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INTRODUCTION

Yeast is a beneficial microorganism for mankind because yeast has been used, for
thousunds of years, to make our daily foods such as bread. wine or beer, and at present a wide
varicty of biochemicals are also produced. Yeast is a eukaryotic microorganism which grows
rapidly in simple and inexpensive media, and approximately 700 ycast species are presently
recognized. Since gene manipulation technique of yeast is well-developed, certain kinds of
yeast strains can be handled like Escherichia coli. Morcover, the cellular processes of yeast
(for example, ccll cycle regulation, biogencsis of subcellular organclles, structure of
cytoskeleton, and protein secrction mechanism) are mechanistically highly conserved with
other eukaryotic species including mammalian cells. Therefore, yeast is at one hand recognized
as a uscful tool for biotechnology, and on the other hand as a model organism for studying
the basic problems in eukaryotic molccular biology.

In the present study, the author, focusing on a promoter region derived from an n-
alkanc-assimilating ycast Candida tropicalis (UPR-ICL), has investigated its application to
heterologous gene cxpression in Saccharomyces cerevisiae, and further examined to make
clear its regulation mechanism by utilizing two yeast strains, Candida tropicalis and

Saccharomyces cerevisiae .

1. Heterologous gene expression in yeast

As a eukaryotic microorganism, yeast shares many common cellular mechanisms with
higher eukaryotes and, therefore, it enables native conformation of cukaryotic cxogenous
proteins or has potential of exccuting posttranslational modification or secretion of proteins
(Table 1). Yeast can grow quickly to a high cell density at lower cost than any other eukaryotes,
and its genetic manipulation is simple and well-developed (Table 1). Because of these
characteristics, ycast attracts many biotechnologists for jits use as a host of forcign protein
production. The yeast strain mostly used for this purposc is Saccharomyces cerevisiae which
is called as bakers' or brewers' yeast. As for Saccharomyces cerevisiae,ample genetic techniques

and information accumulated are available through a long history of its usc [1, 2]. Morcover,



Table 1. Comparison of the features of commonly used expression systems.

*Eschierichia coli; *r Succharomyees cerevisiae; ++, Excellent; +, Good; -, Not good

Gene expression system

Feature E.coli*  Inscct cells Mammalian cells S.cerevisiae*™
Growih in cheap media ++ - - ++
Growth rate ++ - - ++
Gene manipulation ++ - - ++
Posttranslational modification - + ++ +
Secretion - ++ ++ ++
Safety against human - + + ++

since Saccharomyces cerevisiae, which is known as an organism having a status of generally
regarded as safe (GRAS), has no pathogenicity by itself nor contains any detectable endotoxins
or virug against human, it is a suitable host for the production of pharmaceutical or food
products (Table 1) [1, 2].

For optimal gene cxpression, the right choice of transcriptional promoter is particularly
important on the quantity of forcign protein production in the cells [1, 2]. Presently in
Saccharomyces cerevisiae, powerful promoters are generally derived from the genes encoding
glycolytic enzymes, c.g. phosphoglycerate kinase (PGK) [3], glyccraldehyde-3-phosphate
dchydrogenase (GAP) [4], and alcohol dehydrogenase (ADHI) [5]. PGK mRNA, for cxample,
is known to accumulate to 5% of all mRNA [6]. Although these promoters are slightly
induced by glucose, they are significantly transcribed in other culture conditions as well. As a
result, they are called as “constitutive” promoters {Table 2).

As forcign proteins are frequently harmful to the cell growth, a “regulative” promoter
rather than constitutive one is desirable for heterologous gene expression in order to scparate
protein production from cell growth [1]. Promoters from the gencs of galactose-metabolizing
enzymes, c.g. galactokinase (GALI) [7] or galactose transterase (GAL7) [8], are widely
cmployed as powerful and regulative promoters in Saccharomyces cerevisiae . Transcription
from thesc promoters are rapidly induced more than 1000-fold on the addition of galactose
(Table 2) [9]. For the induction, binding of Gal4 protein, a transcriptional activator encoded

by GAL4, to upstream activation sequence (UAS) on GAL promoter is necessary, and this
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[able 2. Relative strength of promoters functional in Saccharomyces cerevisiae
on different carbon sources. -, not induced: +, induced (the number of

‘“+ indicates the strength of induction): nr, not reported: nt, not tested

Constitutive promotcr Regulative promoter
Carbon source PGK, GAP GAL UPR-ICL
Glucose ++++ - -
Galactose nr +++ nt
Glycerol ++ + +
Acetate, Ethanol ++ + +++

binding is controlled by galactose [10]. Several regulative promoters besides GAL promoters
arc present in Saccharomyces cerevisiae, such as thc PHOS promoter which is induced
200-fold in the absence of phosphate [11] or the CUPI promoter which is induced 20-fold in
the presence of Cu™ [12], although these promoters are not so strong as GAL promolers.
From the increasing demands on the different kinds of forcign protein production in yeast, it
is Significant to find new regulative promoters which are as strong as, or even stronger than

GAL promoters, and having different regulation mechanisms.

2. Peroxisome and n-alkane-assimilation in Candida tropicalis

Candida tropicalis is an asporogenic diploid yeast which is characterized by its ability
to utilize n-alkancs as a sole carbon and encrgy source. In assimilating n-alkanes, Candida
tropicalis shows a change in its intracellular structurc by proliferating a large number of
peroxisomes (Fig. 1) [13, 14]. Pcroxisome is a versatile, single-membrane-bound organclle
occurring in most of eukaryotic cells. In Candida tropicalis, incorporated n-alkanes arc first
oxidized to alcohols by cytochrome P450 localized at cndoplasmic reticulum, and the resulting
alcohols are then transported into peroxisomes where oxidation into fatty acids via aldchydes
occurs. The fatty acids arc then activated to CoA esters and degraded by the B-oxidation
system in peroxisome to produce acetyl-units. Since the development of peroxisome can be
controlled casily by changing carbon sources in the medium, Candida tropicalis has been

used as a model organism for investigating the function and biogenesis of peroxisome [15].



Fig. 1. Electronmicrographs of glucose- (A) and rn-alkane- (B) grown

cells of Candida tropicalis pK233. CM, ccll membrane; CW, cell
wall; ER, endoplasmic reticulum; M, mitochondrion; N, nucleus; P, peroxisome;
V, vacuole.

3. Regulation of peroxisomal proteins in Candida tropicalis

Peroxisome of Candida tropicalis contains enzymes necessary for degrading fatty acids,
such as catalase, enzymes of the p-oxidation system, éamitine acetyltransferase, and key
enzymes of the glyoxylate pathway (Table 3) [15]. Concomitant with peroxisome proliferation,
the activities of these enzymes are induced in n-alkane-grown cells. Some of these enzymes
arc also induced during the cultivation on butyrate or propionate, both of which can induce

peroxisome proliferation [16-19]. On the other hand, they arc synthesized at low rate or not at



Table 3. Levels of peroxisomal enzyme activities of Candida tropicalis pK233.
N.D.; not detected.

Enzyme Activity (nmol min” mg™)
(A) Glucose  (B) n-Alkanc (B)/ (A)

Catalasc 1.7x10° 4.7x10° 27
Long-chain alcohol dehydrogenase 6 80 13
Long-chain aldehyde dehydrogenase 9 98 11
Acyl-CoA synthctasc 37 70 1.9
(B-Oxidation enzymes)

Acyl-CoA oxidasce 6.2 2500 400

Enoyl-CoA hydratasc 35 5700 100

3-Hydroxyacyl-CoA dechydrogenase N.D. 240 -

3-Kctoacyl-CoA thiolase 67 150 28
(Glyoxylatc cycle cnzymcs)

Isocitrate lyasc 170 530 3.1

Malatc synthase 23 65 2.8
NAD-linked glyccrol-3-phosphate

dehydrogenase 11 170 15
Carnitine acetyltransferase 530 9900 19
Uricasc 42 180 4.3
D-Amino acid oxidase 110 73 0.7

all in glucose-grown cells (Table 3). This phenomcnon 1s called as glucose repression (or
catabolitc rcpression) and is a ubiquitous event both in prokaryotic and cukaryotic
microorganisms. Glucose represses the synthesis of a large number of enzymes that are
required for the utilization of alternative carbon sources. This response is thought to be an
cnergy-saving process and allows microorganisms to cope cffectively with changes in carbon
sources present in their environment.

Isocitrate lyase (ICL), akey enzyme of the glyoxylate cycle being localized in peroxisome
of Candida tropicalis, is under the control of glucose repression (Table 3). ICL activity of
Candida tropicalis is especially higher in the cells grown on acetate, and higher in the cells
grown on #-alkane than in glucose-grown cells (16, 20]. Immunochemical titration shows
that the change of ICL activity is not through inactivating the enzyme, but through adjusting
the extent of the enzyme [16]. Northern blot analysis revealed that the ICL. mRNA is rich in
the cclls grown on acetate and #n-alkane but poor in glucose-grown cells {21]. These results
suggest that there cxists a genetic mechanism underlying glucose repression in Candida

rropicalis which regulates the ICL gene in response to carbon sources. However, the
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phenomenon of glucose repression requires strict control of multiple processes, including
sensing of glucose, signal transduction or regulation of target genes, although each mechanism

is not fully clarificd.

4. Genetic mechanism underlying glucose repression of Saccharomyces cerevisiae

Because of its developed gencetics and physiological background, the mechanism of
yeast glucose repression has been studied cxtensively in Saccharomyces cerevisiae [22-27].
Recently in 1996, the whole genome of Saccharomyces cerevisiae was sequenced as the first
completed cukaryotic genome [28, 29], which further accelerates the use of this organism as
a model of cukaryotic cells.

Promoters of Saccharomyces cerevisiae controlled by the glucose repression mechanism
were used to scarch for cis-regulatory clements responsible for derepression of genc expression.
[n the case of /CL] cncoding an isocitrate lyasc of Saccharomyces cerevisiae, a positive
clement called carbon source-responsive clement (CSRE) was determined (Fig. 2) [30] and
its conscnsus scquence was suggested as CCRTYCRTCCG (where R =Aor G, Y =C or T)
[31, 32]. Similar scquence motifs were also identified in the upstrcam regions of FBPI
cncoding  fructose  1,6-bisphosphatase  [33-35], PCKI cncoding phosphoenolpyruvate
carboxykinasc [36], MLST cncoding matate synthase [31], and ACS/! encoding acetyl-cocnzyme
A synthetase |32]. However, protein factor(s) which specifically binds to thc CSRE is not
identificd to date.

Various frans-acting factors which are involved in the genctic regulation of the glucosc
repression in Saccharomyces cerevisiae, were also identified (Fig.2). SNFI (Sucrose Non-
Fermenting) was first identified by a screening for Saccharomyces cerevisiae mutants unable
o grow on sucrose as the sole carbon source [37, 38]. Other than sucrose, snfl mutant of
Saccharomyces cerevisiae does not grow on galactose, raffinose or nonfermentable carbon
sources such as glycerol, ethanol and acctate [37]. [n the snfl mutant cells, dercpression of
the genes encoding cnzymes of alternative sugar utilization (GAL or SUC gencs),
gluconcogenesis (FBPI and PCKI) or glyoxyvlate cycle (/CL1 and MLS1) is defective [37,
39, 40]. Snfl protein is a scrine/threonine protein kinase intcracting with bridge protein
(Gal83, Sip1 or Sip2 protcins) and Snf4 protein to constitute a protein complex [41, 42]. This

kinasc activity of the complex varies by the glucose concentration in the medium; it is
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Fig. 2. Transcriptional factors involved in the regulation of CSRE-confaining promoters

of Saccharomyces cerevisiae . Brg, bridge protein (Gal83, Sipl or Sip2 protein); (p),

indication of phosphorylation; CSRE, carbon source-responsive clement

activated in the abscence of glucose and inactivated in the presence of it [43], and this kinase
activity is absolutely nccessary forthe derepression [44).In addition to SNF1, CATS (CATabolite
repression) was identified as a genc necessary for the derepression of ICLI, FBPI or PCKI,
but not for that of GAL or SUC genes [45, 46], and is under the control of SNFT [45, 46].
Recent evidence shows that the dercpression of FBPI and PCKJ has a corrclation with the
phosphorylation of Cat8 protein [47]. Although this phosphorylation is dependent on SNF1
[47), whether or not the Snfl protein kinase complex directly phosphorylate Cat8 protein is
not clear. As for the factors concerning the repression on glucose, MIGI (Multicopy Inhibitor
of GALI promoter) encoding a zinc-finger DNA-binding protein was identified as necessary
for the repression of SUC2 or GAL genes in glucose-grown cells [48, 49]. Migl protcin
constitutes a repressor complex with one molecule of Ssn6 protein and four melecules of
Tupl protein [SO, 51]. In the absence of glucosc, Migl protein is inactivated by the Snfl
protein-dependent phosphorylation [52]. Migl protein is also responsible for the repression
of CATS in glucose-grown cells [47, 53], while no Migl protein-binding sites arc identified

on the ICL1, FBP1 or PCKI1. Therefore, Migl protein partly contributes to the derepression
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of CSRE-regulated gene expression by way of the derepression of CATS.

5. Regulation of UPR-ICL in Saccharomyces cerevisiae

When the ICL gene of Candida tropicalis was introduced into Saccharomyces cerevisiae
together with its 5’-upstream region (UPR-ICL) and the cells were cultivated on glucose and
non-fermentable carbon sources, recombinant ICL protein appeared in the cells grown on
non-fermentable carbon sources, while the cells grown on glucose produced little recombinant
protein [54-57}. Especially in the cells grown on acetate, recombinant ICL protein occupied
as much as 36% of the total soluble protein in the cells [54]. These results suggest a potential
ability of UPR-ICL being applicd for helerologous gene expression in Saccharomyces cerevisiae
as a powerful and tightly-regulated promoter.

Morcover, the fact that UPR-ICL -mediated transcription is still glucose-repressive in
Saccharomyces cerevisiae demonstrales that similar mechanisms are commonly existing in
both of the yecast strains concerning the rcgulation of ICL gene. In order to determine the
region of UPR-ICI, which supports strong and regulative genc cxpression in Saccharomyces
cerevisiae, various deletion fragments of UPR-ICL were constructed [55, 57]. Two sequence
regions were determined which can independently activate gene expression in acctate-grown
cells (region Al and region AZ2). Within region A2 (-370 to -356), there cxists a sequence
molif similar to CSRE, whereas region Al (-728 to -569) docs not contain such motif [57].
These two regions arc both responsible for the activation of UPR-ICL -mediated transcription
in Saccharomyces cerevisiae, but their mechanisms appear to be different. Activation through
region A2 is dependent on both SNFI and CATS, whercas activation through region Al is
only SNFI-dependent [57]. At present, factors other than Snfl protein and Cat8 protein,
which are involved in the regulation of UPR-ICL-mediated transcriptional activation in

Saccharomyces cerevisiae, are not found.

In the present study, the author has inspected the possibility of UPR-ICL to be applicable
to heterologous gene expression in Saccharomyces cerevisiae. The author considers the
availability of UPR-ICL as a regulative promoter used for foreign protein production in
Saccharomyces cerevisiae, and actually some of the foreign proteins from bacteria and mammals

arc overcxpressed using this system both in intracellular and extracellular spaces. Furthermore,
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the author has also studied the fundamentals of regulation mechanisms of UPR-ICL in response

to carbon sources. A novel factor was found in Saccharomyees cerevisiae and the mechanism

it concerns on regulating UPR-ICL has been investigated. Morcover, an SNFI homolog was

cloned from Candida tropicalis and its function on the regulation of UPR-ICL has been

studied in Cundida tropicalis,
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SYNOPSIS

Part].  Application of the upstream region of isocitrate lvase gene of Candida tropicalis

(UPR-ICL) to heterologous gene expression in Saccharomyces cerevisiae

When tsocitrate lyase (ICL) gene of an n-alkanc-assimilating yeast, Candida tropicalis,
18 introduced into Saccharomyces cerevisiae together with its 5’-upstream region (UPR-ICL),
alarge amount of recombinant ICL protein was produced in the cells grown on non-fermentable
carbon Source such as acectate, cthanol, while little was produced in the cells grown on
glucosc. This indicates that [/PR-ICL could function as a regulative promoter in Saccharomyces
cerevisiae in response 1o non-fermentable carbon sources.

Chapter 1 deals with the expression of two forcign genes coding for B-galactosidase
from Escherichia coli (LacZ) and the smaller isoform of glutamate decarboxylase from rat
brain (GADG65) under the control of UPR-ICL . The vector expressing LacZ under the control
of UPR-ICL was constructed and introduced into Saccharomyces cerevisiae. The B-
galactosidase activity in the cell lysate was repressed by glucose and enhanced over 300-fold
by acctate, and the amount of rccombinant protcin was comparablc to that produced using
GALI promoter. An expression vector, pWI3, was constructed which contains multicloning
site between UPR-ICL and the transcriptional terminator of the isocitrate lyasc gene (TERM-
ICL). Using pWI3, glutamate decarboxylasc was highly produced as a soluble and active
form. These results demonstrate that the novel expression system using UPR-ICL and TERM-
ICL 15 uscful for the production of heterologous proteins in Saccharomyces cerevisiae.

Chapter 2 deals with the expression of human histidine decarboxylasc (HDC) cDNA
under the controt of UPR-ICL . The vector for expressing HDC was constructed using pW13,
and introduced into Saccharomyces cerevisiae. HDC activity in the cell lysate was measured
throughout the incubation period where the maximum HDC activity was obtained necar the
end of the log-phase. A typical preparation gave the specific activity of 210 (pmol min”' mg™)
in the crude cell lysate. The cnriched activity of HDC in the soluble fraction suggests that

veast expression system provides the properly folded and catalytically active enzyme. Therefore,
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the present system 1s suitable for the large scale production of the enzyme.

Chapter 3 deals with the expression and secretion of the cycloinulo-oligosaccharide
fructanotransferase (CFTase) wene of Bacillus circtdans MCI-2554 under the control of
UPR-ICL. CPTase gene was fused (o the secretion sequence of the a-factor and expressed in
Saccharomyces cerevisiae. Secreted recombinant CFlase protein (ScCFTase) was purificd
and characterized. Sc CFTasce 2, the major product of the expression system cmployed, was
shown to be N-glycosylated. Sc CFTase 2 showed an optimum pH, an optimum temperature,
and a pH stability similar to those of CFTasce purified from Bacillus circulans MCL-2554
(Bc CFTasc), but exhibited a significant increase in thermostability. Over 50% of Se CFTuse 2
activity was retaincd even after 30 min incubation at 80 "C. This high thermostability was
duc to N-giycosylation of the protein. Next, a Saccharomyces cerevisiae strain was constructed
which had two copies of CFTase genc integrated into its chromosomes (CE/HW2A). Production
of ScCFTasc by the CF/HW2A strain reached 391 U per liter of culture at 12} h, which

corresponded to 8.40 mg of protein per liter, by shake-flask cultivation.

Part II. Analysis of the transcriplional regulation mechanism of UPR-ICL

The fact that UPR-ICL is also functional in Succharomyces cerevisiae demonsirates
that similar mechanisms arc commonly existing in both of ycasts conceming the regulation
of ICL gene. In Part Il, the author analyzes the transcriptional regulation mechanism of
UPR-ICL, cspecially focusing on the isofation of rcgulatory factors which control [/PR-ICL -
mediated transcription.

