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Abstract

Isolation of the Pichia pastoris Formaldehyde Dehydrogenase Gene and Use of its
Promoter for Expression of Foreign Genes in P. pastoris

Shigang Shen

M.S., Oregon Graduate Institute of Science and Technology
October 2000

Thesis Advisor: Dr. James M. Cregg

In methylotrophic yeasts, glutathione-dependent formaldehyde dehydrogenase
(FLD) is a key enzyme required for the metabolism of methanol as a carbon source
and certain alkylated amines such as methylamine as nitrogen sources. We describe
the isolation and characterization of the FLD! gene from the yeast Pichia pastoris.
The gene contains a single short intron with typical yeast-splicing signals near its 5’
end, the first intron to be demonstrated in this yeast. The predicted FLD1 product
(Fld1p) is a protein of 379 amino acids (approx. 40KDa) with 71% identity to the
FLD protein sequence from the n-alkane-assimilating yeast Candida maltosa and 61-
65% identity with dehydrogenase class III enzymes from humans and other higher
eukaryotes. Using 8-lactamase as a reporter, we show that the FLDI promoter (Pg ;)
is storngly and independently induced by either methanol as sole carbon source (with
ammonijum sulfate as nitrogen source) or methylamine as sole nitrogen source (with
glucose as carbon source). Furthermore, with either methanol or methylamine
induction, levels of B-lactamase produced under control of P, are comparable to
those obtained with the commonly used alcohol oxidase I gene promoter (P,y;)-

Thus, Py, is an attractive alternative to P,y for expression of foreign genes in
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P.pastoris, allowing the investigator a choice of carbon (methanol) or nitrogen source

(methylamine) regulation with the same expression strain.
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CHAPTER 1
INTRODUCTION’

1.1  Uses of Methylotrophic Yeasts in Applied and Basic Research

The existence of methylotrophic yeasts capable of utilizing methanol as sole
carbon and energy source was first reported by Ogata and coworkers [Ogata et al.,
1969]. During the past 30 years, methylotrophic yeasts have attracted the attention of
industrial and academic investigators because of certain unique properties related to
methanol utilization. During the 1970s, there was interest in their use for single cell
protein (SCP) production, primarily as a source of high-protein animal feed [Cooney
and Levine, 1972; Smith, 1981]. Beginning in the early 1980s, interest was
generated in the use of methylotrophic yeasts as models for investigations on
peroxisomal biosynthesis [Aitchison et al., 1992; Waterham et al., 1997] and in their
use as hosts for the production of heterologous proteins [Romanos et al., 1992,

Cereghino and Cregg, 2000].

1.1.1 Metabolism of single-carbon compounds in yeast

Single-carbon or C, compounds are defined as organic compounds that are
more reduced than carbon dioxide and contain no carbon-carbon bonds. Examples of
such compounds include methane, methanol, formaldehyde, formate, and

methylamine. There are many microorganisms found in nature that are capable of

* This material has been published in this or similar form in Gene and is used here with
permission from Elsevier Science.

Shen, S., Sulter, G., Jeffries, T. W., and Cregg, J. M. (1998) A strong nitrogen source-regulated
promoter for controlled expression of foreign genes in the yeast Pichia pastoris. Gene 216,
93-102.
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growth in C, compounds. Although most of these are prokaryotes and archaebacteria,
some yeasts and fungi are able to metabolize certain C, compounds [Lee and
Komagata, 1980]. Methylotrophs, as previously defined [Colby and Dalton, 1978],
obtain their energy from the oxidation of C, growth substrates and assimilate carbon
as formaldehyde or as a mixture of formaldehyde and CO,. Most prefer methanol as
a substrate, hence the name methylotrophs. Among fungi, certain species of yeast in
the genera Candida, Hansenula, Pichia and Torulopsis are methylotrophic organisms
[Veenhuis et al., 1983]. They also can use methylated amines as nitrogen source but
not as sole source of carbon and energy. Below is summarized the metabolic pathway

for utilization of methanol and methylamine by yeasts.

1.1.1.1 Methanol. The first methylotrophic yeasts were not discovered until
1969 [Ogata et al., 1969]. Beginning in the early 1970s, there was intense interest in
exploiting these yeasts for the production of biomass or SCP from methanol,
particularly in the petroleum industry. At that time, methane (natural gas) was
virtually a waste product of the industry and could be inexpensively oxidized to
methanol by chemical processes. Thus, methanol was viewed as a potential
inexpensive feed stock for the large-scale production of microbial SCP, primarily for
use as a high-protein animal feed. In parallel with the development of SCP
production processes, academic laboratories elucidated the biochemical pathway used
by yeasts to metabolize methanol [van Dijken et al., 1978]. It was discovered that the
ability to use methanol as a carbon and energy source requires a unique pathway
involving three peroxisomal enzymes: alcohol oxidase (AOX), catalase, and
dihydroxyacetone synthase [Anthony, 1982; Veenhuis et al., 1983; Douma et al.,
1985; Goodman, 1985]. As diagrammed in Fig. 1.1, the first step of the pathway
involves the oxidation of methanol to formaldehyde by AOX, a peroxisomal enzyme.
This reaction generates hydrogen peroxide, which is then degraded to water and
oxygen by catalase, the classic peroxisomal marker enzyme. Two different pathways
further metabolize formaldehyde. In one path, a portion of the formaldehyde leaves
the peroxisome to the cytosol and is further oxidized to formate by formaldehyde

dehydrogenase (FLD) and then to carbon dioxide by formate dehydrogenase (FDH).
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Figure 1.1 The methanol pathway in yeasts. (1) Alcohol oxidase; (2) catalase; (3)
formaldehyde dehydrogenase; (4) formate dehydrogenase; (5) dihydroxyacetone
synthase; (6) dihydroxacetone kinase; (7) fructose 1,6-bisphosphate aldolase; (8)
fructose 1,6-bisphosphatase.




In the other pathway, a portion of the formaldehyde remains in the peroxisome and
condenses with xylulose-5'-monophosphate in a reaction catalyzed by the third
peroxisomal enzyme, dihydroxyacetone synthease. The products of this reaction,
glyceraldehyde-3-phosphate (GAP) and dihydroxyacetone, then leave the peroxisome
and enter a cyclic pathway that regenerates xylulose-5'-monophosphate plus one net
molecule of GAP for every three turns of the cycle. GAP is used for biosynthesis of
carbon skeletons for cell growth.

In the energy generation pathway from methanol, formaldehyde is oxidized to
formate in either a glutathione-independent or glutathione-dependent mannerl,
depending upon the yeast species. The former reaction involves a methylformate
synthase, and the latter involves a glutathione-dependent FLD. Both of these
reactions produce reducing power in the form of NADH (nicotinamide adenine
dinucleotide, reduced form). There are two models for the role of this oxidative
pathway for the yeast. One model is that the NADH generated by FLLD and FDH
serves as the primary source of energy during growth on methanol [Veenhuis et al.,
1983]. The second model proposes that most of the energy for methanol-dependent
growth comes from the oxidation of one or more of the xylulose-5'-monophosphate
cycle intermediates by tricarboxylic acid cycle enzymes, and that the primary role of
FLD and FDH is to protect the yeast from toxic formaldehyde that can accumulate in

the cell with excess methanol in the medium [Sibirny et al., 1990].

1.1.1.2 Methylated amines. Many species of yeasts (with the notable

exception of Saccharomyces cerevisiae) are able to utilize various alkylated amines as
sole nitrogen source, but not as sole carbon source [van Dijken and Bos, 1981]. A
key enzyme required for this metabolism is amine oxidase which S. cerevisiae does
not have [Blaschko et al., 1937]. Many methylotrophic yeasts contain either or both
of two types of amine oxidase: (i) methylamine oxidase, a heat-labile enzyme with
high affinity for short-chain alkylamines, or (ii) benzylamine oxidase, a relatively
heat-stable enzyme that has a high affinity for longer chain and aromatic alkylamines.

Both enzymes are located in the peroxisome [Green and Large, 1984]. The substrate




specificity of the two enzymes overlaps considerably; they cannot be considered as
complementary enzymes [Haywood and Large, 1981].

In the yeasts Candida utilis, Candida boidinii, and Hansenula polymorpha, the
key enzyme in the metabolism of methylamine is amine oxidase [Zwart et al., 1980].
This peroxisomal enzyme catalyzes the oxidation of methylamine to formaldehyde,

hydrogen peroxide, and ammonia as follows:

CH,NH, + O, + H,0 - HCHO + H,0, + NH,

Formaldehyde, in the methylotrophic yeast H. polymorpha, can either be
further oxidized via formate to CO, by FLD and FDH [Zwart et al., 1980], or
assimilated into cellular materials via the xylulose monophosphate cycle, the same
pathways used to metabolize formaldehyde generated from methanol [van Dijken et
al., 1978]. In the non-methylotrophic yeast C. utilis, it is not possible to assimilate
formaldehyde, but this compound can be oxidized to CO, by NAD-dependent FLD
and FDH. Thus, metabolism of formaldehyde in this yeast can only yield metabolic
energy. In all yeasts, the hydrogen peroxide generated by the oxidation of
methylamine by amine oxidase is degraded to oxygen and water by peroxisomal
catalase, as described for the methanol pathway. Ammonia is incorporated into 2-
oxoglutarate in a reaction mediated by NADPH-dependent glutamate dehydrogenase

[Zwart and Harder, 1983].

