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ABSTRACT 

Schwanniomyces occidentalis (Debaryomyces occidentalis) i s ab 1 e to grow 

rapidly with high ce11 mass on cheap starch as a carbon source, produce strong arnylolytic 
. . enzymes extracellularly and secrete large proteins without hyper-glycosylation and 

measurable extracellular proteases. Schw. occidentalis thus has a high potential as * a . 

useful alternative to Saccharomyces cerevisiae in the production of heterologous proteins. 

However, the molecular study of Schw. occidentalis has been very Iirnited due to the 

insufficient transformation systems and lack of gene expression information. 

A new transformation system of Schw. occidentalis has been developed. This 

system was based on vector YEpl3 (LEU2) and a stable leu auxotrophic mutant, Schw. 

occidentalis DW88, obtained by treating the yeast with 1-methyl-3'-nitro-1- 

nitrosoguanidine. The transformation efficiency of YEp 13 by spheroplast-mediating 

rnethod was lo3 transformantdpg DNA. The 2-pm replicon is proposed to be responsible 

for YEp 1 3 replication in  Schw. occidentalis. The YEp 13 stability in Schw. occidenlalis 

was low, but it kept its structure in the yeast, suggesting that Schw. occidentalis DW88 

does not modify foreign DNA. 

.Mer analysis of 14 cloned Schw. occidentalis genes and cornparison of 

associated genes fiom both Schw. occidenralis and S. cerevisiae, 25 codons were 

arbitrarily chosen as putative preferred codons for Schw. occidentalis. They are similar to 

those of S. cerevisice, except for TTA for leucine, and AAA for lysine. Codon Bias hdex 

(CBI), a criterion to evaluate gene expression. is calculated fiom preferred codons. A 

cornputer program (PCBI) which reads a gene containing introns was developed to 

quickly calculate CBI. 

ADHl promoter of S. cerevisiae with a CBI Of 0.77 (high expression level) in 

Schw. occidentalis was used to express a P-galactosidase gene of Streptococczrs 

thennophilus in Schw. occidentalis DW88. The P-galactosidases produced by Schw. 

occidentalis and the wild strain showed similar thermostability, indicating that Schw. 

occidentalis DW88 does not change the property of heterologous proteins. The initial 



expression level of Schw. occidentalis DW88 measured by specific activity was 3-fold as 

compared with that of Escherichia coli expressing the same gene. 

Because the ADHl promoter-containing vector, pVT I O 1-L ( ' ~ 2 - d )  could not 

complement Schw. occidentalis DW88, a new expression vector, YEpE8 1 (6,3 23 bp), 

was constructed by substituting S. cerevisiae LEU2 gene for the LEU2-d gene carried by 

pVT101-L. YEpE8 1 similar to pVTlO1-L has a cassette containing the S. cerevisiae 

ADHl promoter, multiple cloning sites, and the 3.'. sequence of ADHl gene. This 

expression vector successfully expressed the S. thermophilus GAL gene in Schw. 

occidentalis D W88. 

Saccharomyces diastaticus STA3 gene encoding an extracellular glucoamylase 

was cloned into Schw. occidentalis DW88 and the transformant yielded more ce11 mass 

and glucoamylase activity than the transformant without the STA3 gene. The STA3 gene 

@ was controlied by its own prornoter and the glucoamylase war directed by its own signai 

sequence. The pH and temperature optimum of the glucoamylases secreted by Schw. 

occidentalis and the wild type strain were similar. The major glucoamylase activity was 

detected from culture supernatant. but not from intracellular ce11 lysate, dernonstrating 

that Schw occidentalis DW88 has a strong secretion ability. 

Schw. occidentalis DW88 should be a good hoa to produce and secrete 

heterologous proteins, and the putative preferred codons and program PCBI can facilitate 

mo lecular stud y of Schw. occicientalis. 



Schwanniomyces occidentalis (De baryomyces occidmtaiis) peut atteindre 

rapidement une masse cellulaire élevée en utilisant l'amidon comme source de carbone, 

relâche des enzymes amyloiytiques puissants dans le milieu extracellulaire et sécrète de 

grosses protéines sans hyper-glycosylation ni activité protéasique extracellulaire 

détectable. Schw. occidentalis démontre un potentiel élevé comme alternative à l'emploi 

de Saccharomyces cerevisiae dans la production de protéines hétérologues. Toutefois, 

l'étude moléculaire de Schw. occidentaiis a jusqu' a présent été limitée par le manque de 

systernes de transformation adéquats et par le peu de comaissances sur son expression 

génétique. 

Un nouveau système de transformation pour Schw. occidentalis a été développé. 

Ce système est basé sur le vecteur YEpl3 (LEü2) et un mutant leu auxotrophe stable, 

Schw occiden~oiis DW88, obtenu par traitement de la levure avec la 1-methyl-3-nitro-1- 

nitrosoguanidine. L'eficacité transformationelle de YEpl3 vérifiée par la méthode dite 

de sphéroplastes a été de Io3 transforrnants/pg d'ADN. Nous proposons le réplicon de  2- 

prn comme étant responsable de la réplication de YEpl3 chez Schw. occidentaiis. La 

stabilité de YEp 1.3 chez Schw. occide~rali.~ était faible, mais l'on a observé Ir maintien de 

la structure chez cette levure, indiquant que Schw. occidentalis n'apporte pas de 

modifications à l'ADN étranger. 

Suite à l'analyse de 14 gènes clones de Schw. occidentalis, et la comparaison 

entre les gènes associés a la fois chez Schw. occidetztalis et S. cerevisiae, une série de 25 

codons ont été choisis arbitrairement comme codons préférentiels pour Schw. 

occidenialis. Ceux-ci sont quasi-identiques à ceux de S. cerevisiae, à l'exception de TTA 

pour la leucine, et AAA pour la lysine. Le "Codon Bias Index" (CBI), un critère utilisé 

lors de l'évaluation de l'expression génique, est établi par calcul des codons préférentiels. 

O Cette tâche manuelle requiert malheureusement beaucoup de temps et d'effort. Dès lors, 

un logiciel informatique (PCBI) a été conçu afin d'effectuer ces calculs CBI de façon très 

efficace, 

iii 



Le promoteur ADHl de S. cerevisiae possédant un CBI de 0.77 (niveau 

d'expression élevé) chez Schw. occidentalis a été utilisé pour l'expression d'un gène P- 
galactosidase (GAL) de Streptococcus thennophilus chez Schw. occidenrulis DW88. Les 

B-gaiactosidases produites par Schw. occidentalis et la souche originale de Streptococnrs 

thermophi&s ont montré une stabilité a la chaleur semblable, indiquant que Schw. 

occidentalis DW88 ne modifie pas les propriétes des protéines hétérologues. Le niveau 

d'expression initial de Schw. occidentaiis, tel que mesuré par l'activité spécifique de 

l'enzyme, était environ 3 fois plus élevé que la même proteine exprimée chez E. coli. 

Parce que le vecteur pVTlO 1-L (LEU2-d) contenant le promoteur ADHl ne 

pouvait pas compiémenter S c h .  occidenialis, un nouveau vecteur d'expression, désigné 

YEPES 1 (6,323 pb), a été construit par substitution du gene LEU2-d de pVT101-L par le 

gène LEU2 de S. cerevisiae . Tout comme pVTIO1-L, YEpE8 1 possède une cassette 

contenant le promoteur ADHl de S currvisi~e. un site de clonage multiple, et la séquence 

3' du gène ADHI. Ce vecteur a permis de réaliser avec succès l'expression du gène GAL 

de S. thennophilus chez Schw occi&>rta(is. 

Le gène STA3 de Succharumyce.~ Jiusiaticzcs, codant pour une glucoamylase 

extracellulaire, a été clone dans Schw. occiderrialis DW88, et les transformants ont 

montre une masse cellulaire et une activité glucoamylase plus élevée que la souche 

DW88 sans le gène STA3. Le gene STA3 était controlé par son propre promoteur et 

contenait aussi son propre signal de sécrétion extracellulaire. La glucoarnylase 

recombinante de S. diasiotinrs sécrétée par Schw. occidentulis DW88 a montré un 

optimum de pH et de température semblable à ceux de la glucoamylase naturelle. La 

fraction principale d'activité glucoamylase a été détectée dans le milieu de culture liquide, 

très peu d'activité étant retrouvée dans les lysats celiulaires, ce qui démontre la forte 

capacité de sécretion extracellulaire de Schw. occidentalis DW88. 

Ces résultats démontrent que Schw. occidenialis semble être un bon candidat pour 

la production et la sécrétion de protéines hétérologues, et les codons préférentiels 



probables, de même que le logiciel PCBI peuvent faciliter l'étude moléculaire de Schw. 

occidentulzs. 
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PREFACE 

Claim of Original Research 

1. Schwanniomyces occidentalis DW88 is the first putative feu2 aux~trophic mutant of 

the yeast constructed. 

2. It is the first transformation systern utilizing Sacch~romyces cerevisiae LEU2 gene as 

genetic marker for the transformation of Schw. occidentalis. The LEU2 gene was 

widely used in yeast transformation, and vanous kinds of veaors were based on the 

LEU2 gene. Thus these developed LEUL-based vectors cm be applied in Schw. 

occidentalis D W88. 

O 
3. It is the first investigation that S. crrevisiae LEU2-d gene, which was used to construa 

high-copy-number vectors for S. cerevisiae, does not function in Schw. occidonialis. 

4. It is the first investigation to propose the putative preferred codons for Schw. 

acciden~aiis that facilitates evaluation of gene expression in the yean. 

5. It is the first study to calculate the codon bias index for each Schw. occidentalis cloned 

gene and heterologous genes expressing in the yeast. These results can assist in 

understanding gene expression in Schw occidimralis. 

6. PCBI is the first program reporred to autonomously calculate codon bias index and 

saves substantial analytical time. 

7. It is the first study to indicate that the S. crrevisiae ADHI promoter does function in 

Schw. occidentafis. 

8. YEpE8 1 is the frst expression vector specifically constructed for Schw. occidentalis. 



9. It-is the first study to show that a heterologous B-galactosidase gene (S. thermophilus) 

cm be expressed in Schw. occidentalis. 

1 0. Streptococnrs ~hennophilus P-galactosidase geiie i s the first one fiom food grade 

bacteria expressed in Schw. occidentalis. 
. . 

I l .  It is the first study to show expression of a gene (S. cerevisiae STA1) coding for a 

heterologous amylolytic enzyme in Schw. occidentdis. 

12. It is the first study to show that a heterologous signal sequence fùnctions in Schw. 

occidentalis, 

ssiii 



GENERAL INTRODUCTION 

Yeasts have been employed as systems for academic and industrial interests to 

perforrn molecular study and heterologous protein production. Thesq microorganisms 

possess a number of important advantages and characteristics: 

1) simple eucaryotes that have sirnilar biological metabolisms such asw mRNA 

splicing mechanisrn, protein maturation, etc. to higher eucaryotes, 

2) rapid growth in simple medium to high cell. density by current fermentation 

techniques, 

3) more advanced genetics and biochemistry than any other eucaryotes, 

4) weli develo ped and easi 1 y mani pu lated recombinant DNA techniques, 

5) extracellular proteins which facilitates protein purification and reduces toxic 

shock to the yeast hosts, 

6) easier mutation analysis than other higher eucaryotes, and 

7) non-toxic products. 

Although the major study of yeast genetics was concentrated on Saccharomyces 

cerevisiae. the yeast has certain limitations, rendering protein productions difficult due to: 

1) low produa yields, even with a strong promoter (Buckholz and Gleeson, 1991), 

2) hyper-giycosylated proteins which might affect the protein characteristics 

(Lemontt et al,, 1985; Moir and Dumais, 1987; Van Arsdell et al,, 1987) and 

3) low efficient protein secretion when the protein is larger than 30 kDa (Smith et 

al., 1985; Jigami et al., 1986; Moir and Dumais, 1987; De Nobel and Barnett, 

199 1). 

Thus, other yeasts have been studied to replace S. cerevisàe as hosts to produce 

heterologous proteins. Dunng the iast 10 years, the major studies of non-Saccharomyces 

yeasts in biotechnoiogy have been focused on Candida spp., Hünsenula polymorpha, 

Kluyveromyces Iactis, Pichîa pastoris, and Schizosaccharomyces pombe (Reiser et al., 

1990; Buckhoh and Gleeson, 1991). Based on the howledge and rnolecular techniques 

of S. cerevisiae, progress toward the molecular study of non-Saccharomyces yeasts has 



been significant. 

Yeast Schwanniomyces occidentalis (Debqomyces occidentalis) was found in 

1909 (Klocker, 1909), and was described as a "super yeast" (Ingledew, 1987). The yeast 

is able to use cheap starch as a carbon source to grow with rapid growth rate and high ceIl 

mass (Moresi et al., 1983; Jamuna and Ramaknshna, 1989; Hom et al., 1992a,b), produce . 

strong amylolytic enzymes extracellularly and secrete large proteins (Ingledew, 1987) 

without hyper-glycosylation and measurable extracellular proteases (Deibel et al., 1988). 

This yeast was also suggested as a useful alternative to S. cerevisiae in the production of 

heterologous proteins. However, the molecular study of Schw. occidentalis is in a nascent 

stage, as it has few transformation systems and lacks gene expression information. 

In order to take advantage of the charactenstics of Schw. occidentalis to produce 

and secrete heterologous proteins, and nudy the heterologous gene expression in Schw. 

occidentalis, this research was conducted to eaablish a new host systern fo express 

heterologous genes, to produce and secrete heterologous proteins without any 

modification. and to investigate codon usage of the yeast. Thus, the objectives of this 

researc h are: 

1)toconst~ctanauxotrophicmutantofSchw.occiden~aiis; - 

2) to develop a transformation system of S'chup. occidentalis based on the mutant; 

3)  to study the codon usage of Schw occidr~italis and propose putative preferred codons 

for the yeast; 

4) to develop a program for autonomousiy caiculating codon bias index; 

5) to find a strong promoter and develop an expression vector for Schw. occidentalis; 

6) to audy heterologous gene expression in Schw. occidenta/is; and 

7) to study heterologous protein secretion in S c h .  occidentalis. 



1.1 TRANSFORMATION SYSTEMS OF NON-SACCHAROMYCES YEASTS 

This chapter was summarized as the publication entitled "Transformation systems 

of non-Saccharomyces yeasts" written by Tsung-Tsqn Wang and supervised by Dr. 

Byong H. Lee, who acted in an editorial capacity, evaiuated the manuscript pnor to 

submission to the journal. This paper was submitted to Critical Review in Biotechnoiogy. 

This chapter serves as a part of introduction to the thesis, showing the background for the 

research that was done and the reasons why this project was important. 

1.1.1 ABSTRACT 

This review describes the transformation systems including vectors, replicons, 

çenetic markers, transformation methods, veaor stability and copy number of 13 genera and 

3 1 species of non-Succharomyces yeasts. The first non-Saccharomyces yeast transformation 

reported is for Schizosaccharo~tlycespombe, which is also found to be the most genetically 

studied strain among yeasts The replicons of non-Saccharomyces yeast vectors are from 

native plasmids. chromosomal DNA and mitochondrial DNA of Saccharomyces 

cerevisiae, non-Saccharomyces yeasts, protozoan, plant, and animal. Vectors such as 

YAC, YCp. YEp, YIp, and YRp were developed for non-Saccharomyces yeasts. Forty- 

two kinds of genes fiom bacteria, yeasts, fungi, and plant were used as genetic markers, 

which could be classified into biosynthetic, dominant, and colored groups, to construct 

non-Succharomyces yeasts vectors. The LEU2 gene and G4 18 resistance gene are the two 

most popular markers used in the yeast transformation. So far, five methods such as 

spheroplast-mediating method, alkaline ion treatment method, electroporation, tram- 

kingdom conjugation, and biolisties have b e n  successfully developed for non- 

Saccharomyces yeast transformation. The first three are most widely used. The highest 



copy number detected from non-Saccharomyces yeasts is 60 copies in KZziyveromyces 

lacris. No general rule is known to illustrate the transformation efficiency, vector stabiiity 

and copy number in non-Saccharomyces yeasis, though factors such as vector 

composition, host grain, transformation method, and selective pressure might influence 
. - 

.them. 

1.1.2 INTRODUCTION 

Yeasts have been employed as systems for many basic questions in eucaryotic 

biology including gene expression and heterologous protein secretion for academic and 

industrial interests. Though the major study of yeast genetics has been concentrated on 

Saccharomyces cerevisiae. this yeast produces heterologous proteins with certain 

a disadvantages: 

1) low produn yields. even with a strong pronioter (Buckholz and Gleeson, 1991), 

2) hyperglycosylated proteins which might affect the protein characteristics (Lemontt et 

al., 1985; Moir and Dumais, 1987; Van ArsdeIl et al., 1987), and 

3) intraceliular or periplasrnic gene products when protein is larger than 30 KDa (Smith 

et al., 1985; Jigarni et al.. 1986; Moir and Dumais, 1987; De Nobel and Bamett, 199 1). 

In addition, as compared with other yeasts, S. cerevisiae is unlikely to have certain 

metabolic activities for alkanes, lactose. methanol. and xylose (Duvnjak et al., 1970; 

Sahm and Wagner, 1972; Mahoney et al.. 1975: Toivola et al., 1984), productions of 

arnino acids, amylolytic enzymes. citric acid. pigment (Abbott and Gledhill, 1971; 

Wilson and Ingledew, 1982). and wastewater treatment (Sato et ai., 1987). Thus, the 

molecular study has been extended into yeasts other than S. cerevisiae. In other words. 

the genetic engineering of non-Jàcchuromycrs yeasts for academic research and 

industrial applications becomes important. The achievements in gene cloning gene 

disruption, gene expression, gene regulation and protein production in non- 

@ Sacchmomyces yeasts have been significant in recent years. A d iab le  transformation 

system is the first requirement for these accomplishments on these yeasts. Afthough some 

literatures described non-Saccharomyces yeast transformation systems (Weber and Barth, 



1988; Klein and Zaworski, 1990; Reiser et al., 1990), no recent progress has been 

reviewed and thus an attempt was made to cover up-to-date information on the 

transformation systems of al1 non-Saccharomyces yeasts. The nomenclature of yeasts 

cited in this review was based on the current taxonomy (Kurtzman and Fell, 1998). Due 

to up-àate research, some yeasts have been re-classified. For .instance, ' Candido 

pseudotropicalis was consol idated into Klz~eromyces mcllxiams, HHaemda fabianii 

into Pichia fabianii, Hanseda polymopha into Pichia angusta, Kluyveromyces @agilis 

i nt O Kfuyveromyces manrianus, Schwannioinyces ~ccidentalis i nto De baryomyces 

occidentalis and Yamadzyma ohmeri into Pichia ohmeri. 

1.1.3 TRANSFORMATION FOR NON-SACCHAROMYCES YEASTS 

The transformation system of S. cerevisiar was first reported in 1978 by using a 

spheroplast-mediating method (Hinnen et al.. 1978; Beggs, 1978). Diferent methods 

such as alkaline ion treatment to make competent cells (Ito et al., 1983), electroporation 

(Hashimoto et al., 1985; Kambe et al., 1985). trans-kingdom conjugation (Heinemann 

and Sprague, 1989), biolistics (Armaleo et al.. 1990), and agitation with glass beads 

(Coaanzo and Fax, 1988) were then developed for S. cerevisiae transformation. From 

1981, several transformation systems based on the above rnethodologies have been 

reponed for at least 13 genera and 3 1 species of yeasts other than Saccharomyces. 

These non-Saccharomyces yeasts in Table 1.1.1 include Candida albicans ( K u n  

et al., 1986), Candida boidhii (Sakai et al.. 199 1 ). Candida glabrata (Mehra et al., 1992), 

Candida maltosa (Kunze et al., 1985). Ca~~Jidn tropkalis (Haas et al., 1 990), Candi& 
I 
1 utilis (Kondo et al., 1995). Crypfoqcc74.s rwofomans (Edrnan and Kwon-Chung, 1990), 

Deb. occidentalis (Klein and Favreau. 1 988). Khperomyces uestuarii (Chen et al., 19 89), 

Kluyveromyces luctis @as and Holienberg, 1982), K. m-anus (Das et ai., 1984), 

Kluyveromyces poljtporr~s (C hen et al., L 989), Kl~yveromyces fhennotolerarrr (Chen et 

al., 1 989), KIuyverumyces waltii (C hen et al., 1 9 89), Kluyveromyces wickerhamii (C hen 

et al., 1989), Pachysolen tannophilus (Wedlock and Thomton, 1989), Phma rhodozymu 



(Adrio and Veiga, 1995), P. mgusta (Gleeson et al., 1986; Roggenkamp et al., 1986; 

Tikhornirova et al., 1986), P. fabiunii (Kato et ai., 1997), Pzchia guilIiemondii (Kunze et 

al., 1985), Pichia rnethanolica (Kiep et ai., 1993), P. ohmeri (Piredda and Gaillardin, 

1994), Pichia pastoris (Cregg et ai., 1985), Pichia shpitis (Ho et al., 1991), 

Rhoàosporidium tomloides. (Tully and Gilbert, ' 1 98S), . ~ch~rosaccharmyces pombe * 

(Beach and Nurse, 198 l), Torula.sporo delbnreckii (Cornpagno et al., 1989), Tmlaspora . . 

pretoriensis (Oda and Tonomura, 1 999, Trichoporon cutaneum (GlumoE et al., l989), 

Yarrowia lipolytica (Davidow et al., 1985; Gaillardin et al., 1985), and 

Zygosacchaomyces rouxii (Sugihara et al., 1986). As shown in Table 1.1.2, 20 

transformation systems were developed in 1 9 8 0 ~ ~  and 11 transformation systems after 

1990. Schiz. pombe is the most studied species. Table 1.1.3 indicates variable application 

of non-Saccharomyces yeasts for academic study, fuel and food industry, or wastewater 

treatrnent. In panicular, K. lacfis, P. migusta, P. pastoris, Schiz. pombe, and Y. lipolyrica 

were used in the production of heterologous proteins (Reiser et al., 1990). 

1.1.4 VECTORS 

While some vectors used in transformation of non-Saccharomyces yeasts were 

originated from S. cerevisiae, the others were specifically designed for each species. 

Since vector amplification and DNA purification in Escherichia coli is much easier than 

those in yeasts, yeast vectors were developed as yeastlE. coli shuttle vectors, which can 

replicate in both yeast and E coii host cells. These vectors contain a replicon (replication 

origin) and a genetic marker functional in yeast and E. coli host cells, respectively. Thus, 

these vectors can shuttle back and fonh between these two organisms. One exception is 

Ylp (yeast integrating plasmid) type vectors, which contain no functional yeast replicon 

but integrate into yeast host chromosome. 



l.l.4.l Replicons 

The sources of repiicons responsible for vector replication in non-Saccharomyces 

yeasts included 1) yeast native plasrnids, and 2) autonomous replicatio~ sequences (ARS) 

from either chromosome or mitochondria (Table 1.1..1). Vectors with the former are . 

called YEp (yeast episomal plasmid), and with the latter Y~p*(yeast replicating plasmid). 

The yeast replicons of YEp were onginated from 1) 2-pm plasmid of S. cerevisiae 

(Table 1.1.4), and 2) native plasmids of non-Saccharomyces yeasts (Table 1.1.5). As 

shown in Table 1.1.4, the 2-pm plasmid replicon functioned in 10 non-Saccharomyces 

yeasts such as Deb. occidentalis (Klein and Favreau, 1988), K. Iactis (Das and 

Hollenberg, 1982), P. angusta (Gleeson et ai., 1986), P. pastoris (Cregg et al., 1985), P. 

stipilis (Ho et al., 1991). Pa. tannophilirs (Hayman and Bolen, 1993), Ph. rhodozyma 

(Adrio and Veiga, 1995). Schiz. pombr (Beach and Nurse, 198 1), T1sporaCI delbnteckii 

(Compagno et al., 1989). and T'spora. preforiensis (Oda and Tonomura, 1995), but not 

well in C. albicans (Kunz et al., 1986). C. gfabrafa (Mehra et al., 1992), and Rhodosp. 

rondoides (Tully and Gilbert. 1985). Native plasmid pGKLl (kl), pGKL2 (E), and 

pKD 1 were dkovered from K. lacfis (Gunge et al., 198 1; Chen et al., 1986; Faicone et 

al., 1986), pKWl fiom K. waltii (Chen et ai., 1992b), pSRYl fiorn T'spora delbiteckii 

(Nakata and Okamura, 1996). pSB 1. pSB2 and pSR1 h m  Zygosacchromyces bailii 

(Toh-e et al., 1984; Araki et al., 1985; Utatsu et al., 1987), pSB3 and pSB4 from 

Zygosacchaomyces bisponds (Toh-e et ai.. 1984; Toh-e and Utatsu, 1985), and pSMl 

from Zygmaccharomyces ferrnmtati (Utatsu et al., 1987). Nonetheless, only the replicons 

of pGKLl (De Louvencoun et al., 1983). pKD 1 (Bianchi et al., 1987; Chen et al., 1989; 

Bergkamp et al., 19931, pKWl (Chen et al., 1992b), pSRl (Araki and Oshima, 1989) and 

pSRY 1 (Nakata and Okamura, 1996) were used to conaruct yeast vectors (Table 1.1 -5 ) .  

These replicons not only functioned in homologous host cells, but also in heterologous 

host cells except pSRY1. The replicon of pGKLl functioned in K. lacfis (De 

a Louvencourt et al., 1983). and K. marxims (Sugisaki et al., 1985-), pGK.2 in K. 

momianus (Sugisaki et al.. l985), pKD 1 in K. aestuarii (Chen et al., 1989), K. Iactis 

(Bianchî et al., 1987), K. marxianus (Bergkarnp et al., 1993), K. poiysporus (Chen et al., 



1989), K. thermotolerms (Chen et al., 1989), K. waltii (Chen et al., 1989), K. 

wickerhmii (Chen et al., 1989). pKWl functioned in K. thermotolerans and K. waltii, 

but not in some KIuyveromyces species (Chen et al., 1992b), and pSRl expressed in 

Zygosacch. r o m  (Araki and Oshima, 1989). The replicons of pGKL1, pGKL2, pKD1, 

pKW1, and pSRl also expressed in S. cerevisiae (Gunge and Sakaguchi, 198 1; Araki et . 

al., 1985; Fujimura et al., 1987; Araki and Oshima, 1989; Chen et al., 1989; 1992b). - 

In eucaryotes, few hundred replicons (ARS - agtonomous replication sequence) 

are distributed throughout chromosomal and mitochondrial DNA. ARSs could function in 

vectors as DNA replication origins (Newlon, 1988; Williamson, 1985). The ARS sources 

used in non-Saccharomyces yeast vectors included yeasts (Tables 1.1.4 and 1 + 1 S), 

protozoan (Tetrahymena), plant (Papaver sornnijemm) and mouse (Roth et al., 1983). 

The non-Saccharomyces replicons were nomally located within a 3-kilobase (kb) DNA 

fragment (Table 1.1.6). Table 1.1.4 indicates that S. cerevisiae ARS-based vectors 

fùnctioned in 7 non-Saccharomyces yeasts: C. giubratu (Zhou et al., 1994), C. maltosa 

(Kunze et al., l987), Deb. occidentalis @ohmen et al., 1 gag), Pa. tannophilus (Wedlock 

and Thornton, 1989). Ph. rhodozyma (Faber et al., 1994), T'spora. delbrueckii 

(Compagno et al., 1989). and T'spora. prerorie~wis (Oda and Tonomura, 1995). As 

shown in Table 1.1.5, non-Saccharomyces yeast ARS were fiom 15 species: C. albicans 

(Cannon et al., 1992). C. boidinii (Sakai et al.. 1 993), C. glabrata (Mehra et al., l992), C. 

mahosu (Takagi et al.. 1986), C. troyimlis (Sanglard and Fiechter, L992), C. utilis 

(Tikhomirova et al., 1986). Deb. occide~zralis (Dohmen et al., 1989), K. lactis (Das and 

Hollenberg, 1982), P. atlpsla (Roggenkamp et al., 1986; Tikhomirova et al., 1986), P. 

ohmeri (Piredda and Gaillardin. 1994), 1'. pasfurrs (Cregg et al., 1987; Sreeicrishna et al., 

1987), P. stipiiis (Yang et al., 1994). Schiz. pornbr (Sakaguchi and Yamamoto, 1982), Y. 

lipo&tfca (Meilhoc et al., 1990), and Zypsacch. baiIii (Sugihara et al., 1986). These ARS 

functioned not only in homologous host cells but also in heterologous hoa cells. The 

AIlSs fkom C. utilis, K. laclis, and Zypsacch. bailii could express in P. angustu, K. 

marrianus, and Zygosacch. rouxii, respectively @as et al., 1984; Sugîhara et ai., 1986; 

Tikhomirova et al., 1986). Furthemore, the ARSs from C. boidmii (Sakai et al., 1993) 

and K. Iuctis (Sreekrishna et al., 1984) functioned in S. cerevisâe, but not al1 yeast RRSs 



allowed vectors to replicate in ail non-Saccharomyces yeasts. The ARS from S. cerevisiae 

did not express in C. boidinii (Sakai et al., 1991), K. lactis @as and Hollenberg, 1982), 

and a zygosacch. bailii ARS expressing in S. cerevisiae did not tùnction in Zygosacch. 

rotmi. Another Zygosacch. bailii ARS expressed in Zygosacch. rourii and S. cerevisiae, 

but not effectively in Zygosacch. baiiii itself (Sugihara et al., 1986). As surnrnarized fiom 

the above, five non-Saccharomyces yeasts, Deb. occidentalis, Pa. tannophilus, Ph. 

rhodozyma, T'spora delbrueckii, and T'spora pretoriensis allowed both 2-pm replicon 

and S. cerevisiae ARS to function. However, K. lactis.perrnitted the replication from 2- 

Pm, but not from S. cerevisiae ARS. Besides yeasts, the ARSs of plant and protozoan 

expressed in K. Iactis (Farkasovska, 1993) and Schiz. pombe (Luehrsen et al., 1988), and 

a mouse ARS fùnctioned in Schiz. pombe (Roth et al., 1983). These results suggest that 1) 

diverse ARSs in non-Saccharomyces yeasts have complex function, and 2) DNA 

replication mechanism appears to be similar among some eucaryotes, but expression of 

ARS is more stringent than 2-pm. Thus, selecting an ARS to construct vectors for non- 

Smcharomyces yeasts seems empirical. 

YCp (yeast centromeric plasmid) containing a yeast centromere improves vector 

stability, but reduces vector copy number to about one per ceIl in S. cerevisiae (Dani and 

Zakian, 1983). In non-Saccharomyces yeasts, S. cerevisiae CEM and CEN4 were applied 

in C. glabrata (Zhou et al., 1994), C. maltosa (Kunze et al., 1987), K. lactis (Chen et al., 

1996) and T'sporu. preroriemis (Oda and Tonomura, 1995), respectively. Moreover, a C. 

giubruia CEN (Kitada et al.. 1 996). C. maltosa CEN, K. lactis CEN2, and Schiz. pom be 

CEM were used in their own host cells (Murakami et al., 1995; Ohkuma et al., 1995; 

Zonneveld and van der Zanden, 1995; Chen et al., 1996; Nakazawa et al., 1997). Besides, 

yeast minichromosomes ( a h  called as yeast anifical chromosome, YAC) of more than 

270 kb, 36-1 10 kb and 500 kb were transferred into Cr. neofonnms (Varma and Kwon- 

Chung. 1994) and Schiz. pombe (Allshire. 1990; Murakami et al., 1995). respectively. 

Yeast vectors without functional yeast replicons are called YIp (yeast integrating 

plasmid), and integrate into yeast host chromosome due to the homologous 

recombination of target sequences existing at vectors and host chromosomal DNA. 



Usually, genetic markers on vectors were used as the target sequences. Recently, in C. 

utilis (Kondo et al., 1995), K. lactis (Bergkamp et al., 1992; Rossolini et al., 1992), Ph. 

rhodozyma (Kim et al., 1998; Wery et al., 1997), and Y. Iipoljtic~~ (Le Da11 et al., 1994), 

nbosomal DNA (rDNA) was applied as target sequence to perform multiple integration 

of vectors into host chromosome. 

Table 1.1 -7 indicates that YAC, YCp, YEp, YIp and YRp vectors were applied for 

non-Saccharomyces yeast transformation, but not all of them were used for each non- 

Saccharomyces yeast. YIp vectors constructed by deleting the yeast replicons fiom yeast 

vectors were available for al1 non-Saccharomyces yeasts mentioned. YRp, YEp, YCp and 

YAC were utilized for 18, 17, 4 and 2 non-Saccharomyces yeasts, respectively. Arnong 

thern, Schir. pombr owned the most type of vectors for its transformation. Nonetheless, 5 

non-Sacctinromyces yeasts: C. urilis, P. jabtanii, P. guifliennondii, P. me thanolica, 

a Rhodosp. tomloides, and Tr. cutaneicm used YIp vectors only for transformation. 

1.1.4.2 Genetic Markers 

A genetic marker is one of the required elements on a vector for selection of 

transfonnants. As s h o w  in Table 1.1.1. at least 42 kinds of genetic markers were used in 

non-Saccharomyces yeast transformation. They were from 1) S. cerevisiae (Table 1.1.8), 

2) non-Saccl~uromyces yeasts (Table 1 .1  -9). and 3) organisms other than yeasts (Table 

1-1-10). These genetic markers could be classified into three groups: 1) 30 biosynthetic 

genetic markers, 2) 1 1 dominant genetic markers. and 3) 1 color formation marker. 
C 

Tablc 1.1.8 showed that 14 biosynthetic genetic markers and 2 dominant genetic 

markers used for non-Saccharomyces yeast transformation were from S. cerevisiae. The 

biosynthetic ones including ADEl (Zonneveld and van der Zanden, 1995), ADE2 (Hiep et 

al., 1993), ARG4 (Kunze et al.. 1985). A TP;? (Boutry and Douglas, 1983), CANl (Ekwall 

a and Ruusala, 199 l), CDC9 (Barker and Johnston, 1983), HIS3 (Strasser et al., 1989), 

illS4 (Cregg et ai., 1985), LEU2 (Beach and Nurse, 198 l), LYS' (Gaillardin et al., 1985), 

RAD2 (McCready et al., 1989). TRPl @as and Hollenberg, 1982), îRP5 (Dohmen et al., 



1989), and Ut43 (De Louvencourt et al., 1983). These genes complemented 

corresponding mutated alleles in at least 16 non-Saccharomyces yeasts (Table 1.1.8). The 

dominant genetic markers from S. cerevisiae were SUC2 and H Z 2  genes, which were 

applied in P. pastoris (Sreekrishna et al., 1987), Y. ZipoZytica (Nicaud et al., 1989) and Pa. 

tmnophilus (Wediock and Thornton, 1989), respectively. P. pastoris and Y. iipolytica 

could not use sucrose as the sole carbon source to grow. The induction of the SUC2 gene 

rendered these two yeasts able to utilize sucrose for their growth. A glucose negative 

mutant of Pa. tannophilus survived in the presence of . - D-glucose or D-mictose by the 

introduction of a S. cerevisiae H Z 2  gene. Arnong these S. cerevisiae genetic markers, 

the LEU2 gene was the most widely used for 13 non-Saccharomyces yeast transformation 

systems. 

Up to now, at least 26 yeast genetic markers from 20 non-Saccharomyces yeasts 

were used for transformation of 21 non-Saccharomyces yeasts (Table 1.1.9). Among 

them, 21 were biosynthetic markers, 4 dominant markers and 1 color formation marker. 

The biosynthetic markers included ADEl (Hiep et al., 1993), ADE2 (Kunz et al., 1986; 

Klein and Favreau, 1988; Sanglard and Fiechter, 1992; Toffaletti et al., 1993; Hanic- 

Joyce and Joyce, 1998). ARG3 (ARGB) (Ochsner et al., 1991; Waddell and Jenkins, 

1995), ARG5,6 (Negredo et al.. 1997). ARGA (Reiser et al., 1994). HiSl (Negredo et al., 

1997), HIS3 (Burke and Gould, 1994; Bogdanova et al., 1995), HIS4 (Cregg et al.. 1985). 

