform and eviytliarupt the endogenous W303-1A
UGAL1 gene.

The UGAZ2 disruption was generated by PCR amplificationrhblbgous
recombination strategy (Bauldahal., 1993) that replaced the entire open readingdram
of UGA2 with URA3 gene. Th&JRA3 gene was PCR amplified from plasmid pRS416
template DNA using a forward primer (namgd@A2UP45URA3A, Table2) that
consisted of the 45 nucleotides immediately upstreaitheUGA2 gene fastened
upstream of the 5’most portion of the gene. Therss primer (hamed
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UGA2DN45URA3D, Table 2) consisted of the 45 nudlded immediately downstream
of theUGA2 gene ligated to the 22 nucleotides at the 3'arttie URA3 gene contained
in pPRS416. The PCR product was then transformexdyi@ast strain W303-1A (Geitz and
Woods, 2003), andRA3+ colonies were selected for genomic DNA isolat The
correct integration was verified by isolating genomNA from each selected strain
(Hoffman and Winston, 1987) and conducting a sexfd3CR reactions using primers
that land 300-500 nucleotides upstream and dowarstif UGA2 open reading frame
and within the URA3 gene (Table 2).

To make the double deletion construzagl:: TRP1 cassette (see above) was used
to transform the singlegal::HIS3 deletion strain and thgga2:: URA3 deletion strain to
makeAgadlAugal andAgadlAugaZ2 strains respectively. Theyal::HIS3 cassette was
also transformed into theya2:: URA3 deletion strain to mak&ugalAuga2 deletion
strain, and finallyAugalAuga2 double deletion was transformed dmdl:: TRP1 cassette
to make the triple deletion constructArfadlAugalAuga2. In addition to the
chromosomal PCR verification, all disruptions@AD1, UGAL, UGA2 in the single,
double and triple deletion strains were verifiedapypropriate PCR for each of the single
mutants as described above, and by failure to grawtYNB minimal medium
containing 0.1% GABA or 0.2% ammonium sulfate asghble nitrogen source. All

deletion mutants excepigadl failed to grow on GABA-containing plates.

Plasmid Construction. The S cerevisiae glutamate decarboxylase ge@AD1)
was PCR amplified from genomic DNA isolated fromdatiype strain W303-1A using a
forward primer GAD1FOR (Table 2) and a reverse pri@AD1REV (Table 2). To

facilitate plasmid construction, two restrictiotesi forSmal andXhol (underlined, Table
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2) were introduced at each end of the GAD1 spepiiimers. Following PCR
amplification, the 1.778-kb Smal / Xhol fragmenttaining the entire gene was digested
from the PCR product by Smal and Xhol (BiolabsywNengland) according to
manufacturer's procedures and ligated into theusm®mal / Xhol sites of yeast shuttle
vector p425 GPD (American Type Culture Collectiaeing DNA ligase (Promega)
according to manufacturer's procedure to creatpthp425 GPD-GADL1. Th&

cerevisiae GABA aminotransferase gendGAl) was PCR amplified as described above
using forward primer UGAL1FOR (Table 2) and revgmsmer UGALREV (Table 2). The
1.436-kbBamHI / Hindlll fragment (sites underlined in primers in TaBlecontaining

the entire gene digested from the PCR productigated into the unique BamHI /
Hindlll sites of p425 GPD as described above tater@lasmid p425 GPD-UGAL.Tige
cerevisiae succinate semialdehyde dehydrogenase déGaZ?) was similarly PCR
amplified using forward primer UGA2FOR (Table 2dameverse primer UGA2REV
(Table 2). The 1.504-kBmal / Xhol fragment (restriction sites underlined in thenpeis
above) containing the entire gene was digested then?CR product and ligated into
uniqueSmal / Xhol restriction sites of plasmid p425 GPD to creafgasmid p425 GPD-
UGAZ2. The constructed plasmids p425 GPD-GAD1, p@P®-UGA1 and p425 GPD-
UGAZ2 were used for overexpression in wild-type amtjle deletion strains afgadl,

Augal andA4uga2 by yeast transformation as described (Geitz andd&'02002).

Lethal heat stress survival assaysA modification of the procedure of Davidson
and Schiestl (2001) was used. Briefly, yeast aedise grown to mid log phase (5 x°10

cells/ml) in YPD medium. To assess a possible ptote effect of free spin trap reagent
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N-tert-butyl-a-phenylnitrone (PBN, Sigma Chemical Co.), a finahcentration of 5 mM
PBN was added directly to the YPD medium for 4hk-d&s described (Rest al., 2005)
before heat stress. Cells were harvested by cegdtibn (15,000 g), washed in 0.87%
NaCl, and concentrated to 2 x®klis/ml in fresh YPD medium. Aliquots of 100 pl
were taken into 0.6-ml PCR tulfes each time point and heated af@5n a
thermocycler. At set time points, tubes were remdauad placed on ice for 1 minute.
Cells were then diluted so that colonies were calietand spread onto YPD plates.
Colonies were counted after plates were incubate&{’C for 2 days, the survival rate
was calculated against unheatetls. The effect of PBN on cell survival was detgred

by 60 min lethal heating, cell survival without PBfdatment served as control.

Induced thermotolerance assaysExponentially growing cultures with and
without PBN pretreatment were washed and concentrat2 x 18cells/ml as described
above. Aliquots of 10@Ql in 0.6mI PCR tubes were preheated at 40°C imtbeycler for
30 min followed by quickly raising temperature @° €. Aliquots of cells were taken out
at different time and placed on ice for 1 minuteit&ble dilutions of cells were plated on
YPD plates and incubated at 30°C for two days terd@ne percent of survival as
described earlier. The effect of PBN on inducedl givival was determined by 45 min
heating under 50°C after preheating at 40°C, ceiligal without PBN treatment served

as control.

Measurement of ROS production Intracellular ROS generated during heat stress
were measured using 2’, 7’-dichlorofluoroscin diate (DCFH-DA) essentially as

described by Davidson (2001). With uptake of thabpt the intracellular esterase
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removes the acetate groups, resulting in the foomatf the non fluorescent substrate 2',
7'-dichlorofluoroscin (DCFH). Subsequent oxidatadrDCFH produces highly
fluorescent 2, 7’-dichlorofluoroscein (DCF) whielvsorbs at a wavelength of 504 nm
and emits at a wavelength of 524 nm (Wang and ipd€99).

Fluorescence was measured for cells both with aticbut PBN pretreatment,
under lethal heat directly, and cells heated giteheat treatment. Overnight culture
growing in SC or selective media were diluted ib@oml of fresh YPD media to 0.2
ODsooand allowed to grow at 3C on a shaker until an Qg of 1.0 was achieved. Cells
were then washed twice and concentrated to 2xdls/mlin phosphate-buffered saline
(pH7.4) (PBS). A 5 mM stock solution of dichlorafitescin diacetate dissolved in
ethanol was added to each culture to reach adoraentration of 1M and incubated
at 30°C for 15 min to allow entry of the probe itive cells. Five hundred of each
culture with DCFH-DA included was taken for heatungder different temperature
conditions as described in the text, table and@degends. Immediately after heating,
cells were cooled on ice for 1 min, washed twic&@icold distilled water and
resuspended in 1Q0 of ice cold distilled water. Cells were disrupteyglagitation on a
vortex mixer with an equal volume of glass beadsatimum speed five times for 1 min
each. Between agitation, samples were cooledeoforcl min. The clear supernatant
was collected after 2.5 min centrifugation in ameentrifuge at maximum speed in a
cold room (4°C) and kept on ice. Thirty pl of eatipernatant was mixed with 2.5 ml of
water and the fluorescence was recorded at 258@ akcitation wavelength (Ex) of 504

nm and an emission (Em) wavelength of 524 nm, uaikigtachi F-2000
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spectrofluorimeter. Background fluorescence wasnaséd using cells heated without

DCFH-DA and using DCFH-DA without any cells.

Measurement of intracellular GABA, glutamate, a-ketoglutarate and succinate
semialdehyde. Exponentially growing cells were harvested, waséied suspended in
fresh YPD to 2 x 19cells/ml. Aliquots of 500 pl were submitted toHak heat stress at
45°C for varying periods of time as indicated irtf¢able and figure legends.
Immediately after stress, cells were cooled orfacd minute, washed twice with
distilled water, and quickly flash frozen in liqumitrogen and resuspended in 500 pl
distilled water. Cell dry weight was determinedibgubation at 105°C overnight until
there is no change of weight.

Intracellular glutamate and GABA were extractedobyling cells for 10 min.
Intracellular succinate semialdehyde was extraloteldreaking the cells with glass beads.
After centrifugation for 5 min (15,000 g), the sup&tant was collected for measurement
of intracellular amino acids. Cell extract fmiketoglutarate was prepared by boiling
ethanol method as described in Gonzatet. (1997).

The amount of GABA was determined in a 200eaction mixture which contained
86 mM potassium phosphate buffer (pH 8.6), 3.3 mMezcaptoethanol, 1.2 mBt
NADP, and 0.004 unit of GABAase (Sigma-Aldrich Ficteemicals, St. Louis, MO), and
an appropriate amount of the cell free extract areg as above. The reaction was
initiated by the addition of 5 mM-ketoglutarate after pre-incubation of components a

30°C for 5 min.
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Glutamate assays were performed in a @Q@action mixture which contained 90
mM triethanolamine hydrochloride (pH 7.3), M NAD*, 250uM EDTA, 0.06 units of
L-glutamic dehydrogenase (sigma-Aldrich Fine chexsicSt. Louis, MO) and an
appropriate amount of the cell free extract prepaeabove.

o-ketoglutarate was determined in a 200eaction mixture which contained 90
mM triethanolamine hydrochloride (pH 7.3), 53 mMraonium acetate, 60M NADH,
250uM EDTA, 0.06 units of L-glutamic dehydrogenase, andappropriate amount of
cell free extract prepared as described above.igatecsemialdehyde was determined
200l reaction mixture which contained 87 mM potasspmosphate buffer (pH8.4), 3
mM 2-mercaptoethanol, 1.3 mpNAD, 0.83% glycerol and 0.025-0.05 unit of yeast
succinate semialdehyde dehydrogenase (Ra&trads 1985).

The enzymatic determination of GABA, glutamate andcinate semialdehyde is
based on the change in absorbance at 340 nm caysed reduction of NAD(P)to
NAD(P)H and the enzymatic determinationoeketoglutarate is based on the change in
absorbance at 340 nm caused by the oxidation of IADNAD®. All enzymatic
reactions are performed at°80for 60 min and the change of absorbance at 34@asn
monitored using microplate spectrophotometer (PdWave™ XS, BioTek instruments,
Inc, Winooski,VT, USA). Concentrations of glutamateketoglutarate, GABA and
succinate semiladehyde were expresseadras/g cell dry weight and calculated from the
calibration curve of the standard solutions. Aags were repeated at least three times

and data represented the mean = SD of the resoftsdt least three experiments.
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Results

Gene disruption of GABA shunt enzymes and heat seitigity.

A GAD1, UGA1 andUGA2 wild type strain, and the isogenic deletion stsain
Agadl, Augal, andAuga2 were subjected to lethal heat stress 8€46r 15, 30, 45 and
60 min (Fig. 1). After 60 min, the wild type celiowed 65% survival compared to
wild- type without heat treatment. Thgadl, Augal, and Auga2 deletions showed 30%,
19%, and 25% survival respectively. The doubletighs ofAgadlAugal, AgadlAuga2
andAugalAuga2 showed an enhanced heat sensitivity and survivld%, 18% and 1%,
respectively after 60 min at 45. While the viability of the triple deletion strai

(AgadlAugalAuga2) was 0% .

Induced thermotolerance in GABA shunt mutant strairs.

Induction of thermotolerance by pretreatment aildethal temperature of 20 for
30 min before exposure to a lethal temperatureO¥€ n wild-type and the isogenic
deletion mutants of GABA shunt enzymes was invastid. The survival rate at %D for
5 min without pretreatment in wild-type was 14% &edow 10% in all deletion strains
(Fig. 3A and Fig. 3B). Survival of all mutant anddtype strains increased at®Dwith
preheating at sublethal temperature. Wild-type sitbsurvival above 50% and mutant
strains showed survival up to 40% after 15 minQi€5 After longer exposure at %D,

the survival rate of the deletion strains declineate rapidly than in the wild-type.

ROS production during heat stress in wild-type andGABA shunt mutants
It has been shown that lethal heat stress damatjey production of reactive

oxygen species (ROS) including hydroxyl radicalsitD hydrogen peroxide (#®,) and
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the super oxide anion (©), which can damage macromolecules and other aellul
components (Cryeat al., 1975; Davidson, and Sehiestl, 2001; Wang andplgsl999).
The level of intracellular oxidants produced duriethal heating at both 45°C, and 50°C
after preheating at 40°C for 30 min was measurechtyitoring the oxidation of DCFH-
DA.

Fig. 4 shows when cells of the deletion strainsenexposed to lethal heating at
45°C, DCFH oxidation increased 2- to 5-fold congabio unheated controls, while in
wild-type, the increase was less than 1-fold. Gatiam of higher level of intracellular
ROS in mutants is consistent with survival of teast cells at higher temperature. With
longer exposure to heat, significantly higher levafl DCFH oxidation were observed in
single, double and triple mutants than in wild-typey. 4). After preheating at 40 for
30 min (Fig. 6), the level of ROS increased 3-+tdo®d in deletion strains after exposure
at 50C, while in wild-type this increase was about Idd. These findingare consistent
with the results of the survival experiments. Thability of deletion mutant cells was
correlated with the level of DCFH oxidation obsetve

This correlation of heat stress tolerance with ati@h status of DCFH is further
substantiated by results summarized in Fig. 5 (@wetbto Fig. 2) where overexpression
of the three enzymes of the GABA shunt in eacthefthree respective single mutant
strains led to levels of DCFH oxidation similanvtdd type. Overexpression GAD1,
UGAL, or UGA2 in wild type resulted in either wild type levelS@CFH oxidation
(GAD1), or reduction in ROS production below the levfelsnd in heat treated wild type

cells UGAL or UGA2). These data further support the hypothesisahé#te three

56



enzymes in the GABA shunt pathway are involvedestricting the intracellular levetd
ROS during lethal heat stress.

To determine whether the increased level of RGOS sential for heat induced cell
death, or ROS is just a byproduct of the heat sti@sygen radicals were scavenged with
free radical spin trap, PBN. Wild-type and all rmitatrains were cultured at 30°C. The
cultures were pretreated with PBN at a final cotr@ion of 5 mM for 5 h. Cells were
then submitted to heat stress for the determinatiael!l survival and production of ROS.
As shown in Fig. 7, under 45 °C lethal heatingG®min, PBN treatment had no
significant effect on cell survival for wild-typapwever, the cell survival was greatly
enhanced for all mutants from 1-foldgadl mutant) up to more than 10-fold
(4gadl4ugalduga?), comparatively, in Fig. 8, the accumulation of R the control
decreased from 1- to 2-fold for mutant strainshmy pretreatment of PBN, while the
accumulation of ROS had no significant change. Bingffects had been found for the
cells stressed under 50°C with preheating treatifieégt 9 and Fig. 10). These results
suggest by scavenging ROS production under hessisstcells were more able to tolerate

heat stress, the ROS accumulation played an esbmié in heat induced cell death.

Effect of GABA shunt deficiency on intracellular meabolite levels.

GABA is produced from decarboxylation of L-glutamdity glutamate
decarboxylaseGAD1). GABA anda-ketoglutarate is then converted to succinate
semialdehyde and glutamate by GABA transamind§sAl) which is then used to make
GABA. Changes in the levels of GABA, glutamateketoglutarate and succinate

semialdehyde during lethal heat stress in wild-typé mutant strains were investigated.
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Under normal growth conditions, GABA level was véow in wild type and all strains
bearing deletion mutants. Under lethal heat sed§'C, an 80-fold increase in GABA
occurred in the wild-type in 15 min and remainethat level for up to 60 minutes of
stress (Fig. 11). However, in thgadl strain and in all double and triple mutant strains
containingAgadl, GABA levels increased less than 3-fold during 15umes of heat
stress at 4& and remained comparatively lower at all time pup to 60 minutes (Fig.
11). In strains bearingumal deletion Augal and AugalAuga2) the intracellular GABA
pool increased over 160-fold during 15 minutesextrstress at 46. This value
increased to over 200-fold after 60 minutes of Isé&ss. Slightly lower increases in
GABA levels were observed in tlhuiga2 deletion mutants at all time points examined.
These results suggest GABA accumulation during sieass requires a functior@AD
gene, and that the highest levels of GABA accunurabccur in strains with impaired
GABA degradationfugal, Auga2, and AugalAuga?2).

In unstressed wild type cells glutamate levels vgaitestantially higher than GABA
levels (39.2umole/g dry weight versus 0.0@nole/g dry weight), and glutamate levels
increased 3.2-fold and 4.6- fold during 15 minuwted 60 minutes respectively at’@y(
Fig. 12). The same general pattern of glutamataraatation was observed in all mutant
strains examined, but the absolute levels accueuliatall strains bearinggadl
mutation Agadl, AgadlAugal, AgadlAuga2, andAgadlAugalAuga2) were
approximately doubled at each time point companetie¢ wild-type strain. Glutamate
levels inAugal, Auga2, AugalAuga2 were approximately the same as or slightly lower
than wild type. These results confirm that GAD1phis crucial enzyme involved in
glutamate consumption in yeast cells.
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In unstressed wild type W303-1A celdsketoglutarate concentrations were
approximately 1/3 the glutamate levels (13 verdugrBole/g dry weight). Following
heat stress at 46, a-ketoglutarate accumulated linearly for at leastButes reaching
61 umole/g dry weight by 60 minutes of heat stress.(E8). Similar linear patterns of
ketoglutarate accumulation were observed for détan strains, but accumulation rates
were significantly higher idugal andAuga2 strains (6.6-fold and 6.1-fold respectively
after 60 minutes) compared to wild type (Fig. 18he AugalAuga2 double mutant strain
demonstrated the higher ratessketoglutarate accumulation (7.3-fold after 60 nt@s)
compared to wild-type (Fig. 9). In all strainsryamg agadl deletion Agadl,
AgadlAugal, Agadl Auga? andAgadlAugalAuga?), the accumulation ai-
ketoglutarate showed a slow linear pattern of acdation reaching only 2-fold after 60
minutes of heating at 46. Sincen-ketoglutarate is not a product of the reaction
catalyzed by GAD1p, it is not clear why strainsrirgpagadl mutation accumulate-
ketoglutarate. By comparisenketoglutarate is a substrate consumed in theiogact
catalyzed by UGA1p. Thus, strains bearinggal mutation would logically accumulate
greater levels od-ketoglutarate.