1.1.2 Peroxisome biogenesis mechanisms

Peroxisomes are single-membrane-enclosed organelles found in all eukaryotes
[Waterham et al., 1997; Tabak et al., 1999]. They are unique among organelles in
that they are highly diverse—varying dramatically in size, abundance, and enzyme
content, depending upon the metabolic needs of the organism or tissue.
Methylotrophic yeasts have been exploited for a combined morphological,
biochemical, and molecular genetic investigation of peroxisome biogenesis. In H.
polymorpha and Pichia pastoris, growth on methanol induces the synthesis of large

amounts of three peroxisomal enzymes: AOX, catalase, and dihydroxyacetone
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synthease. In methanol medium, up to 80% of the cytoplasmic volume is occupied by
peroxisomes [Veenhuis and Harder, 1991]. However, in glucose medium,
peroxisomes are small and few in number. Because fatty acid B-oxidation reactions
occur exclusively in peroxisomes in yeasts [Tanaka et al., 1982], growth of these
organisms on fatty acids (such as oleic acid) results in a substantial induction of
peroxisomes containing enzymes of the peroxisomal 8-oxidation pathway. P. pastoris
is unique among yeasts in that it can grow on either of the peroxisome-inducing
carbon sources, methanol or oleate.

The key to the application of molecular genetics to yeast peroxisome studies
was the discovery of methods to isolate peroxisome biogenesis mutants of the
organism [Erdman et al., 1989; Cregg et al., 1990]. Methylotrophic yeast mutants
defective in the proper assembly of peroxisomes (pex mutants) were first isolated in
H. polymorpha [Cregg et al., 1990] and subsequently in P. pastoris [Liu et al., 1992].
The P. pastoris pex mutants are able to grow at normal rates on most carbon sources,
including glucose, glycerol, and ethanol, but are unable to grow on either methanol or
oleic acid [Liu et al., 1992]. At present, 15 different PEX gene complementation
groups have been identified in P. pastoris with a similar number in H. polymorpha
[Tan et al., 1995; Johnson et al., 1999]. Most of these genes have been cloned from
yeast genomic DNA libraries by functional complementation, and their products have
been studied in detail. Thus, the ability to induce proliferation of peroxisomes and
peroxisomal proteins by methanol (and oleic acid in P. pastoris) has made

methylotrophic yeasts attractive systems for the study of peroxisome biogenesis.

1.1.3 Selective peroxisome autophagy

In methylotrophic yeasts such as H. polymorpha and P. pastoris, peroxisomes
proliferate in size and number in response to certain changes in the cell’s
environment. As discussed in Section 1.2, peroxisomes contain key enzymes
involved in the oxidative metabolism of carbon sources, such as methanol and oleic
acid, and nitrogen sources, such as methylamine. As a result of the induction and
import of these enzymes into peroxisomes, the organelles become large and

numerous. However, upon shift of yeasts to conditions where peroxisomes are no
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longer needed, such as from methanol medium to glucose medium, the organelles and
their enzymatic contents are rapidly and selectively degraded by a process called
autophagy [Veenhuis et al., 1978; Dunn, 1994; Klionsky, 1998]. In this process,
peroxisomes are targeted to and sequestered within the yeast vacuole and degraded by
the resident hydrolases. Autophagy is a general protein and organellar degradation
process that takes place in all eukaryotic cells.

Two types of autophagic processes have been observed: microautophagy and
macroautophagy [Tuttle et al., 1993; Tuttle and Dunn, 1995; Chiang et al., 1996].
Microautophagy is a process in which cellular components are surrounded by
invaginations of the vacuolar membrane or by finger-like protrusions from the
vacuole. The resulting intravacuolar vesicles containing the sequestered cellular
components are eventually degraded by hydrolytic enzymes [Ahlberg et al., 1985;
Mortimore et al., 1988]. Macroautophagy is a process in which cellular components
are first sequestered within an autophagosome that arises from an invagination of the
rough endoplasmic reticulum [Dunn, 1990]. The autophagosome then fuses with the
vacuole, thereby delivering its contents to the vacuolar hydrolases.

Electron microscopy studies suggest that exposure of methanol-grown H.
polymorpha to either glucose or ethanol induces peroxisomes to be degraded by
macroautophagy [Veenhuis et al., 1983; Tuttle et al., 1993]. Similary, peroxisomes
in methanol-grown P. pastoris cells exposed to ethanol are also subject to
macroautophagy. However, peroxisomes in methanol-grown cells of P. pastoris
appear to be degraded microautophagically when exposed to glucose [Tuttle and
Dunn, 1995].

Methylotrophic yeasts have at least three significant advantages as model
systems to investigate autophagic processes at the molecular level. The first is that
methanol-induced peroxisomes are large, and their degradation by autophagy is easily
visualized by standard microscopic techniques. The second is that autophagy can be
induced synchronously in these yeasts by a simple shift of carbon sources. Moreover,
in P. pastoris, the specific type of peroxisomal degradation process (i.e., micro-
versus macroautophagy) can be selected via the appropriate carbon source. The third

is that it is possible to combine a molecular genetic and biochemical attack toward




understanding autophagy in these yeasts. Through the study of peroxisome
degradation mutants, two genes required for selective macroautophagy of peroxisomes
in H. polymorpha and eight genes required for glucose-induced selective autophagy of
peroxisomes in P. pastoris have been identified [Titorenko et al., 1995; Yuan et al.,

1997, 1999].

1.2  Function and Structure of Eukaryotic Alcohol Dehydrogenases

In mammals, class III alcohol dehyrogenases (ADHs) and glutathione-
dependent FLDs are the same enzymes [Koivusalo et al., 1989]. ADHs have been
characterized in a wide variety of bacterial, yeast, plant, and animal species including
humans. Most yeast ADHs are tetrameric enzymes containing zinc [Magonet et al.,
1992]. Four ADHs have been characterized in the yeast S. cerevisiae [Bennetzen and
Hall, 1982; Young and Pilgrim, 1985; Paquin and Williamson, 1986; Drewke and
Ciriacy, 1988]. S. cerevisiae ADHI, encoded by the ADHI gene, is a fermentative
enzyme that catalyzes the conversion of acetaldehyde to ethanol and is expressed in
the presence of glucose in the culture medium [Denis et al., 1983]. ADHII is an
oxidative isozyme of ADHI and is encoded by the ADH2 gene. ADHII catalyzes the
reverse reaction of ADHI and functions in the metabolism of ethanol as an energy and
carbon source [Young and Pilgrim, 1985]. ADHII is highly repressed by glucose and
derepressed in ethanol [Ciriacy, 1975]. ADHIII, encoded by the ADH3 gene, is
localized within the mitochondrion and is repressed by glucose [Young and Pilgrim,
1985]. The function of ADHIII is unknown [Passoth et al., 1998]. All three of these
S. cerevisiae ADHs exhibit strong amino acid sequence similarity to each other
[Young and Pilgrim, 1985]. ADHIV, whose function is unknown in yeast, has amino
acid sequence similarity to iron-activated ADH2 from the bacterium Zymomonas
mobilis, which is a major component of ADH activity in the fermentative bacterium
[Williamson and Paquin, 1987; Reid and Fewson, 1994]. However, ADHIV does not
share sequence similarity with the other S. cerevisiae ADHs [Drewke and Ciriacy,

1988].
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On the basis of electrophoretic mobilities, kinetic properties, and inhibition by
pyrazole, ADHs from the tissues of many vertebrates have been divided into five
classes [Vallee and Bazzone, 1983]. Class I represents the classical liver zinc-
containing enzyme, exhibiting considerable activity toward ethanol as a substrate
[Jornvall et al., 1995]. Class IIl ADHs function in vitro as glutathione-dependent
FLDs [Koivusalo et al., 1989]. Class IV ADHs are present only in stomach tissue
and have the highest activity toward ethanol of all ADH classes [Pares et al., 1994].
Classes II and V are less well understood and have not been characterized in more

than one species each [Jornvall et al., 1995].

1.2.1 Class III ADHs

As mentioned in the previous section, class III ADHs appear to be glutathione-
dependent FLDs. These enzymes metabolize formaldehyde to which cells may be
exposed from their environment or which may be generated as a product of normal
metabolism [Koivusalo et al., 1989]. In contrast to the class I and Il ADH enzymes,
class III enzymes are insensitive to inhibition by pyrazole and have a low affinity for
ethanol. In addition, unlike class I and II ADHs, they can catalyze the oxidation of
long-chain aliphatic alcohols [Vallee and Bazzone, 1983]. Finally, class III ADHs are
structurally distinct from the class I and II enzymes [Kaiser et al., 1988].
Accordingly, antibodies against human class III ADH do not cross-react with the class
I and II enzymes [Montavon et al., 1989]. In contrast to class I ADH, which is
absent in some animals including lower vertebrates and invertebrates [Kaiser et al.,
1993], a class III ADH is found in all organisms from bacteria to humans [Schutte et
al., 1976; Burnett and Felder, 1978; Pares and Vallee, 1981; Allais et al., 1983;
Gutheil et al., 1992; Sasnauskas et al., 1992; Estonius et al., 1993; Wehner et al.,
1993; Danielsson et al., 1994; Ras et al., 1995]. The mammalian class III enzymes
are less variable in structure than those in class I. The sequences of the rat and horse
class III ADHs are very similar to those of the human enzyme, showing differences in
only 21 and 19 residues, respectively, out of a total of 373 amino acids [Julia et al.,
1988; Kaiser et al., 1989]. In contrast, the class I enzymes from the same organisms

differ by 84 amino acids. The similarity of class III enzyme sequences suggests that
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the metabolic role of this class of ADHs has been highly conserved through evolution
[Kaiser et al., 1989].

