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ABSTRACT

Dihydrofolate reductase (DHFR), the target of the antifclate drug methotrexate,
plays an important role in cellular growth and metabolism. Development of
methotrexate resistance due to a number of mechanisms including dhfr gene
amplification has been a recurrent clinical limitation to the use of this drug in
chemotherapy. DNA amplification is also a common genetic change in cancer cells.
Saccharomyces cerevisiae is an excellent eukaryotic model system, but studies on these
biclogical phenomena in this organism had been limited by the lack of a DHFR-
deficient mutant and a suitable amplification marker. This thesis describes a yeast
DHFR-deficient {dfrl) mutant and amplification of the yeast dhfr gene (DFR1) in
methotrexate-resistant mutants. The dfr1 mutant is auxotrophic for dTMP. adenine,
histidine and methionine, and is respiratory-deficient. Unlike wild-type strains
treated with methotrexate, its growth requirements are not satisfied by folinic acid in
complex medium. Two types of additional mutations {fou and DIR) that modify the dfri
mutant phenotype have been identified and partially characterized. The fou mutation
ronfers a folinic acid-utilizing phenotype on the dfrl mutant in complex medium. The
DIR mutation confers a respiratory-sufficient phenotype on the djfr1 mutant as well as
on a met7 mutant. Besides DFR1 amplification, mutations at genetic locl other than
DFR1 have been identified which contribute Lo the methotrexate-resistant phenotype.
All these mutants should be useful for studies on folate metabolism and the molecular
mechanism(s) of antifolate drug resistance. De novo DFR1 amplification is a common
causal mechanism in methotrexate-resistant mutants, isolated under the selective
conditions described in this study. The molecular characteristics of the DFR1
amplicons characterized so far resemble those in mammalian systems. For example,
both chromosomal and extrachromosomal DFR1 amplicons have been found. The
extrachromosomal elements seem to be circular. To my knowledge, this is the only
yeast amplification marker with such properties. Thus, it i1s now possible to take
advantage of the yeast S. cerevisiae as a model system to study the mechanisms that
underife the process of gene amplification, or, perhaps more generally, that safeguard

genome integrity, which may be more difficult to study in complex mammalian cells.
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INTRODUCTION

The enzyme dihydrofolate reductase (DHFR) catalyzes the reduction of
dihydrofolate to tetrahydrofolate. This reaction is generally considered to be the sole
pathway that supplies intracellular tetrahydrofolate and is. therefore, essential for
maintenance of suffictent intracellular reduced folate pools (Blakley, 1969: Blakley
and Benkovic. 1984). Tetrahydrofolate functions as a carrier of one-carbon units.
Tetrahydrofolate-mediated one-carbon metabolism is essential in many cellular
processes, including purine and pyrimidine nucleotide biosynthesis, amino acid
metabolism, and initiation of protein biosynthesis in prokaryotes and in eukaryotic
mitochondria and chloroplasts {Blakley. 1969: Blakley and Benkovic. 1984). In
addition. a reduced folate is required for light-dependent DNA repair (Sancar, 1990).

DHFR is clinically important in two respects. On the one hand, DHFR
tnhibitors such as methotrexate and trimethoprim have been used as chemotherapeutic
agents in clinical treatment of a number of malignancies, notably leukemia, and
certain bacterial and protozoan infections, respectively. On the other hand,
overproduction of DHFR protein, often by dhfr gene amplification, leads to resistance
io these chemotherapeutic agents and therefore limits their further use in treatment
(Schimke, 1986). A great deal of effort has been made to attempt to explain the basis of
the development of this phenomenon. It is hoped that an understanding of the
mechanism(s) of resistance to DHFR inhibitors might provide some insights into
strategies to prevent the resistance or to develop new therapies that selectively kill
resistant cells.

Analysis of the effects of inhibition of DHFR activity by folate antagonists has
shown that folate antagonism has profound genetic consequences such as
chromosomal DNA breakage and enhanced genetic exchanges (e.g., see Section 1.G. of
"LITERATURE REVIEW"). It Is conceivable that these genetic alterations and the drug-
selected gene amplification may arise as different outcomes of the physiological effects
of folate depletion on nucleotide precursor biosynthesis and DNA metabolism. It is
therefore important to understand how the metabolic pathway of folate metabolism is
normally involved in nucleotide and DNA synthesis and what aspects of defects in their
metabolisin lead to the genetic alternations.

It is now apparent that the phenomenon of gene amplification can be found
throughout the phylogenetic tree and occurs durii.g developmental and differentiation

processes, in response to anti-proliferative drug treatment, and in the genesis and
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progression of tumor cells. Amplification serves as a mechanism that allows a cell to
produce a large amount of gene products in a period. in response to environmental
change or developmental need. This genetic event has attracted a great deal of attention
during the last few years. Despite the active research and rapid progress in this field,
the mechanisms that control the process of gene amplification remain poorly
understood. However, recent work (Stark et al., 1989; Hartwell, 1992) has promised the
prospect that studies on gene amplification may shed important insights into genome
architecture and mechanisms that control normal cell growth or maintain genome
integyity.

Because the yeast Saccharomyces cerevisiae is readily amenable to both genetic
and molecular manipulations, this simple eukaryote should be an ideal model system
for investigation of the role of DHFR activity in cell function and the mechanism of
gene amplification. However, studies on these issues in yeast cells had been limited by
the failure in isolation of a yeast mutant deficient in DHFR activity and demonstration
of yeast dhfr gene amplification. Thus, the primary goals of this work were to isolate a
DHFR-deficient mutant and to develop the yeast dhfr gene system for gene
amplification studies. Reported in the following are the successful construction of a
yeast DHFR-deficient {<fr1} mutant by gene replacement and the experimental evidence
that demonstrates the amplification of the yeast dhfr gene (DFR1)} in methotrexate-
resistant mutants.



LITERATURE REVIEW
L Folate metabolism and the function of dihydrofolate reductase
1.A. w volv 1 i

Folate metabolism, as outlined in Figure 1, consists of several metabolic
pathways that include the de novo pathway for folate biosynthesis; reducticn of folate
to tetrahydrofolate; biogenesis and interconversion of substituted tetrahydrofolate
derivatives; and the metabolic pathways that utilize the tetrahydrofolate cofactors
(Blakley and Benkovic, 1984). Bacteria, fungi and plants have the de novo pathway for
folate biosynthesis; while animals obtain their folate from dietary sources (Blakley
and Benkovic, 1984).

1.B. hem hydrofol rivativ

Folate is found in many organisms and cell types (Cossins, 1984). The general
structure of tetrahydrofolate is shown in Figure 2. It consists of three distinct moieties:
(1) a pteridine ring (6-methylpterin); (2) p-aminobenzoic acid (pABA}; (3) glutamic acid.
in substituted tetrahydrofolate derivatives (see Table 1), the one-carbon units are
carried either on the N-5 or on the N-10 position, or then form a bridge between N-5 and
N-10. These one-carbon units are found at three levels of oxidation coiresponding to
formic acid, formaldehyde, and methanol. The intracellular substituted reduced

folates are predominantly polyglutamyl derivatives (McGuire and Coward, 1984).

1.C. Tetrahydrofclate-mediated _one-carbon metabolism is essential for several
major cellular processes

Tetrahydrofolate is the carrier of one carbon units in one-carbon transfer
reactions. Tetrahydrofolate-mediated one-carbon mctaboltsm plays an fmiportant role
in several major metabolic pathways, including purinc and pyrimidine nucleotide
biosynthesis. amino acid biosynthesis and interconversicn, and inittalion of protein
biosynthesis in prokaryotes and in eukaryetic mitochondria and chloroplasts (Blakley
and Benkovic, 1984). In addition, a reduced folate is required for light-dependent DNA
repair (Sancar, 1990).

I.D. Biogenesis of substitu tetrahvdrofola rivativ
Tetrahydrofolate derivatives have various one-carbon unit substitutions and
glutamyl conjugation (Figure 2 and Table 1). The substitutions can be generated either

by the addition of one carbon units derived from donors such as serine, glycine,
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histidine and formale to carrier tetrahydrofolate, or by interconversion between
substituted tetrahydrofolates. Some major reactions involved in these pathways are
shown in Figure 1. The intracellular substituted tetrahydrofolate coenzymes are
predominantly folate polyglutamates containing 3 to 7 glutamic acid residues (see
Figure 2; revicwed in McGuire and Coward, 1984). Two enzyme activities vary the
number of ths glutamic acid residues. The formation of folate polyglutamates is
catalyzed by {olylpolyglutamate synthetase (FPGS), while the degradation of the
polyglutamat: tail of folates is catalyzed by gamma-glutamyl hydrolases (GGH). The
essential role cf folate polyglutamation is not fully understood (see McGuire and
Coward. 1984 for a review). Polyglutamation appears to contribute significantly to the
intracelliilar seiention of folate cofactors. CHO mutants deficient in
folylpolyglutamaie synthetase are auxotrophic for the C1 metabolic end products:
glycine, adenine and thymidine (McBurney and Whitmore, 1974a; 1974b; Taylor and
Hanna, 1977). This auxotrophic phenotype is similar to that of CHO DHFR-deficient
mutant (Urlaub and Chasin, 1980). In addition, most folate-requiring enzymes have
higher affinity with their polyglutamated cofactors than the corresponding
monoglutamates. It has been suggested that such different affinity of some key enzymes
to their differentially polyglutamated cofactors or substrates may have an tmportant
role in regulation of tetrahydrofolate-mediated one-carbon metabolism (McGuire and
Coward, 1984; Shane, 1989).

LE. \'s ial 1 i rah fi

Cellular tetrahydrofolate is generated in a reaction catalyzed by dihydrofolate
reductase (DHFR; E.C. 1.5.1.3). which is found in a variety of organisms ranging from
bacteria to mammals. and is usually found in large amounts in rapidly dividing cells
(Blakley, 1969: Blakley and Benkovic. 1984). The DHFR-catalyzed reduction of
dihydrofolate to tetrahydrofolate is generally considered to be the sole pathway for
biogenesis of intracellular tetrahydrofolate. The importance of dihydrofolate
reductase activity in the maintenance of sufficient intracellular tetrahydrofolates is
best appreciated in replicating cells which have an absolute requirement for dTMP for
DNA synthesis. In most of tetrahydrofolate-mediated one-carbon transfer reactions,
except the methylation of dUMP to dTMP, unsubstituted tetrahydrofolate is released.
In the latter reaction, catalyzed by thymidylate synthase, the coenzyme 5,10-methylene
tetrahydrofolate donates both an active one-carbon {(C1) moiety at the level of
formaldehyde and two hydrogens from the pteridine ring for the reduction of the
transferred C1 moleiy to a methyl group. As a consequence, dihydrofolate is the by-
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product of thymidylate : sis. Thus, thymidylate synthesis imposes on a
proliferating cell population 2 requirement for regeneration of tetrahydrofolate from
dihydrofolate. The DHFR-catalyzed reaction is the regeneration mechanism which
reduces dihydrofolate as raPldly as it is produced by thymidylate synthase and
resupplies tetrahydrofolate for dTMP synthesis. thus avoiding depletion of
intracellular tetrahydrofolate Qerivatives needed for other biosynthet:: reactions,

Sufficient DHFR actjvily that avoids depletion of intracellular tetrahydrofolate
pools is essential in all cell syStemms. However, this is especially critical in yeast cells,
since, in common with most fungi, yeast cells lack thymidine kinase and thus possess
no salvage pathway for the anabolism of thymidylate from thymine or thymidine
(Grivell and Jackson, 1968) Therefore intracellular dTMP is derived solely from dUMP
in the folate-dependent de noto biosynthetic pathway.

I.F. Compartmentatior-of folale metabolism

The basic pathways Involvedq in folate metabolism have been elucidated
(Blakley, 1969; Blakley and Benkovic, 1984). Intracellular folate metabolism is highly
compartmentalized within i{gitacellular organelles, such as between the cytoplasm and
mitochondria (see Appling, 1991 for a review). The realization that folate metabolism
is compartranentalized has ralsed many interesting questions. For example, are the
three distinct components: i€ tetrahydrofolate coenzymes, the one-carbon donors and
the enzymes involved, all coMpartmentalized? How does a cell balance its folate and
one-carbon unit requirements in the cytoplasm and mitochondria and how do these
pools respond to changing fletabolic states? What mechanisms are involved in the
transport of folate coenzyp€s across organelle membranes? How are all of these
processes regulated and what role does the polyglutamate tail play in these processes?
Understanding these questjof's and many others will necessarily enrich our knowledge

about folate metabolism and allow the ‘nprovement of strategies for antifolate drug
therapy.

1.G. Genetic consequenCes of DHFR deficiency induced by antifolate drugs

DHFR inhibitors hgve€ now assumed major importance as chemotherapeutic
agents in the treatment of 4 wide range of human diseases from cancer to certain
bacterial and protozoic infeCtions. Examples of these widely-used antifolate drugs
include trimethoprim (antjpacterial). methotrexate (anticancer). and pyrimethamine
(antimalarial). The action Of these drugs is intimately related to their effects on

depletion of intracellular tetrahydrofolate cofactors, as these drugs are potent
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inhibitors of thic DHFR enzyme and therefore block the reduction of dihydrofolate to
tetrahydrofolate. The effects of depletion (f reduced folate pools by enzymatic
inhibition of DHFR activity on cellular metabolism and cell growth have been the
subject of extensive studies. It is believed that a detailed understanding of the basis of
such effects is essential for development of rational approaches to the design of better
chemotherapeutic agents or drug regimens with improved therapeutic activity.

Effective folate deprivation in S. cerevisiae requires the synergistic inhibition
of DHFR-catalyzed reduction of dihydrofolate to tetrahydrofolate and the de novo
pathway of folate biosynthesis (see Figure 3). This is evidenced by the observation that
complete growth inhibition of S. cerevisiae requires the combined action of a DHFR
inhibitor such as methotrerate or aminopterin and a drug such as sulfanilamide that
inhibiis the dihydropteroate synthetase-catalyzed condensation of pteridine and pABA
to dihydropterate in the de novo pathway of folate biosynthesis (Barclay and Little,
1977: Little and Haynes, 1979).

In S. cerevisiae, antifolate drug-induced folate depletion results in nutritional
requirements for dTMP, adenine, histidine and methionine (Barclay and Little, 1977
Little and Haynes 1979). These four metabolites can be substituted with exogenous
folinic acid, which is subsequently converted into other tetrahydrofolate derivatives
that are in turn available for the tetrahydrofolate-dependent biochemical reactions.

In yeast, starvation for these folate-dependent metabolites in antifolate-treated
cells has profound effects on cell viability and the genetic integrity of both the nuclear
and mitochondrial genomes. For example, thymidylate deprivation in yeast causes a
rapid loss of cell viability known as "thymineless death” (Barclay and Little, 1977;
Little and Haynes 1979). In the surviving cells, the physiological conditions generated
by thymidylate starvation greatly enhance various forms of mitotic recombination
{Kunz et al., 1980: Barclay et al., 1982; Kunz et al., 1984; Kunz et al., 1986). It is believed
that these genetic consequences provoked by thymidylate starvation must involve
aberrations in DNA metabolism. It has been suggested that DNA strand breaks play an
important role in the development of these genetic defects (Barclay and Little, 1978;
Barclay et al., 1982). However, the precise chain of molecular events leading to these
effects has yet to be worked out in detail. It is now generally believed that a balanced
thymidylate nucleotide pool is important for normal cell function (MacPhee, et al.,
1988). However, little is known about how nucleotide pools are regulated and how folate
and nucleotide metabolism interact with one another to retain balanced nucleotide
pools.
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One nther well-documented genetic alteration observed in mammalian cells
when NDHFR activity is inhtbited by methotrexate is the development of resistance to
this antifolate drug by amplification of the dhfr gene (Alt et al., 1978). However, in spite
of numercus studies, our current knowledge about the genetic control and molecular
mechanism of gene amplification are still very limited. It is likely that the antifolate
drug-induced physiological conditions that produce the genetic effects described above
may alsoc be associated with the development of gene amplification that in turn results
in resistance to the inhibitory effects of antifolate drugs. It is therefore important to
know about the specific biochemical reactions that lead to the genetic effects.

The most visible genetic effects of antifolate drug treatment in S. cerevisiae is
the induction of cytoplasmic petites at very high frequency (Wintersberger and Hirsch,
1973a; 1973b; Little and Haynes, 1979). Two mechanisms have been proposed to
explain this inhibitory effect of antifolate drugs on the mitochondrial respiration in
this organism. Based on their studies on the induction effects of thymidylate
starvation, Barclay and Little (1978) have suggested that respiratory petites may result
from damage on the mitochondrial genomes caused by limitation of thymidylate
precursor for DNA replication that in turn is the result of folate depietion. On the other
hand, Wintersherger and Hirsch {1973a; 1973b) have suggested that inhibition of
mitochondrial protein biosynthesis as a result of folate deficiency may contribute to

the defects in respiration.

ILH. mutan ient in DHFR ivi

Mutants deficient in DHFR activity have been isolated in E. coli (Singer et al.,
1985; Howell et. al..1988; Ahrweiler and Frieden, 1988; Hamm-Alvarez et al., 1990} and
in mammalian cells (Urlaub and Chasin, 1980:; Urlaub et al., 1983). Interesting
observations have been obtained by characterization of the mutant phenotypes. For
example, the survival of an E. coli mutant deficieiit in DHFR activity requires that
there Is no thymidylate synthase activity within the mutant cells (Howell et. al.,1988;
Ahrweiler and Frieden, 1988). Thymidine is the sole auxotrophic requirement for the
E. coli mutants (Hamm-Alvarez et al.,, 1980}. A novel pathway for tetrahydrofolate
biogenesis in E. coli cells has been revealed by the observation that reduced folates can
be found in the E. coli mutants (Hamm-Alvarez et al., 1990). The unexpected
observations explain why the E. coli mutants require only thymine nucleotide but not
other end products of folate-dependent C1 metabolism for growth. They probably also
explain why DHFR deficiency is nct lethal to E. coli cells since a reduced folate is
required for the initiation of protein synthesis in this organism.



12

Interesting questions are ailso raised from characterization of the phenotype of
mutants deficient in DHFR activity in mammmalian cell system. Respiratory activity is
generally considered to be essential for mammalian cell growth and a reduced folate is
required for the initiation of protein synthesis in mitochondria. Thus, why s a
mammalian DHFR-deficient mutant viable? In mammalian systems, the growth
inhibitory effect of methotrexate can be overcome by provision of the end products of
folate-dependent C1 metabolism or of folinic acid. However, the growth requirement of
a mammalian DHFR-deficient mutant can only be satisfled by the C1 end preducts, but
not by exogenous folinic acid (Dr. L. A. Chasin, personal communication). It is clear
that many valuable insights into the role of DHFR activity in cell growth and cellular
metabolism can be gained by charactierization of mutants deficient in DHFR activity.