HIS5 (Hikiji et al., 1989). HISI - ( ~ ~ o l i n a r i o  et al., 1993), M 3  (Kahler et al., 1997), 

LEU1 (Keeney and Boeke. 1994). LEU? (Davidow et al., 1985; Piredda and Gaillardin, 

1994; Bogdanova et al., 1995). LYS1 (Beach et al.. 1982), PAL (Tully and Gilbert, 1985), 

TRPl (Kitada et al., 1996). TRP3 (Bogdanova et al., 1995), UR41 (Sakaguchi and 

Yamamoto, 1982), LOU3 (Haas et al.. 1990; Gellissen et al., 1991; Sakai et al., 1991; 

Cannon et al., 1992; Piredda and Gaillardin. 1994; Zhou et al., 1994; Yang et al., 1994; 

Kato et al., 1997), LIR44 (Grimm and Kohli, 1988; Grimm et ai., 1988), and LIRA5 

(Edrnan and Kwon-Chung, 1990). These genetic markers were h m  17 non- 

Saccharomyces yeasts and applied in homologous host ce11 transformation by 

complementing corresponding auxotrophic mutants (Table 1.1.9). The 4 dominant 

markers were GALl (Gorman et al., 199 l), U C 4  @as and Hollenberg, 1982), cadmium 



resistimce gene (Coblenz and Wolf, 1994), and cycloheximide resistance gene (Kondo et 

al., 1995). They were fiom C. albicans, C. utilis, K. lactis,.Ph. rhodozyrna, and Schiz. 

pombe and utilized in the transformation of C. albicans, C. utilis, K. lactis, Ph. 

rhodoqma, Schiz. pombe, and T'spora. delbrueckii. The GALl gene was used to rescue 

gur mutant of C. albicms on galactose (Gorman et al., 199 l), while the U C 4  gene made * 

lac4 mutant of K. lactis grow in lactose as the sole carbon source @as and Hollenberg, 

1982). The color formation marker was ATX from Ph. rhodoqrnu and used in 

homologous host ce11 transformation (Martinez et al, 1998). However, ATX marker 

provided a a 3  and atw5 mutants red color developrnent, but not a strong strategy to screen 

transformants. The IIRA3 gene was the rnost widely used genetic marker for 9 non- 

Saccharomyces yeast transformation among these genetic markers from non- 

Saccharomyces yeasts. 

Furthermore, 7 kinds of genetic rnarkers used in non-Saccharomyces yeast 

transformation were fi-orn organirrns other than yeasts (Table 1 1.10). Two biorynthetic 

markers were ARGB gene from AsprrgiIl~~s ~lidulans (Ochsner et al., 1991) and PPI gene 

From plant, Arabidopsis rhaliuna (Nitschke et al., 1992). Five dominant markers were 

aureobasidin resistance gene from Airreobasidium ptrilulms (Hashida-Okado et al., 1998), 

blasticidin S resistance gene from Asprrgihrs /erreus (Kimura et al., 1994), G418 

resistance gene from E. coli (Das and Hollenberg, 1982). hygromycin resistance gene 

from E. coli (Cordero and Gaillardin, 1996) and phleomycin-resistant gene (Gaillardin 

and Ribet, 1987) from E. coli as weil as Strt,pfoalZofeichus hindustamrs (Glumoff et al., 

1989). These genetic markers were controlied by either their own promoters or eucaryotic 

promoters and used for transformation of 16 non-Succharomyces yeasts. G418 resistance 

gene expressed in non-Saccharomyces yeasts by its own promoter except in P. angustu 

and Schir pombe. In these two yeasts. S. cerevisiar ADHl promoter (Lang-Hinrichs et al., 

1990; Janowicz et al., 1991; Merckelbach et al., 1993) or a cauliflower mosaic virus 

promoter (Grnunder and Kohli, 1989) controlled G418 resistant gene. The SV40 early 

a promoter controlled the A~per~2Iu.s blasticidin S resistant gene functioning in Schiz. 

pombe (Kirnumura et al., 1994). The promoter and tednator  of Y. Iipolyria P R 2  gene 

expressed the hygromycin-resistance gene in Y. Iipolylica (Cordero and Gaillardin, 1996). 



The Y. lipolytica LEU2 promoter controlled the expression of E. coli phleomycin- 

resistant gene in Y. lipolyrica (Gaillardin and Ribet, 1987). Moreover, in Tr. cutaneum, 

the E. colz hygromycin resistance gene and ~trepoalloteichus hindustams phleomycin 

resistance gene were controlled by the GPD promoter and the W . C  temiinator of 

AspergNus niduians (Glumoff et al., 1 989). Among . t hese dominant markers, 'G4 18 

resistance gene was the most common for 13 con-Saccharomyces yeast transformation, 

For using biosynthetic genetic markers, corresp.~nding auxotrophic mutants were 

required and constructed by mutation that is time-consuming. On the other hand, it is 
A 

relatively simple to utilize dominant genetic markers in transformation, but not all yeasts 

could be the hosts for dominant markers. C. albicms and T'spora. delbrueckii were 

naturally resistant to G418, and thus G418 resistant gene can not be used for these yeast 

transformation (Kunz et al., 1986; Nakata and Okamura, 1996). Table 1.1.7 indicates that 

only 13 non-Succharomyces yeasts used bot h biosynthetic and dominant markers for their 

@ transformation, and the other 18 non-Saccharomyces yeasts utilized only one kind of 

genetic marker for transformation. Among non-Saccharomyces yeasts, Schir. pombe used 

the most genetic markers. Neither biosynthetic nor dominant markers were used for al1 

non-Saccharomyces yeast. Biosynthetic and dominant rnarkers functioned in 25 and 19 

non-Succl~aromyces yeasts. respectively, and .color formation marker was used only i n  Ph. 

rhodozyme . 

1.1.5 TRANSFORMATION METHODS 

Transformation methods of S. cerevisÏae contain spheroplast-mediating method, 

competent ce11 method, electroporation, conjugation, biolistics, and agitation by glass 

beads. Table 1.1 .1  1 shows that the first 5 methods were successfully applied for non- 

Saccharomyces yeast transformation, but no publication found mentioned on the agitation 

a by glass beads which was used in non-Sacchwomyces yeast also. None of non- 

Saccharomyces yeasts possessed a11 these transformation methods, while no particular 

kind of the transformation rnethods was prevalent for al1 non-Saccharomyces yeasts. 



Conjugation and biolistics methods were used for 4 and 1 non-Succharomyces yeast, 

respectively. Competent cell, electroporation, and spheroplast were the main methods 

appiied for 20, 17, and 21 non-Succhmomyces yeasts, respectively. While I I  non- 

Saccharomyces yeasts used al1 of three methods, 14 non-Saccharomyces yeasts utilized 

only one of -them for transformation. The basic principles and procedures of these 

methods for non-Saccharomyces yeasts are similar to those for S. cerevisiae. . 

Electroporation method normally resulted in the highest transformation efficiency up to 

1 O' transformants per pg DNA (Sanchez et al., 1993) than other methods. One exception 

was in P. fabianii transformation, which showed about 4-fold higher efficiency in 

competent cell method than in electroporation (Kato et al., 1997). Although 

electroporation was the most efficient rnethod, and competent ce11 was a simple way to 

perform, the spheroplast-mediating method seemed to be the most widely used in non- 

Saccharomyces transformation. It is probably due to an easy and reliable technique to 

prepare and regenerate spheroplasts (protoplast) and transfer vector DNA into 

spheroplasts (protoplast). Campared with spheroplast-mediating method, competent ce11 

rnethod saved considerable time and gave neariy comparable transformation efficiency. 

The trans-kingdom conjugation method has been used for K. lacris, P. angusta, and Pa. 

ran~~opl~ii t~s (Hayman and Bolen, 1993), and Schiz. pornbe (Sikorski et al., 1990). Vector 

YEpl3 was transferred from E. coii into these yeasts with a rnobilizing vector pDPT5 1 

carried by E. coli. A big YAC was successfully introduced into S. cerevisiae by trans- 

kingdom conjugation (Mahmood et al.. 1996). but no report indicated that YAC could be 

introduced into non-Saccharomyces yeasts by this method. The biolistics only occurred in 

Cr. neoformas (Toffaletti et al., 1993). Some transformation methods of non- 

Sacchuromycrs yeasts have been improved continuously to be easier, more simple and 

efficient than before, especially for Schk. pombe. A method keeping Schiz. pornbe 

spheroplasts in ffeezing condition at -70 O C  provided transformation efficiency of le 

transformants per pg DNA as usual afier 1-year storage (Jirnenez, 1991; Zhao et al., 

1993). Additionally, the transformation efficiency of Deb. occidentalis, K. lactis, P. 

a .  angusta, and Schir. pombe after long-term storage of competent cells at -70 OC for 

several months did not significantly decrease (Dohmen et al., 1991). One-step 

transformation, an improved competent ce11 method, was developed for Y. Iipolyrica and 



Sc&. pombe with transformation efficiency of los and 104 transformants per vg D N q  

respectively (Chen et al., 1992a; 1997). A similar simple method was also developed for 

P. mgusta with transformation eficiency of lo5 transformants per pg DNA (Berardi and 

Thomas, 1990).To increase transformation efficiency, liposome and polylysine were used 

for the transformation of Schiz. pombe with-a big minichromosome (Allshire, 1990) and 

T'spora. delbnreckii (Nakata and Okarnura, 1996), respectively. 

. . 

1.1.6 TRANSFORMATION EFFICLENCY 

No general rule can be applied to summarize transformation efficiency of non- 

Saccharomyces yeasts, as the transformation results were rnostly obtained from different 

experiments with different transformation methods, vectors, and host cells. Therefore, 

this review discusses anly few typical phenornena, but not cases covenng al1 non- 

Saccharomyces tranrformat ion rystemr . Transformation eaciency was found t o  be 

affected by factors including vector D N 4  host strain, spheroplast (protoplast) 

regeneration, and transformation method. 

1.1.6.1 Vector DNA 

In general, non-Saccharomyces yeasts showed less transformation efficiency with 

YIp-type vectors than with YCp-, YEp-. and YRp-type vectors that is similar to that of S. 

cerevisiae. Although heterologous ARSs tùnctioned in non-Sacchmomyces yeasts, 

homologous ARIis seemed to offer higher transformation eficiency than heterologous 

Al&. This phenornenon was observed from P. artgusta (Sierkstra et al., 1991) and Deb. 

occidenialis (Dohmen et al., 1989). In P. angustu, YEp (with 2-pm replicon), YRp (P. 

angusta ARS) and Ylp vector rendered P. angusta transformation efficiency of 2, 50, and 

15 transformants per pg DNA, respectively. This suggests that 2-pm replicon has a 

a negative effect on transformation eficiency for P. angustu (Sierkstra et al., 1991). In 

another case, P. mgustu ART-containing vector offered 10-fold higher transformation 

efficiency than S. cerevisiae ARS-containing vector (Roggenkamp et al., 1986). In Deb. 



occidenralis, S. cerevisiae 2-prn replicon and ARS-containing vectors gave transformation 

efficiency of 10' and 10' transformants per pg D N 4  respectively. However, the 

transformation efflciency was increased up to 103 transformants per pg DNA when a Deb. 

occidentalis ARS-containing vector was used @ohmen et al., 1989). Furthemore, 

different AR% provided different effects on transformation eflciency. ~ e c t o r s  containing 

different ARI;s ffom K. lactis provided K. lactis transformation eflciency in difference of 

10 folds @as and Hollenberg, 1982; Sreekrishna et al., 1984; Chen et al., 1992b; 1996). 

Different P. angusta ARli showed diverse transformation efliciency from 10' to 10' in P. 

angusta (Sohn et al., 1996). The sources of genetic marker might also affect 

transformation efficiency. Vector pYM3 with S. cerevisiae HIS4 gave P. pastoris 100- 

time more transformation efficiency than pYM4 with P. pastoris HIS4 (Cregg et al., 

1985). The transformation eficiency of YIp was increased by using linearized form of 

vectors, and examples included in C. tiiilis (Kondo et al., 19951, C. glabruia (Hanic- 

Joyce and Joyce, 1 998), P. atqpsta ( 1 5 folds higher) (Faber et al., l992), P. fabianii (8 

folds higher) (Kato et al., 1997). P. sripiriS (1.5 folds higher) (Yang et al., 1994) and P. 

ohmeri (4 folds higher) (Piredda and Gaillardin. 1994). 

1.1.6.2 Spheroplast (protoplast) 

S pheroplast (protoplast) regeneration was supposed to affect transformation 

eficiency. Vector PTY75 (YEp type) had lower transformation efficiency in K. lactis 

than in S. cerevisiue: many K. lacrrs showed 10-tirnes lower eficiency of protoplast 

regeneration than S. cerrwsiae (Das and Hollenberg, 1982). In Ph. rhodorymcz, the 

optimal incubation time for spheroplast regeneration in non-selective medium was about 

36 hours. When incubation time was more or less 36 hours, the transformation eficiency 

reduced (Adrio and Veiga, 1995). The highest transformation eficiency of K. lactis was 

obtained when the protoplast was incubated in non-selective medium for 24 hr before the 

addition of G4l8 into medium. This indicates that K. lactis protoplast regeneration might 

a not be strong enough to resist G418 attack before 24-hour incubation (Bianchi et al., 

1987). 



1.1.6.3 Host Strains 

Some transformation eficiency was strain-dependent. With the same method, the 

transformation efficiency of pYe (ARG4)411 in P. guilliemondii was higher than in S. 

cerevisiue and in C. maltosa (Kunze et al., 1985). This effect also accurred among P. 

angusta (Faber et al., 1994), K. lactis (Chen et al.. 1989), and Ph. r h o d o y a  (Adrio and 

Veiga, 1995). The transformation eflciency of vectors, YEp24 (with 2-prn replicon) and 

YRpHl (with S. cerevisiae ARS) in T'qora. pretoriensis were similar, but less than those 

in S. cerevisiae (Oda and Tonornura, 1995). 

1.1.6.4 Transformation Methods 

Although long term cryo-storage of Schir. pombe spheroplasts at -70°C did not 

significantly affect the transformation efficiency (Jimenez, 199 1; Zhao et al., 1993), the 

storage of P. ongust~ cornpetent celis at -84 O C  ieduced transformation efficiency by 2-5 

folds (Faber et al., 1994). This indicates that -80 O C  is not suitable for maintenance of 

yeast competent cells. Liposome and polyiysine also enhanced transformation eficiency. 

Liposome helped to introduce a minichromosome larger than 500 kb into Schiz. pombr 

with a 50-times higher efficiency than before (Allshire, 1990). With polylysine treatment 

of protoplast, the transformation efficiency of T'spora. delbmeckii increased by 3,000 

folds (Nakata and Okamura 1996). 

1.1.7 VECTOR STABILITY 

Vector or plasmid stability is defined as a ratio of the number of cells remaining a 

transfonned phenotype among an amount of cells after growing in non-selective 

conditions for certain generations. Instability of vector in the absence of selection 

a pressure is a universal problem. Like transformation efficiency, there is no general rule to 

explain vector stability in non-Saccharomyces yeasts. Most vector stability obtained was 

fiom different experiments with diverse vectors, host cells, and determining methods. 
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However, in some cases, vector stability in non-Sacchaomyces yeasts was influenced by 

factors including additional gene, ARS, DNA form and size,.genetic marker, hoa, vector 

composition, and vector type. 

Vector Type 

. . 

integrating vectors showed higher stability than replicating vectors in non- 

Saccharomyces yeasts. Moreover, centromeres made .vectors very stable in yeast host 

cells. For example, the stability of YCp vectors reached 93 % after 10 generations in C. 

ghbrata (Kitada et al., 1996). In C. maltosa and T'spora. pretoriensis, the stability of 

both YEp- and YRp-type vectors was less than that of YCp-type vectors (Oda and 

Tonomura, 1995; Ohkuma et al., 1995). 

1.1.7.2 Vector Composition 

Vectors based on S. cerevisiar 2-pm plasmid have different stability in different 

non-Succharomyces yeasts. The 2-pm plasmid contains a replicon and three regions, 

REPI, REP2 and STB (REP3) genes required for plasmid amplification and stable 

maintenance. The replicon and STB gene are cis-acting, but REPl and REP2 genes trans- 

acting. The 2-pm plasmid-containing vectors usually possess its replicon and the STB 

gene, but not REPl and ER2 genes. Thus. a S. cerevisiae with 2-pm is essential to 

stably maintain 2-pm-based vectors. Otherwise. in a host ce11 without the 2-pm plasmid, 

the vectors have only normal amplification. but poor partition resulting in low stability 

(Soidla and Nevzgliadova, 1987). The stability of 2-pm-based vectors in non- 

Saccharomyces yeasts tended to be either high or low. M e r  10 generations, the stability 

of pTY75-LAC4 was 50 % in K. Iactis (Das and Hollenberg, 19821, YEp13 was 68 % in 

Pa. tannophilus (Hayman and Bolen. 1993), pYA2 and pYA4 was 10 % and 29 %, 

respectively, in P. pastoris (Cregg et al., 1985). On the other hand, pYAS1, pLK1, and 

a YEp24 had less than 10 % of stability in Deb. occiden~aZÏs and T'sporu. delbrueckii, 

respectively (Compagno et al., 1989; Dohmen et al., 1989; Oda and Tonomura, 1995). 

These results imply that K. lactis and Pa. tannophilus provided REPL and REP2-like 



functions to stabilize the 2-pm based vectors, but Deb. occidentalis, P. pastoris, and 

T'spora. delbrueckii iacked the REPI- and REPZ-like functions. 

The trans-acting complement also appeared in some non-Saccharomyces yeast 

plasmids, such as pKDl and pKW1. Vectors pCXJ-Kan1 and KEp6 contained whole 

sequence and only the replicon of pKDl (Chen et al., 1989). Similarly, pKWC11 and 

pMCK3 possessed entire sequence and only the replicon of pKWl (Chen et al., 1992b). 

These vectors were introduced into K. lactis without pKDl and K. waltii without pKW1, 

respectively. After 20 generations, pCXJ-Kan1 and pKWC 1 1 had almost 100 % of . 

stability, but the stabilities of KEp6 and pXXK3 were about 10 % and 1 %, respectively. 

Some domains of these two native plasmids seern to encode trans-acting proteins required 

for vector amplification (Chen et al., 1989; 1992b). However, the trans-acting 

complement was not clear from other non-Saccharomyces plasmid pSRl (Araki et al., 

1985). Moreover, the plasmid pGKLl replication requires the presence of pGKL2 

(Gunge et al., 1982), and thur a host carrying pGKL2 was required for pGKL1-based 

vectors. 

1.1.7.3 ARS 

Diferent ARS performed various effects on vector stability in some non- 

Saccharomyces yeasts. The stability of S. cerevisiae ARS-containing vectors in non- 

Saccharomyces yeasts was not high. In C. glabruta, after 10 generations, the stability of 

pMIR4 (with S. cerevisiae mitochondrial AR' was 33%, while no cells maintained 

p ~ ~ 3  16 (with S. cerevisiae ARS) (Hanic-Joyce and Joyce, 1998). Moreover, YRp7TR.5, 

pUK7, and YRpHl had low stability in Deb. occidentalis (1 %), in T'spura. delbrueckii 

(10 %), and in T'spra. pretoriemis (1 0 %) afker 8 or 15 generations, respectively 

(Compagno et al., 1989; Dohmen et al.. 1989; Oda and Tonomura, 1995). However, not 

al1 S. cerevisiae ART fùnctioned in al1 non-Saccharomyces yeasts. Vector YRp7 only 

a behaved as a Mp-type vector inregrating into K. lactis chromosome @as and Hollenberg, 

1982). The results suggest that the DNA replication mechanisms of S. cerevisiae are 

different from that of non-Saccharomyces yeasts, and thus S. cerevisiae AR§ did not 



function well in some non-Saccharomyces yeasts. In K. Iactis, the stability of vectors 

with divers K. Iactis ARS ranged fiom O to 29 % &et- 10 generations @as and 

Hollenberg, 1982), and fiom 0. 3 to 5 % after 20 generations (Sreekrishna et al., 1984). 

On the other hand, vector stability not affected by different ARS was found in P. angusta 

. . (Roggenkamp et .al., 1986); P. pastoris (Cregg et ai., 1985), and T'spora. pretorzensis 

(Oda and Tonomura, 1995). Homologous ART seemed to have higher vector stability than 

heterologous one. For instance, vectors with Deb. occidentufis ARS had the highest 

stability (10 - 20 %) than ones containing S. cerevisire 2-pm replicon (5 - 10 %) or S. 

cerevisiae A R S  ( 1  %) in Deb. occidentalis after 1 5 generations. Besides, the vector with 

Deb. occidentalis ARS also had higher transformation eficiency and higher copy number 

than ones with S. cerevzsiae ARS or 2-prn replicon (Dohmen et al., 1989). It means that 

the vector stability is associated with transformation and copy number. Additionally, after 
- 10 generations, in P. pastoris. vectors with P. pastoris A R S  showed higher stability than 

ones with 2 y m  replicon (Cregg et al., 1985). These observations could be considered as 

further evidence to elucidate that 1) A R S  expressing in non-Saccharomyces yeasts is 

cornplex, 2) among eucaryotes, there is a similar DNA replication mechanism, and 3 )  it is 

empirical to choose an ARS for constructing non-Saccharomyces yeast vectors. 

1.1.7.4 Hosts and other factors 

In some cases, vector aability depended on non-Saccharomyces yeast host cells. 

Vector pCXJ-kanl showed different stability frorn 21 to 100 % after 10 generations in 

different Kluyveromyces strains such as K. arsttrarii. K. mansianus, K. thennotoleram, K. 

walfii, and K. wickerhamii (Chen et al., 1989; 1992b). After 12 generations, the stabilities 

of pYe(ARG4)44 1 in S. cerevisiae, C. maltosa, and P. guilIiermondii were 89 %, 79 %, 

and 48 %, respectively (Kunze et al.. 1985). The results suggest that these yeasts 

provided components required for DNA replication with different eficiency for specific 

replicons. 

The source of genetic marker can also be one of the factors affecting vector 

stability. Vector pYA2 (with S. cerevisiae HIS4) and pYA4 (with P. pasloris HIS4) 



possessed 10 % and 29 % of stability, respectively, after 10 generations (Cregg et al., 

1985). It was proposed that homologous genetic markers are better than heterologous 

ones for vector stability. . 

In Schiz. pombe, circular minichromosome had less stability than linear 

rniqichromosorne, and becarne unstable with increakng in size (Murakami et al., 1995). 

The circular or large minichrornosome may not be suitable for spindie attachment and 

segregation during mitosis. . . 

With assistance of additional genes, vector stability was improved in two cases. In 

Schiz. pombe, to stably maintain a minichromosome required high expression of a TOP2 

gene encoding type II DNA topoisornerase (Murakami et al., 1995). In addition, a DNA 

fragment including a STB locus and its adjoining region gained higher vector stability in 

P. angzrsta by 70 times (Bogdanova et al., 1998). 

1.1.8 VECTOR COPY NUMIIER 

Vector copy nurnber is responsible for gene dosage camed by the vector that, in 

turn, relates to the yield of protein production. High gene dosage is expected by industry 

when the high gene expression does not darnage to host cells. Table 1.1.12 Iists some 

vector copy nurnber fiom 12 non-Sacchuromycrs yeasts. The vector copy nurnber ranged 

ftom 1 to 142 (Chen et al.. 1996). which is less than 200 found in S. cerevisiae (Lopes et 

al.. 1991). Although it is dificult to make a generai rule on vector copy nurnber in non- 

Saccharomyces yeasts due to few results collected, it appears that the presence of rDNA 

and selective pressure could increase vector copy number in non-Succhmomyces yeasts. 

Vectors integrating or replicating hrd no clear effect on vector copy number in 

a non-Sacchmomyces yeasts, because it depends on the integration number and the 

replicon property. In C. maltosa, YRp vector had higher copy number than YCp vector 

(Ohkuma et al., 1995). Nonetheless, in P. pastoris, YEp and YRp vectors contained less 



copy number than Yip vector, which oEered multiple integration (Cregg et ai., 1985; 

Clare et al., 1991a,b). 

S. cerevisiae ART played ambiguous eEects on vector copy number in non- 

. Saccharomyces yeasts. In C. albicam, vectors with S. cerevisiae ARS had higher copy 

number than ones with homologous ART (Hanic-Joyce and Joyce, 1998; Cannon et al., 

1992; Mehra et al., 1992; Zhou et al., 1994). However, in Deb. occidentalis and P. 

pastoris, S. cerevisiae ARS negatively influenced on vector copy number (Cregg et al., 

1 98 5; Dohmen et al., 1989). In Deb. occidentalis, vectors with Deb. occidentalis A H  had 

the highest copy number (10) than those containing S. cerevisiae 2-pm replicon (3) or S. 

ccrevisiue A R S  (1) @ohmen et al., 1989). Moreover, in P. pastoris, 2-pm-based vector 

had 6-copy number, but P. pasturis AR(i increased the copy number up to 13 (Cregg et al., 

1985). 

rDNA and selective pressure gave positive effect on vector copy number. Regular 

integration rendered lower copy number of 1-19 (Clare et al., 1991a,b; Sierkstra et al., 

1991: Keeney and Boeke. 1994) than multiple integration assisted by rDNA (4-60) 

(Bergkamp et al., 1992; Rossolini et al.. 1992; Le Dall et al., 1994; Van Dijken and Pronk, 

1995; Wery et al., 1997). Moreover. vector copy number in non-Saccharomyces yeasts 

was also affected by selective pressure FFom environment, which was also found in S. 

cerevisiae (Hashida-Okado et al.. 1998). Containing a vector with a G418 resistance gene, 

K- lacfis; P. pasroris, and S'chi=. pcmhe enhanced vector copy number with increased 

amount o f  G4l8 in medium (Scorer et al.. 1994; Tohda et al., 1994; Chen et al., 1996). In 

K. lacris, the copy number of pCXJ3 was 97 under 50 pg/ml of G4l8, but increased up to 

142 in the presence of 2 mg/rnl of G4 18 (Chen et al., 1996). 

1.1.9 CONCLUSIONS AND PERSPECTIVES 

Transformation system including vector and DNA transfer technique is 

prerequisite for genetic study of organisms, and the fist attempt on transformation in 



yeasts was achieved with S. cerevisiae. Since the yeast has some disadvantages such as 

hyper-glycosylation of secreted proteins, and the study of other yeasts is required to 

acquire the know ledg e, transformation snidies were extended into non-Saccharomyces 

yeasts. Ernploying the well-developed knowledge and the genetic techniques of S. 

cerevisiae, the progress of establishing transformation systems for non-Saccharomyces . 

yeasts was very remarkable. One hundred genera presenting over 700 species of yea& . 

appear on the current yeast taxonomy (Kurtzman and FeIl, 1998), and the transformation 

systems of more than one-tenth yeasts (13 genera and 3 1  species of non-Succhmomyce.s) 

have been constructed. The research, however, has mainly been concentrated on K. lacris, 

P. pastoris, P. angusta and especially on Schir. pombe, which are important strains for 

academic study and industry. Five of six methods originally developed for S. cerei~isiae 

were used in transformation of non-Saccharomyces yeast that could provide flexibility to 

select a suitable one for a specific strain which may have a hindrance in transformation. 

Non-Saccharomyces yeasts should be able to express both homologous and heterologous 

replicons for vectar amplification and geneî as selenive markers with difTerent eficiency 

in some cases. This suçgests that there is compatibility in genetics between the yeasts and 

other organisms. This also offers a powerfùl tool to cany out basic research such as DNA 

replication, gene expression and regdation. Ait hough G4 1 8 resistance gene was the most 

widely used dominant marker in non-Sczccharomyces yeasts, some yeasts are naturally 

resistant to G418, thereby, limiting the vast application of this marker in yeast genetics. 

Meanwhile, biosynthetic markers such as LEU2 and UR43 genes are commonly universal 

markers for most yeasts. Generally. YEp and YRp vectors had higher copy numbers than 

Mp and YCp in yeasts. but they encounter stability probiem. Thus, to make sure of both 

stability and high copy number is recommended. 

Transformation system have pl-ayed a major role in yeast genetics, and will continue 

to do so more extensive1 y in the foreseeable future for other non-Saccharomyces yeasts. 

A possible strategy to develop new transformation systems for the yeasts is as foilows. 

a First, spheroplast @rotoplast)-mediating method and vectors with S. cerevisiae 2-pm 

replicon or ARS are recommended. it, thus, requires optimizing the condition for 

generation and regeneration of the mget yeast spheroplast (protoplast). As no 



auxotrophic mutants are obtained, one must choose drug resistance markers for yeasts 

sensitive to aureobasidin, blasticidin, cadmium, cyclohexirnide resistance gene, G4 1 8 .  

hygromycin, or phleomycin. When drug-sensitive is observed, the current corresponding 

drug resistance gene, controlled by a yeast promoter, could be selected to do 

transformation. If not successfùl, an alternative is to make auxotrophic mutants with the . 

phenotypes that can be complemented by the biosynthetic markers rnentioned above. . 

When this trial also fails, other strategy based on auxotrophic mutants can be designed: 

Construa a genomic library of the target yeast witha low copy number E. coli vector 

such as pBR322 or its denvatives; 

Transfer the library into the target yeast by spheroplast (protop1ast)-mediating 

method; 

Screen transformants; 

Isolate total genomic DNA from the transformants; 

Digest the genome DNA with different suitable restriction enzymes, isolate suitable- 

sized DNA fragments, ligate, transfer the recombinant DNA into E. coli and screen 

transformants. 

Ylp vectors containing the 6 coli vector plus the cloned gene might exist in the E. coli 

transformants. These vectors may be used as backbones to isoiate ARS and cany out 

other research of the target yeast. Thus, this can avoid the argument of using dnig in 

transformation. 



Table 1.1.1. The vectors used in non-Succhmomyces yeast transformation systems. (The 

information listed as an epitome was the first one appeared in publication collected.) 
Vector SizeA Type Genetic Marker & Source Replicon & Source Reference 

C. albicans 
- Mp ARGS.6 o f  C. albicans Negiedo et ai., 1997 
- YTp HISI of C. albicans Negredo et  d., 1997 

P G ~  - - f i K i  of C. albicans Kohler et al., 1997 

PM 15.9 Yip /10E2 ofC.albicans , Kurtz et al., 1986 
pRC23 12 - YRp ~3ofC.alblbicanr  ARS o f  C. albicans Cannon et al., 1992 
pWC25 - Yip GAL 1 of C. albicans Goman et al., 199 1 

C. boidinii . . 
pBARCUI 7.4 YRp üRA3 o f  C. boidinii ARS o f  C. boidinii Sakai et  ai., 1993 
pRCU3 50 8.0 YIp W 3  of C. boidinii Sakai et  al., 1991 

C. glabrara 
p 1 12-8XM - YCp LIRA3 o f  S. cerevisiae ARS o f  C. glabmta 
pCgACH-3 - YC p HIS o f  C. glabrata ARS o f  C. glabm& 
pCgACT- 14 - YCp TRPl of C. glabrata ART o f  C. g l a b ~ t a  

P M L R ~  10.0 YRp A I E 2  o f  C. glabmra ARS o f  S. cerevisiae 

pRS3 16 - YCp URA3 o f  S. cercvisiae ARS o f  S. cerevisiae 

PYM~ 6.9 YRp LECR ofS. ccrc.visiae clRS' o f  C. glabmta 
pUAUR 1 -C 6.7 Yip Aureobasidin resistance 

gene o f  A. pullulans 
UI - YIp UR43 of C. glabmra 

Kitada et al., 1996 
Kitada et al., 1996 
Kitadsi et al., 1996 
Hmic-Joyce and Joyce, 
1998 
Zhou et  al., 1994 
Mehra et al., t 992 
Hashidii-Okado et al., 1 998 

Zhou et ai., 1994 

C'. nralrosa 
pBTHIOB 1 O .  YRp HL55 o f  C. nralrosa ARSofC.maltosa Hikijietal.,1989 
pDP 12 10.6 YRp LI'S2ofS.cer~wisiali ARS o f  S. cerevisiae Kunze et al., 1 987 
pDP 1.7 15.4 YCp LYS2 o f  S. cer~wisiae .MofS.cerevisiae Kunzeetal.,1987 

PMI - YRp .UEl of C- maltosa - .;LRT o f  C. maltma Sasnauskas et nt., 1992 
PTRAI 1 1 O YRp LEU? of S. cerrvistar .4RSofC.maltasa Takagietai.,1986 
pUAHHH 1 - YCp HIS5ofC'.ntalto.ro .US o f  C. maltasa Nakazawa et al., 1997 
pYe (.MG4)4 1 1 7.4 YIp .-tRG4 of S. crr~wsro~  Kunze et al., 1985 

C. t ropicalis 
pCU3 4 -9 YIp I rR-13 of C- rropicalis Haas et al., 1990 
p K 1 6  - YRp ..LDEZ o f  C. rropicalis ARS o f  C. tropicalis Sanglard and Fiechter, 1992 

C'. urilis 
pCLREZ - YIp Cyclohr'umrdc rtliistrincr 

gens o f  C*. urilis 

Cr. neofonnom 
- 270 YAC - 
pCnade2c 4.8 YIp r l D R  of Cr. rteofonnuns 

P L . ~ @  7.5 Ylp Ut45 o f  Cr-- rwofirmans 

Kondo et ai., 1995 

Vanna and Kwon- 
Chung1994 
Toffaletti et al., 1993 
Edman and Kwon-Chung, 
1990 

Deb- 
occidentalis 

PADE 1 1-1 YEp .XE2 of Deb. occidentalis 2-pm o f  S. cerevisae KIein and Favrea~ 1 988 
pYAS 1 15.6 YEp TRPS of S- crrwisiue 2-pm o f  S, cerevisiae Dohmen et al., 1989 



Tlib!r 1.1.1. (Cont.) The vectors used in non-Saccharomyces yeast transformation 

systems. 
Vector S i x A  Type Genetic Marker & Source Replicon & Source Referencr 

pYES2.0 YEp üRA3 of S. cerwisiae 2-pm of S. cerevisiae Dave and Chattoo, 1 997 
YRp7TRPS 9.0 YRp TRP5 of S. cerevisiae ARS of S. cerevisiae Dohmen et ai., 1 989 

. . YRpJD2 . 8.7 YRp TRPSofS.cerevisibe ARS of Deb. Dohmen et al., 1989 
occidentalis 

K. aeshronï 
pCXJ-kan 1 9.6 YEp G4 1 8 resistance gene of E. pKDl of K. lacn-s 

coli 
Chen et ai.. 1989 

K. lactis 
- YCp ,-DE 1 of  S. cerevisiae ARS of K: lacti Zonncveld and van ricr 

Zandai, 1995 
Zonneveid and van der 
Zanden, 1995 
Wesolowski-Louvel et ai., 
1988 
Yamakawri et al., 1985 

- YCp ADE2 of S, cerevisiae RRT of K.  lacti 

K E P ~  6.5 YEp Ut43 of S. cerevîsîae pKD 1 of K. 1acnS 

15.8 YEp G4 18 resistance gene of E. 
coli 
G4 18 resistance gene of E. 
coli 
EL2 of S. ccrcvisiac 
LEü2 of S. cerevïsiae 
LEW2 of S. cercvisiae 
TRP 1 of S. cerevisiar 
G4 18 resistance gene of  E. 
coli 
CR43 of S. cerivisïac. 

pGKL 1 of K. lacns 

Bianchi et al., 1987 

6.5 YEp 
7.6 YCp 
7.3 YCp 
10.8 YRp 
8.2 YRp 

pKDi of K. lacns 
pKD1 of K. lacns 
pKD 1 of K. lacris 
rlRS of K.  lacti 
.MS of R lactis 

Chen et ai.. 1996 
Chen et ai., 1996 
Chen et ai., 1996 
Das and Hallenberg, 1 982 
Sreekn'shna et al., 1984 

7.3 YEp 
- ~ R P  
26 YEp 

pGKLI of K. Iacti 
..LRS of P. somnrBrum 
2-pm of S. cerwisiae 

De Louvrncowt et al., 1983 
Farkasovska, 1993. 
Das and Hollenberg, 1982 LIC4 of KA: lac fis 

G4 18 resistancc genr of E. 
coli 
Aureobasidin raisianci: 
gene of gene .4- pullidam 
FIIS3 of S. cerruisim 

TRPl of S- cenrvisxar 

Hashida-ûkado et al., 1998 

7.9 Mp 
5.8 YRp 

Rossolinï et al., 1992 
Dos and Hollenberg, 1982 

K. mamanus 
- pGL2 6-9 YRp TRPl of S. ~ercr\~isiar G4 I 8 .W of K lacris Das et al., 1984 

remtance grrie O TE. coli 
pKI-2 ? YRp [.'Rd 3 of S. cerrwsra L* .4RSofK.h& Iborra, 1993 
pKMGAL - YEp LEb2 of S. crrevisia~ pKD 1 of K- lacns Bergkamp et ai., 1 993 

P-S 10.1 YRp HIS3 of S. crrwisia~ ARS of K. hcns Basabe et al., 1996 
G4 18 resistance gene of E. 
coli 

pUAUR 1 -C 6.7 YIp Aureobasidin raisiance Hashida-ûkado et  al., 1998 
gene of -4. pullularrs 

K. p o @ s p m  
pCX.J-km 1 9.6 YEp G4 18 resistance gene ofE. pKD 1 of K. lacn's Chen et al., 1989 

coli 



Table 1.1.1. (Cont.) The vectors used in non-Saccharomyces yeast transformation 

systerns. 