Since succinate semialdehyde is a metabolite urimtiee GABA shunt,
accumulation of this metabolite was investigatedsttessed wild type cells produced
2.95umol/g dry weight SSA while thauga? strain produced 4.3/mol/g dry weight
SSA. All of the other mutants produced less thanughol/g dry weight SSA. Heat stress
at 45C produced a linear accumulation of SSA only irdvilpe and in thé&uga2 strain
while no SSA accumulation occurred in any of tHeeodeletion mutants (Fig. 14). SSA
accumulation levels iAuga2 were nearly double the levels accumulated in vy,
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Mutation ofgadl or ugal reduces accumulation of SSA while mutatiorugd? leads to

high levels of SSA accumulation.

Discussion

Mutation of each of the 3 genes of the GABA shesuited in a reduction in
tolerance of yeast cells to a lethal heat stred$%E and to heat stress at 50°C following
an inductive period at 40°C (Fig. 1 and Fig. 3)lelen of GAD1 resulted in the least
reduction in stress tolerance, while deletiotJ@A1 resulted in the greatest effect. All
double mutants were at least as sensitive to egsssaz\ugal (e.g.Agadl Auga2) or
more heat sensitivé\gadl Augal and Augal Auga?) than the single mutants, and the
triple mutant was most sensitive. Essentially tobah results were obtained whether the
cells were grown on YPD medium (Fig. 1) or YNB mival medium with ammonium
sulfate as nitrogen source (data not shown) inaigdhat the rich source of amino acids
present in YPD medium does not contribute to tred bress tolerance phenotype of wild
type or the mutants. Tolerance of lethal heat stessentially reverted to wild type levels
when each of the single genes was transformedhetoespectively comparable mutant
driven by a strong promoter (Fig. 2), and overeggi@ of each gene in wild type
resulted in only small increases in heat toleraibés further demonstrates a role for the
enzymes of the GABA shunt in abating some aspeleat stress. Tolerance to even
more severe heat stress {GPcan be induced by pretreatment of cells at shblstress
of 35-40C (Davidson and Schiestl, 2001). The sensitivityhef GABA shunt mutants
used above to 50 heat stress following a 2D adaptation period was proportionately

similar to the 48C lethal heat stress above (Fig. 3 compared tolfighus, the basic
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mechanism(s) involved in abating heat stress bgtion of the enzymes of the GABA
shunt are critical to basal thermotolerance butappot to be involved in induced
thermotolerance (Lindquist and Kim, 1996).

The enzymes of the GABA shunt have been shownatp gkole in protecting yeast
cells against damage from exogenous oxidativessgyeserated by 4D, (Colemaret al.,
2001). Similarly inArabidopsis thaliana SSADH appears to play a role in heat and UV
stress tolerance by restricting ROS accumulatiomdwepisodes of stress (Bouoéteal .,
2003). Thus, the production of ROS was investigatedutants of the GABA shunt.
Either during lethal heat stress af@5Fig. 4 and Fig. 5) or at 80 following an
inductive period at 4@ (Fig. 6) in all single, double, and triple mutand in cells
expressing various genes on plasmids, the leva¢at-stress-induced ROS produced
relative to wild type was proportional to the Idityaof the mutant(s) relative to wild
type. The presence of 5 mM free radical scavenB&t strongly inhibited the ROS
accumulation in the mutant strains (Fig. 8 and E@).at both stress conditions and
enhanced the cell survival. Furthermore, in thglsimutants, the heat-stress-induced
ROS production was reversed when the respective was overexpressed on a plasmid.
These observations are consistent with previousbfighed results that the production of
ROS is a critical component of basal heat-stredadad damage to yeast cells (Davidson
and Schiestl, 2001) and with the conclusion thatis&ess-induced-damage to yeast cells
is prevented by the function of the enzymes ofGAEBA shunt through a mechanism
that involves abatement of the accumulation of RID&ng heat stress.

However, the role of the enzymes of the GABA shathway in protecting cells

from heat stress damage involving heat-induced B€&8mulation is not clear. In yeast
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the GABA shunt pathway is known to be involvedhe fissimilation of supplied
glutamate, and to feed the carbon from this metigbioito the respiratory chain within
the mitochondria with succinate (Pietruszko and éeny 1961; Ramoat al., 1985). As
expected, all strains bearingsAD1 deletion demonstrated a reduction in the intratal|
pool of GABA produced during heat stress (Fig. id)ile strains bearing a deletion of
UGAL accumulated the highest heat-stress-induced lev&&BA. UGA2 deletion
strains produced intermediate GABA levels duringttstress. The effect of deletion of
GAD1 was epistatic to deletion &fGAL or UGA2 which is consistent with the hypothesis
that GAD1p is the primary if not exclusive sourdéGABA derived from glutamate.
Since theAgadl strain, the least thermosensitive strain and titaénsproducing lowest
ROS levels during heat stress, produced essenitilghtical heat-stress-induced levels of
GABA with the triple mutant strain, the most theseasitive and highest heat-stress-
induced ROS producing strain, yet neither straodpced even wild type levels of
GABA, it would appear that GABA itself is not a rabblite directly or indirectly
involved in the protection of yeast cells from tinerdamage. Specifically, the
accumulation of GABA in these mutants does not supgrole for GABA as a signaling
molecule during heat stress even though GABA istknto be a powerful signaling
molecule in animal systems (Calhatral., 2000; Gamel-Didelost al., 2003, Geigerseder
et al., 2003).

The highest levels of heat-stress-induced glutanvate observed in the triple
mutant strain, but all other strains bearin@AD1 deletion produced accumulated
glutamate pools that were larger than wild typeai8s bearing & GAL1 or UGA2

deletion (without &5AD1 deletion) produced lower levels of glutamate dyiweat stress

62



relative to wild type. The opposite patterns wevsarved fon-ketoglutarate, i.e. in
strains bearin@AD1 deletionsg-ketoglutarate levels were lower than wild typeidgr
heat stress while in strains bearld@Al or UGA2 deletionsp-ketoglutarate was
elevated relative to wild type. The fact that giotde andi-ketoglutarate levels are
altered dramatically during heat stress in GABAmthuautants is consistent with the
hypothesis that the GABA shunt is a major pathvaaytlie assimilation of glutamate
during episodes of stress. However, the spec#itepn of glutamate andketoglutarate
accumulation in the mutants does not suggest afgp@echanism for limiting ROS
production, but rather that flux through the patiiugathe critical feature for heat-stress
tolerance and limiting ROS production.

This conclusion is further substantiated by exammneof succinate semialdehyde
(SSA) accumulation (Fig. 14). All of the mutantagits excepfuga2 accumulated little
or no SSA during heat stress beyond the level fonnohstressed cells. However,
unexpectedly, wild type accumulated substantial 88#ng heat stress, and thaga2
strain accumulated even higher levels of SSA. @b@mulation was dependent on
functional GAD1 andUGAL genes, and thus the function of the complete paghs/
required for the production of SSA. However, tbetamulation of SSA in the various
mutants does not suggest that this metabolite @layesxclusive role in mediating ROS
production during heat stress.

Taken together, it appears that carbon flux thrahghentire GABA shunt is
required to abate ROS production during heat stiidss suggests that moving carbon
from a-ketoglutarate to succinate may be the functiontraescal to abating ROS
production and consequent damage during heat s@&saly, this function is only
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efficiently accomplished by the 3 enzymes of theBaAshunt working in concert, and
disturbance of any one of these enzymes can haagable effect on the pathway based
on alternative competing mechanisms for moving @anast various steps in the
pathway. Because it is likely that the greatast 8f carbon fromu-ketoglutarate to
succinate occurs inside the mitochondria as pahefricarboxylic acid cycle and
UGA1p and UGA2p both appear to be cytosolic pratértaccharomyces cerevisiae
(Chapter 1IV), it is a reasonable working hypothéiset the compartmentation of
metabolites into the cytosol and/or the vacuole bmag critical aspect of the function of
the GABA shunt. Such a movement of these metalsadite of the mitochondria would
clearly have an effect on the redox status of thieahondria during stress and thus could

affect ROS accumulation.
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Table 1.Yeast strains used in this study

Strain Genotype Source and description
W303-1A Mat adeu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1, ATCC? WT
lys2, met
Agadl Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, This studygadl
lys2, met gadl:: TRP1 disruptant
Augal Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1,  This studyugal
lys2, met ugal::HIS3 disruptant
Auga2 Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1,  This studyuga2
lys2, met uga2::URA3 disruptant
Agadldugal Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, This studygadl ugal
lys2, met gadl:: TRP1 ugal::HIS3 double disruptant
Agad4luga2 Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade?2-1, This studygadl uga2
lys2, met gadl:: TRP1 uga2::URA3 double disruptant
Augalduga2 Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, This study,ugal uga2
lys2, met ugal::HIS3 uga2::URA3 double disruptant

Agadldugalduga? Mat aleu2-3112 ura3-1trpl-1 his3-11,15 ade2-1, This studygadl ugal
lys2, met gadl:: TRP1 ugal::HIS3 uga2::URA3 uga2 triple disruptant

JATCC, American Type Culture Collection
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Table 2.Primers used foGAD1, UGAL andUGA2 gene cloning, deletions and

verifications

Primer Name

Sequence (5'to 3")

GAD1FOR
GADI1REV
UGA1FOR
UGA1REV
UGA2FOR
UGA2REV

GAD1UP45TRP1A

GAD1DN45TRP1D
GAD1/TRP1KO_A
GAD1/TRP1KO_B
GAD1/TRP1KO_C
GAD1/TRP1KO_D
UGA1HIS3FOR
UGA1HIS3REV

UGA2UP45URA3A

UGA2DN45URA3D
UGA2/URA3KO_A
UGA2/URA3KO_B
UGA2/URA3KO_C
UGA2/URA3KO_D

GAGACCCGGATGTTACACAGGCACGGTTCTAAG
GTGTCTCGATCAACATGTTCCTCTATAGTTTCTCG
GAGAGGATCATGTCTATTTGTGAACAATACTACCCA
GTGTAAGCTITCATAATTCATTAACTGATTTGGCTAA
GAGACCCGGATGACTTTGAGTAAGTATTCTAAACCAAC
GTGTCTCGAGITAAATGCTGTTTGGCAAATTCC

CACGTCGCTCTTAACAATCCAGGCTGAACAAAACAAGGA
ATAATGGGAAGCATTTAATAGACAGCATCGT
TACATACATATAGGGGGCGGTATATTGGATGACCTTTTC
AACTCAAGGCAAGTGCACAAACAATACT
TGCGTTTATAAATAATCTTTCTGGC
CATCTTTACCAGCATTCTTCATTCT
ATTCAGGGTATAGAACACAATTCCA
TATTCCCGCATAACTTTTCTATCAC
GGGGTACCCAGAACAGACAAGAAACCGTCA
GAT_GAG CTGGCG GCC TCG CTA ATATAC AAT
CCAGCTACATTAAAAGCAAATTTTACAAACTACTATTTCA
ACATGCGGTTTCTTTGAAATTTTTTTGA
ACATGAAACCATACCAGTTTCCAAAGCTTCAGACACAGT
GTATTAGGGTAATAACTGATATAATTAAATTGAAGC.
CGGTCGTTGAAGTGCTATAGTTTAT
AGGTTGCCTAATTGTGAATACTCTG
ACTTTTACTGGTTCTACAAACGTCG
GTGAAAAACTTCAAAACTCCGTAAA
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Fig. 1. Viability of wild-type and mutant strains aftethal heat treatment at %5.

Strains were grown to mid log phase (5 X @élls/ml) in YPD, washed in 0.87% NaCl,
and concentrated to 2 x®€ells/ml in fresh YPD. Aliquots of 100 pl were hegat 48C

in a thermocycler for 0, 15, 30, 45 and 60 minabfiity was determined as described.
Each point represents the mean £ SD of the reBalts at least three experiments, some

error bars are smaller than the symbol sizes.
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Fig. 2. Viability of wild-type and4gadimutant with overexpression of yeast GAD1 (A),
Augal mutant with overexpression of ye&KBAL (B) and4uga2 mutant with
overexpression of yeasiGA2 (C) after lethal heat stress af@5Heat stress was
performed and viability was determined as the semnfigég. 1. Each point represents the
mean + SD of the results from at least three erpants, some error bars are smaller than

the symbol sizes. Data for empty vector were nowsh
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Fig. 4. Intracellular ROS levels induced by lethal heatsdrat 45°C in wild-type and mutant
strains. Fuorescence was measured at an excitation wavelef@04nm and an emission
wavelength of 524nm in crude cell extracts as dlesdr As a control, fluorescence was
recorded during heat stress without cells and gétlsout DCFH-DA (date not shown).
Data shown represent the mean + SD of the refsaltsat least three experiments, some

error bars are smaller than the symbol sizes.
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Fig. 5. Intracellular ROS levels induced by lethal heastrat 45°C in wild-type and
Agadimutant transformed with plasmid P425 GPD- GAD1 (A)gal mutant transformed with
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Fig. 6. Intracellular ROS levels induced by lethal heetss at 50°C after a sub-lethal
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Data shown represent the mean + SD of the resolts &t least three experiments.

78



GABA concentration (umol/g of dry weight)

0 10 20 30 40 50 60

Time at 45°C (min)

—O— W303-1A (WT) —— Agadl —4&— Augal —4— Auga2
—(— AgadlAugal —C— AgadlAuga?2 —~— Augalduga?2 —@— AgadlAugalAuga2

Fig. 11 Changes in the levels of GABA under lethal héatss at 4%C in wild-type and
mutant strains. Intracellular GABA was extractezhirheat stressed cells by boiling cells
for 10 min. After centrifugation for 5 min (15,000gupernatant was taken for
determination of GABA by GABase as described. Bawn represent the mean + SD
of the results from at least three experiments,eseror bars are smaller than the symbol

sizes.
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Fig. 12 Changes in the levels of Glutamate under lethat btress of 4& in wild-type

and mutant strains. Intracellular Glutamate wasaeked from heat stressed cells by
boiling cells for 10 min. After centrifugation f& min (15,000g)supernatant was taken
for determination of Glu by glutamate dehydrogeresdescribed. Data shown represent
the mean + SD of the results from at least thrgeements, some error bars are smaller
than the symbol sizes.
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Fig. 13 Changes in the levels of a-ketoglutarate undbaldeat stress at 45 in wild-

type and mutant strains. Cell extracts for intradat a-ketoglutarate from heat stressed
cells were prepared by boiling ethanol method asmlged(12). a-ketoglutarate was
determined by glutamate dehydrogenase assay asb@esData shown represent the
mean + SD of the results from at least three erpants, some error bars are smaller than

the symbol sizes.
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Fig. 14 Changes in the levels of succinate semialdehydeniethal heat stress at’@5
in wild-type and mutant strains. Intracellular smate semialdehyde was extracted by
breaking the cells with glass beadfter centrifugation for 5 min (15,000g3upernatant
was taken for determination of SSA by succinateialei®hyde dehydrogenaas
described. Data shown represent the mean + SDeaksults from at least three

experiments, some error bars are smaller thanythéd sizes.
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[ll. GABA SHUNT GENE EXPRESSION ANALYSIS AND HEAT
STRESS RESPONSE OF THE GABA SPECIFIC TRANSCRIPTION
FACTOR AND TRANSPORT GENES IN SACCHAROMYCES

CEREVISIAE

Abstract

The GABA shunt pathway is composed of three enzyglesamate decarboxylase
(GAD, coded byGAD1), GABA aminotransferase (GABA-TA, coded f0GAL), and
succinate semialdehyde dehydrogenase (SSADH, dndgbA2). In Saccharomyces
cerevisiae, the expression dAJGA1, UGA2, and a GABA permease getéGA4 is
regulated by the GABA specific transcription facgldGA3. GABA permeas&GA4
mediates the transportation of GABA into vacuoldse deletion mutation diGA3
grown in minimal medium with GABA as sole nitrogeource resulted in heat
sensitivity, whileduga3 conferred heat tolerance if grown on YPD or mirlimadium
with non GABA nitrogen sources. While a deletiontamt of41uga4 was more heat
tolerant than wild type on YPD medium is equivalentvild type on all other media.
The increased heat tolerance of the deletion mstaains was not correlated with the
expression of the enzymes of the GABA shunt, bpeaps to be at least partially
mediated by the expression of ROS scavenging skigerdismutases. The transcripts of
GABA shunt gened)JGA3 andUGA4 were induced by GABA, and the expression of
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UGAL, UGA2 andUGA4 were also induced by acidic pH. Under lethal h&ass at

45°C, each of the GABA shunt genes together wighréigulatory genes &fGA3 and
UGA4 were up-regulated in wild-type strain. Deletiontation of the transcription factor
UGAS3 repressed the transcription activation of GABA saminasel{GA1l) and GABA
permeaselYGA4), but did not result in the change of the inductiattern for glutamate
decarboxylaseGAD1) compared to the wild-type. Deletion mutatiorlssA4 did not
have significant effect on the expression pattér@AD1, UGAL, UGA2, or UGA3 under
lethal heat stress at 45°C. These results sutigeSEABA shunt pathway and the
regulatory genes diGA3 andUGA4 play an important role in utilizing GABA as a
nitrogen source and the GABA shunt protects yeglt from heat damage through

transcriptional up-regulation, which is partly résged by the transcription factatGA3.

Introduction

GABA is a four carbon non protein amino acid whighvidely found in all
prokaryotic and eukaryotic organisms (Kumar andeRen 1997). The GABA shunt is a
metabolic pathway consisting of three enzymesaghatte decarboxylase (GAD, encoded
by theGAD1 gene) catalyzing the conversion of glutamate (&U}ABA, GABA
aminotransferase (GABA-AT, encoded by th&Al gene) catalyzing the conversion of
GABA anda-ketoglutarated-KG) into succinate semialdehyde (SSA) and Glu, and
succinate semialdehyde dehydrogenase (SSADH, etdndihneUGA2 gene) catalyzing
the NAD(P)-dependent conversion of SSA into sudein@hese three enzymes act in
concert to move carbons fromketoglutamate to succinate bypassing two reactibns

the tricarboxylic acid cycle.
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In yeastSaccharomyces cerevisiae, theUGA1 andUGA2 genes have been shown to
play an essential role in the metabolism of GABAufiset al., 1985) since these two
enzyme activities are GABA-inducible. Such GABA-urmed regulation is at least
partially regulated through the GABA-specific tranption factor encoded by théGA3
gene (Visserst al., 1989). The import of GABA into cells is reguldtey three GABA
up-take systems: the general amino acid permeaSBX, the proline specific
permease (PUT4p), and the GABA permease (UGA4@r(&amet al., 1987). The
transcriptional activation diGAL, UGA2, andUGA4 is positively regulated by the
GABA-specific transcription factor, UGA3p, and angeal nitrogen utilization related
protein, UGA35p or DAL81p (Coornaestal., 1991). The enzyme activity &fGA4 has
been shown to be induced by the presence of GABM@®et al., 1985) and it was also
demonstrated that the inductionld&A4 transporter activity by GABA correlates with
strong accumulation aGA4 RNA transcript (Andret al., 1993). In addition, in the
absence of GABA, UGA4p activity was also shown edrduced by acidic pH (Moretti
et al., 2001).