Chapter 1 deals with the jsolation and characterization of a new regulatory factor
which is responsible for the derepression of UPK-ICL -mediated genc cxpression In
Succharomyces cerevisive. Amutant was isolated which failed to derepress UPR-ICL -mediated
gene expression in acetate medium. This mutant was also defceted in derepressing the isocitrate
lyase genc of Saccharomyces cerevisiae (ICL1). The gene that complemented this mutation
(FIL1) was isolated, and its deduced amino acid sequence showed similanty to ribosomc

reeyeling factors of prokaryotes. At its N-terminus of Fill protein, there cxisted amitochondrial-
- = = o
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targeting scquence. The subeellular fractionation of the Afil strain showed that protein
constituents of the mitochondrial fraction differed from those of the wild-type strain, but
rescmbled those of chloramphenicol-treated cells or o cells, suggesting that Fill protein is
nceessury factor for protein synthesis in mitochondria. Furthermore, the celis treated with
antimycin A, along with Afil] cells, showed deficiency in derepression of isocitrate lyase.
Northern blot analysis showed that this can be ascribed to no increase in transcription of
ICLI and FBPI cncoding fructose 1,6-bisphosphatasc. These results indicate the presence of
a communication pathway between mitochondria and the nucleus which represses expression
of genes encoding the key enzymes of the glyoxylate cycle and gluconeogenic pathway when
there is a deficiency in the mitochondrial respiratory chain.

Chapter 2 deals with the isolation and characterization of SNFI from Candida tropicalis
(CtSNF1). SNFI of Succharomyces cerevisiae is essential gene for the derepression of glucose
repression including UPR-ICL -mediated gene expression. Scquence analysis of CISNFI
revealed that it encodes a 619-amino-acid protein (CtSnflp), and the deduced amino acid
sequence showed a notably high similarity (86.0% identity) with Snflp of Candida albicans,
while the identity with Snf1p of Succharomyces cerevisiae was 61.2%. CtSNF] can complement
the Asnfl mutant of Saccharomyces cerevisiae, indicating CtSnflp is a functional homolog.
The method for introducing exogenous DNA into Candida tropicalis was used to construct a
SNFE1/sufl heterozygote strain (KO-1). In KO-1 cells, the activitics of catalase and acyl-CoA
oxidasc were decrcased 47 o 80 % against wild-type cells, while the activity of isocitrate
lyasc was almost comparable. Disruption of the second allele of CtSNFI was unsuccessful,
and therefore, a strain in which the promoter region of CtSNFI is replaced with GALIO
promoter was constructed (KO-1G). KO-1G can normally grow on galactose, while growth
retardation was observed for the other carbon sources including glucose. Thesc results indicates

that CtSNF1 is an esscntial gene for the cell growth.
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Part I Application of the upstream region of isocitrate lyase gene of
Candida tropicalis (UPR-ICL) to heterologous gene expression in

Saccharomyces cerevisiae



Chapter 1. Development of a novel heterologous gene expression system

in Saccharomyces cerevisiae using UPR-ICL

INTRODUCTION

Yeast Succharomyces cerevisiae is onc of attractive hosts for producing hcterologous
proteins, because of its rapid growth in simple and inexpensive media, of its relatively casy
gene manipulation like Escherichia coli, and of the extensive studics in genetics and physiology.
Morcover, it is a cukaryotic microorganism which shares many common mechanisms with
higher cukaryotes, including the posttranslational glycosylation of proteins ctc. The choice of
a transcriptional promoter being used has decisive effects on the quantity of forcign protein
production in the cclls [1]. At present, glycolytic promoters, e.g. PGK |2] and GAP [3] or
gatactose-regulated promoters, c.g. GAL/! [4] and GAL7 [5], are widely ecmployed as powerful
promoters for heterologous gene expression in Saccharomyces cerevisiae .

A genomic DNA fragment containing an 5’-upstrecam region of the isocitrate lyase
(1CL) gene [UPR-ICL |, 1530-bp], a coding region [1650-bp], and a termination rcgion | TERM-
ICL, 328-bp] from an n-alkanc-assimilating yeast Candida tropicalis, was previously isolated
[6]. When this DNA fragment was introduced into Saccharomyces cerevisiae using a plasmid
with high copy number, and the cclls were grown on acctate as an inducer of the cnzyme
synthesis |7], the ICL protein occupicd as much as 36% of the total soluble protein in the
cells |8]. Expression was also cnhanced by other non-fermentable carbon sources, such as
cthunol and glycerol/lactate, but repressed by glucose. Thus, UPR-ICL is functional In
Saccharomyces cerevisiae [8]. Since an incxpensive compound, like acetate, can be an inducer
and curbon source, the application of UPR-ICL would be attractive for forcign gene expression
in Saccharomyces cerevisiae.

In this chapter, the author reports the construction of expression plasmids using UPR-ICL

and the cxpressions of hetcrologous genes from Eschierichia coli and mammalian tissuc.
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MATERIALS AND METHODS
Strains and plasmids
Lscherichia coli DHS ¢ [F' endAl hsdRI7(ry imy ) supE44 thi-1. W recAl gyr A96
NacUI69(80lac ZAMI3)} was used as a host for rccombinant DNA  manipulation.
Saccharomyces cerevisiae strain MT8-1 (MATa ade his3 leu? trpl ura3) [9] was used as a

host for the protein production.

Construction of expression vectors
(1) Construction of the plasmid (pMIZ21) for the expression of LacZ (Sce Fig. 1)

The DNA fragment without ICL coding region was prepared by polymerase chain
rcaction (PCR) from B1-pUC19Y, a plasmid which contained 1530-bp UPR-ICL , coding region,
and 328-bp TERM-ICL at the BamHI sitc of pUC19. A primer, which hybridized at 35-bp
downstrcam of the initiation codon, is 5'-GCTTCTTCTTGGTTGATGTCGATC-3'. A primer,
S-TCCATGGAAACCAAGGCTAAGG-3, used to introduce Ncol site, hybridized at 24-bp
upstream of the stop codon. The amplified fragment was digested with Neol and self-ligated
(pUI2). PCR was also uscd to introduce Ncol site at the both ends of LacZ gene, where
pMC1871 (Pharmacia, Uppsala, Swcden) was used as the template. A primer, 5'-
CCCATGGATCCCGTCGTTTTACAACG-3', which hybridized at the 5-cnd of LacZ was
designed to form an initiation codon. A primer, 5'-CGGATCCCCCATGGCCGGTTATTA-3,
hybridized at the 3'-cnd. The PCR fragment was cut by Ncol and inserted into pUI2 (pUIZ21).
The Sall-Smal fragment from pUIZ21 was inserted at the Sell-Pvull sites of high-copy
shuttle vector pMT34(-G7) (pMIZ21). A pMT34(-G7) was preparcd by removing GALY
promoter from pMT34(+3) [9].

(2) Construction of the plasmid (pGADI11) to express GAD65 cDNA (Sce Fig. 2)

An Ncol-EcoRI fragment from GAD65 cDNA of rat brain [10], whose mitiation codon
is at the Ncol site and EcoRI site locates about 400-bp downstream of the stop codon, was
inserted at the Ncol-EcoRI sites of B1-pUC19 (pULG11). pUIG11 was cut by EcoRI, treated
with T4 DNA polymerase (blunting), then cut by Sall. The resulting fragment containing
UPR-ICL, GADGS cDNA, and 3'-noncoding region of GAD65 cDNA, was inserted into the

Sall-Pvull sites of high-copy shuttle vector pMT34(-G7) (pGAD11).
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Fig. 1. Construction of the plasmid (pMIZ21) for the expression of LacZ. Primers uscd

for PCR are indicated by arrows along the plasmid B1-pUC 19 and LacZ.
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Fig. 3. Construction of the plasmid pWI3. In A, primers used for PCR and multicloning
sites are indicated by arrows and MCS, respectively. In B, the nucleotide sequence around
the junction of UPR-ICL and TERM-ICL is shown. The initiation codon, stop codon of ICL
gene, and multi-cloning sites prepared arc boxed. Primers are positioned at their annealing

sites. Miss-match bases introduced in primers are underlined.
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Xhol
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Fig. 3. (Continued).



(3) Construction of the plasmid (pWIG31) for the high-level expression of GADGS ¢cDNA

For the construction of the expression vector, pWI3 (Sce Fig. 3A), PCR was used to
introduce  multicloning  sites  between  UPR-ICL  and  TERM-ICL. A primer, 5'-
TGCTCGAGCCATGGTCGACAGATCTATAGTTGTTGG-3', which  hybridized  at  the
initiation  codon, was used o introduce Bglll, Sall, Ncol, and Xhol sites. 3'-
AACTCGAGGAAACCAAGGCTAAG-3', which hybridized at the stop codon, was used to
introduce Xhol site. PCR fragment was digested with Xhol and self-ligated to make pUI3.
BamHI-Ban HI fragment from pUI3 containing UPR-ICL , the DNA fragment with multicloning
sites and TERM-ICL , were introduced into high-copy plasmid pMW1 0 make pWI3. pMW1
was constructed by introducing 2.14 kbp EcoRI-EcoRI fragment of pMT34(+3) containing a
parl of 2ium DNA into the Aarll site of yeast integrating vector pRS404 [11]. Furthecrmore, to
construct the plasmid (pWIG31, Fig. 6A) for the high-level cxpression of GAD65 ¢cDNA
using pWI13, PCR was performed to introduce Sall site at the downstream of the stop codon
with pGADI1 as the template. A primer, 5'-CCTCCATTCCTCTTCTTGTC-3', hybridized
inside  of UPR-ICL (82-bp upstream of the initiation codon). A primer, 5'-
TGGTCGACAAAGTGATTACAAATCTTGTCC-3', which hybridized at the stop codon, was
used to introduce Sall site. An amplified {ragment was cut first by Nco I, where the initiation
codon existed, and by Sa/l, then inserted between the Neol and Xholsites of pWI3 (pWIG31).
Cultivation and preparation of cell-free extract

Yeast cells were precultivated in YPD medium [1% yeast cxtract (Difco, Detroit, MI,
USA), 1% pepton (Difco} and 2% glucosce], transferred to a minimal medium [0.67% ycast
nitrogen base without amino acid (Difco) with appropriate supplements], containing 2%
glucose (SD), 2.67% sodium acetate (SA) or 2% cach of glycerol and sodium lactate (SGlyLac),
and cultivated at 30 °C. Celis in the late-exponential phase were harvested and suspended in
50 mM potassium phosphate buffer (pH 7.2). This cell suspension was subjected to ultrasonic
disintegration at 0 °C for 2.5 min, followed by centrifugation at 12,000 g for 20 min, and the

resulting supernatant was used as cell-free extract.

Assay

3-galactosidase activity was mcasured basically. according to Craven et al. [12]. The
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substrate solution was composed of 0.014 M o-nitrophenyl- fi-D-galactopyranoside (ONPG)
(Wako Pure Chemical Industry. Osaka, Japan) and 0.01 M MgCl, 1in 0.01 M Tris-acctate
buffer (pH 7.5). This substrate solution (0.5 ml), 0.1 M potassium phosphate buffer (pH 7.0)
(2.1 ml), and 1.0 M 2-mercaptoethanol (0.3 ml) were mixed well and incubated for 2.5 min at
30 °C. Reaction was started by the addition of 100 ul of the cell-frec extract. Activity wus
determined from an increase in absorbance at 405 nm resulting from the hydrolysis of ONPG.
Units (nmol/min) were calculated according to Miller [13].

The activity of glutamate decarboxylase was determined by measuring the formation of
*CO, from L-1-"C glutamate essentially as described by Wu et al. [14]. In a typical assay,
the incubation vessel (Kontes, Vineland, NJ, USA) contained 100 pl of the assay mixture
consisting with 11.1kBq L-1-""C glutamic acid (NEN, USA), 200 mM sodium glutamate,
ImM pyridoxal 5'-phosphate in 1M sodium phosphate buffer (pH 7.2). The plastic center well
of the incubation vessel held 200ul of f3-phenylethylamine (25 % in ethanol) to absorb CO,
formed. The reaction was started by mixing 900ul of enzyme-containing solution to make a
final volume of 1ml. Immediately after the cnzyme addition, the reaction vessel was sealed
with a rubber stopper and incubated for 30 min at 37 °C. The reaction was terminated by
injecting 200ul of 0.5N H,SO, into the rcaction mixture. The vessels were incubated for
another 60min to cnsure a complete release of CO, and absorption in -phenylethylamine. As
a control, H.SO, was added prior to the enzyme. "C counts obtained were converted to units
(umol/min) to represent the decarboxylase activity.

Electrophoresis and Western blot analysis

Sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western
blot analysis were carricd out by the method reported previously [15). The molecular masscs
were cstimated by using the following standard proteins : myosin, 212 kDa; y,-macroglobulin,
170 kDa; 3-galactosidase, 116 kDa; transferrin, 76 kDa; glutamate dehydrogenase, 53 kDa
(Pharmacia), and the following prestained proteins: phosphorylase B, 106 kDa; bovine serum
albumin, 80 kDa; ovalbumin, 49.5 kDa; carbonic anhydrase, 32.5 kDa; soybean trypsin

inhibitor, 27.5 kDa; lysozyme, 18.5 kDa (BioRad, Hercules, CA, USA).

RNA blot hybridization analysis



RNA blot hybridization analysis was carricd out as described Atomi ef al. |6] using a
biotin-labeled DNA probe. Detection was performed by luminescence reaction with Photo
Gene Nucleie Acid Detection System kit [Bethesda Rescarch Laboratories life Technologics
(BRL}), Gaithersburg, MDD, USA]. Size markers used were s foilows: 23 S and 16 S, ribosomal

RNA from Escherichia coli ;28 S and 18 S, ribosomal RNA from calf liver (Pharmacia).

RESULTS

Expression of B-galactosidase gene (LacZ) under the control of UPR-ICL .

In order to determine whether or not UPR-ICL could induce foreign gene expression,
LacZ of Escherichia coli was inscrted between UPR-ICL and TERM-ICL (pMI1Z21) and
expression of the gene was examined. Construction of pMIZ21 is shown in Fig. 1.

Saccharomyces cerevisiae cells transformed with pMIZ21 were grown in a minimal
medium with cither glucose (SD) or acctate (SA) as a sole carbon source. The cell-free
extracts obtained by sonication were analyzed by SDS-PAGE. As shown in Fig. 4A, a band
corresponding to a molecular mass of 116 kDa was observed by Coomassic brilliant blue
staining only when the cells having pMIZ21 were grown on acctate. Western blot analysis by
i polyclonal antibody against B-galactosidase confirmed that this band corresponded to
therecombinant B-gatactosidase (Fig. 4B).

The cells transformed with pMT34(-G7), a control plasmid which had no insert, showed
no detectable (-galactosidase activity when grown in cither SD or SA medium (Table 1). The
cells having pMIZ21 exhibited a slight -galactosidase activity when grown in SD medium,
while the specific activity was enhanced over 300-fold when the cells were grown in SA
medium. The expression level of B-galactosidase with UPR-ICL calculated on the basis of the
purificd B-galactosidase activity reached 6.5 % of the total soluble protein and was comparablc
to that of GALI (5.5 % of the total soluble protein) [4], onec of the most powerful and

tightly-regulated promoters of Saccharomyces cerevisiae.

Expression of rat glutamate decarboxylase (GAD) ¢cDNA under the control of UPR-ICL.
The expression of the smaller isoform of rat glutamate decarboxylase (GADG5) cDNA

was carricd out using UPR-ICL (A cDNA was a gift from Professor A. Tobin, UCLA, USA).
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Fig. 4. SDS-PAGE (10 % acrylamide) (A) and Western blot analysis (B) of
cell-free extracts (100 pg) for the detection of the expressed B-galactosidase.
Coomassie brilliant blue was used for staining in A. A and B; Lanes I and 2, pMT34(-G7)-
transformed cells (no insert, control); lanes 3 and 4, pMIZ21-transformed cells; lanes I and 3,
glucose-grown cells; lanes 2 and 4, acetate-grown cells. Arrows represent the recombinant

B-galactosidase proteins.
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Table 1. Activity of B-galactosidase in cell-free extracts.

Plasmid Carbon source  Specific activity (U mg™)
pMT34(-G7) Glucose 0
Acetate (
pMIZ21 Glucose 2.9 x 10
Acetate 9.5 x 10°

Table 2. Activity of GAD in cell-free extracts.

Plasmid Carbon source  Specific activity (mU mg™')
pMT34(-G7) Acetate 0.75
pMW1 Glycerol/Lactate 1.3
pGADI11 Acetate 6.7
Glycerol/Lactate 9.5
pWIG31 Glycerol/Lactate 70
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GAD catalyzes the decarboxylation reaction of L-glutamate to form y-aminobutyric acid
(GABA), an inhibitory ncurotransmitier. Several attempts were made o express GADOS in
bacterial cells [10, 16, 17} or inscct cells [18}. However, the results were not satisfactory for a
large scale production. Yeast has ncver been employed previously as a host for this purpose.
Saccharomyces cerevisiae cells harboring pGADI11, in which 3'-flanking region of GADGS
cDNA was used as a terminator (Fig.2), were grown on a minimal medium containing either
acetate (SA) or glycerol/lactate (SGlyLac) as a sole carbon source. Western blot analysis
visualized with GAD-6, a monoclonal antibody against GAD65, showed thatan immunorcactive
protcin with an apparent molecular mass identical to GADGS was present in the cell-free
cxtracts (Fig. 5). Although extra bands, which seemed to be the degradation products and/or
cross-reactive proteins with the antibody, were observed below the GADGS protein band. No
corresponding band could be seen in the acctate-grown control cells. The enzymatic activity
of GAD was then measured for each of the cells (Table 2}. A small amount of activity was
detected in the acetate-grown control cells due to GAD originally present in Saccharomyce
scerevisiae. When the cells having pGAD11 were cultivated in SA or SGlyLac medium, the
specific activity significantly increased, compared to the control cells, indicating recombinant
GADG65 was produced in an active form.

The production of GAD65 was further refined by using an expression vector pWI3
(Fig.3A), in which unique restriction enzyme sites (Fig. 3B) were built between UPR-/CL and
TERM-ICL f{or efficient DNA manipulation. pWIG31 was constructed by introducing the
coding region of rat GAD65 cDNA into the multicloning sites of pWI3 (Fig. 6A). When the
cells harboring pMW1 (with no insert of the gene) were grown on SGlyLac medium, the
specific activity of GAD was as the same level as that of the acetate-grown cells harboring
pMT34(-G7). On the other hand, a high intraccllular activity of GAD could be detected when
the cclls harboring pWIG31 were cultivated in SGlyLac medium (Table 2). This specific
activity was four times higher than that cxpressed in the baculovirus-insect expression system
(Mauch ct al. 1993b). Western blot analysis showed that recombinant GADG635 protcin was
surcly produced in the cells (Fig. 0B).

The cells having pWIG31showed scven to ten times higher specific activity in comparison

with the cells harboring pGAD11. This fact reflects the difference in transcriptional termination
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Fig. 5. Western blot analysis of the recombinant GADG65 from the cells
harboring pGADI11. An aliquot (50 pLg) of each cell-free extract was applied on SDS-PAGE.
A GAD-6 monoclonal antibody was used for the detection of recombinant GAD65. Lane 1,
rat brain homogenate; lane 2, pMT34(-G7)-transformed cells (no insert, control); lanes 3 and
4, pGAD|1 I-transformed cells; lanes 2 and 3, acetate-grown cells; lane 4, glycerol/lactate-grown

cells. An arrow shows the recombinant GADG6S5.
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ctficiency between these two plasmids, where pWIG31 has TERM-ICL and pGADIL has the
3'-flanking region of GAD63 cDNA. In the analysis of mRNA of the respective cells by
Northern blot hybridization, a clear main band was observed for the cells with pWIG31,
whercas a broad band extending above the main band was observed for the cells with pGAD1]
(Fig. 7). The results indicate a poor transcriptional termination cfficicney in the latter case.

This fact showed that 328-bp long TERM-ICL was sufficicnt for transcriptional termination.

DISCUSSION

The results mentioned here showed that UPR-ICL was effcctive for the expression of
heterologous genes in Succharomyces cerevisiae. Moreover, the expression vector pWI3 was
uscful for constructing the expression plasmid. As acetate is a relatively inexpensive inducer,
the use of UPR-ICL is advantagcous for large scale cultivation. Furthcrmore, transcription
under the control of UPR-ICL is tightly repressed by glucose in Saccharomyees cerevisiace,
and enhanced by non-fermentable carbon sources like acetate. Induction ratio (acctate/glucose)
reached about 300-fold when B-galactosidase was produced. This induction ratio is relatively
high among the promoters widely used for heterologous genc cxpression in Sauccharomyces
cerevisiae, Further investigation on the optimization of the total productivity and growth rate
in connection with the induction ratio should be nccessary for industrial applications.