Vector SizeA Type . Genetic Marker & Source Repiicon & Source Reference 

G4 18 resistance gene of E. 
coli 
G4 18 resistance gene of E. 
coli 

Chen et al., 1989 

Chen et ai., 1992b pKWl of K. waltii 

K. waltii 
pCXJ-kan 1 G4 1 8 resistance genr of E. 

coli 

G4 18 resistance gene of E. 
coli 

Chen et al,, 1989 

Chen et ai., l992b pKWl of K. wotrii 

G4 18 resistance gene of  E. 
coli 

Pa. tannophiius 

YEp13 EU2 of S. cerevisiae 2-pn of S. cerevisiae 

ARS of S. cerevisiae 

Hayrnan and Boten, i 993 

?KA2 of S. cerwisiae W d o c k  and ïhornton, 
1989 

Ph. rhodoqimta 
C R 4  3 of S. cerrvisia~ 
G4 18 resistnnce gene of E. 
coli 

.4 TI\' of Ph. rhodoqvma 
Cycloheximide rrsisiarice 
gene of Ph. rlrodoqnia 

Adrio and Veiga, 1995 2-pm of S. cerevisiae 

Martinez et ai., 1998 
Kim et al., 1998 

LEïR of P. arrpsm 
UR4 3 of P. aripsra 
C TR-13 of S. ccrcr*isiar 

LE&.:! & cH.43 of S. 
cerrvisiae 
E L 2  of S. cempisiae 

E L 2  of S. cenwisia<r 
1;R-i 3 of S. ccrwisim 
G4 1 8 raistance genr of E- 
coli 

.UE2 of S. cerevùiae 

HIS3 of P. angusta 
TRP3 of P. angusfa 
LEU2 of S. cerwisiae 

Bogdanova et al., 1995 
Gellissen et d.. 199 I 
Roggenkamp et al., 1986 
Faber et ai., 1994 

ARS of  P. angusta 
.-itGS o f  P- ongusta 
.W of S. cerevisiar 

Tikhomirova et al., 1986 
Tikhomirova et al., 1986 
Janowicz et ai.. 199 1 

Bogdanova et al., 1995 
Bogdanova et al., 1995 
Bogdanova et al., 1995 
Gleeson et al., 1986 2-j.un o f  S. cerevisiae 

Kunze et al., 1985 



Table 1.1.1. (Cont.) The vectors used in non-Saccharomyces yeast transformation 

systems. 

Vector SizeA Type Gccctic Marker & Source Replicon & Source R e f m c e  
- 
- 
P.  ohmeri 
poLEUO2 

poURA03 

YoLEU02 

YoüRA03 

P.  pastons 
pPICK9 

pSG927 
pTSU 1 

PYA2 
pYA4 
pYMII4 

P. snpitis 

pUCKm8 

PVY 

Rhodosp. 
romloidrs 
pHG8 

Schk. pombe 
- 

- 

paR3 
pARTl 

pBG1 
pcDSP21 -BSD 

pCGI 
pEAS00 
pFL20-0 1 

pFYM225 

ADE2 of S. cerevisiae 
LEU;! of S. cerwisiae 

G4 18 resistance gene of E. 
coli 
HIS4 of P.  pasrons rlRT of P.  pastoris 
SUC2 of S. cerevïsiarc .IRT of P. proris  
HIS4 of S. cerwisiac. 2-pn of S. cerevisiae 
MIS4 of P. pasrons 2-pm of S. cerevisiae 
.MG4 of S .  cercvîsiae 

HIS3 of '? .4RS of? 
E L 2  ofS. crrruisrar 2-pm of S. cerevisiae 
G4 1 8 resîstancr gent of E. 
coli 
I ''Ri 3 of P. stipiris .US of P. sreitis 

2-pm of S- cerevisiae 

.US of Sciak pombe 

.w of? 

.m of? 

.US of Schiz pombe 
Blasticidin S ~ s t a n c c :  gene 
of.4. termus 
bR44 of Schiz. pombe 
HI57 of Sci1i.z ponrbe AELS of Schiz. pombe 
C M 3  oTS, cerevisiae 
Cadmium resistance gene of 
Schü. jwnrbe 
üR.3 1 of Schk pombe ARS of Schiz. pombe 

Hiep et al., 1993 
Hiep et al., 1993 

Piredda and Gaillardin, 
1994 
Piredda and Gaillardin, 
1994 
Piredda and Gaillardin, 
1994 
Piredda and Gaillardin, 
1994 

Scorer et al., 1994 

Cregg et aI., 1987 
Sreekrishna et al., 1987 
Crcgg et al., 1985 
Cregg et al., 1985 
Cregg and Madden, 1989 

Morosoii et al., 1993 
Ho et al., 199 1 

Yang et ai., 1994 

Tully and Gilbert, 1985 

Murakami et al., 1995 
Allshire, 1990 
Gmunder and Kohli, 1 989 

Beach et ai., 1982 

WaddeU and Jenkins, 1 995 
Nitschke et al., 1 992 

Burke and Gould, 1994 
Kimura et al., 1994 

Grimm et al.. 1988 
Apolinarïo et al., 1993 
Coblenz and Wolf, 1994 

Sakaguc hi and Yamamoto, 
1982 



Table 1.1.1. (Cont.) The vectors used in non-Saccharomyces yeast transformation 

systems. 

Vector SizeA Type Geneîic Marker & Source Replicon & Source Reference 

Tr. cttrancunt 
pAN7- 1 

LElR of S. cerevisiae 
W l  ofS. cerevisiae 
ATP2 of S.. wrcvisiac 
EU2 of S. cerevisiae 
LEU1 ofSchiz. pombe 
üRâ4 of Schiz, pantbe 
CDC9 ofS. cerrvisiae 
'LEU2 of S.  cercvisiae 
LYS2 of S. crrmisiae 
üR44 of Scliir, pombe 
HIS3 of S. cerevisiae 
URA3 of S. cerevisiae 
UR43 of Schiz. pontbe 
LEU2 of S. cermisiar 
R4D2 of S. cermisiae 
üR.13 of S. cerevisiae 

G418 resistance pene of E. 
CO lt 
Cyclohesimidc rrsismce 
gme of? 
G4 18 resisrrincr grnr of E. 
coii 
IR4 3 of S. cerrtvisiae 

m.13 of? 
Phieomycin resistance gene 
of E- coli 
L YS2 of S. cerevisiar 
I?R-i3d of Y- lipo[vtica 
LEL2 of S. crrrvisiae 
SUC2 ofS. cerevisiae 

2-pn o f  S. cerevisiae 
2-pn of S. cerevisiae 

ARS of Schiz. pombe 
ART of Schiz. pombe 
2-pn ofS. cerevisiae 
ilRS of Tetrahymena 

2-pm of S. cerevisiae 

2-pn of S. cerevisiae 

2-pm of S. cerevisiae 

pSRY l of T 'spora. 
drlbrueckii 
..IR7 of S. cerevisiae 

2-pm of S. cercvisiac 

=IR! of S. cerevisiae 
2-pm of S. cerevisiae 
=IR7 of S. cerevisiae 

E k w d  and Ruusda, 1 9 9 1 

B o u e  and Douglas, 1983 
Beach and Nurse, 198 1 
Keeney and Boeke, 1994 
Keeney and Boeke, 1994 
Barkcr and Johnston, 1983 

Cottarel, 1995 
Barbet et ai., 1992 
Strasser et al., 1989 
Luehrsen et ai., 1988 
Grimm and Kohli, 1988 
McCready et al., 1989 

Sanchez et al,, 1988 

Compagno et al., 1989 

Nakata and Okamura, 1996 

Compagno et ai., 1989 

Watanabe et ai.. 1996 

O& and Tonomura, 1995 
Oda and Tonomura, 1 9 95 
Oda and Tonomura, 1 995 

Glumoff et al., 1989 

Glumoff et al., 1989 

Ochsner et ai., 199 1 
Ochsner et al,, 199 1 
Reiser et al., 1994 

Park et al., 1997 
Gaillardiii and Ribet, 1987 

Gaiilardui et aL, 1985 
Le Dali et ai., 1994 
Nicaud et ai., 1989 



-1.1. (Cont.) The vectors used in non-Sacchc~romyces yeast transformation Table 1 

systems. 
Vector SizeA Type Genetic Marker & Source Replicon & Source R e f m c e  

pINA176 - YRp LEU2 o f  S. cerevisiae ARS o f  Y.  lijmlyn'ca Meiihoc et al., 1990 
pINA 1025 10.7 YRp Hygromycin resistance gene ARS of  Y. Iipl'*ca Cordero and Gsiillardm, 

o f  E. d i  1996 
Mp333 YIp LYS2 of  S. cerwisiae Gaiiiardùi et al., 1985 
pLD40 6.7 YIp LEULofY.lipolytfca - Davidow et al., 1985 . . 

Zygosacch. 
rouxii 

p a s  16.7 YRp LEU2ofS.cerevisiae ARSofZygosacch. Sugiharaetal.,1986 
bailii - - 

YIp32::TB 6.5 YEp LEU2 o f  S. cerevisiae pSR 1 of Zygosacch. Araki and Oshima, 1 989 
bailii 

The size of vector is given by kb. 

YRp vector not replicating in K. lactis but integrating into host chromosome. 



Table 1.1.2. The chronicle o f  transformation systems for non-Saccharomyces yeasts. 

Year Yeast Refsrense 
S. cerevisiae 
Schiz. pom be 
K. lactis 
K. m a r x i m s  

C. maltosa 
P.  guilliemondii 
P .  pastorzs 
Rhodosp . tom loides 
Y. Zipoiytica 
C. albicans 
P.  angusta 

Zygosucch. rouxii 
Deb , occideri talis 
K. aesfuarii 
K. polysponîs 
K. thermotolerans 
K. waItiii 
K. wickerhamii 
Pa. ~annophi~îs 
T.ipora. ddbnrr ckii 
Tr. czriarlewn 
C. tropicalis 
Cr. neoformaris 
C. boidir lii 
P- stipitis 

C. giabra~a 
P. rnethanolica 
P.  ohmeri 
C, utifis 
Ph. rhodozyma 
T 'spora. pre f oriensis 

Hinnen et al., 1978; Beggs, 1978 
Beach and Nurse, 198 1 

Das and Hollenberg, 1982 ' 
Das et al., 1984 . 

Kunze et al., 1985 
Kunze et al., 1985 

Cregg et al., 1985 

Tully and Gilbert, 1985 

Davidow et al., 1985; Gaillardin et aI., 1985 
Kurtz et al., 1986 

Gleeson et al., 1986; Roggenkamp et al., 1986; 
Tikhomirova et al., 1986 

Sugihara et ai., 1986 
Klein and Favreau, 1988 

Chen et al., 1989 
Chen et al., 1989 
Chen et al., 1989 

Chen et al., 2989 

Chen et al., 1989 
.Wedlock and Thomton, 1989 

Compagno et al., 1989 
Gliimoff et al., 1989 
Haas et al,, 1990 
Edman and Kwon-Chung, 1990 
Sakai et al., 1991 
Ho et al., 199 1 

Mehra et al., 1992 

Hiep et al., 1993 

Piredda and Gaillardin, 1994 

Kondo et al., 1995 
Adrio and Veiga, 1995 
Oda and Tonomura, 1995 

P.  fabianii Kato et al., 1997 



Table 1.1.3. The characteristics and applications of some non-Saccharomyces yeasts. 

Yeast Charactenstics Reference 
C. aibicans Human pathogen 
C.  boidinii Methanol metabolism 
C. glubruta Hurnan pathogen 
C. maltosa Al kane metabolism 
C. tropicolis Human pathogen 

Alkane and fatty acid metabolisms 
C.  utilis Arnino acids and single ce11 protein 

productions . . 

Cr. neofonnans Human pathogen 

K o z i ~  and Taschdjian, 1966 

Sahm and Wagner, 1972 
Odds, 1988 
Meyer et al., 1975 
Blyth, 1964; Duvnjak et -al., . 
1970 
Abbott and Gledhill, 197 1 

Kozel and Cazin, 197 1 
Deb. occidentalis Amylolytic enzyme production Wilson and Ingledew, 1982 
K. lactis Lactose metabolism Dickson et al., 1979 

Heterologous protein production Reiser et al., 1990 
K. marxiunus Lactose rnetabolism 
K. wickerhamii Kluver effect 
Pa. tannophilus Xylose metabolism 

Mahoney et al., 1975 
Castdio et al., 1996 
Wedlock and Thornton, 1989 

Ph. rhodo-yma Astaxanthin production An et al., 1991 
P. mgttsta Methanoi metabolism Van Dijken et al., 1975 

Heterologous protein production Reiser et al., 1990 
P .  fabianii Wastewater treatment Sato et al., 1987 
P. grriliiermondii Riboflavin metabolism stud y Logvinenko et al., 1987 
P. pustoris Methanol metabolism Reiser et al., 1990 

Heterologous protein production 
P. sripitis Xylose metabolism Toivola et al., 1984 
Scht. pombe Eucaryotic study Nasim et al., 1989 

Heterologous protein production Reiser et al., 1990 
T'sporu delbnreckii Ethanol production Nakata and Okamura, 1996 
Y. lipoi'ytica Citric acid and single ce11 protein Abbott and Gledhill, 1971 

productions Reiser et al., 1990 
Heterologous protein production 

Z'osacch. rouxii Soy sauce fermentation Hamada et al., 1989 



Table 1.1.4. The non-Saccharomyces host ranges of S. cerevisiae replicons. 

Yeast Reference 

De b, occidentalis Klein and Favreau, 1988 . 

K. lactis Das and Hollenberg, 1982 

P. angusta 

P. pastoris 

P. slipitis 

Pa. tannophilus 

Ph. rhodozyma 

Schiz. pombe 

T'spora. delbnreckii 

T'spora. pretoriensis 

Deb . occidentulis 

Pu. rannophiltrs 

Ph. rhodo~rna 

T 'spora. deibnieckii 
. T 'spora. pretoriemis 

Gleeson et al., 1986 ' 

Cregg et al., 1985 

Ho et al., 1991 

Hayman and Bolen, 1993 

Adrio and Veiga, 1995 

Beach and Nurse, 1981 

Compagno et al., 1989 

Oda and Tonomura, 1995 

Zhou et al., 1994 

Kunze et aI., 1987 

Dohrnen et al., 1989 

Wedlock and Thomton, 1989 

Faber et al., 1994 

Compagno et al., 1989 

Oda and Tonomura, 1995 



Table 1.1 S. The non-Saccharomyces replicons used in yeast transformation. 

Replicon & source Host range Refe rence 

pGKL 1 of K. lactis K. lactis De Louvencourt et al., 1983 

K. ma~xianus Sugisaki et ai., 1985 

S. cerevisiae Gunge and ~akaguchi 1 98 1 

pGKL2 of K. lactis K. marxianus Sugisaki et al., 1985 
Si cerevisiae Gunge and Sakaguchi, 198 1 

pKD 1 of K. lacris A: aestuarii Chen et al.. 1989 

K.  lacris .. Bianchi et al.. 1987 

K. mamianus Bergkamp et al., 1993 

K. polyspoms Chen et al., 1989 

K. thennorolerans Chen et al., 1989 

K.  waltii Chen et ai., 1989 

K. wïckerhamii Chen et al., 1989 

S. cerevisiae Chen et al., 1989 

pKW 1 of K. wairii K.  thermo~olerans Chen et al., 1992b 

Chen et ai., 1992b 

Chen et ai., 1992b 

pSRl o f  Zvgosacch. 6ailii Ztgosncch . ru uxii Araki and Oshima. 1389 

S. cerewsine Amki et al., 1985 

pSRY 1 of T 'spora. delbrtteckir T 'spora. dclbrueckii Nakata and Okamum 1996 

-4 RS of C. albicans Cg. albicrrns 

ARSof C. boidinii C. boidinii 

S. c r r ~ ~ ~ ~ s i a c  

-4RS of C. glabratu ( '. ylahrnrn 

-4RS of C. ntalrosn ( '. nrnl(osn 

-4RS of C. tropicalis ('- frop~rcd~s 

ARS of C. ufilis P.  mgusta 

ARS of Deb . occiden talis Deb - occrdenralrs 

-4 RS of K. tact is K. kncrls 

K.  mnrxrmu.v 

S. cerc\*istae 

Cannon et al,. 1992 

Sakai et al.. 1993 

Sakai et al., 1993 

Mehra et al.. 1992 

Takagi et ai.. 1986 

Sanglard and Fiechter, 1992 

Tikhomirova et al., 1986 

Dotunen et al., 1989 

Das and Hollenberg, 1982 

Das et al., 198.1 

Sreeknshna et al.. 1983 



Table 1.1 S. (Cont.) The non-Saccharomyces replicons used in yeast transformation. 

Replicon & source Host range Reference 
ARS of P. angusfa P. angusta Roggenkamp et al., 1986; 

Tikhomirova et al., 1986 

ARS of P. ohrneri P. ohmeri Piredda and Gaillardin. 1994 

ARS of P. pastoris Cregg et al., 1987: Sreekrishna et 
al,, 1987 - 

ARS of P. stipitis P. stipitis Yang et ai., 1994 

ARS of Schiz. pornbe Schiz. pornbe Sakaguchi and Yamamoto, 1982 

A R S  of Y. lipolytica Y. fipolyticu Meilhoc et al., 1990 

ARS of Zygosacch. baiiii Zygosacch. rouxii . . Sugihara et al., 1986 



Table 1.1.6. The sues of some non-Succharomyces ARS. 

Source Size (kb) - Reference - 
C. albicans 
Cr. neûfonnans 

Cannon et al., 1990 

.Varma and Kwon-Chung, 1.998 

Mehra et al., 1992 . 

'Ohkuma et al., 1995 ' 
Sasnauskas et ai., 1992 

Takagi et al., 1986 

Das and Hollenberg, 1982 

Das and Hollenberg, 1982 

Fabiani et al., 1990 

Sreekrishna et al., 1984 

Das and Hollenberg, 1982 

Das and Hollenberg, 1982 

Das and Hollenberg, 1982 

Das and Hollenberg, 1982 

Sreekrishna et al., 1984 

Sreekrishna et al., 1984 

Das and Hollenbeïg? 1982 

Sreekrishna et aI., 1984 

Sreekrishna et al., 1984 

Sreekrishna et al., 1984 

Sreekrishna et al., 1984 

Sreekrishna et al., 1984 

Das and Hollenberg, 1982 

Tikhomirova et al., 1986 

Tikhomirova et al., 2986 

Sohn et al., 1996 

Tikhomirova et al., 1986 

Tikhomirova et al., 1986 

Tikhornirova et al., 1986 

Brun et al., 1995 

Caddle and Calos, 1994 

Johnston and Barker, 1987 



Table 1.1.6. (lont.) The sizes of non-Saccharomyces RIPS. 

Source Size (kb) Reference 
Y. lipo!ytica 1 .O Fournier et a l ,  1993 

1.3 Fournier et al., 1993 
1 .O Matsuoka et ai., 1993 
1.6 ~atsuoka et al., 1993 

Zygosacch. bailzi 0.3 Sugihara et al., 1986 

. . 
C. utilis 1.2 Tikhomirova et al., 1986 

3.4 Tikhomirova et al., 1986 
O .6 Tikhornirova et al., 1986 
2.0 Tikhomirova et al., 1986 
2.0 Tikhomirova et al., 2986 
2.2 Tikhomirova et al., 1986 



Table 1.1.7. A summary o f  non-Saccharomyces yeast transformation systems fiom Table 
1 .1 .1 . .  

Yeast Vector Genetic Marker fkequency' 
YAC YCp YEp Yïp YEQ Biosynthetic Dominant Colored 

C. albicans 

C, boidinii 
Cglabrata ' 5 

C. maltosa + 
C. tropicalis 
C. utilis 

Cr. neo@rmans + 
Deb . occidentalis 

K. aestuarii 
K. Iactis + 
AI marxiunus 

K. po!vspoms 
K. therrnotoferans 
K. waftii + * 1 

K. wickrharnii 

Pa. tannophilus 

Ph. rhodozyma + + 1 2 

P .  angustu 

P. fab ianii 

P .  guillierntondii 

P .  nlethanoliccz 

P. ohnieri 
P. pastoris 
P. stipitis + * + 3 1 

Rhodosp. toruloides +- 1 

Schîr. ponibe + + + i 15 3 
T 'spora. de fbrueckii + + 1 2 

T 'spora. t + + 1 
prr torïrnsïs 
Tr. cutaneunz t 2 2 

Y. IÏpo[vtica + t 3 3 

Zygosacch . ro taii + * 4- 1 

+ The type of  vector was used in the non-Saccharomyces yeast transformation. 

* Mp vectors could be constructed by deleting yeast replicons from YEp or YRp vectors. 

a .  a The number appearing in Table 1 . 1  indicates the quantity of genetic markers used in the 

yeast transformation. 



Table 1.1.8. Genetic markers of  S. cerevisiae used in non-Saccharomyces yeast 

transformation. 

Marker Gene product Yeast species Reference 

ADEl N-succinyi-5- . K. lacfis . ZonneveId and van der Zanden. 1995 . 

aminoimidazole-4- 
carboxamide ribotide 
synthetase 

ADE2 Phospho~bosylaminoimi- K. lactis Zomeveld and van der Zanden, 1995 
dazole carboxylase 

P. angusta . Bogdanova et al., 1995 
P. me?hanolica Hiep et al., 1993 

ARG4 A r ~ o s u c c i n a t e  lyase C. maltosa Kunze et al., 1985 
P. guilliermondii Kunze et al., 1985 
P. pastoris Cregg and Madden, 1989 

.A TP2 F1-ATPase P-subunit Schiz. ponibe B o u e  and Douglas. 1983 

CRN1 Arginine pemease Schiz. pombe Ekwvail and Ruusah, 1 99 I 

CDC9 DNAligase Schiz. pombe Baker and Johnston, 1983 
HIS3 IGP dehydratase K- lacfis Rossolini et al., 1992 

At. mamianus Basabe et al., 1996 

Schiz. pombe Strasser et al., 1989 

HIS-I HISl polypeptide P. pastoris Cregg et al., 1985 

LEC2 p -Isopropylmalatc P. stipitis Ho et al., 199 1 
dehydrogenase Pa, tannophilus Hayman and Bolen. 1993 

C. pinbruta Mehra et al,, 1992 
C. rnaltosu Takagi et al.. 1986 

A', lacris Chen et al., 1996 

K. rnarximus Bergkamp et al., 1993 

P. nngust~ Tikhomirova et al.. 1986 

P. anpustn Gleeson et ai., 1986 

P, methannlicn Hiep et al.. 1993 

Schrz, pomhc. Beach and Nurse. 198 1 



Table 1.1.8. (Cont.) Genetic markers of S. cerevisiae used in non-Saccharomyces yeast 

transformation. 

Marker Gene product Yeast species Reference 

Y. lipolytica Nicaud et al., 1989 

Zygosacch. rouxii Sugihara et ai., 1986 . 

LYS2 a-Amuioadipate reductase C. malrosa Kume a ai.. ,1987 
Schiz. pombe Cottarel, 1995 

Y. lipolytica Gaillardin et al., 1985 

Ri1 D2 Excision repair protein Schiz. ponrbe McCready et al., 1989 

TRP1 Phophoribosyl anthranilate K. lacris . . Das and Hollenberg, 1982 . 

isome rase K. mamianus Das et al., 1984 

TRP5 Tryptop hm synthase De 6 .  occidentalis Dolmen et al., 1989 
De 6 .  occidentalis Dohrnen et al., 1989 

W .  3 Orotidone-5'-phosp hate Schiz, pornbe Luehrsen et al., 1988 
de~arbo~xylase 

Schi:. pombe Sanchez et ai.. 1988 

T'spora. delbrueckii Watanabe et ai., 1996 
C. glabrara Zhou et al., 1994 

Deb, occidentalis Dave and Chattoo, 1997 
K. incris De Louvencourt et al.. 1983 

K. mnmanu., Ibo- 1993 

P. angusta Roggenkamp et al., 1986 

Ph. rhocio,ynra Adrio and Veiga, 1995 

- T Spora preroriensis Oda and Tonomüra, 1995 

TSpcira. prrroriensis Oda and Tonornua. 1995 

HSAc2 Hesokinase PI1 Pa. tannophi fus Wedlock and Thornton, 1989 

SCC2 Inverta~e P. pnstorrs Sreekrîshna et al.. 1987 
1.. Itp~!rzrco Nicaud et ai.. 1989 



Table 1.1 -9. Genetic markers of non-Sacchmomyces yeasts used in non-Saccharomyces 

yeast transformation. 

Genetic Maker Gene Product Source Host range Reference 

ARG3 (ARGB) 

N-succinyl-5- P. methanolica P. niethanolica 
aminoimidazole4- 
carboxamide ribotide 
synthe tase 

Phosphoribosylamino C. albicans C. albicans 
imidazole C.  glabrata C. glabrata 
Carbo'cylastse 

C. tropicalis C. trop!calis 

Cr. neo formans Cr. neo formons 
Deb . occident& Deb . occidenta lis 

Orni thine Schiz. pombe 
&amoylmm$erase 

Tr. curaneurn 

Acety lglutamate C. albicans 
kinase, . 

acetiyglutamyl- 
Phosphate reductase 
Carbamoyl phosphate Tr. curaneum 
synthetase 
- C. plabrata 

ATP C. albicms 
phosphoribosyltransfe 
rase 
IGP dehydniase P. mgusta 

Inosine-5'- C. albrcans 
monophosphatc 
dehydrogenasc 

p -1sopropy lmalate Scfrk- ponibc 
dehydrogenase 

Schiz. pornbe 

Tr. curaneum 
C.  albicans 

Tr. cutaneurn 

ï. glabrara 

C. albicans 

P .  angusta 
Schiz. pombe 

P .  pastoris 
C. maltosa 

Schiz. pornbe 

C.  albicans 

Schiz- pombe 

Hiep et al., 1993 

Kum et al.. 1986 
Hanic-Joyce and Joyce, 
1998 

Sanglard and Fiechter. 
1992 

Toffaletti et al.. L993 

Klein and Favreau 1 988 

Waddell and Jenkins, 1995 
Ochsner et al., 199 1 

Negredo et ai., 1997 

Reiser et ai., 1994 

Kitada et ai.. 1996 

Negredo et ai.. 1997 

Bogdanova et ai.. 1995 

Burke and Gould 1994 

Cregg et al.. 1985 

Hikiji et ai., 1989 

Apolinario et al.. 1993 

Kohier et al.. 1997 

Keeney and Boeke, 1994 



Table 1.1.9. (Cont.) Genetic markers of non-Saccharomyces yeasts used in non- 

Saccharomyces yeast transformation. 

Genetic Maker Gene Product Source Host range Reference 

LEU2 B-Isopropylmalate P. angusta P. ungusla Bogdanova et al.. 1995 
dehydrogenase 

P. ohmeri P .  ohmeri Piredda and Gaiflàrdin. 
1994 

. . 
P. ohmeri ' P.  ohmeri Piredda and Gaillardin, 

1994 

Y. Iipolvtica Y. lipolytica Davidow et al.. 1985 

LYS1 a-Aminoadipate Schir. pombe ~chiz.* &mbe Beach et ai.. 1982 
reductase 

PAL Phenyldanine Rhodosp. Rhodosp. Tully and Gilbert, 1985 
amrnonia-lyase romloides romloides 

TRP1 Phophoribosyl C. glabrata C. glabrata Kitada et al., 1996 
an thraniiat e 
isomerase 

TW3 Indole-3-giyccroI P. angsru P. angusta Bogdanova et al.. 1995 
pliospate synthase 

URA 1 Aspartate Schiz. pomb e Schiz. pombe Sakaguchi and Yamamoto, 
transcarbam y lasc 1982 

UR4 3 Orotidone-5 ' 0  C. albicans C. albicans Cannon et al., 1992 
phosphate C7. boidinN C. boidinii Sakai et al., 199 1 
decarbosylase C. glahratu C. glabrara Zhou et al., 1991 

C. 1 ropicnlis C. fropicalis Haas et al.. 1 990 
P .  angusta P .  angusta Gellissen et al.. 199 1 

P. /ab ianii P .  fabianii Kato et al.. 1997 
P. ohnteri P .  ohmeri Piredda and Gaillardin. 

1994 

P. ohnieri P .  ohmeri Piredda and Gaillardin, 
1994 

P.  stipi fis P .  sripïtis Yang et al., 1994 

UR44 Dihydroorotasc S C ~ C .  p~nihcr Schiz. pombe Grimm et al.. 1988 

URAS Orotidine Cr, neofirrnans Cr. neofimans Edman and Kwon-Chung, 
monop hosp haie 1990 
pyrophosphoqlase 

II. Dominant rnarker 
GAL 1 Galacto kinase r. albicans C. albicans Gorman et al., 1991 

LAC4 beta-Galactosidase Klact is  K, lactis Das and Hoiienberg, 1982 



Table 1.1.9. (Cont.) Genetic rnarkers of non-Saccharomyces yeasts used in non- 

Saccharomyces yeast transformation. 

Genetic Maker Gene Product Source Host range Reference 
Cadmium Phytochelatin Schiz. p m b e  Schiz. pombe CobIenz and Wolf. 1993 
resistance gene 
Cycloheximide Ribosomal protein - . T'spora. Nakata and Okam& 1996 
resistance gene L4 1 delbrueckii . 

C. utilis , C, utilis Kondo et al., 1995 
Ph. rhodoqvna Ph. rhociozyma . n l  et al., 1998 

III. Color formation -. 
A7X Astaxanthin Ph. rhodozyma Ph. rhodotyma Martinez et al., 1998 



Table 1.1.10. Non-yeast genetic markers used in non-Saccharomyces yeast 

transformation. 

Genetic Maker Gene Product Source Host range Reference 

1. Biosynthetic rnarker 

ARGB Omi thine A. nidu fans Tr. curaneum Ochsner et al., 199 1 
carbamoyltransferase 

PPI Protein phosphatase Plant Schiz. pombe Nitschke et al., 1992 . 

II. Dominant rnarker 

Aureobasidin 
resistance gene 

A .  puilulans C. gfabrata Hashida-Okado et al., 1998 
K. lactis 
K.  rnarx'iànus 

Blasticidin S Blasticidin S deaminase A.  terreus Schiz. pombe fimura et al., 1994 
resistance gene 

G4 18 resistance Arninoglycoside E. coli K. aest uarii Chen et al., 1989 
gene p hosp hotramferase-3 ' K. lactis Das and Hollenberg, 1982 

0) 
K. mamianus Das et al., 1984 . 
K. po[vsporus Chen et al.., 1989 

K. waifii Chen et al., 1989 
K,', wickerhamii Chen et al.. 1989 

P.  angusfa Janowicz et al.. 199 1 
P.  pasroris Scorer et al.. 1994 

P. stipifis Ho et ai.. 199 1 

Ph, rhoaoqnta Adrio and Veiga 1995 

Schiz. pombe Gmunder and Kohli. 1989 

T Spora. delbmeckir' Compagno et al.. 1 989 

Hygromycin Hygromycin B E. coli Tr. curaneutn Glumoffet al.. 1389 
resistance gene phosphotransfcrase 

E- coii 1-  iipoiytica Cordero and Gaillardin, 
1996 

Phieornycin 
resistance gene 

E, coli I I  lipoljtica Gaillardin and Ribet, 1987 
.S. hindu.wxtu.~ Tr, cutaneum Glumoff et al.. 1989 



Table 1.1.1 1.  Transformation methods used in non-Saccharomyces yeast transformations. 

Ye!ast Competent ceU EIectroporation Spheroplast Trans-kingdom Biolistics 
conjugation 

C, aibicans 

C. boidinii 

C. giabrata 

C .  rnalfosa 

C.  rropicafis 

Cr. 
neoformans 

Deb. 
occidentulis 

Ar aesfuarii 

A'. po~vspoms 

A. 
th ermo to leran 

K- waltit 

K. 
wickerhamii 

Ph. 
rhodozyrna 

Pa. 
tannophilus 

Sakai et ai., 
1994 
Sakai et al., 
1991 ' 

Kunze et ai.. 
1985 
Haas et al., 
1990 

Dohmen et ai.. 
1989 

Yamakawa et 
ai.. 1985 

Das et al.. 1984 

Wery et al., 
1997 
Wedlock and 
Thomton, 1989 

Brown et. al., 
1996 

Macreadie et 
ai., 1994 
Takagi et ai., 
1986 
Rohrer and 
Picataggio, 
1992 
Kondo et al.. 
1995 
Edman and 
Kwo n-Chung, 
1990 
Costaglioli et 
al., 1994 

Sanchez et al.. 
1993 
Boten and 
McCutchan 
1992 
Bergkamp et 
al.. 1993 
b o m  1993 

Rubinstein et 
d,. 1996 

Kurtz et ai., 
1986 
Sakalet ai., . 

1991 . 

Takagi et ai., 
1986 . . 
Haas et ai., 
1990 

Toffaietti et al.. 
1993 

Klein and 
Favreau. 1988 
Chen et al., 
1989 
Das and Hayman and 
HolIenberg, Bolen. 1993 
1982 

Das ct ai.. 1984 

Chcn et al.. 
1989 

Clicn et ai.. 
1989 

Chen et al.. 
1989 
Clicn et al., 
1989 
Adrio and 
Veiga, 1995 

Hayman and 
Bolen, 1993 



Table 1.1.1 1. (Cont.) Transformation methods used in non-Socchoromyces yeast 

transformations. 

Y a s t  Competent ce11 Electroporation Spheroplast Trans-kingdom Biolistics 
conjugation 

P. angusta Gleeson et ai.. Faber et al.. Gleeson et al., Hayman and 
1986 1994 1986; . Bolen, 1993 
Roggenkamp et Van der Klei et Tikhomirova 
al., 1986 ai.. 1993 et ai., 1986 . 

Martinez et al., 
1993 

P .  fabianii Kato et ai., Kato et al.. 
1997 1997 . . 

P. Kunze et al., 
pilfiermondii 1 985 
P. Hiep et al., 
rnathanofica 1993 

Piredda and 
GaiUardin 
1994 

P, pasruris Paifer et al., Crane and Cregg et al., 
1994 Gould. 1994 1985 

Martincz ct ai .. 
1993 

P .  sripitis Morosoli et al.. Yang et al.. 
1993 1991 

Rhodosp. 
roruloides 

TuUy and 
Gilbert. 1985 

Schrz. p m b e  Gaillardin et Hood and Beach and Sikorski et al.. 
al.. 1983 Stachow. 1990 Nurse. 198 1 1990 

T Sporu. Watanabe et 
delbrueckii al., 1996 

T 'spora.. Odit and 
prerortensis Tonomura 

1995 

Tr. curaneunr 

Cornpagno et 
al.. 1989 

Glumoff et al., 
1989 

l'.fipoiyrica Davidowetal.. Meithoccial.. Gaillardinet 
1985 1990 al.. 1985 

Zvgosacch , S ugihara et al.. 
rouxii 1986 

Sugihm et ai., 
1986 



Table 1.1.12. Vector copy number in some non-Saccharomyces yeasts. 