1.2.2 Yeast FLDs

FLDs catalyze a key step in the catabolism of methanol and methylated amines
in yeasts. They have been purified from S. cerevisiae and the methylotrophic yeasts
C. boidinii, H. polymorpha and P. pastoris [Kato, 1990]. FLD is NAD-linked and
glutathione-dependent. NADP* cannot replace NAD* as a cofactor. The addition of
reduced glutathione is required for the oxidation of formaldehyde by purified FLD
enzymes. FLD’s true substrate, however, is a hemimercaptal, S-
hydroxymethyglutathione, spontaneously formed from formaldehyde and glutathione.
Reduced glutathione cannot be replaced by other thiol compounds, such as cysteine,
dithiothreitol, or thioglycerol [Patel et al., 1983]. FLD activity is completely
inhibited by metal ions, such as Cd**, Hg**, Cu**, and Ag*. As shown below, the

reaction product is S-formylglutathione.
Formaldehyde + glutathione + NAD* = S-formylglutathione + NADH + H*

FLDs have a molecular weight of approximately 84,000 kDa as determined by
gel filtration, and a subunit molecular weight of 41,000 kDa as determined by SDS-
PAGE [Patel et al., 1983].

1.2.3 Evolution of the ADH family

The primary sequence of FLD from S. cerevisiae shares 71% identity with that
of FLD from Candida maltosa and 63% identity with that of the human class III
enzyme [Sharma et al., 1989; Sasnauskas et al., 1992]. The amino acid sequence
homology and identical structural and kinetic properties indicate that FLDs and
mammalian class III ADHs are closely related evolutionarily [Koivusalo et al., 1989].

The class III family of ADH enzymes appears to be functionally equivalent to
FLDs in mammals [Koivusalo et al., 1989]. Functionally and structurally, class I

ADHs are least related to the class III ADHs [Kaiser et al., 1993]. Structure and
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activity studies on class III ADHs have been performed in prokaryotes [Gutheil et al.,
1992], yeasts [Sasnauskas et al.,1992; Wehner et al., 1993], invertebrates (octopus)
[Kaiser et al., 1993], vertebrates [Danielsson and Jornvall, 1992], and mammals
[Kaiser et al., 1989]. Most of these studies were based on comparisons of class III
and class I ADHs by amino acid sequence alignments. These studies suggested that
the class III type with its glutathione-dependent FLD activity is the progenitor of both
class I and III vertebrate ADHs. However, ethanol active class II ADHs of
vertebrates do not appear to have arisen from an ethanol active class II yeast ADH.
They appear to have arisen from independent duplicatory events and evolved towards

similar substrate specificities by convergence [Danielsson and Jornvall, 1992].

1.3  Transcriptional Regulation by Methanol in Yeasts

1.3.1 General features of eukaryotic transcription initiation

Initiation of transcription represents a major control point for gene expression
in eukaryotes. This step is mediated by RNA polymerase II (Polll) and a complex
array of general initiation factors (GIFs) by a mechanism that is conserved from
yeasts to man. In eukaryotes, Polll transcribes mRNAs and several small nuclear
RNAs. Polll cannot recognize its target promoters directly. Genes transcribed by
RNA Polll typically contain common core promoter elements that are recognized by
one or more GIFs and gene-specific DNA elements that are recognized by
transcriptional regulatory factors. These regulatory factors, in turn, modulate the
function of the general initiation factors [Roeder, 1996].

Core-promoter elements are defined as minimal DNA elements that are
necessary and sufficient for accurate transcription initiation by RNA Polll in
reconstituted cell-free systems. The most common of these elements are the TATA
box (consensus TATAa/tAa/t), located near position -25 relative to the transcription
start site, and a pyrimidine-rich initiator located near the transcription start site
[Nikolov and Burley, 1997]. The first step in transcription initiation is the
recruitment of the GIF transcription factor IID (TFIID) to the TATA element. TFIID

is the only GIF with components capable of sequence-specific binding to the
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eukaryotic promoter DNA. These components include the TATA-binding protein
(TBP), which directly recognizes the TATA element, and certain TBP-associated
factors [Burley and Roeder, 1998]. Binding of TFIID is followed by the association
of additional GIFs with the building complex and ultimately leads to the recruitment
of Polll.

Most genes in eukaryotes show a regulated pattern of expression during
development, during the course of the cell cycle, or in response to changes in the
cellular environment [Bjorklund and Kim, 1996]. Transcriptional regulation of gene
expression is typically mediated by multiple activator or repressor proteins that bind
specifically to positively or negatively acting sequences in the promoter regions
[Verdier, 1990]. Positive regulatory proteins, referred to as activators, often exert
their effects through intermediary factors that convey signals from the activators to
the transcription complex [Flanagan et al., 1991, 1992; Meisterernst et al., 1997].
Three types of intermediary factors have been described: (i) TBP-associated factors,
which associate with TBP to form TFIID; (ii) a mediator which associates with Polll
to form a holoenzyme; and (iii) a chromatorgraphic fraction from human cells, termed
upstream stimulatory activity, whose resolution is still in progress [Bjorklund and
Kim, 1996]. DNA-binding transcriptional repressors act by a variety of mechanisms.
They can repress transcription by competing with activators or basal transcription
factors for access to the DNA or recruiting inhibitory chromatin components to the
promoter [Cowell, 1994; Johnson, 1995; Hanna-Rose and Hansen, 1996]. The
primary mode of action of activators and repressors is to influence the rate of
transcription initiation of each gene. The most common mechanism for this appears
to be through the recruitment of Polll to the promoter site (or in the case of
repressors, through blockage of the recruitment of Polll). A second mechanism
appears to act through the acetylation and deacetylation of nucleosomes on DNA
around the promoter site [Pazin and Kadonaga, 1997]. Acetylation neutralizes the
strong basic character of nucleosomes, thus “loosening” their grip on DNA and
providing more opportunity for the transcription apparatus to establish interaction with

the genetic promoter.
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1.3.2 Methanol regulation

As described in Section 1.2.1, methylotrophic yeasts (such as H. polymorpha,
P. pastoris and C. boidinii) have the ability to utilize methanol as a carbon and
energy source. The first step in methanol metabolism is performed by AOX [van der
Klei et al., 1991]. The AOX genes are regulated at the transcriptional level [Ellis et
al., 1985; Cregg et al., 1989] and are considered to be among the most strongly
expressed and tightly regulated genes known in yeast [Tschopp et al., 1987].

Mechanisms of transcriptional regulation in methylotrophic yeasts have been
investigated by analyzing the promoter sequences of the H. polymorpha MOX gene
[Godecke et al., 1994], P. pastoris AOX1 and AOX2 genes [Cregg et al., 1989; Ohi et
al., 1994], and C. boidinii dihydroxyacetone synthase gene (DASI) [Sakai et al.,
1998]. Analysis of the H. polymorpha MOX promoter (P, region revealed three
cis-acting regulatory elements which are each occupied by a DNA-binding protein
[Godecke et al., 1994]. The first upstream activating sequence element (UASI) is
located between nucleotides -507 and -430. When fused to a §-lactamase (3-lac)
reporter gene, deletion of the region containing this element lowers (-lac activity 95-
fold under derepressed (glycerol-grown) conditions and 35-fold under induced
(methanol-grown) conditions compared with wild-type P, levels. In methanol-
grown cell extracts, a protein named MBF1 (MOX binding factor 1) was identified
that specifically binds the UASI region and appears to be a positive factor for P,y
[Godecke et al., 1994]. UAS2 is located between nucleotides -822 and -729 with
respect to the translational start site or ATG. Reporter studies suggest an activating
function for this sequence in derepressed cells but not in induced cells of H.
polymorpha. UAS2 is bound by MBF2, a homodimer, in a region of internal
sequence symmetry. An upstream repression sequence (URSI), located between
nucleotides -897 and -1008, exerts a repressive influence on expression from P,y.
High f3-lac expression is observed in glucose-grown cells after deletion of URSI.
MBF3 was identified as a potential URS! binding factor that modulates transcription
by interacting with the URS1 site [Godecke et al., 1994].
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P,ox function has also been investigated in S. cerevisiae, a species that lacks
methanol metabolism [Pereira and Hollenberg, 1996]. In these studies, a 200-bp
region (-361 to -112) of P,,,y, termed MOX-B, was found to regulate expression in S.
cerevisiae strains carrying a MOX-lacZ reporter. Deletion of this region led to high
levels of 3-galactosidase in either S. cerevisiae or H. polymorpha cells growing in
glucose. However, in S. cerevisiae, the three cis-acting elements described above do
not affect MOX-lacZ expression. Thus, it is not clear that these deletion study results
in S. cerevisiae are relevant to P,y function in H. polymorpha.

Interestingly, MOX-lacZ expression in S. cerevisiae is significantly reduced by
disruption of ADRI, a gene encoding a well-known transcription factor required for
induction of peroxisomal genes in S. cerevisiae [Vallari et al., 1992]. Conversely,
overexpression of ADRI1 strongly enhances MOX-lacZ expression. Only MOX-lacZ
constructs that contain MOX-B are regulated by ADRI, and the MOX-B region appears
to confer both Adrlp-dependent catabolite repression and activation of /acZ expression
[Pereira and Hollenberg, 1996]. DNasel footprint experiments demonstrated that
Adrlp binds MOX-B at an inverted GGAGA sequence at position -204 [Pereira and
Hollenberg, 1996]. In H. polymorpha, a potential Adrlp homologue, named FB2,
binds to the MOX-B region at sequences located between ~160 and -203 [Costanzo et
al., 1995], a region that overlaps the Adrlp-protected sequence in S. cerevisiae (from
-192 to -211). These results suggest that Adrlp may be a conserved transcription
factor for genes encoding peroxisomal proteins in yeasts [Shain et al., 1992].