To cope with the damaging effects from the envirental and physiological
stresses such as heat stress, osmotic stresddativx stress, yeast cells have developed
rapid molecular responses by changing their gepeesgion patterns (Estruch, F.. 2000).
Microarray analysis has shown that the expressidheothree GABA shunt genes are up-
regulated under mild heat stress at 37°C (Geisah, 2000; Sakakét al., 2003), while
the expression AJGAS is unaffected (Gasatt al., 2000). However, these results have

not been directly confirmed, and there is a lackhtidrmation on how the GABA shunt
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genes are regulated under lethal heat stress tatapeiand the role of the GABA
regulatory and transport gené$GA3 andUGA4) in the heat stress response.

Previously, we have shown that the three genesA@ASshunt are involved in
thermotolerance under lethal heat stress at 459€disicting the accumulation of
reactive oxygen species and altering metabolitel$esturing episodes of lethal heat stress
(Chapter Il). Here, we examine the role the GABAG@fic transcription factor and
transport genes aJGA3 andUGA4 in lethal heat stress and report their mediatiothe
expression of the GABA shunt genes under lethal $teess temperature. Additionally,
we examined the role of théGA3 regulatedJGA4 (GABA transporter) in lethal heat
stress. Cell survival and RT-PCR analysis were gotadl in the wild-type and deletion

mutants ofuga3 anduga4.

Materials and Methods

Yeast strains and growth media
Yeast strains used in this study were all derivethfstain W303-1ANlat a leu2-

3,112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met) and the precise genotypes are listed in
Table 1. In various experiments as detailed in, texkie and figure legends, the strains
were grown on either YPD medium or YNB medium éiGB@nd shaken at 250-300 rpm.
YPD medium contains: 2% glucose, 1% yeast extP6tyeast bactopeptone, and was
used for expression and cell survival analyses uheat stress. YNB medium contains:
0.67% [wt/vol] yeast nitrogen base, 2% glucoseptrmpented with essential amino acids

(Shermaret al., 1979).
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Gene disruptions

The GABA specific regulatory gendGA3 and GABA permease geniGA4 were
disrupted similarly a&AD1 as described in Chapter Il by replacing the opawaling
frame withTRP1 gene. Th&'RP1 gene was amplified from plasmid pRS414 template
DNA using a forward primer (name#iGASUP45TRP1A fotJGA3 and
UGA4UP45TRP1A folUGA4, Table 2) that consisted of the 45 nucleotides edliately
upstream of th&JGA3 or UGA4 gene fastened upstream of the 5’most portionef th
TRP1 gene contained in pRS414. The reverse primer (nds»ABDN45TRP1D for
UGA3 and UGA4DN45TRP1D foUGA4, Table 2) consisted of the 45 nucleotides
immediately downstream of théGA3 or UGA4 gene ligated to the 22 nucleotides at the
3’ end of theTRP1 gene contained in pRS414.

The PCR product was then transformed into yeasinstW303-1A by the lithium
acetate method as previously described (Geitz anddg/ 2002), an@RP colonies
were selected for genomic DNA isolation. The cctrietegration was verified by
isolating genomic DNA (Hofman and Winston, 1980nfreach selected strain and
conducting a series of PCR reactions using prirtreisland 300-500 nucleotides
upstream and downstreamWEA3 or UGA4 open reading frame and within thEP1

gene (Table 2).

Cell growth with different nitrogen sources and pH
The standard minimal medium (without nitrogen selias described by Ramets
al. (1985) was used for wild-type cell growth withmaenium sulfate, GABA, or

glutamate as sole nitrogen source at pH 6.0. Mihimeadium with ammonium sulfate as
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sole nitrogen source at pH 4.0 was used to evathatacidic pH effect on gene
expression. Nitrogen sources were added to admatentration of 0.1%. Mid-log phase
cells grown at 30°C on a rotary shaker (200 rpnrevesllected by centrifugation at 3000
x g for 5 min at room temperature, frozen rapidiyiguid nitrogen and stored at -80°C

for total RNA isolation.

Lethal heat stress at 45°C

For cell survival analysis, cells of wild-type amditants oluga3 anduga4 were
grown in YPD, YNB, minimal media with sole nitrogeaurces of GABA, Glu and NA
(Ramoset al., 1985) respectively until mid-log phase. Celvsual assay was performed
and evaluated as described in Chapter Il excepplearells were stressed for 30 min.
For gene expression analysis, mid-log phase celisld-type and mutants ofuga3 and
Augad grown in YPD at 30°C were shifted to 45°C for O15, 30, 45 and 60 min. After
heat stress, cells were put on ice for 1 min. Samplere then collected by centrifugation
at 3000 xg for 5 min at room temperature, frozgndig in liquid nitrogen and stored at -

80°C for total RNA isolation.

Total RNA extraction and reverse transcriptase PCRRT-PCR)

Total yeast RNA was isolated as described by PE®&7) with minor
modification. Harvested yeast cells were washetl DEPC (diethylpyrocarbonate)
treated water and then resuspended in 0.6 ml RNra&ion buffer (10 mM EDTA
(ethylenediaminetetracetic acid), 50 mM Tris-HCI pH3, 0.1M NacCl, 5% SDS), 0.6 mi
of phenol:chloroform:isoamyl alcohol (50:50:1) mixt and 2 g of glass beads (0.45 mm
diameter). Cells were broken by vigorous agitafamb min on a vortex mix set at
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maximum speed with 1 min on ice between each limémvals. The organic phase was
separated from upper aqueous phase by centrifungaiti®000 x g for 5 min at room
temperature. The supernatant was collected, egtiaatice with equal volume of phenol:
chloroform: isoamyl alcohol (50:50:1) and once wetjual volume of chloroform:

isoamyl alcohol (24:1). The RNA was precipitatedtfvy addition of 0.1 volume of 3M
NaOAc, pH 5.2, plus 2.5 volumes of ice-cold absakthanol and resuspended in DEPC
treated water. RNA concentration was determinethbgisuring OD260
spectrophotometrically.

First strand cDNA was synthesized fromgtof total RNA using the SuperScript
first-strand synthesis kit (Invitrogen, CA, USAJltaving manufactory's instructions.
cDNA was amplified in a volume of 28 containing 1U Tag DNA polymerase, 1x
reaction buffer, 20 pmol each gene specific prisetrforGAD1, UGAL, UGA2, UGA3,
UGA4, SOD1, SOD2 andACT1 (Table 2), 20@M dNTP, 1.5 mM MgCJ, and 2ul
cDNA RT product. PCR products were separated o¥@&garose gels, and

photographed under a UV liglRCT1 gene was used for internal control.

Results

Gene expression responses to different nitrogen sces and pH

To examine the expression of the GABA shunt gé&iB1, UGAL1 andUGA2,
UGA3, andUGA4 by different nitrogen sources and different pHR3-PCR experiments
were carried out in strain W303-1A growing on miaimmedium with GABA, minimal
medium with glutamate, and minimal medium with anmmaas the sole nitrogen source

respectively. Fig. 1 shows that the expressiaalladf these genes was the lowest with
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NH;" (pH 6.0) as sole nitrogen source. The expressiati of these genes was strongly
induced by the presence of GABA or glutamate whenmpgared to ammonia, but the
expression of all of the genes was greatest witlB&As nitrogen source as compared
with glutamate. These results demonstrate thaB#®BA shunt and the transcription
factorUGAS3 and the GABA permeadéGA4 play an important role in utilizing GABA as
a nitrogen source in yeaSccharomyces cerevisiae.

When cells were grown in minimal medium with Nkt pH 4.0, the expression of
UGA1 andUGA4 which encode GABA transaminase and GABA permeasgeively
was highly induced compared to growth on the sareéium at pH 6.0. The expression
of UGA2 which encodes succinate semialdehyde dehydrogé8&#dOH) was also
induced, but at a lower level thBiGA1 andUGA4. However GADL, the first enzyme of
GABA shunt andJGAS3, which encodes a GABA specific transcription facteere not
regulated by the acidic pH. These data suggesUiBAl, UGA2 andUGA4 play more
important roles thaAD1 andUGAS in acid growth condition. Even though the
expression o6GAD1 andUGAS3 are GABA inducible, they are regulated by a ddfer

mechanism from thelGAL, UGA2, andUGA4 genes.

Cell survival under lethal heat stress ofuga3 and 4uga4.

UGAS3 is a transcription factor that is known to pogtiwregulate the transcription
of UGAL, UGA2, andUGA4 (Coornaertt al., 1991). UGA4 is a GABA transport protein
(Grensoret al., 1987). In Chapter Il, we have shown that theBBAhunt mutant strains
of Agadl, 4ugal and4uga2 were sensitive to lethal heat stress at 45°C cozdpa the
wild-type. Here, we investigated the role of tlemgs olUGA3 andUGA4 in response to

lethal heat stress.
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A UGA3 andUGA4 wild type strain (W303-1A), and the isogenic dieletstrainsAuga3
andAuga4 grown in YPD, YNB, and minimal medium with differenitrogen sources
(GABA, Glu and NH") were subjected to lethal heat stress 8€46r 30 min. As
shown in Fig. 2., for the cells grown in rich YPRedium, after 30 min, the wild type
cells showed 78% survival compared to the unstdesdld-type cells. Thefuga3, and
Augad deletions showed 90%, and 85% survival respectjwetiicating that deletions of
UGA3 andUGA4 result in cells that are more heat tolerant thdd-tyipe. Cells grown in
other GABA-free media such as YNB, minimal mediufthvilutamate as the sole
nitrogen source and minimal medium with NHs the sole nitrogen source showed
similar heat-tolerance results fduga3, and4uga4 (data not shown). However, when
cells were grown in minimal medium with GABA as thae nitrogen sourceguga3

was found to have a defective, slow growth compé&ratie wild-type (data not shown),
while theduga4 strain was found to grow normally. When cellsvgncon GABA as the
sole nitrogen source were submitted to lethal beats as described above, after 30 min,
wild-type and4uga4 cells did not have significant survival change paned to the cells
grown in rich YPD medium, showing 75% and 82% sualrespectively. However,
Auga3 had a dramatic decrease in survival rate, sho®@g survival, indicating a heat

sensitive phenotype when grown with GABA as the sulrogen source.

Analysis of gene expression pattern for GABA shurnénzymes and the GABA
specific regulatory and transport genesWGA3 and UGA4) under lethal heat stress
To examine the possible effect of lethal heat stoasthe expression pattern of

GAD1, UGAL, andUGA2 and the GABA specific regulatoriyy GA3) and transport
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(UGA4) genes, RT-PCR was performed to evaluate and cantipa expression levels of
transcripts during lethal heat stress at 45°C Id type and theluga3 andAuga4

mutants. Changes were observed at 5, 15, 30nd%@min following the initiation of
heat stress. In the wild type straAD1 was rapidly induced upon heat stress and the
expression was gradually increased at each tinté féig. 3A). The expression level
was increased above 6- fold after 60 min of heasst UGAL showed a similar gradual
induction during 60 min heat treatment, but exledbia more rapid induction upon 5 min
of heating (3- fold increase) and peaked at 60 (addove 6- fold increase)JGA2 and
UGA3 showed a similar induction pattern@?\D1, but the induction rates were slower
for the first 15 min (1- to 2- fold increase), aheén rapidly induced after 15 min. A 4-
fold increase and above a 5- fold increase werergbd forUGA2 andUGA3
respectively at 60 min. The basal expression lerdlGA4 was low, almost
undetectable without heat stress. Upon heat st€384 was gradually induced at each
time point, but exhibited a slower rate of induntiban any of the other genes
investigated. Only a 2-fold induction was deteaédr 60 min heat stress. Thus, these
results indicate that in the wild-type yeast stréme expression of the three genes in the
GABA shunt pathway and the GABA specific regulatand transport genes 0iGA3
andUGA4 respectivelyare all induced during heat-stress even thoughghtly different
levels.

To further examine how thdGA3 andUGA4 genes regulate the expression of
GABA shunt enzymes under heat stress, the exprepsitberns of the same genes as
above were determined in thega3 andAuga4 deletion mutant strains under lethal heat
stress at 45°C. Iuga3 (Fig. 3B), the loss of a functiondlGA3 coding sequence
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resulted in the elimination of a detectabléA3 transcript. GAD1 was rapidly and
transiently induced upon heat stress at 45°C fairbcompared to the unstressed control,
and then the expression rapidly decreased to thieatdevel at thel5 min time point.
After 15 min, the expression again increased thinda@min after heat stresklGA2

gene expression showed a gradual induction patbetrthe induction was slow, the
expression was non-detectable at the 0 and 5 mmpioints. However, no expression of
UGA1 andUGA4 was observed either before or after heat stregaga3. These results
support the hypothesis that the transcription fact8A3 gene is required for the
transcriptional induction of thed GA1 andUGA4 genes which is in agreement with
Visserset al.(1989). Additionally, the transcriptional induami of UGAL andUGA4 but

not GAD1 andUGA2, is also mediated by GA3 during episodes of heat streSghe
transcriptional regulation ddAD1 andUGA2 appears to be involved in the mechanism
of heat stress defense although this regulatioeagspo involve other mechanisms of
activation.

In the deletion mutant afuga4 (Fig. 3C), loss of the functional coding sequence
resulted in non detectable expressiotdGiA4 before or after heat stress. The expression
levels of GAD1 andUGA2 were relatively low before heat stress compardtidse in the
wild-type but gradually increased between 15 anthé@ and between 30 and 60 min.
respectively.UGAL was also rapidly and gradually induced upon hieass but to a
relative higher level than in the wild-type. Thepeassion ofJGA3 was rapidly increased
after 5 min heat stress, but then decreased teehsbghtly higher than the control and
maintained that level until 60 min following thatiation of heat stress. These data

indicate that the induction @AD1, UGAL, UGA2 andUGAS3 at the transcriptional level
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is result of heat stress, but the induction is pastelent ofJGA4 although the failure to
properly transport GABA may result in quantitateféects on the expression of these

genes

Disruption of the regulatory and transport genes YGA3 and UGA4) and antioxidant
gene expression analysis under lethal heat stress.

Heat stress has been documented to produce oxaddtess (Davidsoet al., 1996;
Davidson and R. H. Schiestl, 2001a; 2001b), argbtoe extent, heat stress is equivalent
to oxidative stress (Sugiyatal., 2000). In chapter I, it was shown that celisual of
wild-type and all GABA shunt mutant strains wereretated to the levels of ROS
accumulated under lethal heat stress. Here, wigzaththe gene expression of the
antioxidant geneSOD1 andSOD?2 (coding for cytosolic and mitochondrial localized
superoxide dismutases respectively) in the wilcetgpd mutant cells under lethal heat
stress.

As shown in Fig. 4, before heat stress, the exjmedsvel of mitochondriaBOD
(SOD2) was higher than the cytosoBOD (SOD1) in all wild-type and mutant strains of
Auga3 andA4ugad. However, botf8OD1 andSOD2 had much higher levels of expression
in the mutant strains efuga3 and4uga4 (Fig. 4B and Fig. 4C) compared to the wild-
type (Fig. 4A). Upon lethal heat stress at 45°GhIS®D1 andSOD2 were gradually
induced for the time points analyzed (Fig. 4A)he wild type. However, the expression
of SOD1 andSOD2 in the mutant strainguga3 andA4uga4 were constitutively and highly
expressed before and during heat stress (Fig. dB-@n 4C). These results indicate that

an intact GABA-specific transcription factdd GA3) or GABA permeaselGA4) is
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required for the regulation of expression of batheyoxide dismutases, and that when
UGA3 or UGA4 are deleted this negative regulation is removaditey to high level,
constitutive expression of the superoxide dismgtasdsequently affecting the

thermotolerance and ROS production by these mutants

Discussion

Previously, GABA was reported to induce the enzwativities ofUGAL and
UGA2 (Ramoset al., 1985). The expression of all three of GABA shgenes GAD1,
UGA1, andUGA2) and the GABA-specific regulatory and transpomneg (JGA3 and
UGA4 respectively) was determined on media with andauttGABA (glutamate, or
NH;") (Fig. 1). The expression of all 5 of the abovaagwas greatest with GABA as
sole nitrogen source. Th#GAL, UGA2, UGA3, andUGA4 genes were also up-regulated
on media containing GABA plus glutamate or GABAgNH," but to a slightly lower
level than on media with GABA alone. The lowespmssion levels of these 4 genes
were observed with glutamate or NHalone. GAD1 showed essentially the same pattern
of regulation except that the expression levelGAD1 were greater on glutamate-
containing media than on NHcontaining media.

These results confirm the essential roles of all these genes in GABA utilization
as a nitrogen source and demonstrate that therdoeay/least 2 different mechanisms for
regulating the expression of the GABA utilizatioengs. The induced expression of
UGA1 andUGA2 is coordinated with the increased enzyme actsitieUgalpand

Uga2p in the presence of GABA (Ranesl., 1985). The induction dfGA3 andUGA4
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was coupled with the induction biGAlandUGA?2 further confirming the positive
regulatory role ofJGA3 on the transcription of GABA-related genes.

GABA is incorporated into yeast cells through thpeemeases (Grensehal.,
1987). Among thes&)GA4 is the only GABA—specific transporter. The syrsikeof
UGA4 has also been shown to be GABA-inducible (Greresah, 1987) and was
regulated by at least two positive factors, UGABH the pleiotropic UGA35p factor
(also referred to as Dal81p/DurLp) (Andstéal., 1995). Without the presence of GABA
in the medium, the expressionWdGA4 has also been shown to be induced by acidic pH
(Moretti et al., 2001). However, the expression of the other @ABlated genes by
acidic media has not been investigated. Here we Bhown that the expression of
UGAL, UGA2, and UGA4 were all increased at acidic pH on media contailNklg™ as
the nitrogen source. Acidic pH does not appedaiee significant effect on the induction
of GAD1 andUGA3 genes. These results indicate that the inductidbiGA1, UGA2,
andUGA4 by low pH is mediated by a mechanism differentrfrine expression of the
other two GABA-related gene&AD1 andUGA3). Whether this mechanism involves
Uga3p cannot be determined from the data preséied However, since acidic pH
does not effedJ GA3 expression it is a reasonable hypothesis thatragiglation does
not involve Uga3p.

Mutation of GABA specific transcription factod GA3) and GABA-specific
permeaseYGA4) resulted in an increase in tolerance of yeass tela lethal heat stress
at 45°C when cells were grown in rich YPD mediung (). Deletion oflUGA3 resulted
in more increase in stress tolerance than theidelet UGA4. Essentially similar results

were obtained when cells were grown on synthetnoptete medium or minimal medium
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with glutamate or ammonium sulfate as sole nitrogmurce (data not shown) indicating
that the rich source of amino acids present in Yi&lium does not contribute to the heat
stress tolerance phenotype of wild type or the mtataHowever, th&/GA3 deletion
generated a decrease in heat stress toleranceoshemere grown on GABA as the sole
nitrogen source. This is likely because the exgoesofUGAL andUGA4 are eliminated

in Auga3 (Fig 3B), and it has previously been shown thatltiss of function of GABA
transaminasd{GAl) in a deletion mutant (Chapter Il) decreases thevtadnce.