Yeast Vector COPY Reference 
nurnbe r 

C. albicans 

C. maltosa 

Deb . occidentalis 

P. ohmeri 

P .  pasforis 

P .  stipitis 

Ph, rhodoqvrrra 

Schiz. partibe 

YRp, ARS of C, afbicans 
YRp, ARS of C. g fabrata 
YRp, ARS of S. cerevisiae 
YRp, ARS of S. cerwisiae 

YCP 
YRp, ARS of C. maltosa 

YEp, replicon of 2-pm 
YRp, ARS of Deb. occidentalis 
YRp. ARS of Deh. occidentalis 
YRp, ARS of S. cerevisiae 

YIp + rDNA 
YIp + rDNA 
YIp + rDNA 
YEp, replicon of pKD 1 
YEp. replicon of pKD 1 

WP 
YRp. M S  of P. anpusra 
YRp. ARS of P. angusta 
YRp. ARS of )' ohnieri 

XP 
WP 
YEp. rcplicon of 2-pm 
YRp. .4RS of P. pasroris 
YRp. ARS of P siipiris 

Mp + rDNA 

MP 
YRp. .4RS of Schit. pontbe 
Yip + rDNA 
YRp. .-1 R S  of 1'. iipo@trca 

Cannon et al.. 1992 
Mehra et al., 1992 
Zhou et al., 1994 
Hanic-Joyce and Joyce, 1998 

Ohkuma et ai., 1995 
Ohkuma et al., 1995 
Dohrnen et al., 1989 
Klein and Favreau, 199 1 
Dohmen et al., 1989 
Dohmen et al., 1989 

Rossolini et al., 1992 
Bergkamp et ai., 1992 
Van Dijken and Pronk. 1995. 
Chen et al.. 1996 

Bergkamp et al.. 1993 

Sierkstra et al.. 199 1 
Faber et al., 1992 
Bogdanova et ai., 1998 

Piredda and Gaillardin, 1 993 

Clare et al., 199 la 
Ciare et al.. 1991b 
Cregg et al:, 1985 
Cregg et al., 1985 
Yang et al.. 1994 

Wery et al.. 1997 
Keeney and Boeke. 1994 

Brun et al.. 1995 
Le Dall et al., 1994 
Matsuoka et al.. 1993 



1.2 ïlE MOLECULAR BIOLOGY OF S C ' A I O M Y C E S  OCCIDENTALIS 

KLOCKER - 

This chapter was sumrnarized as a major part of the publication entitled "The 

Molecular Biology of Schwanniomyces occidentalis Klocker" written by Tsung-Tsan 
. - 

Wang and supervised by Dr. Byong H. Lee, who acted in an editorial capacity, evaluating 

the manuscript prior to submitting it to the journal. This paper has been accepted by 

Crirical Review in Biotech~io~ogy. This chapter also serves as a part of introduction to the 

thesis, showing the background for the research that was done and the reasons why this 

project was significant. 

1.2.1 ABSTRACT 

This review describes the molecular snidies of Schwunniomyces occidenroltr 

(Debaryomyces occidet~fafis) conceming transformation, genome, gene cloning, gene 

structure, gene expression and its characteristics to application. Schw. occidentalis appeared 

to have at least 5 or 7 chromosomes and no native plasmid from the yeast was reponed. 

Three transformation systerns based on complementation of Schw. occidentaiis auxotrophic 

mutants were established. Vecton with the replicon of 2-pm plasrnid and autonomous 

rep l icat i O n sequences (AILS') of Saccharumyces cerevisiae and Schw . occidentalis AlLS 

replicated extrachromosomally in Schw. occi&iraiis transformants, without modification of 

the transformed vector DNA So far. at leaa twenty-one Schw. occidentalis genes encoding 

14 different proteins have been cloned. Mon of the Schw. occider~tuks genes have shown 

similarity (45 - 91 %) with the corresponding genes of other organisms, especially of S. 

a cerevtnw. However, some Schw. occidentalis genes possess other unique stmchxes for 

their operators, promoters, transcription initiation sites and terminators. Some foreign genes 

were expressed in Schw. occidentalis, wwhi l e c h -  occkzkntaiis genes fùnctioned in other 



yeasts and bacteria, ficherichia coli, and Streptomyces l i v i h s .  Due to a strong ability of 

secretion and low level of glycosylation, Schw. occidenralis might be a promising host to 

produce heterologous proteins. 

1.2.2 INTRODUCTION 

Yeasts have been employed as systems for examining many basic questions in 

eucaryotic bioiogy including gene expression and secretion of heterologous proteins for 

academic and industrial interests. These microorganisrns possess a number of important 

advantages and characterist ics : 

1) simple eucaryotes that have similar biological metabolisms such as .mRNA 

splicing mechanism. protein maturation, etc. to higher eucaryotes, 

2) rapid growth in simple medium to high cell density by current fermentation 

techniques, 

3) more advanced genetics and biochemistry than any other eucaryotes, 

4) well developed and easily manipulated recombinant DNA techniques. 

5) extraceliular proteins which facilitates protein purification and reduces toxic 

shock to the yeast hosts, 

6) easier mutation analysis than other higher eucaryotes, and 

7) non-toxic products. 

Although the major study of yeast genetics was concentrated on Saccharomyces 

cerevisiae, the yeast has cenain limitations. rendenng production of heterologous 

proteins diffkult due to: 

1) low product yields, even with a strong promoter (Buckholt and Gleeson, 1991), 

2) hyperglycosylated proteins which might affect the protein characteristics 

(Lemontt et al., 1985; Moir and Dumais, 1987; Van Arsdell et al., 1987) and 

3) intracellular or periplasmic gene products when protein is Iarger than 30 kDa 

(Smith et ai., 1985; Jigami et al., 1986; Moir and Dumais, 1987; De Nobel and 

Barnett, 199 1). 



Thus, other yeasts have been studied to replace S. cerevisiae as hosts to produce 

heterologous proteins. During the last 10 years, the major studies of non-Saccharomyces 

yeasts in biotechnology have been focused in C d &  spp., Hansermla pol'orpho, 

. , KIuyveromyces lactis, Pichia pastoris, and Schizosaccharomyces pombe (Reiser et al ., 

1990; Buckholz and Gleeson, 1991). Based on the knowledge and molecular techniques . 

of S. cerevisiae, progress to ward the molecular study of no n-Saccharomyces yeasts has 

been significant. . . 

S i nce Schwanniomyces occidentalis (Debaryomyces occiden tulis) has been 

described as a "super yeast" (Ingledew, 1987), this yeast was also suggested as a useful 

alternative to S. cerevisiae in the production of heterologous proteins. The molecular 

study of Schw. occidentalis, however, is very limited, although some progress has been 

made. This review summarizes the recent achievements on the molecular aspects of Schw. 

occidentalis and the characteristics of this yeast that makes it particularly attractive to 

produce heterologous proteins. 

1.2.3 TAXONOMY OF SCHK OCCIDENTALIS 

Since the yeast Schw occidrntalis was found from the soi1 of the island of St. 

Thomas in the West Indies (Klocker. 1909). Sch~anniomyces casielIii (Capriotti, 1957), 

Schwaiiniomyces alluviiis (Phaff et al.. 1960). Schwanniomyces persoonii (Van der Walt, 

1962) and Schwanniomycrs rrhlinrs (Kvasnikov et al., 1979) of the genus which 

assimilate diverse carbon sources phaff  and Miller, 1984) were isoiated. The DNA/DNA 

reassociation experiments showed that DNA from Schw. occidentalis had high DNA 

homology (97 % or more) with Schw. alIwiiis and Schw. castellii, but less homoiogy 

(80%) with the DNA from Schw. occidentalis (Price, 1978). Taxonomically. Schw. 

alIuvius, Schw. cusïellii, and Schw. persoonii were acnially consolidated into Schw. 

@ - occicientalis (PhaE and Miller, 1984; Nakase et al., 1998). This incorporation was 

supponed by electrophoretic karyotypes (Janderova and Sanca, 1992). Al1 of these 



Schwanniomyces spp. showed 6 or 7 chromosomal DNA bands and similar profiles after 

electrophoresis. However, no significant difference was found in the sequences of the 

18s and 25s of ribosomal RNA between Schwanniomyces and Debqomyces (Kurtzman 

and Robnett, 1991). The current taxonornic classification of Schw. occidentdis has thus 

been changed into - Debaryomyces occidentah (Kiocker) (Kurtzman and Robnett, 199 1 ; . 

Nakase et al., 1998). Nonetheless, the original name of Schwanniomyces ydl  be used in . 

this review, because the research results were mainly derived fiom the Schwunniomyces 

SPP - . . 

1.2.4 PRODUCTION OF ENZYMES 

Schw. occidentalis produces diverse extracellular enzymes such as a- 

galactosidase (Ulezlo et al., 199 l), P-glucosidase (Klein et al., 1989a), inulinase (Guiraud 

et al., 1982), invenase (Klein et al., 1989a), phytase (Lambrechts et al., 1992; 1993; 

Segueil ha et al., 1992; 1 993) and amylol ytic enzymes, cl-amylase and glucoamylase 

(Wilson and Ingledew, 1982; Simoes-Mendes, 1984; Lusena et al., 1985; Clementi and 

Rossi, 1986; Moranelli et al., 1987; Howard et al., 1988; Klein et al., 1989a). Schw. 

.occide,~ralis is one of few yeasts that can completely hydrolyze soluble starch (Touzi et 

al., 1982; 'Hom et al., 1988). Its strong amylolytic enzymes are capable of hydrolyzing 

cheap starches e.g. cassava (Jamuna and Ramakrishna, 1989; Hongpattarakere and H- 

Kittikun, 19951, corn starch (Raspor. 1987). potato (Moresi et al., 1983; Kombila et al., 

1985; Moresi and Medici, 1989), sorghum (Hom et al., 1992a&b) and wheat (Zaire et al., 

1988). S c h .  occidentalis was thus used to produce ethanol (Calleja et al., 1982; Wilson 

et al., 1982; Zaire et al., 1988; Mok and Duvnjak, 1992; Ryu et al., 1992; Saucedo- 

Castaneda et al., 1992a&b&b&d) and single ce11 protein (Wilson et al., 1982; Levy- Rick 

et al., 1982; Jamuna and Rarnakrishna, 1989; Hom et al., 1992b; Hongpattarakere and H- 

Kittikun, 1995) directly fkom ferment ing starches. Moreover, Schw. occidentuIis could 

also produce unknown enzymes to degrade the wood hydrolysate of lignocelluiosics with 

high 

was 

content of levoglucosan (1, 6-anhydro-f3-D-glucopyranose). The wood pyrolysate 

produced nom Waterloo Fast Pyrolysis Process (WFPP) and the pyrolysate 



hydrolysis was used in ethanol production (Prosen et ai., 1993). Moreover, some 

techniques have been developed to improve growth rate, biomass and ethanol yields of 

the yeast, and to monitor starch hydrolysis by the yeast (Moresi et al., 1983; Zaire et al., 

1988; Moresi and Medici, 1989; Horn et al., 1992a&b; Saucedo-Castaneda et al., 

1992a&b&c&d; Saucedo-Castaneda et al, 1994; Ciesarova et al., 1995). 

2.2.5 TRANSFORMATION SYSIEMS OF SC'HK . . KCZI)ENT&ZS 

Until now, three transformation systems were developed for Schw. occidenralis 

(Klein and Favreau, 1988; Dohmen et al., 1989; Dave and Chattoo, 1997). As shown in 

Table 1.2.1, al1 of thern were based on the complementation of auxotrophic mutants with 

corresponding genes. A m ,  LEU2. W 5 ,  and URA3 genes cornplemented ade2, leu, 

np5, and ura3 (or trra5) auxotrophic mutants of Schw. occidentalis, respectively. The 

ADE2 gene was cloned From Schw occidtwkziis, but the LEU& W 5  and UM3 genes 

were derived from S. cerrvisiac. The transformations were carried out by either 

spheroplast-based method (Klein and Favreau. 1988). competent ce11 method @ohmen et 

al., 1989; Dave and Chattoo 1997), or electroporation method (Costaglioli et al., 1994) 

with transformation efficiency of 10'. 1-1 O', 10' transformants per pg of DNA, 

respectively. Schw. occiu'twtuks had lower transformation eficiency than S. cerevisiae 

with the sarne vector and transformation method @ohmen et al,, 1989). The linear and 

supercoiled forms of vector DNA resulted in equal transformation efficiency, suggesting 

that Schw. occide>iinlis adopted vector D N A  in these two forms without difference. When 

recovered from S c h .  occiderrralis transformants. both linear and supercoiled forrns of 

vector DNA showed similar structures This indicates that Schw. occidentalis efficiently 

converts vector DNA from linear into circdar form (Klein and Favreau, 1988). The 

vectors used in Schw. occidenralis transformations included the types of yeast episomal 

plasmid (YEp), and yeast replication plasmid (YRp). Nonetheless, no report described 

Schw. occidenialis transformation using yeast centromere plasmid (YCp) and yeast 

artifical chromosome (YAC). The YEp vectors contained the replicon of S. cerevisiae 2- 

pm piasmid. The YRp vectors possessed autonomous replication sequences (ARS) f?om 



either S. cerevisiae or S c h .  occidentalis, indicating that the ARS fiom ot her yeasts could 

be used to constmct Schw. occidentalis vectors. However, vectors with different types of 

replicons had diverse transformation efficiencies and mitotic stabilities. In non-selective 

medium, after 15 generations, the stabilities of vectors containing Schw. occidentalis ARS, 

2-pm plasmid replicon and S. ccrevîsiae ARS were 10720 %, 5-10 % and 1 %, . 

respectively @ohmen et al., 1989). Vectors with $ c h .  occidenidis ARShad higher copy . 

number (5-10) than vectors with S. cerevisiae replicons, 2-pm plasmid replicon and ART 

(1-3) (Dohmen et al., 1989). It hints that the copy nurnber is related to vector stabilities. 

Vector DNA was recovered from Schw. occidentalis transformants without change in 

their structures. These results suggest that Schw. occidentalis duplicates vector DNA 

without any modification. Thus, it appears that a promising cloning syaem can be 

developed (Dave and Chattoo 1997). 

1.2.6 GENOME AND GENES 

1.2.6.1 Endogenous Plasmid 

Although native plasmids pGKL 1 (k 1). pGKL2 (k2), and pKDl were found from 

K. lucfis (Gunge et al.. 198 1; Chen et al., 1986; Falcone et al., 1986), pKWl from 

Kiuyveromyces waitii (Chen et al.. 1992). 2-pm frorn S. cerevisiae (Guerineau et al., 1976; 

Hollenberg et al., 1976). pSRYl from Tunilu-yora delbmeckii (Nakata and Okamura, 

1 W6), pSB 1, p SB2 and pS R 1 from Z'~u.s~cchurornyces bailii (Toh-e et al., 1984; Araki 

et al., 1985; Utatsu et al.. 1987). pSB3 and pSB4 fkom Zygosaccharornyces bispoms 

(Toh-e et al., 1984; Toh-e and Utatsu. 1985). and pSMl fiorn Zygosacchammyces 

fennentati (Utatsu et al.. 1987). endogenous plasmid of Schw. occidentulis has not been 

reported. 

1.2.6.2 Chromosome 



' Field inversion gel electrophoresis (FIGE) of genomic DNA revealed that Schw. 

occidentdis contained at least five chromosomes, each larger than 1,000 kilobase (kb) 

(Johnston et al., 198 8; Janderova and Sanca, 1992). Contour-clamped homogenous 

electric field (CHEF) also showed that Schw. voccidentalis possesses at least 7 

chromosomes (Del Pozo et al., 1993). The G+C content of total Schw. occidentalis DNA 

was 35 % (Price et al., 1978). The structures and genetic maps. of Schw. occidentalis - . 

chromosomes are still unknown, but more data are forthcoming by recent studies. For 

example, SCRl and SCR2 genes are located in chromosome II and V, respectively, of 

Schw. occidentalis ATCC 26077 @el Pozo et al., 1993). LEOZ gene is present in 

chromosome IV of strain ATCC 26074 and chromosome V of strain R91 (Iserentant and 

Verachtert, 1995). LTRA3 and TUBZ-like DNA sequences exist on different chromosomes 

(Johnston et al., 1988). There are two loci for EG1-like sequence (Prakash and Seligy, 

1988), and at least two pnes encoding a-amylase (Claros et al., 1993) and glucoamylase 

@ohmen et al., 1990) in the Schw. occidentalis genome. 

1.2.6.3 Gene Cloning 

Before transformation systems are developed for Schw. occidentalis, the strategy 

to clone Schw. occih~lalis  genes was performed in other hoa cells, Escherichia coli and 

S. cerevisiue. At least 21 S c h .  occidet~talis genes encoding 14 kinds of enzymes or 

proteins have been cloned (Table 1.22). By colony or plaque hybridization in E. coli with 

cDNA or oligonucleotide DNA as a probe, EG1, ENAZ, GAMI, H m ,  IW and GDH 

genes of Schw. occiderrrali.~ were cloned (Prakash and Seligy, 1988; Klein et al., 1989b; 

Dohmen et al., 1988; 1990; De Zoysa et al.. 199 1; Rose, 1995; Banueios and Rodnguez- 

Navarro, 1998). In S. crrevisiue, the Schw. occidentalis genes were cloned either by 

complementing corresponding auxotrophic mutants or by directly observing their 

expression phenotypes. ADE2. ENA 1, CY('I,, HAK1, LEU2 and ODC genes of Schw. 

occidentalis were screened by complementing corresponding S. cerevisiae auxotrophic 

mutants of ade2, enal, cytochrome c-less, Ml, IeuZ and ura3, respectively Wein and 

Favreau, 1988; Klein and Roof. 1988; -4megadzie et al., 1990; Banuelos et al., 1995; 

Iserentant and Verachtert, 1995; Banuelos and Rodriguez-Navarro, 1998). On the other 



hand, cycloheximide resistance genes (SCRI and SCR2) were obtained b y  selecting 

dominant transformants under the presence of cycloheximide @el Pozo et al., 1993). a- 

Amylase (AMY and SWA) genes were selected by the transformants that showed a clear 

halo against background on starch containhg plates (Abarca et al., 1988; Strasser et al., 

1989; Wang et al., 1989; Abarca et al., 1991; Park et al., 1992; Puta et al., 1994). The . 

majority of the Schw. occidentalis genes cloned were a-amylase detehinarrts. Schw. 

occidentalis ATCC 26076 and 26077 were the main strains of gene sources. Among the 

cloned genes, the ENA2 was the biggest (3,246 base pair (bp)), and SCRî smallest (32 1 

bp). Their GtC contents ranged from 3 1.83 % to 40.5 1 %, which are similar to those of .  

Schw. occidentalis (3 5 %) (Pnce et al., 1978) and S. cerevisiae (39 - 40 %) (Sharp and 

Cowe, 1991). However, no detailed studies were reported on cloning of the P-glucosidase 

gene. 

1.2.6.4 Gene Structures 

Among the 2 1 S c h .  occiden~aiis genes cloned, 16 of them have been sequenced. 

Because three AMY genes share a very high identity, only one of the AMY genes plus the 

other 13 sequenced genes will be discussed. Because insufficient data are currently 

available, the gene stnictures including 5'- untranslated region, open reading fiame and . 

3 '- untranslated region were deduced directly from their own DNA sequences. 

1.2.6.4.1 5'- Untranslated Region 

- The alignment of the 5' regions of 12 Schw. occidentalis genes revealed some 

consensus elements: 5' - operator - promoter - transcription initiation site - 3' (Table 

1.2.3) whose structures are similar to those reported in S. cerevisine genes, but are not in 

a cornmon feature. Not al1 Schw. occidrritalis genes showed distinct structures of operator 

and transcription initiation site. The intervals between the sarne two elements varied 

among these 12 Schw. occicie,lfalis genes. 



The putative operator of the Schw. occidentalis genes appeared to contain at least 

2 types of binding sites: a proposed activator binding site (GN-m) (Figure 

1.2.1) (Guarente, 1992), and a possible regulatory protein binding site (TGACTC) 

(Himebusch, 1988; Daignan-Fomier and Fink, 1992). The CYCl, and HAKl genes 

possess'ed these. two binding sites. Thé remaining Schw. occidentalis genes studied- 

contained at least one of them found at different locations within the specific genes. . 

Exceptions were the LEU2, GDH, H X ,  and dWA2 genes. The exceptions might be due 

to the lack of known sequence in their 5' flanking regions to find out the binding sites, or 

the use of other operator sequences for regulation of gene expression. Figure 1.2.1 shows 

that the activator binding sites are present from 2 to 521 bp upstream h m  TATA boxes. 

The AMY1 and E R 2  genes even contain 2 and 3 tandem copies of the activator binding 

site, respectively, with intervals more than 160 bp. When the region of -533 to -305 

containing the TGACTC site was deleted, no CYC1,mRNA was detected (Amegadzie et 

al., 1990). This suggests that the TGACTC should be a regulation site associated with the 

CYCI, gene expression. Table 1.2.3 indicates that the activator binding sites are farther 

apart from promoters than the regulatory protein binding sites, which usually locate 

before promoters. However. exceptions are that the operators of the ADE2 and GAMl 

genes are supposed to exist between the CAAT and TATA boxes. Furthermore, in the 

HAKl gene, the TGACTC was located behind the TATA box. The question of whether 

these two types of binding sites or other sequences control gene expression, and whether 

the different arrangements of these two sites affect gene expressions must be further 

investigated. In addition. their regulation mechanisrns and why there exist tandem copies 

in an AMY gene also require fùrther study. Besides, in the 5' flanking regions of the 

AMY1 genes, a poly (dA-dT) structure of -,,,AAAATTTATTAA.AATTTTA,,, found 

from some of S. cerevisiue genes appears to function as an upstream-promoter element 

for the gene expression (Stmhl, 1985). 

The Schw. occidenlalis promoters were proposed to contain the structures of 

CAAT and TATA box (Table 1.2.3). The TATA box is responsible for transcription 

initiation, whereas the CAAT is supposed to increase the transcription rate. In some of 

Schw. occidentalis genes listed in Table 1.2.3, the CAAT is located at 22 to 292 bp 



upstrearn from TATA boxes, which is present at 67 to 235 bp from the translation start 

codon ATG. The structures of putative TATA boxes of the Schw. occidentalis genes 

consist of at least 5 types: TATAAq TATAAT,' TATACT, TATATA and TATGAT 

(Table 1.2.4), which are similar to those of S. cerevisiae (Sentenac and Hall, 1982). The 

TATAAA appeared to be the most common type in Schw. occidentalis'genes. 

From the S. cerevisiae genes studied, a common organization of TATA box --- 
(CT)n --- PyAAPu --- ATG (Dobson et al., 1982; Burke et al., 1983) considered as 

transcription initiation site was also deduced fiom Schw. occidentalis genes (Figure 1.2.2). 

The CT block with diverse lengths (fiom 4 to 21 bp) positioned behind the TATA boxes 

with distinct spans (fiom O to 1 34 bp). PyAAPu placed after the CT block (from 1 to 1 1 1 

bp) and before the ATG codon (from O to 29 bp) with different spans. Besides, al! the 

Schw. occidentalis genes listed in Figure 1.2.2 contained different copies (fiom 1 to 5) of 

PyAAPu spaced by different nucleotides (fiom O to 35 bp) except the CYC1, gene. 

Amonp the various structures of PyAAPu. TAAA appeared to be the most preferred 

sequence in the Schw. occiden~afis genes. By SI-nuciease mapping, the transcription 

initiation sites were expected for the AMY. EG1, GAMI, INY, SCRZ. and SWA2 genes 

with 37-42. 65-70, 8-1 1, 26-28, 10 and 25 bp before ATG codon, respectively. These 

sites included a residue of "A" which was explained as the transcription initiation point 

for the SCR2 and SWAl genes. However, the PyAAPu could not be found fiom the 5' 

flanking region of the CI'<'l,, gene su~gesting that Schw. occidentalis genes use other 

structures for transcription initiation. 

1.2.6.4,2 Open Reading Frame 

In Figure 1.2.3, the alignment of sequences fianking the translation initiation 

codon ATG of 12 Schw. occideritalis genes showed the conserved 5'- (A/G) NN ATG 

(AfG) N (AR) - 3'. A purine residue usually is located at the position of -3 and +4, and 

adenine or thymine residue present at +6 position, which is in accordance with the 

structure found fiom eucaryotic genes (Korak, 198 1). This conrerved region is suppased 



to affect the recognition of the ATG codon by eucaryotic ribosomes or other components 

associated with translation initiation (Kozak, 198 1; 1984). 

1.2.6.4.3 3'- Untranslated Region 

In many S. cerevisiae genes, there are two consensus sequences, 5'- TAG -- 
TAGT (or TATGT) -- TTT - 3', and MTAAA, important for transcription termination 

and polyadenylation (Proudfoot and Brownlee, 1976; .Zaret and Sherman, 1982). The 

latter was found only from the SCR2 and SWA2 genes, but the former was deduced from 

al1 Schw. occidentalis genes studied, except for the CYCl,, GDH and LEU2 genes 

(Table1 1). Only part of the consensus sequence could be found from the CYCl, and 

LEU2 genes. Besides AATMW, two similar sequences of AAGAAA and AATATA 

seem to b e  common in the 3' - untranslated regions of the Schw. occidentah genes, 

except .4DM and M l  genes (Table 1.2.5). The CYCl, and LEU2 genes do not contain 

the typical sequence of 5' - TAG -- TAGT --- TTT - 3'. but parsessed one AAGAAA 

segment. It suggests that the sequences of AAGAAA and AATATA also play a role in 

transcription termination andfor polyadenylation as AATAAA sequence does. Figure 

1.2.8 also shows that most of the Schw. occih~fal is  genes contained at least one of the 

specific sequences. However, whether Schw occidentalis rnRNA transcription is 

terminated by these kinds of specific sequences or by other kinds is not well understood. 

1.2.6.5 Gene Homology and Protein Structures 

When the nucleotide or putative amino acid sequences were compared, the Schv. 

occidentu~~s genes (or proteins) generally showed high homologies (45 - 91 %) with the 

corresponding genes (or proteins) from S. cerevisiaf and other organisms, except for the 

EG1, GM1 and LEU2 genes (Prakash and Seligy, 1988; Dohmen et al., 1990; Iserentant 

and Verachtert, 1995). The EGI gene seemed to encode a novel protein, because its gene 

a product had little homoiogy with other known yeast structural proteins. Although the 

Schw. occidentalis LEU2 gene cornplemented a leu2 auxotrophic mutait of S. cerevisiae 

(Iserentant and Verachtert, 1995). these LEU2 genes fiom these two yeasts share a low 



homology. The Sc&. occidentdis GAMl gene has no homology with other known GAM 

genes (Dohmen et al., 1990; Naim et al., 1991; Bui et al., 1996). The sequence 

cornparison performed by computer revealed that the Schw. occidentalis glucoamylase 

possesses significant similarities with human lysosomal a-glucosidase, human isomaltase, 

rabbit isomaltase, rabbit sucrase, and rat sucrase. This indicates that these 6 enzyme- 

encoding genes might be derived from a common ancestral gene (Naim et al., 1991). One . . 

of the advantages of comparing the sequence homology is to infer DNA and protein 

structures of interest based on other genes or proteins.. From the analysis of the putative 

amino acid sequence, the gene product encoded by EGI shouid not be a DNA binding 

protein, because it did not have the characteristic structure of the protein (Prakash and 

Seligy, 1988). The possible catalytic sites (&pi'' - ~is ' " ,  Glf7 - HisZ4' and phes" - 

~ s p ~ ) ' )  of an a-amylase and an active site (M"'GGGKGG"') of NADP-dependent 

glutamate dehydrogenase (De Zoysa et al., 1991; Park et al., 1992) were also deduced by 

sequence comparison. However, site-directed mutagenesis can funher provide direct 

evidences to show sorne essential sites of enzymes or proteins. This rnethod showed that: 

1) was responsible for cycloheximide resistance offered by the SCRZ gene (Del 

Pozo et al., 1993); 2) ~ s n ' "  was the single site for glycosylation essential for the activity, 

stability and secretion of an a-amylase encoded by a SWA2 gene (Yanez et al., 1998); 3) 

~ s p ~ ' '  was required for Schw. occidr,iralis glucoamylase activity; and 4) ~ r p ~ '  was 

involved in the a-1, 6 activity but not a-1, 4 activity of Schw. occidentalis glucoamyiase 

(Hulseweh et al., 1997). Funhermore, comparison of enzymes from wild type and mutant 

type of Schw. occideriralis showed that the yeast hexose-ATP-kinase contained two 

catalytic sites for hexokinase-like and glucokinase-like activity, respectively (McCann et 

al., 1987)- 

1.2.6.6 Splicing 

As Schw. occiderita~is is a eucaryotic organism, its genes might contain intron 

structures, but only the SCR2 gene from the yeast genes discussed showed a putative 

intron (Del Pozo et al., 1993) A consensus structure of intron deriveci fiom S. cerevisfae 

gene could be found on a 452 bp segment (+5 to +456 fiom ATG codon) of the SCRZ 



gene. This putative intron has a structure of 5'- GTATGT - 0, - A T A C T M A  - 

NNN - ITCTATATAG - 3' which is required for mRNA splicing (Woolford, 1989; 

Ruby and Abelson, 199 1 ; Rymond and Rosbash, 1992). 

1.2.7 GEM? EXPRESSION 

1.2.7.1 Expression Regulrtion . . 

The expressions of the AMY, CYCI,, ENA1, ENAP, GAM1, H U I ,  INV and SWA 

genes of Schw . occidentalis were reguiated (Table 1 -2.6) (De Mot and Verachtert, 1 986; 

Abarca et al., 1989, 199 1; Dohmen et al., 1989, 1990; Dowhanick et al., 1987; Klein et al., 

1989b; Wang et al., 1989; Amegadzie et al., 1990; Dowhanick et al., 1990; Banuelos et 

al., 1995). Al1 these genes are associated with either carbohydrate hydrolysis (AMY, 

G M ,  I W ,  and SWA) or respiration (CYC1,) to produce energy, except the ENAI, 

ENA2, and HAKl genes related to K- and N a  transport with energy consurnption. 

Generally, these gene expressions were activated by substrates, but inhibited by products. 

Glucose, an end.product fiom carbohydrate hydrolysis, is a main energy source for most 

organisms. While glucose thus seems to play a key product to inhibit the AMY, CYCI,, 

GAMI, IAT ,  and SWA gene expressions, it induces the expression of the HAKl gene, 

which was inhibited by antibiotic neomycin. The GAMl gene was repressed by heat 

shock as well. Moreover, when Schw occidrntalis was exposed to glucose, glucose 

negatively affected the glucoamylase activity not only by repressing the GAMl gene 

e~-~ression, but also b y act ivating unkno wn mechanism to degrade the intraceilular and 

extracellular glucoamylase (Dowhanick et al., 1990). The giucose repression is also 

abundantly found in S. cerevMue (Tmmbiy 1992; del Castilio Agudo and Gozalbo 1994; 

Gozalbo and dei Castillo Agudo 1994: Gancedo 1998). On the other hand, lactose and 

sucrose induced the INV gene expression. Maltose, starch and another strong inducer P- 
cyclodextrin (De Mot and Verachtert, 1986) activated both AMY and GAMl gene 

expressions, but the inductions could be ovemdden by glucose repression (Wang et al., 

1989; Dowhanick et al., 1990). The ENA2 gene wa$ activated by a high extemal pH. 



Besides the high extemal p w  the presence of Na' was also required for the expression of 

ENA1 (Banuelos and Rodriguez-Navarro, 1998). The CYCl, gene was activated by 

oxygen. Other interesting finding is that glucose repression of the CYC1, gene did not 

occur in Schw. occidentalis, but did in S. cerevisiae for an unknown reason. The EG1 

only expressed in the early stage of ce11 growth, and thus its expression regdation rnight . 

be controlled by an unknown mechanism during cell cycle (Prakash and Seligy, 1988). In . 

addition, The regulations of the AMY, CYC1, and G A 4  gene expressions were 

demonstrated at the mRNA level (Abarca et al., 1989, 1991; Arnegadzie et al., 1990; 

Dowhanick et al., 1990). 

1.2.7.2 Heteroiogous Gene Expression 

1.2.7.2.1 Schw. occidentalis DNA (genes) in Other Organisms 

Two Schw. occidentalis A R S  fiinctioned in their own hosts as well as in S. cerevisiae 

(Dohmen et al., 1989, 1990; Piontek et al., 1990). The mitotic stability and copy number 

of a vector with Schw. occider~talis A R S  were same in S. cerevisiae and Schw. 

occidenfalis (Dohmen et al., 1989). This means that the components required for S. 

cerevisiae DNA replication initiation could normally work on Schw. occidentalis 

replicons. However, no fûnher investigation reveals the structures of Schw. occideriralis 

ARS and whether the ARS couid hnction in other yeasts or not. 

Some Schw. occiderlralis genes expressed in other yeasts such as S. cerevisiae, K. 

lacfis, S. pornbe and in bacteria, E. culi. and Srrepiomyces livicians. The genes expressed 

in S. cerevisiae included ALE2 (Klein and Favreau, 1988), AMY (Abarca et al., 1988; 

1989; Strasser et al., 1989; Wang et al., 1989; Abarca et al., 1991; Park et al., 1992; Puta 

et al., 1994), CYCI, (Amegadzie et al.. 1990). GDH (De Zoysa et al., 1991), HAKl 

(Banuelos et al., 1995), HXK(Rose, 1995), LEU2 (Iserentant and Verachtert, 1995), ODC 

- 

(Klein and Roof, 1988), SCR1, SCR2 (Del Pozo et al., 1993), SWAI (Abarca et al., 1988), 

and SWA2 (Abarca et al., 199 1; Puta et al., 1994). Moreover, a Schw. occidenlalis a- 

amylase was produced and secreted by K. Iacfis, S. cerevisiae, and S. pombe (Strasser et 



ai., 1989). Furthemore, the Schw. occidentalis LEU2 gene complemented E. coli leuB 

mutant (Iserentant and Verachtert, 1995), and S. Iividans pmduced and secreted Schw. 

occidentalis a-amylase when the AMY gene was cloned into S. Iividrms (Wang et al., 

1990, unpublished). These gene expressions show that the promoters; signal sequences 

and regulatory systems of the Schw. occidefitals genes functioned in other yeasts and in 

procaryotes. However, genes expressed in S. cerevisiae and S. pombe with different 

transcription initiation sites (Russell, 1983). Whether this phenomenon also occurs on 

other Schw. occidentalis genes expressing in other organisms or not is unknown. Not al1 

Sclnv. occidenialis promoters could function in other host cells. The Schw. occidentalis 

GAMl gene did not express in S. cerevisiae and H. polymorpha, unless the GAMl 

prornoter was replaced with S. cerevisiae prornoters of GAL 1, PDCl and ADHl and H. 

pofymorpha formate dehydrogenase promoter (Dohmen et al., 1989, 1990; Gellissen et al., 

1990; 199 1). in this case, the signal sequence of the glucoamylase was maintained during 

a the DNA recombination and directed the secretion of glucoamylase into medium. The 

signal sequence of the GrtMl gene was also applied successfblly to secrete a leech 

hirudin fiom H. polymorpha (Weydemann et al., 1995). Thus, at least some Schw. 

occiden~alis genes offer the potential to heterologousiy express in other microorganisms. 