In spite of previous attempts {e.g. see Little and Haynes, 1979), a S. cerevisiae
mutant deficient in DHFR activity had not been described prior to this study. Lack of a
DHFR-deficient mutant had hindered the comprehensive studies on the role of DHFR
activity in cellular metabolism and several concerns had been raised. For example,
might DHFR deficiency be lethal to yeast cells? Perhaps a second mutation in the
thymidylate synthase gene is required for viability as is the case in E. coli (Howell et.
al.,1988: Ahrweiler and Frieden, 1988; Hamm-Alvarez et al., 1990). If viable, would a
yeast mutant deficient in DHFR activity have a phenotype that mimics the effect of
antifolate drugs on wild-type cells? In addition, as DHFR aclivity is detected both in the
mitochondria and in the cytoplasm (Zelikson and Luzzati, 1977), does a single genetic
locus encode the two enzymatic activities, or are there two different genes, one coding
for the mitochondrial form, the other one coding for the cytoplasmic form? In order to
address these questions and many others, part of my research project was to attempt to
isolate a DHFR-deficient mutant of S. cerevisiae. It was heped that by characterization
of the phenotype of a yeast DHFR-deficient mutant, more insights into various aspects
of the cellular functions associated with DHFR activity could be gained.

. Mechanisms of gene amplification

11.A. n 11 |

Gene or DNA amplification is described as an increase in the copy number of a
gene or DNA sequence within a cell, involving less DNA than the amount contained in a
whole chromosome. The phenomenon of gene amplification ts observed throughout the
phylogenetic tree including bacteria, plants, insects, and humans (see Anderson and

Roth, 1977; Stark and Wahl, 1984 for reviews). Gene amplification plays an important
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role in biological systems. Amplification may be either a normal developmentally
programmed process or an abnormal process. Examples of prograrnmed gene
amplification are known in both unicellular and multicellular eukaryotic organisms
{e.g.. TDNA amplification in ciliates and amphibian oocytes, and chorion gene
ampltfication in Drosophila; also see Stark and Wahl, 1984 for a review). Such
prograrmnmed gene amplification serves as a mechanism for modulating the amount of a
specific gene product such as a protein or a RNA molecule during the developmental
process. Unprogrammed amplification is often observed in cells resistant to toxic
agents or drugs (see Hamlin et al., 1984; Schimke, 1984a: 1984b; Stark and Wahl, 1984
for reviews). The classical example of unprogrammed gene amplification is
amplification of the dihydrofolate reductase gene (Alt et al., 1978). This is the major
cause of resistance to the anti-cancer drug methotrexate in mammalian cells (Schimke,
1984a). Cellular oncogenes are also found to be amplified in many different cancers,
especially in highly malignant tumors. which suggests a causative role for the
overexpressed c-Onc protein in tumor progression and possibly also in tumorigenesis
(see Alitalo and Schwab, 1986; Stark, 1986 for reviews). Gene amplification is also
proposed as a mechanism commonly employed during evolution (Maeda and Smithies,
1989). aiplification of genes not only resulls in abundant guantitative changes. but
also new substrates for evolution because extra amplified copies can receive point
mutations and evolve 1. v function while leaving the original copies unchanged.
Because of the important implication in both clinical consideration and basic
research, a great deal of research has been carried out on the mechanisms underlying
gene amplification. This literature review focuses mainly on drug-selected gene

amplification.

II.B. Cytogenetic and lecul har risti f amplicon

One of the important experimental approaches used in dissecting the
mechanism of drug-selected gene amplification has been the structural analysis of the
amplified DNA or of chromosomes contain the amplified gene. Because cultured cell
lines containing amplified drug resistance genes can be isolated relatively easily by
using a variety of antiproliferative agents, e.g. DHFR gene amplification in MTX-
resistant cell lines and CAD gene amplification in PALA-resistant cell lines, they have
been the model systems for gene amplification studies. Observations from many
studies have shown that gene amplification is a dynamic process in which the
structures generated early are altered at the cytogenetic and molecular levels during cell
propagation or drug selection.
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In high-level resistant cell lines that were isolated by multi-step drug selection
with progressively increasing drug concentrations, there are tens to hundreds of copies
of the amplified gene. The presence of the high copy number of the amplified gene in the
resistant cells has greatly facilitated the cytogenetic and molecular analyses of the
structure of the amplified sequences and the chromosomes that contain the amplified
gene. Cytogenetic analyses revealed that two types of abnormal chromosomal
structures harbor amplified sequences in resistant cells selected by multi-round drug
treatment (see Cowell, 1982:; Stark and Wahl, 1984; Stark, 1986 for reviews). The first
type consists of paired, acentric chromatin bodies, usually referred to as double minute
chromosomes (DMs). The second type is the chromosomal sites of gene amplification
that are described cither as homogeneously-staining regions {HSR) or expanded
chromosomal regions (ECR). Homogeneously-staining regions were so named because
they fail to exhibit trypsin-Giemsa bands. The term expanded chromosomal regions
(ECR) was used for a more general designation for the chromosomal sites of gene
amplification because some chromosomally amplified regions do exhibit trypsin-
Giemsa bands. In almost every case, drug-resistant cells that lack DMs have ECR at a
single chromosomal site. Multiple chromosomal sites within a single cell line have
bLeen scen, but they are rare, even in lines containing many coples of an amplified gene.
DPMs and ECR do not usually co-exist within the same cell although either
chromosomal or extrachromosomal amplification of the same gene can occurs in a
single population of cells.

In addition to the cytogenetic location, the molecular nature of high-level
amplification events has been characterized at the molecular level in some systems
(see Stark et al., 1889; Schimke, 1988; Stark, 1986; Hamlin et al., 1984 for reviews).
There is reasonable knowledge about the size (small vs large; unique size vs
heterogeneous size), organization {circular vs linear; direct repeats vs inverted repeats;
homogeneous repeat v mixed repeats}, and stability (stable vs unstable; with vs without
selection pressure) of the units of amplification (amplicons). They appear to be
extremely variable in length within and among cell lines that are resistant to the same
drug and there do not appear io be preferred endpoints (hotspots) for the joining of
amplified sequences (e.g. see Ardeshir et al., 1983; Federspiel et al.. 1984). Amplicons
are invariably much larger than the gene whose product is selected. Expanded
chromosomal regions are now known to be composed of amplicons arranged either as
direct tandem repeats (e.g. see Amler and Schwab, 1989) or as a mixture of tandem and
inverted repeats (e.g. see Ma et al., 1988; Hyrien et al., 1988: Ford and Fried. 1986). In

the absence of drug-selective pressure, extrachromosomally amplified elements are
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quickly lost; intrachromosomally amplified regions are typically very stable (e.g., see
Chasin et al., 1982), although gene loss from such arrays over many generations of non-
selective growth has been reported (e.g. see Biedler, 1980).

To gain insight into the events that generate the first amplicon, it is crucial to
tdentify the first amplicon or the intermediates that are as close as possible to the first
event because the products presented in high-level resistant cell lines may not resemble
the initial products. Therefore, amplification events after a single step selection at low
drug concentration have also been characterized in several systems (Trask and Hamlin,
1989:; Smith et al., 1990; Ruiz and Wahl, 1988: 1990; Windle et al., 1991). These studies
have demonstirated that gene amplification can be mediated by submicroscopic,
autonomously replicating, circular extrachromoscmal molecules, which are referred to
as episomes {(Carroll et al., 1987), or amplisomes (Pauletti et al., 1990). Imperfectly
inverted repeats are often found in these episomes (Carroll et al., 1988). With the use of
new technologies such as fluorescent in situ hybridization (FISH), some recent studies
have analyzed the amplification events within about 10 to 20 cell generations after the
initial event (Trask and Hamlin, 1989; Smith et al., 1990; Windle et al., 1991; Toledc et
al., 1992a: 1992b). The results of these studies have shown that both small and large
amplicons can be produced at a very early time from: ine same locus under a single set of
selection conditions (Giulotto et al., 1986). They can be present either as arrays within
chromosomes or as acentric chromosome fragments (i.e., circular or linear
extrachromosomal elements). Formation of extremely large inverted repeats at the
very early stage of the amplification event has been observed (Toledo et al., 1992a:
1992b). The earliest amplification intermediates are genetically very unstable {Toledo
et al., 1992a; 1992b).

Different products observed in the early and later stages of gene amplification
have led to the question about their interrelationship and the chronology of the
amplicon evolution during gene amplification. Recent studies have demonstrated that
DMs can either be derived from submicroscopic episomes (Carroll et al.,, 1988), or
generated by de novo chromosome fragmentation (e.g., see Hahn et al., 1987, 1990; Sen
et al., 1989). The episomes or DMs can integrate into chromosomes to generate ECR
(Carroll et al., 1988). In some cases, episomes have been shown to result from deletion
of the corresponding target sequences from the chromosome (Carroll et al., 1988; Hunt
et al., 1980; Ruiz and Wahl, 1990; Windle et al., 1991). In contrast, other studies
demonstrate that formation of large chromosomal amplicons may be involved in the
initiation of some amplification events {(Giulotto et al., 1986; Gudkov et al., 1987; Saito
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et al.. 1989). These unstable large amplicons may then be trimmed into smaller units
during the course of amplification to high copy number without generation of episomes.

In summary, further studies are needed particularly for the identification of the
first products, the relationship among the different structures of the amplification

products, and the precise molecular chronology of gene amplification.

II.C. The _molecular mechanisms of gene amplification

The molecular mechanism(s) that lead to an increase in the copy number of a
gene or DNA sequence within a cell has been a subject of intense research and
speculation for many years. Generally, the primary event involved in the first step of
ampilification is thought to be different from the later evolution of an already amplified
array. The primnary event in gene amplification takes place in a single cell. Such a
primary event generates extra copies of the target gene, perhaps in a acentric
extrachromosomal form that will segregate unequally in subsequent cell divisions. In
such a case, secondary events may then follow during growth of the initial cell to a
cloned population. If the amplified DNA is intrachromosomal, secondary event(s),
again taking place in a single cell. may be required to generate the additional copies of
{lie targetl gene nceded for survival in the selective growth conditions. Thus,
identification of the first product in amplification is essential for assessment of
proposed mechanisms for the primary events. Unfortunately, it is difficult to obtain
information about the first event because it takes place in a single cell and therefore
has not been amenable to direct study so far. In order to obtain suflicient materials for
detailed structural analysis, the initial mutant clone is normally grown for far longer
time periods. During the subsequent growth, a number of secondary processes may
occur, which may then be manifested as the diverse structures of both low-level
amplified products at the early stage and highly-amplified products of the late stage.

Thus, it is essential for each proposed molecular mechanism to account for the
diverse observations and the following aspects should then be considered. If the
earliest products that can be detected by current technologies represent the first events,
the following questions are then raised for the formation of the first amplicons. How
can the initial amplicons be either small or large? How can the first amplicon be
produced as an episome or within a chromosome? How does the formation of initial
episomes accompany deletion of the target site? How can these first amplicons be
generated as either direct repeat or inverted repeat? Why are the initial amplicons
genetically unstable? How do the initial amplicons become high copy amplified

structures? How are large amounts of flanking passenger sequence retained during
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amplification to high copy number? If large amplicons are precursors of small ones,
how are the large amplicons trimmed into smaller ones? How are small episomes
transformed into DMs? As both extrachromosomal and chromosomal amplicens are
found in the early stage of gene ampilification, how can extrachromosomal amplicons
be converted into intrachromosomally amplified regions, and vice versa? If the
episomes are integrated into chromosomes to generate chromosomal amplicons, how
could this occur? How are novel joints formed during amplification? Why is it that
some novel joints are present at about the same copy number as the target gene and
some amplified much less? As differently-sized amplicons are not likely to be defined
by specific endpoints, how are the different sequence lengths coamplified in both
primary and subsequent amplicons? How is the amplified DNA translocated into a new
chromosome? Generally, why are the chromosomally ampiified sequences stable;
while extrachromosomally amplified sequences unstable during the growth under
nonselective conditions? Why is the frequency of amplification enhanced by agents
that either block DNA replication, damage DNA, or stimulate cell growth?

The diverse characteristics of amplified DNA raise an interesting question
about whether there is a single mechanism or more than one mechanisms underlying
the process of gene amplification. It is likely that the various forms of amplified DNA
may be generated by different mechanisms, or that a single basic mechanism may lead
to different outcome. Several models for the molecular mechanisms of gene
amplification have been proposed (reviewed by Stark et al., 1989; Wahl, 1989; Windle
and Wahl, 1992). The rereplication model (alsoc known as disproportionate replication
or onion skin replication model) proposed that multiple initiations of DNA synthesis
from a specific DNA replication origins within a single cell cycle would generate a
complex structure consisting of replication bubbles within bubbles. Resolution of such
a structure by various recombination events would be flexible enough to generate
diverse structures containing amplified DNA (Schimke, 1988). The concept that re-
replication occurs within a single cell cycle under certain growth conditions such as
transient depletion of DNA precursors has been challenged by experimental evidence
(see Windle and Wahl, 1992 for more discussion). The unequal exchange model proposes
that homologous or nonhomologouse recombinations between two misaligned
chromosomes or chromatids would generate direct repeats on a chromosome. This
model predicts that additional rounds of the similar type of recombination event occur
in subsequent cell cycle in order to generate multple copies of a sequence and no
inverted repeat could be produced (see Stark et al., 1989 for more discussion). The

episome excision model was proposed to explain the observation that formation of
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episomes that contain amplified gene is often associated with deletions of the target
sequences in a chromosome (see Windle and Wahl, 1992 for more discussion). The
double rolling circle model was proposed to account for how inverted repeats detected in
many amplification intermediates are formed (Passananti et al., 1987; Hyrlen et al.,
1988). The breakage-fusion-bridge (BFB) model was proposed to explain the cytogenetic
observations on the chromosomal structures which were thought to be the
intermediates at the early stage of a gene amplification event (see Toledo et al., 1992b).
The chromosome breakage model was proposed in attempting to account for the diverse
amplified DNA structures observed so far in mammalian systems (Windle et al.. 1991;

Windle and Wahl, 1992). Further experimental evidence is needed to verify or modify
the features of the models mentioned above.

II.D. hanism n r £

Several experimental approaches have been used in elucidation of the
mechanism(s) that control gene amplification. One of these approaches is to analyze
agents that modify the levels of gene amplification and by analysis of the mode of the
action of these agents a conclusion is reached about the underlying process. In
mammalian system, amplification {requency can be increased substantially by
treating cells with agents such as UV light, hydroxyurea, or hypoxia (see Stark and
Wahl, 1984; Schimke, 1988 for reviews). DNA damage and disturbance of nucleotide
metabolism are the common effects of these agents. Thus, inhibition of DNA synthesis
may induce the potentiation of the process leading to gene amplification. It is
conceivable that the physiological conditions induced by DNA damage and/or
disturbance of nucleotide metabolism facilitate the occurrence of amplification events.
However, the specific signal(s) and the precise biochemical reactions responsible for
this process are still not known. On the other hand, inhibition of DNA synthesis may
produce substrates for gene amplification. Stalled replication forks or abortive
replication bubbles, single strand nicks and double strand breaks, free ends of broken
chromosoimes, all of which can be resulted from inhibition of DNA synthesis, have
been proposed to play important roles in the process of gene amplification (Windle and
‘Wahl, 1992).

The second approach is to study the effects of chromosomal structure and
specific sequence elements on gene amplification. One of the interesting questions to
ask is whether there is any hot spot for gene amplification in the genome. Wahl et a!l
(1984) analyzed the effect of various chromosomal locations on gene amplfication and
has found that there are up to 100-fold differences In the frequency of amplification
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among different positions. The observation indicates that chromosomal structures
may play a role in the development of gene amplification. The DNA breakage and
joining reaction which form amplicons generate unique sequence combinations that
are known as novel joints. Novel joints can be formed in the initial step of
amplification, in which case they may directly reflect the molecular mechanisms
involv 1, or they can be generated in subsequent steps by incidental reactions not
directly related to the amplification process. The information from analysis of novel
joints has been thought to be informative about whether there are particular sequences
involved in gene amplification and whether they are equivalent to recombination hot
spot or to the termin! of replicons. Analysis of the novel joints in mammalian systems
has been reviewed (Stark et al., 1989). Many novel joints have been found in an
inverted asymmetric palindromic structure. Analysis of jointed sequence has
indicated that there is no absclute requirement for a particular type of sequence,
although AT-rich elements :secem to be involved frequently. The observations that
amplified regions are not comprised of identical units and different sequences can be
co-amplified with the selected gene in different independent events also suggested that
novel joints are not likely to be defined by specific endpoints. The only specific
sequence known to be involved in amplification is replication origins (Lavi, S. 1981;
Carroll et al., 1987). Distinct initiation sites have also been found in the chromosomal
amplicons (e.g. see Leu and Hamlin, 1989: Anachkova and Hamlin, 1989). The
interspersed organization of early and late replication origins in the mammalian
genome has also been suggested to have implications in the process of gene
amplification (Windle and Wahl, 1992). It has been suggested that the rate of the
progression from extrachromosomal to chromosomal amplicons is possibly dependent
on the characteristics of the amplicon produced or the structure generated at the target
site following the initiating events (Windle and Wahl, 1992).

The third approach is to identify the cellular process involved in gene
amplification. In established mammalian cell lines, amplification arises
spontaneously typically at the rates of 1074 - 106 events/cell/cell generation at a single
locus (e.g.. see Johnston et al., 1983; Tisty et al., 1989). However, amplification has been
shown to be extremely rare in primary normal cell lines (Wright et al., 1990; Tlsty,
1990). Thus, established cell lines may carry genetic alterations and therefore changed
physiological conditions that contribute to the relatively higher frequency of gene
amplification. It is now reasonable to think that both replication and recombination
machineries must be involved in the process of amplification. Does amplification

result from differential expression of replication and recombination proteins under
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conditions which induce stress? Two recent studies (Livingstone et al 1992; Yin et al.,
1992) for the first time demonstrate that a cell cycle control protein plays an important
role for the development of gene amplification. Cells with constitutively high
frequencies of gene amplification have been isolated (Giulotto et al., 1987; 1991). These
cells are very sensitive to UV radiation and mitomycin C, indicating that the DNA
repair capacity of these cells is also alternated (Giulotto et al., 1987; 1991).

ILE. The significance of studies on gene amplification

Studies on gene arnplification are of great significance to cancer treatment
because gene amplification is implicated both in the development of resistance to anti-
cancer drugs and in the development of cancer (Alitalo, 1984; Alitalo and Schwab, 1986;
Schimke, 1984a; 1986; Stark, 1986). It is believed that understanding the mechanism
of gene amplification would eventually lead to improved chemotherapeutic strategy. It
is also important to understand how over-accumulation of a particular gene product,
derived from amplified genes, contribute to particular phenomena during the
development of cancer such as metastasis.

Gene amplification is a major genetic alteration within a cell. It seems likely
that unprogrammed amplification is but one manifestation of more fundamental
defects that lead to chromosomal abnormalities such as deletion. inversion,
translocation, and chromosome loss. It is thus important to know about the
mechanisms governing amplification events and to discover which cellular functions
are responsible for gene amplification. Such studies may identily genes, the abnormal
expression of which is responsible for underlying defects in the regulation of
chromosomal integrity. Therefore, the phenomenon of gene amplification provides an
excellent system for investigation of the mechanisms that control cell growth and
genetic integrity (Stark et al., 1989; Hartwell, 1992).