Notably in4uga4, GABA transaminase is not down-regulated as it iguga3.

In chapter Il and IV, we demonstrated that thedhleezymes of the GABA shunt
were involved in different levels of lethal heatess tolerance. Under mild heat stress at
37°C, microarray data show that the three enzymései GABA shunt pathway are
highly up-regulated (Gasah al., 2000; Sakakét al., 2003). These results are further
substantiated and expanded here by the obsenthabdthe transcripts of the three
GABA shunt genes were gradually increased undkaléteat stress at 45°C compared to
the unstressed control in the wild-type strain (Bify). The GABA specific transcription
factor gene and the GABA permease gene showedssipnepatterns under lethal heat
stress (Fig. 3A) similar to the genes for the GASAINt enzymes.

Deletion of GABA permease (encoded W§A4) did not change the induction
pattern of the three GABA shunt enzymes and the &A&Becific transcription factor
(encoded by GA3) under lethal heat stress (Fig. 3C). However, cmeqb to the wild-
type, the transcript level of GABA transamin&$@Al was higher and the induction of

GAD1, UGA2 andUGAS were slower. This effect may be explained by thistence of
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three GABA permeases in yeast, simultaneous dalefithe three GABA permeases is
needed for further investigation.

In unstressed control cells, deletion®A3 did not result in a change (3AD1
expression. Howevel GA1 andUGA4 were virtually unexpressed during heat stress
(Fig. 3B). The expression &fGA2 gene was induced more slowly than in the wild-type
strain even though the expression was undetedb@iibee heat stress (Fig. 3B). Thus, it
can be concluded that under lethal heat stressrahscription factotJGA3 gene is
required to activate the transcriptionBAL, UGA2, andUGA4, butUGA3 not directly
involved in the induction o6AD1. Apparently, factors in addition tdGA3 are involved
in regulating the expression BIGA2 which are probably activated by prolonged heat
stress.

Given the gene expression pattern ofAbhga3 mutant, the heat stress tolerance
phenotype is unexpected. Thus, an alternativeriohMeg pleiotrophic factor must be
involved in the heat stress phenotypefofa3. The heat stress tolerant phenotypes of the
mutant strains were further supported by the expradevels of the superoxide
dismutaseSOD1 andSOD2 antioxidant genes in thtuga3 and4uga4 mutant strains
(Fig. 4). Cells grown in YPD medium showed higherdls of transcripts for botBOD1
andSOD2 in the mutant strains than in the wild-type befoeat stress. The expression
of both genes was induced upon heat stress initdeype strain but after the initiation
of stress. These data indicate a negative regyladte for the GABA specific
transcription factor and/or permease proteins erettpression of superoxide dismutases
in yeast. The induced expressiorSaID1 andSOD2 may be necessary for detoxifying

ROS induced by heat assisting in the reductioraafi@ye caused by the initial production
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of ROS. The higher transcript level D2 thanSOD1 in all the wild-type and mutant
strains is consistent with the hypothesis that smpée dismutase is required for the

detoxification of ROS in mitochondria more tharciytosol.
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Table 1.Yeast strains used in this study

Strain Genotype Source and description

Mat aleu2-3,112 ura3-1 trp1-1 his3-11,15

W303-1A ade?-1, lys2, met ATCC? WT
Mat aleu2-3112 ura3-1 trpl-1 his3-11,15

Auga3 ade2-1, lys2, met uga3::TRP1 This study,uga3 disruptant
Mat aleu2-3112 ura3-1 trpl-1 his3-11,15

Augad ade2-1, lys2, met ugad:: TRP1 This study,uga4 disruptant
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Table 2.Primers used foddGA3 andUGA4 gene deletions and verifications

Primer Name Sequence (5’ to 3)

CACGTCGCTCTTAACAATCCAGGCT
UGA3UP4A5TRP1A G AACAAAACAAGGAATAATG GGAAGCATTTAATAGACAGCATCGT

TACATACATATAGGGGGCGGTA
UGA3DNA4STRPID TATTGGATGACCTTTTCAACTCAAGGCAAGTGCACAAACAATACT

UGA3/TRP1KO_A GGTAAGAAATGAAACAATAGGACGA
UGA3/TRP1KO_B GAATATTTCAATTTCAGCTTCTCCA
UGA3/TRP1KO_C GCATTCAGGTAGAAGATATGGAGAA

UGA3/TRP1KO_D TCATGATATAGATATGATTGGCGG

UGA4UP45TRP1A TTGTGAAGTGTAACAAGGTCTTATA
ATTTATTATTACTAACAATGGGAAGCATTTAATAGACAGCATCGT

UGA4ADNA5TRP1D TTATAAACTCTGAATATAAAAT
CTTTATAAAGGTTTGAACATTTAAGGCAAGTGCACAAACAATACT

UGA4/TRP1KO_A TTTATCGAATAAGGGGAGAACCTAC

UGA4/TRP1KO_B AAATTTCCATCTTTGGTTAATGTGA

UGA4/TRP1KO_C ATTATTTTGGTTATGTTCCCCTCTC

UGA4/TRP1KO_D TAATGGAATGGAGAGTGATGATTTT

TRP1B TCTGCAAGCCGCAAACTTT
TRP1C AGTTCCTCGGTTTGCCAGTTATT
ACT1F GGTATGTGTAAAGCCGGTTTT
ACTIR AGGATGGAACAAAGCTTCTGG
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N sources, pH 6.0 pH 4.0

Glu Glu + GABA GABA GABA + NH4 + NH4* NH4*

UGA1

UGA2

UGA3

Fig. 1. Transcript levels of GABA shunt gendgsAD1, UGAL, UGA2), the GABA specific
transcription factorly GA3) and GABA permeasé&JGA4) in response to minimal media
with different nitrogen sources and acidic pH. RTR analysis was used to determine
transcript abundance in mid-log phase cells growing0°C as described in Materials and

Methods. ThéACT1 gene was served as internal control.
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HE 0 min
/1 30 min, YPD
I 30 min, minimal-GABA
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WT Auga3 Auga4

Fig. 2. Viability of wild-type, 4uga3, and4uga4 mutant strains after lethal heat treatment at
45°C. Strains were grown to mid log phase (5 % ddlis/ml) in either YPD medium or
minimal medium with GABA as sole nitrogen sourcasked in 0.87% NaCl and
concentrated to 2 x f@ells/ml. Aliquots of 100 pl were heated af@3n a thermocycler

for 30 min. Viability was determined as describedviaterials and Methods. Cell survival
percentage was determined prior to heat stressk(bkr), 30 min after heat stress in YPD
medium (light grey bar), or 30 min after heat stresminimal medium with GABA as the
nitrogen source (dark grey bar). Each point represthe mean £ SD of the results from at

least three experiments.
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A B C

wt + 45°C Auga3 +45°C Augad +45°C

Fig. 3. Transcript levels of GABA shunt genégsAD1, UGAL andUGA2) and the GABA
specific regulatory and transport geng§&A3 andUGA4 respectively) in response to lethal
heat stress at 45°C. RT-PCR analysis (see Maenal Methods) was used to determine
transcript abundance in mid-log phase yeast cetigin YPD from (A) wild-type; (B)
Auga3 mutant; (Cugad mutant following exposure to heat stress (45°C}He time

points indicated.
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A B C

wt + 45°C Auga3s + 45°C Auga4 + 45°C

0 5 15 30 45 60min 0 5 15 30 45 60min 0 5 15 30 45 60 min

R L L L L)
SOD2

Fig. 4. Transcript levels of the cytosolic and mitochoatisuperoxide dismutaseSqD1

SOD1
ACT1

andSOD2 respectively) in response to lethal heat stred$4. RT-PCR analysis (see
Materials and Methods) was used to determine trgotssboundance in mid-log phase yeast
cells grown in YPD from (A) wild-type; (BYuga3 mutant; (C)1uga4 mutant following
exposure to heat stress (45°C) for the time panticated.

107



IV. GABA TRANSAMINASE: COMPLEMENTATION ANALYSIS
AND INTRACELLULAR LOCALIZATION IN  SACCHAROMYCES

CEREVISIAE

Abstract

GABA transaminase is the enzyme which cataboliz&BA&conversion to
succinate semialdehyde (SSA) in the GABA shuntwath GABA transaminase is
ketoglutarate dependent (GABA-TKG), localized ie ttytosol, and encoded b\GAL
gene in yeast while in plants it is pyruvate degendGABA-TP) and localized in
mitochondria. The web-based utilities TargetP hd RSORT predicts that GABA
transaminase frorArabidopsis (AtGABA-TP) is localized in the mitochondria with
mitochondrial targeting peptide sequence localines¥ nucleotides at the 5’end of the
coding sequence. Yeast GABA transaminase (UgaBeGABA-TKG) is predicted to
be localized in cytosol. To examine the impadboélization differences between
ScGABA-TKG and AtGABA-TP on physiological functioaxpression vectors were
constructed that altered organellar targeting mfation to obtain expression of.
Physiological function was evaluated by complemtmteof yeast GABA transaminase
mutant4ugal and4uga2 phenotype of: GABA growth defect, thermosensitivatyd heat
induced production of reactive oxygen species (RQ8) studies revealed that

AtGABA-TP is functionally interchangeable with SCBA-TKG for GABA growth,
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thermotolerance, and limiting production of ROSdurction whether they are located in

mitochondria or cytosol in yeast.

Introduction

GABA is a ubiquitous non protein amino acid whishwiidely distributed from
prokaryotic to eukaryotic organims (Kumar, 1997 wés first identified in 1950 in plants
(Hulme & Arthington, 1950). GABA is produced frogiutamate by glutamate
decarboxylase (GAD), and further transaminated BB& tranaminase to succinate
semialdehyde (SSA) which is subsequently convadeaiccinate (SUCC) feeding into
the TCA (Krebs) cycle. The role of GABA in animaswell established as a neuronal
transmission inhibitor, the deficiency in catabwlg GABA through GABA transaminase
(GABA-T) and SSADH is characterized by non-speaifezirological disorder including
psychomotor retardation, language delay, occasemialres (Hogemet al., 2001;
Gropman, 2003). In plants, GABA is catabolize ®A by a pyruvate-dependent
GABA transaminase (AtGABA-TP) (Shegbal., 1999). Arabidopsis mutants of SSADH
are hypersensitive to environmental stress sutieats and accumulate reactive oxygen
species (ROS) during episodes of heat stress (Raiieh, 2003). In yeast, GABA is
catabolized to SSA by-ketoglutarate-dependent GABA transaminase (GABAS)Khe
product of the yeasiGA1 gene. Subsequently, SSA is converted to SUCC B\DEH
the gene product of the yed#BA2 gene. Yeast mutants deficientllGAL andUGA2
were shown to be sensitive to the oxidative stf€sdemanet al., 2001). Mutant strains

lackingUGAL or UGA2 were found to be incapable of growth on minimatime with
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GABA as the sole nitrogen source. This growth diefeas not observed during growth
on ammonium sulfate as the sole nitrogen sourcen(Ret al., 1985).

Previously, we have shown yeaghl anduga? deletion mutants were more
sensitive to heat stress than is wild type andigfad mutant is more sensitive to heat
stress than is thegga2 mutant. This thermosensitivity phenotype was shtavcorrelate
with high levels of intracellular ROS; In that thgal deletion mutant produces more
ROS than doesga2 during heat stress although both produce more R@swild type
(Chapter II).

Bioinformatic analysis utilizing the BLAST searatility at NCBI suggests that
plants do not contain orthologs of yeast SCGABA-T&@l that yeast contains no
orthologs of plant GABA-TP. TargetP 1.1. and PSQRddictsArabidopsis AtGABA-

TP is localized in the mitochondria and that ittemms an 18 amino acid amino-terminal
mitochondrial targeting peptide. These same @difilso predict that SCGABA-TKG and
ScSSADH enzymes are localized in cytosol. Thiséea& prominent hypotheses to
explain this comparative difference between thealh of plant and yeast mutants in
GABA shunt enzymes during heat stress. First, rhbadrial localization of the plant
GABA transaminase and SSADH may result in thisedé@hce, or alternatively the fact
that the plant GABA transaminase utilizes pyruwak@e the yeast transaminase utilizes
o-ketoglutarate or both may result in the stressisigity and ROS production
differences between plants and yeast.

To test these hypotheses, expression plasmidscsastructed to alter the cellular
locations of plant GABA-TP and yeast GABA-TKG inagt. Thus, we overexpressed a
set of 4 constructs in yeagjal, uga2, andugaluga2 deletion mutants. The 4 constructs
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consisted of the yeaBfGAL coding region; the yeablGAL coding region also

containing a 54 nucleotide sequence that would éadine mitochondrial transit peptide
from AtGABA-TP; the AtGABA-TP coding region; anddAtGABA-TP coding region
lacking the 54 nucleotides coding for the mitochwaddargeting peptide. All of these
constructs were placed under the control of thengtconstitutive GPD promoter. The
mutant strains with GABA growth defect, thermosausy phenotype and ROS
production during heat stress were assayed tordeterthe phenotype of each of theses
constructs. Physiological analyses were conductei@termine the extent that differently

localized enzymes compensate for these phenotypes.

Materials and methods

Bacterial and yeast strains and growth media.

The Escherichia coli strain DH%: (Invitrogen, Carlsbad, CA, USA) was used for
molecular cloning. Bacteria were grown on standanda Broth medium (LB medium)
supplemented with antibiotics as required.

All yeast strains used in this study and their ggoes are listed in Table 1. The
yeast strain W303-1A was purchased from AmericameTQulture Collection, and
Augal, Auga2, and AugalAuga2 were derived from W303-1A as previously described
(Chapter Il). The strains were grown on either YiaBdium or YNB minimal medium.
YPD medium contains: 2% glucose, 1% yeast ext&étyeast bactopeptone, and was
used for growth, cell survival, and ROS detectidftNB medium contains: 0.67%

[wt/vol] yeast nitrogen base and 2% glucose supphgsd with essential amino acids
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(Shermaret al., 1979). YNB medium was used for cells grown okBAa as the sole

nitrogen source.

Gene cloning and plasmid construction.

The endogenouS cerevisiae UGAL open reading frame&JGAL ORF) was PCR
amplified from the genomic DNA isolated from thdahiype strain W303-1A using
UGA1FOR and UGA1REV primers (Table 2). Yeb&3Al with the AtGABA-TP
(NC_003074.4) 5’-54 nucleotide sequence codingterl8 amino acid mitochondrial
transit peptide added 5’ to the UGA1 ORF sequera® aonstructed by a two-round PCR
procedure. In the first round of PCR W303-1A geimbBNA was used as template and
mTP15 UGA1FOR and UGAL1REYV (Table 2) were used asdaod and reverse primers
respectively. mTP15 UGA1FOR consisted of 15 nuales from 3’-end of the
mitochondrial targeting peptide 54 nucleotide segedn front of the 5’-most 27
nucleotides ofJGAL1. The PCR product was purified using a GENECLEAN kit
(Biogene) and used as template for the second roUR€R. The second round of PCR
was conducted using mTP54 UGA1FOR which has 54eotides from the
mitochondrial targeting peptide nucleotide sequescthe forward primer, and the same
reverse primer UGALREV (Table 2) as above. To itaté plasmid construction, two
restriction sites foBamHI andHindlll (underlined, Table 2) were introduced at eacl e
of the specific primers utilized. Following PCR difipation, the 1.778-kb (UGAL orf)
or 1.832-kb (mTP+UGAL1 orfBamHI / Hindlll fragment containing the entire gene was
ligated into the pGEM Teasy vector using DNA ligéBeomega) according to

manufacturer's procedure, and the ligated vectsrtvemsformed into bacterial strain
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DH5a0 competent cells by Cagas described (Sambrook and Rusell, 2001). Plasmid
DNA was isolated and purified by QIAGEN Plasmid Miit(QIAGEN, USA), and then
digested byBamHI / Hindlll (Biolabs, New England) according to manufaetts
procedures and ligated into the unidggnHI / Hindlll sites of yeast shuttle vector p425
GPD (American Type Culture Collection) using DNAdse (Promega) according to
manufacturer's procedure to create plasmids p423-GBA1 and p425 GPD-mTP54
UGAL.

The full length AtGABA-TP orf sequence (NC_003074wvas PCR amplified using
p416 GPD-pGAT (Barbosa, 2001) as template DNA whizhtains the entire cDNA
sequence of AtGABA-TP using FL-pGATFOR and pGATRE8Wble 2) as forward and
reverse primers respectively. The truncated pGAfhaut mitochondrial targeting
peptide sequence was also PCR amplified from pthpdl6 GPD-pGAT by using FL-
51-pGATFOR (Table 2) as forward primer and the segnerse primer as above. To
facilitate plasmid construction, two restrictiotesi forBamH|l andHindll1 (underlined,
Table 2) were introduced at each end of the spegaifmers. Following PCR
amplification, the 1.515-kb or 1.464-BamHI / Hindlll fragment containing the entire
gene was replicated in pGEM Teasy vector, digested ligated into the uniqugamHI /
Hindlll site of yeast shuttle vector p425 GPD (Ameridaipe Culture Collection) as

described above to create plasmid p425 GPD-pGATpda8 GPD-pGAT-mTP.

Gene disruptions
UGAL was disrupted by replacing the coding sequencsHVE3 gene as
described (Chapter IIWGA2 was disrupted by replacing the coding sequencts wi

URAS3 gene as described (Chapter I1).
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Yeast transformation

The plasmid constructs p425 GPD-UGAL, p425 GPD-nfTR®BAL, p425 GPD-
pGAT and p425 GPD-pGAT-mTP were used to transfédrentgal,Auga2, and
AugalAuga? strains using lithium acetate method as desti({Geitzt al., 1995) to
generate the complementation straingdugal-p425 GPD-UGA1,4ugal-p425 GPD-
MTP54UGA1L Augal- p425 GPD-pGAT/Augal- p425 GPD-pGAT-mTPzuga2-p425
GPD-UGAL, 4uga2-p425 GPD-mTP54UGAlYuga2- p425 GPD-pGATJuga2- p425
GPD-pGAT-mTP; andiugalduga2-p425 GPD-UGA1,4ugaldugaz2-p425 GPD-
MTP54UGA1 Augalduga2- p425 GPD-pGATAugaldugaz- p425 GPD-pGAT-mTP.

To minimize the nutritional effect of amino acidggplied from the medium as
nitrogen source which are not needed for the graitlyal anduga2 mutants, the empty
shuttle vectors which carry HIS( p423 GPD), URA(4z2PD), LEU(p425 GPD) and
TRP(p424 GPD) were used to transform into wild-tgprain, URA(p426 GPD) and
TRP(p424 GPD) were used to transform itgal complementation strains, and HIS(
p423 GPD) and TRP(p424 GPD) were used to transiimioniuga2 complementation
strains. The transformed strains were then growmimimal media plus essential amino
acids (Ade, Lys, Met) with 20mM GABA as sole nitesgsource to test the
complementation of GABA growth phenotype for stealiackingUGAL or UGA2

(Ramoset al., 1985).