Two isoforms (GAD65 and GAD67) are found for GAD which localizes in brain as
well as in pancreatic -cells in mammals. Attention has been focused on GAD63, since recent
studies indicatc that GADG65 is the major target of autoantibody associatcd with insulin-
dependent diabetes mellitus (IDDM) [19]. Since the autoantibody appears in patient's blood
prior to the development of [DDM, it is predicted that large supply of GAD65 could serve as
a diagnostic tool for IDDM with high sensitivity and selectivity [20]. Therefore, an efficient
production of the GADG635 protein would lead to benefits in both the ficlds of enzymology and
clinical chemistry.

For the production of the recombinant GAD65 protein, Mauch et al. [18] emphasized
the superiority of the baculovirus-insect expression system over the bacterial expression

system on the point that posttranslational modification of the GAD protcin would be possibic,
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Fig. 6. Construction of the plasmid pWIG31 (A) for the expression of
GAD65 ¢cDNA and Western blot analysis of the recombinant GAD65 produced
by the cells harboring pWIG31 (B).In B, an aliquot (100 pg) of each cell-free
extract was applied and the same antibody (in Fig. 5) was used. Lane 1, rat brain homogenate;
lane 2, pWIG31-transformed cells; lane 3, pMW 1-transformed cells (no insert, control); lanes
2 and 3, glycerol/lactate-grown cells. Arrow represents expressed GAD6S.
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Fig. 7. Northern blot analysis of mRNA of GADG65. Total RNA (5ug) from the
acetate-grown cells was used. Lane I, pMW I-transformed cells (no insert, control); lane 2,
pGADI1-transformed cells; lane 3, pWIG31-transformed cells. A thick arrow shows the
transcribed mRNA of GADG6S.
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where the recombinant protein is similar to the native one. As yeast is also a cukaryotic
organisin, the system described in this chapter maintains these advantages. Morcover, the
expressed level of GADGS was four fold higher in pWIG31-transformed Saccharomyces
cerevisiae than in the baculovirus-mediated inscct cells. Comparing with mscct cells, scale-up
cultivation of yeast is far casicr and inexpensive. This also makes yeast an attractive host for

the large scale production of recombinant GADGS.

SUMMARY

‘The upstream region of the isocitrate lyase genc (UPR-ICL Y from n-alkanc-assimilating
yeast Candida tropicalis was found to be functional in Succharomyces cerevisiae as a novel
promoter with non-fermentable carbon sources, such as acctate, ethanol, and glycerol/lactate.
The expression of two forcign genes coding for B-galactosidase from Escherichia coli (LucZ)
and glutamate decarboxylase from rat brain was carried oul under the control of UPR-ICL.
Expression of LacZ was repressed by glucose and enhanced over 300-fold by acetate. When
an expression vector pWI3 containing multicloning sites between UPR-ICL and the
transcriptional terminator of the isocitrate lyase gene (TERM-ICL) was used, the smaller
isoform of glutamate decarboxylase {GAD65) was highly produced as 4 soluble and active
form. These results demmonstrate that the novel expressionsystemusing UPR-ICL and TERM-ICL
from Candida tropicalis is uscful for the production of heterologous protcins in Saccharomyces

cerevisiae,
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Chapter 2. Expression of human histidine decarboxylase in Saccharomyces
cerevisiae

INTRODUCTION

Mammalian histidine decarboxylase (HDC) catalyzes decarboxylation reaction of L-
histidine to produce histamine, a neurotransmitter for the central nervous system as well as a
mediator lor allergic responses and gastric acid sceretion. Three neurotransmitter forming
decarboxylases, HDC, glutamate decarboxylase, and 3,4-dihydroxyphenylalanine (DOPA)
decarboxylase, cxhibit high sequence homology to suggest that these decarboxylases belong
to the same family. The structural homology may suggest the common catalytic machinery
among these decarboxylases; however, nonc of the three dimensional structure of
decarboxylases has been determined. In case of HDC, duc to the limited amount present in
mammalian cclls, the progress of HDC studics has been hampered. Several attempts to
cxpress HDC using in vitro cxprcssio-n system including Escherichia coli system, were either
unsuccessful or unsatisfactory since the expressed protein is often insoluble and non-functional
or cconomically unfeasible. Expression of the rccombinant HDC in Sf9 inscct expression
system was reported for rat and human enzymes; however, the problem remained as HDC
being in the insolublc fraction [1, 2]. An expression system suitable for a larger scale preparation
should be designed.

Yeast Saccharomyces cerevisiae has been used for heterologous gene expression {3].
Yeast grows rapidly, produces high-density cell population, utilizes inexpensive media and
the gene manipulation technique which is basically similar to Escherichia coli, and gives the
typical cukaryotic-like posttranslational modifications. Recent advancement in  genc
manipulation has allowed us to cxpress a number of mammalian proteins in yeast cells [3].
The author has expressed 65 kDa isozyme of glutamate decarboxylase (GADGS) in
Saccharomyces cerevisiae, where a strong UPR-ICL originated from Candida tropicalis is
employed, as described in Part [, Chapter 1. In this system, the soluble form of GAD65 was
produced, which was confirmed by Western blot analysis. In this chaptcr, the author describes

an efticicnt ycast expression system for HDC production.
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MATERIALS AND METHODS

Chemicals

Yeast cxtract and peptone were purchased from DIFCO. Taq DNA polymerase (Thermus
aquaticus YT1) was obtained from Wako Pure Chemical (Osaka, Japan).
Strains

Escherichia coli DH50 was used as a host for rccombinant DNA manipulation.
Saccharomyces cerevisiae strain MT8-1 (MATa, ade, his3, leu2, rpl, ura3} [4] was used as a
host tor the protein production.
Construction of the plasmid (pWIH31) for expressing HDC cDNA

The expression vector, pWI3, used for the expression of rat glutamate decarboxylasc
cDNA as described in the previous chapter, was emploved for the HDC expression. Primers,
5'-AGACCATGGAGCCTGAGGAGTAC-3' and 5'-CCTCGAGTCTAAACCATAGCCTGC-
AG-3', werce designed to introduce Neol and Xfiol sites at the initiation codon and termination
codon, respectively. The amplification was performed on a GeneAmp PCR System 9600,
Perkin Elmer Applied Biosystems (Foster City, CA, U.S.A.), with 25 cycles of denaturation
(94 °C, 1 min), annealing (S5 °C, 1 min) and extension (72 °C, 2.5 min) using Taq DNA
polymerase. Products were digested with Ncol and Xhiol and inserted into the multiple cloning
sitc of pWI3 (Fig. 1) to produce pWIH31. The correct insertion of the HDC cDNA was
confirmed by DNA scquencing.
Cultivation and preparation of cell-free extract

Yeast cell cultivation and cell-free cxtract preparation were carricd out basically as described
in the previous chapter. Pre-cultivation was carricd out in the medium containing 1% yeast
cxtract, 1% peptone, and 2% glucose (YPD medium). A large-scale cultivation, usually
around 10L, was carried out in a medium containing 0.67% ycast nitrogen base without
amino acid, 0.002% histidine, 0.003% teucine, 0.002% adcnine sulfate, 0.002% uracil, and
2% sodium acctate. All cultivations were performed at 28 °C.

Cells in the latc-exponential phase were harvested by centrifugation and washed twice
with distilled water. Cells were suspended in the lysis buffer, consisted with 35 pg/ml
phenylmethylsulfonyl fluoride (PMSF), 0.7 ug/ml pepstatin A, 0.5 ug/ml leupeptin, 1 mM

cthylenediaminetetraacctic acid (EDTA), 1 mM 2-aminoethylisothiouronium bromide (AET).
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0. mM dithiothreitol (DTT), and 0.5 mM pyridoxal 3'-phosphate (PLP) in 50 mM sodium
phosphate bufier (pH 7). then, were disrupted by vortexing with glassbeads. One min cuch of
the disruption was repeated three times to ensure the complete cell breakage, as judged by
microscopic examination. Between the disruption cycle, 3 min cooling periods were set to
ensure the efficient cooling. Centrifugation of the cell homogenate at 10,000 g for 30 min
gave a supernatant used as cell-frec extract.
Assay

Histidine decarboxylase activity was assayed cssentially as described by Ohmori er al.
[5]. The 1 ml assay mixture contained 0.2 mM dithiothreitol, 0.01 mM pyridoxal 5'-phosphate,
2% of polyethylenc glycol #300 in 0.1 M potassium phosphate buffer, pH 6.8 and enzyme
solution. [t was pre-incubated at 37 °C for 5 min. The rcaction was initiated by adding 0.8
mM L-histidine and terminated by adding 40 pl of 60% perchloric acid. After the brief
centrifugation, supernatant was ncutralized by adding (.5 M sodium phosphate buffer, pH
6.5, whilc pH being monitored by the change of bromophenol blue color from yellow to
green. The neutratized assay mixtures were placed on columns made of disposable Pasteur
pipcttes packed with Amberlite CG-50 (Na* form). Proteins and other unbound materials
were washed off initially with distilled water and histidine was cluted off with 0.1 N HCI
wash. Histamine formed during the incubation was eluted off from the column with 1.5 ml of
(1.5 N HCI. The cluents were immediately neutralized with (1,125 ml of 3 N NaOH, added
with 50 ul of o-phthaldialdehyde (OPA; 1% in mecthanol), and left for 5 min at room
temperaiure. After adding 0.125 ml of 6 N HCI, fluorescence inlensity was measured to
quantitate thc amount of OPA derivative on a Shimazdu RF-3300PC spectrofluorophotometer
(Kyoto, Japan) with excitation wavelength of 355 nm and emission wavelength of 440 nm.
Fluorescence intensity was calibrated with standard histamine solution and intensity valucs
obtained were converted to the amount of histamine formed per incubation period.
Protein assay

Protein amount was determined using BCA assay, Pierce Chemical (Rockford, IL, U.S.A)),
with bovine serum albumin as the standard.

SDS-PAGE

Polyacrylamide gel clectrophoresis in the presence of SDS was carried out on 10% slab
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gels [6]. Proteins were stained with Coomassie brilliant blue and destained with 205 methanol
in M) acctic acid solution. BioRad prestained low-range molccular markers (Hercules, CA,

LL.S.A) were used as molecular mass standard,

RESULTS

The Saccharomyces cerevisiae cells harboring pWIH31 orpWI3 plasmid were pre-cultivated
overnight at 28 °C in YPD medium and transferred to a minimum medium containing
sodium acetate as an inducer. Cells were harvested at various time points and their populations
were measured by turbidity at 660 nm (Fig. 2). Saccharomyces cerevisiae cells showed linear
growth for 25 h and then reached the stationary phase, where the turbidity of medium
remained slightly above 1.0. Saccharomyces cerevisiae strain carrying pWIH31 or pWI3
plasmid showed identical growth. After being harvested, the cells were disrupted with
glassbeads, and soluble and insoluble fractions were obtained by centrifugation. Protein
concentration and HDC activity were estimated for the soluble fractions (Fig. 2). The increasc
in the total amount of protein was proportional to the cell population.

HDC activity was mecasured directly from the aliquots of cell extracts (Fig. 2). HDC
activity increased rather rapidly, having the maximum activity around 25 h of the induction.
Induction of 25 h was ecmployed for a large-scale HDC preparation. The typical specific
activity obtained with the crude cell extracts is shown in Table 1. Yeast cells harvested at 25
h gave 2.5 to 4 g of wet cell paste per liter of medium. Protein determination of the total
soluble protein indicated that 15 mg protein was present per g of the wet cell paste. Assuming
that pure HDC has the specific activity of 800 nmol min” mg™” as described by Ohmori er al.
[5], the amount of HDC in the crude protein extract should be around 0.05%. Therefore, the
total HDC protein present in the cell lysate is estimated around 20 to 30 ug per liter of
growth medium.

For those proteins with the expression level of 0.05%, it is rcasonable to assumec that the
protein band in SDS-PAGE analysis cannot be visualized. As cxpected, an SDS-PAGE
analysis failed to visualize the protein band corresponding to HDC. Although it was preliminary,
Western blot analysis performed by Dr. Yatsunami at Japan Tobacco. Inc., with anti-HDC
antibody gave a positive band, apparently, corresponding to 74 kDa form (private

communication).
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Table 1. HDC activities from various tissues and expression systems,

Tissue or cell origin Specific activity Reference
(pmol min”" mg™)

Rat Brain 0.76 (7]
Heart 0.0 (7]
Lung 0.07 (7]
Liver 0.01 [7]

Stomach 10 [7]

Spleen 0.13 [7]
Kidney 0.0 [7]
Mast cells 118 [7]
Whole fetus 17 [7]
Rat Mast cells 20 (8]
Mastocytoma P-815 64 [5]
S9 2700 [1]
Yeast pWIH31 210 This study
pWI3 0.0 This study
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DISCUSSION

The author has shown that recombinant human HDC is expressed as a soluble form in
veast Saccharomyees cerevisiae. The relatively large-sized prateins arc known for their
difficulty in cxpressing as a soluble form in bacterial expression svstems. Saccharamyees
cerevisiue cXpression system under the control of UPR-ICL is utilized since it has shown 1o
express a relatively lurge sized mammalian protein, 65 kDa GAD, as described in Pani,
Chapterl. The yeast expression system is suited for a scale-up of the recombinant protein
production. The expression system reporicd here is also economically sound. since the costs
for growth media and an inducer such as acetate arc low.

Protease sensilive proteins such as HDC [7] should be avoided from any exposure to
possible proteolytic digestion. Yeast is a known source for proteases, thus, a possible cffect
of protcolysis should be considered. This problem was overcome by the addition of a mixture
of protease inhibitors. In the case described in this chapter, the presence of the mixture,
PMSF, pepstatin A, leupeptin, and EDTA, allowed prolonged storage of crude cell lysate for
several days at 4 °C without altering any HDC activity. The low temperature is maintained as
tor stop the unnecessary cell breakage which leads to the undesired damage on proteins. The
breakage of yeast cells was initially accomplished by an ultrasonic treatment in the glutamate
decarboxylase expression wark in the previous chapter. However, for the more efficicnt
breakuage of veast cells, later experiments have utilized glassbeads method.

The level of HDC cxpression in Saccharomyces cerevisiae system 1s satisfactory based
on the valucs obtained for tissue samples. For instance, the specific activities of HDC isolated
in rat mast ccli, rat whale fetus, and rat stomach are 60-120, 17, and 10 (pmol min” mg™),
respectively (Table 1). The present yeast expression System has given specific activity af 210
(pmol min’ mg™), twice of that for mast cells. This level of expression 18, on the other hand,
considerably lower than that of S{Y inscct cell system [1]: the cell extract of S9 exhibits 2.7
(nmol min” mg™} of specific activity but it is expensive for scale-up. Since the current
facility for yeast cultivation aliows the scale-up from 1L 1o 100L cultivation level, the yeast
cxpression system is an efficient method for protein structural studics.

[t has been questioned whether or not the solubie HDC fosm expressed in Saccharomyces
cerevisine system is 74 kDa. Ohmori ef al.[3] reported that the 74 kDa protein, a precursor

enzvime. was the insoluble form in the Sf9 system and that the mature enzyme, the 33 kDa
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protein and C-terminal segment processed, was produced as a soluble form. Although HDC
should be purified 1o be conclusive, the soluble protein in the yeast expression system is
likely ta be the 74 kDa protein, It should be noted that 74 kDa of human HDC is enzymatically

active |2].

SUMMARY

Histidine decarboxylase cDNA (1,986-bp) from human basophilic leukemia cell line,
KU-812-F, was inseried into a shuttle vector carrying the isocitrate lyase gene promoter
(UPR-ICL ) and terminator originated from Candida tropicalis. The plasmid was introduced
into a Saccharomyces cerevisiae host strain, which was cultivated in the medium containing
acetate. Histidine decarboxylase activity in the cell lysate was measured throughout the
incubation period where the maximum histidine decarboxylase activity was obtained at around
25 h, ncar the end of the exponential growth phase. A typical preparation gave the specific
activity of 210 (pmol min” mg™) in the crude cell lysate. This value was twice and threc
times higher than that in the crude extract of mast cells and in mastocytoma P-815 culture
cells, respectively. The enriched activity of histidine decarboxylase in the soluble fraction
suggests that ycast expression system provides the properly folded and catalytically active
enzyme. Therefore, the present cxpression system is suitable for the structural studies including

X-ray crystallography, which rcquire a large amount of the cnzyme.
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Chapter 3. ixpression of recombinant thermostable cycloinulo-
oligosaccharide fructanotransferase in Saccharomyces
cerevisiae

INTRODUCTION

Cycloinulo-oligosaccharides (cyclofructans | CF]} are the cyclic oligosaccharides which
consist of six 1o cight molecules of B«(2—1)-linked D-fructofranose (CF6, CF7, and CF8).
This  bowl-shaped  structure of CF resembles that of cyclodextrins (cyclic malto-
oligosaccharides), which have been used extensively in medical, food, and chemical fields
[1]. This mainly owes to the ability of cyclodextrins to form inclusion complexes with a wide
varicty of guest molecules [1]. An analysis of the crystal structure of CF6 revealed that its
central skeleton had the sume structure as that of 18-crown-6 crown ether [2, 3]. Accordingly,
CFoO has the ability to form complexes with metal cations, which is the characteristic of
crown cthers [4-6]. The practical application of CF has been widely examined, and it has
been shown that CF has stabilizing cffects on various materials during freezing and thawing,
c.g., dough used for bread, liposomes used in the cosmetic and medical ficlds, and so on.
Morcover, an aikylated -form of CF can be used as a new alternative to crown cthers, indicating
the possibilitics of its application in chemical industry.

CF is synthesized from inulin through an intramolecular transfructosylation reaction.
[nulin is a polyfructan consisting of a lincar f-(2—1)-linked polyfructose chain with a terminal
glucose residue. The enzyme which catalyzes this transfructosylation is cycloinulo-
oligosaccharide fructanotransferase (CFTasc). At present, two microorganisms, Bacillus
circulans OKUMZ 31B|2] and Bacillus circulans MCI-2554 {7]. have been found to produce
CFTusc. Amino acid sequences were analyzed for peptide fragments of the CFTase of Bacillus
circulans MCI-2554, showing that onc fragment contained a similar amino acid sequence
with the cnzymes hydrolyzing p«2—1) glycosidic linkage (invertase, sucrase, inulinase or
levanase) [8].

The CFTase genc from Buacillus circilans MCI-2554 was isolated and its nucleotide
scquence was determined (GenBank/EMBL/DDBI accession number: D87672). In future
uses of CF for drugs or foods, the choice of the host organism for CFTase production is

critical. For example, Escherichia coli is not suitable becausc of its toxic cell wall pyrogens.
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Bakers™ yeast, Saccharomyvees cerevisiae . a cukaryote having a GRAS (‘generally recognized
as safc’) status, is a suitable host for sufe production of forcign proteins {9, 10]. The author
has developed a novel and powerful heterologous genc expression system in Saccharomyees
cerevisiae using the S'-upstream region of isocitrate lyase gene (UPR-ICL) from an n-alkane-
assimilating yeast Candida tropicalis, as described in Part I, Chapter 1. UPR-ICL -mediated
transcription is repressed by glucose, but highly induced by non-fermentable carbon sources
such as glycerol, acetate or cthanol [11, 12] and UPR-ICL is shown to be as powerful a
promoter in Saccharomyces cerevisiae as GALT or GAL7 [11).