One of the consequences of studies on gene amplification has been the
utilization of amplification as a high-level expression system for overproduction of a
specific gene product (Kaufman et al., 1985; Kaufman et al., 1986; Bebbington and
Hentschel, 1987). Not only the genes selected by a drug but also flanking sequences are
co-amplified. Thus, by linking a gene whose product is wanted in large quantity to one
whose amplification can be selected with a drug, it is possible to amplify both genes and
express both gene products at a high level. In addition, coamplification has been used
as a system to increase the copy numbers of a regulatory element in studies on the mode
of regulation of the passenger gene (Johnston and Kucey, 1988).
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ILLF. Studies on gene ampilification in S, cerevisige

The baker's yeast S. cerevisiae is readily amenable to both genetic and
molecular manipulations and has been an excellent model system for a variety of
studies in eukaryotic cells. However, studies on gene amplification in this model
system have been very limited so far. The main reason for this limitation is that very
few examples of gene amplification have been described in the nuclear genomes of this
organism. In addition, all of the cases reported so far have not been particularly
suitable for thorough studies on the mechanism of gene amplification because of the
specific situations associated with the amplification events.

There are two cases that multiple copies of a gene or DNA sequence are located at
a genetic locus in the genomes of the strains of S. cerevisiae. Up to 15 copies of the CUPI
gene have been found at the CcUP1R locus that is located on chromosome VIII and
produces a copper-resistant phenotype (Fogel and Welch, 1982; Fogel et al., 1983; Welch
et al., 1983). The repeated units have a size of about 2.0 kb and are organized as a
tandemly repeated array (Fogel and Welch, 1982). Strains that contain a single copy of
the CUPI gene are copper-sensitive. Efforts to amplify the CUPI gene from a single copy
to more than one in such strains have not been successful (e.g. see Aladjem et al., 1988).
Unequal sister chromatid exchange has been proposed as the mechanism that changes
the CUP1 gene copy number at various CUPIR alleles in strains with different copper-
resistant levels (Fogel and Welch, 1982; Fogel et al., 1983). The rDNA locus is the other
example in which multiple copies of a DNA fragment are present in the S. cerevisiae
genome. This genetic locus is located in the chromosome XII and consists of
approximately 200 copies of a 9 kb repeat per haploid genome (Schweizer et al., 1969;
Cramer et al., 1976; Petes, 1979). Recombination events such as unequal sister-strand
exchange and gene conversion have been demonstrated within this locus and they have
been proposed as the mechanisms for maintenance of the copy number and sequence
homogeneity of the rDNA repeats (Szostak and Wu, 1980; Petes, 1980; Klein and Petes,
1981).

Two other examples of gene amplification are found in the ADH2 and ADH4
genes in antimycin A-resistant mutants (Walton et al., 1986; Paquin et al., 1992). In the
case of ADH2 gene amplification, a DNA fragment containing the ADH2 gene is found to
be amplified within the rDNA locus, but not in the native ADHZ2 locus (Paquin et al.,
1992). Apparently, increases in the ADHZ2 gene copy number is mediated by
recombination events between the rDNA sequences, which follows the insertion of the
ADHZ2 gene into the rDNA locus (Paquin et al., 1992). Since the native ADHZ2 is
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conserved, the primary event, insertion the ADH2 gene into the rDNA locus is most
likely accounted for by a conservative transpositional event. Such an event has been
shown to be extremiely rare; the rate for such an event to occur has been estimated less
than 5 x 10"12 events/cell/generation (Paquin et al., 1992). In the second example, (he
amplified ADH4 gene is found in multiple copies of a extrachromosomal linear
palindromic molecule which has telomeres at its ends (Walton et al., 1986). The ADH4
locus is located at the extreme left arm of the chrornosome VII. The amplified ADH4
molecules are thought to result from a fusion of the two copies of the terminal 21-kb
sequence of this chromosome (Walton et al., 1986; Dorsey et al., 1992}. A chromosormal
ADH4 amplification event has been observed (Dorsey et al., 1992). However, the
molecular nature of these intrachromosomal amplicons has not been characterized
yet. Again, these ADH4 amplification events are very rare with a rate of about 1010
events/cell/generation (Walton et al., 1986).

Two examples of transpositional gene duplication have been demonstrated by
genetic analysis. Duplication of the ACP1 gene that codes for the acid phosphatase
(aphtase) is found in mutants that were selected for in vivo hyper-aphtase activity
{Hansche, 1975; Hansche and Beres, 1978). This type of duplication is rare at the rate
between 10-11 and 10-12 (Hansche and Beres, 1978). Greer and Fink (1979) observed the
duplication of the his4C gene that encodes the histidinol dehydrogenase in the
histidine biosynthetic pathway. Again such duplication events occurs at the low
frequency of less than 10-® (Greer and Fink, 1979). In both cases, moiecular evidence
for the duplication events has yet to be obtained.

Because the yeast S. cerevisiae has the well-defined genetic systermn and the
versatile molecular techniques are applicable to this simple eukaryotic organism, a
suitable de novo amplification system has long been sought in S. cerevisiae. Thus, one

of the primary goals of this research project is to develop the yeast dhfr gene system for
gene amplification studies.
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MATERIALS and METHODS

L Growth, selection, and assay media

Standard media were used for routine growth of S. cerevisiae strains (Sherman
et al., 1984). These media include: complex complete medium (YEPD): 1% Bacto-yeast
extract, 2% Baclo-peptone, 2% dextrose; synthetic minimal medium (SD): 0.67% Bacto-
yeast nitrogen base without amino acids, 2% dextrose; Mortimer's synthetic complete
medium (MC): SD medium supplemented with 20 pg/ml each of adenine, uracil,
arginine, histidine, lysine, methionine, and tryptophan, 30 pg of leucine and 350 pg of
threonine; synthetic complete medium (SC): 20 pg/ml each of adenine, uracil, arginine,
histidine, methionine, and tryptophan. 30 pug/ml each of isoleucine, leucine, lysine and
tyrosine, 50 pg/ml of phenylalanine, 100 pg/ml each of glutamic acid and aspartic acid,
150 pg/ml of valine, 200 pg/ml of threonine and 400 pg/ml of serine; omission media:
SC or MC medium without one or more of the base or amino acid supplements.

Non-fermentable carbon source media were used for assay of mitochondrial
actlivity (Sherman et al., 1984). They are: YPG (1% Bacto-yeast extract, 2% Bacto-
peptone, 3% glycerol); SG (0.67% Bacto-yeast nitrogen base without amino acids, 3%
glycerol, with amino acid and base supplements same as for MC or SC).

Media used for induction of sporulation were presporulation medium (1% Bacto-
yeast extract, 2% Bacto-peptone and 2% potassium acetate} and sporulation medium
(F*): 1% potassium acetate, 0.1% glucose, 0.25% yeast extract with supplements as for
MC or SC.

Buffered X-gal medium: this medium was used for detection of B-galactosidase
activity in yeast colonies. It is the synthetic selective medium which is buffered to pH 7
(Rose and Botstein, 1983). To prepare 1 liter of the medium, the salts (13.6g of KHaPO4,
2g of (NH4)2S04. 0.5 mg of FeS04.7H20) were prepared in 500 ml H0, while the agar and
sugar were prepared in another solution. The two solutions were autoclaved separately.
After cooling to 55°C, the two solutions were mixed, and the remaining supplements
were added: 1 ml of an 1M solution of MgS04.7H20, amino acid and base supplements,
and X-gal. The final concentration of X-gal in the medium is 200 pg/ml. X-gal stock
solution was prepared as 20 mg/ml in dimethylformamide and stored frozen.

The media used for the analysis of the inhibitory effects of antifolate drugs and
the selection of antifolate drugs-resistant mutants are described in "RESULTS".

All solid media were supplemented with 2% Bacto-agar. As required, folinic
acid was supplemented at 250 ug/ml, and dTMP at 100 pg/ml, unless otherwise stated.
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Preparation and composition of media (LB. M9 and MOCA) for E. colt were as
described by Miller (1972). When required in selective procedures, appropriate amino
acids were added to a final concentration of 50 pg/ml. Ampiciliin was added to the
media at 48°C after autoclaving, or spread on the LB plates. Trimethoprim was added at
the final concentration of 2 pug/ml. Trimethoprim-contained M9CA medium was used
for selection of E. coli transformants with plasmids that contain a cloned DFR1 gene.

IX. Yeast genetic methods

II.A. neral Ures

Yeast mating, sporulation, random spore analysis and tetrad analysis were
carried out by the standard yeast genetics methods (Sherman et al., 1984). Diploid
strains were constructed by making crosses between haploid strains. Diploid cells were
isolated either by micromanipulation of individual izygotes from a mixture of the
parental haploids after mating at 30°C, or by selecticn of cells prototrophic for
complementing auxotrophies in the parental haploids. To obtain asci, diploids were
first grown in either YEPD or presporulation medium at 30°C and then transfered to
sporulation F* medium. The cells were incubated at room temperature for five to six
days to induce ascus formation. Prior to dissection, asci were transfered to 0.1 ml of
1:10 dilution of glusulase (Endo laboratories) in distilled water and incubated for 5 to 30
minutes at 37°C. The digestion solution was further diluted appropriately with distilled
water, depending upon the initial concentration of asci. Samples of the suspension
were then streaked ontc appropriate plates for micromanipulation dissection. For
selection of dfrl mutant spores, dTMP, or folinic acid, or both of them were added into
the medium. The spores were allowed to grow at 30°C until colonies were formed, and
then tested for genetic markers either by replica plating or streaking to appropriate
selective media. Mating-type was determined by crossing the haploid spore clones to
testers of defined mating-type and scoring mating either by visual inspection of zygote
forrmation in the mating mixture or by the formation of cells prototrophic for
complementing auxotrophies in the haploids. Yeast transformation was performed by
the lithiurm acetate method of Ito et al. (1983).

IL.B. Determination of the frequen f reversion
prototrophy for dTMP

Cells from a single colony of TH5 were inoculated in dTMP-YEPD medium.
After growth to stationary phase, cells were washed and plated on to 20 YEPD plates at
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about 2 X 107 cells/plate. No colony was observed in any of the 20 plates. Reversion of
the djr]l mutant to prototrophy for dTMP has not been cbserved during the course of
this study.

I.C. Isolation of rho° strains

To isolate a rho°® derivative (without mitochondrial DNA) from a rho' strain
such as TH100, about 200 cells were inoculated in YEPD medium supplemented with 10
mg/ml ethidiurm bromide and the culture was grown {or 2 days in the dark. Cells from
the culture were washed and plated onto YEPD plate after dilutions. About 98% of the
colonies were respiratory-deficient. Cells from a single respiratory-deficient colony
were then treated with eihidium bromide for the second round. Cells after the second-
round treatment with ethidium bromide were 100% respiratory-deficient and single

cell clones from the second cultures were used in genetic crosses.

I1.D. luctu n lysi MTX-resistant mutan

Cells from a single fresh colony on a YEPD plate were resuspended in HoO and
about 500 cells from the suspension were Inoculated in 3 ml YEPD medium. The
number of cultures was indicated in the Table 17. The cultures were grown for 2 days
and the cell concentrations were determined. About 1.8 x 107 cells of M1-2B were plated
on each YEPD-mix25 plate (YEPD supplemented with 25 pg/ml MTX and 5 mg/ml
sulfanilamide. About 8.8 x 106 cell of M1-2B were plated on each MC-mtx2 plate (MC
medium supplemented with 2 pg/ml MTX and 5 mg/ml sulfanilamide). About 1.4 x 107
cell of TH100 were plated on each YEPD-mtx25 plate (YEPD 25 pug/ml MTX and 5 rmng/ml
sulfanilamide). About 1.6 x 107 cell of TH100 were plated on each MC-mtx2 plate (MC
supplemented with 2 ug/ml MTX and 5 mg/ml sulfanilamide). All visible resistant
colonies were scored after 20 days incubation.

ILLE. S, cerevisiae strains used in this study

The genotypes of haploid strains of S. cerevisiae used in this study are given in
Table 2. The source and origin of these haploids and the diploids used in this study
which were derived from these haploid strains are described as follows (strains are

listed in an alphabetic order: MTX-resistant mutants are listed separately):
308-6C This tmp1 strain was described previously (Barclay and Little, 1978).

BR414-4a This fol2 strain was kindly provided by J. Game (University of
California at Berkeley).



Table 2. The genotypes of S. cerevisiae haploid strains uced in this study

Strain genotype

308-6C MATa tmp1-6 rho tupl his{1,7) iiv1-92 trp5 lysl-1

BR414-4a MATa fol2-1

ESLZ-150 MATa ura3-52 leu2-3,112 trpl tup mtx1R (pESLZ=URA3 dfr1-ES
LEU2:lacZ)

F33 MATo met7 gal2 pet

G1 MATa ura3-52 leu2-3,112 trpl tup DIR

G2 MATa ura3-52 leu2-3,112 trpl tup DIR

G3 MATa ura3-52 leu2-3,112 trpl tup DIR

G4 MATa ura3-52 leu2-3,112 trpl tup DIR

G5 MATa ura3-52 leu2-3,112 trpl tup DIR

G6 MATa ura3-52 leu2-3,112 trpl tup DIR

G1/rho® MATa ura3-52 leu2-3,112 trp1 tup DIR rho®

G2/rho° MATa ura3-52 leu2-3,112 trpl tup DIR rho°

G3/rho® MATa ura3-52 leu2-3,112 trp1 tup DIR rho®

G4/1rho® MATa ura3-52 leu2-3,112 trpl tup DIR rho°

G5/1tho® MATa ura3-52 leu2-3,112 trp1 tup DIR rho°

G6/rho° MATa ura3-52 leu2-3,112 trpl tup DIR rho°

g610-5D MATa fol2-10 ade3

£615-4B MATa foli-6 trp

g619-6a MATo foll/3 ade4 rho*

g887-1A MATa met7 ura3 leu2 ade2 trp rho”

g887-2a MATa met7 leu2 ura3 trp rho”

g877-4B met7 leu2 rad6-1 ura3 trp his? ade? rho+

to be continued...
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... continued from Table 2, page 27 of 2

HC4-2B
M1-2B
M1-2B-pIUD1
S189-6d

THS5

THS/pBBL20

TH7
TH20-4B
TH22-1B
TH23-2A
TH100

TH100/ESLZ

TH100/rho°
TH364-3D

UTL-7A

MATa ura3-52 'eu2-3,112 trpl

MATaura3-52 trpl1-289

MATaura3-52 trp1-289 (plUD 1= URA3* DFR1%)
MATa met7 trpl leul adel gall gal2 pet

MATa ura3-52 leu2-3,112 trp1 tup dfr1::URA3

MATa ura3-52 leu2-3,112 trpl tup dfr1::URA3 (pBBL20=2) LEU2+
DFR1%)

MATa ura3-52 le 2-3,112 trpl tup dfr1::URA3 fou
MATa ura3-52 leu2-3,112 trpl tup

MATq ura3-52 leu2-3,112 trpl tup dfrl::URA3
MATa ura3-52 leu2-3,112 trpl tup dfr1::URA3 fou
MATa ura3-52 leu2-3,112 trp1 tup

MATa ura3-52 leu2-3.112 trpl tup (PESLZ=URA3 dfr1-ES
LEU2:lac?)

MATa ura3-52 leu2-3,112 trpl tup rho®
MATa ura3-52 leu2-3.112 trpl tup

MATa ura3-52 leu2-3,112 trpl
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This met7 strain was obtained from Berkeley Yeast Stock Center.

G1, G2, G3, G4, G5, and G6 These are the DIR mutants isolated from strain TH100 by

g610-5D

g615-4B

g877-2a

g877-4b

HC4-2B

Mi1i-2B

S189-6d

THD

THS/pBBL20

TH7

TH20

their ability to grow in YPG medium supplemented with 1.5 mg/ml of
KHoPQO4, 100 pug/ml of methotrexate, 5 mg/mi of sulfanilamide and 200
ug/mi of ATMP at 30°C.

This fol2 strain was kindly provided by J. Game {University of
California at Berkeley).

This foll strain was kindly provided by J. Game (University of
California at Berkelzy).

This met7 strain was kindly provided by J. Game (University of
California at Berkeley).

This met7 strain was kindly provided by J. Game (University of
Californla at Berkeley]).

This haploid strain was obtained from Jirgen Heinisch (University of
Alberta).

This haploid strain was described by Casadaban et al. (1983).
This met7 strain was obtained from Berkeley Yeast Stock Center.

It was isolated as a transformant of TH100 with the 2.9-kb BamHI1/Sall
restriction fragment that contains a dfrl1::URA3 disruption mutation.

A transformant of THS with plasmid pBBL20.

This strain was isolated from dfrl strain THS by its ability to grow on a
YEPD plate supplemented with 250 ug/ml folinic acid.

This diploid was constructed by a cross of tup mutant TH100 with
haploid HC4-2B. Tetrad analysis revealed that the tup mutant marker
segregated as a single genetic locus since the Tup* and tup” markers

segregated in a 2:2 pattern in a sample of 15 complete tetrads dertved
from this diploid.



TH20-4B

TH22

TH22-1B

TH23

TH23-2~

TH33

TH55

THS7

TH74
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This haploid strain is a tup mutant spore clone derived from diploid
TH20.

This diploid was constructed by a cross of TH5 with TH20-4B. Therefore,
it is heterozygous for the dfrl mutation., but homozygous for the tup
mutation. As the zygotes could be isolated in YEPD medium without
addition of dTMP, it suggests that the dfr]l mutation was recessive. This
heterozygous dfr1 diploid was used for segregation analysis of the «ijil
disruption mutation. Complete tetrads derived from this diploid cuuld
only be recovered in YEPD medium supplemented with 100 ug/ml dTMP.

This strain was a dfrl spore clone derived from diploid TH22.

This diploid was constructed by a cross of TH7 with TH20-4B. It is
heterozygous for the dfrl disruption mutation and a fou mutant allele
derived from the dfrl fou mutant TH7. From this diploid, dfir1 fou spore
clones were isciated that were used to construct hormozygous and
heterozygous fou mutant strains used in a test for dominance of the Fou
phenotype.

This is a dfrl1 _fou spore clone derived from diploid TH23.

This diploid was constructed by a cross of the tmp1l strain 308-6C with
the dfrl strain TH22-1B. It is heterozygous for both dfrl and tmp1l

mutations.

This diploid strain was constructed by a cross of TH5 with TH22-1B. It is
homozygous for both dfrl and fup mutations.

This diploid was constructed by a cross of THS5 with TH23-2A. It is
homozygous for the dfrl mutation, but heterozygous for the fou mutant
allele.

This diploid was constructed by a cross of MTX-resistant mutant ESLZ-
150 with strain TH364-3D. It was used for segregation analysis of the
stable MTX-resistant marker in strain ESLZ-150.



TH77

TH100

TH100/ESLZ

TH100/rho®

TH119

THI120

TH121

TH122

TH123

TH177

(98}
<

This diploid was constructed by a cross of TH7 with TH23-2A. It is
homozygous for both dfrl and fou mutations.