Lethal heat stress survival assays
Lethal heat stress survival assays were perforraetscribed in Chapter Il using

the strains in Table 1 and the complementationnsti@utlined above.
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Measurement of ROS production.
Intracellular ROS generated during heat stress we@sured as described in

Chapter Il using the strains in Table 1 and themlementation strains outlined above.

Subcellular fractionation

An overnight culture grown at 30°C with vigorouskimg was diluted into 500 ml
YPD media for wild type and mutant strains and gramtil the ORy, reached 2.0.
Cellular fractionation to produce mitochondrial arydosolic fractions was performed as
described (Daurst al., 1982). Briefly, mid-log phase cells were hatedsby
centrifugation at room temperature for 5 min a08,g washed once with distilled water,
resuspended in DTT buffer (0.1 Mis.SO4, pH 9.4, 10 mM dithiothreitol) at 2 ml per
gram of wet weight cells, and incubated at 30°Cfbmin. Cells were centrifuged for 5
min at 3,000 g, and the pellets were then washed with Lyticase buffer (1.2 M
sorbitol, 20 mM KPO4, pH 7.4) to give 7ml/g wet gei. Cells were resuspended in
Lyticase buffer containing 0.5 mg Lyticase/ml (Sey@ldrich), the suspension was
incubated at 30°C with gentle shaking for 60 mitilatl the cells had been converted to
spheroplasts. Spheroplasts were harvested by foggatiion at room temperature for 5
min at 3,000 g, and the pellets were washed twide lyticase buffer. Cells were
centrifuged at room temperature for 5 min at 3,§08nd pellets were resuspended in ice
cold homogenization buffer (0.6 M sorbitol, 10 mMis-C1, pH 7.4, 1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1% bowasum albumin (BSA), 1 mM
phenylmethylsulfonyl fluoride (PMSF)) to a concextion of 6.5 ml/ g wet weight.

Spheroplasts were homogenized by 10 -15 strokagight-fitting Dounce homogenizer.
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From this point on, all operation were carried at4°C. The homogenate was diluted
with 1 volume of ice cold homogenization buffer aghtrifuged for 5 min at 1500 g to
pellet the cell debris and nuclei. Supernatantewentrifuged for 5 min at 4000 g, and
the pellets were discarded. The resulting supamiatas referred to as thatal yeast
protein fraction. The mitochondrial fraction was isolated by céagration of the
supernatant at 12,000 g for 15 min. The result@esiatant was referred tgtosolic
protein fraction. The crude mitochondrial pellet was resuspendexdlith SEM buffer
(250mM sucrose, 1mM EDTA, 10mM MOPS-KOH, pH 7.2patéinal concentration of
5-10 mg/ml protein. For further purification, thetachondrial suspension was loaded on
top of the sucrose step gradients: 1.5 ml 60%, 382%b, 1.5 ml 23%, and 1.5 ml 15%
(w/v) sucrose in EM buffer (1ImM EDTA, 10mM MOPS-KQPH 7.2), and centrifuged
for 60 min at 2°C at 134,000 g. The purified mitocdria was recovered from 60% /
32% interface, concentrated by centrifugation pvaiein concentration of 5-10 mg/ml,
quickly frozen in liquid nitrogen, and stored a0°8 for further use. For enzyme assays,
mitochondrial pellets were broken by thawing arekhing, subcellular fractionations
were assayed for cross contamination of fracti@isguNAD" dependent isocitrate
dehydrogenase (NAD-IDH) as a mitochondrial market hexokinase 1 as a cytosolic

marker.

Enzyme activity assays
Published procedures were used to assay GABA-tminsse (GABA-T), succinate
semialdehyde dehydrogenase (SSADH), mitochondwdd Ndependent isocitrate

dehydrogenase (NAD-IDH) and cytosolic hexokinasBrbtein concentrations were
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determined by Bradford assay (Bradford, 1976) wrifstalline bovine serum albumin
(BSA) as the standard.

The activity of GABA-T was assayed as described{Bset al., 1985). The
standard reaction mixture contains 100 mM potasgibosphate buffer, pH 8.2; 0.2 mM
EDTA; 7.5mM potassium 2-oxoglutarate or pyruvate; 0.2 HNAD™; 1 unit of yeast
SSADH (Chapter V); and an appropriate amount ohe&dl fraction. The reaction was
started by the addition of 7.5 mM GABA after pretibation of components at ®Dfor
5 min.

The activity of SSADH was assayed as described (Ratal., 1985). The
standard reaction mixture contains 100 mM potasgbosphate buffer, pH 8.2; 0.2 mM
EDTA; 0.2 mM NAD'; and an appropriate amount of each cell fracfldve reaction was
started by the addition of 0.1 mM SSA after predivation of components at ZDfor 5
min.

NAD-IDH, a mitochondrial marker, was assayed audesd (lllingworthet al.,
1972). The standard reaction mixture contains 40 TnigtHCI buffer, pH7.6; 4 mM-
MgCL,; 0.25 mM NAD and an appropriate amount of each cell fractior fEaction
was started by addition of 2.5 mM trisodium DL-igate after pre-incubation of
components at 3C for 5 min.

Hexokinase 1, a cytosolic marker, was assayedsasided (Sigma Technical
Bulletin SPGLYC100, Bergmeyer, 1983). The standagttion mixture contains 39 mM
triethanolamine, 0.74 mM adenosine 5'-triphospliAfEP), 7.8 mM magnesium chloride,
1.1 mMB-nicotinamide adenine dinucleotide phosphft&lADP), 2.5 units glucose-6-

phosphate dehydrogenase (Sigma Aldrich), and aroppate amount of each cell
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fraction. The reaction was started by the additibA16 mM D-glucose after pre-
incubation of components at ®Dfor 5 min.

The enzymatic activity assays were based on thegeha absorbance at 340 nm
caused by the reduction of NAD{RP NAD(P)H. All enzymatic reactions were
performed at 3 for 60 min and the change of absorbance at 34@/asnmonitored on
spectrophotometer (Beckman DU 640, USA). One urgihnayme for GABA
transaminase and succinate semialdehyde dehydsmerss defined as the amount of
enzyme required to produceufinol of NADH per hour at 30°C. One unit of enzyme fo
NAD-IDH and hexokinase 1 was defined as the amotiehzyme required to reduce
1 umol of NAD" per min at 30°C. All assays were repeated at tbase times and data

represented the average of the results from dt tleae experiments.

Results

Subcellular localization of GABA shunt enzyme actiities in Saccharomyces

In order to investigate the interchangeable fumctibArabidopsis thaliana
AtGABA-TP and yeast SCGABA-TKG, plasmid construatsre made as indicated in
Materials and Methods that contained AtGABA-TP wi{t) and without the
mitochondrial targeting peptide (+P-mtp) or thahtained SCGABA-TKG (+Y) or
ScGABA-TKG with the AtGABA-TP mitochondrial targety peptide (+Y+mtp). The
intent was to be able to examine functional completation of a set of yeast mutants
overexpressing these two proteins localized ireeithe mitochondria or the cytosol.
Prior to this investigation the proper localizatimirthe proteins made by these constructs

was investigated.
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The TargetP 1.1 (Nielsest al., 1997; Emanuelssatal., 2000) and PSORT
(Nakai and Horton, 1999) web based utilities predi6GABA-TP to be localized in
mitochondria with an 18 amino acid (54 nucleotiohochondrial trageting peptide in
Arabidopsisthaliana. These utilities also indicate that these segeemall localize to
mitochondria in yeast. The yeast GABA degradingyemes SCGABA-TKG and
ScSSADH were predicted by Target P 1.1 and PSORdc#dize to the cytosol.

To further verify the subcellular localization prettbns of UGA1p, UGA2p and
whether AtGABA-TP is localized in yeast mitochoradwhen expressed in yeast, we
tested isolated subcellular fractions derived fegpropriate stains for GABA-TKG,
SSADH, and GABA-TP activities as described in Methio Mitochondria could be easily
separated from cytosol by differentiation centrétign after cell lysis (Daurat al.,

1982). Cytosolic hexokinase 1 was employed as &enanzyme for the cytosol fraction,
and mitochondrial NAD-dependent isocitrate dehydrogenase was employadrasker
enzyme for mitochondria. Transformants and wilcetgprains were cultivated on YPD
medium, and whole yeast cells were fractionatea mitochondria and cytosolic
fractions. The specific enzyme activities in eaelction for each strain are listed in Table
3. In all strains which contain intact UGA2 geoeer 99% activity of the SSADH

activity was found in cytosol fraction with specifctivities of 2.22 to 2.52 U/mg

protein. SSADH activity was almost non-detectablthe mitochondrial fraction
suggesting that yeast UGA2p is localized in cyt@w not in mitochondria.

In wild type yeast cells, significant GABA-TKG awitly (>99%, 1.63 U/mg protein)
was found in the cytosol. GABA-TKG enzyme actiwtgs almost non detectable in the

mitochondrial fraction. In thdugal deletion mutant, no GABA-TKG activity was found
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in either fraction supporting the complete los&HBA-TKG activity with the absence

of a functional UGA1 gene. In thugal mutant overexpressing full length SCGABA-
TKG (dugal+Y) and overexpressing the truncated AtGABA-TRdal+P-mTP),
GABA-TKG and GABA-TP specific activity was increaks6-fold and 0.5-fold relative

to wild type respectively suggesting both conssuyatay a functional role in yeast and the
truncated AtGABA-TP is not as highly expressednesScGABA-TKG in wild type.
Similar to the wild type, no GABA-T activity wasdad in the mitochondria for both
Augal+Y andA4ugal+P-mTP. Over 90% of GABA-TP activity was foundaytosol for
Augal+P-mTP indicating that functional GABA transaminagathout mitochondrial
transit peptides are located in the cytosol.

We then tested whether the plant mitochondrialsitgeeptide will cause yeast and
plant GABA transaminases to localize into yeasbofibndria. Over 90% of the GABA-
TKG and GABA-TP activity was found in mitochondf@a bothA4ugal+Y+mTP and
Augal+P transformants respectively. For examglggal+Y+mTP had a specific enzyme
activity of 9.4 and 0.15 U/mg protein in mitochotadand cytosol respectively and
Augal+P had a specific enzyme activity of 0.92 and @Q&g protein in mitochondria
and cytosol respectively. These data suggest tthtyeast endogenous GABA-TKG and
AtGABA-TP were efficiently imported into yeast maloondria directed by the presence

of the AtGABA-TP mitochondrial targeting peptidegsence.

Complementation of the GABA growth phenotype by cytsolic and mitochondrial
GABA transaminases

Previous studies have demonstrated $aatharomyces mutants lacking) GA1,
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UGA2, andUGAS3 are incapable of growth on minimal medium with GRABs the sole
nitrogen source but grow normally on minimal medwith ammonium sulfate as the
sole nitrogen source (Ramesal., 1985; Colemast al., 2001). To test the extent of
interchangeable function éirabidopsis thaliana AtGABA-TP and yeast SCGABA-TKG
in both the cytosol and mitochondria, mutant sgdiearingfugal, 4uga2, or the
Augalduga? double mutant were transformed by the set of pldsonstructs containing
AtGABA-TP with and without the mitochondrial targeg peptide or containing
ScGABA-TKG or SCGABA-TKG with the AtGABA-TP mitochalrial targeting peptide.

Cells transformed with SCGABA-TKGI(igal+Y, duga2+Y, dugalduga2+Y)
were grown on YNB medium containing 10 mM GABA oAl as the sole nitrogen
source (Fig 1B). Growth was fully rescued to astewild type level foriugal+Y while
growth was restored to the same extetu@@?2 for the4dugalduga2+Y transformants,
and as expected, overexpressing SCGABA-TKG didemiver the growth defect for the
Auga2 mutant. Similar growth recovery effects were abserved for cells transformed
with plasmids overexpressing SCGABA-TKG with thaaohondrial targeting peptide
from AtGABA-TP (dugal+Y+mTP,4uga2+Y+mTP,dugalduga2+Y+mTP), indicating
that overexpressing SCGABA-TKG with @nabidopsis mitochondrial targeting peptide
is functionally similar to overexpressing SCGABA-TGKalone in recovering the GABA
growth defect in the mutants lackitfsAl.

Similarly, cells transformed with full lengt#hrabidopsis AtGABA-TP (dugal+P,
Auga2+P, Augalduga2+P) and AtGABA-TP with a truncated mitochondriarisit
peptide fugal+P-mTP duga2+P-mTP dugalduga2+P-mTP) were examined for
GABA growth complementation. Transformation wittGRBA-TP (dugal+P and
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Augalduga2+P) which putatively localized in mitochondria palty rescued the growth
defect for mutants lackingGALl (Fig. 1B). A 3- to 4- fold increase in growth was
observed in liquid media (data not shown). Howegrersignificant growth recovery was
found for theduga2 mutant when transformed with the AtGABA-TP constsu(Fig.

1B). Equivalent growth recovery was observed wéethe transformants were
overexpressing the full length AtGABA-TP or the AABA-TP with the truncated
mitochondrial targeting peptide. These resultsaats that AtGABA-TP targeted to
either the mitochondria or cytosol in yeast hasralar function to yeast endogenous
ScGABA-TKG in supporting growth on media containi@8BA as the sole nitrogen
source although the use of endogenatisgtoglutarate-utilizing SCGABA-TKG has a
stronger growth supporting effect than does theyste-utilizing AtGABA-TP.
Mitochondrial versus cytosolic localization for hanzymes appears to be less critical
than either the use ofketoglutarate versus pyruvate as substrate agxpeession level

of the specific enzyme in yeast cells.

Complementation of the thermosensitivity and ROS poduction phenotype by
cytosolic and mitochondrial forms of GABA transamimases

Our previous studies showed that under lethal &e45°C, yeast mutants sfigal
lacking GABA transaminase anfiliga2 lacking succinate semialdehyde dehydrogenase
are more heat sensitive than wild type. andal is dramatically more heat sensitive than
Auga2. Thedugalduga2 double mutant is more heat sensitive than eithéreosingle
mutants. The thermo sensitivities were correlateithé level of ROS production (Chapter
I). To test the function and localization of AtGABTP and SCGABA-TKG in yeast in

thermotolerance and limiting ROS production, thre¢hmutants above which are
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defective in GABA degradation were transformed wfté four plasmid constructs as
described and characterized above.

Overexpression of SCGABA-TKG iugal (dugal+Y) led to heat stress survival
comparable to the wild type after 60 min (Fig 2&omparably, overexpression of
ScGABA-TKG in the double mutantugalduga2 (dugalduga2+Y) led to heat stress
survival comparable to thuga2 mutant alone after 60 min. However, overexpression
ScGABA-TKG in theduga2 mutant fuga2+Y) did not enhance heat stress cell survival.
In all cases, ROS production was comparable togk@ected from the survival data (Fig
2A). Overexpression of SCGABA-TKG with the AtGABRP mitochondrial transit
peptide attached also produced comparable resultetexpression of SCGABA-TKG in
the cytosol (Fig. 2B compared to Fig 2A and Figi@Bnpared to Fig. 3A).

To assay the complementation by AtGABA-TP yeastamist were transformed
with plasmid constructs containing either full IEm&tGABA-TP (dugal+P,Auga2+P,
and4ugal4uga2+P) or the truncated GABA-TP lacking a mitochondi@ageting
peptide fugal+P-mtp,4uga2+P-mtp, andiugalduga2+P-mtp), these strains were tested
for their ability to compensate for the thermosewisy (Fig. 4) and ROS production (Fig.
5) phenotypes. Whetugal+P was heat stressed for up to 60 min at 45°Csoellival
for 4ugal+P significantly improved (19% to 50%, survival)tlalid not achieve wild type
levels (71%) of survival (Fig. 4A). Clearly AtGABAP did not complement the yeast
Augal deletion to the same extent as did SCGABA-TKG dBABA-TKG plus the
mitochondrial targeting peptide. Similar partedéls of complementation were observed
for Augalduga2+P (Fig 4A) andiugalduga2+P-mtp (Fig 4B) since the levels of

complementation did not reach the survival levelaga2. No significant cell survival
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recovery was observed for thega2 mutant transformantgi(iga2+P or4uga2+P-mtp).
Additionally, the production of ROS (Fig 5) in tleeswutants and transformants was
appropriately proportional to the heat stress sahdata as was the case for the
ScGABA-TKG transformations above.

Taken together these results show that AtGABA-T®# wr without a mitochondrial
targeting peptide compensated for SCGABA-TKG uneégral heat stress for both
survival and ROS accumulation. However, AtGABA-T&gardless of its intracellular
location was less effective than the native SCGAB#G form of GABA transaminase

(regardless of its location).

Discussion

In this study, the cellular localization of yeastGRRBA-TKG and SCSSADH in
wild type yeast strain were investigated basecheridcation of enzyme activity in the
mitochondrial or cytosol subfractions. For bothtpmos, over 90% of specific enzyme
activities were detected in the cytosol fractioalfle 3), the mitochondrial fractions
possessed almost non measurable enzyme actiwfe®1(U/mg protein), suggesting
both GABA-TKG and SSADH are localized and functimgin cytosol, not
mitochondria. This finding is consistent with tloealization predicted by TargetP and
PSORT, and the cytosolic location of SSADH previpusported (Hulet al., 2003).
Deletion of GABA-TKG in yeast resulted in complgtébss of enzyme activities in
cytosol. TargetP and PSORT predict that AtGABA-$Rocalized in the mitochondria in
Arabidopsis and would also be in yeast based on the presdrase 18 amino acid

mitochondrial targeting peptide at the amino-teusiof the protein. Using both native
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and recombinant DNA constructs and transformaticappropriate yeast gene deletions
we have shown that the mitochondrial localizatibbath SCGABA-TGK and AtGABA-
TP is mediated by this 18 amino acid mitochondeegeting peptide. Since all of our
plasmid constructs placed the cloned sequences th@leontrol of the strong
constitutive GPD promoter it is unclear why AtGABA? activity levels were reduced
when compared to even wild type expression of SCEABG. The addition of the
mitochondrial targeting peptide did not appeareduce the stability of SCGABA-TGK,
nor did the deletion of the mitochondrial targetpeptide from AtGABA-TP appreciably
alter specific activity relative to the full lengtlonstruct. Thus it seems most likely that
the lower expression of AtGABA-TP is the resuliegther posttranscriptional processing
or the posttranslational stability of tAeabidopsis protein in yeast.

In complementation assays, transformants targ&a@ABA-TKG to mitochondria
were found to be as efficient as the endogenoestopically expressed cytosolic form of
ScGABA-TKG in supporting growth on GABA medium (FA ), thermotolerance (Fig
2), or ROS accumulation (Fig 3). Thus, the produncof succinate semialdehye from
GABA which is normally a cytosolic process$accharomyces appears to be equally
functional when it occurs in mitochondria. Thus;an be concluded that the production
of GABA and/or succinate semialdehyde in the mityahria is no more responsible for
heat stress tolerance or ROS accumulation thaprddiction of these compounds in the
cytosol.