P. pastoris has two alcohol oxidase genes, AOXI and AOX2 [Cregg et al.,
1989; Koutz et al., 1989]. Transcriptional reporter studies indicate that regulation of
the AOXI gene involves both positive and negative control [Tschopp et al., 1987;
Cregg and Madden, 1988]. Studies of strains with disrupted AOX genes revealed that
AOXI was the major source of methanol-oxidizing activity in methanol-grown P.
pastoris [Cregg et al., 1989]. The AOX2 gene is transcribed at a much lower level
than the AOXI gene. Apart from this difference in expression levels, the two genes
are regulated similarly [Ohi et al., 1994]. Three cis-acting regulatory elements were

defined in the AOX2 promoter. One positive cis-acting element, AOX2-UAS, located
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between positions -337 and -313, is required for response to methanol. Artificial
amplification of AOX2-UAS resulted in an increase in the transcriptional activity of the
promoter. Sequences homologous to AOX2-UAS are found in the P. pastoris AOX1
promoter [Koutz et al., 1989], the C. boidinii AOX gene promoter [Sakai and Tani,
1992], and the H. polymorpha DASI promoter [Janowicz et al., 1985]. Two negative
cis-acting elements, AOX2-URSI and AOX2-URS2, were also identified in the AOX2
promoter, which were not found in the AOX]I regulatory region. The transcriptional
activity of the AOX2 promoter was enhanced dramatically by deletion of AOX2-URSI
or by a mutation in AOX2-URS2. In contrast to AOXI, which is highly expressed in
methanol-grown cells, AOX2 transcription through AOX2-UAS is completely repressed
by the unique repression system consisting of AOX2-URS! and AOX2-URS?2.
Therefore, AOX2-URSI- and AOX2-URS2-mediated transcriptional effects are
dominant over those at AOX2-UAS. The differential expression of the two P. pastoris

AOX genes might be due to the presence or absence of the functional URS.

1.4  Regulation of FLD and FDH by Methylated Amines in Yeasts

The utilization of methylated amines as sole nitrogen source by yeasts was first
described by van der Walt [1962]. As mentioned in Section 1.2.2, in the non-
methylotrophic yeast C. utilis and methylotrophic yeasts C. boidinii and H.
polymorpha, the complete oxidation of methylamine to carbon dioxide and ammonia is
mediated by amine oxidase, FLD, and FDH [Zwart et al., 1980]. Of these enzymes,
amine oxidase is peroxisomal. Synthesis of amine oxidase in C. utilis is regulated by
a repression/derepression mechanism in which ammonia plays an essential role [Zwart
and Harder, 1983]. An increase in the activities of amine oxidase in C. wurilis and H.
polymorpha was observed when alkylated amines instead of ammonium sulphate were
used as sole nitrogen source. Repression of amine oxidase synthesis was observed in
H. polymorpha after transfer of methanol/methylamine-grown cells into

methanol/ammonium sulphate-containing media [Veenhuis et al., 1981].
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When methylated amines were used as sole nitrogen source, a distinct increase
was observed in the specific activities of FLD and FDH. FLD synthesis is also
regulated independently in response to either methanol as sole carbon and energy
source or to methylamine as sole nitrogen source, because their metabolism yields
formaldehyde [Anthony, 1982; Mori et al., 1988]. Thus, for example, only low
levels of FLD are observed in cells growing on glucose- and ammonium ion-
containing medium, whereas on either methanol-ammonium ion or glucose-
methylamine media, FLD levels are high. For cells of the non-methylotrophic yeast
C. utilis and the methylotrophic yeast H. polymorpha, derepression of FLD is
observed upon transfer from ammonium ion-containing medium into media containing
methylamine as the nitrogen source. Thus, the presence of methylamine as sole
nitrogen source can release the repression of FLD [Zwart et al., 1980].

Since the reaction catalyzed by FDH is located downstream of formaldehyde,
it is also regulated by methylamine or choline, whose metabolism is supposed to yield
formaldehyde and then formate. Regulation of FDH enzyme activity was extensively
studied with various combinations of carbon and nitrogen sources [Sakai et al., 1997].
Expression of FDHI was found to be induced by choline or methylamine as well as
by methanol. Induction of FDH]I is not repressed in the presence of glucose when
cells grow on methylamine or choline. Glucose or glycerol can repress FDH activity
only when the nitrogen source is not methylamine or cholihe. FDH activity also can
be induced by formate, supporting the conclusion that the physiological role of FDH
is mainly in the detoxification of formate [Sakai et al., 1997]. Therefore, the
activities of both FLD and FDH are strictly regulated in response to methanol or

methylamine in order to protect cells from intracellular formaldehyde’s toxicity.

1.5  Expression of Foreign Genes

Yeasts, as hosts for the production of eukaryotic proteins, have most of the
advantages of Escherichia coli in terms of rapid growth rate and ease of genetic
manipulation. In addition, they have the ability to perform many important post-

translational protein modifications, such as folding, disulfide bridge formation, and
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glycosylation characteristic of eukaryotes [Romanos et al., 1992]. Because of the
accumulated knowledge available at the time, S. cerevisiae (baker’s yeast) was the
first yeast species to be exploited for this purpose [Hitzeman et al., 1981]. However,
the expression level and the quality of the heterologous protein synthesized in S.
cerevisiae was often limited for the following reasons: (i) a lack of strong, tightly
regulated promoters; (ii) poor secretion efficiency, especially of larger (> 30 kDa)
proteins which remained trapped in the periplasm; (iii) instability of the production
strain; and (iv) inability to attain high cell densities in fermenter cultures due to its
production of extracellular ethanol [Faber et al., 1995].

The P. pastoris heterologous gene expression system has been utilized to
produce a variety of intracellular and extracellular proteins of interest [Higgins and
Cregg, 1998; Cereghino and Cregg, 2000]. Relative to S. cerevisiae, the
methylotrophic yeast P. pastoris has two key advantages as a host for this purpose
[Cregg et al., 1993]. First, P. pastoris possesses strong, tightly regulated promoter
elements. P. pastoris gene expression is based on fusion of heterologous gene
sequences to a strong methanol-inducible promoter. The promoter most often used to
transcribe foreign proteins is derived from AOX!, which encodes a key enzyme of
methanol metabolism [Ellis et al., 1985]. With the addition of methanol to the culture
medium, this enzyme is rapidly induced to a high level (~30% of total protein)
within the cell [Couderc and Baratti, 1980]. This induction is controlled primarily at
the transcriptional level. Moreover, AOXI synthesis is also repressed in cells grown
on glucose and most other carbon sources. Thus, the AOXI promoter provides high-
level expression that is tightly controlled by a simple change in culture medium.
Second, P. pastoris does not ferment as does S. cerevisiae. The product of
fermentation, ethanol, can rapidly reach toxic levels in high-density cultures of S.
cerevisiae. Moreover, well-developed fermentation technology exists for foreign
protein production in P. pastoris, thanks to early work on the development of the
yeast for SCP production from methanol [Cooney and Levine, 1972; Smith, 1981].
As a result of these and other advantages, P. pastoris expression strains

characteristically generate high levels of heterologous intracellular and secreted
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proteins. In addition, expression strains scale up readily from shake-flask to large-
volume, high-density fermenter cultures without loss of yield and are genetically
stable [Romanos et al., 1995; Cregg, 1999].

Although the AOX! promoter (P,,y,;) has been successfully used to control
transcription of numerous foreign genes, the promoter has some limitations. For
example, in shake-flask cultures, methanol rapidly evaporates, and it is inconvenient
to monitor methanol concentrations and repeatedly add the compound to the medium.
Additionally, the storage of large amounts of methanol needed for the growth and
induction of P,,,,-controlled expression strains in large-volume fermenter cultures can
be a potential fire hazard in certain situations. As an alternative to P,,;, the P.
pastoris GAP, PEX8, and YPTI promoters are available.

P;,p is a strong constitutive promoter derived from the glyceraldehyde-3-
phosphate dehydrogenase gene of P. pastoris. In glucose- and glycerol-grown
cultures, expression levels provided by P, are higher than those of the commonly
used AOXIp in shake-flask methanol-grown cultures [Waterham et al., 1996]. An
advantage of using P, is that methanol is not required for induction. In addition,
since it is constitutive, it is not necessary to shift cultures from one carbon source to
another to induce expression. However, because P, is constitutive, it is not a good
choice for the production of proteins that are toxic to the yeast.

Both P. pastoris PEX8 and YPTI are expressed at a low level on either glucose
or methanol medium. The PEXS8 gene encodes a peroxisomal matrix protein that is
essential for peroxisome biogenesis [Liu et al., 1995], and the YPT] gene encodes a
GTPase involved in secretion [Sears et al., 1998]. Ppgy, and Py, are useful for
expressing foreign genes whose products might otherwise challenge the post-
translational machinery of the cell, causing a significant proportion of foreign protein
to be misfolded, unprocessed, or mislocalized [Thill et al., 1990; Brierley, 1998].

FLD synthesis is independently regulated to either methanol as sole carbon and
energy source or to methylamine as sole nitrogen source. Thus, for example, only
low levels of FLD are observed in cells growing on glucose- and ammonium ion-

containing medium, whereas on either methanol-ammonium ion or glucose-




19

methylamine media, FLD levels are high. Herein we have reported the isolation and
characterization of the P. pastoris FLD gene and its promoter (Py,). We have shown
that FLD expression in response to methanol or methylamine is controlled at the
transcriptional level. Py, can be an alternative to P,,y, in strength in response to

either methanol or methylamine induction.