In this chapter, the author reports the expression of a truncated fragment of the CFTase
gene of Bacillus circulans MCI-2554 in Saccharomyces cerevisiae under the control of
UPR-ICL and purification and characterization of the recombinant protein. Recombinant
CFTase protein produced by Saccharomyces cerevisiae (ScCFTasc) was efficiently sccreted
in the culture supcrnatant in an active form. Furthermore, stable production and secretion of
ScCFTasc were attained by constructing a Saccharomyces cerevisiae strain in which the

CFTase genes were intcgrated into its chromosomes.

MATERIALS AND METHODS

Strains

Escherichia coli DH5a was used as a host for recombinant DNA manipulation.
Saccharomyces cerevisiae strain W303-1A (MATa ade2-1 his3-11 leu2-3,112 trpl-1 ura3-1
canl-100) was used as a host for the protein production. Transformation of ycast was performed
by the lithium acetate method [13].
Construction of vectors

The prepro sccretion sequence of the «-factor was amplified from plasmid pLS01 by
PCR with the following primers: 3-AAGGATCCGTCGACATGAGATTTCCTTCAATT-3'
and S-TCTCTAGAATCCAAAGATACCCCTTC-3'. pLSO1 has 1.7 kbp EcoRI-EcoRI
fragment of MFal inserted at EcoRI site of pUCL3 [14]. The amplified fragment was cut
with Sall and Xbal and inserted into pUC19. which has Xliol sitc instead of Smal site. The
CFTase gene was amplified from pECF21AK21, which contains the AK2 fragment of CFTase
gene with the following primers: 3-CGGAATCTCGTCTAGAGCCGAACCCG-3, and 5'-
CGAGTCGAGACTCGAGATCTAAGCTT-3". The AK2 fragment is a truncated fragment of

CFTase gene which lacks the region encoding the three N-terminal repeat sequences (residues
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5710 558). The amplificd fragment wiss cut with Xpaland XhoTand placed at the downstream
of u-factor prepro scerction sequence, The Xbal site located between o-fuctor prosequence
and CFTase gene eorresponds to the last two amino acids of a-factor prosequence. Introduction
of the Xbal site changed its corresponding amino acid scquence, Lys-Arg to Ser-Arg, and
Lys-Arg is the recognition sequence of Kex2 proteusc for cleavage of the «-factor proscquence.
Therefore, site-directed mutagenesis was performed to revert the nucleotide sequence. After
site-directed mutagencesis, the Sel/l-Xhol fragment containing a-factor prepro sequence and
AKZ fragment of the CFTase gene was introduced into pWI3 (described in Part 1, Chapter 1)
to make pWIF31. For the construction of chromosome integrating vectors, a Pvull-Puvull
fragment from pWIF31 containing UPR-ICL, «-factor prepro scquence, AK2 fragment of
CFTase gene, and the 3'-noncoding region of the isocitrate lyase gene of Candida tropicalis
(TERM-ICL) was cxcised, and introduced into yeast integrative vectors pRS403 and pRS404
[15] digested by Pvudl, to construct pWIF33 and pWIF34, respectively. pWIF33 and pWIF34
were both cut by BstX1, and introduced into Saccharomyces cerevisiae strain W303-1A 1o
construct CI/HW 2A strain. In pWIF33 or pWIF34, there is onc BstXI site located within
HIS3 or TRPI, respectively.
Purification of Sc CFTase from culture supernatant

Yeast cells harboring pWIF31 were cultivated in SA medium (0.67% yeast nitrogen
basc without amino acid (Difco, Detroit, MI[, USA), 1% sodium acetatc, and appropriate
supplements) at 30°C until the early stationary phase (60 h). Culturc broth was then centrifuged
to remove yeast cells. The remaining culture supcrnatant was ultrafiltrated by a Diaflo-
membrane filter YM-10 (Amicon, Beverly, MA, USA). The concentrated enzyme solution
was applicd to a DEAE-Scpharose CL-6B column (Pharmacia, Uppsala, Sweden) cquilibrated
with 67 mM KPB (pH 6.9). The absorbed enzyme was eluted with a linear gradient of 0.2M
to 0.3M NaCl. At low salt concentration, ScCFTasc 1 (116kDa) was first eluted from the
column, followed by ScCFTase 2 (117kDa) and ScCFTase 3 (116kDa).
Electrophoresis

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was carried
out by the method reported by Laemmli [16]. The molecular masses were estimated by using
the following standard proteins (Pharmacia) : myosin, 212 kDa; ¢,-macroglobulin, 170 kDa;

[-galactosidase, 116 kDa; transferrin, 76 kDa; glutamate dehydrogenase, 53 kDa.
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N-terminal amino acid sequence analysis

After SDS-PAGE, proteins were transferred w a sheet of ProBlott (Applicd Biosvstems.
Foster City, CA, USA). The filter was set in a protein sequencer 610A (Applicd Biosvstems)
and analyzed as recommended by the vendor.

Endoglycosidase H digestion

ScCFTase was digested with endoglycosidase H (Endo H,) (New England BioLabs,
Beverly, MA, USA) according to the description given by the supplicr.

Enzyme assay

CFTase activity was assayed as described Kushibe er al. [8]. Onc unit of enzyme
activity was defincd as the amount of enzyme that produced 1 umol of cycloinulohexaose
(CF6) per minute. For an casier method to check CFTase activity, assay mixture was analyzed
by TLC. Reaction mixture was spotted on TLC plate (F254) (Mcrck. Darmstadt, Germany),
and then plate was developed with 1:1:4 (vol/vol/vol) water/1-butanol/2-propanol. Sugars
were detected with naphthoresorcinol/H,SO, reagent.

Southern blot analysis

Southern blot analysis was carried out as described Kurihara ef al. [17] using a biotin-
labeled probe prepared with BioNick labeling system (Bethesda Research Laboratories Life
Technologics (BRL), Gaithersburg, MD, USA). Dctection was carricd out using Photo-Gene
Nucleic Acid Detection System (BRL).

RESULTS
Construction of the plasmid for expression of a truncated form of CFTase gene.

A DNA fragment containing the CFTasc gene was isolated {rom the genomic library of
Bacillus circulans MCI-2554. Scquence analysis showed that there was a long open reading
frame which encoded a protein of 1,503 amino acid residucs (Fig. 1A) (GenBank/EMBL/DDBI
accession number: D87672). The overall structure of the CFTase gene showed that there
were four repeat sequences, three of which located in the N-terminal region (R1 to R3), and
onc of which was located ncar the C-terminus (R4). Between these repeat sequences, there
was a region whose sequence showed similarity Lo that of invertasc (IH). For production of
recombinant CETase in Succharomyces cerevisiae , a truncated fragment of the CFTusc gene
(AK2 fragment) was uscd which lacks the region encoding the three N-terminal repeat sequences

(residues 57 to 558). When the AK2 fragment was expresscd in Escherichia coli, it was
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Fig. 1. Structure of CFTase gene(A) and pWIF31(B). (A) R1 to R4, regions of repeat

scquence. TH, a region which has a sequence homology with invertase gene. Thick bar, the
region included in AK2 fragment. (B) UPR-ICL, the upstream region of isocitrate lyase gene
of Candida tropicalis, TERM-ICL , the terminator region of isocitratc lyasc gene of Candida
tropicalis; CFTase gene {AK2), AK2 fragment in (A).
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Lable 1. Purification of ScCFTase from culture supernatant

Fraction Total Protein Total Activity Specific Activity Yield  Purification
(mg) (8)] (Uimg) () (-fold)
Ultrafiltration {YM10) 10.6 229 21.4 100 1.00
DEAE-Scpharose CL-6B
ScCFTase 1 (110kDa) 0.196 7.33 37.4 3.20 1.73
ScCFTase 2 (117kDa) (.454 21.1 40.5 9.21 2.17
ScCFTasc 3 (116kDa) 0.122 6.60 54.1 2.88 2353

known that the recombinant protein produced had a significant enzymatic activity and that
CFTasc activity in the culture supernatant was cven higher than when the entire CFTasc gene
was expressed.

For the secretion of ScCFTase into the culture medium, the prepro leader scquence of
the a-factor precursor (MF al) was fused to the AK2 fragment of the CFTasc gene. This was
introduced into the multi-copy plasmid pWI3 (described in Part [, Chapter 1), to construct
pWIF31 (Fig. 1B). The cxpression plasmid, pWI3, has UPR-ICL as a promoter and the
3-noncoding region of the isocitrate lyase genc of Candida tropicalis (TERM-ICL) as a
transcriptional terminator, along with a muiti-cloning site in between. pWIF31 was then
introduced into Saccharomyces cerevisiae strain W303-1A.

Purification of Sc CFTase.

When the pWIF31-transformed cells were grown on acetate, CFTasc activity could be
detected in the culture supernatant. Purification of ScCFTasc was performed using culture
supernatant after cultivation for 60 h. The culture supernatant was first ultrafiltratcd, and the
concentrated enzyme solution was then applied to a DEAE-Scpharose CL-6B column
cquilibrated with 67 mM potassium phosphate buffer (pH 6.9). The absorbed cnzyme was
cluted with a linear gradient of 0.2M to 0.3M NaCl. The purification data arc described in

Table 1.
By SDS-PAGE analysis of the fractions with CFTasc activity after DEAE-Sepharose

three protcin molecules with CFTase activity [ScCFTase 1 (116kDa),
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SeCHase 2 (F17kDa). and Se CFTase 3 (116k1Da)| were detected (Fig, 2A: lanes 1, 3. and ).
There were only slight differences in the specific activitics of the three molecules, and all of
the preparations showed higher specific activities than that of the native CFTasc from Bacillus
circulans MCI-2554 (Bc CFTase; 36.4 U/mg) [8]. Sc CFTase 2 was found to be the largest in
amount, being the major product in this expression system.

N-terminal amino acid sequence for cach molecule was then determined (Fig. 2B).
N-terminal amino acid sequences of ScCFTase 2 and SeCFTase 3 were identical (Ala-Glu-
Pro-Gly-Alu-Asp-Ile-Glu-Asp-Ala for ScCFTase 2 and Ala-Glu-Pro-Gly-Ala-Asp-lle- for
ScCFTase 3) and also corresponded to the sequence immediately after the Kex2 protease
cleavage site. On the other hand, Se CFTase 1 had a distinct N-terminal sequence (Glu-Ala-
Glu-Ser-Glu-), which started 14 amino acids from the first Ala detected in Sc CFTase 2 and
ScCFTase 3.

As there are f{ive potential N-glycosylation sites (Asn-X-Ser/Thr) in ScCFTase, each
ScCFTase was treated with cndoglycosidase H (EndoH), an enzyme which removes N-
glycosylated carbohydrate chain(s) from the protcin. After EndoH treatment, differences in
molccular mass were compared by SDS-PAGE. As for ScCFTase 1 and ScCFTase 2, decreascs
in the molccular masses were observed, while the molecular mass of ScCFTase 3 did not
change (Fig. 2A; lanes 2, 4, and 6). Moreover, the molecular mass of EndoH-trcated ScCFTase
2 was the same as that of ScCFTase 3. Considering these results along with the N-terminal
amino acid scquence of cach ScCFTase, the author concluded that ScCFTase 1 was an
artifact of ScCFTase 2 duc to limited proteolysis at the N-terminus and that SeCFTase 3 had
the same protein moiety as ScCFTase 2 but did not have N-glycosylated carbohydrate chain(s).
Properties of Sc CFTase.

By using the purificd S¢ CFTasc 2 protein, cnzymatic propertics with respect to pH and
temperature were analyzed. Figure 3A shows the effects of pH on the activity and stability of
the enzyme. The optimal pH of ScCFTase 2 was pH 8.0, and over 80 % of the activity was
still detected after incubation for 30 min at pH 6.0 to 10.0), as happened with Bc CFTase [8].
Figure 3B shows the effects of temperature on the activity and stability of the enzyme. The
maximal activity was observed at 45 °C as with BcCFTase. Interestingly, the ScCFTase 2
showed much higher thermostability than Bc CFTase. A high level of activity (62.1 % of the

initial activity) remained after 30 min of incubation at 70 °C, while BcCFTasc was reported
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SerLeuAspLysArgAlaGluProGlyAlaAspIleGluAspAla

=3) 1 5 10

+ ScCFTase3 ScCFTase2

i:5 20 25
LeuIlleSerGluAlaGluSerGluIleProValThrAspAlaGly
ScCFTasel

Fig. 2. SDS-PAGE analysis (7.5 % acrylamide) of ScCFTase (A)andamino
acid sequence at the junction of o-factor prosequence and CFTase (B).(A)
Lanes 1 and 2, ScCFTase 1; Lanes 3 and 4, ScCFTase 2; Lanes 5 and 6, ScCFTase 3. Lanes
1, 3, and 5, without Endo H treatment; Lanes 2, 4, and 6, with Endo H treatment. (B) Position
1 (Ala) corresponds to the first amino acid of ScCFTase. Arrow indicates the Kex2 protease
cleavage site. Amino acid sequence of each ScCFTase molecules (ScCFTase 1, ScCFTase 2,
and ScCFTase 3) determined by N-terminal amino acid analysis is underlined.
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o dose its activity under these conditions [&, 18], Even alter incubation at 80 °C or 90 °C,
SeCllase 2 retained 33.6 % or 20.6 % of the initial activity, respectively. This high
thermostability, however, was not observed for ScCFlase 3: only 10.0 % of the initial
activity waus observed after 30 min of incubation at 70 °C. These results indicate that N-
glycosylated carbohydrate chain(s) of SeCFTasc 2 plays an important role in the thermostability
ol the enzyme.

Production of Sc CEFTase using a chromosomally integrated expression system.

As S¢ CFTasc showed higher specific activity and higher thermostability than Be CFTasc,
further studics for the application of the enzyme seemed promising. For the stable production
of SeCITase, a Saccharomyces cerevisiae strain was constructed in which plural copies of
the CFTase gene were int'cgmlcd into its chromosomes. A Prull-Pvu I fragment from pWIF31
conlaining UPR-ICL | the a-factor prepro scquence, the AK2 fragment of CFTase gene, and
TERM-ICL was cxcised and introduced into the ycast integrative vectors pRS403 and pRS404
[15] to construct pWIF33 and pWIF34, respectively (Fig. 4A). These CFTase gene-integrating
vectors (pWIF33 for HIS3 locus and pWIF34 for TRPI locus) were both used to introduce
two copics of the CFTase gence into Saccharomyces cerevisine W303-1A to prepare the
CE/HW2A strain. Integration of the CFTasc gene was confirmed by Southern blot analysis
with a #1583 or TRPI DNA fragment as a probe (Fig. 4B).

CF/HW2A was cullivated in a flask using YPE medium (1% yeast extract, 2% peptonc,
2% [vol/vol] ethanol), and the CFTasc activity in the cullurc supernatant was assayed
periodically over 120 h. YPE medium was previously shown to highly induce UPR-ICL-
mediated gene expression [12]. CFTase activity significantly increased between 24 and 48 h
cultivation, and continued to incrcase gradually even until 120 h cultivation. The level of
CFTasc activity at this point was 391 U per liter of culture, which corresponded to 8.40 mg
CFTase protcin per liter of culture (Fig. 5).

The mitotic stability of the integrated exogenous DNA sequence after 120 h of cultivation
was estimated by comparing the number of colonics grown on a nonselective YPD plate and
that on a sclective SD plate. With CF/HW2A, the number of His' Trp® colonies on the SD
platc was about 94 % of that on the YPD plate. When cultivation in YPE medium was
repeated five times, the number of His' Trp' CE/HW 2A colonies was still over 80% of that

on the YPD plate.
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Fig. 3. Effects of pH (A) or temperature (B) on the activity and stability of Sc CFTase 2.
(A) Enzyme activity(@, 0.1M citrate-phosphate buffer and B, 0.1M borate buffer) was
measured at 37 °C at indicated pH. pH stability of the enzyme (O, 0.16M citrate-phosphate
buffer and [, 0.16M borate buffer) was measured by incubating enzyme at indicated pH for
30 min at 37°C, then residual activity was measured in 0.2M phosphate buffer (pH6.9) at 37
°C. (B) Enzyme activity (@) was measured (in 67mM phosphate buffer, pH6.9) at indicated
temperaturcs. Thermostability of the enzyme () was measured by incubating enzyme at
indicated temperature for 30 min in 67mM phosphate buffer (pH6.9), then residual activity

was measured at 37 °C,
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Fig. 4. Structure of pWIF33 and pWIFE34 (A), and Southern blot analysis of genomic
DNA of strains W303-1A and CF/HW2A (B). (A) Abbreviations of genes were the samc as
Fig. 1B. (B) Lanes 1 and 2, HIS3 as a probe; Lanes 3 and 4, TRP1 as a probe. Lanes 1 and 3,
W303-1A genomic DNA digested by BstXI; Lanes 2 and 4, CF/HW2A genomic DNA
digested by BstXI. Arrow indicates intregrated exogenous DNA (9.21 kbp for H/53 locus and
9.39 kbp for TRPI locus) containing AK2 fragment of CFTasc gene as well as HI53 or TRPI.
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DISCUSSION

In this chapler, the author reported heterologous expression of a truncated fragment of
the CETase gene from Bacillus circulans MCI-2554 in Succharomyces cerevisiae, purification
of S¢ CFTasce from culture supernatant, and its characterization. All three ScCFTlase molecules
showed higher specific activities than that of BcCFTlasc. The main product, ScCFTasc 2,
showed similar optimal pH and temperature, and pH stability, but higher thermostability than
others, Comparison with ScCFTase 3, which was not N-giycosylated, strongly supported that
the high thermostability of ScCFTase 2 was duc to its N-glycosylation. Sc CFTasc 3 had the
sume N-terminal amino acid scquence and molecular mass as EndoH-treated ScCFTasc 2,
but showed low thermostability. There have been several reports indicating that the N-
glycosylated enzymes produced in Seccharomyces cerevisiae have increased thermostability
comparced to their unglycosylated counterparts and that the removal of N-linked carbohydrate
chain(s) results in a decrease of thermostability [19, 20].

The ScCFTase production system described in this chapter has several advantages for
further application of this enzyme. First, as Saccharomyces cerevisiae, which has the 'GRAS'
status of microorganisms, docs not contain any endotoxins or lytic viruscs, it is a suitable
host for the production of foreign proteins to be used in pharmaceutical or food production
[9, 10]. Sccond, comparcd with native BcCFTase or recombinant CFTase produced by
prokuryotc cxpression systems, S¢ CFTasc can be produced as a glycoprotein, making ScCFTase
a highly thermostable enzyme. This high thermostability is a beneficial property for enzymes
used in industry [21]. Third, the safe culture medium containing high levels of ScCFTase can
directly be used for the production of CF without purification of the enzyme, because Sc CFTasc,
likc BcCFTase, was cfficiently sccreted into the culture medium. Morcover, fourth,
Saccharomyces cerevisiae sccretes invertase into the culture medium, which helps to hydrolyze
sucrosc gencrated from inulin during the cnzyme reaction. This process prevents an increase
in the concentration of sucrose in the reaction medium, which would otherwise result in high
viscosity of the solution and create problems in the purification of CF.

By shake-flask cultivation, high production (8.40 mg/L) of the ScCFTasc protein was
achieved by the CF/HW2Astrain with twocopies of CFTase gene intcgrated in its chromosomes.
Chromosomal intcgration offers a stable alternative to episomal maintenance of foreign DNA.

Integrated DNA is mitotically quite stable; typical ratc of vector loss being less than 1% in
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yeast [22]0 The exogenous DNA introduced into CF/HW2A chromosome was mitotically
stable during repeated cultivation in rich imedium. Therelore, increase in the copy number of
the CFTlasce gene will contribute 1o raise CFTase productivity. For example, more than 20
copics of integration were achieved using 0-sequence of the yeast retorotransposon 7y {23).
Moreover, when Saccharomyces cerevisiae is cultivated under optimized conditions, cell
densities of 50 to 100 mg dry cells per ml culture can be obtained [24]. Therefore, by
oplimizing fermentation conditions, this system will be promising to provide safc and stable
production of CFlase, which can be applied directly to produce CF as it is in the culture

medium.