Complementation of théugal mutant by AtGABA-TP with or without its
mitochondrial targeting peptide was found to beipby effective in supporting growth

on GABA as the sole nitrogen source (Fig 1), herass tolerance (Fig 4), and ROS
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accumulation (Fig. 5) supporting again the idea libzalization in the mitochondria was
not critical nor detrimental to the function ofgtpathway irGaccharomyces. This

finding was not consistent with our hypothesis thatconversion of pyruvate to alanine
by AtGABA-TP ectopically expressed in mitochondstaould limit carbon flux through
the TCA cycle, and thus reduce mitochondrial RQ&lpction. Rather this finding is
consistent with the hypothesis that carbon fluedigh the TCA cycle at least from
pyruvate too-ketoglutarate is not related to the productioREfS during heat stress, and
that the accumulation of succinate semialdehydmore metabolite downstream is likely
the major factor playing a role in abating ROS mcitbn during heat stress.

The fact that AtGABA-TP only partially complemertte 4ugal mutation while
ScGABA-TKG fully complements the mutant further popts the above hypothesis.
However, it is unclear whether this is from thdelénce in substrate specificity of the
two enzymes or from the difference in enzyme aistigontent in cells transformed with

the two different constructs (Table 3).
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Strain Genotype

W303-1A Mat deu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met

Augal Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met ugal::HIS3

Auga2 Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met
uga2::URA3

Augalduga? Mat aleu2-3112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met ugal::HIS3
uga2::URA3

Table 2.Primers used for yeast cytolic and mitochondriai® of GABA-TKG and
plant GABA-TP expression

Primer Name Sequence (5’ to 3’)
UGA1FOR GAGAGGATCATGTCTATTTGTGAACAATACTACCCA
MTP15 UGALFOR ACTCAGGTTCATTTGATGTCTATTTGTGAACAATACAC
CCA

MTP54 UGALFOR GGATCCATGGTCGTTATCAACAGTCTCCGACGCTTGEG
GCGTACCACTCAGGTTCATTTG

UGA1REV GTGTAAGCTITCATAATTCATTAACTGATTTGGCTAA

FL-pGATFOR GAGAGGATCATGGTCGTTATCAACAGTCTCCG

FL-51-pGATFOR  GAGAGGATCCATGCACAGTAGGTATGCCACTT

PGATREV GTGTAAGCTTTCACTTCTTGTGCTGAGCCTT

Table 3.Enzyme activities in yeast wild typgugal deletion mutant strain antuigal

mutant transformarits
129



Specific activity (U/mg protein)

Preparation I:)rOtpinwild type Augal Augal+Y  Augal+Y+MTP  Augal+P Augal+P-MTP
Total cell NAD-IDH 0.03 0.028 0.032 0.029 0.030 0.033
extract Hexokinase 31 2.5 3.0 3.08 31 3.2
GABA-T(P) 0.16 0 0.80 0.88 0.10 0.09
SSADH 0.29 0.27 0.238 0.24 0.26 0.26
Mitochondria NAD-IDH 0.19 0.185 0.20 0.0188 0.0195 0.21
Hexokinase 0 0 0 0 0 0
GABA-T(P) <0.01 0 0 9.4 1.52 0.06
SSADH <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Cytosol NAD-IDH 0 0 0 0 0 0
Hexokinase 25 23 28 275 28 26
GABA-T(P) 1.63 0 9 0.15 0.08 1.48
SSADH 2.52 2.48 2.22 2.35 2.42 2.45

Yeast strains were grown on rich YPD medium. @alitionation was performed as
described by Daurdt al (Daum, 1982).

P The enzymes assayed as described in Materialdatitbds, were NADdependent
isocitrate dehydrogenase (NAD-IDH) as mitochondmalker protein, hexokinase as
cytosolic marker protein, yeast endogenous GABA-T&t@lant GABA-TP, succinate
semialdehyde dehydrogenase (SSADH). The straircswiese W303-1A (wild type),
yeast deletion mutanftugal, and the mutant overexpressing yeast endogenoBAGA
TKG (4ugal+Y), GABA-TKG with plant mitochondrial targeting pgde sequences
(4ugal+Y+MTP), plant GABA-TP (dugal+P), or GABA-TP without mitochondrial
targeting peptide sequencesigal+P-MTP). The values shown represent averages of

three independent determinations.
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YNB+10mM NH4*

A
WT
Auga1 [ ] ® ® %
e © @
Augal Auga2 . . ‘
B YNB+10mM GABA
WT Auga?
Augal Auga2+Y
Augal+yY Auga2+Y+mTP
Augal+Y+mTP Augalduga?
AugalAuga2+Y

Akt . AugalAuga2+Y
Augal+P-mTP ‘ @ +mTP
Y m

Fig. 1.(A) Growth of wild type and mutant strains on YNR:dium with NH4 as the sole
nitrogen source; (B) YNB medium with GBAB as théesnitrogen source. Each strain contains
vectors of HIS( p423 GPD), URA(p426 GPD), LEU(p42BD), TRP(p424 GPD) and LEU(p425
GPD), LEU(p425 GPD) vector for mutant strains esathe cytolic and mitochondrial forms of
yeast endogenous GABA-TKG or cytosolic and mitodr@i forms of plant GABA-TP. All
strains are able to grow on YNB media with N the sole nitrogen sources, howexegal,
Auga2 and4ugaluga2 can't grow on GABA as the sole nitrogen sourceelsas the wild type.
Overexpression of plasmids bearing cytosolic artdchiondrial forms of yeast endogenous
GABA-TKG fully recovered the GABA growth phenotyf®, left panel); Overexpression of
plasmids bearing cytosolic and mitochondrial fowhsgplant GABA-TP partially recovered the
GABA growth phenotype (B, right panel). "+Y" indies expression of P425 GPD-UGAL,
"+Y+mTP" indicates expression of P425 GPD-mTP54UGAP" indicates expression of P425
GPD-pGAT; "+P-mTP" indicates expression of P425 GREAT-mTP.
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Cell survival (%)
Cell suvival (%)

T T T T T T T
0 10 20 30 40 50 60

Time at 45°C (min) Time at 45°C (min)
—@-W303-1A (WT) —{1+ Augal—Augal+Y —@-W303-1A (WT) —{1 Augal—#Augal+Y+mTP
—~Auga2 —&—Auga2+Y —/—Auga2 —A&—Auga2+Y+mTP
—/ Augal Auga2 —w—Augalduga2+Y —/ Augal Auga2 —w—AugalAuga2+Y+mTP

Fig. 2. Viability of wild-type, mutant strains and mutasitains transformed with (A)
cytosolic and (B) mitochondrial forms of yeast egeloous GABA-TKG after lethal heat
treatment at 4%. Strains were grown to mid log phase (5 % ddlls/ml) in YPD,

washed in 0.87% NaCl, and concentrated to 2%c#ls/ml in fresh YPD. Aliquots of
100 pl were heated at 45in a thermocycler for 0, 15, 30, 45 and 60 miiability was
determined as described. Each point representadlaa + SD of the results from at least
three experiments, some error bars are smallerttieasymbol sizes. "+Y" indicates
expression of P425 GPD-UGA1, "+Y+mTP" indicatesresgion of P425 GPD-
MTP54UGAL.
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Heat induced fluorescence increase
Heat induced fluorescence increase

: : : : : :
- T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Time at 45°C (min) Time at 45°C (min)

—-@-W303-1A (WT) - Augal #-Augal+Y  -@-W303-1A (WT) —{1 Augal-®Augal+Y+mTP
—/—Auga2 —A—Auga2+Y —/~Auga2 —A—Auga2+Y+mTP
=/~ Augal Auga2 —w—Augalduga2+Y =/ Augal Auga? —w-AugalAuga2+Y+mTP

Fig. 3.Intracellular ROS levels induced by lethal heastrat 45°C in wild type, mutant strains
and mutant straingansformed with cytosolic (A) and mitochondrial) irms of yeast
endogenous GABA-TKGHuorescence was measured at an excitation wavélefgt
504nm and an emission wavelength of 524nm in coetfleextracts as described. As a
control, fluorescence was recorded during heasstnethout cells and cells without
DCFH-DA (date not shown). Data shown representitban = SD of the results from at
least three experiments, some error bars are sntiadle the symbol sizes. "+Y" indicates
expression of P425 GPD-UGA1, "+Y+mTP" indicatesresgion of P425 GPD-
mTP54UGAL.
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Time at 45°C (min) Time at 45°C (min)

-@-\W303-1A (WT) —Augal —BAugal+P -@-\W303-1A (WT) ~+Augal —BAugal+P-mTP

—/-Auga2 —A—Auga2+P ~~Auga2 —A—Auga2+P-mTP

—/ Augal Auga?2 —Ww—Augalduga2+P —/+ Augal Auga2 -W¥—Augalduga2+P-mTP

Fig. 4. Viability of wild-type, mutant strains and mutasitains transformed with (A)
cytosolic and (B) mitochondrial forms of plant GABIP after lethal heat treatment at
45°C. Strains were grown to mid log phase (5 % d€lis/ml) in YPD, washed in 0.87%
NaCl, and concentrated to 2 x®k&lls/ml in fresh YPD. Aliquots of 100 pl were heg

at 45C in a thermocycler for 0, 15, 30, 45 and 60 miiab¥ity was determined as
described. Each point represents the mean + SBeafesults from at least three
experiments, some error bars are smaller thanythbd sizes. "+P" indicates expression
of P425 GPD-pGAT; "+Y-mTP" indicates expressiorPdR5 GPD-pGAT-mTP.
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Time at 45°C (min) Time at 45°C (min)
-@-W303-1A (WT) —+Augal —Augal+P —0-W303-1A (WT) —{Augal —Augal+P-mTP
—~Auga2 —A—Auga2+P —/—Auga2 —A—Auga2+P-mTP
—/ Augal Auga2 -W—AugalAuga2+P —/ Augal Auga2 —W¥-AugalAuga2+P-mTP

Fig. 5. Intracellular ROS levels induced by lethal heastrat 45°C in wild type, mutant strains
and mutant strairgansformed with (A) cytosolic and (B) mitochondri@rms of plant
GABA-TP. Huorescence was measured at an excitation wavélef@04nm and an
emission wavelength of 524nm in crude cell extrastslescribed. As a control,
fluorescence was recorded during heat stress wittedis and cells without DCFH-DA
(date not shown). Data shown represent the medd &f $he results from at least three
experiments, some error bars are smaller thanythed sizes. "+P" indicates expression
of P425 GPD-pGAT; "+P-mTP" indicates expressioi425 GPD-pGAT-mTP.
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V.MOLECULAR CLONING, EXPRESSION AND
CHARACTERIZATION OF RECOMBINANT YEAST SUCCINIC

SEMIALDEHYDE DEHYDROGENASE

Abstract

The yeast succinic semialdehyde dehydrogenase(§&#DH; EC 1.2.1.16) was
cloned and overexpressedincoli. Based on SDS-PAGE, the molecular mass of the
subunit was around 54 kDa, and the purified recoamtienzyme has a tetrameric
molecular mass of approximately 200 kDa. The sjpegctivity of the recombinant
enzyme was 1.90mol NADH formed mif mg?, and showed maximal activity at pH
8.4. The recombinant protein was highly specificduccinate semialdehydén =
15.48 + 0.141M, can use both NADand NADP as a cofactor witkkm values of 579.06
+30.1uM and (1.017 + 0.46) mMespectively. Initial velocity studies show NAD#ths
a competitive inhibitor with respect to NADKi = 129.5uM ), but non-competitive
inhibitor with respect to succinate semialdehy@éenine nucleotides of AMP, ADP and
ATP inhibited the yeast SSADH activity wii of 1.13 ~ 10.2 mM and showed
competitive inhibition with respect to NADand mixed-competitive and non-competitive,
and non-competitive inhibition respectively witlspect to succinate semialdehyde. The

kinetic data suggest a ping-pong mechanism.
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I ntroduction

y-Aminobutyrate (GABA) is a ubiquitous non protemiao acid widely found in
prokaryotic and eukaryotic organisms. It is welblwn as a major inhibitory
neurotransmitter in mammals. GABA plays a roléhi@ nitrogen and carbon metabolism
in bacteria. In plants, GABA accumulates rapialyesponse to various abiotic and
biotic stresses such as hypoxia, cold, and mechlstimulation. However, in most
organisms, its physiological role is uncertain.

In yeast, GABA is produced from glutamate in theosypl, catalyzed by glutamate
decarboxylase (GAD; EC 4.1.1.15) in the GABA shpmithway. GABA is then further
transaminated to succinate semialdehyde (SSA) bAS#ansaminase (GABA-T; EC
2.6.1.19), and finally, SSA is oxidized by succenaémialdehyde dehydrogenase
(SSADH; EC 1.2.1.16) to the final product of suatewhich then enters the
tricarboxylic acid cycle. Clearly, SSADH is inva@ in the utilization of GABA as a
nitrogen source. In human, SSADH deficiency result4-hydroxybutyric aciduria, an
autosomal recessive disorder due to an accumulati@ABA and 4-hydroxybutyric
acid in the central nervous systems (Jalaeblas., 1981). Recently, mutation studies show
SSADH in plants (Jakolet al., 2003) and yeast (Colematal., 2001) is critical for
normal oxidative stress tolerance.

SSADH has been shown to be present and has beiéiegptrom mammalian
tissues (Blaner and Churchich, 1979; Ryzlak antti&eko, 1988; Chambliss and
Gibson, 1992; Leet al., 1995), plants (Busch and Fromm, 1999; Satya ang N289;
Yamauraet al., 1988) and microorganisms (Steinbuchel and Lutkergloh, 1999;

Hidalgoet al., 1991; Ramost al., 1985). The reaction catalyzed by SSADH is
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essentially irreversible, and the enzyme actistinhibited by the substrate succinate
semialdehyde (SSA) and the product NADH in mammaiaain tissues (Ryzlak and
Pietruszko, 1988; Chambliss and Gibson, 1992;dtek, 1995). In plants, SSADH
activity is also inhibited by adenine nucleotidBsigch and Fromm, 1999). In fungi, the
first enzyme of the GABA shunt (GAD) was purifieddabest studied iN. crassa
(Christensen and Schmit, 1980), GABA-T was purified characterized fro@andida
species (Deet al., 1986). However, the last enzyme of pathway (BBAhas received
relatively little attention. Its properties couidt be determined in crude cell extracts
(Baldy, 1977; Visserst al., 1989), and it has only been partially purified/eéast and not
well characterized (Ramasal., 1985).

We reasoned that cloning of the yeast gene enc@®B#APH enzyme and detailed
characterization of the purified recombinant prot@ould provide significant
information on the physiological and functional pecties of SSADH, and its specific
regulation in the GABA shunt pathway. Here, weadiée the cloning and purification of

a yeast SSADH and detailed kinetic studies of tmipd recombinant enzyme.

M aterials and methods

Cloning of yeast SSADH gene

The Saccharomyces Genome Database (SGD) showed a reference sequence
(GenBank Accession No. NC_001134) encoding a érgth ORF sequence for yeast
SSADH. This sequence was used to design genonficg?ighers for the amplification
of a DNA fragment of the SSADH gene containing tBRF. To facilitate expression

vector construction, two restriction sitesX¥fol andBamHI were introduced at each end
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of primers. The sense primer for PCR amplificattontained an Xhol site: 5-GAGAC
TCGAGATGACTTTGAGTAAGTATTCTAAACCAACTC-3, and the antisese primer
contained @amH]I site: 5’-GAGAGGATCCITAAATGCTGTTTGGCAAATTCC-3..
Yeast genomic DNA was prepared as described byn&irest al.(1989). PCR was
carried out using a PCR Thermal Cycler PTC-180fr 30 cycles in a 28l reaction
mixture containing 10 pmol of primers, 1 unit ofgHiFidelity Tag DNA polymerase
(Roche Applied Sciences), and 100 ng of yeast genBM™A under the following
conditions: denaturation at 95 for 10 s, annealing at 8D for 30 s and extension at
72°C for 2 min, each for 30 cycles. The PCR produas ywurified on 0.8% agarose gel,

cloned into the p-GEf}T Easy vector (Promega, Madison, W1) and sequenced

Expression and purification of His6-tagged yeast SSADH

A yeast SSADH expression clone was constructech$sriing the corresponding
open reading frame after amplification by PCR itm® bacterial expression vector pET-
16b (Novagen, Madison, WI). The amplified PCR prcicand the pET-16b expression
vector were digested witkhol andBamHI, and the SSADH ORF was ligated into the
vector using T4 DNA ligase (Promega) according emafacturer's procedure.

Expression of the recombinant protein was initidigédding 0.5 mM IPTG to the
cultures of transformed BL21 cells in LB medium t@ning 50 mg/L ampicillin. After
the addition of IPTG, the culture was further gradien6 h to induce the expression of
His6-tagged SSADH protein. Cells were harvestatirasuspended in Binding Buffer
(pH8.0, 50 mM sodium phosphate containing 300 mMNCIN&0 mM 2-mercaptoethanol,

and 10 mM imidazole and 2Q@/ml lysozyme). Final lysis was achieved by indidra
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the cell suspension with lysozyme for 15 min &lG30The lysate was cleared by
centrifugation at 12,000 rpm in a SS34 rotor fom@0. The supernatant was loaded onto
a nickel-nitrilo triacetic acid (Ni-NTA) agaroselomn (Qiagen). The column was
washed three times with Washing Buffer (pH 8.08@ sodium phosphate containing
10% (v/v) glycerol, 300 mM NaCl, 10 mM 2-mercaptwatol, and 50 mM imidazole).

The enzyme was then eluted with 250 mM imidazdlee purity of the eluted protein

was evaluated by 12% SDS-PAGE using Coomassiesidir@ng to visualize the protein.

Enzyme Activity Assay

Succinate semialdehyde dehydrogenase activity s&esyad in the direction of
aldehyde oxidation by measuring the reduction oDNAr NADP
spectrophotometrically at 340 nm (Beckman, model@20) in a 60Qul reaction volume
at 25°C. The standard enzyme assay containe@Qéotassium pyrophosphate buffer
(PH 8.4), 5QuM SSA, and 714M NAD". The reaction was started with the addition of
succinate semialdehyde dehydrogenase (©g).3 One unit of enzyme activity was
defined as the amount of enzyme required to redyeaol of NAD(P)" per minute at
25°C and specific activity is expressed as unitg/protein. The kinetic parameteksn
andKcat values were calculated from Lineweaver-BurkldProtein concentrations
were determined by the method of Bradford (Bradf@&¥6) using bovine serum
albumin as a standard. The dependence of sucseateldehyde dehydrogenase on pH
was determined in 0.1 M potassium phosphate b(ptdr6 to 9), 0.1 M potassium
pyrophosphate buffer (pH 8.5 to 9.5) and 0.1 M iglgeNaOH buffer (pH 9 to 12).
Kinetic studies were repeated at least three tim#sdifferent preparations of the

purified recombinant SSADH.
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Zymogram Staining Analysis

Purified recombinant protein was separated on 8#eRAGE at 4°C. The gel
was then stained for SSADH activity by incubatibmaam temperature in a solution
containing 100 mM potassium pyrophosphate, pHE8uM SSA, 0.2 mg/ml nitroblue
tetrazolium (NBT), 0.06 mM phenazine methosulf&mg), and 1.5 mM NAD(P)at
room temperature for 15min. The excess stain e@®ved by washing the gels in

ddH,O. SSADH activity appeared as a dark band.