This dTMP-uptake (tup) mutant strain was isolated from haploid UTL-
7A on the selective medium that was YEPD medium plus 1.5 mg/ml
KHoPO4. 100 ug/ml MTX, 5 mg/mi sulfia..:iamide and 100 pg/ml dTMP at
30°C (modified from Little and Haynes, 1979). It retains the respiratory-
sufficient phenotype. A single mutation seemed to be responsible for the
dTMP-uptake phenotype as ihe mutant phenotype segregated as 2 to 2 in
a heterozygous diploid (see TH20). This haploid strain was used as the

parental strain for the construction of dfrl1::URA3 disruption mutant by
gene replacement.

This strain was constructed by integration of plasmid pESLZ at the DFR!
locus. The plasmid DNA used for the transformation was digested with
restriction enzyme Hindlll. The enzyme produced a llnear plasmid by a
single cut within the coding region ol the DFR1 gene.

A respiratory-deficient derivative of TH100 after the treatment with
ethidium bremide (see Section 11.C. of this chapter).

This diploid was constructed by a cross of the fol2 strain BR414-4a with
the dfrl strain THS. It was used for complementation analysis.

This diploid was constructed by a cross of fol2 strain g610-5D with dfrl
strain TH5. It was used for complementation analysis.

This diploid was constructed by a cross of foll strain g615-4B with dfri
strain TH22-1B. It was used for complementation analysis.

This diploid was constructed by a cross of met7 strain g877-4b with dJfrl
strain TH22-1B. It was used for complementation analysis.

This diploid was constructed by a cross of met7 strain g877-2a with dfrl
strain TH22-1B. It was used for complementation analysis.

This diploid was constructed by a cross of met7 strain S189-6d with dfrl
strain TH22-1B. It was used for complementation analysis.



TH178

TH180

TH181

TH182

TH183

TH184

TH185

TH 186

TH 187

TH188
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This diploid was constructed by, a ¢f0s9 Of met7 gtrain F33 with dfrl

strain TH5. It was used for commemgﬂtaimh analygis-

This diploid was constructed {, 1g4° fF the dominance
mutation. It was derived from 4 o5\ of pIR mytant G1
THZ20-4B.

This diploid was constructed ;4 teﬁt OF the dominance
mutation. It was derived from 4 Qros§ of DIR mytant G2
TH20-4B.

This diploid was constructed g (g%t {7 the dominance
mutation. It was derived from 4 o0Ss 0 DIR mytant G3
TH20-4B.

This diploid was constructed wét {T the dominance
mutation. 1t was derived from 4 Qrﬂsg of pre mytant G4
TH20-4B.

This diploid was constructed p g5t f°¥ the dominance
mutation. It was derived from j o\ of prg mytant G5
TH20-48B.

This diploid was constructed o wﬁt foF the dgominance
mutation. It was derived from 2 v\ of pIR mytant G6
TH20-4B.

of the DR
with Strain

of the DR
with Straip

of the DIR
with Strain

of the DJR
with Strain

of the DIR
with Strajn

of the DIR
with Strain

This diploid strain was construcyed py X ¢FOss of TH100 with F33.

This diploid was constructed by 4 g\ o/ DIR stray G1 with met7 Stran
F33. From this diploid, resplratoxy/f’l;fﬂeleﬂt DIR met7 gouble Mutant

spore clones were isolated.

This diploid was constructed by ;4 oy g\ # DR strayn G2 with met7 Strain
F33. From this diploid. respiratolyﬁ\,fﬂeient pIp metz gouble Mutant

spore clones were isolated.



TH189

TH190

TH191

TH192

TH361

TH362

TH363

TH364
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This diploid was constructed by a cross of DIR strain G3 with met? strain
F33. From this diploid, respiratory-sufficient DIR met7 double mutant
spore clones were isolated.

This diploid was constructed by a cross of DIR strain G4 with met7 strain

F33. From this diploid, respiratory-sufficient DIR :1et7 double mutant
spore clornes were isolated.

This diploid was constructed by a cross of DIR strain G5 with met7 strain

F33. From this diploid, respiratory-sufficient DIR met7 double mutant
spore clones were isolated.

This diploid was constructed by a cross of DIR strain G6 with met7 strain
F33. From this diploid, respiratory-sufficient DIR met7 double mutant
spore clones were isolated.

This diploid was constructed by a cross of G1 with TH22-1B. It is
heterozygous for the dfrl disruption and a DIR mutation derived from a
DIR strain G1, and homozygous for a tup mutation. which is required for
the detection of the Dir phenotype.

This diploid was constructed by a cross of G2 with TH22-1B. Il is
heterozygous for the dfrl disruption and a DIR mutation derived from a
DIR strain G2, and homozygous for a tup mutation. which is required for
the detection of the Dir phenotype.

This diploid was constructed by a cross of G3 with TH22-1B. It is
heterozygous for the dfr! disruption and a DIR mutation derived from a
DIR strain G3, and homozygous for a tup mutation, which is required for
the detection of the Dir phenotype.

This diploid was constructed by a cross of G4 with TH22-1B. It is
heterozygous for the dfr1 disruption and a DIR mutation derived from a
DIR strain G4, and homozygous for a tup mutation, which is required for
the detection of the Dir phenotype.



TH364-3D

TH365

TH366

TH367

TH368

TH369

TH370

TH371

TH372
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This is a tup mutant spore clone derived from diploid TH364. This
haploid strain is respiratory-sufficient, but does not have a Dir
phenotype.

This diploid was constructed by a cross of G5 with TH22-1B. It is
heterozygous for the dfrl disruption and a DIR mutation derived from a
DIR strain G5, and homozygous for a tup mutation, which is required for
the detection of the Dir phenotype.

This diploid was constructed by a cross of G6 with TH22-1B. 1t is
heterozygous for the dfr! disruption and a DIR mutation derived from a
DIR strain G6, and homozygous for a tup mutation, which is required for
the detection of the Dir phenotype.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G1/rho°
with strain TH364-3D.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G2/rho°
with strain TH364-3D.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G3/rho°
with strain TH364-3D.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G4/rho°
with strain TH364-3D.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G5/rho®
with strain TH364-3D.

This diploid was constructed to test for the genetic origin of the DIR
mutation. It was derived from a cross of a DIR mutant derivative G6/rho°
with strain TH364-3D.



UTL-7A
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This haploid strain was obtained from Jiargen Heinisch (University of
Alberta).

The following are the MTX-resistant mutants described in this study:

R14

R14p

R14p400

A MTX-resistant mutant isolated from M1-2B in YEPD medium
supplemented with 25 pg/ml methotrexate and 5 mg/ml sulfanflamide.

This is a secondary mutant which was derived from R5. H was isolated

from a colony th.t produced a P phenotype on MC-mtx2 plate.

A MTX-resistant mutant isolated from M1-2B on a YEPD plate
supplemented with 25 pug/ml MTX and 5 mg/ml sulfanilamide.

This is a secondary mutant which was derived from R14. It was isolated
from a colony that produced a P phenotype on a MC plate supplemented
with 2 ug/mi methotrexate and 5 mg/ml sulfanilarnide.

This is the secondary isolate that was selected from R14p for resistance
up to 400 pg/ml MTX in MC medium.

R14L and R34S These two strains were originated from mutant R14. The R14 cells were

R15

25-1

plated on an MC plate supplemented with 2 pg/ni! methotrexate and 5
mg/ml sulfanilamide for isolation of single colonies. Somne resistant
matant cells form small colony; one of thern was picked as R14S. One of
the other large colonies was picked as R14L. It has been observed that
R14L gave rise to small and large colonies again after plating out for
single colonies, but R14S only gave rise to small colonies. However, it is
not known whether all these small colonies have the simi .. novel
structures observed for the strain R14S. R14S seems to be the secondary
mutant of R14; whereas R14L is the same as of R14.

A MTX-resistant mutant isolated from M1-2B in YEPD medium
supplemented with 25 pg/ml MTX and 5 mg/ml sulfanilammide.

A MTX-resistant mutant isolated from M1-2B on a YEPD plate
supplemented with 25 pg/ml MTX and 5 mg/ml sulfanilamide.
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A secondary culture derived from 25-1 for resistance to 50 pg/ml MTX in
SULF-MC medium.

A secondary culture derived from 25-1/50 for resistance to 200 pg/ml
MTX in SULF-MC medium.

A secondary culture derived from 25-1/200 for resistance to 400 pg/ml
MTX in SULF-MC medium.

A secondary culture derived from 25-1/400 for resistance to 800 ug/ml
MTX in SULF-MC medium.

A secondary culture derived from 25-1/800 for resistance to 1200 pg/ml
MTX in SULF-MC medium.

A primary MTX-resistant mutant isolated from M1-2B in YEPD medium
supplemented with 25 yg/ml MTX and 5 mg/m!l sulfanilamide.

A primary MTX-resistant mutant isolated from TH100/ESLZ in YEPD
medium supplemented with 25 pg/ml MTX and 5 mg/ml sulfanilamide.

Nucleic acid manipulations

i ion

Standard recombinant DNA manipulations were performed by the methods of

Maniatis et al. (1982) or by those recommended by the manufactures. E. coll strain

DHS5a was purchased from BRL and used for plasmid isolation and propagation.
The following describes the origin of the plasmids used in this study.

pBBL20

This plasmid was constructed by cloning a 2-kb BamHI fragment,
derived from pTH2, into plasmid pYF91 (a 2p plasmid obtained from Dr.
J. D. Freisen's laboratory). This plasmid has a LEUZ2 gene as a selectable
marker for yeast transformation. It was used to transform the dfrl
mutant THS to demonstrate the complementation of the dfrl mutant by a
cloned DFRI gene.



pDN21
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This plasmid was obtained from Dr. B. J. Barclay's laboratory. It was
constructed by insertion of a 2-kb BamH]I fragment into vector pSV2-neo.

The 1.8-kb BamHI/Sall genomic fragment that contains the DFR1 gene is
within this 2-kb fragment.

This plasmid was described previously (Barclay et al., 1988). It carries a
9.0-kb BamHI fragment that contains the DFR1 gene.

A HindIlI/Sall fragment that contains a LEUZ2:lacZ fusion was taken
from the 9.5-kb Sall/Sall fragment that was constructed by J. M.
Clement. This approximate 7.3-kb Hindlll/Sall fragment was then
changed to a Sall/Sall fragment by addition of a Sall linker and cloned
into plasmid pTH26.

This plasmid was constructed by cloning the 1.8-kb BamHI/Sall

fragment, derived from plasmid pDR73, that contains the DFRI gene into
vector Yip5 (Struhl et al., 1979).

This plasmid (Guarrente and Ptashne, 1981) was obtained from Dr. L.
Guarrente . The 1.1-kb URA3 fragment used in disruption of the DFR1
gene was taken from this plasmid.

pRAS, and pRA10 These plasmid s were isolated by selection for
trimethoprim resistance from a Rose pool library A (Rose et al., 1987).
They all carry a genomic fragment that includes the 9.0-kb fragment
containing the DFR1 gene (Barclay et al., 1988).

pRB2 and pRB3 These plasmids were isolated by selection for trimethoprim resistance

pTH1

pTH2

from a Rose pool library B (Rose <t al., 1987). They all carry a genomic
fragment that includes the 9.0-kb fragment containing the DFR1 gene
(Barclay et al., 1988).

This plasmid was derived from vector pSV2-neo (obtained from BRL). It
was generated by filling-in the unique HindlIIl site of pSV2-neo.

This plasmid was constructed by insertion of a 2-kb BamHI fragment
that contains a cloned DFRI1 gene into the unique BamHI site of plasmid
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pTHS8

pTH14

pTH16

pTH26

pTH27

pTH31

pTH32

pTH33
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pTH1. The BamHI fragment containing the DFR1 gene was derived from
plasmid pND21.

This plasmid was constructed by cloning a HindIlll fragment of URA3
gene, derived from pLG669-Z (Guarrente and Ptashne, 1981), into the
HindllI site within the coding region of the DFR1 gene on plasmid pTH2.
The insertion generated a dfrl::URA3 disruption mutation. The
BamHI/Sall restriction that contains the dfrl::URA3 mutation, as
shown in Figure 4, was isclated from this plasmid and used for the
replacement of the DFR1 allele by yeast transformation.

This plasmid was constructed by cloning of the 1.8-kb BamHI1/Sall DFR1
fragment into yeast vector YRp7 (Struhl et al., 1979).

This plasmid was constructed by inserting the 0.74-kb BamHI/HindIII
fragment containing the 3' portion of the DFR1 gene (see Figure 4), into
vector pGEM-42Z,

This plasmid was constructed by inserting the 1.1-kb HindIIl fragment
containing the yeast URA3 gene, derived from plasmid pLG669-Z, into
plasmid TH14.

This plasmid was constructed by deletion of the 0.7-kb EcoRI fragment
from plasmid plUD-1. The EcoRl/Sall fragment, thus, contains only a
portion of the DFR1 gene. E. coli transformants with this plasmid are
sensitive to the growth inhibition of trimethoprim.

This plasmid was constructed by cloning the 1.8-kb BamHI/Sall DFR1
fragment into yeast vector YRp17.

This plasmid was constructed by cloning the 1.8-kb BamHI1/Sall DFR1
fragment into yeast vector pLG669-Z (Guarrente and Ptashne, 1981).

This plasmid was constructed by cloning the 1.8-kb BamHI/Sall DFR1
fragment into yeast vector YCp50 (Rose et al., 1987).

This plasmid was constructed by inserting the 1.1-kb HindIll fragment
containing the yeast URA3 gene, derived from plasmid pLG669-Z, into
plasmid TH26.
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pTL221 This plasmid was generated by ligating a 2.4 kb Bglll fragment that
contains the TMP1 gene into the BamHI site of pBR322 (B. J. Barclay). It
was used as the TMPI probe for the experimient shown in Figure 12.

I1.B. Isolation of 1 N. n A
The miniprep procedure of Sherman et al. (1984) was used for preparation of
yeast genomic DNAs for Southern hybridization analysis. Preparation of yeast total

RNAs for Northern hybridization analysis was carried out by the method of Carlson
and Botstein {1982).

III.C. Gel electrophoresis and hybridization

The contour-clamped homogeneous electric field electrophoresis (CHEF) was
used for separation of large chromosomal molecules in agarose gels (Chu et al., 1986).
The BRL HEX-A'FIELD horizontal gel electrophoresis system and the BloradCHEF-DRII
system were employed. DNA samples for the pulsed-field gel electrophoresis were
prepared in agarose plugs essentially as described by Carle and Olson (1987). The
specific running conditions for pulsed-field gel electrophoresis are given in the figure
legends. Standard conditions were used for conventional agarcse gel electrophoresis.
Prior to transfer, DNAs were depurinated by incubating the gel in 0.25N HClL. RNAs or
the acid-nicked DNAs in agarose gels were then transfered onto GeneScreen Plus

membranes, and hybridized as recommended by the manufacturer (Du Pont Co.).

Iv. Assay of DHFR enzyme activity

To assay DHFR enzyme activity, strain TH5 was grown in dTMP-YEPD medium,
while M1-2B was grown in YEPD medium. Cells from 200 ml of mid-log-phase cultures
were harvested and washed with extract buffer (0.01M Tris-HCl, 0.06M MnCl;, 0.06
NaCl, glycerol 25%). Cells were disrupted by glass beads in the extract buffer and the
crude extracts were collected by centrifugation. Protein concentration was determined
by the Bradford method with bovine serum albumin as standard. Other detatls about
ti.- assay of DHFR activity in the crude extracts are described in Table 3.

V. Analysis of P compounds with azo dyes

The method described by Shane (1986), which is suitable for identification of
folate compounds extracted from bacterial cells and mammalian tissues, was adapted
to anzlyze the P compounds derived from MTX-resistant mutants with the P phenotype.
The yellow-colored P compounds were collected from a culture of R14p400 in MC
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medium supplemented with 2 pg/mi MTX and 5 mg/ml Sulfanilamide. The precipitates
were dissolved in HpO. The procedure used in this study started with the adjustment of
the pH of the sample to 0.5. After Zinc reduction and reaction with azo dyes. the azo dye
derivatives were purified by a BioGel P2 column.
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RESULTS

L Construction of a yeast dfri mutant deficient in DHFR activity

In spite of previous attempts (e.g. see Liltle and Haynes. 1979), a S. cerevisiae
mutant deficient in DHFR activity had not been described prior to this study. In the
genome of the yeast Saccharomyces cerevisiae, a genetic locus designated as DFR1
encodes DHFR activity. This conclusion arises from several observations. First,
cloned genomic fragments containing the DFR1 gene are able to confer resistance to
DHFR inhibitors such as trimethoprim to E. coli cells, and methotrexate or
aminopterin to yeast cells (Barclay et al., 1988; Fling et al.. 1988). Second, the
polypeptide sequence deduced from the DNA sequence data shows significant homology
with DHFR proteins from both prokaryotic and eukaroytic sources (Huang. 1987;

Barclay et al.. 19838; fling <. i . 1988). Third, yeast cells with multicopy plasmids
bearing the DFR1 gene haave ircre ased DHFR activity (Fling et al., 1988). Fourth, a
cloned DFRI1 gene compler: !« ai: E. coli DHFR-deficient (fol) mutant {Barclay et al.,

1988). Since a cloried DFR1 gene was available (Barclay et al., 1988), the general
strategy for gene replacement described by Rothstein {1983) was employed in this study
to construct a dfr1 mutant that was expected to be deficlent in DHFR activity.

As a first step. a disruption mutation in the coding region of a cloned DFR1i gene
was constructed in vitro. It has been shown previously that the yeast DFR1 gene has a
coding region of 211 amino acid residues and there is a unique Hindill site between
codons #81 and #83 (Huang, 1987; Barclay et. al., 1988). Insertion of a 1.1-kb Hindlll
fragment bearing the URA3 gene into this unique Hindlll site in a cloned DFR1 gene, a
dfr1::URA3 disrupticn mutation was generated in a BamHI/Sall restriction fragment
(Figure 4). E. coli transformants with a plasmid, such s pTH3. carrying this fragment
that contains the dfrl::URA3 disruption were sensitive to growth inhibition by the
DHFR inhibitor trimethoprim. This inidicates that the disrupted gene was defective in
expression of DHFR activity. The second step was to replace the DFR1 allele with the
dfr1:URA3 mutation by transformation. The DNA fragment used for transformation
is shown in Figure 4. The selectable marker URA3 is flanked by 1.0-kb and 0.8-kb
sequences, homologous with sequences at the chromosomal DFR1 locus. This
transforming dfr1::URA3 disruption construct was therefore expected to target the
genomic DFR1 locus by homologous recombination (Rothstein, 1283).