SUMMARY

A truncated fragment of the cycloinulo-oligosaccharide fructanotransferase (CFTase)
gene of Bucillus circulans MCI-2554 was fuscd to the prepro secretion sequence of the
a-factor and cxpressed in Saccharomyces cerevisiae under the control of 5'-upstream region
of the isocitrate lyase gene of Candida tropicalis (UPR-ICL). Efficiently sccreted recombinant
CFTasc protein (ScCFTasc) was purificd. ScCFTase consisted of three protein molecules
cach of which had CFTase activity (ScCFTase 1 [116 kDa), ScCFTase 2 [117 kDa], ScCFTasc
3 [116 kDa]). ScCFTasc 2 was the major product of the cxpression system cmployed and was
shown to be N-glycosylated by cndoglycosidase H treatment. ScCFTase 1 was also N-
glycosylated but had a short truncation at its N-terminus, while ScCFTasc 3 did not contain
an N-glycosylated carbohydrate chain(s). ScCFTase 2 showed an optimum pH, an optimum
temperature, and a pH stability similar to those of CFTase purified from Bacillus circulans
MCI-2554 (Bc CFTasc), but exhibited asignificant increase in thermostability. Whilte BcCFTase
completcly lost its activity after 30 min incubation at 70 °C, over 50% of Sc CFTasc 2 activity
was retaincd cven after 30 min at 80 °C. This high thcrmostability could not be observed
with ScCFTase 3, which suggests that the increase in thermostability was due to N-glycosylation
of the protcin. Next, a strain of Saccharomyces cerevisiae was constructed which had two
copics of CFTase genc integrated into its chromosomes (CF/HW 2A). The integrated exogenous
DNA sequence was mitotically stable in the CF/HW2A strain after repeated cultivation in
rich medium. Production of Sc CFTase by thc CF/HW 2A strain reached 391 U per liter of

culture at 120 h, which corresponded to 8.40 mg of protein per liter, by shake-flask cultivation.
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Part I1 Analysis of the transcriptional regulation mechanism of UPR-ICL



Chapter 1. A novel regulatory factor, Fillp, involved in glucose

repression/derepression in Saccharomyces cerevisiae

INTRODUCTION

Most yeast cells can utilize nonfermentable compounds (such as glyccrol, lactate, cthanol,
or acctate) as a sole carbon source other than fermentable sugars. However, the cells also
require hexose phosphates for growth, which is necessary for cell wall and nucleotide
biosynthesis. To synthesize such compounds from nonfermentable carbon sources in the
cells, enzymes of the glyoxylate cycle and of the gluconcogenic pathway are induced.

Isocitrate lyase is a key enzyme of glyoxyiate cycle. Inthe yeastSaccharomyces cerevisiae,
the pene coding for isocitrate lyase (JCL1) is strictly regulated by carbon sources [1,2]. Its
transcription is repressed by glucose and derepressed by nonfermentable carbon sources.
Analysis of promoter clements necessary for the derepression of /CLZ revealed that there
exists a upstream activation sequence (UAS) [1-3). This UAS is called the carbon source-
responsive clement (CSRE) 3], and its consensus sequence was suggested (CCRTYCRTCCG;
where R=A or G, Y=C or T) [4,5}). Similar scquence clements were also found upstrcam of
the fructose 1,6-bisphosphatase genc FBPI [6-8], the phosphocnolpyruvate carboxykinase
gene PCKI 9], the malate synthase gene MLSI [4], and the acetyl-cocnzyme A synthetase
gene ACS] [5,10]. Thus, these enzymes would share a common regulatory mechanism for the
derepression of the structural genes,

Various frans-rcgulatory factors are identificd (o be involved in the CSRE-dependent
gene regulation. Snflp (Catlp) is a scrinc/threonine protein kinase interacting with Snf4p
(Cat3p) to constitute a protein complex with full catalytic activity [11]. This kinase activity of
thc complex plays a key role for the derepression of various genes. In snf7 null-mutant cells,
derepression of /CLI, MLSI, and FBP! and CSRE-dependent genc regulation do not occur
[1,3,4,8]. The CATS and CAT5 have been also identified as necessary for derepression of

ICLI, FBPI, and PCKI and known to be under the control of the SNF1 [12-14]. Deletion of
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CATS or CATS has no cffects on the expression of SUC2 (cncoding invertase) and MAL genes
(cncoding proteins necessary for maltose utilization), all of which are under the control of
SNFI. This indicates the existence of distinct pathwavs regulating ICLI, FBPI, and PCKI
genes in the downstream of SNFI. It has been shown that the expression of fructose 1,6-
bisphosphatase and phosphoenol pyruvate carboxvkinase has a correlation with the
phosphorylation of Cat8p [15]. Recently, a 27-kDa protcin was identified which can bind to
UAS of /CL] [16]. The MIG1/CAT4 encoding a zinc-finger DNA binding protein is necessary
for repression of gene expression in cells grown on glucose and has been shown to be
involved in the regulation of the SUC2 and GAL genes [17,18). It is also responsible for the
repression of CATS genc expression in glucose-grown cells [13,15).

The gene encoding 1socitrate tyase from an n-alkane-assimilating yeast Candida tropicalis
was already cloned [19]. When the gene together with its 5’-upstream rcgion (UPR-ICLY) was
introduced into Saccharomyces cerevisiae, its expression was also regufated in response to
carbon source as in Candida tropicalis. Cells grown on acetate showed a high increase in
gene expression comparcd to cells grown on glucose, suggesting the existence of cis-acting
elements in UPR-ICL, which support strong and regulative gene expression in Saccharomyces
cerevisiae |20, 21). The deletion analysis of UPR-ICL indicated that two regions (rcgion Al
and region A2) were able to indepcndently activate gene expression in acetate-grown cells.
Region A2 contained a consensus sequence of CSRE, and was regulated by SNF/ and CATS;
whereas region Al which contained no consensus sequence of CSRE, was under the control
of SNF1 and MIG1 but not CATS [22].

[n this chapter, the author describes the cloning and characterization of FILI, which is
involved in derepression of the UPR-ICL -mediated gene expression as well as of /CLI and
FBPI in Saccharomyces cerevisiae. Fillp, having a mitochondrial targeting sequence at its
N-terminus, showed sequence similarity to ribosome rceycling factors (RRFs) of prokaryotes,
which are presently not found in cukaryotic cells. The author also found that derepression of
ICLI and FBPI as well as UPR-ICL-mediated gene expression did not occur in £° strain or 0°

cells treated with chloramphenicol or antimycin A, as was the case in the Aft/] strain.
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MATERIALS AND METHODS
Yeast strains and media

Saccharomyces cerevisiae strain MT8-1 (MATa, ade, his3, leu2, rpl, ura3) [23] was
used as wild-type strain (WT) in this study. 7 Strain was obtained from MT8-1 by repeated
cultivation in the YPD medium (1% yeast extract, 2% peptone, 2% glucose) containing 20
mg/ml cthidium bromide [24].

Cells were precultivated on YPD medium, then grown on sclective medium (0.67%
yeast nitrogen base without amino acids, 0.002% adenine sulfate, 0.02% uracil, 0.02% 1.-
histidine-HCI, 0.002% L-tryptophan and 0.003% L-leucine; in the casc of plasmid-transformed
Strain, corresponding supplements were omitted) containing 2% or 4% glucose (SD), 2%
raffinose, or 1% sodium acetate (SA) as a carbon source. Chloramphenicol (CA; 5 g/L) or
antimycin A (AA; 200 pg/L) was added to the medium as nccessary. For investigation of
gene expression in cells cultivated in the medium containing acetate, cells were inoculated at
Auy=1.0.

Multagenesis and isolation of mutants

Ycast strain MT8-1 transformed with pMIZ21 (described in Part I, Chapter 1), a multicopy
plasmid containing UPR-ICL -lacZ fusion gene, was treated with ultraviolet light, and incubated
on SD (2% glucose) agar medium at 30 °C for 48 h. Colonies were replicated to SA agar
medium containing 40 mg/L 5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal) (SAX
medium) and white colonics were chosen and again spotted on SAX agar medium. Whitc
colonics were used for measuring -galactosidase activity.

Cloning and disruption of FIL!

The pRS414-based yeast genomic library was constructed as follows; genomic DNA of
Saccharomyces cerevisiue MT8-1 was digested by Sau3Al and fragments longer than 2-kbp
were fractionated by a NaCl density gradient. Isolated {ragments were inserted into the
BamHl site of the single-copy plasmid pRS414.

FILI disruption vector (pTU109) was constructed as follows; a Kpnl-Sacl fragment
(1.8-kbp) from pTUL05 was first subcloned into pBluescriptll KS' and then a Hindll-HindIIl
fragment (0.7-kbp) was substituted into HIS3. pTUL09 was lincarized by Hincll-EcoRV

digestion and introduced into Saccharomyces cerevisiae MT8-1.
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In order to construct pMV1Z, a 478-bp upstream region of FILI (UPR-FILI) together
with a part of open reading frame encoding N-tenminal 46 amino acids was amplificd with the
tollowing primers; 5-"TCATCCATGGCAATTTCATCTTCTTCGAC-3' and the M13 reverse
primer. The FILI terminator region (681-bp; TERM-FILI) was amplified with the following
primers; 5'-CCCCCCATGGATTACGTCGACAAGCTTCATGACCAATTCC-3 and the M13
(-20) primer. These fragments were cut by Kpnl, Sacl and Neol, and inserted between Kpnl
and Saclsites ofa multicopy plasmid, pMW1 (described in Part I, Chapter 1). The constructed
vector was cut by Neol, and LacZ which was excised from pMIZ21 was introduced. pMV2Z
was constructed esscentially by the same method as pMV1Z except that following primers
were used to amplify UPR-FILI; 5-AAAACCATGGTTTCTTGCTGTTATTTTTCTTGT-
CAGGGACT-3" and the M13 reverse primer.

Subcellular fractionation

The subcellular fractionation of yeast cells was carried out cssentially by the same
method reported Daum et al. [25] and Kamada et al. [26}, except that cells grown on raffinose
were used. Cells were harvested at late exponential phase (36h for the wild-type strain (WT),
48h for Afill, 60h for p°, 84h for the chloramphenicol-treated strain, and 60h for the antimycin
A-trcated strain). After cell lysis with Zymolyase 20T, protoplasts were homogenizd with a
teflon homogenizer, and homogenate was centrifuged at 3,000 g for 10 min. The postnuclear
supernatant obtaincd was again centrifuged at 20,000 g for 15 min to separatc a paticulate
fraction (P,, mitochondria) and a supernatant (S, cytosol and microsomes). P, fraction in this
study was almost exclusively occupied by mitochondria.

Proteinase K treatment

The P, fraction was treated at 30 °C for 60 min with 2mg/m! proteinase K in the
presence or absence of 1% (v/v) Triton X-100. The reaction was terminated by the addition of
ImM (final) phenylmethancsulfony! fluoride (PMSF).

Enzyme assays

B-Galactosidase activity was assayed as described in Part [, Chapter 1. Isocitrate lyasc
activity [27], cytochrome ¢ oxidase activity [28], NAD *-linked isocitrate dehydrogenase activity
[29], and glucose 6-phosphate dehydrogenase activity [29] were assayed by the method

reported previously. All data in tables of this paper are the mean values of two independent
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experiments,
Northern blot analysis

The cells were precultured on YPD, shifted to SD (4% glucose) or SA (1% sodium
acctate) and incubated for 16 h (initial cell density for SD, A,,,,=0.1; for SA, A,,=1.0). Total
RNA isolated was separated by 1.5% agarosce / 3-morpholinopropancsulfonic acid (MOPS) /
formaldehyde gel and detection of the respective mRNA was carried out using the DIG
system (Roche Diugnostics, Basel, Switzerland). /CLT, FBP] and ZWFI coding regions used
s pmﬁcs were amplificd from Saccharomyces cerevisiae genomic DNA by PCR.
Nucleotide sequence accession number

The nucleotide sequence of the FILT gene from Saccharomyces cerevisiae was submitted

to the GenBank, EMBL, and DDBI data banks under accession no. ABUO16033,

RESULTS
Isolation of mutants harboring defects in the derepression of UPR-ICL -mediated gene
expression and identification of a novel gene FILI.

In order to isolate genes involved in the regulation of UPR-ICL-mediated gene expression
in Saccharomyces cerevisiae, the wild-type strain MT8-1 was first transformed with pMIZ21,
a multicopy plasmid which harbored a UPR-ICL-lacZ fusion gene together with 2-micron
sequence (described in Part 1, Chapter 1). Transformed cells formed bluc colonies on X-gal-
containing agar medium when acetatc was used as the sole carbon source (SAX medium).
After mutagenesis by ultraviolet light treatment, white colonies on SAX medium were chosen
as candidates for mutant strains showing deficiency in UPR-ICL-mediated gene expression.
Among the mutant candidates, the author chose to conduct further studics with the strain
named 1-56-43. The strain 1-36-43 could not derepress the UPR-ICL-lacZ fusion gene, and
additionally, had a deficiency in derepression of the endogenous isocitrate lyase gene (JCLT)
(Table 1). Mating with the wild-type « strain followed by tetrad analysis showed that the
mutation in the strain 1-56-43 was recessive and duc to a single-gene defect. Furthermore,
mating with saf/ and cat§ null-mutant strains showed that the single-gene mutation was not
allelic o safl or car8. Therefore, the author designated the mutation as fill (Factor for

Isocitrate Lyasc cxpression).
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Table 1. Specific activities of B-galactosidase and isocitrate lyase in cell-frec extracts.
Cells were harvested after 40h. G, glucose; ‘R, raffinose: “A, acetite; “complement, strain

1-36-43 harboring pTU105: “n.d., not determined.

[-Galactosidase Isocitrate lyasc
Strain (mmol min” mg™) (nmol min” mg™)
G R® A G R A
Wild Type 0.05 1.7 13 33 57 110
1-56-43 0.04 nd.®  0.06 0.0 n.d. 0.0
Complement* 5.5 nd® 14 47 nd.® 84
Afill 0.04 0.02  0.01 2.0 1.4 0.0

The mutant strain was transformed with a pRS414-bascd Succharomyces cerevisiae
genomic DNA library in order to identify a genc that complement the fil/ mutation. One blue
colony on SAX medium was obtained, and the isolated plasmid (pTU105) carricd a 6.4-kbp
genomic DNA fragment. When the mutant cells harboring pTU105 were incubated in medjum
containing acetate, cnzymatic activitics of both [-galactosidase and isocitrate lyasc were
restored when compared to the wild-type strain (Table 1). Increases in enzyme activities
could also be detected in cells grown on glucose, which may be attributed to the other region
inscrted with FILI since they were not observed by the vector alone. Deletion analysis of this
DNA fragment revealed that pTU108, which harbored a 1.8-kbp Kpnl-Sacl fragment, was
sufficient to complement the fil7 mutant phenotype (Fig. 1A).

Fillp shows similarity to ribosome recycling factors of prokaryotes.

The nucleotide sequence of the Kpnl-Sacl fragment was deteremined, and found to be
identical to a region between PUT2 and SRB2 on chromosome VIII (GenBank accession
number UQ0062) {30]. There was one open reading frame (identical to YHRO38w) which
encodes a 230-amino-acid and lysine-tich (15.2%) protein (Fig.1B). From the mutant strain
1-56-43, the FIL1 genc was amplified by PCR and sequence analysis was performed for three
indcpendently amplified fragments. In all fragments, a nonscnse mutation was incorporated
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complementation
Sau 3Al K H EH S A Sau 3Al
PUT2 FIL1(YHR038w) YHR039c YHR0O40w
oTU106 | 2 +
pTU107 F : —
pTU108 | { +
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| HIS3 ]
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1000bp

Fig. 1. Isolation of the FILI gene encoding a protein with similarity to prokaryotic ribosome recycling factors. (A) Restriction map
of the genomic DNA fragment which -complements fill. Restriction sites: A, Apal; E, EcoRI; H, HindlIll; K, Kpnl; S. Sacl. Construction
strategy for the fil1::HIS3 disruption vector (pTU109) is shown in the bottom. (B) Nucleotide sequence of F/L{ and deduced amino acid
sequence. The cleavage-site motif (R-X-F-8) of mitochondrial targeting peptide is boxed. (C) Amino acid alignment of Fillp and RRFs
ofprokaryotes [Chlamydia trachomatis (GenBankaccessicnnumber, U60196), Mycoplasma genitalium (U39730), Mycoplasma prcumoniac
(AE000020), Escherichia coli (J05113), Haemophilus influenzae (U32763), Synechocystis sp. (D90915)]. The shaded areas indicate exact

matchs or conservative amino acid differences. Asterisks indicate the amino acid residues with higher conservation in all proteins.
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(~478)
GGTACCGACGATAAGGCTGGTGGTCCARACATTTTAAGCAGATTTGTCAGTATTAGAA
ACACAAAGGAGAACTTCTACGAGTTGACTGATTTCAAATATCCATCGAATTATGAATARA
AAAATTTTTGTGGAATAGAACCGCGAATGCAGTCACTTCATCCATCAACTCATGTAAATG
TTAGATTATCGAAAAARAGGGTTTTGATTACTTCATTAGGTTTTTTTAGTTTTACAATTTT
AATTTATCTAGGTAAATAGTTTAAAAATATTCATTGAACCAACCGTCCARATTCCCGTTC
TATATTCTGTCATGACTTACT TATTCACGTTGCTATTTATTCGCCGCATATTCATTCTGT
TTTTGGCATAAGGACCCGTCCGGAAACAGAACATCAATTTATTAAATACGTCCATTCGTA
AGCTTAAAGATGGAAACTTTGGCGAGCAGTCCCTGACAAGAAAAATAACAGCAAGARATA

ATGATTTTAACCACAGCTAGATTAAATTGTAGACCAGTCACCGTTCCTCGTCTATTTAAT
¥ T L T T A R L N C R P V T V P R L F N

CGTTCTTTTAGTCAATCTTTCATAATTTTGAAGAAAAMAAGTTCTACCCCTACTGAGAAA
IR 8 F S§]¢ 8 F I I L K XK K S8 § T P T E K

GTCGAAGAAGATGARATTGACGTGAATGAACTGCTGAAAAAGGCAGAARCTCAATTCAAA
vV E E D E I D V N E L L XK K A E T Q F K

ABRAACTTTAGAAATTCAAAAACAGAAAATGAATGAGATAAAACAGGGAAATTTTAATCCT
K T L E I QQ XK ¢ KX M N E I K @ G N F N P

AAGGTATTCAATAGTTTAGTGTTCAAAAATAACAGAAAGTTTACAGATATTGCTACCACA
K v F ¥ 8§ L v F K N N R K F T D I A T T

TCCTTGAAAGGTAAAAATGCACTTTTAATAACAGTTTTCGACCCCAAAGATGTGAAAACT
s L K G K N AL L I TV F D P KDV KT

GTGATCAGTGGGGTGCTTGCTGCGAACCTGAATTTAACTCCTGARAGGGTCCCAAATAAC
v I § 6 Vv L A A NLNUL T P E R V P N N

GATTTGCAATTGAAAGTTTCGTTACCACCACCAACTACAGAATCCCGGTTAAAAGTAGCT
D L. QL. KV S L P P P TTZE S RL K V A

AAAGACTTAAAGAGAGTATTTGAAGAATATAAGCAGTCATCGCTAARAGACTCATTAGGA
K DL K R V F E E Y K @ 8 s L K D s L G

ACTATCAGAGGCAGTATTCTAAAGGAATTCAAAAGTTTCARAARAGGATGATGCCGTTCGA
T I R 6 8 I L K E F K 8 F K K D D A V R

AAAGCTGAGAGGGATTTGGAAAAACTGCATAAGGATTACGTGAACAAGCTTCATGACCAA
K A E R D L E K L H K D Y V N K L H D Q

PTCCAGAAAGTTGAAAARAGCATTGTAARAATGAGGAATTTCGTAACGTGTATAGAATCAA
F 0 K VvV E K § I V K * (230 aa)

AAAATCATAAATCTTGTACATAAAAAGTTCATTTTATATAATAATAAATACCARATTATT
GATAAGTTTGTTGCTTCCTCTAAAGTAAACTAGCTGGCTTCTTTAGCTAAAGAGAACAGT
GACTTTATTCTTTGCCATGTGGAATTTGTATAAGCTCCTACGATGAAACTCTTTACAARA
TTCCAAGCC TTAGCATTGTTACGAATAGGGTAGTCTAATGGTTTTGGAATTTGAGTGGAG
ACAAAAGGCAAAGTATCAAAACAGACACTTTTGGCATTGCACARACCCAAAAGACCTTCT
TCACCACCABATTTACCGTAACCTGAACCATTGATACCACCAAATGGTAATTGACAAACA
TAGAATGTAGCAAAATCATTAATGGCTACATTACCAGTTTGTAGGCTATTTGCGACGTAA
TTGCATTCCTTGATATCCGCACCAAACACAGAACCACCTAGACCAAATGGCGCAGAGTTG
GCTAGTTGTACACAATGGTCAGTATTCTTAGCTTTCATCATGACTAAAATTGGGCCAAAC
ACTTCGTTTTGTGCTATTTTCATTTCTGGAGTGACATCCACCAAAAGAGTTGGTTGGAAA
TAATGACCTTGTGGATACTTTGGATGTTTGAAGCGGGAACCACCTTGAAGTAAACGAGCT
C (1381)

Fig. 1. (Continued).
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by T — A transition at the position 183 (at Leu63). Data base analvsis with the amino acid
sequence of Fillp showed that it was similar to ribosome recycling (or releasing) fuctors
(RRFs) of prokaryotes (Fig.1C). Fillp had 31% similarity to RRF of Mycoplasma genitalium,
46% 1o that of Chlamydia trachomatis and 44% to that of Escherichia coli. RRF of Escherichia
coll'is an cssential factor for growth, and functions to release ribosomes from mRNA following
the termination of protein synthesis at the stop codon [31]. while the cooperative function
with the other factor(s) has been recently reported {32]. Although there has been a report of a
carrot protein called NLP (nuclear located protein D2, GenBank accession number X72384)
[31}, which docs not contain an N-terminal extension but shows 65% sequence similarity to
RRF of Escherichia coli, an RRF in cukaryotic cells has vet not been identified with genetic
and/or biochemical evidence.