FPLC gd filtration analysis

FPLC gel filtration analysis was performed on a-BRiad HPLC equipped with an
OD280 monitor at a flow rate of 0.4 ml/ min. A& 30 cm column packed with
Sephacryl S-300-HR (Sigma Aldrich) was used inRR&C analysis. The mobile phase
was 50 mM sodium phosphate buffer (pH 7.0) contgidi50 mM sodium chloride
(Jeonget al., 2005). A molecular mass standard curve was aaetstl by calibrating the
column with protein standards from Sigma Aldrichu@dextran: 2,000 kDa,
Thyroglobulin: 670 kDa, Apoferritin: 443 kD&;Amylase: 200 kDa, Alcohol
dehydrogenase: 150 kDa, Albumin: 66 kDa). The by mass of the native
recombinant SSADH was estimated from the equatwotiie line of best fit (y=-

0.39x+7.79, where y is lagmolecular mass and x is the retention timg/[V,)).

Results

Expression and purification of SSADH in E. coli
The yeast SSADH gene was cloned from genomic DNkied from the W303-1A

wild- type strain. The full sequence of the SSADNA encodes a 497-amino acid
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protein with a molecular mass of 54,189 Da, andraputer calculation predicts the
isoelectric point is 6.61.

Expression of SSADH in bacterial strain BL21/pEThASSADH was induced by
0.5 mM IPTG at 37°C. Most of the expressed protes found in the soluble extract
after cell lysis. A nickle metal-affinity resin leonn was used for the purification of a
His-tagged yeast SSADH. The purity of the proteas estimated by SDS-PAGE (Fig.
1.). The His6-tagged recombinant SSADH yielded single band with an apparent
molecular mass of 54-kDa, and the overall yielthefenzyme in the purification
procedure was 76% (Table 1). The purification reshin approximately 10 mg of pure
SSADH from 100 ml of cultured cells. The additidnb®o glycerol was essential, but 5
mM B-mercaptoethanol was not required for maintainiregstability of the protein for a

long time.

Properties of yeast SSADH

Gel filtration on a Sephacryl S-300-HR column (FRas used to determine the
native molecular weight of recombinant yeast SSADHhree independent runs, the
purified enzyme preparation eluted as a single pattkan elution volume of 20l. A
line of best fit equation (y=-0.39x+7.79) from thetein standards was used to calculate
the native molecular weight. It was found to b® RDa (Fig. 2). These data suggest that
the recombinant yeast SSADH is a homotetramer fwith 54-kDa subunits. The effect
of pH on the SSADH activity was determined with phweified enzyme, the optimum pH

was 8.4 in 0.1 M potassium pyrophosphate buffer.
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Lactate, butonal and a number of aldehydes inciutbirmaldehyde, glyceraldehyde,
propanal, hexanal, valeraldehyde and acetalaldelgde tested as substrates for the
purified recombinant yeast succinate semialdehydsydrogenase. The purified enzyme
was highly specific for SSA and had no activity fioe other tested substrates.

The recombinant yeast SSADH could utilize both NAID NADP' as a coenzyme.
Howeverr, the enzyme had a 2.5-fold lower activibgerved with NADPthan with

NAD™ at a concentration of 0.2 mM, which was in goockagent with the crude

preparations and partially purified yeast SSADHr(Raet al., 1985).

Kinetic experiments

Kinetic studies for characterizing the recombingedast SSADH were carried out in
the direction of NAD(P) reduction. Initial velocity experiments were ¢edrout by
varying one substrate at several fixed substratearrations of the other substrate. Data
from experiments with varied moderate concentrati@inSSA at different fixed
concentrations of NAD(PYesulted in intersecting lines as analyzed by tsuéciprocal
plots (Fig. 3). Further experiments with increadimg varied substrate SSA concentration
(above 100 uM) resulted in reciprocal plots whiahve up as they approach the 1/v axis
indicating substrate inhibition. In contrast, eariconcentrations of NAD(Pht different
fixed concentrations of SSA revealed a set of perihes (Fig. 4 and Fig. 5). No
substrate inhibition was observed when NAID NADP' was used as substrate. Kinetic
constants obtained from double-reciprocal plotspaesented in table 2.

The GABA shunt bypasses 2 reactions in the tricaylimacid cycle @-

ketoglutarate dehydrogenase and succinate thiakitgsremovingi-ketoglutarate from
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the cycle and feeding succinate and NADH produge8®ADH back into the cycle. An
inhibitory effect of NADH on SSADH activity is widig known for several mammalian
and plant SSADH enzymes (Blaner and Churchich, ;1Ba#can and Tipton, 1971;
Rivett and Tipton, 1981; Busch and Fromm, 1999ndebal., 2005). Similar inhibition
of recombinant yeast SSADH with increasing NADH wéaserved here. SSADH
activity was decreased significantly (Fig. 6 ang.Fi). Further investigation revealed
that NADH was a strong competitive inhibitdi€129.51M) with respect to NAD
while it was found to be a non-competitive inhibi(gi=110.7 uM) with respect to SSA
at fixed concentrations of NATable 3). Interestingly, succinate did not cause
detectable inhibition at concentrations of up taviM at pH 8.6 with respect to either
NAD™ or SSA which was similar to the rat brain SSADH\vgRt and Tipton, 1981). This
finding suggests that the concentrations of SSADNAnd NADH in yeast cells might
partly regulate the GABA shunt through SSADH atyivbut not the product, succinate.
The inhibitory effect of adenine nucleotides on tégulation of yeast SSADH was
investigated. It has been reported that SSADHigigtivas inhibited by AMP (Rivett and
Tipton, 1981; Busch and Fromm, 1999; Satya and,Na89), ADP and ATP (Busch and
Fromm, 1999), but no report for yeast SSADH. SamibArabidopsis SSADH, the
activity of yeast SSADH was inhibited by all thregenine nucleotides. 5'-AMP was
found to be a competitive inhibitor with respectNAD™* with aKi value of 4.18x1buM
(Fig. 8) and a mixed inhibitor with respect to SG4g. 9). Secondary intercept and/ or
slope re-plots were linear indicating mixed inhdmt The inhibition by ADP was
competitive with respect to NAQ(Fig. 10) and non-competitive with respective 8AS

(Fig. 11) ancKi values of 5.92 x 1uM and 7.57 x 1buM respectively were
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determined. Since most adenine-dependent enzyegase Md* bound to the
nucleotides, we then tested the inhibition by ADiEhwhe addition of M§". Similar to
Arabidopsis SSADH, in the presence or absence of 5 mM\up difference was
detected for the inhibition by ADP on the yeast $&#activity suggesting that the
binding of NAD'/ SSA was not hindered by ADP and vice versa. bitibh by ATP was
competitive with respect to NAQ(Fig. 12) and non-competitive with respective 8AS
(Fig. 13). TheKi value was 8.89 x M for NAD" and 10.21 x 10uM for SSA. In

the presence or absence of 5 mM*fgo difference was detected for the inhibition by
ATP on the yeast SSADH activity again suggestirag the binding of NAD/ SSA was

not hindered by ATP and vice versa.

Discussion

Yeast SSADH plays a pivotal role in the metabolE®GABA, providing the
mitochondria with succinate. Physiological andcbiemical studies on the role of the
GABA shunt have been hampered by the lack of detatharacterization of GABA shunt
enzymes. In fungi, the first two enzymes, GAD1 &A1, have been purified and well
characterized (Christensen and Schimt, 1980; Deal§ealian, 1986). However, limited
information was reported on the last enzyme SSAR&h{oset al., 1985).

In this study, we report the biochemical charaztgron of the recombinant yeast
SSADH. The enzyme is constituted of four subuoitsimilar size with an apparent
relative molecular mass of 200 kDa (Fig. 2). Tirisomparable with several other
SSADH enzymes from barleprabidopsis, and potato (Blaner and Churchich, 1979;

Busch and Fromm, 1999; Satya and Nair, 1989) andmadian species (Ryzlak and
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Pietruszko, 1988; Chambliss and Gibson, 1992; Jebalg 2005). However, different
results have been reported for other organisnis, @li SSADH was a dimeric protein
(Doonelly and Cooper, 1981) while human brain SSAR&$ a heterotetramer composed
of non-identical sized subunits (Ryzlak and Pietkios 1988). The results presented here
suggest that yeast SSADH is a homotetramer. Thmopt pH is similar to that reported
from partially purified yeast SSADH (Rameisal., 1985), human SSADH (Jeorgal.,
2005), andArabidopsis SSADH (Busch and Fromm, 1999).

Like the partially purified yeast SSADH preparatigtamoset al., 1985), the
purified recombinant yeast SSADH is highly specific SSA. None of the other
aldehyde analogs (C3 to C6 straight chain aldehgde¢ any detectable activity as a
substrate. Th&m value obtained for SSA is 15.3 uM. This is samtb, but slightly
higher than the previously reported recombinanyeres from humarKkm = 6.3 uM
(Jeonget al., 2005) and rakm = 3.5 uM (Murphyet al., 2003), and slightly lower than
the recombinanfrabidopsis SSADH,Kp 5= 15 £ 5 (Busch and Fromm, 1999).
Generally, it seems that eukaryotic SSADHs uses Na®cofactor (Rivett and Tipton,
1981; Busch and Fromm, 1999), rather than NABRich is typically required by
bacterial SSADHs. The recombinant yeast SSADHutéize both NAD" and NADP as
a cofactor but has a much higher affinity for NARvhich is in good agreement with the
partially purified yeast SSADH (Ramesal., 1985), and SSADH from rat (Cashal.,
1977) and human brains (Cagttal.,1978). However, the mechanism leading to the
variance with these results between these organsorgknown.

In the direction of aldehyde oxidation, substrat@hition was observed with SSA

at concentrations above 10M (Fig. 3). No substrate inhibition with NADor NADP*
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was observed. Similarly, substrate inhibition witgher concentrations of SSA was also
reported for the crude and partially purified ye®SIADH, the SSADHs from mammalian
species, the SSADHSs from plants, and bacterial S$AD

SSADH product inhibition by NADH was reported framammalian species
(Blaner and Churchich, 1979; 1980; Rivett and Tnptt981; Jeongt al., 2005) and
plants (Busch and Fromm, 1999). Here, similarltdetua yeast SSADH is reported that
it has a comparatively high affinity for NADH. NADis a strong competitive inhibitor
with respect to NAD (Ki = 129.5uM), but is a non-competitive inhibitor with respéeot
SSA Ki=110.7uM). However, similar to rat brain SSADH (Rivettdamipton, 1981),
no product inhibition by succinate could be detédte yeast SSADH, which makes it
difficult to accurately determine the inhibition BYADH at the SSA substrate
concentrations a&m levels for NAD. The high substrate inhibition is more likely
caused by a compulsory-order mechanism in which NA®the last product to be
released from the enzyme and the inhibition isltedudrom the formation of an abortive
ternary complex between enzyme, NADH and SSA (Reved Tiptorn 1981).

Adenine nucleotide inhibition by AMP was reported fat-brain SSADH (Rivett
and Tipton, 1981) and potato SSADH (Satya and N&i89). Arabidopsis SSADH was
inhibited by all three adenine nucleotides (Busati Bromm, 1999), and it was also
reported that succinate dehydrogenase in mitochergregulated by ATP (Singetal.,
1973). Our kinetic studies show that yeast SSAC44 mhibited by AMP, ADP and
ATP similar to the plant enzyme. The inhibitiorttpan given by AMP, ADP and ATP is
competitive with respect to NADmixed-competitive and non-competitive, and non-

competitive respectively with respect to SSA. Waymeason that AMP inhibition is
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regulated by an ordered or random mechanism thradngth AMP could bind to the free
enzyme or bind to the enzyme-SSA complex or bothénatter case. For the type of
inhibition by ADP and ATP, we assume that the iitbibcould only bind to the enzyme-
NAD" binary complex in a compulsory-order mechanisrneathan in a random-order
mechanism. The inhibition pattern given by AMRa@nparable with rat-brain SSADH
(Rivett and Tipton, 1981). However, the inhibitiop ADP and ATP differs from that
previously reported foArabidopsis SSADH (Busch and Fromm, 1999) with respect to
NAD™ which was mixed-competitive and non-competitivepetively. However, like
Arabidopsis SSADH (Busch and Fromm, 1999), it was found thaisy&SADH was not
dependent on the complex of the nucleotide wittfMg

The inhibition constants of yeast SSADH for all theee adenine nucleotides were
in the milimolar range. It was found in plantsttAd P regulates some enzymes in the
TCA cycle in the millimolar concentration range fReondet al., 1987). In addition,
AMP and ATP inhibitedArabidopsis SSADH in the milimolar range (Busch and Fromm,
1999). In animals, the concentrations of totall@oiides in mitochondria are in the
milimolar range (Pradet and Raymond, 1983; Hug@h., 1989). In yeast, the levels of
ATP determined by Theobaéd al (1999 during steady state growth in both cytosol and
mitochondrial were in milimolar range (2.1 = 0.1 navid 7.8 + 0.3 mM respectively),
and the levels of AMP and ADP were 0.11 + 0.03 mid 8.47 + 0.05 mM respectively
in cytosol and for ADP the level in mitochondriass@8 + 0.1 mM. The levels of NAD
in both cytosol and mitochondria were 1.07 mM arkBInM, while the concentration of

NADH was 0.04 mM in the cytosol and 6.28 mM in nshondria. These values indicate
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the possibility that adenine nucleotides and pgadiucleotides inside yeast cells and
other organisms are in the range to affect the S$AEttivity.

Kinetic experiments with recombinant yeast SSADHvebd an interesting
substrate saturation pattern in double reciprokas versus initial velocity. These
experiments revealed intersecting lines with SS#assaried substrate, while parallel
lines were obtained with various concentrationslaD(P)*. Two ping pong
mechanisms previously reported (Brigitte and Gethd993; Cleland, 1979; Fromm,
1967 are in accord with our kinetics, in which, the bimglof the substrate which gives
parallel lines in double reciprocal plots is folleavby the release of a product. The
substrate may bind before the last product is seléar bind followed by the first product
released (Brigitte and Gerhard, 1993). In our tiin@ata for yeast SSADH, varied
NAD(P)" gave parallel lines, we predict that binding & tMAD(P)' is followed by the
release of NAD(P)H at the beginning or in the efthe reaction. However, more

investigation is needed to provide evidence fa groposed mechanism.
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Table 1. Single step purification of recombinant yeast SSADH

Purification step  Total protein  Total activity ~Sjfecactivity  Purification Yield

mg units Unitsmg™ fold %
Crude extract 10 5 0.5 1 100
Ni-NTA agarose 2 3.80 1.90 3.8 76

Table 2. Kinetic parameters of recombinant yeast SSADH

substrate Km Vmax kcatKm
UM pmol.mint.mg* M7s?
SSA 15.48 + 0.14 15.93 + 0.55 7.28 X #210
NAD?* 579.06 + 30.1 2.38 x 1@ 108
NADP* (1.017 + 0.46) x 1D 1.15x 10 + 152
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Table 3. Inhibition of recombinant yeast SSADH by the pragwend nucleotides

Inhibitor Varied substrates Pattern Ki® or Kui® (uM)
NADH SSA Non-competitive 110.7
NADH NAD" competitive 129.5
succ SSA No inhibitioh

succ NAD' No inhibitiorf

Ki=1.13 x 16,

AMP SSA Mixed-competitive Kui = 2.37 x 16
AMP NAD" competitive 4.18 x 10
ADP SSA Non-competitive 7.57 x 10
ADP NAD* Competitive 5.92 x 10
ATP SSA Non-competitive 10.21 x40
ATP NAD* Competitive 8.89 x 10

Xi, competitive inhibition constant’Kui, non-competitive inhibition constantNo

inhibition, no inhibition at succinate concentratiop to 10 mM.
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Fig. 1. Expression and purification of recombinant ye&SADH. 12% of SDS-PAGE
analysis of crude cell extracts of BL21 transformetth expression vector pET16b
containing the SSADH coding sequence. Lane 1, engiotein; Lanes 2, 3 and 4, cell
free extracts (5Qg) before induction, without and with the preseat8.5 mM IPTG;
Lane 5, purified His6-tagged recombinant enzymegp
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Fig. 2. Molecular Mass determination of native SSADH BLE gel filtration on
Sephacryl S-300-HR. Sephacryl S-300-HR was useeétermine the molecular mass of
purified SSADH as described under "Materials andidds”. The molecular mass of the
proteins used to calibrate the column are: Thyrogjio (670 kDa), Appoferrintin (443
kDa), B-Amylase (200 kDa), Alcohol dehydrogenase (150 kIBSA (66 kDa). The

void volume (Vo) was determined with blue dextra@Q0 kDa). The arrow points to the
position of SSADH on the standard curve. Insetshiine zymogram staining of yeast
SSADH activity as described under "Materials andhdds".
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Fig. 3. Double reciprocal plot from initial velocity expaents of yeast recombinant
succinate semialdehyde dehydrogenase with varieceorations of SSA. Enzyme
activities were assayed in the direction of SSAlatibn as described in Materials and
Methods. Substrate concentrations for SSA weriedaver 0.0067-0.317 mM as
indicated in the figure. Concentrations of NAD+re/€.225 mM ¢), 0.416 mM Q) and

0.712 mM (V). Note the decrease in velocity at the highesssate levels indicating
substrate inhibition.
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Fig. 4. Double reciprocal plot from initial velocity expeents of yeast recombinant
succinate semialdehyde dehydrogenase with varieceatrations of NAD. Enzyme
activities were assayed in the direction of SSAlation as described in Materials and
Methods. Substrate concentrations for NAere varied over 0.227-2.5 mM as
indicated in the figure. Concentrations of SSAev@i090 mM ¢), 0.045 mM Q) and
0.030 mM (V).