The strategy used in selection of a dfr1::URA3 disruption transformant was
based upon tbe assumption that a DHFR-deficient mutant would have auxotrophic

requirements similar to wild-type strains grown In the presence of antifolate drugs.
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Sall HindIll BamHI
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dfrl::URAS3

FIG. 4. A dfr1::URA3 disruption mutation. Details about the in vitro construction of
this mutation were described in the construction of plasmids pTH1. pTH2 and pTHS3 (see
"MATERIALS and METHODS"). Shown on the top is the DFR1 gene. On the bottom is
the dfr1::URA3 disruption mutation. The open bar represents the coding region of the

DFRI gene. The striped bar represents the fragment that contains the URAS3 gene.
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such as methoirexate plus sulfanilamide. Addition of dTMP, adenine. histidine and
methionine to growth medium supports the growth of yeast cells in the presence of these
antifolate drugs (Barclay and Little, 1877; Little and Haynes, 1979). Based on the above
conjecture, these four end-products of tetrahydrofolate-dependent one-carbon
metabolism were included in the selective medium in order to recover dfrl1::URA3
transformants. To allow the use of this selection scheme, il was necessary that the
parental strain for the disruption transformation was a dTMP-permeable (tup) mutant,
as wild-type strains of the yeast S. cerevisiae are impermeable to exogenous dTMP
(Jannsen et al., 1973; Laskowski and Lehmann-Brauns, 1973; Fith et al.. 1974;
Wickner, 1974; Little and Haynes, 1979). A tup derivative of UTL-7A was therefore
isolated. This strain. TH100, also carried a stable mutation at the URA3 locus which
allowed the positive selection of dfr1::URA3 mutants as uracil-prototrophic
transformants. Thus, to transform strain TH100, the 2.9-kb BamHI1/Sall {ragment
containing the dfr1::URA3 disruption mutation was cut from plasmid TH3 and purified
from an agarose gel. About 1 ug DNA was used for the transformation by the lithium
acetate method of Ito et al., (1983). In this disruption transformation experiment,
several hundred uracil-prototrophic transformmants were obtained in uracil-mir:us MC
medium supplemeried with 100 ug/mi dTMF.

The auxotrophic requirements of the uracil-prototrophic tras-: « .:ants were
then examined to see whether they were as expected for a yeas' -~ -. deficient in
DHFR activity. Analysis of the growth requirements of se::-nl  _ndomly picked
transformants showed that all uracil-prototrophic transform.r - .: .2 concomitantly

auxotrophic for dTMP, adenine, histidine, and methionine, in adJition to leucine and
tryptophan -vhich are required by the parental strain (see Section II.A. of "RESULTS"}.
Thus, the auxotrophy for the four C1 metabolites and prototrophy for uractl were as
predicied for a dfr1::URA3 disruption transformant. Of the putative dfrl mutants, one
strain designated as THS5 was chosen for further conf{irmation of the dfrl1::URA3
disruption mutation.

The dfrl1::URA3 disruption mutation should show the cosegregation of the dfri
mutant phenotype with the uracil-prototrophic phenotype in tetrads derived from a
diploid heterozygous for the dfrl mutation. In a sample of 30 tetrads derived from
diploid TH22 that was constructed by crossing an original dfr! mutant {solate with a
wild-type strain, all four meiotic products of each teirad were recovered in dTMP-YEPD
medium, 2:2 segregation was ohserved for both dTMP and uracil requirements and the
dTMP auxotrophy and the uracil prototrophy cosegregated. Thus, these data are

consistent with the prediction of the segregation pattern of a dfr1::URA3 mutation.
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Southern hybridization was used to further confirm the dfr1::URA3 mutzat allele at the
molecular level. As shown in Figure 5, when the total genomic DNA preparations were
digested with the restriction enzyme EcoRI, the BamHI/HindIll DFR1 DNA probe
detected a 5.3-kb band (4.2-kb + 1.1-kbj for the dfrl strain, a 4.2-kb band for DFR1
strains, and a 3.0-kb fragment for both wild-type and dfr1 mutant strains, as predicted.

Deficiency in DHFR activity in the dfri::URA3 transformant is indicated by its
auxotrophic phenotype for the end products of tetrahydrofolate-dependent C1
metabolites. Northern hybridization analysis and DHFR activity assay were used to
confirm deficiency in the expression of DHFR activity. As shown in Figure 6, a
Northern blot experiment revealed that the normal DFRI-specific transcripts (about
900 bases) were not detected in the dfr1 mutant (TH5). The size of the DFR1 transcript
detected in the wild-type control strain is consistent with that reported previously
(Lagosky et al., 1987). In addition, the results shown in Table 3 reveal that DHFR
enzyme aclivity was not detectable in this strain. Taken together, the data described
above indicate that a S. cerevisiae mutant deficient in DHFR activity had been

consirucied.
1l Characeerizaidon of the ¢fi. .. zoirophic phenotype
I1.A. dfr1 mutant for the end products of C1 m lism

The dfrl::URA3 transformants were recovered in MC minus uracil medium
supplemented with dTMP. Further characterization of the auxotrophic phenotype of
several individual transformants revealed that they required concomitantly dTMP,
adenine, histidine and methionine for growth. No growth was observed if any one of
these metabolites was omitted from the growth medium (Table 4). This auxotrophic
phenotype mimics that of wild-type S. cerevisiae strains grown in the presence of
methotrexate and sulfanilamide (Little and Haynes, 1979). Diploids homozygous for
the dfr1 mutation (TH55) had the same auxotrophic phenotype as haploid dfr1 mutants:
while heterozygous diploids (TH22) were prototrophic for the Cl1 metabolites. As
mentioned above, the dfrl disruption mutation segregated in a 2:2 pattern in tetrads
derived from heterozygous diploid (TH22). A multicopy plasmid that carries the DFR1
gene was able to transform the dfrl mutant to wild-type (TH5/pBBL20). These
observations indicate that the dfr1 disruption mutation alone was responsible for the
dTMP-auxotrophic phenotype of the originally isolated dfrl transformant. The
implication of this conclusion is that a further mutation in the TMP1 gene was uot

required by the dfrl mutant for viability. The dis:. ption mutation was very stable as
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FIG. 5. Southern blot analysis of the dfrl1::URA3 disruption mutation. (A) TH100; (B}
THS5. THS was grown in dTMP-YEPD medium. Total yeast genomic DNA was isolated
by the mini prep procedure of Sherman et al. (1984). DNAs were digested with
restriction enzyme EcoRI. The fragments were resolved on 1% agarose gel. Separated
DNA fragments were alkali denatured, transferred to a GeneScreen Plus membrane.
The Southern blot was hybridized as recommended by the manufacturer (Du Pont Co.)
by using a gel-purified BamHI/Hndlll fragment as a probe. This fragment was
radiolabeled with [32p] dCTP by the random oligonucleotide priming method (Feinberg

and Vogelstein, 1983).
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FIG. 6. Northern blot analysis of the dfr1::URA3 transcript. (A) TH100 (DFR1}; (B) TH5
(dfr1::URA3). Total yeast RNAs were isolated from 20 ml of mid-log-phase culture as
described by Carlson and Botstein (1982). RNA samples were fractionated by
electrophoresis on 1.2% agarose gel in the presence of 1M formaldehyde and
transferred to a GeneScreen Plus membrane. The Northern blot was hybridized as
recommended by the manufacturer (Du Pont Co.) by using a gel-purified BamHI/Sall
fragment (shown on the top). This DNA fragment was radiolabeled with [32p] dCTP by
the random oligonucleotide priming method (Feinberg and Vogelstein, 1983). This
probe also hybridized to the transcripts (328 nucleotides) of the SNR17a gene (Hughes et
al., 1987). This serves as a internal control for the presence of RNAs in lane B. The size
markers on the left are in bases. The open boxes represent the coding regions. The

intron within the SNR17a gene is indicated by the black box.
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Table 3. Assay of DHFR activity in a dfrl mutant

Strain Genotype DHFR activity (U/mg)*
TH100 DFR1 18.54
THS5 dfr1::URA3 < 0.01

-

DHFR activity was assayed by the spectrophotometric method of Mathews et al.
(1963). The standard assay was performed in 0.1M imidazole chloride buffer
pH6.8 with 12 mM B-mercapcdethanol, 60 uM NADPH and about 50 pM
dihydrofolate in a final volume of 1.0 ml at 20°C. Dihydrofolate was prepared just
prior to use by the reduction of folic acid. The reaction was initiated by addition of
the enzyme. The conversion of dihydrofolate to tetrahydrofolate and NADPH to
NADP* is accompanied by a decrease in absorbance at 340 mu. The decrease in
absorbancy at 340 mu was measured for 5 minutes. The rate is corrected for a
blank reaction in which dihydrofolate is omitted. One unit of activity is defined
as the amount of enzyme that causes a decrease in absorbancy of 0.010 per minute
under standard assay condition described above. Specific activity is defined as

units of activity per milligram of protein in the crude extracts.
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Table 4. The auxotrophic phenotype of a yeast dfrl mutant*

Growth condition**

Growth response

YEPD

YEPD

SD

SD

SD

SD

SD

SD

dTMP

C1 metabolites
dTMP
Adenine
Histidine

Methionine

. Several dfr1::URA3 transformants were examined. All of them had the

same growth requirements.

and leucine which were required by the parental strain TH100.

The SD medium used in this analysis was supplemented with tryptophan
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no revertant of THS to dTMP-prototrophic was seen among approximate 4 x 108 cells of
THS screened in YEPD plates. Thus, the frequency of revertants to dTMP prototrophy
was found to be less than 2.5 X 109 revertant/cell plated. Since the DFR! locus was
mapped to a location that is different from the loci of foll, fol2, and tmpl mutation,

complementation of the dfrl1 mutant with the joll, fol2. and tmpl mutants was expected
(see Table 5).

I1.B. Growth response of the dfr] mutant to exogenous folinic acid

In the presence of methotrexate and sulfanilamide, growth of S. cerevisiae
strains is supportable by exogenous folinic acid in both synthetic (SD) and complex
(YEPD) media (Table 6). Thus, if the auxotrophy of the dfrl mutant for dTMP, adenine.
methionine and histidine resulted from deficiency in tetrahydrofolate biosynthesis,

substituiion of these end products of C1 metabolism with exogenous folinic acid should
satisfy the growth requirement of the dfrl strains. However, it was found that
exogenous folinic acid at concentrations of 50 to 500 pg/ml did not support the growth
of dfrl strain TH5 in complex medium (YEPD). although some slow growth was
observed in synthetic medium supplemented (SD) with high concentrations of
exogenous folinic acid 7-20 ug/ml). A similar growth response was observed when the
dfr1 mutant was grow.. i the presence of methotrexate and sulfanilamide, indicating
that the inability to utilize exogenous folinic acid was due to the dfrl mutation. These
observations suggest that there is a difference in the growth response to exogenous
folinic acid between antifolate-induced DHFR-deficlent cells and dfrl mutant cells
(Table 6).

In spite of the failure in utilization of exogenous folinic acid by the primary dfrl
mutants, spontaneous derivatives were readily isolated in YEPD medium supplemented
with folinic acid (250 ug/ml). From these primary folinic acid-utilizing dfrl
derivatives, it was also possible to isolate secondary isolates that could grow on low
concentration of folinic acid (e.g. 50 ug/mil) in YEPD medium. These folinic actd-
utilizing dfrl mutants may have resulted from mutations that are metabolic
suppressors. Understanding the nature of these suppressor mutations may provide
insights into the rmechanism that is responsible for the difference in growth response to
exogenous folinic acid between antifolate-induced DHFR-deficient cells and dfrl
mutant cells. It was therefore of interest to characterize the genetic basis of this folinic
acid utilization (Fou) phenotype. To address the question about whether mutations at a
genetic locus other than DFR1 were responsible for the Fou phenotype, diploid TH23
was constructed for segregation analysis. This diploid was generated by crossing a dfr1
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Table 5. Complementation of the dfr1 mutant with foll, fol2, and tmpl mutants

Strain®* Ploidy Growth response in YEPD medium
Joll mutant n -
Jfol2 mutant n -
tmpl mutant n -
dfrl mutant n -
dfrl x foll 2n +
dfrl x fol2 2n +
dfrl x tmpl 2n +

-

The foll strain used in this analysis is g615-4B. The fol2 strains are g610-5D and

BR414-4a. The tmpl strains is 308-6C. The dfr1 x foll diploids are TH121. The

dfrl x fol2 are TH119 and TH120. The dfrl x tmpl diploid is TH33.
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Table 6. Difference in the growth response to exogenous folinic acid between

antifolate-treated wild-type cells and dfr1 mi.tant cells

Growth response**

Strain* YEPD + dTMP YEPD + Folinic acid
antifolate-treated wt cells + +
dfr1 mutant cells + -

Ll

Wild-type S. cerevisiae strains such as TH100 were grown in the presence of 100

pg/ml methotrexate plus 5 mg/ml sulfanilamide.

=k

100 pg/ml dTMP and folinic acid {from 50 up to 500 pg/ml) were supplemented.
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mutant with the Fou phenotype, designated TH7, with haploid strain TH20-4B. In 30
tetrads derived from this diploid, all the meintic spores were germinated on dTMP-
supplemented YEPD medium. As expected, a 2:2 segregation was observed for the
auxotrophy for dTMP. Among the 60 dfrl mutant spore clones obtained in this tetrad
analysis, 16 had the Fou mutant phenotype. indicating that the mutation responsible
for the Fou phenotype segregated from the dfrl1 disruption mutation. To perform a test
for dominance, diploids TH57 and TH77 were constructed. TH57 was derived from a
cross between two dfir1 mutants (TH7 x TH22-1B), but only one of these two parents (i.e.
TH?7) has the Fou phenotype. Diploid TH77 was also derived from two dfr1 mutants
(TH7 x TH23-2A). However, both of the parental strains carried the same mutation
responsible for the Fou phenotype since TH23-2A was a spore clone derived from
diploid TH23 that was constructed by crossing TH7 with strain TH20-4B. It was found
that diploid THS57 failed to grow on folinic acid (up to 500 pg/ml) in YEPD medium, but
diploid TH77 was capable of growing on folinic acid in YEPD medium. These
observations {sc« Table 7) suggest that a recessive nuclear mutation at a genetic locus
other than ‘ ¢ DFRI1 gene was responsible for the Fou phenotype. This mutant allele is
thus designated as fou for folinic acid ++!'=Ation.

Ii. Characterization of the dfil1 .~apiratory competence
ILA. The dfrl mutant is respiratory-deficient

In S. cerevislae, respiratcry competence can be conveniently assayed by the
growth response of cells on media containing nonfermentable substrates such as
glycerol as the sole carbon and energy source. Respiratory-sufficient strains can grow
on these media; while respiratory-deficient mutants cannot. The strain TH100 used as
the recipient for the disruption gene replacement is respiratory-sufficient. Ho'ever, all
dfrl disruption transformants were found to be respiratory-deficient (Table 8). It was
possible that this respiratory-deficient phenotype of the dfrl transformants was a
consequence of the selective method. Little and Haynes (1979) have shown that the
primary isolates of tmp1 mutants defective in thymidylate synthase activity, as well as
those of foll and fol2 mutants deficient in folate metabolism, were all respiratory-
deficient. From diploids constructed by crossing these primary mutant isolates with a
wild-type haploid strain, respiratory-sufficient tmp1l, foll and fol2 mutant strains
were readily isolated in spore clones. Isolation of these respiratory-sufficient mutant
strains required the presence of high concentrations of dTMP (100 pg/m)l) for the tmpl
mutant or high concentrations of folinic acid (250 pug/ml) for the foll and fol2 mutants



Table 7. Utilization of exogenous folinic acid by dfrl1 _fou mutants

Growtih response**

Genotype* YEPD + dTMP YEPD + folinic actd
dfrl + -
dfrl _fou + +
dfr1/dfr1 FOU/fou + -
dfr1/dfrl fou/fou + +

The dfrl strain is TH5. The 71 fou mutants werc isolated in YEPD plates
supplemented with folinic acid at concentrations of 50 to 500 pug/ml. The strain
TH7 was isolated with 250mg/ml folinic acid in YEPD and was used in the test for
dominance andd segregation analysis. The dfrl/dfr1 FOU/ fou strain is TH57. The
dfrl/dfr1 fou/fou strain is TH77.

sk

100 pg/mi ATMF and 250 pg/ml folinic acid) were added as indicated, unless

otherwise stated.
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Table 8. Growth response of the dfrl mutant on nonfermentable carbon source

Growth condition dfrl DFR1
YEPD + dTMP + +
YPG + dTMP - +
YPG + folinic acid - +
YPG + dTMP + f{olinic acid - +

> As indicated, dTMP was added at 100 pug/ml in YEFD and 200 pug/ml in YPG:
Concentratrions of folinic acid from 250 to 500 pg/ml have been used. Other

details are described in the text.
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in the spore regeneraltion media {Little and Haynes, 1979). Thus, in these cases. the
respiratory-deficient Phenotype appears to be a consequence of the growth conditions
used during isolation of the mutants. To test whether this was also true for the dfri
transformants, the reSpiratory-competent diploid TH22 was constructed by crossing a
dfr1 mutant with a grande wild-type haploid TH20-4B. All dfrl mutant spores derived
from this diploid were recovered on fermentable dTMP-YEPD selective plates. not on
nonfermentable dTMP-YPG selective plates. Those recovered were all deficient in
respiration even though various dTMP concentrations (from 100 ug/ml up to 500 pg/mi
were used during sporulation and spore germination. All dfrl spores stopped cell
division within about six generations on dTMP-YPG medium. These observations
indicate that the dffl disruption mutation is responsible for the respiratory-deficient
phenotype in these Strains. Accordingly. respiratory deficlency must be an integral
part of the dfr1 mutant phenotype.

If the respiratory deficiency of the dfr1 mutant is the result of depletion of
tetrahydrofolate poolS. one might expect that a fou dfr1 double mutant should have a
respiratory-sufficient phenotype. To test this, the diploid strain (TH23) heterozygous
for both the fou and dfr1 mutant alleles was constructed and various concentrations of
folinic acid (from 250 ug/mil up to 500 pg/mi) and/or drMP (from 100 pg/mi up io 200
ug/ml) were used duTing sporulation and spore germination. None of the dfrl mutant
spores derived from TH23 formed colonies on nonfermentable YPG plates
supplemented with folinic acid and/or dTMP. However, petite dfrl mutant spore clones
were readily recovered when they were germinated on fermentable dTMP-YEPD
selective media. All homozygous dfrl diploid strains (TH55, TH57, TH77) were deficient
in sporulation, ":nich is expected of a petite dipleid strain. The resulls described above
suggest that DHFR activity is essential for respiratory function in yeast.

Do the dfrl Mmutants still retain mitochondria? This was addressed by the
following experiments. First, a rho°® strain (without mitochondrial DNA) was isolated
from TH100 by the ethidjum bromide method and then crossed to a dfrl mutant Ti{22-
1B. Similar to both parental haploids. this diploid did not grow on YPG medium.
Second, a dfrl mutant strain THS was transforined with a multicopy plasmid (pBBL20)
that carries a cloned DFR1 gene and it was found that all transformants did not grow on
nonfermentable dTMP-YPG medium. This result suggests that the dfr1 mutants did not
retain functional mitochondria.