1.2.7.2.2 Eeterologous DNA (Genes) in Schw. occidentulis 

The replicon of 2-pm plasmid and an ARS of S. cerevisiae functioned in Schw. 

occidenfalis (Klein and Favreau. 1988; Dohmen et al., 1989). This indicates that the 

replication initiation components of Schu. occidentalis can recognize these foreign 

replicons. However, a vector with a S. cerevrsiae ARS showed less transformation 

eficiency, rnitotic stabiiity and copy number than vectors containing the 2-pm plasmid 

replicon or a Schw. occidentalis ARS. 1t suggests that the replication initiation of A R S  

may be more cornplex than that of 2-pm plasmid replicon, and S c h .  occidentalis 

stabilizes its ARS more easily than a heterologous ARS @ohmen et al., 1989). Choosing 

0 an ARS to construct vectors for Schw. occidenlalis should thus be empirical. It has been 

reported that the LEU2, TRPS and URA3 genes of S. cerevisiae @ohmen et al., 1989; 

Dave and Chanoo, 1997; Wang and Lee, 1997) and a Closhidium ihennocellum cellulase 



gene were heterologously expressed in Schw. occidentnlis (Piontek et al., 1990). The 

LEU2, llPPS and C R 4 3  genes of S. cerevisiae complemented the corresponding 

auxotrophic mutants of Schw. occidentalis. These iesults imply that genes other than the 

LEU2, W 5  and W U 3  genes fiom S. cerevisiae or other yeasts might function as 

genetic markers in corresponding auxotrophic mutants of S c h .  occidentalis. 

Additionally, C. tfiemocellum cellulase was expressed and secreted by Schw. 

occidentalis, when transformants camed a recombinant DNA in which the cellulase gene 

was fùsed with a Schw. occidentalis G M l  gene (Piontek et al., 1990). The fate of 

foreign DNA in Schw. occidentalis has also been studied. Vectors pYES2.O and YEp13 

recovered from Schw. occidentalis transformants did not change in their sizes and 

structures (Dave and Chattoo 1997). revealing that Schw. occidentalis does not rnodify 

foreign DNA and could be used as a promising host to accommodate heterologous genes 

for protein productions. 

1.2.8 SECRETION 

1.2.8.1 Secretion Ability and Giycosylstion 

Schw. occidentalis not only produces extracellular enzymes such as a-amylase, 

glucoamylase, j3-glucosidase. invenase. but also secretes very efficiently large protein 

(glucoamylase) with molecular weight up to 155 kDa into medium (Wilson and Ingledew, 

1982; Dowhanick et al., 1987: 1990; Howard et al.. 1988; Boze et al., 1989b; Klein et al., 

1989a). At least 95 % of a-amylase could be excreted (Strasser et al., 1992). The Schw. 

occr'alenfaIis invertase was found in the culture medium, but the S. cerevisiae invertase 

was detected in the periplasmic space (Klein et al., 1989b). Moreover, Schw. occidentalis 

has less glycosylation on secreted proteins than S. cerevisiae. Amylolytic enzymes 

produced by Schw. occidentalis contained only 5-1 5 % of carbohydrate moiety (Deibel et 

0 al., 1988; Boze et al., 1989b; Strasser et al., 1989; Park et al., 1992). Schw. occidentalis 

invertase contained only 17 % glycosylation, compared to 60 % fkom S. cerevisiae (Klein 

et al., 1989adkb). Besides, Schw. occidentalis did not produce measurabie amount of 



extracellular proteases (Klein et al., 1989a). Thus, Schw. occidentaizs should be a better 

host system than S. cerevisiae to produce heterologous proteins. 

1.2.8.2 Signal Sequences 

The .AMY, GAM1,I.W and SWA2 genes encode extracelluiar enzymes and the SCRZ 

gene was proposed to encode a nuclear protein. Both extracellular and nuclear proteins 
. * 

are directed to their specific target locations by a signal peptide, called signal sequence 

and nuclear location sequence, respectively (Figure 1.2.4). The SCR2 gene encoded a 

putative ribosornal protein, which contained a common nuclear localization sequence of 

Pro-Lys-Thr-Arg-Lys required to transport the ribosome protein through nuclear 

membrane (Del Pozo et ai., 1993). The signal sequences are located on the N-terminus of 

the proteins with different length and amino acid composition. The a-amylases, 

glucoamylase and invertase of Schw. occidentaiis were supposed tu possess signai 

sequences in length from 22 to 33 residues of amino acids. Generally, the signal 

sequences have a tripartite structure: an N-terminus with positive-charged amino acids, a 

central region with high hydrophobic property and a C-terminus witii a polar amino acid 

as cleavage site (von Heijne, 1985). Except for the invertase, both the a-amylases and the 

glucoamylase had signal sequences with a positive-charged amino acid (either Arg or Lys) 

at their N-terminus whose role was proposed to be important for properly directing signal 

sequence toward endoplasmic reticulum (Sakaguchi et al., 1992). However, the invertase 

might either use a polar residue of glutamine (Q) substituting the positive-charged amino 

acids or use a different mechanism to orient the signal sequence to endoplasmic reticulum. 

The spans of the hydrophobic region of the signal sequences are fiom 4 to 8 amino acid 

residues. Cornpared with other secreted proteins (von Heijne, 1986), the proposed 

cleavage sites of these secreted Schw occidenlalis enzymes theoretically occurred afier 

the sequence of VAS or VSA (except QAA from glucoamylase) at.the C-terminus 

following the hydrophobic central region. Another way to directly certi@ the cleavage 

sites is to determine the N-terminal sequences of the purified rnatured proteins. By this 

way, the cleavage site of the glucoamylase was known to be after the sequence of QAA 



(Dohmen et al., 1990). However, these two methods might give different cleavage sites. 

The cleavage sites of the signal sequences of the Schw. occidentalis a-amylases were 

predicted to be between  la" and Gin? However, the N-teminal amino acids of the 

purified matured a-amylases from different host cells indicated that their cleavage sites 

should be betweet? phe30 and ASQ" or between Arg" and ~ s p ) '  (Strasser et al., 1989; Puta 

et al., 1994). A proteolytic processing might- be required for the a-amylase maturation, ' 

but it is not clear why the endo-cleavage site of the same enzyme is different. Further 

work is required to resolve these phenornena. . . 

1.2.9 APPLICATIONS AND STRAIN MPROVEMENT 

It is postulated that the cloned Schw. occidentalis genes might be ernployed for 

a studying the physiology, biochemistry and genetics of this microorganism. As the E G I  

gene only expressed in the early stages of growth, it could be used to study the 

rnechanisms controlling cell division at the molecular level (Prakash and Seligy. 1988). 

The CYClo gene might be used to enhance our understanding of the respiratory system of 

Schw. occidentalis and possibiy as a new index of yeast classification (Arnegadzie et al., 

1990). The ADE2. GDH, LEU? and ODC genes could be utilized to study the 

biosynthesis of purine. pyrimidine and amino acids. The HXK gene is associated with 

phosphorylation in carbohydrate metabolisrn (Rose, 1995). Schw. occidentalis has a low 

ethanol tolerance (Wilson et al.. 1982). and thus it might require the high expression of 

CYCl, to prevent ethanol accumulation when the cells grow in a high sugar medium. The 

ENAI, ElVA2, and HAKl genes could be used to investigate the R and N a  transport 

systems in fungi (Banuelos et al., 1995; Banueios and Rodriguez-Navarro, 1998). Codon 

usage has been considered as one of the factors afTecting gene expression (Sharp and 

Cowe, 1991). However, the effect of codon usage in Schw. occidentalis gene expression 

requires more work. The cloned genes could also be used to investigate regulation of 

gene expression and the relationships between proteins and DNA. Due to a high 

homology, some cloned genes h m  other organisms such as S. cerevisiae might b e  used 

as probes to map the chromosomes of Schw. occidentaIisS 



For vector constructions, the ADE2, AMY, GDH, GAMI, LEU2, ODC, SCR1 and 

SCR2 genes could be used as genetic markers. The ADEZ, GDH, LEU2 and ODC genes 

could complement corresponding auxotrophic mutants. The SCRl and SCR2 genes offer 

their host cells ability to resist cycloheximide (Abarca et al., 1990; Del Pozo et al:, 1991; 

1993). As well, the G4 18-resistant determinant fiom a G4 1 8-resistant Schw. occidentalis 

(Panchal et al., 1984) is another potential genetic marker which has been used in other 

yeasts such as H. polymorpha (Janowicz et al., 19913, Khyveromyces spp. (Das and 

Hollenberg, 1982; Das et al., 1984; Chen et al., 1989; Chen et al., 1992b), Phafla . 

rhodozyma (Adrio and Veiga, 1995). Pichia spp. (Ho et al., 1991; Scorer et al., 1994), S. 

cerevisiae (Jimenez and Davies, 1980), S. pombe (Gmunder and Kohii, 1989), and 

Tomlaspora delbrueckii (Compagno et al., 1989). The AMY and G U 1  genes might be 

used together as a genetic marker to select yeast transforrnants with the ability to grow on 

medium containing starch as a sole carbon source. Furthermore, the S c h .  occidentalis 

promoters can be used to construct expression vectors. A reai instance is an introduction 

of some usehl restriction enzyme cutting sites into the region between the promoter and 

terminator of GAMl by irwitro mutagenesis to construct an expression vector (Piontek et 

al., 1990). 

Schw. occiden~aii.~ should be an excellent host ceIl to produce heterologous 

proteins. In industnal scale for enzyme production. secretion has always been emphasized. 

Secretion not only facilitates protein purification, but also offers secretory pathway for 

protein folding and post-translational modification environment. Additionaliy, secretion 

can prevent host cells from damage if toxic heterologous proteins are present 

intracellularly. These highlight why the progress towards the secretion mechanism and 

the construction of secretion vectors has been significant. The Schw. occidentufis signal 

sequences might be usehl entity to construct secretion vectors applied in Schw. 

occidentalis and in other yeasts. Furthermore, an ideal engineered host ce11 should be able 

to stably maintain foreign gene under non-selective pressure that is up most important for 

large-scale production. Although the Schv. occidentalis ARS containing vectors showed 

much higher stability than those of the S. cerevisiae .repliconq it is necessary to devise 



integrating vectors with multiple inregration, which could increase gene copies resulting 

in high yields of gene products (Bergkamp et al., 1992; Rossolini et al., 1992; Le DaIl et 

al., 1994; Kondo et al., 1995; Wery et al., 1997; Kim et al., 1998). 

M e r  Schw. occidentalis was found to grow on starch (Spencer-Martins and Van 

Uden, 1977), new amylolytic strains (Laluce et al., 1988) and their amylolytic systems . 

have been studied. As starch hydrolysis is a limiting step to produce ethanol, single ce11 

protein and low calorie beer (Sills et al., 1983; Ryu et al., 1992; 1994), the amylolytic 

enzymes fiom Schw. occidentalis were considered as good candidates to increase starch 

hydrolysis. Narnely, the amylolytic enzyme genes of Schw. occidentafis could be applied 

to improve the starch hydrolysis by yeans which have no or low starch hydrolysis 

capacity. Actually, the Schw. occideritalis AMY and GRMl genes have been transferred 

into S. cerevisiae and Schw. occidentalis itself to produce more amylolytic enzymes. Both 

AMY1 and GAMl genes of Schw. occidentalis under the control of S. cerevisiae GAL 1 

prornoter were transfomeci into S. cerevisior, and the host cells were able to grow 

eficiently on raw starch @ohmen et al., 1988). A five-fold increase in a-amylase 

activity from Schw. occidr,rtalis transformants was observed when a Schw. occidenlalis 

AMY gene was introduced into the host cells (Dohmen et ai., 1989). Invertase is also an 

important enzyme applied in food industry. and thus the Schw. occidentalis I N r  gene 

might be used to increase the enzyme production as well. The production of a-amylase 

and glucoamylase by Schw occide,~tali.s was also repressed by glucose. In order to 

relieve the glucose repression, Schw. occide~~~aIîs mutants were developed by mutation 

with UV irradiation, ethyl methane sulfonate. and nitrosoguanidine (Dhawale and 

lngledew, 1983a&b; McCann and Barnett. 1984; Sills et al., 1984; Boze et al., 1989a; 

Hom et al., 1991; Stobinska et al.. 1992). However, no report was found about the 

cioning of a derepressed amylolytic gene, which could help to understand the expression 

replation of the amylolytic genes. 



1.2.10 CONCLUSIONS 

~ h i s  review discussed the research achievements that have contributed to our 

present knowledge of Schw. occidentalis, which has been renamed . as Debaryomyces 

occidentalis (Klocker). Schw. occidentalis.is one of the important amylolytic enzyme- 

pr~ducing yeasts that can be applied to produce ethanol as well as single ceIl protein. 

Aithough the study of Schw. occidentalis is a new field, an impressive progress has been 

made in recent years that includes development of transformation systerns, gene cloning, 

gene structures, gene expression, and secretion. To date, no native plasmid was found 

from Schw. occidentalis. Four Schw. occidentalis transformation systems based on 

replicons of the 2-pm piasmid, and ARS from S. cerevisiae and Schw. occidentalis were 

reponed. The yeast contains at least 7 chromosomes with a W C  content of around 35 %. 

Twenty-one Schw. occidentalis genes encoding 14 kinds of enzymes or proteins have 

been cloned. Although most of the Schw. occidentalis genes discussed had high 

homoiogy with the corresponding genes fmm S. cerevisiae, there was low hornology 

between the operators, promoters, transcription initiation sites, and tenninators of Schw. 

occidentalis genes and those of S. cerevisiaL.. However, more data are required to 

substantiate t hese hypot heses. Schw . occidentalis genes or ARS could express in other 

yeasts and in bacteria. Likewise, the heterologous genes and replicons can function in 

Schw. occidentalis. These achievements are prerequisite to conduct more advanced 

research of Schw. occidr~italis at molecular level in the future. Schw. occidentalis possess: 

1) the ability to use cheap starch as a carbon source to grow with rapid growth rate and 

high cell rnass; 2) the ability to secrete large proteins; 3) low glycosylation; 4) non- 

measurable extracellular proteases; 5) transformation systems; 6) no modification foreign 

DNA; and 7) inducible promoters. Consequently, the above advantages justify why Schw. 

occidentalis could be an alternative yeast to S. cerevisiae as a promising host system to 

produce heterologous proteins. 



AMY1 

CYCI, 

EG1 

GAMl 

Ha'I 

SCR2 

Figure 1.2.1. A putative activator binding site found from Schw. occidentalis genes. The 

consensus sequence is 5'-G-N-N-N-N-T-N-N-C-G-3' (Guarente, 1992). Numbering is 

upstream fiom the translation start codon ATG. 



EG 1 .laTATAAA-8-TA'lTC-i I -3TTA43:-3 5-TAAA-2-CAAG- 1 O-TAAG-S-ATG 

G M  aTAT&lA-34-CI'CAT-1 0 -mAAGCAAGATG 

GDH . o , T A T A A A - 2 2 - T C A ~ C -  1 -GPLAA-~-GAAA-~~-TAAGG~-GAAA-~-ATG 

H M  . , TATUT-1  34-CTATCC TTIT4-T-4-GAAG-I 1 -CAAA-2 1-TAAA-~GAAG-I~XAAG-5-ATG 
H,YK .,TATATA-1 9-CATTTGTCT-3-GAAA- 1 9-TAAA-25-TAAG-2-CAAAATG 

i *,TATAAA- 1 5-CC AT-1 4 ---23-ATG 

LE112 .124TATGATT~CTCGCTTCC-72-CAAG-29-ATG 

$CR2 ., ,TATACT-1 5-CTATTCTCT-Il1 -T--g-ATG 

SWA2 . ,9TATATA-35-mGTTC-3-A-l  -TAAA-3 - T M -  12-ATG 

8 Figure 1.2.2. An alignrnent of transcription initiation sites of 12 Schw. occidentalis genes. 

The consensus sequences is 5' - TATA box --- (CT)n - -  PyAAPu --- ATG - 3'. The bold 

sequence indicates the CT block. The sequences underlined mran the transcription 

initiation sites determined by SI-nuclease mapping. The numeral given in the Front of 

each sequence indicates the distance from ATG codon. The numeral found within each 

sequence indicates the total number of nucieotides between the two segments flanking it. 



-3 1 4 6 
ADR ATA ATG GAT 

M l  GAC ATG AGA 

CYCl,, ACA ATG CCA 

EG1 TGG ATG AAA 

GAMI M G  ATG ATT 

GDH GAG ATG ATT 

-3 1 
TT'G - ATG 

ATG 

AAC ATG 

GCA ATG 

ATA ATG 

ACG ATG . . 

4 6 
TTG 

GTT 

GTA 

GAG 

GTT 

AAA 

Figure 1.2.3. The flanking nucleotides around ATG codon of Schw. occidentulis genes. 

The alignment of these sequences gives a conservation of 5'- (AIG) NN ATG (AIG) N 

(AIT) - 3 ' . 



A. Nuclear protein 

Ribosome 
SCR2 (5)  PKTRK pro tein 

B. Secreted proteins 
. P" - Hydrophobie CSb 

Amylase AMYP (33) M BFSTEGETSK -SRL VSA QPIDF DLR u DVS 

Amylase M S d  (30) M RFSTEGFTSK VVM&AESPL YSA QPlIF DMR DVS 

Amylase AMYWo (25) M RFSTEGFTSK VVAAnAFSPL YSA.1 QPKF DKRDVG 

Amylase SWA2 (20) M KFATILSTT ALAL - SSL YASJ KPI 

Glucoamylase GAMl (23) MIFL U I K S  NIGLGU SAI QU u PAS 

Invertase INV (22) M V Q V L S  yLYKIU1 TLFFGYYBS SSI 

Figure 1.2.4. The signal sequences of Schw. occiden~aiis proteins. The signal peptide in A 

section is called nuclear location sequence, in B section signal sequence. ( ): the number 

of  amino acids in the signal peptide. &: the putative cleavage site. U: the putative 

cleavage site deduced by determining the N-terminus of the purified protein. -: amino 

acids characteristic in each region. "P: positive-charged amino acid. b ~ ~ :  Cleavage site. 

'AMYP (Puta et al., 1994). dAMYS (Strasser-et al., 1989). 'AMYW (Wu et al., 1991). 



Tabl e 1.2.1. Transformation system oped for 5: c h .  occidentalis. 

Host Vector Transformation S tbb Reference 
Name Marker Replicon Method ~ f f .  a A ("1 

2p ORI S p heroplast 
(Scd) 

ARS Sp heroplast 
(So) 

2p ORI Elecîroporation 
(Sc) 

ARS1 Comptent cell' 
(Sc) 

2p ORI Comptent ce11 
(Sc) 

SwARSl Competent ce11 
(So) 

2p ORI Competent ce11 
(Sc) 

ND' 

ND 

ND 

1 

5-10 

10-20 

ND 

Klein and 
Favrectu. 1988 

Kiein and 
Favreau, 1988 . 

Costaglioli et 
al.. 1994 

Dolmen et al.. 
1989 

Dohmen et al., 
1989 

Dohmen et al., 
1989 

~ a v e '  and 
Chatt00 1997 

"eE transformation eficiency defined as the number of transformants pet- pg of DNA used 

for transformation. 
b Stb: The vector stability was determined after 15 generations of  growing transformants in 

non-selective condition. 

'WD: not-detected. 



Table 1.2.2. The Schw. occidentalis gene cloning. 

Enzyme/Protein Gene Gene (GIC) ûene Cloning Reference 
s ize % Source host 

a- Amylase 

a-Amy lase 

a-Amylase 

a-Amylase 

a-Amy Iase 

a-Amy lase 

ATPase 

ATPase 

Cytochrome c 
protein 

Glucoamy Iase 

P-Glucosidase 

E-iexo kinase 

invertase 

dehydrogenase 
NPLDP-dependent 
glutamate 
drhyirogenase 

.ûrotidine 
Y-phosphate 
dccarboqlase 

Phosphonbosyl 
aminoimiâazoie 
carbosylase 

Potassium 
transporter 
Ribosomal proiein 

Ribosomal protein 

EG1 
AMY 

SWA2 

AMY 
AMY1 

SWAl 

SWA2 

ENA 1 

ENA2 

CYCl, 

GAMl 
- 
m 
11VI' 

LEU2 

GDH 

ODC 

mE2 

Hz 1 

SCR 1 
SCRT 

474 
1,536 

ND' 
1,536 

1,536 

ND 
1 ,S2 1 

3,165 

3,246 

33 3 

2,874 
- 

1,437 

1.599 

1.140 

1.3 80 

ND 

1 .Oïl 

2,286 

ND 
31 1 

NCYC 953 

- 

E. coli 

Scb 

Sc 
Sc 

Sc 

Sc 

-. Sc 

Sc 

E. coli 

Sc 

E. coli 
- 

E. coli 

E. coli 

Sc 

E. coli 

Sc 

Sc 

Sc 

Sc 

Sc 

Prakash and Seiigy, 1988 

Wang et al., 1989; Wu et al., 
199 1 

Puta et al., 1994 

Park et al., 1992 

Sirasser et al,, 1989 

Abarca et al., 1988; 1989 

Abarca et al., 199 i: Claros et 
al., 1993 

Banuelos and Rodripez- 
Navarro, 1998 
Banuelos and Rodriguez- 
Navmo, 1998 

Arnegadzie et al., 1990 

Dohrnen et al., 1988: 1990 

Klein et al., 1989a 

Rose, 1995 

Klein et al., 1989b 

Iserentant and Verachtert, 
1995 

De Zoysa et al.. 199 1 

Klein and Roof, 1988 

Klein and Favreau, 1 988 
Gourdon et al.. 1995 

Banuelos et al.. 1995 

Del Pozo et al., 1993 
Del Pozo et al.. 1993 

W: might be a novel protein. 

b Sc: S. cere vinlae. 

'ND: net-detected. 

d ---: no report found from cited publication. 

' The open reading fiame of the SCR2 is intempted by a putative intron. 



Table 1 . î . 3 .  The structures of Schw . occidentalis genes. 

Gene Operator Promoter Ribosomal binding site Reference 
G-T-CG' TGACTC CAAT TATA CT block T I S ~  

GDH 

SCRZ 

Gourdon et 
aI., 1995 

~ t & s s e r  et al., 
1989 

Arnegadzie et 
al., 1990 

Prakash and 
Seligy, i988 

Dohrnen et al., 
1990 

D e  Zoysa et 
al.. 199 1 

Banuelos et 
al., 1995 

Rose, 1995 

Klein et al., 
1989b 

Iserentant and 
Verachtert, 
1995 

Del Pozo et 
al.. 1993 

Claros et al., 
1993 

"G-T-CG: the sequence of 5 ' -  GNNNNTNCG - 3'.  

?IS: transcription initiation stan. '?: no1 determined. 



Table 1.2.4. The putative TATA box sequecces of Schw. occideniah promoters. 

Gene TATA box Reference 

-4 DE2 TATPLAT Gourdon et al., 1995 

EGI . 

GDH 

TATAAA 

TATATA 

TATAAA 

TATAAA 

TATAAA 

TATAAT 

TATATA 

TATAAA 

TATGAT 

Strasser et ai.. 1989 

Amegadzie et al., 1990 

Prakash and Seligy, 1988 

Dohmen et al.. 1990 

Dé'Zoysa et al., 199 1 

Banuelos et ai., 1995 

Rose, 1995 

Klein et ai., 1989b 

Iserentant and Verachtert, 1995 

SCR2 TATACT Del Pozo et al., 1993 

SN42 TATATA Claros et ai., 1993 



Table 1.2.5. The consensus sequences deduced from the 3'-untranslated region of Schw. 

occidentalis genes . 

Genc TAG - 1?T" AAGAAA A A T M  AATATA 

ADE2 

M l  

CYC1, 

EG1 

GAMl 

rnK1 

HYK 

IW 

LEü2 

SCR2 

SIVA 2 

GDH 

"TAG --- TTT: 5'- TAG --- TAGT (or TATGT) --- TTT - 3'. The symbol of + means the 

sequence can be found fiom the gene. The symbol of +/- means only part of the 

consensus sequence can be deduced 60m the gene. The GDH gene has a published 

sequence with oniy 42 bp in its 3'-untransiated region that might result in no typical 

terrninator structure deduced. 



Table 1.2.6. The regdators of Schw. occidentalis gene expression. 

Gene Activator Inactivator Reference 

AMY, 
SWA 

ENA 1 

ENA 2 

GAMl 

HAKl 

rw 
CYCl,, 

P qclodextrin, 
maltose, starch 

P-cyclodextNi, 
maltose, starch 

Glucose 

Lactose, sucrose 

0.xygcn 

Glucose 

High pH and Na' 

High pH 

Glucose. heat shock 

Neomycin 

Glucose 

Glucose* 

De Mot &d Verachtert, 1986; Abarca et 
al., 1989, 199 1; Dohmen et al., 1989; 

. Dowhanick et al., 1987: Wang et ai., 1989 

Banuelos and Rodriguez-Navarro, 1998 

~anuelos ind Rocîriguez-Navarro, 1998 

De Mot and Verachtert. 1986: Dohmen et 
al., 1990: Dowhanick et al.. 1990 

Baii'uelos et al.. 1995 

Klein et al., 1989b 

AmegadPe et al., 1990 

*The glucose repression was only in S. cereviszae, but not in Schw. occidentalis. 



CHAPTER 2.0 

A TRANSFORMATION SYSTEM FOR SC'.ANNIOMYCES OCCIDENTALIS 

In order to study the molecular biology of Schwanniomyces occidentalis 

(Debaryomyces occidentalis), a transformation system of the yeast is a prerequisite. This . 

chapter describes a developed Schw. occidentalis transformation system, which was 

based on the complementation of Saccharomyces cerevisiae LEU2 gene in a leu 

I auxotrophic mutant of Schw. occidentalis. 

l 

l The major results of this study were summarized and submitted as a manuscript 

for pub1 ication in Biotechnology Techniques ( 1  997 1 1 : 307-3 09). The manuscript entitled 

"Transformation systern for Schwmiornyces occidentdis" was CO-authored by Tsung- 

Tsan Wang, and Byong H. Lee. The project was supervised by Dr. Byong H. Lee, while 

the actual experimental work, and writing of the manuscript were done by Tsung-Tran 

Wang. Dr. Byong Lee edited the manuscript pnor to its submission for publication. 

2.1 ABSTRACT 

A new transformation system of Schwati~liornyces occidentalis (Debaryornyces 

occidentalis) has been developed. After treatment with 1-methyl-3 -nitro- 1- 

nitrosoguanidine of Schw. occide~~tolis. a Irrc auxotrophic mutant was obtained. 

Spheroplast-mediating method was used for the yeast transformation with transformation 

eficiency of 10' transformantdpg DNA. The leu mutant was complemented with 

Saccharomyces cerevisiae LEU2 gene carried by YEp 13. Although low stability, YEp 13 

could be recovered from yeast transformants and had the same 

enzyme cutting sites like the original one. The 2-pm replicon 

a - 

responsible for YEp 13 replication in Schw. occidentah. 

size and restriction 

is proposed to be 



2.2 INTRODUCTION 

hiledew (1987) described Schwanniomyces occidentalis (Debaryomyces 

occidentalis) as a potential "super yeast". Recently, both academic and industrial interests 

have focused on Schw. occidenialis, because i t  is able to use cheap starch as a carbon 

source to grow with rapid growth rate and high ceIl mass (Moresi et al., 1983; Jamuna . 

and Ramakrishna, 1989; Hom et al.. 1992). produce strong amylolpic enzymes 

extraceilulariy and secrete large proteins (Ingledew, 1987) without hyper-glycosylation 

and measurable extracellular proteases (Deibel et al., 1988). These characteristics rnake 

Schw occidentulis as a potential host system to replace Saccharomyces cerevisiae for 

producing heterologous proteins. However, the research in rnolecular biology of Schw. 

occidentalis has been hampered by few transformation systems. Still now, there are only 

three transformation systems developed for Schw. occidentalis (Klein and Favreau, 1988; 

Dohmen et al., 1989; Dave and Chattoo, 1997). They were based on the complementation 

of ode?, trp5, and uroj (or ura5) auaotrophic mutants with corresponding genes. ADF;, 

TRPS, and URA3 genes, respectively. The ADE2 gene was cloned from Schw. 

occiden~aIis, and the T M 5  and URA3 genes were derived from S. cerevisiae. The 

transformations were carried out by spheroplast-mediating method (Klein and Favreau, 

1988), competent ce11 method (Dohmen et al., 1989; Dave and Chattoo 1997). or 

electroporation method (Costaglioti et al., 1994) with transformation efficiency of lo3, 1- 

1 O". 1 O' transformants/pg DNA, respective1 y. 

As discussed in iiterature review (1). the S. cerevisiae LEU2 gene was the most 

widely used transformation rnarker in S. cerevisiae and 13 other yeast genera. It is 

proposed that the LEU2 gene might also complement a corresponding leucine 

auxotrophic mutant. Moreover, a lot of vectors based on the LEU2 gene have been 

constructed. This study aims at establishing a new transformation system based on the 

cornplementation of the LEU2 gene in a corresponding leu auxotrophic mutant of Schw. 

a occidentaIisS Thus, it is useful that the transformation system can take advantage of the 

developed LEn-based vectors. 



2.3 MATERIALS AND METHODS 

2.3.1 Chernicals and enzymes 

Unless otherwise specified, al1 chemical reagents were obtained fkom Sigma 

Chernical Co. (St. Louis, Missouri, USA). Restriction enzymes, agarose and DNA 

mdecular weight markers were obtained fiom Boehringer Mannheim (Laval, Quebec, . . 
Canada). Yeast nitrogen base without amino acids was obtained fi-om Difco Lab. (Detroit, 

Michigan, USA). Glusulase was obtained fiom Dupont Co. (Boston, Massachusetts, 

USA). Other chernicals were obtained from Anachernia (Montreal, Quebec, Canada). 

2.3.2 Strains, vectors, and media 

The strains and vectors used in this study are listed in Table 2.1. E. coli was 

cultivated in LB medium (0.5 % yeast extract; I % Tryptone; 1 % NaCl) at 37°C 

(Maniatis et al.. 1982). The amount of antibiotic added to LB was 100 pg/ml ampicillin, 

15 pg/ml tetracycline when needed. Yeasts were cultivated in YPD medium (1 % yeast 

earact; 2 % Bacto-peptone; 2 % glucose) and MM medium (0.67 % Difco yeast nitrogen 

base without amino acid; 2 % glucose; 20 pg/ml adenine; 20 pg/ml uracil) at 30 OC 

(Kaiser et al.. 1994). MM medium was supplemented with 30 pg/ml ieucine when 

necessary. For solid media. 2 % Bacto-agar was added into the media. For growing 

cultures in broth, the celis were grown with agitation by an orbital shaker (Lab-Line 

Instruments Inc., Melrose Park. Illinois. USA) at 200 rpm- 

2.3.3 Yeast mutation 

The auxotrophic mutants of Schu*. occidentalis were obtained by the method of 

Kaiser et al. (1994), except that 20 pgml NTG (1-methyl-3-nitro- 1 -nitrosoguanîdine) 

was used. Log-phase yeast cells were centnfuged at 4,000 rpm for 15 min with Rotor 215 

of IEC Centra-iMP4 centrifuge (International Equipment Company, Needham Heights, 



Massachusetts, USA), washed with 1 volume of Tris-HCl buffer (0.1 M., pH 7.0) twice, 

and suspended in 1/10 volume of Tris-HC1 buffer. Treated with N'TG at 30°C, 30 min, 

the yeast cells were centrifuged and washed wi!h 1/10 volume of Tris-HCl buffer twice. 

Suspended and incubated with 1 ml of fiesh YDP medium at 30°C for 2 h, the mutated 

yeast cells were spread on YPD medium plates, and incubated.at 30°C for 4 days. 

2.3.4 Screen leu auxotrophic mutants 

, - 
Yeast colonies fi-om treatment with NTG were picked up from YPD plates with 

sterilized toothpicks, replicated on MM and h/ZM plus leucine plates, respectively, and 

incubated at 30°C for 4 days. 

2.3.5 ~etbrmination of reversion rate of mutants 

Leucine auxotrophic mutants were picked up fiom MM plus leucine plates, 

inoculated in 100 ml of YPD broth. and continuously grown for 48 h. Diluted cell 

cultures (frorn 10°to 10') were spread on YPD and MM agar plates, respectively, and 

incubated at 30°C for 4 days. The reversion rate was defined as the colony number 

appearing on MM plates divided by the colony number appearing on YPD plates. 

2.3.6 Determination of yeast spheroplast generation rate 

Yeast spheroplast generation rate was deiermined by a modified method of Kaiser 

et al. (1994). Twenty milliliters of yeast cells in log phase and in stationary phase, 

respectively, were centrifuged at 4.000 rpm for 15 min with Rotor 2 15 of IEC Centra- 

h4P4 centrifuge, and washed with 50 ml of waier. Suspended in 50 ml of SED buffer (1 

M sorbitol; 25 mM EDTA (ethyiene diamine tetraacetate), pH 8.0; 50 rnM DTT 

(dithiothreitol)) and incubated at 30 O C  for 10 min, the cells washed twice with 50 ml of 

1.2 M sorbitol. The ce11 pellet was suspended in 20 ml of SCE buffer (1 -2 M sorbitol; 0.1 

M sodium citrate, pH 5.8; 10 mM EDTA), added with 0.2 ml of glusulase and incubated 

at 30 OC for 20 min. From then on, centrifugation was performed under 2,500 rprn for 3 



min with the same rotor. The cells were centrifbged, washed twice with 50 ml of 1.2 M 

sorbitol, suspended in 1 ml of 1.2 M sorbitol, divided into 100 pl aliquots in 1.5 ml of 

Eppendorf tubes, added with 100 pl of different concentration of sorbitol (1 M, 1.5 M, 2 

M, and 2.4 M, respectively) and left at room temperature for 30 min. Diluted (fiom loOto 

10') with corresponding concentration (1 M, '1S M, 2 M, and 2.4 M respectively) of 
' 

sorbitol, an aliquot of diluted cells was transferred into a tube containing 20 ml of pre- . . 

warm (48 O C )  YPD medium with sorbitol in corresponding concentration (1 M, 1.5 M, 2 

M, and 2.4 M, respectively), gently mixed well, poured-out into Petri-dish, and incubated 

at 30 OC for 4 days. A negative control was obtained by using water to replace sorbitol. 

and positive controi was based on the cells without any enzyme treatment. Spheroplast 

generation rate is defined as colony number from enzymatic treatment divided by colony 

nurnber fkom positive control. 

2.3.7 DNA isolation. 

2.3.7.1 Preparation of vector DNA fiom E coli 

Vector DNA fi-orn E. coli was prepared with a Midi plasmid purification kit 

(Qiagen Co., Hilden, Germany) and followed the protocol provided by the Company. One 

hundred milliiiters of E. coli ceils were harvested by centrifugation at 4,000 rpm for 20 

min at 4 O C  with Rotor 215 of LEC Centra-MP4 centrifuge. The ce11 pellet was 

completely suspended in 4 ml of Buffer PI (10 mM EDTA; 50 mM Tris-Hel, pH 8.0; 

100 pg/ml ribonuclease A). Four milliliiers of Buffer P2 (1 % SDS (sodium dodecyl 

sulfate); 200 mM NaOH) were added for ce11 lysis by gently inverting tube 4 - 6 times 

and incubated at room temperature for 5 min. To neutralize ce11 lysate, the tube was 

added with 4 ml of Buffer P3 (3.0 M potassium acetate) and gently inverted 4 - 6 tirnes 

and incubated on ice for 15 min. The sample was then centrifbged at 12,000 rprn for 30 

min at 4OC (JA-14 rotor of Beckman Mode1 J2-2 1). Dunng centrifugation, a Qiagen-tip 

a LOO colurnn was equilibrated with 4 ml of Buffer QBT (0.15 % Triton X-100; 15 % 

isopropanol; 50 mM MOPS (morpholinopropanesulfonic acid), pH 7.0; 750 mM NaCI) 

and emptied the buffer by gravity flow. M e r  centrifugation, aqueous supernatant was 



pipetted to the equilibrated column, and allowed to enter the resin by gravity flow. The 

column was washed twice with 10 ml of Buffer QC (15 % isopropanol; 50 mM MOPS, 

pH 7.0; 1 .O M NaCl) and 5 ml of Buffer QF (15 % isopropanol; 50 mM Tris-HCI, pH 8.5; 

1.25 M NaCl) was added to elute DNA:The eluted DNA solution was mixed with 3.5 ml 

of isopropanol and centrifuged imrnediately, at 12,000 rprn for 30 min at 4°C. The DNA . 

pellet was washed with 2 ml of 70 % ethênol, dried at rborn temperahe, and then 

dissolved in 1 ml of TE buffer (10 mM Tris-HCI, 1 rnM EDTA, pH 8.0). 