Using pTU109 (Fig.1A), FIL! deletion mutant strain (Afif1 strain) was constructed.
Successful disruption of FILI was verified by both PCR and Southern blot analysis. The Afil]
strain could grow on glucosc and raffinose, but not on non-fermentable carbon sources such
as acetate, glycerol, lactate or oleate. 3-Galactosidase and cndogenous isocitrate lyase activities
were then measured using the Afif] strain transformed with pMIZ21. Derepression of both
enzymes could not be observed (Table 1), confirming that FILI is necessary for both the
regulation of UPR-ICL-mediated gene expression and Saccharomyces cerevisiae ICL1 genc
expression.

Fillp contains a targeting sequence into mitochondria.

Alignment of Fillp with RRFs of prokaryotes revcaled that Fillp has an extension at its
N-tcrminus (Fig. 1C). Within this cxtension, there is the sequence '-Arg-X-Phe-Ser-' (Fig.
1B), which is a consensus scquence for the cleavage site often obscrved for mitochondrial
targcting peptides [33]. These facts suggest that the N-terminal region of Fillp might function
as a transport signal into mitochondria. To test this hypothesis, pMV1Z and pMV2Z were
constructed which cxpress f-galactosidase protein fused with or without, respectively. the
N-terminal 46 amino acids of Fillp (Fig.2). After transforming the fusion genes into wild-type
cells, The P, fraction was isolated from raffinosc-grown cells and f-galactosidase activity
was measured. The P, fraction isolated from raffinose-graown cells was almost exclusively

occupied by mitochondria. The activity of cytochrome ¢ oxidase was used as a marker protein
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46 a.a. of Fillp

v

PMV1Z —/7

/

UPR-FIL1 LacZ TERM-FIL1

Fig. 2. Structure of plasmids pMVIZ and pMV2Z. UPR-FILI, 5-upstrcam region of
FILT; TERM-FILI, terminator region of FILL. Between UPR-FILI and LacZ, pMV 1Z contains

a nucleotide sequence encoding the N-terminal 46-amino acid residue of Fillp.

for mitochondria. As for pMV1Z-transformed strain, a significant level of (-galactosidase
aclivity (21%) was detected in P, fraction, while no [-galactosidase activity could be observed
in the P, fraction isolated from pMV2Z-transformed strain (Table 2). The P, fraction isolated
from pMV1Z-transformed cclls was further treated with proteinase K and detergent (Table 3).
Most of B-gatactosidase activity (92 %) could be recovered cven after proteinase K treatment.
When Triton X-100 was added along with proteinase K, B-galactosidase activity completely
diminished, indicating that [}-galactosidase was localized within thc mitochondria. These
results indicatethat the N-terminal 46 amino acids of Fillp can function as amitochondrial-target
peplide und strongly suggest that Fillp is localized and functions in mitochondria. The author
have also confirmed that a delction fragment of Fillp, which lacks only the N-terminal 46
amino acids, could not complement the Afil7 strain .
Fillp is involved in protein synthesis in mitochondria.

Many previous studies have shown that the mechanisms and protein factors involved in
transcription and translation inmitochondria resemble those found in prokaryotic cells (reviewed
in [34, 35]). As Fillp contains a mitochondrial targeting sequence and shows high scquence

similarity to prokaryotic RRFs, the author supposed that Fillp functions as a mitochondrial
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Table 2. Total activities ol B-galactosidase and cytochrome c oxidase in S,and P, fractions

of pMV1Z-and pMV2Z-transformed wild type strains. Both cclls were grown on raffinosc

as a carbon source and subjected to subcellular fractionation as described in Materials and
Mcthods.

B-Galactosidase Cytochrome ¢ Oxidasc
Plasmid : Fraction (nmol min™) (umol min™)
PMV1Z : S, 310 (79%) 86  (29%)
ey 81 (21%) 21 (1%)
pMV2Z : S, 140 (100%) 17 (8%)
P, 00 (0%) 20 (92%)

Table 3. Proteinase K treatment of P, fraction isolated from pMVI1Z-transformed

strain with or without Triton X-100. The value 100% refers to the activity of P, fraction
without proteinase K or Triton X-100 (None).

Treatment B-Galactosidase Activity (%)
Nonc 100
with Proteinasc K 92
with Triton X-100 100

with Proteinase K
and Triton X-100 0
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RRE involved in protein synthesis in mitochondria. Therefore, the subecliular fractionation
was performed on raffinose-grown Afil] cells, and proteins of the cytosol and microsome
fraction (S, fraction) and mitochondrial fraction (P, fraction) were compared with the
corresponding fractions from wild-type cells. As a result of SDS-PAGE analysis, some proteins
observed in the P, fraction of the wild-type strain (arrowhead) could not be observed in the
Afill strain (Fig. 3, lancs 1 and 2). On the other hand, few different bands could be observed
in protein constituents of S, fraction between these strains (Fig.3, lancs 6 and 7).

Further investigation was carried out to determine whether or not the proteins whosc
levels decreased in the Afil 7 strain were duc to defectsinthe protein synthesis in the mitochondria.
The author constructed a 2" strain from the wild-type MT8-1 which would lack the mitochondrial
DNA. Wild-type cclls were also treated with chloramphenicol, which specifically inhibits
protein synthesis in mitochondria. These cells, along with Afil] cells, were grown on raffinose
and protein constituents in the P, and S, fractions were comparcd. By SDS-PAGE analysis of
the P, fraction, Afill, chloramphenicol-treated, and p° cells all showed similar protein
constituents (Fig.3, lancs 2-4). The proteins whose levels decreased in Afil] cells compared to
wild-type cells were also found to be at low levels in chloramphenicol-treated cells and p°
cells. In contrast, no significant differences in protein constituents of S, fraction could be
found in any of the cells investigated (Fig. 3, lanes 6-9). |

Cytochrome ¢ oxidasc activity in the P, fraction was also comparcd among these cells.
Cytochrome ¢ oxidase is a multi-subunit complex localized in mitochondrial inner membrane,
three of whose subunits arc encoded by the mitochondrial genes (COXI-3) and synthesized in
mitochondria, while the other subunits are encoded by nuclear genes. Cytochrome ¢ oxidase
activity could not be detected in 0° and chloramphenicol-treated cells, and only trivial activity
could be found in Afill cells compared with wild-type cells (Table 4), although the addition
of antimycin A, which can stoichiometrically associate with ubiquinone-cytochrome reductase
and inhibit electron transfer from cytochrome b to cytochrome c¢,, had no effect on that
enzyme activity and on the protein synthesis in mitochondria (as scen in Fig. 3, lane 5). The
specific activity of NAD -linked isocitrate dehydrogenase, a protein encoded by the nuclear
gene and transported post-translationally into mitochondria, was not affected in each cell.

These results further support the proposal that Filip is nccessary for efficient protein synthesis
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Fig. 3.Difference in protein constituents between wild-type, Afill, p°, and

chloramphenicol-treated strains. All cells were grown on raffinose as a carbon
source and subject to subcellular fractionation as described in Materials and Methods (each

lane, 50 ug protein). Lanes I and 6, wild-type; lanes 2 and 7, Afill; lanes 3 and 8, p°; lanes 4
and 9, chloramphenicol-treated strain; lanes 5 and 10, antimycin-A-treated strain. Lanesl to

5, P, fraction (mitochondria); lane 6 to 10, S, fraction (cytosol and microsomes). Arrowheads
represent proteins which can only be observed in the P, fraction of the wild-type strain.
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in mitochondria and its possible role as an RRE.
Mitochondrial respiration is necessary for the expression of /CLI and FBPI and the
UPR-ICL-mediated gene expression.

If IFilIp functions as an RRF in mitochondria, in what way would its absence affect the
regulation of ICLI gene expression or UPR-ICL -mediated gene expression which occurs in
the nucleus? To examine how mitochondria would be responsible for the derepression, ICLI
gene expression was investigated in cells defective in various mitochondrial functions, i.c., p°
cells, chloramphenicol-treated cells and antimycin-A-treated cells, as well as wild-type and
Afill cells. Among all cells tested except for the wild-type cells, a defect in the derepression
of ICLT was obscrved (Table 5). In the case of the chloramphenicol-treated cells, endogenous
isocitrate lyasc activity was slightly observed which corresponded to thelow level of cytochrome
¢ oxidasc activity. Considering that even antimycin A-trcated cells did not derepress ICLI
gene expression, the results here indicate that normal respiration in mitochondria is necessary
for the derepression of /CL1. Similarly, derepression of the UPR-ICL-mediated gene expression
did not occur in the cells shifted to acclate medium containing antimycin A. Defects in
mitochondrial respiration  did not affcct the gene expression of glucose 6-phosphate
dehydrogenase, whose cxpression is not regulated by glucose repression and derepression
[36].

RNA was isolated from these five strains and Northern blot analysis was performed.
Transcription of /CLI is normally dercpressed in wild-type strain incubated in the medium
containing acetate (Fig.4, lanc 6), while this derepression could not be observed in all other
strains (Fig.4, lanes 7-10). The same result was obtained for the derepression of FBPI gene.
In contrast, transcription of ZWFI encoding glucose 6-phosphate dchydrogenase remained
constitutive in all strains after incubation for 16 h (Fig.4, lanes 1-10), which correlates to the
enzyme activity observed in the cells (Table 5). These results indicate that defects in

mitochondrial respiration inhibits /JCLI and FBPI gene expression at the transcriptional level.
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Table 4. Specific activities of cytochrome ¢ oxidase and NAD-linked isocitrate
dehydrogenase in P, fraction from raffinose-grown cells. *CCO, cytochrome ¢ oxidase;
NAD'-IDH, NAD'-linked isocitrate dchydrogenase; “WT+CA, wild type strain treated with

chloramphenicol.

cco? NAD’-IDH"
Strain (nmo! min™ mg) (bmol min"' mg™)
Wild Type 1400 0.16
Afill 1 0.29
fed 0 0.40
WTHCA® 0 0.21

Table 5. Effects of the state of mitochondria on specific activities of isocitrate lyase,
cytochrome ¢ oxidase and glucose 6-phosphate dehydrogenase in cell-free extracts, *ICL,
isacitrate lyase; "CCO, cytochrome ¢ oxidase; “G6PDH, glucose 6-phosphate dehydrogenase:
‘G, glucose; °R, raffinose; ‘A, acctate; *WT+CA, wild type strain treated with chloramphenicol;
"WT+AA, wild type strain trcated with antimycin A. Cells were harvested after 24 h of
incubation in the medium containing each carbon source indicated. As for glucose and

raffinose media, cells were inoculated at A, =0.05. As for acctate medium, cells were inoculated

at A, =1.0.

ICL® cco® G6PDH®
Strain (nmol min* mg™) (nmo!l min"* mg™) (mol min' mg™)
G R A G R A G* R® Al

Wild Type 43 7.8 140 88 140 95 023 037 034
Afil 46 25 0 61 14 21 027 041  0.61
g 30 24 0 0 0 0 023 050 044
WT+CAS 40 23 26 32 0 85 028 045 038
WT+AA” 42 34 0 65 170 23 0.18 034 0.52
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Fig. 4. Derepression of ICLI and FBPI was affected by the state of
mitochondria. Total RNA was isolated from wild-type (lanes 1 and 6), Afill (lanes 2 and
7), p° (lanes 3 and 8), chloramphenicol-treated (lanes 4 and 9), and antimycin A-treated
(lanes 5 and 10) cells. These cells were precultured on YPD, shifted to SD (4% glucose, lanes
1-5) or SA (1% sodium acetate, lanes 6-10), and incubated for 16 h. The Northern blots (each
lane, 20 ug RNA) were done with probes specific for ICLI, FBPI or ZWFI, each encoding
isocitrate lyase, fructose 1,6-bisphosphatase or glucose 6-phosphate dehydrogenase,
respectively. A differnce in the size of ICLI transcripts was observed between the cells
incubated in the medium containing glucose and acetate. To indicate the appropriate conditions
in the isolation of total RNAs , the gels after electrophoresis were stained with ethidium

bromide.
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DISCUSSION
Function of Fillp and mitochondrial protein synthesis.
In this chapter, the author reported the isolation and identification of FILI, a gene
which was found to be necessary for the derepression of UPR-ICL in Saccharomyces cerevisiae

as well as ICLI or FBPI. Characterization of Fillp revealed the following facts; (a) high

&
sequence similarity between Fillp and prokaryotic RRFs, (b) the N-terminal 46 amino acids
of Fillp, which is an cxtensional region not found in prokarvotic RRFs, functioned as a
mitochondrial targeting scquence, (¢} lack of Fil1p affected mitochondrial protein constituents,
similar to the cffects of chloramphenicol and loss of mitochondrial DNA (p°), (d) lack of
Fillp led to a drastic decreasc in the activity of cylochrome ¢ oxidase, a multi-subunit
complex which contains subunits synthesized by mitochondrial translation machinery, while
the activity of NAD"-linked isocitrate dehydrogenase encoded by the nuclear gene was not
affected. From these facts, the author supposes that Fillp functions in protein synthesis in
mitochondria, possibly as a mitochondrial RRF. So far, there is no report of RRF in the
mitochondria of cukaryotes, but the mitochondrial presence of an RRF similar in structure to
prokaryotic RRFs may be consistent with the similarities in the translational machinery found

“between the mitochondria and prokaryotic cells (as reviewed in [35}). However, in spite of its
similarity, the author still does not have direct biochemical evidence that Fillp actually
functions as an RRF in mitochondria, and the possibility can not be cxcluded that Fillp
functions in other process of protein synthesis in mitochondria. Further biochemical studies
will clarify the exact function of Fillp, whether Fillp is a mitochondrial RRF or not.

Effects of the respiratory chain on ICL/ and FBPI expression.

The data provided in this chapter indicate that the nomal function of the respiratory
chain in mitochondria is necessary for the derepression of /ICLI and FBP1, encoding enzymes
of the glyoxylate cycle and gluconcogenic pathway as well as UPR-ICL-mediated gene
expression in Saccharomyces cerevisiae . In this ycast, transcription of /CL1, FBPI and PCKI
is regulated, at least partly, by a common machinery which functions through CSRE located
on the promoter of cach gene. Therefore, the common necessity of mitochondrial respiration

on the derepression of these genes is reasonable. It has also been reported that respiration is a
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Fig. 5. Organelle communication in regulating glucose repression-derepression. ICL,

isocitrate lyase; FBPase, fructose 1,6-bisphosphatasc.

nccessary factor for the genc expression of the peroxisomal thiolase gene (POTI) of the
B-oxidation pathway [37]. In contrast, the author has shown that defects in function of the
respiratory chain did not affect gene expression of ZWFI, cncoding glucose 6-phosphate
dehydrogenase whose expression is not regulated by a glucose repression/derepression
mechanism. [t has also been reported that the derepression of the glucose-repressible SUC2
gene is not affected in the p° strain [37].

Recently, CATS> was shown to be allelic to COQ7 encoding a protein necessary for
ubiquinonc biosynthesis [38]. A catd/cog7 null-mutant cxhibits a respiration-deficiency
phenotype and also derepression of ICLI, FBPI, and PCKI could not be observed in this
strain [13, 38, 39]. Comparing these two mutants (fill and cat5), it is rcasonable to propose
that, although both mutations were differcnt, the silmilar mutant phenotype (defects in the
dercpression of /JCLI, FBPI, and PCKI) may be due to the defects in a common intraceliular
pathway, which is caused by lack of respiration.
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Itis a striking but an interesting fact that there exists a communication pathway between
mitochondria and the nucleus (Fig. 5). In veast, the enzymes of givoxvlate cvcle, gluconeogencsis
and [b-oxidation pathwavs, all of which arc not located in mitochondria, arc induced when
cells grow on non-fermentable carbon sources. In such a situation, mitochondrial respiration
is an absolutely necessary process for cells to produce energy from acelyl-CoA through the
tricarboxylic acid cycle. Therefore, this cell responsc against the defects of mitochondrial
respiration is physiologically relevant. There are several genes of which expression in the
nucleus is influecnced by the state of mitochondria (reviewed in [35, 40, 41]). CIT2 encoding
the peroxisomal citrate synthase is one such cxample and its transcription is activated in p°
strain or ©* strain trealcd with antimycin A (retrograde communication) [42, 43], which is in
contrast to the case of /CLI and FBPI where transcription is deactivated in these strains.
Retrograde regulation of CIT2 is controlled through UAS | located on the promoter, and
three factors involved in this regulation (RTGI-3) have been isolated at present [43, 44].

It is previously reported that UPR-ICL is controlled by two distinct pathways in
Saccharomyces cerevisiae, onc through region Al which is dependent on SNFI but not
CATS, and the other through region A2 which contains CSRE consensus scquence and is
dependent on SNFI and CATS [22]. The fact that UPR-ICL-mediated gcne expression was
completcly rcpressed by the defects in respiration indicates that dercpression through region
Al and region A2 (CSRE) arc both repressed. This notion was confirmed by the fact that
constructs harboring either region Al orregion A2 independently as a UAS could not derepress
downstream genes in antimycin A-treated cells. The respiration signal may have effect on
factors localized where the regulatory pathways controlling region Al and region A2 are in
common. However the expression of glucose-repressive SUC2 gene, which is dependent on
SNF1, was not repressed in the p° strain [37]. The cffect of mitochondrial respiration on the
derepression of UPR-ICL (or /{CL1 and FBPI as well) may be through a common f{actor

positioned downstream of Snflp but upstream of Cat8p.