111.B. i f rl m
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‘There are at least two reasons that it was desirable to have a respiratory-
sufficient dfrl strain. First, such a strain would be a useful experimental tool for tetrad
analysis, since sporulation requires respiratory-sufiiciency in diploids. Second, such a
str= «» .. uld be useful in dissection of the role of DHFR in mitochondrial function. The
f- - - - +f experiments designed to isolate a respiratory-sufficient dfrl mutant strain
from respiratory-sufficient diploid strains heterozygous for the dfrl disruption
mutation required an alternative approach. As described later in Section IV. of
"RESULTS". yeast DIR mutants, which retain respiratory activity when intracellular
DHFR activity was inhibited by antifolates, were isolated. It was thought that these DIR
mutations may also allow respiration in the dfrl mutant. To isolate dfr1 DIR double
mutant strains that presumably would have a respiratory-sufficient phenotype.
diploids (TH361, TH362, TH363, TH364, and TH366) were constructed by crossing a dfrl
strain with the DIR strains. All these diploid strains were capable of sporulation under
the standard sporulation conditions {(without any supplementation of dTMP or folinic
acid). In these crosses. respiratory-sufficient dfrl mutant clones were readily isolated
as spore segregants from tetrads derived from these diploids (Table 9). It was possible to
select respiratory-sufficient dfrl mutant segregants on YEPD supplemented with 100
pg/ml dTMP or directly on YPG medium supplemented with 200 pug/ml dTMP. Thus,
these data indicate that respiratory-competent dfrl mutants can be isolated in a DIR

mutant background.

V. Isolation and characterization of yeast mutants with a DHFR-independent
respiration (Dir) mutant phenotype

IV.A. The inbibitory effect of antifolate drugs on respiration

As described previously (e.g. see Little and Haynes, 1979), supplementatinon si the
end products of tetrahydrofolate-dependenic C1 metabolism (i.e. dTMP in YEPD or
dTMP, adenine, histidine and methionine in SD) is sufficient for overcoming the
inhibitory effect of methotrexate and sulfanilamide on the growth of S. cerevisiae
strains in media using a fermentable carbon source such as glucose. However, even with
the addition of these C1 metabolites, growth on a nonfermentable carbon source such as
glycerol was not observed when intracellular DHFR activity was inhibited by these
ant{folate drugs (Table 10). Thus, the C1 metabolic end products can only overcome the
antifolate-induced inhibition of biosynthetic pathways, but not the antifolate-induced
respiratory deficiency. In considering that dfr1 mutants were respiratory-deficient (see
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Table 9. Growth response of dfr1 DIR double mutants on nonfermentable medium

Growth condition dfrl dfrl DIR

YPG -

YPG + dTMP -

Respiratory-suflficient dfrl1 strains have been isolated from diploids TH361.

TH364 and TIi3066. Other detalls are described in thie text.




W
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Table 10. Inhibitory effect of antifolate drugs on respiratory activity in S. cerevisiae

Growth condition® Growth response

YEPD + MTX/SULF

YEPD + MTX/SULF + dTMP +
YPG + MTX/SULF -
YPG + MTX/SULF + dTMP -

YPC + MTX/SUI + folinic acid -

i 100 pg/ml MTX, 5 mg/ml SULF, dTMP (up to 200 pg/ml) and folinic acid (250 or

500 pg/ml) were added in the growth medium as indicated.
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Section IIIA of "RESULTS"}, these observations suggest that DHFR must play an
essential role for respiration in yeast cells.

IV.B. Exogenous folinic acid is not sufficient for yeast cells {0 retain a respiratory-

sufficient phenotype when intracellular DHFR activity was depleted by
antifolate drugs

If depletion of the reduced folate pools resulted in respiratory deficiency.

exogenous folinic acid would be expected to be suflicient to overcome the inhibitory
effects of antifolate drugs on both biosynthetic metabolism and mitochondrial
activity. However, it was found that exogenous folinic acid was not able to allow yeast
strains to retain respiratory activity when intracellular DHFR activity was depleted by
antifolate drugs (Table 10). It is worth mentioning here that respiratory-suflicient dfr1
spore clones could not be isolated from diploids heterozygous for the fou and dfrl
mmutant alleles with the use of folinic acid as a rescuing agent (see Section HIL.A. of
"RESULTS"). These surprising observations raise the question about why exogenous

folinic acid is not able to fulfil the requirement of reduced folates for milischondrial
activity.

v.C. Isolation an har rization of mu w g

phenotype

To find an alternative appreach to obtain a respiratory-sufficient dfrl mutant,
it was decided te isolzate yeast mutants with a DHFR-independent respiration (Dtr)
phenotype. These mutants could i:¢ isolated under non-fermeritable growth condition
when intracellular DHFR activiiy was inhibited by antifolate drugs while the end
products of C1 metabolism were supplemented in the medium in order to remove the
inhibitory effect of the antifolates on Cl-mediaied biosynthetic pathways.
Spontaneous mutants with a Dir phenotype were readily isolated from haploid strain
TH10G0 (see Table 11). Characterization of the growth requirements of six individual
isolates revealed that none of them were antifolate-resistant mutants since their
growth on nornfermentable medium in the presence of antifolates depended on the
presence of C1 end products. As these mutants had only the nutritional requirements of
the parental strain, there was no auxotrophy associated with the Dir phenotype.

The following experiments were designed to address questions about the genetic
basis underlying the Dir phenotype. First, diploids were constructed by crossing all six
mutants with the Dir phenotype to a strain wild-type with respect to the Dir mutant
phenotype. The dominance of the Dir phenotype was suggested as all resulting diploids
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Table 11. Isolation of mutants with a DHFR-independent respiration (Dir) phenotype*

Growth response

Strain YPG + MTX/SULF YPG + MIX/SULF + dTMP
wild-type - -
Dir mutant - +

A single colony of TH100 from a YEPD plate was inoculated in 5 ml YEPD medium.
The culture was grown for overnight. Approximate 107 cells were plated on the
selective plates that were YPG medium supplemented with 200 pg/ml dTMP, 100
pg/ml methotrexate, and 5 mg/ml sulfanilamide. After incubation at 30°C for 10

days, six colonies were obtained in three plates. These six clones were named as

G1, G2, G3, G4, G5 and G6.
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grew on nonfermentable media supplemented with methotrexate and sulfanilamide
plus the C1 end products . The dominant Dir phenotype could be accounted for by
mutational events in either mitochondrial or nuclear genome. To distinguish these
possibilities, rho® derivatives of the six mutants with the Dir mutant phenotype were
isolated (see "MATERIALS AND METHODS"} and crossed to a respiratory-suflicient
wild-type strain. If the mutational events responsible for the Dir phenotype were of
mitochendrial origin, no Dir mutant phenotype should be observed in the resulting
diploids. However, if the mutations were nuclear, one would expect that these diploids
have a Dir mutant phenotype. Analysis of the growth response of these diploids
revealed that they all grew in non-ferrnentable growth media supplemented with
methotrexate and sulfanilamide plus dTMP (Table 12). It is suggested that the
mutational events giving rise 1o the Dir mutant phenotype occurred in the nuclear

genome. These dominant mutant alleles were therefore designated as DIR.

IV.D. DIR mutations _also confer a respiratory-sufficient phenotype on met7
mutant strains

The DIR mutants provide a useful approach to study the role of DHFR activily or
folate metabolism in respiratory function. One example of epistatic analysis between
mutants in folate metabolism was illustrated by characterization of the DIR dfrl
double mutant as described in Section III.B. of "RESULTS"”. Presented in this section is
the analysis of DIR met7 double mutants. The met7 mutant iIs interesting because of its
pleiotrophic phenotype. This mutant is respiratory-deficient and auxotrophic for
adenine and methionine (Lowentein 1973: cited in Jones and Fink, 1982). Although the
MET7 gene product has not been identified, the phenotype is suggestive of a defect in
folate metabolism.

Prior to this study, it had been thought that met7 mutations might be allelic to
DFR1. This was raised by two arguments. First, the met7 mutant phenotype is similar,
in several respects to the one expected for a DHFR-deficient mutant. Second, the DFR1
locus was mapped indirectly by using a URA3 marker inserted between two copies of the
DFRI1 gene and the MET7 locus and the integrated URA3 gene were found to be very
closely linked at a distance of the approximate 1.4 cM (Barclay et al. 1988). Among a
sample of 108 tetrads analyzed, only two tetratype tetrads which showed reciprocal
recombination between the URA3 marker and the met7 allele were observed. Therefore,
the possibility existed that the DF® ° a1 1 met7 are allelic. To determine whether met7
and DFR1 were allelic, comnle ~ - 3. analyses were performed. Diploids
heterozygous for both dfrl and me:” r:: - :.: 1ad a wild-type phenotype with respect
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Table 12. Characterization of the mutants with a Dir mutant phenotype

Growth condition**

Strain®* SD YPG + MTX/SULF YPG + MTX/SULF + dTMP
Dir- + - +
Dir x Dirt + - +
Dir-rho® x Dir*- rho* + - +

All six isolates with the Dir phenotype had similar growth response. The
diploids (Dir" x Dir*) are represented by TH180, TH181, TH182, TH183, TH184 and
TH 185 as well as TH361, TH362, TH363, TH364, TH365 and THTH366. The other
diploids (Dir"-rho® x Dir*- rho*) are represented by TH367, TH368, TH369,. TH370,
TH371 and TH372. The rho° derivatives of the six DIR mutants were isolated as

described in "MATERIALS AND METHODS".

L

The SD medium used in this analysis was supplemented with tryptophan and
leucine which were required by the parental strain TH100. 100 pg/ml MTX, 5

mg/ml SULF, and 200 pug/mil dTMP were added in the growth medium as indicated.
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to both dfr1 and met7 (see Table 13). In addition, a met7 strain (g877-2a) transformed
with plasmids carrying a cloned DFR1 gene relained the met7 mutant pherotype.
Similar results were produced by plasmids carrying either the 1.8-kb BamHI/Sall or
the 9.0-kb BamHI genomic fragment that contains the DFR1 gene (see Table 13). These
observations indicate that met7 is not allelic to DFRI and that a functional MET7 gene
is not located within the 9-kb BamHI restriction fragment.

One of the most like’y biochemical mechanisms underlying the Dir phenotype
is that the DIR mutants were able to bypass the dependence on DHFR activity for the
production of a reduced folate (10-formyltetrahydrofolate) that is required for the
initiation of mitochondrial protein synthesis. Thus, it was conceivable that if the
pleiotrophic phenotype of the met7 mutants resulted from defects in folate metabolism,
DIR mutations should be able to confer a respiratory-sufficient phenotype to met7
strains. To test this, the DIR mutants were crossed with a met7 strain to generate
diploids for isolation of DIR met7 double mutants. As indicated in Table 14, from these
diploids, respiratory-sufficient met7 spore clones were readily isolated. These met7
mutant spore clones did carry a DIR mutation since they grew on glycerol in the
presence of methotrexate and sulfanflamide plus dTMP. Thus, this result suggests that
MET?7 gene product is involved in some aspects of folate metabolism that are required

for the synthesis of methionine and adenine as well as for mitochondrial activity.

V. Selection of MTX-resistant mutants from a wild-type strain

In S. cerevisiae, synergistic inhibition of both DHFR-catalyzed reduction of
dihydrofolate to tetrahydrofolate and the de novo pathway for folate synthesis is
required for effective growth inhibition (Barclay and Little, 1977; Little and Haynes,
1979). Methotrexate (MTX) is commonly used as DHFR inhibitor, while sulfanilamide
(SULF) is employed to inhibit the enzyme dihydropteroaie synthetase that catalyzes the
condensation of pteridine and pABA to dihydropterate in the folate biosynthetic
pathway. Usually, SULF is added at the concentration of 5 mg/ml, which is close to the
limits of the solubility of this compound in yeast grewth media. In spite of this high
drug concentration, only a transient growth inhibition is observed when this drug is
used alone. M3'X concentrations are varied according to the selective .equirements.
The typical condiiion used to inhibit the growth of yeast cells in a number of studles on
the effect of f~late antagonism is addition of 100 pg/m! MTX plus 5 mg/ml SULF in
YEPD medium (e.g. see Little and Haynes, 1979). However. as revealed by DNA
hybridization analysis, there was no amplification of the DFRI1 gene In 37 MTX-
resistant mutants analyzed. These resistant mutant strains were either isolated under



63

Table 13. mel7 is not allelic to dfrl

Phenotype**
Strain* met7 dfrl MTX resistance
mel7 x dfrl wild-type wild-type NA
met7 with a DFR1 plasmid mutant NA yes

hk

Four met7 strains (g877-2a, g877-4b, F33, and S189-6d) were used in this
analysis. The met7 x dfr1 diploids represent TH122, TH123, TH177, and TH178
that were constructed by crossing a met7 strain with a dfrl strain. The met7
strain transformed with a DFRI1 plasmid is strain g877-2a. Several plasmids
were used for the transformation. Plasmids pTHS. pTH27, pTH30, and pTH31 all
carry the 1.8-kb BamHI/Sall genomic fragment that contains the DFR1 gene (see
Figure 4). Plasmids pRA1, pRA8, pRA10, pRB2, pRB3, and pDR73 all carry the
9.0-kb BamHI genomic fragment containing the DFRI gene (see Barclay et al.,
1988).

All diploids were abie to grow in the absence of dTMP, adenine, histidine and
methionine. The transformants were auxotrophic for methionine. NA: not

applicable.
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Table 14. DIR mutations confer a respiratory-sufiicient phenotype to met7 mutants

Genotype* Growth response in YPG medium
met7 -
met7 DIR +

A mel7 strain (F33) was crossed to all six DIR mutants described in this study.
Respiratory-sufficient met7 mutant strains were isolated as spore segregants
from the resulting diploids TH187, TH188, TH189, TH180, TH191 and TH192 in
either tetrad or random spore analysis. No grande met7 spore clone was

obtained from a control diploid TH186 (TH100 x F33).
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this standard selective conditicn or selected for resistance to higher MTX
concentrations (e.g. up to 500 pg/ml MTX in YEPD medium). I considered it possible
that lack of any detectable amplification events might have been a consequence of the
selective conditions that prevented the primary amplification mutants from
undergoing sufficient cell divisions to form colonies in the selective media. It is likely
that the mutant clones isolated resulted from other mutational alterations than DFR1
gene amplification. These might include mutations that could induce any one of the
potential biochemical mechanisms underlying the resistant phenotype (see Section IV
of "DISCUSSION"). Since one of the primary goals of this research project was to
develop the yeast system for gene amplification studies, an alternative selective
condition for isolation of amplification mutants was sought.

It seemed conceivable that the primary amplification events may generate only
one or a few extra coples of the DFR1 gene in the initial mutant cell. In order for this
primary mutant cell to form a colony on the selective plates, the growth inhibitory
stringency imposed by the drug concentration must be low enough that this primary
mutant cell and those derived from it will have sufficient intraceliular folate pools to
bypass the growth inhibitory effect of folate antagonism. Yeast sirains with two or
multiple coples of the DFR1 gene per haploid cell can be constructed by transforming a
wild-type strain with a integrating plasmid or an ARS plasmid that carries a cloned
DFR1 gene. The growth response of these strains to various MTX concentrations was
examined in order to define conditions that favored the growth of cells with a single
additional copy of the DFR1 gene. Shown in Figure 7 is one of the experiments
performed in liquid culture medium. The results of this experiment showed that a
strain containing two copies of the DFR1 gene had a growth advantage over the strain
with a single copy of the DFRI1 gene only in the presence of low MTX concentrations {see
Figure 7). These observations suggested that under such low drug selective conditions
mutants with two copies of the DFR1 gene had a slight growth advantage and could be
positively selected. On agar plates, a similar drug concentration-dependent growth
response was observed. Based on these experiments, the addition of 25 pg/ml MTX plus
5 mg/ml SULF in YEPD agar plates or 2 pg/ml MTX plus 5 mg/ml SULF in MC plates
was used as the standard selective conditions for isolation of primary resistant
mutants. Thus, cells that are able to form colonies under these conditions were defined
as MTX-resistant. In this study, unless otherwise indicated, strains referred to as
primary resistant mutants are those isolated under these conditions. Secondary
resistant mutants are those derived from these primary clones.
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FIG. 7. Effect of the DFR1 gene copy number on the growth response of S. cerevisiae to
methotrexate. M1-2B (@) is a wild-type haploid strain with respect to the DFR1 locus.
M1-2B/pIUD-1 (&) was derived from M1-2B by integration of plasmid plUD-1 at the
DFR1 locus and therefore contains two copies of the DFR1 gene. Strain M1-2B/pDSB1-
Z (@) was a transformant of M1-2B with multi copy plasmid pDSB1-Z that carries a
cloned DFR1 gene. Cells were pre-grown in SD medium supplemented with tryptophan
and uracil (uracil was omitted for strain M1-2B/pDSB1-Z for plasmid selection).
Exponentially growing cells of each strains were harvested by centrifugation and
resuspended at approximately 5 x 10° cell/ml in the SD medium supplemented with 5
mg/ml sulfanilamide and various methotrexate concentrations as indicated. Afler
incubation for 24 hour at 30°C, the cell densities were determined in an electronic
particle counter. In the absence of methotrexate, the cell density for each culture was
about 107 cells/ml.
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VL Phenotypic characterization of the MTX-resistant mutants

Visible variation in the MTX-resistant phenotype was observed. Fcr example,
many of the primary drug-resistant isolates were phenotypically unstable. In addition,
there were variations in the degree of -irug resistance among the primary isolates. Most
of them had a low-level MTX-resistant phenoiype (i.e. only grew in the primary
selective condition), while a few of them grew on higher MTX concentrations (e.g. 100
pg/mi in MC medium). In comparison with the primary selective MTX concentration (2
ug/ml in MC), this represents at least a 50-fold increase in MTX-resistant level. From
the primary low-level MTX-resistant mutants, it was also possibie to isolate higher-
level MTX-resistant clones by step-wise increases in MTX concentrations. For
instance. secondary mutants resistant to MTX concentrations up to 1200 pg/ml in MC
medium were readily isolated from primary resistant isclate 25-1. This represents at
least a 600-fold increase in MTX-resistani level. Thus, MTX resistance in yeast cells is
a gradient rather {han an 'all or nothing' phenotypic response.

In addition Lo tiiese parameters (such as stability and resistance level) of the
MTX-resistant phenaotype described above. variations in other phenotypic
characteristics of MTX-resistant mutants were also noted. For example, some resistant
isolates did not grow in non-selective medium (YEPD) following the transfer from MTX-
supplemented medium, but corttnue to growth in drug-contained medium. Anocther
interesting observation associated with some resistant mutants was the forrmation of a
precipitate during the growth in antifolate-contained medium. This phenomenon is
referred to as P phenotype and the chemicals precipitaied are called to P compounds
{since the chemical nature of these compounds has yet to be identified).