. . 

2.3 J.2 Preparation of vector DNA from yeast 

Yeast vector DNA was isoiated by the method of Kaiser et al. (1994). Fifty 

milliliters of yeast cells in stationary phase were centrifuged at 4,000 rprn for 15 min with 

Rotor 2 15 of IEC Centra-MP4 centrifuge, washed with 50 ml of water, suspended in 50 

ml of SED buffer (1 M sorbitol; 25 mM EDTA (ethylene diamine tetraacetate), pH 8.0; 

50 m .  DTT (dithiothreitol)) and incubated at 30 OC for 10 min. The cells were washed 

twice with 50 ml of 1.2 M sorbitol, suspended in 50 ml of potassium phosphate buffer 

(1.2 M sorbitol; 0.1 M potassium phosphate, pH 7 . 9 ,  and incubated with 0.1 mg of 

Lysing enzymes7(Sigma L2773) at 30 O C  for 30 min. The ce11 pellet after centrifugation 

was gently suspended in 5 ml of pre-warmed (60°C) lysis buffer (10 rnM T~S-HC!, pH 

8.0; 10 m M  EDTA; 10 % SDS; 100 pg/ml ribo.nuclease A), and incubated ot 60 OC for 30 

min. Proteinase K (100 pgh i )  was added into aqueous solution and incubated at 60 O C  

for 30 min. The aqueous solution was purified with phenol and chloroform. Al1 

chloroform used in this protocol was mixed with isoamyl alcohol (24:1, voWvo1). Firstly, 

the aqueous solution was mixed with 1 volume of pre-warm (60 OC) saturated phenol by 

gently inverting tube for 5 min, centrifuged at 4,000 rpm for 15 min, and transfer the 

upper layer solution into a ciean tube. The aqueous solution was mixed with 1 volume of 

saturated phenol/chloroform (1: 1. voVvol) by gently inverting tube for 5 min, centrifuged 

at 4,000 rprn for 15 min, and the upper layer of solution was transferred into a clean tube. 

This step was repeated until the white materials on the interfàce disappeared after 

centrifugation. The aqueous solution was then mixed with 1 volume of chloroform by 

gently inverting tube for 5 min, centrifuged at 4,000 rprn for 15 min, and the upper layer 



of solution was transferred into a clean tube. The aqueous solution was added 2 volume 

of ethanol, gently inverted 4 - 6 times, lefi at room temperature for 5 min. Following 

centrifugation at 12,000 rpm for 30 min at 4OC, pellet was dned at room temperature, and 

dissolved in 200 pl of TE buffer. Residues were removed from the DNA solution after 
. - centrifugation at 12,000 rpm for 30 min at 4OC. E. coli DHlOB was used to transfer the 

total yeast DNA and screened in LB plates containing appropriate antibiotics. The vector . 

DNA was isolated fiom the E. coli transformant. 

. . 

2.3.7.3 DNA elution, digestion and ligation 

The agarose gel containing target DNA was sliced by a sharp knife and put into 

Y4 dialysis tubing (GIBCO-BRL, Co.) with a minimum amount of TAE (40 m M  Tris- 

HCI, 20 rnM sodium acetate and 20 rnM EDTA, pH8.0) buffer as possible and without 

any air bubble existing inside tube. The dialysis tubing was tied with forceps and put 

back into electrophoresis tank for further electrophoresis until DNA migrated out of the 

gel. The solution was pipetted out fiom dialysis tubing into a new Eppendorf tube, and 

puritied with phenol and chloroform as the procedure shown in isolating yeast DNA. 

Added with 2 volume of ethanol and 0.1 volume of 3 M sodium acetate, the tube was put 

in -70 OC for at least 8 h. M e r  centrifugation and drying, the DNA pellet was dissolved 

in appropriate volume of TE buffer. DNA digestion and ligation followed the instructions 

for each enzyme provided by Boehringer Mannheim. 

2.3.8 DNA Quantitation 

A spectrophotometer was used to determine DNA quantity with the reading at 

wavelength of 260 nm. An OD of 1 corresponds to approximately 50 p g M  for double- 

stranded DNA (Maniatis et al., 1982). 

2.3.9 Agarose gel electrophoresis 



Agarose gel (0.8 %) containing 0.5 pg/ml of ethidium bromide was used for DNA 

electrophoresis, which was canied out in a Mupid .2 electrophoresis tank (Advance, 

Tokyo, Japan) with TAE, buffer. DNA samples were loaded into gel wells with 6 x  

loading buffer (0.25 % bromophenol blue; 40 % glycerol). h-Hindm DNA was applied 

as standard of molecular weights. 

2.3.10 Transformation of  microorganisrns 

2.3.10.1 E. coli transformation 

E. coli transformation was perfomed by the competent ceIl method (Maniatis et 

al., 1982). A portion (5 ml) of overnight culture was inoculated into 50 ml of fiesh LB 

broth and grown to OD, of 0.5. Afier chilling on ice for 10 min, the culture was 

centrifuged at 4,000 rpm for 20 min at 4°C with Rotor 215 of IEC Centra-MP4 centrifuge. 

The pellet was suspended in 25 ml of cold (4 O C )  0.1 M CaC1,and incubated on ice for 30 

min. Following centrifugation with 3,000 rpm for 10 min at 4OC, the pellet was 

suspended in 2 ml of cold 0.1 M CaCI, and incubated on ice for at least 12 h. The cells 

were divided into 100 pl aliquots in 1.5 ml of Eppendorf tubes. M e r  addition of I - 10 

ul DNA the cells were incubated on ice for 30 min, heated at 42OC water bath for 90 sec 

exactly, and then chilled on ice for 2 min. Following incubation with 1 ml of LB broth at 

37 O C  for 60 min without shaking, the cells were plated on LB medium plates containing 

appropriate antibiotics and incubated at 37 O C  for 12 - 20 h. 

2.3.10.2 Yeast transformation 

Yeast was transformed by a spheroplast-rnediating method (Kaiser et al., 1994). 

Twenty milliliters of yeast cells in stationary phase were centrifuged at 4,000 rprn for 15 

min with Rotor 215 of IEC Centra-MP4 centrifuge, and washed wîth 50 ml of water. The 

cells were suspended in 50 ml of SED buffer (1 M sorbitol; 25 mM EDTA, pH 8.0; 50 

rnM DTT), incubated at 30 OC for 10 min, and were washed M c e  with 50 ml of 1.2 M 

sorbitol. The ce11 pellet was suspended in 20 ml of SCE buffer (1.2 M sorbitol; 0.1 M 



sodium citrate, pH 5.8; 10 rnM EDTA), mixed with 0.2 ml of glusulase and incubated at 

30 OC for 20 min. M e r  centrifugation (2,500 rpm, 3 min), the cells were washed twice 

with 50 ml of 1.2 M sorbitol, with 50 ml of STC buffer (1.2 M sorbitol; 10 mM CaCI,; 10 

mM tris-HCl, p H  7.5). and suspended in 2 ml of STC buffer. The ce11 solution was 

divided into 100 pl aliquots in Eppendorftubes, added with 1 - 10 pl of D N q  and lefi at 

room temperature for 15 min. Each tube was added with 1 ml of PEG buffer (20 % PEG 

(polyethylene glycol) 4,000; 10 mM CaCI,; 10 rnM tris-HC1, pH 7.5), and left at room 

temperature for 15 min. Mer centrifugation, the cells-were suspended in 1 ml of 1.2 M 

sorbitol. Aliquot of 200 p1 cells was transferred into a tube containing pre-warmed (4g0C) 

MM medium (1.2 M) sorbitol and poured on Petri dish. The cells were incubated at 30 OC 

for at least 4 days. 

2.3.11 Determination of generation time of yeasts 

Yeasts were grown in YPD to stationary phase as seeds. Then, 0.1 ml of seed was 

inoculated into 100 ml of fresh YPD and incubated. During incubation, 0.1 ml of culture 

was sarnpled every 4 h. With appropriately dilution, yeast cells were spread on YPD 

plates, and incubated at 30°C for 4 days. The generation time was defined by the 

following equation 

Generation time = In N, - In N, = k (t2 - t,) 
t: growth time 

N: ceil number at t time. 

Thus, generation tirne = 0.693 / k 

2.3.12 Mitotic stability of vector 

The mitotic stability of plasmid in yeasts was determined by the method of 

Stinchcomb et al. (1 980). Yeast transformants were grown in MM to stationary phase as 



seeds. Then, 0.1 ml of seed was inoculated into 100 ml of fkesh YPD and incubated. 

When the culture grew to stationary phase, another 100 ml of fiesh YPD was inoculated 

with 0.1 ml of stationq-phase culture. Dunng incubation, 0.1 ml of the culture was 

sampled every 10 h, appropriately diluted, spread on YPD and MM plates, respectively, 

and incubated at 30°C for 4 days. The mitotic stability was defined as-the colony number . 

appeared on MM plates divided by the colony number appeared on YPD plates. 

. . 

2.4 RESULTS 

2.4.1 Characterization of Schw. occidentalis mutants 

In order to use S. cerevisiae LEU2 gene as a genetic marker for Schw. occidentalis 

transformation, a corresponding leucine auxotrophic mutant of the yeast is required. Thus, 

on1 y 1 eucine auxotro p hic mutants were screened after treatment of Schw. occidentalis 

ATCC44442 with NTG. Three mutants found were named as DW87, DW88, and DW89, 

respectively. However, the reversion rates of DW87 and DW89 were almost 100 %, 

except for DW88 whicli showed a reversion rate less than 10". The morphology observed 

by microscope (400 x, Wild Model Photoautomat MPS45, Leitz, Gennany) and on YPD 

plates showed similar cell size and shape between wild type and DW88 (Figure 2.1). 

These yeasts also had similar generation time of about 2 hours and cell density of 108 

colonies per milliliter at stationary phase (Figure 2.2). Thus, except for the leu allele, 

Schw. occidentulis DW88 was similar to its wild type and chosen as a host for fùnher 

studies. 

2.4.2 Preparation of spheroplast 

To make spheroplasts for transformation, an optimal condition-for spheroplast 

generation is required. In this study, sorbitol was used as a spheroplast stabilizer. As 

s h o w  in Table 2.2, the rpheroplart generation rate of S c h .  occidentalis DW88 in the 

presence of 1.2 M sorbitol was 98 %, after cells was collected in stationary phase but not 



in log phase. No spheroplast was obtained with sorbitol concentration less than 1.2 M. 

Therefore, the stationary-phase cells of Schw. occidentalis DW88 in the presence of 1.2 

M sorbitol were chosen to perform transformation. 

2.4.3 Transformation of Schw. occidentalis 

YEpl3 canying S. cerevisiae LEU2 was transferred into Schw. occidentalis 

DW88 (leu) by spheroplast-mediating method. M e r  incubation at 30°C for 4 days on 

MM plates, Leu' colonies were obtained with transformation efficiency of 10' 

transformantsfpg DNA. 

2.4.4 Plasmid construction 

YEp13 contains S. cerevisiae 2-pm replicon. To make sure whether the 2 - l m  

repiicon is responsible for YEp 13 replication in Schw. occidentdis DW88, a YIp (yeast 

integrating plasmid) vector. p322L without the 2-prn replicon, was constructed as shown 

in Figure 2.3. After digestion with PsfI, the LEU2 containing fragment (4,066 bp) of 

YEp 13 was recovered from agarose gel. and ligated with PsA-digested pBR322. E. coli 

DHlOB was used to transfer the recombinant DNA and then spread on tetracycline- 

containing LB plates, because pBR3 22 kept tetracycline resistant (Tc? genotype but lost 

ampicillin resistance (Ap3 after insertion of the LEU2 containing fragment into Apr gene. 

For selecting transformants with phenotype of Tcr and ampicillin sensitive (Ap3, 

transformants were replicated on LI3 plates including tetracycline and ampicillin, 

respectively. The vector DNA isolated from one of Aps and Tcr transformants was 

designated as p322L. m e r  digestion with Pstl, p332L oflered two DNA fragments (Lane 

D) with molecular weights of 4.1 and 4-4 kb identical to those from pBR322 (Lane B) 

and YEpl3 (Lane C), respectively (Figure 2.4). Following transforming Schw. 

occidentalis DW88,2 pg ofp322L DNA totally produced only 2 colonies on MM plates. 



2.4.5 Fates of vectors in Schw. occidentalis 

2.4.5.1 Stabilities of YEp 13 and p322L in Schw. occidentalis 

Three Sc&. occidentalis DW88 LeuT transformants given by YEp 13 and the two 

transformants by p322L wer? grown in YPD for 50 h. As shown in Table.2.3, the 

stability of YEpl3 was about 8 % after incubation in non-selective medium for 30 h and 

decreased with increasing incubation time. However, p322 maintained 96.3 % of stability 

afier 50 h incubation in YPD medium. 

2.4.5.2 Structures of recovered vector fiom Schw. occidentdis 

When total DNA was isolated from yeast transformants with YEpl3 and p322L, 

respectively, and transformed into E. coli DHIOB, the former provided transformants on 

LB plates containing tetracyciine, but the latter did not. The recovered YEpl3 

transformed Schw. occider~mlis DW88 with the same transformation efficiency (1 0' 

transformants/pg DNA) as the original YEpl3 did. To investigate whether Schw. 

occidet~talis modified foreign D N A  or not, the original and recovered YEpl3 were 

digested with restriction enzymes AaiII. BamHI, ClaI, EcoRI, EcoRV, KpnI. N ~ I , '  ~ s t 1 ,  

StuI, and B a l .  respectively. Figure 2.5 shows-that these two vectors had same molecular 

weight of 10.7 kb and same profiles on agarose gels. 

2.5 DISCUSSION 

In order to use the S. cerrvisiar LEU2 gene as a genetic marker for Schw. 

occidentalis transformation, a corresponding leucine auxotrophic mutant was required. In 

total, three leucine auxotrophic mutants were obtained afier mutation, but only Schw. 

occidentalis DW88 possessed a Iow reversion rate Iess thon 10". It means that the 

mutated leu allele of Schw occide,~ralis DW88 is stable. Both wild type and DW88 

showed the same ce11 size, shape, colony morphologies, generation time, and ce11 density 



in the stationary phase. These results imply that Schw. occidentalis DW88 was similar to 

its wild type except for the mutated leu allele. 

S. cerevisiae transformation is often performed with log-phase cells (Kaiser et al., 

1994). In this study, spheroplasts were obtained from cells harvested in stationary phase . 

but not in log phase. Moreover, the 1.2 M sorbitol (spheroplast stabilizer) using for Sc&. . 

occidentalis DW88 transformation is higher than that (1.0 M) for S. cerevisiae 

transformation. This hints that Schw. occidentalis DW88 has more fragile ce11 wall than S. 

cere visiae. 

After transformation, YEp 13 canying S. cerevisiae LEU2 gene allowed Schw. 

occidentalis DW88 to survive on MM plates with a transformation eficiency of 
- transformantslpg DNA. This indicates that the LEU gene can complement the leu 

mutation of Schw. occidentalis DW88. Compared with other Schw. occidentalis 

transformation systems, this transforrnation eficiency was similar to that of spheroplast- 

mediating transformation (Klein and Favreau. 1988). higher than that of a competent ceIl 

method (1-103) (Dohrnen et al. 1989), but less than an electroporation method (10') 

(Costaglioli et al. 1994). This fact also appeared on S. cerevisiae transformation (Chapter 

1)- 

Besides pBR322. YEpl3 consists of two yeast DNA fragments containing the 2- 

pm replicon and a LE02 gene. respectively. Meanwhile, p322L is cornposed of the LEU2 

gene inserted into PslI site of pBR322, and p322L did not contain the 2 - p  replicon. 

YEpl3 provided Schw occidenraiis transformation with the eficiency of lo3 

transformantslpg DNA, but p322 did not. These results imply that 1) the 2-pm replicon is 

responsible for YEpl3  replication extrachrornosomally in Schw. occidentalis, 2) the 

replication initiation components of Schw. occidentaks recognire foreign replicons, 3) S. 

cerevisiae LEU2 gene functions in Schw. occidentalis, and 4)  Schw. occidentalis provides 

a .  an environment allowing heterologous gene expression. 



The 2-pm plasmid contains a replicon and three regions, REPl, REPt and SW 

(REP3) genes required for plasmid amplification and stable maintenance. The replicon 

and STB gene are cis-acting, but REPl and REP2 genes are trans-acting. YEpl3 possess 

the 2-pm replicon and the S B  gene, but no REPl and REP2 genes. S. cerevisiae with 2- 

pm plasrnid is thus required to stably maintain 2-pm-based vectors. Otherwise, in a host 

ceIl without the 2-pm plasmid, the vectors have only normal amplification, but poor . 

partition resulting in low stability (Soidla and Nevzgliadova, 1987). This is in agreement 

with Dohmen et al. (1989), who found low stability of YEp-type vectors in Schw. 

occidentalis. This suggests that the yeast lacks the REPI- and REPZ-like functions. To 

increase vector stability in Schw. occidentalis, ribosornal DNA (rDNA)-containing 

vectors, which perform multiple integration of vectors into host chromosome, are 

recommended. Recently, this kind of vector has been successfùlly applied in Candida 

utilis (Kondo et al., 1995), Kfz~yveromyces lacris (Bergkamp et al., 1992; Rossolini et al., 

1992), PhMa rhodozyma (Kim et al., 1998; Wery et al., 1997), and Yamowia lipolyzica 

(Le Dall et al., 1994). 

Transformants with YEpl3 showed that the S. cerevisiae LEU2 gene 

complemented the let1 allele of Schw. occidrttzalis DW88. Conversely, a putative LEU2 

gene of Schw. occidenzalis was cloned in a leu2 mutant of S. cerevisiae (Iserentant and 

Verachten, 1995). These results suggest that Schw. occidentalis DW88 is a putative leu2 

mutant. As mentioned above. the S. crreviskx LEU2 gene is the most widely used 

genetic marker in yeast genetics. Many vectors based on the 2-pm replicon and the h W 2  

gene have been constmcted (Chapter 1). and thus they can also be applied to Schw. 

occidenzalis D W 8 8. 

Recovered YEpl3 not only transformed Schw. occidentalis DW88 to a Leu' 

phenotype, but also showed the same molecular weight and profiles on agarose gel after 

restriction enzyme digestion as the original YEpl3 did. These data suggest that Schw. 

occidentalis does not modify foreign DNA and coold be used as a promising host to 

accommodate heterologous genes for protein productions. This is agreement with an 

other S c h -  occidentalis host system p a v e  and Chattoo, 1997). 



After digestion with PstI, p322L showed two DNA fragments with identical 

molecular weights to those of pBR322 and YEpl3; respectively. This shows that p322-L 

is the vector expected by design. On MM plates, p322L produced 2 colonies in total, 

which maintahed alrnost 100 % of Leu' phenotype even after 5O.h p w t h  in YPD 
. 

medium. Moreover, p322L was not recovered from Schw. occidentals colonies. The 

results irnply that these two colonies might be revenants or transfomants due to p322L 

integration into the host chromosome. LEU2 genes. fkom S. cerevisiae and Schw. 

occidentalis shared a low hornology (Iserentant and Verachtert, 1995), suggesting that the 

two colonies might be revenants, but not transfonnants. 

2.6 CONCLUSIONS 

A new transformation system for Schw. occidentalis was developed. This system 

was based on a stable leil auxotrophic mutant, S c h .  occidentalis DW88 and vectors with 

both S. cerevisiae 2-pm replicon and LEU2 gene. Schw. occidentalis DW88 does not 

modify foreign DNA. Thus, it could be used as a host cell to accept heterologous DNA 

and produce heterologous proteins. 



Figure 2.1. Schw. occidentalis ATCC44442 (A) and DW88 (B) under microscope (10 x 

40). 
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Figure 2.2. The growth curves of Schu: occicienfalis ATCC44442 and DW88 in YPD. 
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Figure 2.3. Construction of p322-L. The LE(J2 containing fragment (4,066 bp) was 

cleaved from YEpl3 with Pst1 digestion. and inserted into the Pst1 site of pBR322. 

YEpl3 contains the repiicons of both pBR322 and 2-pm plasmid, but p322L contains 

only pBR322 replicon. 



Figure 2.4. Agarose gel electrophoresis of DNA. Lane 4 DNA marker li-HindIU. Lane B. 

pBRj22 digested with PstI. Lane C. YEp 13 digested with PSI. Lane D, p322-L digested 

with PstI. 
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Figure 2.5. DNA profiles of original and recovered Y E p l 3  digested with different 

restriction enzymes. A. Lane 4 DNA marker h-H»ld.üI. Lanes B, D, F, Y and I mean 

original YEp l3  digested with AatII. BamHI, CIaI, EcoRI, and EcoRV, respectively. 

Lanes C, E, G, 1, and K mean recovered YEp 13 digested with AatlI, BmHI, ClaI, EcoRI, 

and EcoRV, respectively. B. Lane 4 DNA marker LNindIII. Lanes B, D, F, H, and I 

mean recovered YEpl3 digested with KpnI, NmI, PstI, StuI, and XhaI, respectively. 

Lanes C, E, G, 1, and K mean recovered YEpl3 digested with Kpnl, NmI, PsiI, SZUI, and 

XbaI, respectively. 



Table 2.1. Microbial strains and vectors used in this study. 

Strain or vector Relevant Characteristics Source 

E. coli DHl OB F- mcrA A (mv-hsdRMS- GIBCO-BR. Co. 

deoR rec AI araD 139 A (ara, 

leu)7697 gaR] gaiW ipsL 

Schw. occidentaiis Wild type 

ATCC44442 

Schw. occidentalis DW87 k z r '  

Schw. occidentafis DW88 le r i  

Schw. occiden talis D W8 9 leu* 

pBR322 4,36 

This study 

This study 

This study 

Bolivar et al., 

10,667 bp, Apt. Tc: LEU2 Broach et al., 1979 

8,427 bp. Tcr, LEU2 This study 



Table 2.2. Spheroplast generation rate* of Schw. occidentalis DW88 in different 

conditions. 
- 

Log phase (lo7 celldml) Stationary phase (1  O* cells/ml) 
- 

Sorbitol Conc. (M) O 0.5 0.75 1 1.2. O O S  0.75 1 1.2 

* Mean of triplicate experiments. 



Tabl'e 2.3. Vector stabilities in S. occidentalis DW88*. 

Incubation tirne @) O 10 20 .30 40 50 

* Mean of triplicate experiments. Stability = (the number of colonies appeared on MM . 

plate) / (the number of colonies appeared on CM plate) x 100%. 



CHAPTER 3.0 

PUTATIVE PREFERRED CODONS FOR SCmANNIOmCES OCCIDENTALIS 

AND A PROGRAM TO CALCULATE CODON BIAS INDEX. 

Codon usage is an important factor affecting gene expression. Thus, this chapter 

hypothesizes putative preferred codons for Schwanniomyces occidentdis and detemines 

the codon bias indexes for 14 Schw. occidentalis cloned .genes. 

Some results of this study were summarized as part of a publication entitled "The 

Molecular Biology of Schwanniomyces occidentalis Klocker" CO-authored by Tsung- 

Tsan Wang, Ching-Fu Lee, and Byong H. Lee. Some results of this study were subrnitted 

as a manuscript for publication in Molecular Biotechnology (1998 10: 103- lO6), and was 

entitled "A simple program to calculate codon bias index", CO-authored by Tsung-Tsan 

Wang, Wen-Chi Cheng and Byong H. Lee. The project was supervised by Dr. Byong H. 

Lee, while Professor Ching-Fu Lee as well as Mr. Wen-Chi Cheng who provided some of 

the data necessary to write this manuscript. The actual experimental work, and writing of 

the manuscript were done by Tsung-Tsan Wang. Dr. Byong Lee edited the manuscript 

prior to its submission for publication. 

3.1 ABSTRACT 

After analysis of 14 cloned Schwa~tniomyces occidentalis genes and cornparison 

of associat ed genes fro m bot h Schw. occihralis and Saccharomyces cerevisiae, 25 

codons were arbitrarily chosen as putative preferred codons for Schw. occidentalis. They 

are same as those of S. cerevisiae, except for TTA for leucine, and AAA for lysine. Based 

on these preferred codons, the codon bias indexes of 14 Schw. occidentalis cloned gene 

a were determined. A computer prograrn (PCBI) was developed to calculate codon bias 

index (CBI) quickly. PCBI can analyze a gene containing introns. The 22 preferred 

codons defined fiom traditional yeast Sacchmomyces,cerevisiae were used in PCBI as a 



standard to calculate the CBI values. However, users can modify the preferred codons to 

suit each organism. The data PCBI provides include DNA sequence of open reading 

fiame without introns, amino acid sequence of gene product, a table of amino acid 

composition, a table of codon usage and (G+C) content, parameters for calculating CBI, 

and the value of CBI. PCBI mns on a DOS or Windows environment, and results can be 

saved in ASCII text format. 

3.2 INTRODUCTION 

Codons are the nucleotide triplet in messenger RNA, which specifies the amino 

acid to be inserted in a specific position in the forming polypeptide during translation. 

The code appears to be universal for al1 organisms. In total, 64 sets of codons are derived 

from the random arrangement of 4 nucleotides, A, C, G, and U. Arnong them, three 

codons code for chah termination during protein translation, and 61 codons correspond 

to 20 amino acids. It is clear that the codons are highly degenerate. In other words, al1 

amino acids are designated by more than one codon except methionine and tryptophan, 

which are coded by only one codon. Although the codons are degenerate, there is often 

an unequal use of synonymous codons. In both procaryotic and eucaryotic genes, the 

selection of the synonymous codons is strongly biased (Grantham et al., 1980; 1981; 

Ikemura 1981a,b; 1982; Bennetzen and Hall 1982). Thus, codon usage is one of 

important factors affecting gene expression (Kinnaird, et al., 1991; Solomovici et al., 

1997). For evaluating the selection of synonymous codons by a specific organism, several 

rneasurements such as codon adaptation index (Sharp and Li, 1987), codon bias index 

(CBI) (Be~etZen and Hall, l982), intnnsic codon deviation index (Freire-Picos et al., 

1994) and effective number of codons (Wright. 1990) have been developed. 

In S. cerevisiae, 25 codons were arbitrarily chosen as preferred codons . - 

@ennetzen and Hall, 1982). and verified (Ilcemura, 1985). Highly expressed genes are 

more biased using the preferred codons than ones with low expression (Bennetzen and 

Hall, 1982; Shar, 1986; Sharp and Cowe, 1991). Thus, CBI was introduced to delineate 



the extent of using specific codons of S. cerevisiue genes (Bennetzen and Hall, 1982). As 

just one codon encodes methionine and tryptophan, and the codon for aspartic acid 

exhibits less bias, only 22 preferred codons encoding 17 amino acids were used to 

calculate CBI based on the following formula 

where Np, is the total number of occurrences of preferred codons, N, the expected 

number of the preferred codons if al1 synonymous codons were used equally, and N, the 

total number of the 17 amino acids encoded by the preferred codons. A strongly 

expressed gene has a higher value of CBI and a more biased codon usage than a weakly 

expressed gene ('Bennetzen and Hall 1982). CBI, thus, is a useful tool to evaluate gene 

expression in a specific species. It easily judges the gene expression level in a specific 

a yeast host as long as the preferred codons of the host can be defined. 

Schwanniomyces occidentalis (Debaryomyces occidentalis) was described as a 

potential "super yeast" (Ingledew, 1987). Due to the fact that Schw. occidenralis is able to 

use cheap starch as a carbon source to grow with rapid growth rate and high ce11 mass 

(Moresi et al., 1983; Raspor, 1987; Jamuna and Ramakrishna, 1989; Hom et al., 1992). 

produce extracellularly strong amylolytic enzymes and secrete large proteins (Ingledew, 

1987) without hyper-glycosylation and measurable extracellular proteases (Deibel et al., 

1988). Schw. occidentdis has a high potential to be a useful alternative to Saccharomyces 

cerevisiar in the production of heterologous proteins. However, the study of gene 

expression in Schw- occidmtaiis is in infancy. lt will be very costly, tedious and time- 

consuming to assay genes one by one to understand their expression in Schw. occidentalis 

without the assistance of CBI. Calculating CBI of a gene requires surnmarizing a table of 

codon usage first, and then deterrnining Np, N,, N,, and N,, based on preferred codons 

of the specific host. It is tedious to calculate rnanually, and no computer software was 

a available. Thus; this study was carried out to investigate preferred codons for Schw. 

occidentulis and to develop a computer program (PCBI) to automatically determine CBIs 

for evaluating gene expression in the yeast. 



3.3 MATERIALS AND METHODS 

3.3.1 DNA sequences used 

The 14 Schw. occidentdis genes used in this study are listed in Table 3.1. 

3.3.2 Software 

The software Hitachi DNASIS for Windows V2.1 (Hitachi Software Engineering Co. 

Ltd., Japan) was used to analyze DNA sequences and calculate codon usage tables. 

3.3.3 Coding PCBI program 

The PCBl program was written with Turbo Basic langage and compiied as an 

executable program. It can run on DOS or Window environment. The flow chart of PCBI 

performance is surnmarized in Figure 3.1. At first, users have to give PCBI a gene name, 

gene source and file narne to retrieve the DNA sequence, the interval of open reading 

fiame as well as introns if present and the modification of preferred codons if necessary. 

Users then have to specify a file narne where PCBI will Save the executed results and 

choose the executed results to save. AAer retrieving and performing DNA sequence 

analysis, PCBI shows the results on screen one by one. During execution, PCBI will 

inform users if any problem happens 

The entire DNA sequence must be in Text format with no redundant nucleotides, 

and to be retrieved must start with a translation initiation codon (ATG) and stop with a 

translation termination codon ( T a  TAG, or TGA). PCBI uses the 22 preferred codons 

0 
detemu'ned by Bennetzen and Hall (1982) from S. cerevisiae as standard. 



3.4.1 Codon usage of Schw. occidentalis genes 

3 -4.1.1 For open reading fiames 

The 14 Schw. occidentalis genes encoded 7,653 arnino acid residues in total. 

Their codon usage is listed in Table 3.3 and summarized in Table 3.4. It is clear that ATT 

(Ile), TTA (Leu), and GTT (Val) are the three most commonly used codons, but CG4 

CGC and CGG (al1 for Arg) are the three most rarely used codons among these 14 genes. 

3.4.1.2 For stop codons 

These 14 Schw. occidentalis genes used al1 translation stop codons, TAA, TAG 

and T G 4  to terminate protein translation (Table 3.5). Codon TAA was found in the 

genes ADEZ, i-NA 1, ENAZ, CAMI. HAK and SWAî, TAG in the M l ,  CYCl,, GDH, 

IW and SCR2 genes and TGA in the EG 1, Hm, LEU2 genes. 

3.4.2 Determination of putative preferred codons for Schw. occidentalis 

Sharp and Cowe (1991) reported that most glycolytic enzymes and ribosomal 

proteins possess high codon usage bias. Among the 14 Schw. occidentalis genes, HXK 

(hexokinase) and SCRZ (ribosomai protein) genes should be high-expressed gene in the 

yeast. Nonetheless, based on S. certrvisia~ CBI measurement, the HXK and SCR2 genes 

had CBls of 0.54 and 0.52. respectively. While the CBIs of highly expressed genes are 

more than 0.6, the rnoderate ones are around 0.2 (Boucherie et al., 1995). These two 

genes should thus have Low expression in Schw occidentalis- As shown in Table 3.2, the 

corresponding genes, HXKI, HXK2 (hexokinases), CYH2, RPLs, RPSs, RPYS, and LBIs 

(ribosomal proteins) of S. cerevisiae have CBIs fiom 0.61 to 0.93, which are located in 

a the region of high expression. Thus. the Iow CBIs of the HXK and SCR2 genes might be 

due to the fact that either they are of weak expression or the CBI measurement of S. 

cerevisiae is not applicable to Schw. occidentalis. As shown in Table 3.3, most of S. 



cerevisiae preferred codons also frequently appeared in the codon usage of the HXK and 

S C .  genes, but ones for Leu and Lys did not. If the HXk: and SCR2 genes are highly 

expressed in Schw. occidentuiis, the preferred codons of S. cerevisiae are not those of 

Schw. occidentalis. For Leu and Lys, TTA and AAA were considered as preferred codons 

for Schw. occidentuiis, since their fiequency was higher than that of TTG and AAG, 

respectively. Based on this proposition, the CBls of the HXK and SCR2 genes were 0.62 . . 

and 0.78, which are similar to those of corresponding genes of S. cerevisiae. Therefore, 

this proposa1 of preferred codons for Schw. occidentalisfïable 3.6) might be closer to the 

actual ones than those of S. cerevisiue. The preferred codons were used to measure the 

CBIs of other Schw. occidentalis genes such as ADE2 (0.43), AMY1 (0.40), CYC1, (0.74), 

EG1 (0.22), ENA1 (0.44), ENA2 (0.42), GAMl (0.56), GDH (0.74), HAKl (0.36), HXK 

(0.62), INV (OZ), LEU2 (0.2 l), SCR2 (0.78), and SWA2 (0.50) (Table 3.7). 

3.4.3 Performance of PCBI program 

The PCBI program provides other useful information in addition to the CBI value. 

After analyzing of a gene, PCBl can show (1) the DNA sequence of the open reading 

frame without introns, (2) the amino acid sequence of the gene product, (3) a table 

showing the amino acid composition of the protein encoded by the gene (Table 3.8), (4) a 

table displayhg codon usage as well as (WC) content of the gene (Table 3.9), (5) each 

parameter for calculating the CBI value of the gene. and (6) the CBI value of the gene 

(Table 3.10). For information. the preferred codons are indicated (*) on Table 3.9. Table 

3.10 also summarizes each factor given by users to calculate the CBI value. The results 

are saved in ASCII text format. 

The PCBI program uses the preferred codons of S. cerevisiae. These may be 

different in other organisms (Nagasu and Hall, 1985; Wang et al., 1999). If necessary, 

users can rnodi@ the preferred codons to suit each specific organism. For example, to 

a calcu late the CB 1 value of Sch wantriomyces occ ih ta l i s  (Debqomyces occiden talis) 

genes, GAC has to be substituted with GAT for Asp, TTG substituted with TTA for Leu, 

and AAG replaced with AAA for Lys (Wang et al., 1999). 



The SCRî gene was used to demonstrate PCBI performance, because the gene is 

from non-Saccharomyces yeast, Schw. occidentalis, and contains an intron. The results, 

without DNA and amino acid sequences, are s h o w  in Tables 3.8, 3.4, and 3.10. Table 

3.11 shows the results of 3 S. cerevisiae genes and 3 S c h .  occzdentaZis genes analyzed . 

by PCBI. The CBI values obtained by PCBI matched those previously published. PCBI 

can read a DNA sequence up to 15 kb, which is much bigger than an average gene. 

Besides, the performance is without a speed limitation For example, in an 80486 100 

MHz personal computer, PCBI took less than one second to analyze a 15 kb DNA 

sequence with a putative gene of6 kb. 

3.5 DISCUSSION 

Codon usage is one of imponant factors affecting gene expression in a specific 

host organism. CBI is a concept derived from the bias of using preferred codons that thus 

could provide a usefûl criterion to judge gene expression in the host cells. However, the 

preferred codons defined for S. cerevisiae might not be suitable for Schw. occideritalis 

genes. The putative preferred codons proposed here might be close to the actual ones of 

Schw. occidentalis and could be used to estimate gene expression in this yeast without 

costly and time-consuming laboratory work According to these codons, the CBIs of 

Schw. occidentalis cloned genes were determined. Based on the CBIs, the expression of 

CYC1, (0.74), GDH (0.74). HXK (0.62). and SCR2 (0.78) genes should be strong in Schw. 

occidentalis due to CBIs more than 0.6. On the other hand, the EGl (0.22) and LEU2 

(0.21) genes with CBIs around 0.2 are expected to have weak expression in the yeast 

Within the putative preferred codons, the contents of A and T are 60 %, 56 % and 52 % 

at the first, second and third position, respectively. Moreover, Schw. occidentalis rnight 

prefer T m  TAG codons to terminate protein 

usehl for specific mutagenesis of genes and 

synthesis. These 

other molecular 

observations could be 

studies. Although the 



proposa1 of putative preferred codons for S c b .  occidentalis seems to be reasonable, 

further actual experiments are required to confirm it. 