CHAPTER 2
MATERIALS AND METHODS

2.1 Strains and Media

The wild-type P. pastoris strain was NRRL Y-11430. P. pastoris fld] mutant
strains were generated using nitrosoguanidine and were a gift from Dr. George Sperl
of Phillips Petroleum Company (Bartlesville, OK). MSI105, a P. pastoris fld1 his4
strain, was constructed by crossing GS241 (fId1-1) with GS115 (his4).
Complementation analysis and other classical genetic techniques were performed as
described in Cregg and Russell [1998]. The H. polymorpha strain used was
CBS4732. Bacterial recombinant DNA manipulations were performed in either E.
coli strain MC1061 or DH5ct. Yeast strains were cultured in a rich YPD medium
(1% yeast extract, 2% peptone, 0.4% glucose) or a minimal medium composed of
0.17% yeast nitrogen base without ammonium sulfate and amino acids, a carbon
source (0.4% glucose or 0.5% methanol), and a nitrogen source (0.5% ammonium
sulfate or 0.25% methylamine chloride). E. coli strains were cultured in Luria broth
medium supplemented with either 100 pg/ml ampicillin or 50 pg/ml zeocin

(Invitrogen Corporation, Carlsbad, CA) as required.

2.2  Plasmid and Genomic Library Constructions

The P. pastoris genomic library in P. pastoris vector pYMS8 was described in
Liu et al. [1995]. The H. polymorpha library in P. pastoris vector pYM8 was
constructed in the same manner. Briefly, H. polymorpha genomic DNA was partially
digested with Sau3Al and size-selected for fragments of 5-20 kb. These fragments
were ligated into the BamHI site of pYMS8. The library was composed of

20
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approximately 100,000 independent E. coli transformants with >90% containing an
insert. The average size of insert DNA was approximately 10 kb. Assuming that the
size of the H. polymorpha genome was 10,000 kb, the library contained
approximately 100 genome equivalents of H. polymorpha genomic DNA. For
expression of bacterial 8-lactamase (8-lac) under the transcriptional control of Py, a
0.6-kb Munl-BamHI fragment composed of sequences beginning immediately 5’ of
the methionine initiator ATG of FLD was generated by PCR using the FLDI plasmid
pYG1 as template and primers composed of the following sequences: 5'-CGGGAT-
CCGCATGCAGGAATCTCTGGCA-3’ and 5'-CGCAATTGTGTGAATATCAAGAA-
TTG-3'. The resulting fragment was cut with Munl and BamHI and ligated into
EcoRI- and Bglll-digested pHWO018 and pK321 to create pSS050 and pSS040,
respectively (Fig. 2.1). pSS050 and pSS040 contain the identical expression cassettes
composed of Py ,,, the 8-lac gene, and the AOX] transcriptional terminator. They
differ in that pSS050 contains a kanamycin-resistance gene for selection in E. coli and
the P. pastoris HIS4 gene for selection in his4 strains of P. pastoris, whereas pSS040
contains the zeocin-resistance gene which serves as the selectable marker for both

organisms.

2.3  Cloning of the P. pastoris and H. polymorpha FLDI1 Genes

To isolate DNA fragments containing the P. pastoris and H. polymorpha FLDI
genes, 5-10 ug of each plasmid library were transformed into P. pastoris strain
MSI105 (fld1-1 his4) via the spheroplast method {Cregg et al., 1985], and
approximately 50,000 His* transformants were selected on YND medium agar.
Transformants from each library were pooled and approximately 1 X 10® cells from
each were spread on YNM plates to select for growth on methanol (Mut* phenotype).
The resulting His* Mut™ colonies (several hundred from the P. pastoris library and
20 from the H. polymorpha library transformations) were pooled, and total yeast
DNAs were extracted. The yeast DNAs were then transformed into E. coli and

plasmids contained in the resulting colonies examined. From the P. pastoris library




PSS050

8307bp

8657bp

Figure 2.1 Physical map of selected vectors used in this study. [From Shen et al.
(1998) Gene 216, 93-102, and used with permission from Elsevier Science.]
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transformation, one plasmid (pYG1) was recovered that contained a DNA insert and
retransformed strain MS105 to both His* and Mut*. From the H. polymorpha library
transformation, four plasmids were recovered that were able to confer both His* and
Mut* phenotypes upon retransformation into MS105. One of these, pYG2, was used

in these studies.

2.4 Biochemical Methods

For enzyme assays, yeast strains were grown in shake flasks at 30°C in YNB
(without amino acids and ammonium sulfate) medium using either 0.4% glucose or
0.5% methanol as carbon source and either 0.5% ammonium sulfate or 0.25%
methylamine as nitrogen source. Cultures were harvested in the late logarithmic
phase, and cell-free extracts were prepared using glass beads as described in
Waterham et al. [1992]. The protein concentrations in cell-free extracts were
determined using either the method of Bradford [1976] or the Pierce BCA protein
assay kit (Rockford, IL) with bovine serum albumin as standard. Alcohol oxidase
[van der Klei et al., 1990], catalase [Liick, 1963], dihydroxyacetone synthase [Waites
and Quayle, 1981], dihydroxyacetone kinase [van Dijken et al., 1978], and FDH [van
Dijken, 1976] activities were determined by published methods. FLD activity was
measured spectrophotometrically by following the rate of NADH formation at 340 nm
in the presence of saturating amounts of formaldehyde, glutathione, and NAD as
described by Schutte et al. [1976]. Reaction mixtures contained 33 mM sodium
phosphate buffer (pH 7.9-8.0), 2 mM glutathione, 1 mM NAD, 1 mM formaldehyde,
and limiting amounts of enzyme in a final volume of 1.0 ml. The rate of absorbance
change at 340 nm was followed for at least 2 min, and activities were calculated by
using the constant ¢ = 6.22 cm?/nmol for NAD. Alcohol oxidase activities were
expressed in umol/mg/min, and FLD activities were expressed in pmol/mg/min. (-
Lactamase activity, expressed as nmol/mg/min, was assayed spectrophotometrically at
569 nm and 30°C in 25 mM Tris-HCI (pH 7.5) using 11.1 mM PADAC as substrate

(extinction coefficient 44.403 cm™M™).
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2.5 Miscellaneous Methods

Recombinant DNA methods were performed essentially as described in
Sambrook et al. [1989]. Oligonucleotides were synthesized and DNA sequencing was
performed at the Oregon Regional Primate Research Center, Molecular Biology Core
Facility (Beaverton, OR). PCR reactions were performed as described by Kramer
and Coen [1995]. Total P. pastoris RNA was isolated according to Schmitt et al.
[1990]. The RT-PCR reaction was performed as described previously [Frohman et
al., 1988; Stewart et al., 1992] using the following oligonucleotide primers: 5'-
CACAATGTCTACCGAAGGTC-3' (5' primer) and 5'-CCAGAAAGCGTGTAAG-
CATCAG-3’ (3' primer).




CHAPTER 3
RESULTS

3.1 Isolation of Formaldehyde Dehydrogenase-Defective Mutants of P. pastoris

As a first step in cloning the P. pastoris FLD gene (FLDI), mutants were
sought that were specifically defective in FLD activity. Previous biochemical studies
of methylotrophic yeasts indicated that FLD was involved in the metabolism of both
methanol as carbon source and methylamine as nitrogen source [Zwart et al., 1980].
This also appeared to be true for P. pastoris, since growth of the yeast on methanol
as sole carbon source and/or methylamine as sole nitrogen source specifically induced
high levels of FLD activity (Table 3.1). To search for P. pastoris fld] mutants,
nitrosoguanidine-mutagenized cultures were screened for strains that were unable to
utilize methanol as carbon source and methylamine as nitrogen source. Five mutants
belonging to a single complementation group were identified.

These five strains were examined further by measuring the levels of activity of
key methanol pathway enzymes in extracts prepared from methanol-induced cultures
of each strain. These enzymes included: AOX, catalase, dihydroxyacetone synthase,
dihydroxyacetone kinase, FLD, and FDH. Results were essentially the same for each
of the five mutants and are shown in Table 3.1 for one of the mutant strains, GS241.
Each mutant contained significant levels of activity for all enzymes assayed except
FLD, which was undetectable. As controls, methanol-grown wild-type P. pastoris
had normal levels of FLD activity, and methanol-induced cells of a P. pastoris strain
that is deleted for its AOX genes and as a result cannot grow on methanol also
contained substantial levels of FLD activity.

The phenotypic and biochemical characteristics of the mutants were consistent

with the hypothesis that they were specifically defective in the P. pastoris FLDI1 gene.
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Table 3.1

Relative Enzyme Activity Levels in
Methanol-Utilization-Defective Mutants of P. pastoris

26

% Activity®

Strain
AOX CAT FLD FDH DAS DAK
WT (methanol) 100 100 100 100 100 100
WT (glucose) 0 2 1 0 3 53
KM7121 (aoxI aox2) 0 100 26 31 ND* 88
GS241 (fidI) 20 178 0 46 58 64

¢ Activity for each enzyme is expressed as a percentage of that observed in
extracts prepared from methanol-grown cultures of wild-type P. pastoris.

® Not determined.

Abbreviations are: AOX, alcohol oxidase; CAT, catalase; FLD, formaldehyde
dehydrogenase; FDH, formate dehydrogenase; DAS, dihydroxyacetone synthase;
DAK, dihydroxyacetone kinase; WT, wild-type.

From Shen et al. (1998) Gene 216, 93-102, and used with permission from Elsevier
Science.
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Further evidence in support of this is provided below. One putative fld! strain,

GS241 (fldI-1), was selected for all further studies.

3.2 Isolation and Sequence of the P. pastoris FLD1 Gene

To clone the putative FLDI gene by functional complementation, strain GS241
was first crossed to P. pastoris strain GS115 (his4) to obtain a derivative that was
both methanol-utilization defective (Mut”) and auxotrophic for histidine (His"). One
Mut™ His~ strain that resulted from this cross, MS105 (fIdI-1 his4), was then
transformed with a P. pastoris genomic DNA library constructed in the P. pastoris-E.
coli shuttle vector pYMS8 [Cregg et al., 1985; Liu et al., 1995]. This plasmid is
composed of the Saccharomyces cerevisiae histidinol dehydrogenase gene (SHIS4) and
a P. pastoris-specific antonomous replication sequence (PARSI) inserted into E. coli
plasmid pBR322. Library transformants were selected for His* prototrophy and then
further selected for ones that were also Mut*. Total DNA was extracted from a pool
of several hundred His* Mut* colonies and transformed into E. coli. One plasmid
recovered from this process, pYG1, was able to retransform strain MS105 to both
His* and Mut* and was examined further.