SUMMARY
A mutant was isolated that failed to derepress the 5' upstream region of Candida

tropicalis isocitrate lyasc gene (UPR-ICL)-mediated gene expression in acetale medium, and
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the gene (FILL)Y that complemented this mutation was isolated. The fil7 null-mutant in which
FILT s disrupted (Afil] strain) could not grow on acetate or cthanol, and the derepression of
the socitrate lyase encoded by ICLI in Succharomyces cerevisive was also defected. The
aming acid sequence of Fillp (230 amino acids) showed similarity to ribvsome recycling
factors (RRFs) of prokaryotes. Compared to prokaryotic RRFs, Fillp had an N-terminal 46
amino acid cxtension which was shown to be able to function as a mitochondrial-targeting
sequence. The subceeliular fractionation of the Afil] strain showed that protein constituents of
the mitochondrial fraction differed from that of the wild-type strain, but resembled those of
chloramphenicol-treated cells or p° cells. The specific activity of cytochrome ¢ oxidase was
scverely decreased in Afil], p° and chloramphenicol-treated cells compared to wild-type cells,
while enzymatic levels of mitochondrial NAD'-linked isocitrate dchydrogenase, which is
encoded by the nuclear DNA, were not affected. These results suggest that Fillp is necessary
for protein synthesis in mitochondria of Saccharomyces cerevistae. Furthermore, the cells
treated with antimycin A, along with chloramphenicol-treated, p°, and Afil] cells, showed
deficiency in derepression of isocitrate lyasc. Northern blot analysis showed that this can be
ascribed to no increase in transcription of /CL1 and FBPI encoding fructose 1,6-bisphosphatasc.
The results indicate the presence of a communication pathway between mitechondria and the
nucleus which represses expression of genes encoding the key enzymes of the glyoxylate
cycle and gluconcogenic pathway when there is a deficiency in the mitochondrial respiratory

chain.

REFERENCES
1. Femandez, E., Fernandez, M., Moreno, F. & Rodicio, R. (1993) FEBS Letr. 333, 238.
2. Schiler, A. & Schiiler, H.-J. (1993) Curr. Genet, 23, 375.
3. Schiler, A. & Schiiler, H.-I. (1994) Mol. Cell. Biol. 14, 3613.
4. Caspary, F., Hartig, A. & Schiiler, H.-I. (1997) Mol. Gen. Gener. 258, 619.
5. Kiratzer, 8. & Schiiler, H.-J. (1997) Mol. Microbiol. 26, 631.

6. Mercado, LI, Vincent, Q. & Gancedo, J.M. (1Y91) FEBS Lett. 291, Y7.

82



9.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Nicderacher, D, Schiiler, H.-I., Grzesitza, D., Gutlich, H.., Hauser, H.P., Wagner, T. &
Entian, K.-D. (1992) Curr. Gener. 22. 363.

Vincent, O, & Gancedo, 1.M. (1993) ). Biol. Chem. 270, 12832,

Proft, M., Grzesitza, D. & Entian, K.-D. (1993) Mol. Gen. Genet. 246, 367.

Kratzer, S. & Schiiler, H.-J. (1995) Gene 161, 75.

Jiang, R. & Carlson, M. (1996) Genes Dev. 10, 3105.

Hedges, D., Proft, M. & Entian, K.-D. (1993) Mol. Cell. Biol. 15, 1915.

Proft, M., Koctter, P., Hedges, D., Bojunga, N. & Entian, K.-D. (1995) EMBO J. 14,
6116.

Rahner, A., Schiler, A., Martens, E., Gollwitzer, B. & Schiiler; H.-I. (1996) Nucleic
Acids Res. 24, 2331.

Randez-Gil, F., Bojunga, N., Proft, M. & Entian, E.-D. (1997) Mol. Cell. Biol. 17, 2502.

Ordiz, I., Herrero, P., Rodicio, R., Gancedo, J.M. & Moreno, F. (1998) Biochem. J. 329,
383.

Nehlin, J.O. & Ronne, H. (1990) EMBO J. 9, 2891.

Nehlin, J.0., Carlberg, M. & Ronne, H. (1991) EMBO J. 10, 3373.

Atomi, H., Ueda, M., Hikida, H., Hishida, T., Teranishi, Y. & Tanaka, A. (1990} J.
Biochem. 107, 262.

Atomi, H., Umecmura, K., Higashijima, T., Kanai, T., Yotsumoto, Y., Teranishi, Y.
Ucda, M. & Tanaka, A. (1995) Arch. Microbiol. 163, 322.

Umemura, K., Atomi, H., Kanai, T., Teranishi, Y., Ueda, M. & Tanaka,A. (1995) Appl.
Microbiol. Biotechnol. 43, 489,

Umemury, K., Atomi, H., Kanai, T., Takeshita, S., Kanayama, N., Ucda, M. & Tanaka,
A. (1997) Eur. J. Biochem. 243, 748.

Tajima, M., Nogi, Y. & Fukasawa, T. (1986) Mol. Cell. Biol. 6, 246.

Rickwood, D., Dujon, B. & Darlcy-Usmer, V.M. (1988) In Yeast a Practical Approach.
IRL Press, Oxford, pp. 185. |

Daum, G., Boni, P. C. & Schatz, G. (1982) J. Biol. Chem. 257, 13028.
83



27.

28.

29.

30.

31,
32

33.
34
3s.
36.

37.

39,

4(),

41.

43.

44,

Kamada, Y., Ucda, M., Atomi, 1., Oda, K., Kurihara, T., Naito, N., Ukita, R., Kamasawa,
N., Osumi, M. & Tanaka, A. (1992) .. Ferment. Bioeng. 74, 308,

Nabeshima, S., Tunuka, A. & Fukui, S. (1977) Agric. Biol. Chem. 41, 275.

Fukui, S., Kawamoto, S., Yasuhara, S, Tanaka, A., Osumi, M. & Imaizumi, F. (1975)
Fur. . Biochem. 59, 561.

Hirai, M., Shiotani, T., Tanaka, A. & Fukui, S. (1976) Agric. Biol. Chem. 40, 1819.
Johnston, M., Andrews, S., Brinkman, R., Cooper, J., Ding, H., Dover, J., Du, Z.,
Favcello, A, Fulton, L., Gattung, S., Geisel, C., Kirsten, J., Kucaba, T., Hillier, L., Jicr,
M., Johnston, L., Langston, Y., Latreille, P., Louis, E. J., Macri, C., Mardis, E., Mcnezes,
S., Mouscer, L., Nhan, M., Rifkin, L., Riles, L., Peter, H. St., Trevaskis, E., Vaughan, K.,

Vignati, D., Wilcox, L., Wohldman, P.,, Waterston, R., Wilson, R. & Vaudin, M. (1994)

Science 268, 2077.

Tanosi, L., Hara, H., Zhang, S. & Kaji, A. (1996) Adv. Biophys. 32, 121.

Pavlov, M.Y., Freistroffer, D.V., MacDougall, J., Buckingham, R.H. & Ehrenberg, M.
(1997) EMBO .J. 16, 4134.

Gavel, Y. & von Heijne, G. (1990) Protein Eng. 4, 33.

Pel, HI. & Grivell, L.A. (1994) Mol. Biol. Rep. 19, 183.

Grivell, L.A. (1995) Crit. Rev. Biochem. Mol. Biol. 30, 121.

Noguc, [. & Johnston, M. (1990) Gene 96, 161.

[gual, I.C. & Navarro, B. (1996) Mol. Gen. Genet. 252, 446.

Marbais, B.N & Clarke, C.F. (1996) J. Biol. Chem. 271, 2995.

Jonasscn, T., Proft, M., Randez-Gil, ‘F., Schultz, I.R., Marbois, B.N., Entian, K.-D. &
Clarke, C.F. (1998) J. Biol. Chem. 273, 3351.

Nunnari, J. & Walter, P. (1996) Cell 84, 389.

Poyton, R.O. & McEwen, I.E. (1996) Annu. Rev. Biochem. 65, 563.

Liao, X., Small, W.C,, Srere, P.A. & Butow, R.A. (1991) Mol. Cell. Biol. 11, 38.

Liao, X. & Butow, R.A. (1993) Cell 72, 61.

Jia, Y., Rothermel, B., Thornton, I. & Butow, R.A. (1997) Mol. Cell. Biol. 17, 1110.

84



Chapter 2. Genetic evaluation of the function of SNFI in Candida tropicalis

INTRODUCTION

Glucose repression is the phenomenon that synthesis of enzymes participating in the
utilization of carbon sources other than glucose is repressed in the presence of glucose. [n
yeast Saccharomyces cerevisiae, genes encoding enzymes of the alternative sugar utilization
(GAL, MEL or SUC genes), the glyoxylate cycle (/CLT and MLST), and the gluconcogencsis
(FBPI and PCK1 yare under this regulation, and the underlying mechanism has becninvestigated
cxtensively [1-6]. SNFI (also known as CATI or CCR1I)of Saccharomyces cerevisiae (ScSNF1)
is onc of the genes required for derepression of these genes [7-9). SNFI (Sucrose Non-
Fermenting) was identified by screening for a Saccharomyces cerevisiae mutant unable to
Zrow on sucrose as a sole carbon source {9]. The snufl mutant neither grow on galactose,
maltose nor nonfcrmentable carbon sources such as glycerol, cthanol or acetate [7-9].
Furthermore, the snfl mutant cell shows pleiotropic phenotype such as loss of glycogen
accumulation [10-12], hypersensitivity to heat shock and starvation [10], and loss of sporulation
[9].

SNF1 cncodes a serine/threonine protein kinase [13] and Snfl homologs are existing
cven in plant [14] and mammals [15, 16]. In Saccharomyces cerevisiae, Snfl protein (Snflp)
intcracts with other proteins including Snf4 (or Cat3) protein (Snfdp) and the Gal83, Sipl,
and Sip2 proteins [17-20]. Snfdp interacts with the regulatory domain of Snfip, and regulates
the activity of Snflp. The Gal83, Sipl, and Sip2 protcins, which constitute a family of rclated
proteins, are the proposed bridge proteins interacting with both Snflp and Snfdp [21].

Candida tropicalis is an asporogenic diploid yeast which can utilize n-atkanes as a sole
carbon source. In assimilating #-alkanes, a profound prolifcration of peroxisome, a subccllular
organelle, is observed [22, 23]. Consistent with peroxisome proliferation, enzymes localized
in peroxisome, such as the enzymes of the P-oxidation or the glyoxylate cycle, arc also
induced. Isocitrate lyase (ICL), a key enzyme of the glyoxylate cycle and localized in
peroxisome, is induced in the cells grown on non-fermentable carbon sources, i.c. nt-alkanes,

propionate or acetate, than in the glucose-grown cells [24, 25]. The gene coding for ICL was
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cloned {25) and, when introduced into another yeast Seccharomyces cerevisiae . 57-upstream
region of the gene (UPR-ICL ) could function and regulate gene expression in response 1o
carbon source |26, 27]. Delction analysis of UPR-ICL identificd two upstream activation
sequences (UAS; region Al and region A2) which can independently activate gene expression
in the acctate-grown cells [28]. Region A2 contained a consensus sequence of carbon source
response clement (CSRE) which is an upstream activation sequence (UAS) identified in /CLJ
of Saccharomyces cerevisiae [29]. Expression of gene mediated by region A2 was impaired
in the Asnf! mutant of Saccharomyces cerevisiae (28], as is the case with CSRE-mediated
gene expression [29]. These results led the author to interest in the relationship between
induction of peroxisomal enzymes including ICL and function of SNFI. Morcover, rclation
between SNFT and peroxisome proliferation is also interesting, because Simon ef al. reported
that the sufl deletion mutant of Saccharomyces cerevisiae grown on oleic acid had no
detectable peroxisomes |30]

In ycast, three SNFI1 homologs are presently identified. SNFI of Candida glabrata
(CeSNFI) is necessary for the cell to utilize trehalose [31). SNFI of Kluyveromyces lactis
(KISNF1Y)is necessary for the growth on non-fermentable carbon sources and some fermentable
sugars (such as galactose or lactose) [32, 33]. Like the casc of SeSNF1, CgSNFI and KISNFI
are dispensable for the glucose-grown cells. Different from other SNFIs, SNF1 of Candida
albicans (CaSNF 1) is necessary cven for the growth on glucose [34].

In this chapter, to clucidate the role of SNFI on the induction of enzymes localized in
peroxisome or on the ccll viability, SNFI1 of Candida tropicalis (CtSNFI) was cloncd and
characterized. Disruption of onc allele of CtSNF1 causcd no significant change in the growth
on glucose or sucrose. On the other hand, the growth and activity of some peroxisomal
enzymes onn-alkance were slightly affected. Morcover, by a conditional expression of CtSNF1,

it was shown that CrSNFI is an essential gene.

MATERIALS AND METHOD
Strains
Yeasts strains uscd in this study are listed in Tablel. Candida tropicalis SU-2 (ATCC
20913) (ura3/ura3y |35, 36), derived from Candida tropicalis pK233 (ATCC 203306), was

uscd as a parent strain for transformation. Saccharomyces cerevisiae strain MT8-1 (MATa,
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ade, his3, leu2 . trpl, wra3y|37] and its derivative strain ATOO2 (MATa. ade. his3. lew2 . 1rpl.
ura3, snflA-:LEU2) (28] were also used. Escherichia coli strain DH3a [38] was used for
gene manipulation.
Media and growth conditions
Candidu tropicalis was cultivated acrobically at 30°C in a medium containing glucose
(16.5 g/L), galactose (16.5 g/L), sucrose (16.5 g/L), sodium acetate (13.6 ¢/L) or n-alkanc
mixture (C,;to C,;) (10 ml/L) as a sole carbon source [39, 40]. pH of respective medium was
adjusted to 5.2 for glucose, galactose, sucrose, and #n-alkane media or to 6.0 for acetate
medium. Tween 80 (0.5 ml/L) was added in the n-alkane medium. The basic composition of
medium was as follows: 5.0 g of NH,H,PO,. 2.5 g of KH.PO, 1.0 g of MgSO,7H,0, 0.02 g
of FeCly:6H,0, and 1.0 ml of com stecp liquor per liter of tap water [39]. Cell growth was
monitored by measuring light scattering at 570 nm.
Cloning of SNF1 of Candida tropicalis
Two degencerative oligonucleotide primers compatible with the conserved regions of

yeast SNFI genes [5-GGTAAGTTGTACGC(C/TYGGTCCAGAAGT(C/T)YGA(C/T)-G-
T(C/TTTG-3'  and  5-TCCAATGG(G/AYTA(G/A)GATCT(G/A)GATCT(G/A)ATAC-
C(G/A)AAGTGCC-3'] were used for the amplification of a DNA fragment containing CtSNF1
by PCR. The amplificd DNA fragment of 833-bp was introduced into Hincll sitc of pUCI9
(named as pUC19S), where the region near start codon of CtSNF1 is located on the EcoRI
side. A biotinylated probe prepared from pUCI9S by restriction enzyme digestion was used
for screening of CtSNFI from A-EMBL3 genomic DNA library of Candida tropicalis pK233,
and subscquently eight probe-hybridizing clones were isolated. From one clone, a probe-
hybridizing Xba I-PstI fragment (3.3-kbp) was cut and subcloned into pUCLY, and the resulting
plasmid (pUC19-XP} was uscd to determinc the nucleotide sequence of CtSNFI.
Construction of plasmids

1) pCtSNF1. The Xbal-Pstl fragment (3.3-kbp) of the genomic DNA fragment containing
CtSNF1 was introduccd into the Xbal-Pstl sites of a plasmid pRS414 [41]. The resulting
plasmid, named as pCtSNF1, was introduced into the Saccharomyces cerevisiae Asnfl strain
(ATO002).

2) pKO1::ZUZ. To amplify a DNA fragment containing 409-bp of CtSNFI (region 664 to

1072; where A of the start codon was set as 1), PCR was performed using a primer, 5'-
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‘Table L. Strains used in this chapter.

Genotype Reference number

Candida tropicalis

pK233 URA3IJURA3 SNE1/SNF] 22

SuU-2 ura3jura3 SNFHANFEFT 35, 30

KO-1(2ZUZ) wradpurad  SNFIfsaflAZUZ This study

KO-1 uradfural  SNFIljsnflAz:lacZ This study

KO-1G(ZUZ) wra3fura3  sufl A ZUZ-pGALIO-SNEI[snfl A::lacZ  This study

KO-1G ura3fura3  snflA::lacZ-pGALIO-SNFIfsnfl A::lacZ  This study
Saccharomyces cerevisiae

MT8-1 MATa, ade, his3, leu2, trpl, ura3 37

ATO02 MATa, ade, his3, leu2, trpl, ura3, snfl A LEU2 28

CAGCGAATTCTCTGTTGGCTTTTTCAATCACGG-3' and the M13 primer. pUC19S was
used as a template DNA. The amplified fragment was cut by EcoRI and introduced into the
EcoRl site of pZUZ |35]. To amplify a DNA fragment containing 425-bp CtSNFI (region
1072 to 1496), PCR was performed using a primer, 5'-GCTGGTCGACCAACTCCAACAAA-
CCAATCTAAATC-3' und the M13 reverse primer. The amplified fragment was cut by Sall
and PstT and introduced between the Sall and the Pstl sites of pZUZ (pKO1::ZUZ, Fig. 3C).
pKO1::ZUZ was cut by BamHI and Pstl, and introduced into Candida tropicalis o disrupt
CISNFEL.

3) pKO1G::ZUZ. Cloning of thc GALI-10 promoter region from Candida tropicalis
pK233 was performed as follows. Two degencrative oligonucleotide primers compatible with
the conserved regions of GALI gene [5'-GC(G/A)AC(G/A)ATCAA(G/A)GCACA(C/T)T-
T(G/A)AAGT-A(G/A)TT(G/A)GCCCA-3'] and of GALIO gene [5-TT(G/A)ATCAATT-
C(G/A)AT(G/A)AC(G/A)YGT(G/AYTG(G/A)YGAACC(G/A)ATGTA-3'] were used for the
amplification of a DNA fragment by PCR. A DNA fragment (1.3-kbp) was amplified, introduced
into pUC1Y (pUC19G) and the nucleotide sequence was determined (GenBank/EMBL/DDBIJ
database accession number AB019434). The amplificd fragment had the ability of inducing
the gene of its downstrcam when galactose was added to the medium.

To amplify a DNA fragment containing the GAL10 promoter rcgion, PCR was performed
using following primers; S5-TTCGGTCGACCTGATATGTGTGAGTGTGC-3' and 5'-
ACATCTGCAGCTCTTGAGCTATACCAATCC-3'. pUC19G was uscd as a template. The

amplified fragment was cut by Sa/l and Pstl, and introduced into the Sall and the Pst] sites of
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pZUZ (pZUZG).

The promoter region of CISNFI (region -300 o -1) was amplified using a primer, 3'-
TCCGGAATTCTGACTGAACAATTCTAATGG-3" and the M13 primer. Amplification of
a DNA fragment containing 969-bp CtSNFI (rcgion 1 to 969) waus performed using the
following  prnmers;  S-TTCACTGCAGATGTCGGAGCAGAATCAAGG-3' and 5'-
CAACGCATGCATAACGTCTTCGTCGATATCAATC-3". In both cases, pUC19-XP was
used as a template. The amplified fragment containing CtSNFI promoter was cut by EcoRI
and introduced into the EcoRI site of pZUZG. The amplified fragment containing a part of
CtSNF1 was cut by Pstl and Sphil and introduced between the Pstl and Sphl sites of pZUZG,
gencrating a plasmid pKO1G::ZUZ (Fig 3C). pKO1::ZUZ was cut by Bam I and Sphl, and
used to replace the promoter region of CtSNF1.

Enzyme and protein assays

Enzyme activitics were determined as described in published papers; acyl-CoA oxidasc
[42], catalase and isocitrate lyase [43]. All cells were harvested at late exponential period.
Protein concentration was assayed by Bradford method using bovine serum albumin as the
standard.
Other methods

Transformation of Candida tropicalis was performed by the spheroplast method as
reported by Kanayama et al. {35]. Southern blot analysis was carricd out as described by
Kurihara ef al. [44]. General methods for gene manipulation and yeast genetics were used as

described in general protocols [38, 43].