With the help of PCBI, the CBIs of genes can be very quickly determined. 
-   es id es,' PCBI provides flexibility to integrate user-defined preferred codons if needed 

and other usefil data about target genes. Thus. this program is a good assistance for . 

rnolecular study of genes. 

. . 

3.6 CONCLUSIONS 

The putative preferred codons of Schw. occidrntdis are defined. Based on the 

- preferred codons, the CBIs of 14 Schw. occidenialis genes were calculated. Moreover, a 

program (PCBI) to autonomously analyze codon usage frequency and calculate codon 

bias index has been succersFully developed. Both putative preferred codons and PCBi are 

helpful for molecular study of Schw. occidrnralis. 



Key in gene name, gene source and file name to retrieve DNA sequence 
.1 

Define the interval of open reading fiame 
- -1 

Define the interval of introns if needed 
-1 

ModiQ preferred codons if needed 
-1 

Specify a file name to Save the results 
L 

Choose results to Save . . 

1. DNA sequence of open reading fiame without intron 

2. Amino acid sequence of gene product 

3. A table of amino acid composition 

4. A table of codon usage and (WC) content . 

5. Parameters for calculating CI31 

6. The value of CBI 
.1 

Retrieve DNA sequence 
-1 

Execution 
J- 

Show the results 
J- 

Save resufts 

Figure 3.1. The flow chart of PCBI performance. 



Table 3.1. The Schw. occidentalis genes used in this study. 

Gene Gene product Gene size Gene Accession Reference 
@P) Source Number* 

ADE2 Phosp horibosyl 1,67 1 ATCC 26076 U23210 Gourdon et al.. 1995 
aminoirnidazole 
carboxylase 

M l  a-Amylase 1,536 ATCC 26076 X16040 ~&ser  et al., 1989 

CYCl, Cytochrome c protein 333 ATCC 26076 X53770 Amegadzic et al., 1990 

EG1 I- 474 ATCC 26074 M.24078 Prakash and Seligy. 1988 

ENA1 ATPase 3,165 ATCC 26076 AF030860 Banuelos and Rodriguez- 
. . Navarro, 1998 

3,246 ATCC 26076 MO3086 1 Banuelos and Rodriguez- 
Navano, 1998 

GAMl Glucoamylase 2,874 ATCC 26076 M60207 Dohmen et al.. 1988: 1990 

GDH NADPdependent 1.380 NCYC 953 S64476 De Zoysa et al., 1991 
glutamate 
dehydrogenase 

HAKl Potassium tramporter 2.286 ATCC 26076 US2945 Banuelos et al., 1995 

HXK Hexokinase 1.337 ATCC 2322 S787 14 Rose, 1995 

iW Invertase 1,599 ATCC 2076 X17604 Klein et al., L989b 

LEU P-lsopropylmaiate 1.140 ATCC 26077 X79823 Iserentant and Verachtert. 
dehydrogenase 1995 

SCR 1 Ribosornal protein --- ATCC 26077 XI0807 Del Pozo et al., 1993 

SCR2 Ribosomal protein 32 1 ATCC 26077 X70807 Del Pozo et al.. 1993 

* Accession number designated by-EMBL sequence data bank. 



Table 3.2. S. cerevisïae genes used in this study. 

Gene Gene product Gene Accession CBI Reference 
size (bp) NumbeP 

CYfn  Ribosomal protein L29 450 K0 1 162 0.79 Kaeufer et al.. 1983 

NXXl Hexokinases P 1 1,578 Ml44 10 0.61 Kopetzkietal.,1985 
Ml44 1 1  H K 2  Hexokinases P f 1,46 1 0.73 Stachelek et al., 1986 

Ribosomal protein 5 1 A 

Riosornai protein 5 1 A 

Ribosomal protein L2 

Ribosomal protein LJ 

Ribosomal protein L16 

Ribosornal protein L 17 

Ribosoinal protein L25 

Ribosomal protein 30.4 

Ribosornal protein L32 
Ribosomal protein L34 

Ribosomal proiein La5 
Ribosornal protein LJ6 

Ribosomal protein 55 
Sce- 1 

Ribosomal protein 55 
Sa-2 

Ribosomai protein S U  
Ribosomal protein S3 1 

Ribosornal protein S33 
Ribosomal pratein 
YS25 

41 1 

J l l  

1,089 

77 1 

525 

4 14 
4 14 

468 

3 18 

342 

333 

156 

56 1 

XO 1962 

M238 19 

XOO 128 

XOï8 1 1 

TeemandRosbash.I983 . .  

Abovich and Rosbash. 1984 

Presutîi et al., 1988 

ArevaIo and Wamer. L 990. 

Leer et ai.. 1984 

Leer et ai., 1984 
Leer et al., 1984 

Mitra et al., 1984 

Dabeva and Wamer, 1987 

Schaap et al.. 1984 

Remacha et ai., 1988 

Leer et ai., 1985 

Molenaar et al. 1984 

Molenaar et al. 1984 

Leer et al, 1985 
Nieuwint et al.. 1985 

Leer et al., 1983 

Sudci and Otaka. 1988 

* Accession number designated by EMBL sequence data bank. 



Table 3 -3. Codon usage for 14 Schw. occidentufis genes. 

AA Cdn AD AM CY EG El E2 GA GD HA HX IN LE SC SW 

Ala 

Cys 

Gln 

His 

iie 

GCA 

lcrccl 
GCG 

m 
EBI 
AGG 

CGA 

CGC 

CGG 

CGT 

[4ACI 
AAT 

m 
GAT 

TGC 

m 
lcAal 
CAG 

Ea 
GAG 

GGA 

GGC 

GGG 

m 
lm 
CAT 

ATA 

Lm 
iArrl 
CTA 

CTC 

CTG 

crr  
?-TA 

m 



Table 3 -3. (Continued) Codon usage for 14 Schw. occidentalis genes. 
AA Cdn AD AM CY EG El E2 GA GD HA HX IN LE SC SW 

Lys AAA 28 10 9  6 40 46 34 23  33 20 18 14 17 9  

wq 9 8 8  2 21 15 1 1  14 15 12 12 1 3 -  7 7 

Met 18 10 3 4  30 27 10 ' 9  19 10 8 6 1 9  

Phe 4  7 1 3 17 9 31 1 8  19 1 1 ,  13 3 3 12 

TIT 10 12 2 5 28 3 4 . 2 3  4  33 9  26 1 5 . 1  6 

Pro 20 10 7 4  26 30 40 10 22 20 13 4 1 13 

CCC 2 0 0 0 0 0 1 0 5 0 1 3 0 0  
. . 

CCG 1 2 0 3 1  1 0 1 2 2 4 1 0 0  

CCT 9 2 0 3 1 5 1 0 1 3  5 9 5  7  8  O 3 -  

Ser AGC 0 7 0 1 2 4 4 0 3 1  1 2 0 9  

AGT 5 1 0  O 1 8 1 2 1 0  O 1 4  O 5 6 O 1 5  

TCA 18 18 3 4  23 29 24 8 26 9 17 13 O 15 

3 1 2 0 2 8 1 0  8 5 5 4 5 7 ' 2 4  

TCG 3 6 0 3 7 8 6 2 5 0 8 2 0 2  

0 8  17 1 4  29 22 37 19 17 12 3 7  O 17 

Thr ACA I O 4 0 3 8 1 6 9 O t 4 5 6 9 0 3  

3 9 3 0 8 1 1 1 4 6 5 7 7 4 5 2  

ACG 0 2 0 1 3 3  I 1 0 5 2 0 0  

12 16 5 2 25 29 36 7 16 11  10 S 3 27 

Trpm 2 7 1 3 l 9 I 9 i 7 6 8 4 l i 3 0 8  

T y  5 9 6  2 6  5  23 13 5 12 6 4  3 ' 2 3  

TAT 14 25 O O 19 24 31 3  25 2 17 14 1 15 

Val GTA 8 6 0 I 8 6 9 0 4 1 6 3 0 2  

8 4 1 1 i 3  12 12 10 15 4 6 1 1 5  

GTG 6 2 0 5 4 9  1 2 2 2 5 3 0 1  

30 22 1 7  66 60 49 25 25 19 20 15 6 20 

AD: A DE2; AM: . M l ;  CY: Cl'Cl,; EG: EG 1; El : EN4 1; E2: ENA2; GA: GAMI; GD: GDH; HA: HAK1; 

HX: K Y .  IN: I m  LE: LEEOZ: SC: SCR2: S W: S11:42. Codons fiamed mean the preferred codons 



Table 3 -4. A summary of codon usage for 14 Schw. occidentulis genes. 

AAa Codon "/Ob AA Codon % AMIN0 Codon % 

Ala GCA 
GCC 
GCG 
GCT 

G ~ Y  GGA 
GGC 
GGG 

Pro CCA 
CCC 
CCG 
CCT 'GGT 

A% AGA 
AGG 
CGA 
CGC 
CGG 
CGT 

His CAC 
CAT 

Ser AGC 
AGT 
TC A 
TCC Ile ATA 

ATC 
ATT 

TCG 
TCT 

Asn AAC 
U T  

Leu CTA 
CTC 
CTG 
CTT 
TTA 
'T-rG 

Th. ACA 
ACC 
ACG 
ACT Asp GAC 

GAT 
TV TGG 

C ys TGC 
TGT 

Lys AAA 
AAG 

TF TAC 
TAT 

Gln CAA 
CAG 

Met ATG Vat GTA 
GTC 
GTG 
GTT Glu GAA 

GAG 
Phe TTC 

l-rr 

%A: amino acid. 

%: the percentage of the codon occurring in 14 Schw. occidentalis genes discussed. 



Table 3 S. The translation stop codons used in 14 Schv. occidentalis genes discussed. 

Stop codon Gene 

TAA 

TAG 

. TGA 



Table 3.6. Putative preferred codons for Schw. occidentaIis. 

Amino Preferred Amino P r e f e d  Amino Preferred Amino Preferred 
acid codon acid codon acid codon acid . codon 

Aia GCC Gln CAA Leu T A *  Ser TCC 
GCT TCT 

Arg AGA . Glu GAA Lys AAA* Thr ACC 
ACT 

Asn AAC Gl y GGT Met ATG TV TGG 

A ~ P  GAC His CAC Phe ' -  TTC TV TAC 

* The preferred codon for the amino acid is different from that of S. cerevisiae. 

CYS TGT Ile ATC Pro CCA Val GTC 
A n  GTT 



Table 3 -7. The values of codon bias index for 14 Schw. occidentalis genes. 

ENA 1 

ENA2 

GAMl 

GDH 

HAKl 

Hm 

Ï w  

* CBI = (Np, - Nrd + (N, - N 3  where Np, is the total number of occurrences of 

preferred codons, N, the expected number of the preferred codons if al1 synonymous 

codons were used equally, and N,,, the total nurnber of the 17 amino acids encoded by the 

preferred codons. 



Table 3 -8. An example of the amino acid composition of the product o f  the Schw. 

occidentalis SCR2 gene. 

AA Amount % 

Pro 1 0.94 

Ser 2 1.89 

Thr 8 7.54 

m .  O 0 .O0 

Tyr 4 3 -77 
Val 7 6.60 

AA Amoun t % 

Ala 6 5.66 

Arg 7 6.60 

Asn I 0.94 

Asp - 7 1.89 

C Y ~  5 4.72 

Gln 1 O 9.43 

Glu 3 2.83 

AA Amount % 

G ~ Y  9 8.49 

His 4 3.77 
Ile . 1 0.94 ' 

Leu 7 6.60 

LYS 24 22.64 

Met 1 0.94 

Phe 4 3.77 



Table 3.9. example of the codon usage and (GÇC) content of the SCR2 gene of Schw. 

occiden talis. 

Codon No % 

TIT-Phe 1 0.94 

'TTC-Phc 3 2.83 

*TTA-LCU 7 6.60 

TTG-Leu O '3.00 

c m - L e u  O 0.00 

CTC-Leu O 0.00 

CTA-LCU O 0.00 

CTG-ku O 0.00 

*ATT-Ilc i 0.94 

*ATC-Ile O 0.00 

ATA-111: O 0.00 

*ATG-Met 1 0.94 

*GïT-Vd 6 5.66 

*GTC-Val 1 0.94 

GTA-Va1 O 0.00 

G'TG-Val O 0.00 

(WC) content = 34.9 % 

Codon No % 

*TCT-Scr O 0.00 

'TCC-Sa 2 1.89 

TCA-Sm O 0.00 

TCG-Sa O 0.00 

c m - P r o  O 0.00 

CCC-Pro O 0.00 

%CA-Pro 1 0.94 

CCG-RO O 0.00 

*ACT-'lhr 3 2.83 

'ACC-Thr 5 4.72 

ACA-Thr O 0.00 

ACG-Thr O 0.00 

'GCT-Ah 6 5.66 

%CC-Ala O 0.00 

GCA-Ah O 0.00 

GCG-Ala O 0.00 

Codon No % 

TAT-Tyr 1 0.94 

*TAC-Ty 3 2.83 

TG- 0 ,  - 
TAG- 1 -- 
CAT-His 1 0.94 

*CAC-His . - 3  2.83 

*CAA-Gin 10 9.43 

CAG-Gln O 0.00 

Codon No 018 

'TGTCys - 4 3.77 

TGC-Cys 1 . 0.94 

* The preferred codons used in the DNA analysis. 



Table 3.10. An example of a summary to calculate the codon bias index of Schw. 

occidentulis SCR;! gene. 

Gene Name and Source: SCR2 gene of Schwanniomyces occidentulis 

Open Reading Frame: from 1004 to 1777 

Intron number: 1 

Intron interval: 1007 to 1459 
. . 

Total codons: IO6 not including stop codon 

Codon Bias Index: 
CBI =(Np, - N , d  t (NI,, - N d  = (89 - 38.25) + (103 - 38.25) = 0.78 

Np,: the total number of occurrences of preferred codons. 
N,,: the expected number of the preferred codons if al1 synonymous codons werê used 

equally. 
N, the total number of the amino acids encoded by the preferred codons. 



Table 3 -1 1. The CBI value of some yeast genes. 

Gene Sourcea Gene product CBI~ Reference 
ADHl Sc Alcohol dehydrogenase 1 0.9 1 Bennetzen and Hall, 

1982 

ARG4 Sc . Argininosuccinate lyase .0.3 1 .. Sharp and Cowe, 199 1 
mR4 . Sc Threonine synthase 0.5 1 Sharp and Cowe, 199 1 

CYC1, So Cytochrome c protein 0.74 Wang et al., 1999 

H m  So Hexo kinase 0.62 Wang et al., 1999 
I W  So Invertase 0.25 Wang et al., 1999 

'Sc : S. cerevisiae . S o : Schw . occidentalis 

b ~ o  calculate the CBI value of Schw. occidentalis genes, the two of standard preferred 

codons were modified. The codon of TTA substitutes for T'TG encoding leucine and 

AAA replaces AAG for lysine. 



EXPRESSION OF A STREPTOCOCCUS WEMOPHILCrS $-GALACTOSIDASE 

GENE IN SCWAMVIOMYCES OCCIDENTALIS 

In order to evaluate whether Schw. occidentalis DW88 can express a heterologous 

gene, a heterologous promoter and a heterologous gene were used to carry out this 
. . 

research. A Streptococcus thennophiZzu P-galactosidase gene controlled by a 

Saccharomyces cerevisiae ADHl promoter was successfully expressed in this yeast. 

The major results of this study were summarized and submitted as a manuscript 

for publication in Applied Microbiofogy and Biotechnology. The manuscript entitled 

"Expression of a Streptococnrs rherrnophilus P-g alactosidase gene in Schwannium~vces 

occidenralis" was CO-authored by Tsung-Tsan Wang, Young-Jun Choi, Normand Robert, 

and Byong H. Lee. The project was supervised by Dr. Byong H. Lee. Mr. Young-Jun 

Choi, and Mr. Normand Robert helped for gel electrophoresis and enzyme assays, while 

the actual experimental work, and writing of the manuscript were done by Tsung-Tsan 

Wang. Dr. Byong Lee edited the manuscript pnor to its being submitted for publication. 

4.1 ABSTRACT 

A Streptococcus thermophillrs P-galactosidase gene controlled by Saccharomyces 

cerevisiae ADHl promo ter was exp ressed in Schwanniomyces occidentalis 

(Debqornyces occidentalis). The P-gaiactosidase activity was not detected in the culture 

supernatant, but from ce11 lysate. The P-galactosidase produced by S c h  occidentalis 

exhibited the same thermostability as that of S. fhennophilus. Aithough E. coli produced 

more P-galactosidase t han Schw. occidentah, Schw. occidentalis extracts showed 3 -fold 

higher specific activity than those from E. coZi. 



4.2 INTRODUCTION 

Saccharomyces cerevisiae, a traditional yeast, is widely used in academic and 

industrial fields. However, this yeast is not an ideal host producing extracellular . 

heteroiogous proteins due to certain disadvantages such as: 

1) low product yields, even with a strong promoter (Buckholz and Gleeson, 199 l), 

2) hyper-glycosylated proteins which might affect prptein characteristics (Lemontt et al., 

1985; Moir and Dumais, 1987; Van Arsdell et al., 1987), and 

3) low secretion eficiency when protein is larger than 30 kDa (Smith et al., 1985; Jigami et 

al., 1986; Moir and Dumais, 1987; De Nobel and Bamett, 1991). 

Thus, the molecular studies have been extended to other yeasts than S. cerevisiae that 

rnakes the genetic engineering of non-Saccharomyces yeasts important. 

Schwanniomyces occidentalis (De baryomyces occidentalis) was descri b ed as a 

potential "super yeast" (Ingledew, 1987). Schw. occidentalis is able to use cheap starch as 

a carbon source to grow with a rapid growth rate and high ce11 mass (Moresi et al., 1983; 

Raspor, 1987; Jamuna and Ramakrishna, 1989; Hom et al., 1992), to produce 

extracellularly strong amylolytic enzymes and secrete large proteins (Ingledew, 1987) 

without hyper-glycosylation and measurable extracellular proteases (Deibel et al., 1988). 

Schw. occidentalis has thus a high potentiai as a usefùl alternative to S. cerevisiae in 

production of heterologous proteins. However. the molecular study of Schw. occidenfalis 

is in its infancy. Heterologous genes expressed in this yeast include only Saccharomyces 

cerevisiae LEU2, TRP5 and (IRA3 genes (Dohmen et al., 1989; Dave and Chattoo, 1997; 

Wang and Lee, 1997) and a Clusfridiirni ~hermocellum cellulase gene (Piontek et al., 

1990). These genes were controlled by their own promoters except the cellulase gene, 

which was controlled by the GAMl promoter of Schw. occidentulis. 

a A new transformation system was recently developed for Schw. occidentalis 

DW88 that does not modi& foreign DNA (Wang and Lee, 1997). In order to further 

veri@ whether Schw. occiderilah DW88 is an ideal host for both academic and industrial 



application, it is necessary to study heterologous gene expression in this yeast. Some 

yeast expression vectors were based on a strong S. cerevisiae ADHl prornoter (Bennetzen 

and Hall, 1982; Vernet et al., 1987). In this study, the ADHl promoter and a 

Streptococms fhermophilus B-galactosidase gene (GAL) were used as tools to perform 

heterologous gene expression in Schw. occidentalis DW88. 

4.3 MATERIALS AND METHODS 

4.3.1 Chemicals and enzymes 

Unless otherwise specified, al1 chemical reagents were obtained from Sigma 

Chernical Co. (St. Louis, Missouri, USA). 5-Bromo-4-chloro-3-indoly~-D-galactoside 

(X-Gal), restriction enzymes, agarose and DNA rnolecular weight rnarkers were obtained 

from Boehringer Mannheim (Laval, Quebec, Canada). Yeast nitrogen base without amino 

acids was obtained fiom Difco Lab. (Detroit, Michigan, USA). Glusulase was obtained 

from Dupont Co. (Boston, Massachusetts, USA). Other chernicals were obtained from 

Anachernia (Montreal. Quebec, Canada). 

4.3.2 Strains, vectors, and media 

The strains and vectors used in this study are listed in Table 4.1. pVT10 1-L-H+ 

(Lee et al., 1990, unpublished) was created in our laboratory. The media and methods to 

grow E coli and yeasts are same to those in previous research (section 2.3.2). The 

amount of chemical added to LB was 40 pg/ml of 5-bromo-4-chloro-3-indoiyl-D- 

galactoside (X-gal) or 40 pg/ml isopropyl-P-D-thiogalactopyranoside (IPTG) if needed. 

To prepare P-galactosidase sample, yeast transformants were grown in MM medium 

supplemented with 13.6 m g h l  KH'PO,, pH 7.0; 2 mgml (NH&SO,; 0.5 mgml 

FeS0,.7H@; 16 pglml thiamine; 800 &ml biotin; 16 pg/rnl pantothenic acid; 80 pg/ml 

inositol; 16 pg/ml pyridoxine; 20 p g h l  adenine, 20 pg/ml uracil, 20 pg/ml tryptophan, 

20 pghi histidine, 20 pg/ml arginine. 20 pgirnl methionine, 30 pg/d tyrosine, 30 pg/ml 



isoleucine, 30 p g h l  lysine, 50 pg/ml phenylalanine, 100 pg/rnl glutarnic acid, 100 pg/ml 

aspartic acid, 150 pghl  valine, 200 pghl threonine, and 375 pg/ml serine. 

4.3.3 DNA isolation. 

- 1  Preparation of vector DNA from E. coZi 

The method to prepare vector DNA fiom E. .coli is same to that of previous 

chapter (section 2.3 -7.1). 

4.3.3.2 Preparation of vector DNA h m  yeast 

The method to prepare vector DNA from yeast is sarne to that of previous chapter 

(section 2.3 -7.2). a 
4.3.3.3 DNA elution, digestion and ligation 

The methods to Aute, digest, and ligate vector DNA are sarne to those of previous 

chapter (section 2.3 -7.2). 

4.3.4 Transformation procedures 

4.3.4.1 E. cali transformation 

The method to transfomi E. coli is same to that of previous chapter (section 

2.3. IO. 1). 

4.3 -4.2 Yeast transformation 

The method to transform yeast is same to that of previous chapter (section 

2.3.10.2). 



4.3.5 Mitotic stability of vector 

The method to determine vector mitotic stability is same to that of previous 

chapter (section 2.3.12). 

4.3.6 Preparation of cnide enzyme 

. . 

To isolate intracellular j3-galactosidase, a portions (50 ml) of Schw. occiden~alis 

DW88 with YEpl3-GAL and E. coli DHlOl with pTVIOlL-H+ were collected, 

respectively, by centrifugation at 12,000 rpm for 15 min at 4 O C .  The resulting 

supernatant was coflected for the measurement of P-galactosidase activity. The ce11 pellet 

was washed twice with 50 ml of 0.05 M sodium phosphate buffer (pH 7.0) and suspended 

in 2-3 ml of the same buffer. Cell extract was prepared by disrupting cells using an 

ultrasonic disintegrator (Sonifier 450, Branson. Danbury, Connecticut, USA) for 10 sec 

with 30 sec intervals on ice bath until ce11 lysis. The ce11 lysate was separated fkom ce11 

debris by centrifugation at 15,000 g for 20 min at 4 O C  and the supernatant was used for 

enzyme assay and protein determination. 

4.3.7 Protein Assay 

Protein was detennined spectrophotometrically by the protocoi supplied with the 

Bio-Rad protein assay kit (Bio-Rad Lab.. Mississauga, Ontario, Canada). Aliquots of 800 

pl of properly diluted samples were mixed with 200 pl of Bio-Rad dye reagent, put into 

microplate wells, and read at 595 nm by Bio-Rad Microplate reader (Mode1 3350-UV). 

The protein content was estirnated by the standard curve established. 

4.3.8 P-galactosidase activity assay 

e -  P-Galactosidase activity was measured using ortho-nitrophenyl-P-D- 

galactopyranoside (ONPG) as the substrate. Samples (50 pl) of ce11 lysate were mixed 

with 1 ml of ONPG solution (4 mdml ONPG in 0.05 M sodium phosphate, pH 7.0), and 



incubated at 37 OC for 20 min. Atter adding 0.5 ml of 1 M N-CO, to stop the reaction, 

the enzyme activity was determined spectrophotomet~caIIy by measuring absorbance at 

420 iim with Bio-Rad Microplate reader. One unit (U) of enzyme activity was defined as 

one pM of ONP formed per min at 37 OC from the standard curve and specific activity 

was expressed as units per pg of protein. The standardcurve of ONP was prepared by 

serial dilution of ONP solution and read at 420 nm. For evaluation of. heat stability, . 

aliquots of ce11 lysate were heated at 55 O C  for 30 min before adding substrate. 

4.3.9 Electrophoresis 

4.3.9.1 Agarose gel electrophoresis 

The method to do agarose gel electrophoresis of DNA is same to rhat of previous 

chapter (section 2.3 -9). 

4.3 -9.2 Pol yacrylamide gel electrophoresis 

Electrophoresis in polyacrylamide gel was used to determine molecular weights 

of proteins isolated. A 4 - 15 % linear gradient native PAGE (Bio-Rad Lab., Richmond. 

California, USA), 25 mM Tris-glycine buffer (pH 8.3) and 50 volts were used. M e r  

electrophoresis, gels were stained with Coomassie blue R250 and destained in methanol- 

acetate-water (1: 1 : 12, voVvoVvo1). To detect the P-galactosidase band on gel in situ, the 

gel was overlaid with 10 ml of 1 % agarose gel containing 0.5 M potassium phosphate 

buffer (pH 7.5) and 40 pg/ml X-gal (Lee et al.. 1990). 

4.4 RESULTS 

4.4.1 Cloning o f  CAL in Schw. occidentdis DW88 



pVT101-L (Vernet et al., 1987), which cames a S. cerevisiae LEU2-d gene, was 

used to clone the S. thennophilus GAL gene to form pVTIO 1-L-H+ (Lee et al., 1990, 

unpublished). The GAL gene was located at the H&~III cutting site between S. cerevisiae 

ADHI promoter and 3' sequence of the ADHI gene (ADHI-3'). m e r  transformation of 
. . 

Schw. occidentdis DW88 with pVT IO 1 -L-H+, no transformant was obtained. However, 

S c h .  occidentdis D W8 8 (leu) was complemented by A YEp 1 3 carrying S. cerevisiae 

LEU2 gene (Wang and Lee, 1997). To take advantage of the ADHl promoter, the cassette 

of 3 -9 kb containing [ADM promoter - GAL - ADHI-3-'1 was removed fiom pVTIO1-L- 

H+ by SphI digestion, eluted from agarose gel and cloned into the SphI site of YEp 13 

(10.7 kb) (Figure 4.1). E. coii DHlOB was transformed with the recombinant DNA and 

then spread on LB plates containing ampicillin, IPTG and X-Gal. The vector DNA fkom 

one of the blue colonies was isolated and designated as YEpl3-GAL (14.5 kb). As shown 

in Figure 4.2, after digestion with SphI, the YEp13-GAL showed two DNA fragments 

with molecular weights of 3.9 and 10.7 kb (Lane D), which are identical to those of the 

correspondhg fragments of p V T  l O 1 -L-H+ (Lane C) and YEpl3 (Lane B), respectively. 

Following transformation wit h YEp 13 and YEp 13-GAL, respectively, Schw. 

occidentalis DW88 survived in MM plates. The vector stability of YEpl3 and YEpl3- 

GAL in Schw. occidentalis DW88 was about 7 % after 24 h incubation in YPD medium. 

When these recovered vectors were introduced into Schw. occidentalis DW88, 

transformants were found on MM plates also. 

4.4.2 B-galactosidase activity in Schw. occitientolis 

Since ONPG was used as substrate to measure B-galactosidase activity, a standard 

curve of ONP was necessary. Figure 4.3 shows a standard curve of ONP with a ? of 

0.9996683327. To locate the P-galactosidases, culture supernatant and ce11 lysate fkom E. 

coii and yeast transformants were assayed (Table 4.2). No detectable P-galactosidase 

a activity was found h m  al1 extracellular samples and intracellular sample of Schw. 

occidentalis DW88 with YEp 13. The ceIl lysate samples h m  Schw. occidentaIis DW88 

with YEp 13-GAL and E. coli DHl OB wi-th pVTlO 1-L-H+ exhibited P-galactosidase 



activity with 561 .O and 2,054.3 U, respectively. The crude enzyme solutions of the yeast 

and E. coli contained 0.41 and 4.5 &pl, respectively, of total proteins. Accordingly, the 

P-galactosidase specific activity of extract from Schw. occidentalis DWS8 with YEpl3- 

GAL and E. coli with pVTlO1-L-H+ were 1,369.0 and 456.9 U/pg, respectively. The 

specific activity of extract from Schw. occidentalis DW88 were 3-fold higher than those . 

from E. coli DHIOB. Sirnilar P-galactosidase activity was found h m  Schw. occidenth - 

DW88 with the recovered YEpl3-GAL. After heated at 55 OC for 30 min, the P- 
galactosidases produced ' b y Schw. occidentdis and E: coli maintained almost 100 % 

activity (Table 4.3). 

Figure 4.4 shows a native PAGE electrophoretogram with Coomassie blue 

staining and activity staining of ceIl lysates from yeasts and E. coli. Bands with P -  
galactosidase activity were present in ce11 lysates fiom E. coli with pVT I O l-L-H+ and 

Schw. occidentalis DW88 with YEp13-GAL, but not h m  Schw. occidentalis DW88 with 

YEp 13. 

4.5 DISCUSSION 

since Schw. occide~iralis DW88 (let,) was complemented by YEpl3 (LEU2). but 

not by pVT 10 1-L-H+ (LEUZ-d), the cassette of [ADHI promoter - GAL - ADMJ'] was 

moved From the latter to the former to constmct YEpl3-GAL. Figure 4.2 shows that 

YEpl3-GAL is composed of the two fragments of 3.9 and 10.7 kb identical with the 

cassette containing fragment from pVT 1 O 1 -L-H+ and linearized YEp 13, respectively. 

The low stability of YEpl3-GAL is similar to those of other YEp vectors in Schw. 

occidentalis @ohmen et al., 1989: .Wang and Lee, 1997). The Schw. occidenialis DW88 

transformants with the recovered YEp 13-GAL also produced P-galactosidase. The results 

indicate that YEpl3-GAL contained the cassette and is extrachromosomally located in 

Schw. occidentdis D W88, and the B-galactosidase activity of Schw. occidentalis D W 8 8 

transformant was due to the GAL gene expression. - 



As shown in Figure 4.4, no band shows P-galactosidase activity from Schw. 

occidentalis DW88 with YEpl3, but E. coli DHlOB with pVT1Ol-L-H+ and Schw. 

occidentalis DW 88 with YEp 13-GAL have bands with activity. Although the ce11 lysate 

from Schw. occidentulis DW88 with YEp 13 contained a certain amount of proteins, no 

detectable P-galactosidase was found from it @able 4.2). These rksults irnply thit Schw. 

occidentalis DW88 did not produce j3-galactosidase, and the P-gaiactosidase produced by . - - 

the yeast transformant should be encoded by the GAL gene. Moreover, no detectable P- 
galactosidase activity was found in the culture supematant from Schw. occidentalis 

DW88 transformants which indicates that the enzyme was not produced extracellularly 

by the yeast. 

As shown in Table 4.2, the total P-galactosidase activity from E. coli DHlOB with 

pVTlO1-L-H+ was 3.7-fold higher than that fiom Schw. occidentalis DW88 with YEpl3- 

a GAL. However, the ce11 lysate from the former had more protein than that corn the latter, 

so that the final specific activity of P-galactosidase from E. coli was 3-fold lower than 

that of Schw. occider,ralis. Additionally, the S. thennophilus P-galactosidase is 

thermostable (Lee et al.. 1990). The P-galactosidase produced by Schw. occidentdis kept 

nearly 100 O/o activity after heat treatment. This data shows that Schw. occidentalis DW88 

did not modiQ the j3-galactosidase charactenstics. Thus, Schw. occidentalis DW88 could 

be a good candidate to produce heterologous proteins. This S. themuphilus GAL is the 

second bacterial gene expressed in Schw. occîd~r~talis. 

The S. cerevisiae ADHl promoter is a strong inducible promoter (Ammerer, 

1983), but it hecame non-inducible during the construction of pVT senes (Vernet et al, 

1987). This constitutive expression characteristic was also found in Schw. occidentalis 

DW88. With the S. cerevisiae LEU2 gene. this promoter could be used to constnict useful 

expression vectors for Schw. occider~talis D W8 8. 

4.6 CONCLUSIONS 



Schw. occidentalis DW88 could serve as a good system for heterologous gene 

expression without modiQing propetties of foreign protein. A S. thermophilus GAL gene 

controlled by S. cerevisicze ADH1 promoter was successfully expressed in Schw. 

occzdentals DW88. This promoter could be used to construct Schw. &cidentalis 

expression vectors for studying gene expression in this yeast. 



ADHl 
promater 

4 
Sphi 

J 
SphI 

Figure 4.1. Construction of YEpl3-GAL. Mer digestion with SphI, the cassette of 

[ADM promoter - GAL - ADHI-3 '1 was removed from pVTlO 1-L-H+ and ligated with 

SphI-digrsted YEp 13. 



Figure 4.2. Agarose gel electrophoresis of DNA. Lane 4 DNA marker LHindIII. Lane B, 

YEp 13 digested with SphI. Lane C, pVTI O 1 -L-H+ digested with SphI. Lane D, YEp 13- 

GAL digested with SphI. 



0.0 0.2 0.4 0.6 0.8 1 .O 1.2 

Concentration of ONP (x 103 PM) 

Figure 4.3. A standard curve used for P-galactosidase assay 



Figure 4.4 Coomassie blue and activity staining on native polyacrylamide gel. Figure A 

was stained with Coomassie blue and Figure B with X-gal staining. In Figures A and B, 

Lane 1,  ceIl lysate from E. coli DHlOB with pVT101-L-H+. Lane 2, ce11 lysate from 

Schw. occidentaiis DW88 with YEpl3. Lane 3, ce11 lysate kom Schw. occidenralis 

DW88 with YEp 13-GAL. 



Table 4.1. Microbial strains and vectors used in this study. 

Strain or vector Relevant Characteristics . Source 

E. coli DHl OB F' mcrA A (rnrr-hsdRMS- GIBCO-BRL 

mcrBC) @OdlacZ AlacX74 

deoR recAl araD139 A (ara, 

Ieu)7697 gaRT g a m -  rpsL 

endAl mpG 
. - 

Schw. occidentalis D W88 leu' Wang and Lee, 1997 

pVT 100-L-H+ 9.4 kb, Ap: LEU2-d, GAL Lee et al., 1990, 

unpublished 

YEp13 10.7 kb, Apr, Tcr, LEU2 Broach et al., 1979 

YEp 13 -GAL 13.8 kb, Tcr, LEU2, G a  This shidy 



Table 4.2. P-Galactosidase activitiesa fiom Schw. occidentalis and E. coli. 

Sample Activity (LT) Protein Specific activity 
(pg/pl) (IJ/pg) 

E. coli DH I OB - I~ 2054.3 $r 41 4.5 + 0.09 456.9 t 19 
pVT 10 1 -L-H+ 

E' d - - - 

Schw. occidentalis 1 

Schw. occidentalis 1 561.0 5 10 0.4 . . 1 i 0.0 1 1,369.0 t 58 
DW88 -YEp 13-GAL 

E " - - 

" Mean of tripl icate experiments 

Zntracellular 

' Extracellular 
d non-detected 



Table 4.3. Thermostability of P-galactosidase from Schw. occidentalis and E. colia. 