To determine the location of the putative FLDI gene on pYG1, the plasmid
was restriction mapped, and selected fragments from the vector were subcloned and
tested for the ability to complement strain MS105. The plasmid was found to be 14.5
kb in size and to contain an insert of 6.8 kb (Fig. 3.1). A 2.7-kb Sphl-BamHI
fragment was found to be sufficient to complement the Mut™ defect in MS105 and was
sequenced. The DNA sequence identified a long open reading frame (ORF) whose
predicted product had strong similarity to other alcohol dehydrogenases (see below).
The sequence also suggested the possible presence of an intron near the 5’ terminus of
the gene.

To confirm the presence of an intron, this region of the ORF was amplified
from mRNA by the reverse transcription-polymerase chain reaction (RT-PCR)

method, and the size and sequence of the product was compared to that obtained by




Eco RY

— Bam HI
SphI
Bgl I
KpnI
PwI
PwI
Clal
NdeI

|

— Eco RY

- (Pst I)
— Hpa I
— Stu I

28

:HHE
b ol—l
7] = =
O o O ©
CHZu as
N’ Im
(|

Figure 3.1 Restriction enzyme map of the FLDI-containing vector pYG1. [From
Shen et al. (1998) Gene 216, 93-102, and used with permission from Elsevier
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PCR of the genomic fragment on plasmid pYG1 (Fig. 3.2). Whereas the genomic
product was 284 bp in length, the cDNA product was significantly shorter at 170 bp.
Alignment of the cDNA and genomic sequences demonstrated that a segment of 114
bp that was present in the genomic DNA was absent from the cDNA. Furthermore,
examination of the putative intron/exon junctions revealed typical yeast splice
junctions (5 junction, 5'-GTAAGT-3'; 3’ junction, 5'-YAG-3") and branch point (5'-
TACTAAC-3") [Domdey et al., 1984; Sasnauskas et al., 1992]. We concluded that a
single intron was present at this position in the ORF. Finally, Southern blots of
selected restriction digests of wild-type genomic DNA, using a fragment from the
OREF as hybridization probe, indicated that the P. pastoris genome contained only one
copy of the gene [data not shown].

The DNA and predicted amino acid sequences of the ORF are shown in Fig.
3.3. The ORF is 1,139 bp long and is predicted to encode a protein of 379 amino
acids with a calculated molecular mass of 39,870. The intron begins at a position 18
bp (six amino acids) 3’ of the A of the predicted methionine initiator ATG and is 114
bp in length. Northern blots of total RNA extracted from glucose- and methanol-
grown wild-type P. pastoris cells, using a DNA fragment from the ORF region,
showed a single mRNA species of approximately 1.3 kb that was present at high
levels in methanol- but not glucose-grown cells [data not shown]. Overall, the codon
usage of the putative FLDI gene was typical of other highly expressed P. pastoris
genes [Sreekrishna, 1993].

The GenBank/NCBI database was searched for other proteins with amino acid
sequence similarity to the ORF product. The sequence of the putative FLD1 protein
(Fld1p) showed the highest identity (71%) with that of glutathione-dependent FLD
from the yeast Candida maltosa [Sasnauskas et al., 1992]. C. maltosa is an n-alkane
assimilating yeast and FLD is believed to be important in protecting the yeast from
the toxic effects of formaldehyde [Sasnauskas et al., 1992]. The close similarity of
the predicted C. maltosa FLD product to that of the cloned ORF strongly supported
our hypothesis that this ORF encodes P. pastoris Fld1p. The P. pastoris Fld1p
sequence also showed high identity with alcohol dehydrogenase III (ADHIII) proteins
of higher eukaryotes (65%, human; 63%, horse; 64%, rat) (Fig. 3.4) and a lower but
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Figure 3.2 Exon analysis of the FLD gene. (A) Diagram of the expected products
from PCR of unspliced (genomic) and spliced (¢(DNA) DNAs. Locations of the
hybridized primers used in the PCR reactions are shown as convergent arrows. (B)
Electrophoretogram of PCR and RT-PCR reaction products. PCR reactions were
performed with the following: Lane I, genomic DNA template plus both primers;
lane 2, cDNA template plus both primers; lane 3, cDNA template plus 5’ primers
only; lane 4, cDNA template plus 3’ primer only; lane 5, both primers without DNA
template. Flanking marker bands are denoted in base pairs. [From Shen et al. (1998)
Gene 216, 93-102, and used with permission from Elsevier Science.]
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-597 gcatgcaggaatctctggcacggtgetaatggragett
~560 atccaacggagctgaggtagtcgatatatctggatatgecgectataggataaaaacaggagagggtgaaccttgertat
-480 ggctactagattgttcttgtactctgaattctcattatgggaaactaaactaatctcatctgtgtgttgecagtactattyg
-400 aatcgttgtagtatctacctggagggcattccatgaattagtgagataacagagttgggtaactagagagaataatagac
-320 gtatgcatgattactacacaacggatgtcgecactctttecttagttaaaactatcatccaatcacaagatgegggetgga
-240 aagacttgctcccgaaggataatcttcotgettctateteccttectcatatggtttcgcagggetcatgececttettee
-160 ttcgaactgcccgatgaggaagtccttagoctatcaaagaattcgggaccatcategatttttagagecttacctgatcyg

-80 caatcaggatttcactactcatataaatacatcgetcaaagctccaacttigettgttoatacaattcttgatattcaca

1 ATG TCT ACC GAA GGT CAA GTA AGT TCA ATC AAA GTA ATT GTT TGG GAG GGA AGA AGA TTG

1 M S T E G Q
61 TTT TAT TGC GAA CCT TTC AAT ATC TTA CCC GAC TAA ATA ACC ATT ACA GTG AAT TTT TTA

121 CTA ACT ATA TAG ATC ATC AAA TGT AAG GCA GCT GTT GCC TGG GAG GCA GGA AAG GAT CTC
7 r I I K o K A A v A W E A G K D L
181 TCT ATT GAG GAG ATT GAG GTT CTT CCT CCA AGA GCC CAT GAA GTT AGA GTG AAA GTG GAA
23 s I E E I E v L P P R A H E v R v K v E
241 TTC ACT GGT GTA TGC CAC ACT GAT GCT TAC ACG CTT TCT GGT GCA GAT GCA GAG GGA AGT
43 F T G v C H T D A Y T L s G A D A E G s
301 TTC CCT GTT GTG TTC GGC CAT GAA GGT GCT GGT GTT GTC GAG TCA GTT GGA GAA GGT GTT
63 F P v v F G H E G A G v v E S v G E G v
361 GAG TCC GTG AAG GTT GGG GAT TCT GTA GTG CTT CTG TAC ACT CCT GAG TGC AGA GAG TGC
83 E S v K v G D S v v 1N L Y T P E [ R E (o)
421 AAG TTC TGT CTG TCT GGT AAG ACG AAC CTC TGT GGT AAA ATC AGA GCC ACC CAG GGT AAA
103 K F C L S G K T N L c G K I R A T Q G K
481 GGT TTG TTA CCA GAC GGG ACT TCT CGT TTC CGT TGT AAG GGC AAG GAT TTG TTT CAC TAT
123 G L L P D G T S R F R o] X G K D L F H Y
541 ATG GGA TGT TCT TCC TTT TCT CAA TAC ACT GTG GTG GCT GAC ATC TCA GTG GTT AAA GTC
143 M G c S ] F S Q Y T \'4 v A D I s \' v K v
601 CAA GAC GAA GCT CCT AAG GAC AAG ACA TGT CTG TTG GGT TGT T GTT ACC ACA GGG TAC
163 Q D E A P K D XK T c L L G c G v T T G Y
661 GGT GCT GCT ATC AAC ACT GCT AAG ATC TCT AAG GGT GAC AAG ATC GGT GTG TTT GGT GCT
183 G A A I N T A K I S K G D K I G v F G A
721 GGA TGT ATT GGA TTA TCT GTC ATC CAA GGT GCA GTT TCC AAA T GCA AGC GAG ATT ATT
203 G [of I G L S v I Q G A v S K G A S E I I
781 GTA ATT GAC ATC AAT GAT TCA AAG AAG GCA TGG GCG GAC CAA TTT GGT GCA ACT AAG TTT
223 v I D I N D s K K A W A D Q F G A T K F
841 GTC AAT CCT ACA ACC TTA CCA GAA GGT ACC AAT ATT GTT GAC TAC TTG ATT GAT ATC ACT
243 Vv N P T T L P E G T N I v D Y L I D I T
901 GAC GGA GGC TTT GAC TAT ACC TTC GAC TGT ACC GGT AAT GTT CAA GTA ATG AGA AAT GCAa
263 D G G F D Y T F D (o4 T G N v Q v M R N A
961 CTT GAA TCT TGC CAC AAG GGT TGG GGT GAG TCG ATC ATC ATC GGT GTC GCT GCT GCT GGT
283 L E ) C H K G W G E S I I I G v A A A G
1021 AAA GAA ATC TCT ACC CGT CCT TTC CAG TTG GTT ACT GGC AGA GTC TGG AGA GGA TGC GCC
303 K E I S T R P F Q L v T G R \' W R G Cc A
1081 TTT GGA GGT ATC AAG GGA CGT ACT CAA ATG CCA TCT TTG GTT CAG GAC TAT CTT GAT GGT
323 F G G I K G R T Q M P S L v Q D Y L D G
1141 AAG ATT ARA GTT GAC GAG TTT ATC ACA CAC AGA CAT GAC CTG GAC AAC ATC AAC AAA GCA
343 K I K \' D E F I T H R H D L D N I N K A
1201 TTT CAT GAC ATG CAT GCT GGA AAC TGT ATT CGT GCT GTG ATT ACT ATG CAC TAA gtacgac
363 F H D M H A G N C I R AV I T M H