VII. Analyses of the genetic and biochemical basis of MTX resistance
VILA. MTX resistance can be mediated by de novo amplification of the DFRI gene

As shown previcusly (Huang, 1987), yeast strains transformed with a plasmid
that carries a cloned DFR1 gene are less sensitive to the growth inhibition by MTX
(Figure 7). This suggested that M'I'x resistance in S. cerevisiae could be mediaied by an
inc. case in the copy number of the DFRI gene. It was therefore conceivable that de nsve
amplification of the DFR1 locus could be 2 potential mechanism for MTX resi=tance In
S. cerevisiae. As described in details in Section IX of "RESULTS", DNA hytridization
analysis did reveal that the DFR1 gene was amplified in some of the MTX-resistant

mutants.
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VII.B. Stable MTX resistance can also be mediated by a recessive mutation event
that segregates from the DFRI locus

In order to help with preliminary identification of resistant mutants mediated

by DFR1 amplification from those resulting from other mutational events. haploid
strain TH100/ESLZ was constructed by transformation with plasmid pESLZ. This
plasmid contains a LEUZ2:lacZ fusion and a mutant dfrl gene with a 3' end deletion.
Integration of this plasmid at the DFR1 locus resulted in one complete copy of the DFR1
gene and a repeat of the 5’ DFR1 sequence. Between the repeats is a LEU2:lacZ fusion
construct and the URA3 gene. The unique feature of this strain is that unequal sister-
chromatid exchange between the repeats cannot generate extra copies of a functional
DFR1 gene and therefore such events cannot be selected as resistance to the antifolate
drugs. The MTX-resistant mutants isolated from this strain could be a result of cither
DFR1 gene amplification during which adjacent sequences such as the LEU2:lacZ
fusion construct were likely co-amplified. or some mutational events other than DFR1
gene amplification. Thus, over-expression of B-galactcsidase activity in a resistant
mutant (e.g. a dark blue drug-resistant colony) may indicate that an amplification
event occurred at the DFR1 locus. On the other hand. low leve' of B-galactosidase
activity (e.g. a light blue resistant isolate} may indicate that the resistant phenotype
resulted from a mutational event cther than DFR! gene amplification.

The resistant mutants isolated from haploid strain TH100/ESLZ exhibited the
typical phenotypic characteristics of MTX-resistant mutants as described above. The
resistant isolate ESLZ-150 was identified as a large colony with light blue color on a X-
gal MC plate that was supplemented with 2 pg/ml MTX and 5 mg/ml SULF. This
primary resistant clonne was able to grow on higher MTX concentrations {e.g 150 pg/ml
MTX in YEPD mesdium) without secondary step-wise drug selectlon. The expression
level of B-galactosidase in this resistant mutant was similar to that of the parental
strain TH100/ESLZ as both strains developed light blue color on a X-gal rlate that did
not contain the antifolate drugs. The resistant mutant did not have an auxotrophic
phenotype and the primary high-level resistant phenotype was mitoticailly stable (see
Table 15). No P phenotype was found to be assoctated with tiis resistant mutant.

The stable resistant phenotype has greatly facilitated the anelysis of its
underlying genetic basis. Diploids such as TH74, constructed by crossing resistant
mutant ESLZ-150 with a wild-type strain, were unable to grow on the primary selective
medium even through the haploid parental resistant mutant grew on at least 50-fold
higher MTX concentrations (100 pg/ml MTX in MC medium). This suggests that a

recessive mutation is responsible for the stable MTX-resistant phenotype. Shown in
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Table 15. Stability of the MTX-resistant phenotype of mutant strain ESLZ-150*

Number of colony grown on Number of colony grown on Number of colorny grown on

YEPD plate mtx60-YEPD mtxi50-YEPD

688 (4) €688/688 688/688

. Cells of ESLZ-150 were picked from the colony grown on a mix150-YEPD plate
after replica-plating from the original selective plate and resuspended in water.
The cell suspension was used Lo inoculate 20 ml of YEPD to give rise to
approximate 10° celis/ml. The culture was grown for overnight which reached
about 1.46 x 10% cells/ml {about 17 generations). Cells from the overnight culture
were washed with water, then diluted in water and finally plated onto 4 YEPD
plates. as indicated hy the number within the blank in column 1. Colonies were
sec:: after 4-5 days. The colonies on YEPD plates were then replica-plated onto
mtx60-YEPD and mtx150-YEPD plates. In contrast to the colonies on the orig: .al
selective plates, almost all colonies formed on these selective plates were uniform

in size.
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Table 16 are the results of tetrad analysis of the heterozygous diploid TH74. It can be
seen that the resistant marker segregated from both the URA3 and LEUZ2:lacZ markers.
As the mutational event responsible for the MTX-resistant phenotype is recessive. il is
then reasonable to conclude that the resistant phenotype cannot be assoctated with the
transpositional DFRI gene amplification since additional copies of DFR1 gene should
result in a dominant or at least semidominant resistant phenotype. Taken together,
the observations described above demonstrated that a recessive mutational event that
occured in a genetic locus other than the DFR1 gene is responsible for the stable MTX-

resistant phenotype in strain ESLZ-150. This mutant allele is thus designated as mtx1R
for MTX resistance.

VII.C. Characterization of the P phenotype that was seen in some of the MTX-
resistant mutants

As mentioned previously, some of the MTX-resistant mutants generated a
precipitate when grown in the antifolate drug-supplemented medium. A number of
experiments were designed to examine the relationship between MTX resistance and the
P pnenotype. P compounds were seen as yellow o orange- colored precipltaics in MC
liguid medium supplemented with MTX and SULF. When dissolved in H20, the
saturated solutions had pH values at about 4.5 (o 5, similar to those of the medium used
for growth of the resista:i mutants. When the pH of the solution was adjusted to above
neutral, they became soluble. P compounds were also soluble in boiling water, but
precipitated again when the solutions were cooled. The color and the soluble behavior
in higher pH and temperatures resemble the characteristics of folate derivatives such as
methotrexate and folinic acid. A method described by Shane (1986) for identification of
folate compounds extracted from bacterial cells and marnmalian tissues was adapted (o
test whether P compounds contain p-aminobenzoylpoly(y-glutamates). After a number
cleavage procedures, folate compounds in cell-free extracts could be converted into p-
aminobenzoylpolyglutamates (see Figure 2 for structure). The products could react with
a color-less azo dye solution to produce purple-colored azo dye derivatives. It was found
that strong purple-colored azo dye derivatives were produced by the P compounds. This
observation is, therefore, consistent with the idea that P compounds may contain a
structure similar to p-aminobenzoylglutamate.

There is a possibility that P cormnpounds were derived directly from the medium.
For example, changes in the medium pH during the growth of the resistant mutants
might contribute te the precipitation. However, there was no significant change in the
pH of the medium before and after the growih of the resistant cells. In addition, on agar
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plates, the P phenotype was seen as a turbid ring around resistant colonies during their
initial growth and eventually seen in the entire plates, presumably due to the diffusion
of the precipitated P compounds. These observations seemed to suggest that either the P
compounds were secreted from the mutant cells during the selective growth or
something was secreted from the mutant cells that in tum caused the precipitation of
the P compounds.

Thus, if the P compounds were folate-related chemicals and were secreted out of
the resistant cells, could they be the producis of altered folate mietabolism that led to the
resistant phenotype? This was tested by examining whether the P compounds could
support the growth of yeast folate-requiring mutants such as the foll, fol2 (Little and
Haymes, 1979) and the dfrl described in this study. P compounds obtained from a

+ iture of strain R14p in antifolate-contained MC medium were dissolved in H,O by pH
adjustment and then supplemented inte YE™D or MC growth medium. However, none of
the folate-requiring mutants was able to grow under these growth condltions. Thus, P
compounds did not function as physiological folate substrates that could be utilized by
a yeast cell. Could the~. then, be the chemically modified methotrexate or
sulfanilamide that were suppicmented ir the selective medium. This was tested by
grswing a resic . ant mutant that has a P phenotype (R14pj in medium supplemented
with either MTX or SULF alone. It was found that P compounds were producec¢ . - in
the niedium supniemented with sulfanilamide, bui not methotrexale. Thus, the
production of the P compounds and the resisiant nhenotype may be related to
intracellular metabolism of sulfanilamide that detoxifies the drug.

The P phenotype was seen in heterozygous consiructed by a cross between a
resistant mutant that has the P phenotype ar«d a wild-type strain. Thus, the mutational
event underlying the P phenotyp= appears to .. dominant. Since resistant mutants
with a high number of copies of the DFR1 gene do not necessarily to have the P
phenotype, it seems reasonable to suggest that the P phenotype is caused by a dominant
mutation event other than an increase in the copy number of the DFR1 gene.

VIII. Frequer..y and rate of MTX-resistant mutants

To investigate how ofien the resistant mutations occur, distribution of the
resistant mutants in independent cultures was studied by fluctuation tests. The
frequency of MTX-resistant mutations under the primary selective condition was found
in a range of approximate 1.0 x 10-% to 6.0 x 103 mutational event/cell plated (Table
17). If all the resistant mutants were assumed to arise before plating on selective

medium, the rate of arising of resistant mutants was estimated to be about 3.0 x 107 to
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1.0 x 10-8 mutational event/cell/gencration (Table 17). However, as discussed in
Section V of "DISCUSSION", the antifolatie drug-resistant mutants on the selective
plates may actually arise after the cells were plated on to the drug-containing medtum.

For this reason, the rates of MTX-resistant mutants shown in Table 17, thus, may not
be valid.

IX. Molecular characterizacion of the de novo DFR1 gene amplification events
in MTX-resistant mutants derived a wild-type strain

IX.A. De novo amplification of the DFR I imne

An increase in the copy number of the DFRI gene wtiiiin a cell couid result from
either an increase in the number of the entire chromosocine that carries the DFR1 gene
or amplification of a DNA segment containing the DFR1 gene. In order to demonsirate
DFR1 amplification unambiguocusly in MTX-resistant mutants by DNA hybridization.
i was3 necessary to know about the chromosomal location of the DFR1 gene. Genetlc
mapping analysis revealed that the DFRI locus is about 1.4 cM proximal to a mei7
nittant allele on the right arm of chromosome XV (Barclay et al., 1988). Based on this
map location, two DNA probes were used as controls for {he copy nuuber ot {he DRI
gene. One of them is a DNA fragment that contains the URA3 gene which {s mapped on
chromosome V. Hvhridization with this probe and a DFRI1 probe would demonstrate
whether there was . Increase in the copy number of the DFR1I gene in the resistant
mutants analyzed. However, these two probes would not distinguish whether an
increase in the copy number of the DFRI gene resulted from gene amplification or from
extra copies of the entire chromosome XV. The other probe is a DNA fragment at the
ADH4 region on the left arm of chromosome XV. Hybridizations with this ADA4 probe
specific for the left arru of chromosome XV and a DFR1 probe _peciiicor the right arm
of chromosome XV would demonstrate whether the DFRI gene was amplified. An
increase in the copy number of entire chromosome XV would not te detected by these
two probes. With these strategies, primary and scc: ndnry *ATi-resistant mutants
derived from a wild-type haploid strain M1-2B that has a single copy oif the DFR1 gene
were analyzed by Southern hybridization in order to dete: ' e whether the resistant
phenotype was mediatied by de nevo amplification of the DFR1 gene.

Shown In Figure 8 is the re<.:!t of a conventional Southern hybridization
analysis of two individual MTX-resistant n:utants (R14 and R15j selected from M1-2B
for resistance to 25 mg/ml MTX in SULF-YEPD medium. In this hybridization
experiment, the URA3-specific probe detected an 11-kb (upper band); whereas the DFY¢:-
specific probe revealed a $-kb band {(lower band). By using the 11-kb band as the
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FIG. 8. Southern hybridization analysis of the MTX-resistant mutants R14 and R15.
The MTX-resistant mutants were isolated from M1-2B for resistance to 25 ug/ml MTX
in YEPD medium in the presence of 5 mg/ml of sulfanilamide. For R14 and R15, total
genomic DNAs were isolated from cells grown in YEPD medium supplemented with 25
pg/ml MTX and 5 mg/ml sulfanilamide. The genomic DNA samples were digested with
the restriction enzyme BamHI. The resuliing fragments were separated on a 1% agarose
gel and then transferred to a GeneScreen Plus merabrane. The membrane was
hybridized as recommended by the manufactures. Plasmic. TH33 was used as the probe
for this experirnent. It contains two yeast genomic fragments specific for the URA3 gene
and ‘he DFR1 gene. The URA3 fragment detected the upper band, while the DFR1 probe

hiybridized the lower band.
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internal control for the copy number of the DFR1 gene, it can be seen that there are
extra copies of the DFR1 gene in resistant mutants R14 and R15 (lane 1 and lane 2). In
addition to R14 and R15, such conventional Southern hybridization also reveals that
there are extra copies of the DFRI1 gene in several other MTX-resistant mutants such as
R1 and R5, which were isolated under the primary sc ective condition (data not shown).
To demonstrate whether the extra DFRI1 gene copies results from: gene ampiification,
these MTX-resistant mutants were further analyzed by slot blot Southern
hybridizatien with probes specific for the ADH4 and DFR1 genes. The results from
these experiments demonstrate that the extra copies of the DFRI gene did result from
gene amplification. Shown in F’_ure 9 are the results for MTX resistant mutants 25-1,
R14, R14S (a secondary isolate of R14). There are about 6 copies of the DFRI gene per
cell in MTX-resistant mutant 25-1; while at least 2 copies of the DFRI gene are present
in mutant R14. There is apparently no exira copy of the 7FR( gene in mutant R14S,
when the ADH4 probe was used as a control for copy number (see Figure 9). However, in
a conventional Southern hybridization experiment {see Figure 10), in addition o the 9-
kb BamHI fragment, an extra band was detected by the JFRI1 probe. indicating that an
extra copy of the DFR1 gene is present in this mutant strain. The observations
described above indicate that the MTX-resistant phenotype of these prirnary mutants
was mediated by de novo amplification of the DFR1 gene. Of 32 primary resistant
mutants analyzed by Southern hybridization, 7 had extra copies of the DFRI gene.
Thus, about 22% of the MTX-resistant rmutants isolated under the primary s=lective
condition resulted from DFR1 amplification. If the frequency of MTX-resistant muiant
is about 1.1 x 10-€ (see Table 17 for strain M1-2B in the standard primary selective
condition: 25 mg/ml MTX in SULF-YEPD medium), the estimated frequency for DFR1
gene amplification are abe & 4 x 10-7 amplification event/cell plated. These results
indicate that DFR1 gene amnplification is a relatively common molecular mechanism

for MTX resistance under the primary selective condition used in this study.

IX.B. Chromosomal localization of the DFR1 amplicons by pulsed-field gel
electrophoresis

To localize the chromosomal position of the amplified DFRI gene in the MTX-
resistant mutants, pulsed-field gel electrophoresis was employed. The chromosomal
molecules of MTX-resistant mutants along with wild-type control strains were first
separated by pulsed-field gel electrophoresis on agarose gels. The separated
chromosomal molecules were visualized by staining with ethidium bromide and then

blotted onto a membrane for Southern hybridization analysis. Shown in Figure 11 are



77

left arm probe ADH1 right arm probe DFR1
x1 x2 x4 x1 x2 x4
A M1-2B (wild-type)
B R14L
C R14S
D 25-1

FIG. 9. Slot Southern hybridization analvsis of MTX-resistant mutants. The method
described by Costanzi and Gillespic (1987), with modification for yeast celis, was used to
prepare the slot blot membrane for hybridization. For MTX-resistant mutants, DNAs
were extracted from cells grown in YEPD medium supplemented with 25 ng/mi
methotrexate and 5 mg/ml sulfanilammide. The DNA samples were blotted onto a
GeneScreen Plus membrane and the relative concentrations in each slot were indicated
by the numbers shown on the top. The membrane was first hybridized with the ADH 1
probe that was the 3-kb HindIll fragment derived from a yeast genomic clone
(ATCC78877). The DFR1 probe that was the 0.7-kb BamHI/HindlI fragment (see FIG. 4)
was used for the second hybridization. These probes were radiolabeled with [32p] dcTP
by the random oligonucleotide priming method (Feinberg and Vogelstein, 1983).
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FIG. 10. Southemrm hybridization analysis of the MTX-resistant mutant R14S. For
R14S samples, total genomic DNAs were isolated from cells grown in YEPD mediuin
supplemented with 25 ug/ml MTX and 5 mg/ml sulfanilamide. The genomic DNA
samples were digested with the restriction enzyme BamFk.. The DNA fragmentls were
separated on a 1% agarose gel and then blotted onto a GeneScreen Plue —iembrane. The
membrane was hybridized as recommended by the manufactures. Plasmid TH16 was
used as the probe for this experiment. It contains iwo yeast genomic fragments spectfic
for the URAS3 gene and the DFRI1 gene, respectively. In lane 1 and lane 2, both R14S
clones were derived from the same original R14S isclale. The difference in the DFR1
band between these samples probably indicates the changes in the copy nmber of the
DFR1 sequence during the subsequent growth of the original R14S In the selective
medium. The arrow indicates the novel bands detected by the DFR1 probe.



FIG. 11. Chromosomal localization of the DFR1 amplicons by pulsed-field gel
electrophoresis and Southern hybridization. DNA samples of the MTX-resistant
inutants were prepared from cells grown in YEPD medium supplemented with 25 mg/ml
methotrexate and 5 mg/ml sulfanilamide. (A). The ethidium bromide-stained pulsed-
ficld gel. The Blorad CHEF-DR Il system was used for pulsed-field gel electrophoresis.
Switch time was 70 seconds for 15 hours followed by a 120 second switch time for 11
hours. Gel was 1.0% agarose in 0.5X TBE. Electrophoresis was at 200 volts at 14°C.
DNAs were visualized by staining with ethidium bromide. (B). Southern hybridization
of the pulsed-field gel shown in (A). DNAs were transferred to a GeneScreen Plus
membrane. The membrane was hybridized as recommended by the manufacturer {Du
Pont Co.) with a DFR1-specific BamHI/Hindlll fragment as a probe (see Figure 4). This
fragment was radiclabeled with [32p] ACTP by the random oligonucleotide priming
method (Feinberg and Vogelstein, 1983). M1-2B is the parental strain of the MTX-

resistant mutants.
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the results of a hybridization analysis on resistant mutants R5, R14L, R14-400, and R15
with a DFR1 probe. This probe hybridized to the chrcmosomes in these mutants that
corresponds to the chromosome XV of the parental strain M1-2B. As only chromosome
XV was hybridized by the DFR1 probe, this suggests that the amplified DFR1 gene i{n
these resistant mutants is retained on this chromosome. As shown previously (see
Figure 9). the 9-kb BamHI fragment was amplified in the MTX-resistant mutants R14
and R15. This indicates that the DFR1 amplicon must be as large as 9-kb in these
resistant mutants. Since there is only 1 or possibly 2 extra copies of the DFR1 gene in
these resistant mutants (see Figure 8 and 9), migration of the DFR1-hybridized
chromosome= into the position corresponding to the wild-type chromosome XV was
therefore expected only if it was assumed that the amplicon size in these mutants is
small so that, under the conditions for this experiment, it was not possible to resolve
the size difference as a resuili of gene amplification (e.g. within the range of 50 kb).