Sample Activity (U) 

Normalb Heated' Residual activity %d 

E. coli DHIOB - pVTlO1-L-H+ 809.3 783.7 97.0 
. * 

Schw. occidentalis D W 88 -YEp 13GAL 1052.6 . 1015.8 96.5 

" Mean of tnplicate experiments 

Not heated 

' Heated at 55 O C  for 30 min before adding the substrate for the enzyme assay. 

Residual activity = (activity units of heated P-galactosidase) (activity units of normal 



CONSTRUCTION OF AN EXPRESSION VECTOR FOR YEAST 

SCUWmIO1MYCES OCCIDENTM. 

h ' order to express foreign genes in Schwanniomyces occidentalis, an expression 

vector based on Saccharomyces cerevisiae ADHl promoter - multiple cloning sites - 
* - 

ADHI -3 ' sequence and LEU2 gene was constmcted. 

The major results of this study were summarized and submitted as a manuscript 

for publication in Applied Microbiology and Biotechnology. The manuscript entitled "An 

expression vector for Schwanniomyces occidentalis" was CO-authored by Tsung-Tsan 

Wang and Byong H. Lee. The project was supervised by Dr. Byong H. Lee, while the 

a actual experimental work and writing of the manuscript were done by Tsung-Tsan Wang. 

Dr. Byong Lee edited the manuscript pnor to the submission for publication. 

An expression vector, YEpE8 1 (6,323 bp), was constructed by substituting 

Saccharomyces cerevisiae LEU2 gene for the LEU2-d gene carried by pVTIO 1-L. 

S imilar to pVT 1 O 1-L, YEpE8 1 possesses a cassette containing S. cerevisiae ADHl 

promoter - multiple cloning sites - the 3' sequence of the ADHl gene. This expression 

vector successfully expressed a P-galactosidase gene of Streptococnrs thennophilus in 

Sch w u m  iomyces occidenta fis- 

5.2 INTRODUCTION 

Schwanniomyces occidenialis (Debaryomyces occidentalis) has been describ ed as 

a potential "super yeast" (Ingledew, 1987). Schw. occidentalis is able to use cheap starch 
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as a carbon source to grow with a rapid growth rate and high ce11 mass (Moresi et al., 

1983; Raspor, 1987; Jamuna and Ramakrishna, 1989; Hom et al., 1992), produce 

extracellularly strong amylolytic enzymes and secrete large proteins (Ingledew, 1987) 

without hyper-glycosylation and measurable extracellular proteases (Deibel et ai., 1988). 

Schw. occidentalis thus can be a usefbl alternative to replace Sacchai.omyces cerevisiae 

in the production of heterologous proteins, but the study of molecular genetics in Schw. 

occidentalis is far behind than S. cerevisiae. Heterologous genes expressed in this yeast 

include oniy S. cerevisiae LEU2, TRP5 and U M 3  genes @ohmen et al., 1989; Dave and 

Chattoo, 1997; Wang and Lee. 1997), a C h i d i u m  ihennocellum cellulase gene 

(Piontek et al., I990), and a Sireptococcus thennophiftu P-galactosidase gene (GAL) 

(Wang et al., 1999, Chapter 4). These genes were controlled by their own promoters 

except the ceilulase gene and the GAL gene, which were controlled by the G U 1  

promoter of Schw. occidenialis and the S. cerevisiae ADHl promoter, respectively. 

A new transformation system was recently developed for Schw. occidentalis 

DW88 (Wang and Lee, 1997). For studying heterologous gene expression in Schw. 

occidentalis, expression vectors are required for this yeast. In previous research, it was 

demonstrated that the S. cerevisiae ADH 1 promoter drives expression of a S~eptococnrs 

thermophilus P-galactosidase gene in Schw. occidenfalis DW88. According to the 

putative preferred codons of S c h  occidentalis (Wang et ai., 1999), the codon bias index 

(CBI) of the ADHl gene is 0.7 1. Since a high expression genes has CBIs more than 0.6 

(Boucherie et al., 1995). the ADHl promoter should be a arong one for Schw. 

occidentalis. An expression vector for L Y ~ h t t .  occidentulis with the ADHl  promoter was 

thus constructed. 

5.3 MATERIALS AND METHODS 

0 
5.3.1 Chernicals and enzymes 



Unless otherwise specified, a11 chernical reagents were obtained fi0 m Sigma 

Chemical Co. (St. Louis, Missouri, USA). 5-Bromo-4-chloro-3-indolyl-~-D-galactoside 

(X-Gd), restriction enzymes, agarose and DNA .molecular weight markers were obtained 

from Boehringer Mannheim (Laval, Quebec, Canada). Yeast nitrogen base without amino 

acids was obtained h m  Difco Lab. (Detroit, Michigan, USA). Glusulase was obtained 

h m  Dupont Co. (Boston, Massachusetts, USA). Other chernicals were obtained from 

Anachernia (Montreal, Quebec, Canada). 

5.3.2 Strains, vectors, and media 

The strains and vectors used in this study are listed in Table 5.1. The media and 

methods to grow E. coli and yeasts are same to those in previous research (section 4.3.2). 

5.3.3 Tsolation of vector DNA from E. coli 

The method to prepare vector DNA fiom E. coli is same to that of previous 

chapter (section 2.3.7.1). 

5.3.4. DNA elution, digestion and ligation 

The methods to etute, digest, and iigate vector DNA are same to those of previous 

chapter (section 3.3 -7.2). 

5.3.5 Quantitation of DNA 

The method to 

(seaion 2.3 -8). 

detemine DNA quantity is same to that of previous chapter 

a 
5.3.6 Transformation 



5.3.6.1 E. colz transfomation 

The method to transform E. coli is same to that of previous chapter (section 

2.3.10.1). 

5 -3 -6.2 Yeast transformation . . 

The method to transfom yeast is same to that of previous chapter (section 

2.3.10.2). 

5.3.7 Preparation of crude enzyme 

The method to prepare crude enzyme solution is same to that of previous chapter 

a (section 4.3 -6). 

5.3.8 Protein Assay 

The method to determine protein quaiitity yeast is same to that of previous chapter 

(section 4.3 -7). 

5.3.9 P-galnctosidase activity assay 

The method to do P-galactosidase assay is same to that of previous chapter 

(section 4.3 -8). 

5.3.10 Agarose gel Electrophoresis 

The method to do agarose gel eiectrophoresis of DNA is same to that of previous 

chapter (section 2.3 -9). 



5.4.1 Vector construction 

Following transformation with pVT 10 1 -L (LEU2-d) and YEp3 5 1 (LEU2), 

transformants of Schw. occidentolis DW88 were obtained on MM plates from YEp351, - 

but none were obtained with pVTlO1-L. However, ~VTIOI-L is a p s t  expression 

vector carrying a cassette of [S. cerevisiae ADHI promoter - multiple cloning sites - 3' 

sequence of ADHl gene]. Thus, to construct an express.ion vector for Schw. occidentalis 

DW88, it was necessary to substitute the LEU2-d gene with the LEU2 gene. As shown in - 

Figure 5.1, the DNA fragment of 1,294 bp from @nI/SnaBI-digested YEp3 5 1 was eluted 

fiom agarose gel, while the DNA fragment of 5,029 bp was prepared from KpnUSnaBI- 

digested pVT10 1-L. M e r  ligation of these two DNA fiagments, E. coli DHlOB was 

transformed with the recombinant DNA and screened on LB plates containing ampicillin. 

The vector DNA isolated fiom one of the transformants was designated as YEpE81 

(6,323 bp). Figure 5.2 indicates that KpnYSnaBI-digested YEpE81 showed two DNA 

fragments of 1.3 kb and 5.0 kb (Lane D), which were identical to those from YEp351 

(Lane B) and pVTlO1-L (Lane C) digested with KpnI and SnaBI, respectively. 

To verify whether the YEpESl can function as an expression vector in Schw. 

occidentalis DW88 or not, a Streptococnrs thermophilus P-galactosidase gene (GAL) was 

used as a reponer gene. As s h o w  in Figure 5.3. the GAL gene containing DNA fragment 

of 3.1 kb was cut off from YEp 13-GAL by HindIII and eluted from agarose gel. M e r  

ligation of this DNA fragment with HiudIII-digested YEpE81, E. coli DKlOB was 

transformed with the recombinant DNA and screened on LB plates containing ampicillin, 

IPTG and X-Cal. When the HindII1-digested DNA fragment was inserted into the HindiII 

cuning site of YEpE81, two orientations of the inserted fragment were expected. Vectors 

isolated from three blue-colored transformants were checked for their orientation by Ba1 

digestion. M e r  Ba1 digestion, each vector would produce either one of two sets of DNA 

fragments: 1) 0.5 and 8.9 kb; or 2) 2.7 and 6.7 kb. One of the three vectors showed the 

former, which was desired, on agarose gel (Figure 5.4, Lane E). This vector was 

designated as YEpE81-GAL (9.4 kb). In Figure 5.4, Hindm-digested YEpE8 1-GAI. 



showed two DNA fragments of 3.1 and 5.3 kb (Lane D), which were similar to those of 

Hindm-digested YEp 13 -GAL (Lane C) and YEPES 1 cane B), respective1 y. 

5.4.2 Expression of P-Galactosidase gene 

Following transformation - with YEPES 1 and YEpE8 1-GAL, Schw. occidentalis . 

DW88 showed transformants on MM plates with these two vectors. M e r  growth in rich 

medium, detectable P-galactosidase activity was not. found fiom the ceil lysate of 

YEpE8 1 transformant, but found fiom YEpE8 1 -GAL transformant ce11 lysate with 

specific activity of 1,2 10 U/pg. 

5.5 DISCUSSION 

S. cerevisiae ADHI promoter, a strong promoter (Bennetzen and Hall, 1982), was 

used to constnict senes of expression vectors for S. cerevisiae (Verent et al., 1987). The 

cloned genes expressed in Schw. occidentalis so far include S. cerevisiae LEU2, T W S  

and URA3 genes @ohmen et al., 1989; Dave and Chattoo, 1997; Wang and Lee, 1997), a 

Schw. occidentalis AMY gene @ohmen et al., 1989), a C. thermocelium cellulase gene 

(Piontek et al., 1990) and a Streptococc~rs thermophilus GAL gene (Wang et al., 1999, 

Chapter 4). These genes functioned in Schw. occidentalis with their own promoters 

except the ceilulase gene and the GAL gene, which were controlled by Schw. occidentalis 

. GRMl promoter and S. cerevisiar ADHl promoter, respectively. According to the 

putative preferred codons of Schw. occic(rrrtafÏs (Wang et al, 1999), the CBIs of the 

ADH1, AMY, G M 1 ,  LEU2, T . 5 ,  and UR43 genes are 0.77, 0.40, 0.56, 0.66, 0.49, and 

0.25, respectively, in Schw. occidentalis. Highly expressed genes have CBIs of more than 

0.6, and the moderate ones around 0.2 (Boucherie et al., 1995). Except for ADHl and 

LEU2, these genes are not highly expressed in Schw. occidentaiis- As the LEU2 gene was 

used as a genetic marker in Schw. occidentalis DW88 transformation, the ADHl 

promoter was a good candidate to constmct expression vectors for Schw. occidentals 

DW88. 



The LEU2-d resulted from a deletion of the 5'-end sequence prior to -29 bp of S. 

cerevisiae LEU2 gene during vector pMP78 construction (Erhart and Hollenberg, 1983). 

The LEU2-d was used as a genetic marker to conama many high-copy-number vectors 

for S. cerevisiae, such as pJDB219 and pVT series (Erhart and Hollenberg, 1983; Vernet 

et al., 1987). Udike YEp351, pVTIO1-L failed to offer Schw. occidentalis DW88 

transformants growing on MM plates. This suggests that the LEU2-d does not express or 

can not function well in Schw. occidentalis because of different transcription mechanisms 

present between S. cerevisiae and Schw. occidentdis for the LEU2 gene. 

Both pVT1 O 1 -L and YEp3 5 1 possess a DNA fiagrnent containing 2-pm sequence 

and the LEU2 gene. Differences between these two DNA fragments are length and 

structure. The lengths between the 2-pm sequence and the LEU2 gene are 379 bp from 

pVT 10 1 -L and 4 1 1 bp From YEp3 5 1. To construct an expression vector based on the 

ADHl promoter for Sch< occidentaiis DW88. a complete 5' sequence of LEU2 gene 

was used to replace the deleted 5' sequence of LEU2-d gene on pVT101-L. The 

KpnIISnaBI fiagment of YEp351 containing the original 5' region of LEU2 gene was 

used to replace the KpnVSnaBI fragment of pVT10 1-L containing the deleted 5' region 

of LEU2-d gene. After replacement, the resulting vector, YEpE81, possessed both the 

ADHl promoter and the LEU2 gene with the original 5' region and compiemented the leu 

mutation of Schw. occidrnralis DW88. Figure 5.2 shows that KpYSnaBI-digested 

YEpE81 had two DNA fragments (Lane D) with same molecular weights as those fiom 

KprrI/Std3I-digested pVT IO 1 -L (Lane C) and YEp3 5 1 (Lane B). It indicates that 

YEpE8 1 is the vector desired and has a very similar structure to pVT101-L. 

A S. thennorphilrrs GAL gene was used to assess the promoter activity of the 

expression vector, YEpEB 1. A HindIII-digested DNA fiagment containing the GAL gene 

from YEpl3-GAL was cloned into the HîndIII cumng site of YEpE81 to form YEpE81- 

GAL. Due to the same cohesive ends at both sides of the DNA fragment, the ligation 

would produce two kinds of orientations for the inserted DNA fiagment. After digestion 

with &I, the correct fusion o f  the ADHl prornoter and the GAL gene DNA fiagment 



was confirmed (Figure 5.4, Lane E). In addition, Figure 5.4 showed that HzndIII-digested 

YEpE8 1-GAL had two DNA fragments (Lane D) with the same rnolecular weights as 

those fiorn Hzndm-digested YEpl3-GAL (Lane C)' and YEpE8 1 (Lane B), respectively. 

These results indicate that the YEpE8 1-GAL is the desued one. The P-gaiactosidase 

activity was detected from Schw. occidentalis DW88 canying YEpE8 1-GAL with similar 

specitic activity found in previous research (Wang et al., 1999, Chapter 4), but not from 

transformants with YEpE8 1. It means that YEpE8 1 is an expression vector for Schw. 

occidentalis. YEpE81 cames a multiple cloning region containing sites of BamHI, 

H i n a  PstI, PvulI, SsiI, IroaI, and f i 0 1  derived from pVT 1 O 1 -L. 

5.6 CONCLUSIONS 

The CBI (0.77) of S. cerevisior ADHl gene based on the putative preferred 

codons of Schw. occidentalis indicates that the ADHl promoter should be strong in Schw. 

occidentalis. The promoter was successfully used to constnict an expression vector 

(YEpE8 1) for Schw. occiderztalis. A S. rhrrmophiltis GAL gene was cloned into YEpE8 1 

and expressed in the yeast. Thus, YEpE8 1 and Schw. occidenialis DW88 can be used to 

study heterologous gene expressions in Schw. occidentalis. 
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Figure 5.1. Construction of YEPES 1. The DNA fragment of 1,294 bp from KpnYSnuBI- 

digested YEp351 was ligated with the DNA fragment of 5,029 bp from KpnVSnaBI- 

digested pVT10 1-L. 



Figure 5.3. Agarose gel electrophoresis of DNA. Lane A, DNA marker h-HindUl. Lane B, 

YEp3 5 1 digested with K p d  and BlaBL. Lane C, pVTlO 1-L digested with KpnI and 

SmBI. Lane D, YEpE8 1 digested with K p d  and SnaBI. 
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Figure 5.3. Construction of YEPES 1 -GAL. The GAL gene containing DNA fragment of 

3.1 kb was cut off from YEp 13-GAL by Hindïïï and ligated with Hindm-digested 

YEpE8 1. 



Figure 5.4. Agarose gel electrophoresis of DNA. Lane A, DNA marker h-HindIII. Lane B, 

YEpE81 digested witli Hib~dII1. Lane C. YEp 13-GAL digested with HindIII. Lane D, 

YEpE8 1 -GAL digested with HindIII. Lane E. YEp8 1 -GAL digested with mai. 



Table 5.1 Microbial strains and vectors used in this study. 

Strain or vector Relevant C haracterist ics Source 

E. coli DHlOB F' mcrA A (mv-hsdRMS- GIBCO-BRL 

de& recA 1 &UD 13 9 A (ara, ; 

leu)7697 gaIU gaAU- rpsL 

endAl nupG 
. . 

Schw. occidentdis D W88 leu Wang and Lee, 1997 

pVTZO1-L 6,291 bp, Ap: LEU2-d Vernet et al., 1987 

YEp35 1 5,644 bp, Ap: LEU2 Hill et al., 1986 

YEp 13 -GAL 14.5 kb, Apr, LEU2, GAL Wang et al., 1999, 

Chapter 4 

a YEpE8 1 6,323 bp, Apr. LEU2 This study 

YEpE8 1 -GAL 9.4 kb, Apr. LEU2, GAL This study 



SECRETION OF A SACCHAROMYCES DL4STATICUS GLUCOAMYLASE BY 

SCHWMIOM'YCES OCCIDENTALIS 

To evaluate the possibility'of Schwanniornyces occidentalis DW88 secretion of 

heterologous proteins, a Saccharomyces diastaticus STA3 gene encoding an extracellular 

glucoamylase was used to carry out this research.  hé S T A ~  gene controlled by its own 

promoter and the glucoamylase directed by its own signal sequence offered Schw. 
- occidenidis D W88 transformant more glucoamylase activity. 

The major results of this study were summarized and submitted as a manuscript 

for publication in Applied Microbiology and Biotechnology. The manuscript entitled 

a "Secret ion of a Saccharomyces diavraticus g lucoam y lase b y Schwanniomyces 

occidenialis" was CO-authored by Tsung-Tsan Wang, Young-Jun Choi, and Byong H. Lee. 

The project was supervised by Dr. Byong H. Lee. Mr. Young-Jun Choi helped for gel 

electrophoresis and enzyme assay, while the actual experimental work and writing of the 

manuscript were done by Tsung-Tsan Wang. Dr. Byong Lee edited the manuscript prior 

to its submission for publication. 

6.1 ABSTRACT 

M e r  Succharomyces diustat~nrs STA3 gene was cloned into Schwanniomyces 

occidentalis DW88, the transformant yielded more ce11 mass and glucoamylase activity. 

The STA3 gene was controlled by its own promoter and the glucoamylase was directed by 

its own signal sequence. The S. diaslaricm glucoamylase secreted by Schw. occzdentaits 

DW88 had similar pH and temperature optima as compared witb those of wild-type 

glucoamylase, suggesting that Schw. occidentah DW88 does not change the properties 

of the heterologous protein. The major glucoamylase activity was detected fiom culture 

supernatant, but not h m  intracellular ce11 lysate, indicating that S c h .  occidentalis 



DW88 has a strong secretion ability. These results show that Schw. occidentalis DW88 

should be a good host ce11 to produce and secrete heterologous proteins. 

6.2 INTRODUCTION 

Saccharomyces cere visiae, a tradit ional y east, is 
. . 

widely used in academic and 

industrial fields. However, this yeast is not an ideal host producing extracellular 

heterologous proteins due to certain disadvantage such as: 

1) low product yields, even with a strong prornoter (Buckholz and Gleeson, 199 l), 

2) hyper-glycosylated proteins which might affect protein characteristics (Lemontt et al., 

1985; Moir and Durnais, 1987; Van Arsdell et al., 1987), and 

3) low secretion eficiëncy when protein is larger than 30 D a  (Smith et al., 1985; Jigami et 

a al., 1986; Moir and Dumais, 1987; De Nobel and Barnett, 1991). 

Thus,. the molecular studies have been extended to other yeasts than S. cerevisiae that 

makes the genetic engineering of non-Sacchararnyces yeasts important. 

Schwanniomyces occidentafis (Dedaryomyces occidentalis) was described as a 

potential "super yeast" (Ingledew. 1987). S c h .  occidentalis is able to grow rapidly with 

high ce11 mass on cheap starch as carbon source (Moresi et al., 1983; Raspor. 1987; 

Jamuna and Ramakrishna, 1989; Hom et al., 1992 produce strong amylolytic enzymes 

extracellularly and secrete large proteins without hyper-glycosylation and measurable 

extracellular proteases (Ingledew. 1 987: Deibel et al., 1988). Schw. occidentalis thus has 

a high potential alternative to S. crrevisiar in production of heterologous proteins. 

However, the molecular study in Schw. occi&~ralis is in infancy. Heterologous protein 

secreted by the yeast was a ~lostr~ditttn thermocellum cellulase (Piontek et al., 1990). 

The promoter and signal sequence of a S c h  occidentalis GAMl gee. controHed the 

cellulase-encoding gene expression and protein secretion. a 
A new transformation systern was recently developed on S c h .  occidentalis 

DW88 (Wang and Lee, 1997). It was demonstrated that Schw. occidenfalis DW88 should 



be a good host ce11 for heterologous gene expression, because the strain does not modiQ 

heterologous gene and heterologous protein property (Wang-and Lee, 1997; Wang et al., 

Chapter 4). In industrial scale for enzyme production, secretion has always been 

emphasized. Secretion not only facilitates protein purification, but also offers secretory 

pathway for protein folding and post-translational modification environment. Secretion - 

can fùrther prevent host cells from damage if toxic heterologous proteins are present . 

intracellularly. 

. . 

Schw. occidentalis DW88 is able to simultaneously produce strong extracellular 

a-amylase and glucoamylase, which can completely hydrolyze starches. The amylolytic 

ability of Schw. occidentalis DW88 could be further improved by introducing cloned 

amylolytic genes. The purpose of this research was to study the secretion ability and to 

enhance amylolytic activity of Schw. occidentalis DW88 by using a glucoamylase gene 

6.3 MATERIALS AND METHODS 

6.3.1 Chernicals and enzymes 

Unless othewise specified. al1 chemicai reagents were obtained from Sigma 

Chernical Co. (St. Louis. Missouri. USA). 5-Bromo-4-chloro-3-indolyl~-D-galactoside 

(X-Gal), restriction enzymes. agarose and DNA molecular weight markers were obtained 

from Boehringer Mannheim (Laval. Quebec. Canada). Yeast nitrogen base without amino 

acids was obtained fiom Difco Lab. (Detroit, Michigan, USA). Glusulase was obtained 

from Dupont Co. (Boston, Massachusetts, USA). ûther chernicals were obtained from 

Anachernia (Montreal, Quebec, Canada). 

6.3.2 Strains, vectors, and media 

The grains and vectors used in this study are listed in Table 6.1. 



The strains and vectors used in this study are listed in Table 6.1. The media and 

methods to grow E. coli and yeasts are same to those in pre&ous research (section 2.3.2). 

To prepare glucoamyiase, yeasts were grown in MS (0.67 % Difco yeast nitrogen base 

without amïno acid; 2 % soluble starch; 20 pgh l  adenine; 20 pg/rnl uracil). 

6.3.3 DNA isolation. 

. . 

6.3.3.1 Preparation of vector DNA fkom E. coli 

The method to prepare vector DNA from E. coli is same to that of previous 

chapter (section 2.3.7.1). 

6.3.3.2 Preparation of vector DNA Rom yeast 

The method to prepare vector DNA from yeast is same to that of previous chapter 

(section 2.3 -7.3). 

6.3.4 Transformation procedures 

6.3.4.1 E coli transformation 

The method to transfom E. coli is same to that of previous chapter (section 

2.3.1 O. 1)- 

6.3 -4.2 Yeast transformation 

The method to transfom yeast is same to that of previous chapter (section 

6.3.5 Preparation of crude enzyme 



Portions (50 mi) of Schw. occideniuks DW88 with pSTA3-6-4 were collected by 

centrifugation at 12,000 rpm for 15 min at 4 OC. The resulting supernatant was collected 

for the measurernent of extracellular glucoamylase activity. The method to prepare 

intracular crude enzyme solution is sam'e to that of previous chapter (section 4.3.6), 

except for sodium acetate buffer instead. 

6.3.6 Protein Assay . . 

The method to detemine protein quantity yeast is same to that of previous chapter 

(section 4.3.7). 

6.3-7 Glucoamyiase activity assay 

Glucoamylase activity was assayed by measuring the amount of glucose released 

from soluble starch as the substrate (Miller, 1959). The assay mixture contained 100 rnM 

solubie starch in 100 rnM sodium acetate buffer (pH 5.0) and 0.2 ml of enzyme solution 

in total volume of 1 ml. M e r  incubation for 30 min at 50 O C ,  reducing sugar formed in 

the reaction mixture was measured by dinitrosalicylic acid (DNS) method. Ponions (0.25 

ml) of reaction solution were rnixed with 0.75 ml of DNS solution (7.5 g dinitrosalicyiic 

acid, 14.0 g NaOH, 2 16.1 g Rochelle salt. 5.4 ml phenol, and 5.9 g Na&O, per liter H,O), 

boiled for 5 min, cooled to room temperature and read at 550 nm. One unit (U) of 

enzyme activity was defined as one PM of glucose formed per min at 50 OC From the 

standard curve and specific activity was expressed as units per pg of protein. The 

standard curve of glucose was prepared by using different concentrations of glucose 

solution to react with DNS solution. 

6.3.8 Agarose gel electrophoresis 

The method to do agarose gel electrophoresis of DNA is same to that of previous 

chapter (section 2.3 -9). 



6.4.1 Cloning of STA3 in Schw. occidentdis DW88 

S. diastaticus STA3 gene was cloned into YEp 13 to form pSTA3-6-4 (Yamashita 

et al., 1985). When the original and recovered YEpl3 and pSTA3-6-4 were transferred 

into Schw. occidentalis DW88, respectively, host . rells survived on MM plates. 

Transfomants with YEp13 and pSTA3-6-4 were inoculated on MS plates with least 

amount of cells as possible, and incubated at 30 OC for 5 days. Following the storage of 

plates for 7 days at 4 OC, clear halo zones appeared around the colonies. The 

transformants with pSTA3-6-4 (Figure 6.1, B and C) showed bigger colonies and halos 

than that with YEp 13 (Figure 6.1, A). 

6.4.2 Glucoamylase activities from different sources 

As glucose Iiberated from soluble starch was used to measure glucoamylase 

activity, a standard curve of glucose was necessary. Figure 6.2 shows a standard curve of 

glucose with a ? of 0.9997745575. To locate the glucoamylase, culture supernatant and 

ceil lysate fiom yeast transformants were assayed. The major glucoamylase activities 

were detected fiom the extracellular samples of Schw. occidentalis D W88 transformants 

(Table 6.2). The specific activity of glucoamylase from transformant with pSTA3-6-4 

was 2.7-fold higher than that of transformant with YEpl3. When the same amount of 

stationary-phase cells of Schw. occideritalis DW88 transformants with YEp 13 and 

pSTA3-6-4 were inoculated into fresh MS broth and incubated, the ce11 mass and glucose 

content in culture supernatant of transformant with pSTA3-6-4 were higher than those of 

transformant with YEp 13 (Table 3). 

The molecular weight of S. diastaticus glucoamylase ranged Born 53 to 68 kDa 

determined by SDS-polyacrylamide gel (Yamashita et al., 1984). The molecular weight 

of Schw. occidentalis glucoamylase was around 150 kDa determined by the same method 



(Wang et al., 1989, unpublished). To remove the host glucoamylase, a Centnplus 

concentrators - 100 (Amicon Inc., Beverly, Massachusetts, USA) was used to cut off 

proteins larger than 100 D a .  m e r  treatment with Centriplus concentrators - 100, the 

glucoamylase activity was not detected from the sample of Schw. occidentufis DW88 

with YEp 13, but detected from Schw. occidentalis DW88 with pSTA3-6-4. 

6.4.3. Properties of S. diastaticus glucoamyfase produced by Schw. occidentalis 

-. 

The enzyme solution of Schw. occidentalis DW88 with pSTA3-6-4 treated by 

Centriplus concentrators - 100 was concentrated to study the properties of S. diastaticus 

glucoamylase produced b y  S c h .  occidentalis. The enzyme activities of S. diasuticus 

glucoarnylase produced b y  Schw. occidentalis DW88 were deterrnined at different pH 

and temperatures. The optimal pH for the glucoamylase activity was pH 5 (Figure 6.3) 

a and the optimal temperature was around 55 O C  (Figure 6.4). 

6.5 DISCUSSION 

Since Schw. occidentalis DW88 is able to produce both a-amylase and 

glucoamylase extracellularly. a ciear halo zone appeared around its own colony on MS 

plates and glucoamylase activity was detected tiom the culture supernatant. Schw. 

occidentalis DW88 with pSTA3-6-4 showed larger colonies and halo zones than the 

control (YEp 13) on MS plates. Higher glucose content, ce11 mass and the specific activity 

from the transformants (pSTA3-6-4) were observed as compared with the control. Due to 

a bigger size (150 kDa) than the membrane cut off size, the S c h .  occidentafis 

gIucoamylase could be rernoved from the enzyme sample after treatment with Centriplus 

concentrators - 100. M e r  treatment with Centriplus concentrators - 100, the enzyme 

sample of Schw. occidentalis D W88 with pSTA3 -6-4 still had glucoamylase activity, 

suggesting that the glucoamylase had a molecular weight iess than 100 kDa, which agrees 

with the published molecular weights (53 - 68 kDa) of S. dieruticus glucoamylase 

(Yamashita et al., 1984). The results strongly indicate that not only the heterologous 



STA3 gene was expressed in S c h .  occidentalis by using its own prornoter, but also the 

heterologous glucoamylase was secreted from Schw. occidentalis by using its own signal 

sequence. 

The S. diastaticus glucoamylase produced by Schw. .occidentalis showed pH ( 5 )  . 

and temperature (55 OC) optima identical to those of S. diastaticus' glucoamylase 

(Yamashita et al., 1985). S c h .  occidentulis DW88 does not seem to change the 

propenies of S. diastutins glucoamylase. The major glucoamylase activity was detected 

fiom the supernatant of Schw. occidentalis DW88, but not from intracellular ce11 lysate, 

suggesting that Schw. occidentulis DW88 is a good host producing and secreting 

heterologous proteins. 

The result of pol yacrylamide gel electrophoresis could not be provided in this 

study as the other evidence of the heterologous protein production in Schw. occidentalis. 

The molecular weightr of the S. diastc~ticz~s glucoarnylase ranged from 53 to 68 kDa, 

which are similar to those of a-amylase produced by Schw. occidentalis (Ingledew, 1987; 

Wang et al., 1989). Moreover, when soluble starch solution was used- to perform activity 

staining of the polyacrylamide gel. the activity staining of S. diastaticus glucoamylase 

produced by  Schw. occide~~talis was interfered by the presence of host a-amylase. 

According to putative preferred codons of S c h .  occidentalis (Wang et al, 1999), 

the STA3 gene has a codon bias index of 0.32 in this yeast. While the CBIs of highly 

expressed genes are more than 0.6. the moderate ones are around 0.2 (Boucherie et al., 

1995). The STA3 gene should thus not have a strong expression in Schw. occidenlalis, but 

the signal sequence of the STA3 gene successfÙ1ly directed the S. diastatim 

glucoamylase out of Schw occidrr~alis. This signal sequence could be helpful to design 

secretion vectors for the secretion of heterologous proteins by Schw. occidentalis. 

a As many industries are interested in producing strong amylolytic enzymes to 

hydrolyze starches, the heterologous gene expression of S. diastaticus S T A ~  gene can be 

useful to improve the amylolytic ability of Schw. occidentalis. 



6.6 CONCLUSIONS 

A heterologous gene, S. diastaticus STA3 controlled by its own promoter was 

successfùl~y cloned and expressed in Schw. occidentalis DW88. The heterologous - - . 

glucoamylase directed by its own signal sequence was also secreted fiom the yeast. Due 

to complete secretion of glucoamylase without modification of the enzyme properiy, 

Schw. occidenrolis DW88 should be a good host ce11 to produce and secrete heterologous 

proteins. Furthermore, this gene expression improved the amylolytic activity of Schw. 

occidentalis DW88, though the yeast is able to produce both a-amylase and 

glucoamy lase. 



Figure 6.1. Schw. ocl.idt~tafis DW88 transformants grown on MS plate. 4 transformant 

with YEp 13. B and C, transformants with pSTA3-6-4. Transformants with YEp 13 and 

pSTA3-6-4 were inoculated on MS plates. first incubated for 5 days at 30 OC, and then 

for 7 days at 4 OC. 
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Figure 6.2. A standard curve used for glucoamylase assay. 
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Figure 6.4. Temperature dependency of  S. diastariczis glucoamylase produced by Schw. 

occidentalis D W 8 8. 



Table 6.1. Microbial strains and vectors used in this study. 

Strain or vector Relevant Characteristics Source 
- 

E. coli DHlOB F' mcrA A .(mm-hsdRMS- GIBCO-BRL 

mcrB C )  48 OdlacZ AlacX74 

deoR recAl araD 139 A (ara, 

leu)7697 gaZU gczAU- p s L  

endAl m p G  
. . 

Schw.occidentalisDW88 leu' Wang and Lee, 1997 

YEpl3 10.7 kb, Apr, Tcr, LEU2 Broach et al., 1979 

p STA3 -6-4 18 kb, Apr, LEU2, STA3 Yamashita et al., 1985 



Table 6.2. Glucoamylase activities* of Schw. occidentulis DW88 transformants. 

Location Intracellular Extracellular Intracellular Extracellular 

Activity (U) 0.0 1 0.28 -0.01 0.93 

Protein (pg/ml) 0.4 t O. 13 0.63 O. 16 

Specific activity (U/pg) 0.02 2.15 0.02 5.81 

* Mean of tnplicate experiments 



Table 6.3. Ce11 rnass and glucose contenta in yeast culture supernatants. 

Incubation time (h) O 16 20 24 28 

YEpl3 Ce11 number 1 . 6 ~  10' 0 . 4 ~  106 0 . 9 ~  106 2.1 x 106 4 . 8 ~  106 

Glucose pg/rnl 0.2 580 760 850 1,100 

STA3 Ce11 number 1 .6x104 0 . 9 ~ 1 0 ~  2 . 2 ~ 1 0 ~  5 . 4 ~ 1 0 ~  1 3 . 3 ~ 1 0 ~  

Glucose pgml 0.2 840 1,020 1,390 2,230 
-- - -  . 

a Mean of triplicate experiments 



GENERAL CONCLUSION 

A new transformation system was developed for yeast Schw. occidentalis with an 

eficiency of lo3 transformants per pg DNA using a spheroplast-mediating method. This 

system was based on a complementation 'of S. cerevisiae LEU2 gene on a stable leucine ' 

auxotrophic mutant, Schw. occidentalis DW88. The vector YEpl3 was replicated ' 

extrachromosomally in the yeast host cells and recovered from the yeast transformants 

without DNA modification. . . 

Putative preferred codons of Schw. occidentalis proposed could be useful to 

evaluate the codon bias index (CBI) for cloned genes, and the CBI could serve to 

estimate gene expression in the yeast without tedious and time-consuming laboratory 

work. Moreover, calculating codon bias index manually is time-consuming. A new 

a computer prograrn (PCBI) was developed to overcorne the inconvenience. The preferred 

codons and PCBI prograrn could facilitate gene expression in Schw. occidentalis. 

A P-galactosidase gene of Streptococcm thermophiius controlled by S. cerevisiae 

ADHl promoter was successfully expressed in Schw. occidentah without modification 

of the intracellular enzyme properties. S. cerevisiae ADHl promoter was a strong 

promoter in Schw. occider~talis and was used to construct a Schw. occidenialis expression 

vector. 

A S. diastaticus STA3 controlled b y  its own promoter was successfùliy expressed 

in Schw. occidentalis DW88. The heterologous glucoamylase directed by its own signal 

sequence was also secreted fiom the yeast. Due of complete secretion of glucoamylase 

and no modification of its properties, Schw occidentalis DW88 should be a good hoa to 

produce and secrete heterologous proteins. 
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