1262 gtatgatgaatgaatgagttatgtaaggcccgatctcagetaggacgtttatagacctatgtatatatatgtatgtatac
1342 gtatatacctcaaactcattttatggctataggaaggattgttttcatcgttatgtccgaagatacatcaatacagegtt
1422 tcttgatttgtaccaaacactccccaggtagattcteccagtetegetagttaccttegeggtattgatcgacgetctgty
1502 aaaaaataaaaaaaaaatgtcaatagtatcgaggttggcttcaaaatcaccagegttetgtatcgggttcegtttttgag
1582 cttctactttcecttatatccatcatacattcctgtgcttgaattcagecagtagaatgtecgatcgatatattgtgegea
1662 tatcaacaccaccgccaatgagagttctcagcagttcaaacgcgaccecttcagagattattgagctagecatgggttetge
1742 tagatcctggaaccaactttgaaatagttggtaggggaagtgttctggetaaaccattcaacactcctataaccecgete
tgtaccagcatgacaactcttacatgggaaagtgtcaagaacgctggtocactcaaggatgegctagaggagettageag
1902 attrattgactcaaacttggtcagcaacggcttgtcattcagtttitataactctgaatgectgggatctccgettgaaat
1982 tacccaaggagtcgcgtgaaagaagtatageccticccgegtacttggacttacccaagtactttgatcttagaaaagaa
2062 ttctgtagatgggcccaaaaatcatctgcattgactacaaacggtaatcacatgagrtragettatatggtatctaaace

2142 tgaaacagaagctagtttggttttggacgaggatcc

Figure 3.3 Nucleotide and deduced amino acid sequences of P. pastoris FLDI gene
and its product. The sequence data are available from EMBL/GenBank/DDBJ under
accession number AF066054. [From Shen et al. (1998) Gene 216, 93-102, and used

with permission from Elsevier Science.]
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1l.human ADH III -AN EVemeormmme e Prewem——- A--K-===m I-ITA-A~---
2.horse ADH IIX -A EVeemommomcnee— PV----V--A--K-===-I-IIA-A---
3.rat ADH III AN ~Y-R-======—m—w- R A--Q--=--- I-IIA-A=-~-
4.C.maltosa FDH --ES-V-KP-T----~---- A-P----DVT~A~-KR~~=<I-LYD-~--=-
S.P.pastoris FDH MS TEGQIIKCKAAVAWEAGKDLSIEEIEVLPPRAHEVRVKVEFTGVCH

100
1 e P-~-C---1IL- =  e---- I---- -=---TKL-A- -T-IP--I-Q
2 mmmmm————— P--===- IL-  ----- I---- ---~-TKL~A- -T-IP--I-Q
I P--C---IL- = ===m- I-~=- ----TKL-A- -T-IP--I-Q
4 - v- P--A---IL- =  =—~==- I---I -==~TNV-V- -H-IA~=-=-=~
5 TDAYTLSGAD AEGSFPVVFG HEGAGVVESV GEGVESVKVG DSVVLLYTPE

150
1 -G-=~==-- LN  --=--- Q---V em=—-- M-=-- == T---~T IL--~-T-T-
2 “G----- LNP Q----Q-==-T = —m===- M--- === T----T IL----T~T-
3 -G---=~ LN  ----- Q---V = e---—- M- - T----P IL-F--T-T-
4 -G---==K--  e-ememeee- eee-e- VM--~ -==<T----E IL-F====-T-~
S CRECKFCLSG KTNLCGKIRA TQGKGLLPDG TSRFRCKGKD LFHYMGCSSF

200
1l -E-==vmem- -A-IDPL--L V= I S----=- V-- --LEP-SVCA
2 -E-vewmen=- ~A-IDP~-~L Y Sew——-- V~- --VEP-STCA
3 -E-emmm=—- -A-IDPS--L V- I Srmm——— V-- --VEP-STCA
4 -Q----w=m- --AINPK-EF ~=A-—-——--- I --m-——- TI~- ~NVQ---NVA
5 SQYTVVADIS VVKVQDEAPK DKTCLLGCGV TTGYGAAINT AKISKXGDKIG

250
1 ---L-GV--A --M-CKVA-- -R-~-GV~--~-K D-F-R-KE~-- --ECI--QDF
2 I--L-GV--A --M-CKVA-- -R~-GV---K D-F-K-KE-- -SECI--QDF
3 ---L-GV--A --M-CKVA--~ -R--G----K D-F-K~KE-- --ECI--QDF
4 ---G-IV-~-- ----CAER-- AQ--LV-=-S~- K-EE-GQKL- --A---~--K-
5 VFGAGCIGLS VIQGAVSKGA SEIIVIDIND SKKAWADQFG ATKFVNPTTL

300
1l SK P-~QEV- -EM--=-=-V=-- S-E-I---K- --A---A--- -——=V-VVV-~
2 SK P-QEV- ~EM----V-- S-BE-I---K- --A---A--- -==V-VVV--
3 SK S-QEV-~ -EM-=~=--V=-F S-E-I---K- -=S==--AA-- -—=V-VVV--
4 -—--T---K- -EM--=~«C~-F =  =c=-=-=-= G- | eeme-- A--- =TV ———
5 PEGTNIVDYL IDITDGGFDY TFDCTGNVQV MRNALESCHK GWGESIIggg
1 --S-E-IA--  ===----- T- K-T----W-S VESV-K--SE -MSK------
2 --S-E--A--  —---—--- T- K-T----W-S VESI-K--SE ~MSK==mn~=~
3 --§-E-==--  —=-=—--- T- K-T----W-§ VESV-K--SE -MSK-====-
4 —mmmmmmemm emeeeee- T- K-A----V-- -§-L-G--NN ~-mw-L--E-
5 AAAGKEISTR PFQLVTGRVW RGCAFGGII;(;l RTQMPSLVQD YLDGKIKVDE
l -V--NLSF-E = =-==--- EL-~-S -KS--T-VKI 64.97%
2 -V--SLSF-Q  ----- EL--A -KS--T-VKL 63.81%
3 -V-GNLSF-Q  ----- DL--S ~=S--T-LKL 64.34%
4 ~--=-- EP-AA  ----- EE--- =-Dem--—- VDLS 71.24%
S5 FITHRHDLDN INKAFHDMHA GNCIRAVITMH

Figure 3.4 Alignment of amino acid sequences of subunits of three ADHs—(1)
human ADHIII, (2) horse ADHIII, (3) rat ADHIII]—and one FLD—(4) C. maltosa
FLD. The predicted amino acid sequence from the cloned gene of P. pastoris and the
percentages of amino acid homology to the P. pastoris are shown. The dashes
indicate homologous amino acids. The numbering system is applied to the C. maltosa

FLD.
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but significant identity with other higher eukaryotic ADHs [Giri et al., 1989;
Koivusalo et al., 1989; Holmquist and Vallee, 1991]. Finally, the Fld1p sequence
showed little similarity with the predicted amino acid sequences of S. cerevisiae

ADHs. The closest, at 19% identity, was S. cerevisiae ADHI [Jornvall et al., 1987].

3.3 Comparison of the Thermal Stability of Fld1p from P. pastoris and H.
polymorpha

Further evidence that the cloned P. pastoris gene actually encoded an FLD
was obtained by comparing the thermal stability of its product to FLD from H.
polymorpha. H. polymorpha is a related methylotrophic yeast that has a significantly
higher optimal growth temperature than P. pastoris (42°C versus 30°C). We
reasoned that, because of its higher growth temperature, FLD from H. polymorpha
would display a significantly higher thermal stability than P. pastoris FLD. If so, a
comparison of the thermal stability properties of the putative FLLDs from the two
yeasts would provide strong support for the identity of the gene product. Specifically,
the putative P. pastoris and H. polymorpha FLDI1 genes would be expressed in
methanol-grown cells of the P. pastoris fld1-1 his4 strain MS105, and the thermal
stability of FLD activity in each would be assessed by incubating extracts prepared
from the strains at 60°C for selected periods of time and determining the rate of loss
of FLD activity. If the genes actually encode Fld1p, the FLD inactivation rate for H.
polymorpha Fld1p expressed in P. pastoris would be similar to that of wild-type H.
polymorpha Fld1p, and the inactivation rate for the P. pastoris gene product would be
similar to that of wild-type P. pastoris Fld1p.

To perform this comparison, it was first necessary to establish that the thermal
stability of the P. pastoris and H. polymorpha FLDs were significantly different and
to clone the putative H. polymorpha FLD1 gene. Thermal stabilities were determined
by preparing cell-free extracts from methanol-grown cultures of wild-type P. pastoris
and H. polymorpha and incubating them at 60°C. At selected times during

incubation, samples of extract were removed and assayed for FLD activity. As
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shown in Fig. 3.5, H. polymorpha FLD activity was significantly more heat stable
than P. pastoris activity. "

The putative H. polymorpha FLDI gene was isolated using the same functional
complementation strategy described above for the P. pastoris gene. Briefly, a H.
polymorpha genomic DNA library was transformed into P. pastoris strain MS105
(fld1-1 his4) and His* Mut* colonies were selected. Plasmids were recovered and
analyzed for those capable of simultaneously retransforming MS105 to both His* and
Mut* phenotypes. One plasmid that met these criteria, pYG2, was selected for use in
these studies. This plasmid contained a H. polymorpha DNA insert of 7.2 kb and the
Mut complementing activity was found to reside within a 2.4-kb Sphl fragment.
Southern blot studies demonstrated that DNA fragments containing the 2.4-kb H.
polymorpha fragment hybridized to DNA fragments containing the putative P. pastoris
FLDI gene [data not shown], indicating that the fragments contained homologous
genes.