RESULT
Isolation of CtSNFI .

On the basis of amino acid sequences highly conscrved among ycast SNFI homologs,
two oligonucleotide primers were designed (see MATERIALS AND METHODS). Codon
preference of Candida tropicalis was also considered in designing primers. Using genomic
DNA of Candida tropicalis pK233 as template, 2 DNA fragment (833-bp) was amplified by
PCR. This fragment containcd a homologous scquence with other SNFIs. Using this DNA
fragment as the probe, A-EMBL3 genomic DNA library of Candida tropicalis pK233 was

screencd, and cight positive plaques were selected. From one clone, a probe-hybridizing
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X K PvSc NPv X Ps
——— ——— J ]
—
400bp

Fig.1 Restriction map of CtSNF'I (A), and alignment of putative CtSNF1p amino
acid sequence with its yeast homologs (B). In A, restriction sites: K, Kpnl; N, Ncol;
Ps, Pstl; Py, Pvull; Sc, Scal; X, Xbal. Black bar indicates the probe region (833-bp).
In B, asterisks indicate the amino acid residuces identical in all proteins. Dots indicate
the amino acid residues with higher conservation in all proteins. Region of activation
scgment is boxed. ADF/APE motif and the conserved threonine residuc in activation
scgment are written in bold. Regions of Snf4p- and Gal83p/Siplp/Sip2p-binding sites

for ScSntl arc underlined .

Abal-Pst] fragment (3.3-kbp, Fig. 1A) was cut and subcloned into pUC19. Sequence analysis
revealed the existance of one open reading frame (CtSNFI) of 1,857-bp encoding a putative
619-amino acid protein (CtSnflp, Fig. 1B). CtSnflp showed a notably high similarity (86.0%
identity) to Snflp of Candida albicans (CaSnflp). On the other hand, identity with
Saccharomyces cerevisiae Snflp (ScSnflp) was 01.2%. At its amino terminus of CtSnflp,
there was a stretch of histidine residues conserved in most of the ycast Snflp. Alignment of
CtSntlp with other yeast Snflp revealed that kinase domain which occupies amino-terminal
half are strikingly conscrved among yeast Snflp homologs (Fig. 1B). As for ScSnflp, the
Snf4p- and Sip1p/Sip2p/Gal83p-binding sites were determined between amino acids residucs
392-518 [46] and 515-633 [21] of ScSnflp, respectively, by two-hybrid assay. The carboxy-
terminal region including Siplp/Sip2p/Gal83p-binding site of ScSnflp is highly conserved
among yeast Snflp, whereas the region including Sn{4p-binding site is not (Fig. 1B).
Complementation of a Asnfl strain of Saccharomyces cerevisiae by CtSNFI.

A Xbal-Pst] fragment (3.3-kbp) containing CrSNF1 coding region, the 5’-flanking

region, and the 3’-flanking region was subcloned into pRS414 [41] and the resulting plasmid
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Fig.2 Complementation of a Saccharomyces cerevisiae snfl deletion mutant

with the CtSNFI. Saccharomyces cerevisiae wild-type strain (MT8-1) and AT002 (AsnfI)
were used. Cells were grown at 30 °C on either selective medium (0.67 % Yeast nitrogen base
without amino acids (Difco) with 0.002% adenine sulfate, 0.002% uracil, 0.002% L-histidine-HCl,

and 0.003% L-leucine) containing 2% of glucose (leff) or sucrose (right).
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(nimed as pCtSNF1) was introduced into the Asnfl strain of Saccharomyees cerevisiae
(ATO0O2, Table 1). Transformants were sclected for tryptophan prototorophy and the ability
of sucrose utilization was tested using a plate containing sucrose as a sole carbon source. The
ATO02 strain transformed with pRS414 did not grow on the plate containing sucrose. On the
other hand, the Asnf] strain transformed with pCtSNF1 recovered the ability of sucrose
utilization (Fig. 2). Furthermore, an increase of isocitrate lyase activity, which is impaired in
the snfl strain grown on non-fermentable carbon sources, was restored for the Asaf7 strain
transformed with pCtSNF1 but not for that transformed with pRS414, when grown onacetate.

These results indicate that, like the other ycast Snflp, CtSnflp is a functional homolog.

Construction of a SNF1/snf] heterozygote strain (KO-1) of Candida tropicalis.

To investigatethe cellularfunction of CtSnflp, gene disruptionof CtSNFT was performed.
General tcchnique to disrupt a particular gene(s) of Candida tropicalis was employed [35].
Candida tropicalis SU-2, which is a ura3” derivative of Candida tropicalis pK233 [35, 36],
was used as the parent strain. A plasmid, pKO1:ZUZ (see MATERIALS AND METHODS
and Fig. 3C) which is designed to disrupt CrSNF1 (Fig. 3A), was constructed, and introduced
into Candida tropicalis SU-2. Several Ura® colonies were sclected and correct integration of
the disruption vector was confirmed by Southern blot analysis. Onc clone [KO-1(ZUZ)] was
selected, and inoculated on a minimal medium containing 3-fluoroorotic acid (3FOA, 0.75
/L) for 4 days in order to pop out URA3. The isolated SFOA-resistant colonics were subjected
to Southern blot analysis to confirm correct genetic rearrangement around CtSNFI (Fig. 4).
One clone (named as KO-1) was selected, in which onc CtSNFT allele was disrupted.

Using pKO1::ZUZ, distuption of the sccond CtSNFI allele was performed for KO-1.
However, all Ura® colonies were shown to contain intact CtSNFI allele as checked by
Southern blot analysis. CaSNFI, recently reported, is an essential gene cven for the cells
grown on glucose [34]. This feature differs from other yeast SNFIs which are dispensable in
the glucosc-grown cells. Taking a high similarity of CtSNFI with CaSNFI in amino acid
sequence into account, CtSNFI is also likely to be an esscntial gene.

Because Snflp is necessary for the growth on diverse carbon sources, the growth of
KO-1 on several carbon sources was compared with the parent strain. [n respect to Candida
albicans, the SNF1/snfl heterozygote strain showed reduced growth on glucose or sucrose

[34]. When KO-1 cells were grown on glucose, sucrose or acetate, no significant differcnce
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Fig.3. (A) Schematic representation of the construction of a strain in which one
allele of CISNF I is disrupted (KO-1). Genomic structuresaround CtSNFI are described
for cach strain constructed. For the discrimination, each allele is named as A and B.
Name of the respective strain s indicated at left, (B) Schematic representation of
the construction of a strain in which promoter region of CtSNF! is replaced with
(AL10 promoter (KQ-1G). Descriptions arc same as in (A). () Partial restriction
map of CISNF! and the plasmids used in this study. The homologous regions in
plasmids with CrSNF] were indicated by arrows. pCISNF]; the promoter region of

CISNFIL pGALIO: the promoter region of GALLD of Candidu ropicalis.
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Fig.4 Southern blot hybridization of Sphl digested DNA with CtSNF1
probe. Lane 1, SU-2; lane 2, KO-1; lane 3, KO-1G(ZUZ); lane 4, KO-1G. Band
A; original DNA fragment containing CtSNFI (7,000-bp). Band B; DNA fragment
containing CtSNF [ with lacZ insertion (8,900-bp). Band C; DNA fragment containing
CtSNF1 inserted with GALI0 promoter as well as lacZ-URA3-lacZ cassette (13,300-
bp). Band D; DNA fragment containing CtSNFI inserted with GALI0 promoter
and lacZ. (9,730-bp).
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Table 2. Effect of deleting one allele of CrfSNF/I on peroxisomal enzyme activities.
"ACO , acvl-CoA oxidase; "ICL, isocitrate lyase.

1. n-Alkane

Strain Catalase ACO* ICL”
(mmol min” mg™) (nmot min” mg™) (nmol min™ mg™*)
SU-2 2570 1150 132
KO-1 2060 78> 128
2. Acetate
Strain Catalase ACO* ICL
(mmol min” mg™") (nmol min” mg™) (nmol min” mg™)
SU-2 532 73.6 250
KO-1 250 52.4 249

was observed (Fig. 5A). On the other hand, the #-alkane-grown KO-1 showed reduced cell
growth comparcd with the parent cells. The activities of three peroxisomal enzymes were
then compared in the acetate- and n-alkanc-grown cells. The activities of catalase and acyl-CoA
c)xidasé, both of which arc enzymes of the -oxidation cycle, are induced in the 2-alkanc-grown
cclls [23], whereas isocitrate lyase, which is a key enzyme of the glyoxylate cycle, is induced
in the acctatc-grown cells [24]. Catalasc and acyl-CoA oxidase activitics were decreased 47
to 80 % in KO-1 cells against the parent cells. On the other hand, the activity of isocitrate
lyase was almost comparable to the parent cells (Table 2).

Construction of a strain in which the promoter region of CtSNFI was replaced with
GAL10 promoter (KO-1G) and its characterization.

In order to study the cffect of total deletion of CtSNFI, a strain In which CtSNFT can
be conditionally expressed was constructed. KO-1G is a strain in which the promoter region
of CtSNFI was replaced with GALIO promoter, and was constructed from KO-1 using a
plasmid pKO1G::ZUZ followed by the URA3 popping out (Fig. 3B, 3C). Thc correct

construction was confirmed by Southern blot analysis (Fig. 4). The GALI0 promoter region
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of Candida tropicalis was cloned by the mcthod described in MATERIALS AND METHODS.
(AL 10 promoter induces transcription on the addition of galactose, while by other carbon
sources, such as glucose, glycerol, lactate or #-alkane, this induction does not occur.

The KO-1G strain successfully constructed was then compared for its growth on different
carbon sources (glucose, galactose, n-alkane, and acctate) (Fig. 5B). Galactosc-containing
medium was used for precultivation. The galactosc-grown KO-1G strain showed completely
the same growth kinetics with the parent cells. However, as for the other carbon sources
including glucose, stop of growth was obscrved for KO-1G strain around 14 h of cultivation.
These results indicates that CtSNF1 is an essential gene for growth even in the glucose-grown

cells as well as in the n-alkane- and acctate-grown cells.

DISCUSSION

This chapter deals with the isolation of an Snfl homolog from Candida tropicalis and
its charactcrization, CtSnflp showed a sequence similarity with other Snflp from yeasts, and
notably high similarity in amino acid sequence (86.0% identity) with the Snflp of Candida
albicans {CaSnflp) was observed. Moreover, like other Snfl homologs, CtSnfip had an
ability to complement Asnfl mutant of Seccharomyces cerevisiae . These results suggest the.
exisience of a similar mechanism concerning Snfl protein kinase cascade between these
yeasts. Snflp of Saccharomyces cerevisiae (ScSnflp) is activated in the absence of glucose,
while it is inactivated in the presence of glucose [47, 48). This is consistent with the fact that
ScSNF1 is dispensable in the glucose-grown cells. On the other hand, CtSNF1 is essential for
the cell viability like the case of CaSNF1 [34]. Therefore, it is of intercst to know whether or
not the activity of CtSnflp is regulated by the presence of glucose. Many protein kinases are
activated by the phosphorylation on a residue(s) located in a particular segment termed
“activation segment” [49). The activation segment is defined as the region spanning conserved
DFG and APE/SPE motifs, and inside of the activation segment, there is a conserved threonine
residue [49]. The activation segment of CtSnflp locates from residues 192 to 218 (Fig. 1B),
and this region is highly conscrved not only among the yeast Snflp but with the AMP-activated
protein kinase (AMPK), a mammalian homolog of Snflp [S0]. As for AMPK, a thrconine
residue (T"), which lies inside of the activation segment, is phosphorylated by the action of

AMP-activated protein kinase kinase (AMPKK) [51], indicating possible existence of a

98



66

Glucose

.01 1 1 1
0 10 20 30
Time(h)
100 Sucrose

40

011

0 10 20 30
Time(h)

40

n-Alkane

100

—_
o

Growth{As70)

.01
0 20 40 60 80
Time(h)
100 Acetate

.01

0 20 40 50 80
Time(h)

Fig.5. (A) Growth Kinetics of parent- (SU-2;0) and mutant strain (KO-1;@) on various carbon sources. Cells werc

precultivated by glucose.,



001

Glucose

100

Growth (As70)
- o

—

.01 . L . L .
0 10 20 30 40
Time(h)
100 Galactose

.01 i 1 i 1 i 1

0 10 20 30 40
Time(h)

100 n-Alkane

Growth(Asm)

-
O

.
—t

—

01 | " 11 M 1 1
0 10 20 30 40 50
Time(h)
100 _ Acefate
D
10 |

Growth(As70)

-01 L L L i i 1 L 1

—
T

-—
YT Limiln |

0 10 20 30 40 50
Time(h)

Fig.5. (B) Growth Kinetics of parent (SU-2;Q0) and mutant strain (KO-1G;A) on various carbon sources. Cells were

precultivated by galactose.



upstream Kinasc cascade through the activation seament. Also tor Saccharomyees cerevisiae
the existence of Snfl kinase kinasc is genetically suggested [32]. Judging from structural
similarity, there is a possibiiity that the kinase activity of CtSnflp is regulated by glucose
through phosphorylation of the activation scgment by upstream unidentified kinase.

Delction of one allcle of CtSNF (strain KO-1) did not cause any growth retardation on
the media containing glucose or sucrose, which is different from the case of CaSNFI where
39 % of growth rctardation was obscrved for the SNF1/snfl heterozygote on these carbon
sources [34]. On the other hand, KO-1 cclis grown on n-alkanc showed a slight growth
retardation comparing with the parent cclls, and the enzymatic activities of acyi-CoA oxidasc
and catalase, both of which are enzymes of the -oxidation cycle, werce also lower while that
of isocitrate lyasc did not changed. The same type of change in cnzyme activity was also
obscrved for the acctate-grown KO-1 cclls. In Saccharomyces cerevisiae, derepression of
isocitrate lyase (encoded by fCLI) is under the control of ScSnflp [53], while induction of
catalasc (cncoded by CTAT) and acyl-CoA oxidase (encoded by FOXI) on oleic acid arc not
dependent on ScSnflp [30, 54]. Although the different effect of delcting one CtSNFI allele
on cach cnzyme activity is not clear at present, the function of CISNFI1p seems to bc similar
but not completely the same as ScSnflp or CaSnflp. As CtSNFI is an essential gene for
growth, the employment of a conditional system, such as exchanging of CtSNFI promoter
region, thc employment of a temperature-sensitive CtSNFI1 allele or antisence RNA for
CtSNF1, would be effective to clucidate the function of CtSNFI on the induction of these

CRZYMCES.

SUMMARY

SNF1 of Saccharomyces cerevisiae is an essential gene for the derepression of glucose
repression. Homolog of SNFI was isolated from n-alkanc-assimilating and asporogenic diploid
veast, Candida tropicalis (CtSNFI1). CtSNFI could complement the Asnfl mutant of
Saccharomyces cerevisiae. The method for introducing the exogenous DNA into Candida
tropicalis [Kanayama et al. J. Bacteriol. vol.180 p.690 (1998)] was cmployed to construct
SNF1/sufl heterozygote and snfl/snfl homozygote strains. The SNFI/snfl heterozygote
successfully constructed was named as KO-1. On the other hand, disruption of sccond CrSNF1

allcle was unsuccessful, suggesting a possibility that CrSNFI is an cssential genc for Candida
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tropicalis, Therefore, in order e control the expression of CrSNET & strain in which promoter
region of CtSNIT was replaced with GALIO promoter of Candida tropicaliy was constructed
(named as KO-1G), and the propertics of KO-1 and KO-1G strains were compared with the
parent strain. In KO-1 strain, no significant difference could be observed for the growth on
glucose, sucrose or acetate, but growth retardation occurred on n-alkane, which is a carbon
source inducing peroxisome. The activities of catalase and acyl-CoA oxidase in the cell
lysate were decreased 47 to 80 % against the parent strain, while the activity of isocitrate
lyase was almost comparable. As for KO-1G strain, while normal growth was observed on
galactose, transfer of ccells into glucose, acetate or #-alkanc medium lead the strain to stop
growing. From these results, CrSNF1 is an cssential gene for ccll viability on any carbon

source.
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GENERAL CONCLUSION

The present study has been carried out to clucidate the regulation mechanism of the
isocitrate lyase gene promoter of an n-alkanc-assimilating yeast, Candidua tropicalis (UPR-ICL)
and its application to heterologous gene expression.

The gene coding for B-galactosiduse from Escherichia coli (LacZ) was expressed in
Saccharomyces cerevisiae using UPR-ICL . Expression of LacZ was repressed by glucose and
cnhanced over 300-fold by acetate. The expression level of 3-galactosidase reached 6.5 % of
the total soluble protein and was comparable to that with GALT as a promoter. With UPR-ICL |
the smaller isoform of rat glutamate decurboxylase (GADGS) was highly produced in
Saccharomyces cerevisiae as a soluble and active form. A multicopy vector, pWI3, was
constructed which contains multicloning site between UPR-ICL and the transcriptional
terminator of the isocitrate lyase gene (TERM-ICL), as well as autonomous replication sequence
and maker gene which are both functional in Saccharomyces cerevisiae.

Human histidine decarboxylase was expresscd in Saccharomyces cerevisiae using pWI3.
Specific activity in the crude cell lysate reached 210 (pmol min” mg™), and this value was
twice and three times higher than that in the crude extract of mast cells and in mastocytoma
P-815 culture cells, respectively.

A truncated fragment of the cycloinulo-oligosaccharide fructanotransferasc (CFTase)
gene of Bacillus circulans MCI-2554 was expressed in Saccharomyces cerevisiac under the
control of UPR-ICL. Scercted recombinant CFTase protein (ScCFTasc) was purified.
ScCFTase2 which is the major product of the cxpression system, was N-glycosylated and
cxhibited a significant increase in thermostability comparing with CFTase purified from
Bacillus circulans MCI-2554; over 50% of ScCFTasc 2 activity was rctained even after 30
min of incubation at 80 °C. A strain of Saccharomyces cerevisiae was constructed which had
two copics of CFTase gene integrated into its chromosomes (CF/HW2A), and production of

ScCFTase by the CF/HW2A strain rcached 391 U per liter of culture at 120 h, which
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corresponded to 8.40 mg of protein per liter, by shake-tlask cultivation.

To scarch for factors regulating UPR-ICL-mediated transcription in Saccharomyces
cerevisiae, a mutant was isolated which was unable to derepress UPR-ICL in acetate medium.
The gene that complemented this mutation (FILZ) encoded a 230-amino acid protein (Fillp)
showing similarity to ribosome recycling factors (RRFs) of prokaryotes with mitochondrial-
targeting scquence at its N-terminus. Fillp was suggested as a protein necessary for
mitochondrial protein synthesis through its possible function as a mitochondrial RRF.
Furthermore, the necessity of normal mitochondrial respiratory chain was found for the
derepression of the genes encoding the key enzymes of the glyoxylate cycle and gluconcogenic
pathway, which indicates the presence of an inter-organelle communication pathway between
mitochondria and the nucleus.

To search for regulation factors for the cnzymes controlled by glucose repression
(including isocitrate {yase) in Candida tropicalis, a homolog of SNFI (CtSNF1) was isolated.
The SNF1/snfl heterozygote {(KO-1) was constructed, and the strain showed the retardation
of growth on n-alkane and the decreased activities of catalase and acyl-CoA oxidasc in the
ccll lysate against the parent strain, while the activity of isocitrate lyase was almost comparable.
Disruption of the second CtSNF1I allele was unsuccessful. Therefore, astrain in which promoter
region of CtSNF1 was replaced with GAL10 promoter was constructed (named as KO-1G), in
order to control the cxpression of CtSNFI. Growth of KO-1G can be observed only for

galactosc, indicating that CtSNFI is an essential gene for cell viability.
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