158



30
a 25 |
£
e
X
Z 20
o
e
=
> 15
—

1

O O
5 .
-1 0 1 2 3

[INADP™] (mM™Y)

Fig. 5. Double reciprocal plot from initial velocity expeents of yeast recombinant
succinate semialdehyde dehydrogenase with varieceotrations of NADP. Enzyme
activities were assayed in the direction of SSAlation as described in Materials and
Methods. Substrate concentrations for NADRre varied over 0.417-2.5 mM as

indicated in the figure. Concentrations of SSAev@1085 mM ¢), 0.027 mM Q) and
0.015 mM (V).
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Fig. 6. Inhibition of yeast recombinant SSADH by NADH.olble-reciprocal plots of

the rate of NADH formations NAD" concentration at different NADH concentrations: 0
uM NADH (e), 0.1 mM NADH ), 0.2 mM NADH (¥), 0.35mM NADH (), 0.45

mM NADH (m). Assays were carried out as described in Fig.tBe presence of §Gv

of SSA. The inset shows the secondary plot ofitieeslopevs NADH concentration to

determine the inhibition constant.

160



12

70 A

10

60

|
Intercept
(2}

50

\

-0.1 0.0 0.1 0.2 0.3 0.4 0.5

40

[NADH] (mM)

30

1/V (pmol x min-1/ mg protein)

20

i

40 60 80

o
N
o

1/[SSA] (mM™1)

Fig. 7. Inhibition of yeast recombinant SSADH by NADH.olble-reciprocal plots of
the rate of NADH formations SSA concentration at different NADH concentratiohs
uM NADH (e), 100uM NADH (0O), 200uM NADH (¥), 350uM NADH (), 450uM
NADH (m). Assays were carried out as described in Fig.tBe presence of 712M of
NAD. The inset shows the secondary plot of the intercepvs NADH concentration to

determine the inhibition constant.
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Fig. 8. Inhibition of yeast recombinant SSADH by AMP. ule-reciprocal plots of the

rate of NADH formation vs NAD concentration at different AMP concentrations: i m

AMP (o), 2mM AMP (©), 4 mM AMP (¥), 6 mM AMP (0), 7.5 mM AMP @). Assays

were carried out as described in Fig. 2 in thegares of 85uM of SSA. The inset shows
the secondary plot of the line slopes vs AMP cotre¢gion to determine inhibition

constant.
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Fig. 9. Inhibition of yeast recombinant SSADH by AMP. ule-reciprocal plots of the
rate of NADH formatiorvs SSA concentration at different AMP concentratidhsaM
AMP (o), ImM AMP (©), 2 mM AMP (¥), 3mM AMP (O ), 4 mM AMP @). Assays
were carried out as described in Fig. 2 in theqwes of 7121M of NAD. The insets
show the secondary plot of the line intercepts iaX) (A) or slope (Bys AMP

concentration to determine the inhibition constants
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Fig. 10. Inhibition of yeast recombinant SSADH by ADP. ubte-reciprocal plots of the
rate of NADH formatiorvs NAD concentration at different ADP concentratioBsnM
ADP (o), 4mM ADP (), 8 mM ADP (¥), 12 mM ADP (), 16 mM ADP @). Assays
were carried out as described in Fig. 2 in thegares of 85uM of SSA. The inset shows
the secondary plot of the line slopssADP concentration to determine the inhibition

constant.
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Fig. 11. Inhibition of yeast recombinant SSADH by ADP. ubte-reciprocal plots of the
rate of NADH formation vs SSA concentration at elifint ADP concentrations: 0 mM
ADP (e), 4mM ADP (O), 8 mM ADP (¥), 12 mM ADP (J), 16 mM ADP @). Assays
were carried out as described in Fig. 2 in thegaes of 7121M of NAD. The inset
shows the secondary plot of the line intercept (d)Vs ADP concentration to determine

the inhibition constant.
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Fig. 12. Inhibition of yeast recombinant SSADH by ATP. ube-reciprocal plots of the
rate of NADH formation vs NAD concentration at e@iffént ATP concentrations: 0 mM
ATP (e), 4mM ATP ), 8 mM ATP (¥), 12 mM ATP (0), 16 mM ATP @). Assays
were carried out as described in Fig. 2 in thegwes of 8uM of SSA. The inset shows
the secondary plot of the line slopssATP concentration to determine the inhibition

constant.
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Fig. 13. Inhibition of yeast recombinant SSADH by ATP. ube-reciprocal plots of the
rate of NADH formatiorvs SSA concentration at different ATP concentratidheaM
ATP (e), 4mM ATP ), 8 mM ATP (¥), 12 mM ATP (0), 16 mM ATP @). Assays
were carried out as described in Fig. 2 in thegmes of 712iM of NAD. The inset
shows the secondary plot of the line intercept (AdX) vs ATP concentration to

determine the inhibition constant.
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VI. IN GEL STAINNING METHOD FOR DETECTING GABA

TRANSAMINASE ACTIVITY

Abstract

A method was developed to detect GABA transamiaaseity in native
polyacrylamide gels. This method was then tess#aguhomogenates froArabidopsis
thaliana for the identification of plant GABA-TP substrat€sABA transaminases in
cell-free crude extract samples were resolved iyaaolyacrylamide gel and then the
protein gels were incubated with the succinate akl®ahyde dehydrogenase coupling
substrate solution containing GABA as the aminoal@nda-ketoglutarate or pyruvate
as the amino acceptor, the resulting product sateisemialdehyde was reduced by
succinate semialdehyde dehydrogenase causing ithatiox of nitroblue tetrazolium.
The resulting enzyme activity appeared as a damnkl bgainst an opaque background.
The whole procedure can be completed within 13tenth after protein gel
electrophoresis, and is a rapid, semiquantitatieéhod to examine the activity of GABA

aminotransferase activity in crude extracts.
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Introduction

GABA is a ubiquitous, four carbon non protein amawoid which is widely found
from all prokaryotic and eukaryotic organisms (Sagnd Nair 1990; Bown and Shelp
1997; Shelt al., 1999). It is well known as a neurotransmissigmnbitor in mammals
(Varjuet al., 2001), but its role in most organisms remainsnown. For decades,
GABA has been found to accumulate rapidly in plamtesponse to various biotic and
abiotic stresses, such as hypoxia, cold, heatpaahanical stimulation (Kinnersley and
Turano, 2000).

GABA is produced from glutamate by glutamate decaytase (GAD), and then
transaminated by GABA aminotransferase (GABA-TP3uocinate semialdehyde (SSA)
which is finally converted to succinate by sucomnsg¢mialdehyde dehydrogenase
(SSADH) (Bown and Shelp, 1997). These reactiomstiituite the GABA shunt pathway,
which moves carbon from-ketoglutarate through glutamate to succinate @ ftGA
(Krebs) cycle.

In Saccharomyces, GABA transaminase was found to play an importald in
stress tolerance (Colemanal., 2003; Chapter 1) and is highly specific éer
ketoglutarate as a substrate (Ramtca., 1985). In plants, the only well characterized
GABA-T is a pyruvate-dependent form (Van Cauwenbergal., 1999). However, an
a-ketoglutarate-dependent GABA-T activity has beksenved in tobacco crude
preparations (Van Cauwenbergiiel., 1999). Pyruvate-dependent activity (GABA-TP)
may have been partially separated fromudketoglutarate-dependent GABA-T activity

by FPLC anion exchange chromatography (Van Cauwghbet al., 1999). However,
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thea-ketoglutarate dependent GABA-T activity was sotabk that such conclusions are
uncertain and have not been verified. To datelaotgin the Viridiplantae) cDNA or
genomic sequences with homology to bacterial, fyryaanimala-ketoglutarate-
dependent GABA-T are found in the nonredundantldesa at the National Center for
Biotechnology information or have been found inahgdplants with complete genome
sequences. Thus, it is unclear whethes-&etoglutarate-dependent GABA-T exists in
any higher plant.

A number of assay methods for GABA-T activity hdneen recorded. The
transamination activity was detected by measurnogyct formation such as alanine,
glutamate, or SSA which can be determined eithddBlC (Van Cauwenbergtet al .,
1995) or a second enzyme coupled assay based tortietion of NAD(P)H which
absorbs at 340 nm spectrophotometrically (Angaal., 2005; Ramost al., 1985). An
activity staining of a filter paper print of elegphoresis resolved proteins has been used
to identify GABA-T from plant tissues based on thwrescence of NADPH under short
wave ultraviolet light (Van Cauwenbergéieal., 2002), but none of the above techniques
has met wide acceptance.

In-gel activity staining or zymography is a usdatdhnique for the detection of
enzyme activities in non-denaturing polyacrylangeés. It involves protein separation
by electrophoresis followed by in gel assay of eme\activities (Gabriel and Gersten,
1992; Gabriel and Gersten, 1992). It has provedluable in assessing the enzyme
activity in non-fractionated cell extracts and éstimating the molecular weight and
isoelectric point of the corresponding polypeptidad their isoforms (Kaberdin and

McDowall, 2003). An in gel activity method for tldetection of succinate semialdehyde
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dehydrogenase from rat brain has been reported ifiaeaat and Veldstra, 1986). In this
paper, we have extended the in-gel activity stgifam succinate semialdehyde
dehydrogenase activity to the detection of GABAsaminase activity by using our
previously characterized yeast GABA-T knockout amdrexpression of yeast strains and
Arabidopsis plants as the enzyme sources to demonstrate ilitg abthe in gel staining

assay system to detect GABA-T activity from crudet@in mixtures.

Materials and methods

Plant material, growth condition, and Media

Seeds ofArabidopsisthaliana ecotype ‘Columbia’ were obtained from Lehli
Seeds.. Standard procedures were employed for ggamtinatiorand growth. The plants
were grown on basal salts medium of Murashige &uab& (Murashige, 1962) at
approximately 22°C under continuous light provitdgdcool-white fluorescent lamps for
two weeks. The collected plant seedlings were tgpidzen in liquid N and stored at -

80°C before extraction.

Yeast strains, growth conditions and media

GABA transaminase deletion mutaritigal (Mat aleu2-3112 ura3-1 trpl-1 his3-
11,15 ade2-1, lys2, met ugal::HIS3) derived from wild type yeast strain W303-1A (Mat
leu2-3,112 ura3-1 trpl-1 his3-11,15 ade2-1, lys2, met) was generated as described
(Chapter I). A plasmid P425 GPD-UGAL bearing yéa8BA transaminase gengGA1l
was transformed intdugal and wild type W303-1A as described (Chapter liy¢émerate
the overexpression of UGALlp. The wild type, mutmd overexpression transformant

strains were grown on YPD medium containing 2% gbe; 1% yeast extract, 2% yeast
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bactopeptone, or YNB medium containing 0.67% [wi{/yeast nitrogen base and 2%

glucose supplemented with essential amino acidsr(&met al., 1979).

Enzyme and protein crude extract preparations

The enzyme succinate semialdehyde dehydrogenas®{Bloned and purified
as described (Chapter V) was used for the ass@ABfA-transaminase activity.

Two weeks oldArabidopsis seedlings were homogenized as described (Wattebled
al., 2005) in cold extraction buffét00 mM MOPS, pH 7.2; 1 mM EDTA; 1 mM
dithiothreitol; and 10% glycerol). The homogenates centrifuged twice for 2@in at
10,00@ at 4°C. The resulting supernatant was immediatsdygl to perform zymograms
(after protein assay).

Mid-log phase yeast cells were harvested and washeelin ddHO. The washed
cells were suspended in in lysis buffer contairb8d35 mM sodium phosphate, pH 8.0;
47.8 mM sodium chloride; 5 mM potassium chlorid&;nM glucose, 0.1% Triton X-100
and 0.1 mM EDTA and broken using glass beads asited (Kharadet al., 2005). The
homogenate was centrifuged at 4°C foniifi at 10,00Q. The protein content of the
resulting supernatant was determined, and it wasediatelyused to perform
zymograms as described below.

Protein concentration was determined spectrophdtarakly at 595 nm by
Bradford method (Bradford, 1976) using the Bio-RRadtein Assay Dye Reagent

concentrate (Bio-Rad, Hercules, CA).
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Zymograms of GABA transaminase activities

Protein gels were prepared according to the stdnatatocol (Sambrookt al.,
1989).Protein mixtures were separated under non-dengtaanditions using 8%
polyacrylamide gels with 5% stacking gel. For detecof GABA transaminase activity,
gels was soaked at room temperature with gentlersipain a 10 ml solution containing
100 mM potassium pyrophosphate buffer, pH 8.4, 8Jpgridoxal 5-phosphate (PLP),
16mM GABA and 4 mM pyruvate ar-ketoglutarate for 5 min for the first step GABA
transaminase reaction, the resulting product sateisemialdehyde (SSA) was
determined based on the oxidation of nitroblueattium (NBT) with the addition of 0.2
mg/ml NBT, 0.06 mM phenazine methosulfate (PMS),iM NAD" and 1.5 unit of
SSADH. The gel was incubated with this solutiono@m temperature for another 10 to
15 min until dark bands appeared. The excess w@siremoved by washing the gels in

ddH.0.

Results and Discussion

Published methods for assaying the enzyme actwiyABA transaminse are
mostly based on the production of NADH or NADPH fiieset al., 1985; Ansaret al.,
2005) or measuring the formation of product of edapglutamate or SSA. Most of these
assays do not work well on crude cell extracts beedhe assays are not very specific
requiring separation of the protein mixture to aately assay the activity of interest, and
such assays can also be so time consuming. Zymagfeaning is a common technique
for the detection of many enzyme activities in &myjide gels under non-denaturing

conditions based on the production of colored pectalimmediately following protein
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separation by gel electrophroesis. We have deedlamovel method using zymogram
in gel staining to overcome many of these drawbackkavoid possible artifacts from
spectrophotometric measurements. The detectionAGARctivity requires relatively
short incubation time (15 ~ 20 minutes), and mamyas can be assayed at once.

The detection of GABA-transaminase from varioussysaurces indicated that in
gel staining can be effectively employed. Yeast @GABansaminase ig-ketoglutarate
specific and encoded by thEGA1 gene. The zymogram shown in Fig. 1 demonstrates
only a single band of UGA1p activity in the cekércrude extracts from yeast cells. One
single band was detected in the wild type celld, mm band was observed in thagal
deletion mutant due to the deletion of the codieguence, confirming the loss of
function of UGA1p in thefugal deletion mutant. When the plasmid beatif@Al gene
under a strong constitutive promoter (P425 GPD-UBAAs transformed into the wild
type and mutant strains, the wild type cells shoaeauch stronger band with UGA1p
activity. Similarly, more UGA1p activity was recened in the mutant transformant cells
than detected wild type level. However, it shoutdnoted that some similar enzyme
isoforms may migrate together with the detectedgimdecause the separation of the
proteins by native polyacrylamide gel is basedhmndlectric charge density. The
specificity of the detection of UGALp activity wasnfirmed by the reaction when no
GABA was added, no band was detected (data notrshow

It has been widely accepted that plant GABA-transase is pyruvate specific and
can only use pyruvate as a substrate. Interegtingdetoglutarate dependent plant
GABA-T activity was shown to be present in the @w@ktracts from tobacco leaf, but not

detected in the partially purified preparation (M@auwenberghet al., 1999). This
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suggests the existence of a seca#toglutarate-specific GABA-T in plants, or
alternatively that the-ketoglutarate-dependent plant GABA-T activity veasartifact

due to some combination of aminotransferase aig$vih crude preparations. To further
identify the substrates of plant GABA-T and ideptiie number of GABA-T activities in
plants crude cell-free extracts from 2 weeks oldAdopsis seedlings were separated on
8% native polyarcylamide gels, and zymogram stgimmas conducted for GABA-T
activity. In Fig. 2, when pyruvate was presentwdssgrate in the staining solution, a
single dark band was detected showing the pyrudependent GABA-T activity (lane

1). Whena-ketoglutarate instead of pyruvate was present) eagker bands were
detected in a different location (lane 2) showingd-ketoglutarate-dependent enzyme
activities. To further investigate whether the detd bands were related to GABA-T
activity, SSADH (lane 3, Fig. 2) and GABA (laneHg. 2) were separately removed
from the staining solution. Unexpectedly, the engyamtivity-related bands were not
observed at the same location as in lane 1, suggdbhata-ketoglutarate-dependent
GABA-T activity was not observed. However, it wateresting to find bands were
disappeared without the presence of co-factor N@dhe 6, Fig. 2)a-ketoglutarate (lane
7) or both (data not shown). Possiblycaketoglutarate dependent dehydrogenase
activity was detected instead. These results frogel staining indicated to us that the
plant GABA-T fromArabidopsis was highly pyruvate-dependent, and that therengas
detectable GABA-T activity for the substrat&etoglutarate, which was contradictory to

Van Cauwenberghet al.'s finding (1999).
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Conclusion

We describe a simple and rapid zymogram techniqudedtection of GABA-
transaminase activity after electrophoresis undéva conditions in polyacrylamide gels.
The technique involves incubation of the nativewigth a SSADH staining solution
containing GABA-T and SSADH substrates. The assare based on the production of
SSA from the first reaction by GABA transaminasachiwas subsequently detected by
excess SSADH leading to the production of NADH #r&lsubsequent reduction of NBT.
The reduced product in the gel appeared as a daekoland. The method was shown to
be useful for monitoring of GABA-T activities frooell crude extracts including plants
and yeast and possibly other organims as wellrashf@aracterization of GABA-T and

checking the biochemical purity and substrate $io#tgiof GABA-T preparations.
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Fig. 1. Zymogram staining analysis of GABA transaminasévaigs from various yeast
sources. Cell-free extracts prepared from WT yeelét (lane 1, 100 pg), WT yeast
overexpressing yeast GABA transaminase cells @am® L g), yeast GABA
transaminase deletion mutant cells (lane 3, 100 qug) yeast GABA transaminase
deletion mutant cells overexpressing yeast GABAdaminase (lane 4, 50 pg). The cells
were all grown on YPD medium. After electrophosesine gel was soaked in staining
solution containing 100 mM potassium pyrophospbater, pH 8.4, 0.1mM pyridoxal
5-phosphate (PLP), 16mM GABA and 4 mM a-ketoglutafar 5 min at room
temperature. Then 0.2 mg/ml nitroblue tetrazolilNBT), 0.06 mM phenazine
methosulfate (PMS), 1.5 mM NATand 1.5 unit of SSADH were added into the solytion

followed by incubation at room temperature for &eotl5 min.
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Fig. 2. Zymogram staining analysis for the substrate ifleation of Arabidopsis GABA
transaminase. Approximately 100 pg of crude cdlaet from 2 week-old\rabidopsis
seedlings were loaded onto an 8% native polyacidamel. After electrophoresis under
native conditions, gels were soaked as describ&eirl. The staining solution
components vary from each lane: lane 1, pyruvasibstrate instead ofketoglutarate;
lane 2,0-ketoglutarate as substrate instead of pyruvate; Ba-ketoglutarate as
substrate but without SSADH; lanecdketoglutarate as substrate but without GABA;
lane 5,0-ketoglutarate as substrate but without GABA andB8; lane 6:a-
ketoglutarate as substrate but without NARne 7, nar-ketoglutarate as substrate.
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APPENDIX |. GABA METABOLISM DURING STRESSIN YEAST

GABA Metabolism During Stressin Y east
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APPENDI X |I. GABA METABOLISM DURING STRESSIN PLANTS

GABA Metabolism During Stressin Plants
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