Thermal stability of FLD expressed from H. polymorpha vector pYG2 was
then compared to that of FLD from the P. pastoris vector pYG1. As shown in Fig.
3.5, FLD in MS105 (pYG2) had a thermal inactivation rate similar to that of wild-
type H. polymorpha, while MS105 (pYG1) had a rate similar to that of P. pastoris.
From these results, along with those demonstrating the specific absence of FLD
activity in P. pastoris strain GS241 (and MS105) and the close similarity of the
primary amino acid sequences of the cloned P. pastoris ORF and C. maltosa FLD,

we concluded that the cloned ORF encoded P. pastoris Fld1p.
3.4  Analysis of P, and comparison to P,,;,

As described in Chapter 1, a major interest in the P. pastoris FLDI gene is in
the use of its promoter (Pgp,) as an alternative to the methanol-regulated alcohol
oxidase I gene promoter (P,,,,) for controlling expression of foreign genes in P.
pastoris. To examine gene expression under the transcriptional control of Pgp;, two

vectors were constructed (Fig. 2.1). Both vectors contained identical expression
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Figure 3.5 Thermal stability of formaldehyde dehydrogenase activities in P. pastoris
strains transformed with putative FLDI genes from P. pastoris and H. polymorpha.
Strains shown are: wild-type P. pastoris (R), wild-type H. polymorpha (@), P.
pastoris MS105 (pYG1) (), and P. pastoris MS105 (pYG2) (©). [From Shen et al.
(1998) Gene 216, 93-102, and used with permission from Elsevier Science.]
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cassettes composed of a 0.6-kb MunI-BamHI fragment with sequences originating
from just 5' of the methionine initiator ATG codon of FLDI fused to the bacterial bla
gene encoding B-lac, followed by a fragment containing the AOX]/ transcriptional
terminator. One vector, pSS040, contained a unique Nsil restriction site within the
P, fragment. When cut at this site and transformed into P. pastoris, the vector
efficiently integrated at the Pg,, locus. The result of this integration event was a
Py ,,-bla expression cassette that also included native FLDI sequences upstream of the
Py, fragment (WI-Pp,,,-bla). Assuming that all sequences required for
transcriptional control of FLDI are located 5’ of the FLDI1 ORF, regulation of bla and
FLD1 expression in this strain should be nearly identical. As shown in Table 3.2,
this appeared to be true in that the relative levels of 8-lac and FLD activity in the
strain were similar in cells grown in four expression test media. These four media
contained as carbon and nitrogen sources, respectively: (i) glucose and ammonium
sulfate (G/NH,"), (ii) glucose and methylamine (G/MA), (iii) methanol and
ammonium sulfate (M/NH,*), and (iv) methanol and methylamine (M/MA). As
expected, B-lac and FLD activities were highly (although not totally) repressed in
cells grown on G/NH,* medium. Cells grown on either G/MA or M/NH,* media
contained at least ten-fold more $-lac and FLD, with the highest level of both
enzymes observed in cells grown in M/MA medium.

The second vector, pSS050, contained the P. pastoris HIS4 gene as the
selectable marker. When cut at a unique Sall site within HIS4 and transformed in P.
pastoris, this vector efficiently integrated at the P. pastoris HIS4 locus. The result of
this integration event was a Py, -bla expression cassette with sequences from pBR322
just 5' of the 0.6-kb Py, fragment (pB-Pg,-bla). Comparison of 3-lac activity
levels in this strain with those observed in the WI-Pg ,,-bla strain allowed us to
evaluate whether the 0.6-kb fragment contained all upstream regulatory sequences
required for normal regulation. Table 3.2 shows that 8-lac activity levels in the pB-
Py, p,-bla strain were approximately two-fold higher than those observed in the WI-
Pg, p-bla strain when grown in each of the four expression test media. These results

indicated that most sequences required for normal regulation were present within the




Table 3.2

Comparison of g-Lactamase Activity in Extracts of P. pastoris Strains
Expressing bla under Control of Py, and P,,,,

Source of:* Enzyme activity®
Strain
C N B-lactamase FLD
WTI-Pg,p,-bla G NH,” 14 4%) 0.13 (6%)
(atFLDIocus) G MA 168 @8%) 150  (69%)
M  NH,* 310 (88%) 1.69 (78%)
M MA 352 (100%) 2.16 (100%)
PB-Pgp-bla G NH,* 19 (5%) 0.11 (5%)
(atHIS#locus) g MA 357 (102%) 0.82  (38%)
M  NH,* 529 (150%) 1.48 (69%)
M MA 530 (151%) 1.75 (81%)
P,oxi-bla G NH,* 0.3 (0.1%) 0.12 (6%)
G MA 0.5 (0.1%) 0.65 (30%)
M NH,* 241 (68%) 1.40 (65%)
M MA 254 (72%) 2.06 (95%)

@ Each strain was grown in media containing either glucose (G) or methanol (M)
as carbon source and ammonium sulfate (NH,*) or methylamine (MA) as
nitrogen source.

b B-Lactamase activities are expressed as nmol/mg/min and, in parentheses, as a
percentage of activity seen in the WI-Pp,,,,-bla strain grown on methanol and
methylamine. Activities represent the mean of three experiments using two
independently transformed strains.

From Shen et al. (1998) Gene 216, 93-102, and used with permission from Elsevier
Science.
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Py, fragment, but that sequences that constitutively repress Py, by a factor of about
two-fold existed somewhere 5' of the Py, fragment and were missing from the 0.6-
kb fragment.

Lastly, we compared levels of $8-lac activity produced under control of Py,
with those of a strain in which bla expression was under the transcriptional control of
P,ox; [Waterham et al., 1997]. As previously reported, Py, expression is strongly
repressed in the glucose-containing media and was highly and specifically induced in
methanol-containing media [Tschopp et al., 1987; Waterham et al., 1997] (Table 3.2).
Comparable levels of §-lac were present in cells of the WI-Py;;,,-bla strain grown in
either M/NH,* or M/MA media, whereas cells of the pB-P,,,-bla strain contained
levels of B-lac that were significantly higher than those in the P,.y,-bla strain.
Especially noteworthy were the levels of 8-lac in the pB-Pp, ,,-bla strain on M/NH,*
and M/MA media which were consistently about twice those observed in the P,,;,-bla

strain on the same media.




CHAPTER 4
DISCUSSION

In this report, we describe the isolation and partial characterization of the
FLDI gene from P. pastoris and its promoter. Glutathione-dependent FLD is a key
enzyme involved in the metabolism of methanol as a carbon source and certain
alkylated amines such as methylamine and choline as nitrogen sources [Zwart et al.,
1980; Veenhuis et al., 1983]. Its primary role appears to be the protection of cells
from the toxic effects of formaldehyde, with a side benefit of yielding net reducing
power in the form of NADH [Sibirny et al., 1990]. Our observation that fld/ mutants
of P. pastoris are defective specifically in the ability to grow on methanol or
methylamine demonstrates the importance of FLD in these metabolic pathways.

We provide three independent sources of evidence, each indicating that the P.
pastoris gene described here is, in fact, FLDI. The first is the phenotype of P.
pastoris fld] mutant strains. As mentioned above, all are specifically defective in the
ability to utilize methanol as carbon source and methylamine as nitrogen source.
These pathways are known to share only two enzymes, FLD and FDH (see Fig. 2.1).
Furthermore, analysis of activities for the major methanol metabolic pathway enzymes
(AOX, catalase, dihydroxyacetone synthase, dihydroxyacetone kinase, FLD, and
FDH) in methanol-induced cells of the fld! strains showed that only FLD was absent.
The second piece of evidence is provided by the predicted primary sequence of the
cloned gene which shows highest identity (71%) to a yeast (C. maltosa) FLD
[Sasnauskas et al., 1992]. The sequence shows lesser but significant similarity to
other higher eukaryotic alcohol dehydrogenases. Third, we show that cloned DNA
fragments from both P. pastoris and the related yeast H. polymorpha restore FLD
activity to a P. pastoris fld] mutant. Most importantly, the FLD activity restored by
the cloned H. polymorpha fragment has thermal stability properties similar to FLD
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from wild-type H. polymorpha and that the cloned P. pastoris fragment conferred
thermal stability properties similar to FLD from wild-type P. pastoris.

A major objective of these studies was to evaluate the P. pastoris FLD1
promoter, Pg,,, as a potential alternative to the commonly used P,,,, for expression
of foreign genes in P. pastoris. Our results with P ,,-bla expression strains
demonstrate that Py, is a highly regulatable promoter that is capable of producing a
heterologous protein at levels equal to or higher than those produced by P,,y;.
Moreover, use of P, provides a wider choice of conditions for expression than
P,ox;- In addition to methanol, expression from Py, can also be induced by
methylamine as nitrogen source (with glucose, glycerol or other as carbon sources).
The ability to induce foreign gene expression in P. pastoris without methanol may be
useful for certain applications of the system where methanol induction is inconvenient,
such as in shake-flask studies where the rapid rate of methanol evaporation makes it
difficult to know how much methanol is actually present in cultures or in certain
large-scale fermentor culture processes where the large amounts of methanol needed

for growth and induction may be a potential fire hazard.
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