The MTX-resistant mutant. R14S was isolated as a small colony on a SULF-MC
plate supplemented with 2 mg/ml MTX among the colonies derived from a R14 cell
population. Interestingly, as shown in Figure 12, a novel chromosome was detected by a
DFRI1 probe, but not the normal chromosome XV, in this R14S mutant strain (lane 5 of
Figure 12). As only this novel chromosome was hybridized by the DFR1 probe, this
suggests that it carries all copies of the DFR1 gene which were detected in the
conveixitional Southern blot hybridization (Figure 10). This new carcmosome {s larger
than the normal chromosome XV; it migrated to a position corresponding to that close
to chromosome IV (1640-kb) of a size-marker strain (Figure 12). This gives an estimated
sw.¢ of about 1500-kb for the novel chromosome. This novel chromosome was also
hybridized by a probe specific to the TMP1 gene that s over 50 map unit proximal to the
DFRI1 locus on chromosome XV (see Figure 12). The observations described above
indicate that this novel chromosome is likely an aberrant chromosome XV.

In resistant mutant 25-1, in addition to the normal chromosome XV, an extra
band was detected by a DFR1 probe, which migrated faster than the ncrmal
chromosome XV (see Figure 13). At this hybridization position, however, there was no
visible ethidium bromide staining (indicated by the arrow in Figure 13). Therefore, the
DNA content was very smali at this position. Lack of an ethidium bromide-stained
band was not expected i the DFR1 sequence were present within a chromosorne as such
a chromosome would provide sufficient DNA content for visible ethidium bromide
straining. Thus, the observations suggest that the amplified DFR]1 genes were likely
present on a small extrachromosomal element.
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A. probed with DFR B. probedwith TMP1
Marker RIl14 Ri4 R14L R14S R14S
1 2 3 4 5
d ~ - gel origin  —— ~
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FIG. 12. Analysis of the MTX-resistant mutants R14, R14L, and R14S by pulsed-field gel
electrophoresis and Southern hybridization. DNA samples of the MTX-resistant
mutants were prepared from cells grown in YEPD medium supplemented with 25 pg/mi
methotrexate and 5 mg/m) sulfanilamide. The pulsed-field gel was run in the Biorad
CHEF-DR 1l system. Switch time was 90 seconds for 24 hours. Gelwas 1.0% agarose in
0.5X TBE. Electrophoresis was at 200 volts at 14°C. (A}. Southern hybridization of the
pulsed-field gel membrane with a probe which is the 1.8-kb BamHI/Sali fragment
containing the DFR1 gene (see Figure 4). (B). Hybridization of the sarme membrane used
in (A) with plasmid pTL221 which contains fragment derived from the TMP1 locus.
This probe also hybridized to several other chromosomes, but very weak hybridization
occurred in the position corresponding to chromosome XV. This weak band may result
{from hybridization to chromosome VII which comigrated with chromosome XV. The
first lane is the yeast chromosome PFG marker purchased from New England BioLabs.
Chromosome XV of M1-2B migrated to the position corresponding to Chromosome XV
of the marker strain.
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FIG. 13. Chromosomal localization of the DFR1 amplicons in the MTX-resistant
mutant 25-1 by pulsed-field gel electrophoresis and Southern hybridization. The DNA
sample of the MTX-resistant mutant 25-1 were prepared from cells grown in YEPD
medium supplemented with 25 ug/ml methotrexate and 5 mg/ml sulfanilamide. (A}
The ethidium bromide-stained pulsed-field gel. The running condition was the same as
in Figure 11. (B). Southern hybridization of the pulsed-field gel shown in (A). DNAs
were transferred to a GeneScreen Plus membrane. The membrane was hybridized as
recommended by the manufacturer (Du Pont Co.} with a DFR1-specific BamnHI/Hindlll
fragment as a probe (see Figure 4]. This fragment was radiolabeled with [32p] dCTP by
the random oligonucleotide priming method (Feinberg and Vogelstein, 1983). The first
lane is the yeast chromosome PFG marker purchased from New England Biolabs.
Chromosome XV of M1-2B migrated to the position corresponding tc Chromosome XV
of the marker strain.
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IX.C. Increased MTX-resistant levels correlate with the number coples of the DFR1
amplicons

From the primary drug-resistant mutants that result from DFRI amplification,
sccondary isolates resistant to higher levels of MTX could be isolated by step-wise
selections for growth on higher MTX concentrations. It was easier Lo do this with some
resistant mutantis such as 25-1 than the others such as R14. For example, a culture of
about 10% celi/mnl of primary resistant mutant R14 in MC medium supplemented with
20 mg/ml MTX required at least 5 days to reach cell density of about 5 x 107 cells/ml.
Step-wise selection of secondary mutants from primary resistant mutants such as R14
that carry the amplified DFR1 gene on the native chromosome XV for resistance to
higher MTX concentrations {e.g. 10, 20, 50. 100, 200, 400, and up to 600 mg/ml MTX in
MC medium) was possible but each step required a long period of cultivation (from 4 to 7
days). However, about two days were normally requireé by a culture of about 104
cells/ml of resistant mutant 25-1 in MC medium supplemented with various MTX
concentrations (20, 50, 200, 400, 800, and up to 1200 mg/ml} to reach the cell density of
aboul 5 x 107 cells/ml. The rapid progression of the primary mutant 25-1 to high-level
resistant isolates may be attributed to the unequal scgregation or over-replication of
the extrachromosomal element that carries the DFR1 genes. There are at least 6 copies
of the DFR1 gene per cell when resistant mutant 25-1 was grown in the primary
selective MC medium supplemented with 2 mg/ml MTX (see Figure 9). As shown in
Figure 14 and 15, more copies of the DFR1 gene were detected in cells grown in the
presence of higher MTX concentrations. For example, there are probably at least 100
copies of the DFR1 gene per cell in the secondary mutant cells that were grown in the
presence of 800 mg/ml MTX in MC medium (see Figure 14). These observations suggest
that there is a correlation between the levels of MTX resistance and the copy numbers of
the DFRI gene.

IX.D. Fuvrther characterization of the extrachromosomal elements that contgin
DFR1 amplicons by gel electrophoresis

As mentioned above, the observations described in Sectionn B of this chapter

have been interpreted as that a small extrachromosomal element carries amplified
DFRI1 gene in resistant mutant 25-1. Under the experimental conditions for the resuits
shown in Figure 13, the DNA molecule that contains the amplified DFR1 gene would
correspond to a linear molecule of at least 950-kb. If this were true, one would expect
that this 950-kb molecule should form a ethidium bromide-staining band as the other

chromosome molecules did. Since there is no visible ethidium bromide-staining band
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25-1/ M1-2B 25-1/ M1-213
206 400 &0 O IMTX] (pg/ml)

-—— gel origin —
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FIG. 14. Pulsed-iield gel electrophoresis and Southemn hybridization analyses oi the
DFR1 amplicons in secondary MTX-resistant mutant cells isolated from 25-1 for
resistance to higher MTX concentrations. DNA samples of the MTX-resistant mutants
were prepared from cells grown in MC medium supplemented with methotrexate
concentrations indicated on the top. {A). The ethidium bromide-stained pulsed-field
gel. The BRL CHEF system was used for this pulsed-field gel electrophorests. Switch
time was 70 seconds for 15 hours followed by a 120 second switch time for 12 hours.
Electrophoresis was at 150 volts at 8°C. (B). Southern hybridization of thie pulsed-field
gel shown in (A). DNAs were transferred to a GeneScreen Plus membrane. The
membrane was hybridized as recommended by the manufacturer (Du Pont Co.) with a
DFR1-specific BamHI/HindIll fragment as a probe (see Figure 4}. The Southern
photograph was resulted from an exposure of about 3 hours in order to show the
hybridization signal for the wild-type control M1-2B. Shorter exposure (e.g.. 45

minutes) could not reveal any hybridization band for the wild-type control.
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at the position corresponding to the hybridization band (see Figure 13), the molecule
that carries the amplified DFR1 gene has to be relatively small. However, a small
linear molecule should run out of the gel, but not migrate into this position under the
running condition for this pulsed-field experiment. Thus, the mif ‘ing posidon in the
pulsed-field gel and the small size could not be explained if the extrachrormosomal
element was assumed to be linear. The observations, however, were expected if the
extrachromosomal element was a circular molecule. The migration patterns of
circular DNAs are known to be different from those of linear DNA molecules in pulsed-
field gel electrophoresis. For example, in contrast to linear molecules, migration of
small supercoiled circular DNAs in pulse-field electrophoresis is not size- and pulse
time-dependent (Hightower et al., 1987). Thus, as observed (Figure 13), even though
small in size, the circular DNAs were still migrating within the gel. This behavior was
also observed in the secondary cultures selected from the primary resistant mutants for
resistance to higher MTX concentrations (see Figure 14). Interestingly, as shown in
lane 1 of Figure 14A, most of the chromosomal DNAs were degraded probably due to
exonuclease activity. But strong hybridizations were still observed at several positions
within the lane (lane 1 of Figure 14B). This suggests that the extrachromosomal
molecules seemed to be much more resistant to the degradation. This observation again
is consistent with idea that the extrachromosomal element is circular.

The migration patterns of circular DNAs are also different from those of large
linear DNA molecules in conventional agarose gel electrophoresis (Mickel et al., 1977).
For example, linear molecules larger than 50 kb cannot be resolved by conventional
electrophoresis. They usually migrate as a single composite band. On the other hand,
the migration patterns of circular DNAs in conventional electrophoresis are size-,
topological state- {e.g. relaxed or suppercoiled), and voltage-dependent. Such difference
in the migration patterns could be used to distinguish whether the DNA samples were
linear or circular. Therefore, the same agarose plugs that were used for the experiment
by pulsed-field gel electrophoresis {shown in Figure 14) were also analyzed by
conventional gel electrophoresis. As shown in Figure 15A, the only strong distinct
ethidium bromide-stained band is the composite chromosomal DNAs that migrated to
a position coressponding to the size of about 21-kb linear fragment. However, when
this gel was blotted onto a membrane and hybridized with a DFR1 probe, as shown in
Figure 15B and Figure 15C, the strongest hybridization bands were detected at the
positions where there was almost no visible ethidium bromide straining. These

observations indicate that a small amount of the DNA was present in these positions,
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but there was a high concentration of the DFR1! gene. suggesting that the DFR1

amplicons seern to present in a small extrachromosomal circular molecule,

IX.E. Isolaton _and_ restriclien mapping analysis of the extrachromosomal
elemenis that contain the DFR1 amplicons

If the extrachromosomal elements were indeed circular, one would expect that it
should be pussible to purify them by methods used for isolation of circular DNAs such
as plasmids. The alkaline lysis method described by Rulz and Wahi (1988} was adapted
for the isolation of the extrachromosomal element that contains the DFR1I gene. The
DNA samples prepared by this method from several cultures derived from 25-1 were run
in a conventicnal agarose gel and the ethidium bromide-staining result is shown in
Figure 16. In addition to the traces of the composite large chromosome DNAs, three
distinct ethidium bromide-stained bainds were observed (lane 2 of Figure 16A). One of
them migrated slower than that of the composite chromosomal DNAs; while the other
one migrated faster. These two bands were strongly hybridized by a DFR1 probe (Figure
16B and C). They probably represent the different topological states of the same
molecule. These observations are expected for a small circular moiecuie, again,
suggesting that the ampiified DFR1 gene is located in a small extrachromosomal
circular molecule.

To further determine the structure of the extrachromosomal element, the DNA
samples prepared by the alkaline lysis method were analyzed by BamHI restriction
enzyme digestion. As shown in Figure 17A, three strong ethidium bromide-staining
bands were observed. The digested chromosomal DNA traces were seen as the smear
bands. Southern hybridization analysis revealed that two fragments were detected by a
DFR1 probe (see Figure 17B and 17C). From these experiments, it is difficult to identify
unambiguously the relationship among these fragments. If the three strong bands were
derived from one molecule, this would give a monomer unit size of approximate 9.5-kb
(4 + 3.5 + 2) for the extrachromosomal element. The two BamHI fragments detected by
the DFR1 probe are shorter than the wild-type 9-kb BamHI fragment (Barclay et al.,
1988). This indicates that two break points had occured within the 9-kb fragment

either during the amplification events or during the subsequent rearrangement events.

iX.F. ! f rl1 mutant with the extrachrom mal elemen h
contain the DFRI amplicons

If the extrachromosomal elements did contain a functional DFR1 gene, it would
be expected that the extrachromosomal element should be able to transform a dfr1
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mutant to wild-type. As described in the previous section, the extrachromosomal
element could be isolated by an alkaline lysis method {rom cultures derived from
resistant mutant 25-1. A portion of this DNA preparation was then used to transform
the dfri Lauiant sirain TH5 that was constructed in this study. Iin one transformation
experiment with about 0.8 mg of the transforming DNA, 1058 transformants were
obtained. These dTMP-independent transfcrmants were recovered on both YEPD and
uracil-minus MC plates. The transformation [requency was about 2.1 x 103
transformant/mg DNA. This frequency is compatible with transformation
experiments with plasmids that carry an autonomously replicating sequence (ARS).
Severai conclusions could be made from this transformation experiment. First, the
extrachromosomal element contains a functional DFR1 gene. Second, it has an

autonomously replicating sequence. Third. the extrachromosomal element appears to
be circular.

IX.G. Chromosomal localization in MTX-resistant mutants as revealed by pulsed-
field gel electrophoresis

The chromosomal profiles of MTX-resistant mutants could be obtained
following pulsed-field gel electrophoresis on agarose gels. By comparison with the
parental strain, it was possible to detect changes in the karyotype of the MTX-resistant
mutants. Figure 18 showed the results of such an analysis on several MTX-resistant
mutants that resulied from DFRI gene amplification. In this experiment, the 16
chromosomes from control strain M1-2B were resolved as 12 ethidium bromide-
stained bands (see Figure 18). Obvious changes in the chromosomal migration pattern
were observed in resistant mutant R5, R14L, and R1l4p (indicated in Figure 18A by
arrows). An additional large novel chromosome was observed for strain RS (see lane 1
and lane 5 of Figure 11). All these aberrant bands were consistently observed in
separate experiments. None of these aberrant chromosome bands was hybridized by a
DFR1 probe. Changes in chromosomal pattern were not detected in resistant mutants
R15, 25-1 and 25-2 under the experimental! conditions described (Figure 11 and 18).
Thus., chromosomal rearrangements seemed to be f{requently observed in MTX-
resistant strains.
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R15 RS5p 25-1 252 MB RIl4L Rl4p

1 2 3 4 5 6 7

gel origin ___

FIG. 18. Analysis of the chromosomal profile of MTX-resistant mutants by pulsed-
field gel electrophoresis. DNA samples of the MTX-resistant mutants were prepared
from cells grown in MC medium supplemented with 2 pg/ml methotrexate and 5 mg/mil
sulfanilamide. Shown is the ethidium bromide-stained pulsed-field gel. The BRL CHEF
system was used for this pulsed-field gel electrophoresis. Switch timme was 70 seconds
for 15 hours followed by a 120 second switch time for 12 hours. Electrophoresis was at
150 volts at 8° C. The aberrant chromosomes are indicated by the arrows. MB is the
wild-type parental strain M1-2B. The arrows indicate tne novel chromosomes.
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DISCUSSION and CONCLUSIONS

I A yeast dfrl mutant deficient in DHFR activity is viable

A mutant of S. cerevisiae deficient in DHFR activity has been constructed by
gene replacement in this study. Successful tsolation of a yeast DHFR-deficient mutant
itself shows that a yeast dfrl mutant deficient in DHFR activity is viable. It had been
speculated that DHFR might be essential for cell viability. Little and Haynes (1979)
described a selective scheme by which yeast mutants deficient in efther thymidylate
synthase activity or dihydrofolate reductase activity could be isolated. In thelr study,
four tmpl mutant strains deficient in thymidylate synthase were isolated, as expected.
However, they failed to isolate any DHFR-deficient mutant though eleven foll and fol2
mutant strains were isolated that have a phenotype of folate deficiency. Lack of a
DHFR-deficient mutant could be due to the small sample of the mutants isolated.
However, there might be the possibility that null mutations leading to DHFR deficiency
are lethal to yeast cells. One speculation was that DHFR protein might be an essential
component involved in DNA replication. It has peen shown both in prokaryotes and in
eukaryotes that enzymes involved in synthesis of ANTPs are assoclated with DNA
replication proteins to forrn a multi-enzyme complex during DNA replication. The
function of the multi-enzyme complexes has been proposed to channel dNTPs for DNA
replication (Mathews and Slabaugh, 1986). For example, the T4 phage DHFR protein is
found as part of the T4 phage multienzyme complex required for dNTP synthesis (Allen,
et al., 1983). Genetic evidence reveals that physical interaction of the T4 DHFR protein
with replication proteins in the complex is required for normal DNA replication
(MacDonald and Hall, 1984). Thus, in addition to its role in DNA precursor synthesis,
the T4 phage DHFR protein has a structural role in the formation of a functional multi-
enzyme complex involved in DNA replication. In eukaryotic cells, enzymes involved in
DNA replication and synthesis of DNA precursors are also present as the multi-enzyme
complex (Reddy and Pardee. 1980; Jazwinski and Edelman, 1984). The yeast CDCS8 gene
product, dTMP kinase, is present in su:ch a replication complex (Jazwinski and
Edelman, 1984) and is an essential protein for DNA replication (Jong et al., 1984;
Sclafani and Fangman, 1984). However, the yeast DHFR protein has not been found as
part of the complex. Isolation of the viable dfrl mutant as described in this study
indicates that the yeast DHFR cannot be an essential structural element in the complex
required for DNA replication. If it were, a dfrl mutant would not be viable.

E. coli DHFR-deficient mutants cannot survive unless they also have a
mutation at the ThyA gene encoding thymidylate synthase. It has been proposed that
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the lethaliiy results from cellular accurmulation of dihydrofolate due to DHFR
deficiency (Howell et. al.,1988; Ahrweiler and Frieden, 1988). In S. cerevisiae, both the
TMP1 gene encoding thymidylate synthase and the DFR1 gene encoding dihydrofolate
reductase were mapped on the right arm of chromosome XV (Barclay 1988: Mortimer et
al. 1989). But the two loci are over 50 map units apart. I the dfrl transformants were
selected as tmpl dfrl double mutants, one would expect the segregation of the timmp1
marker from the dfrl marker in tetrads derived from a diploid generated by a cross of
the dfrl1::URA3 transformant with a wild-type haploid. However, segregation of a tmp1
mutant allele {dTMP requirement) was not observed in the tetrads derived from such a
dipleid (see Section II.A. of "RESULTS"). Thus, unlike E. coli DHFR-deficient mutants, a
yeast dfrl mutant is viable without a further mutation of the thymidylate synthase

gene.

II. The bivchemical basis of the dfrl auxotrophic phenotype

The auxotrophic phenotype of the dfrl mutant has been described in this study.
The growth requirements of a dfrl mutant could be satisfied by the provision of C1
metabolic end-products (dTMP, adenine, histidine and methionine} in growth medium.
In this respect, the mutation mimics the effects of enzymatic inhibition of DHFR
activity by antifolate drugs. Thus, the dfrl auxotrophic phenotype was as expected for
cells deficient in the biosynthesis of tetrahydrofolate due to the lack of DHFR activity.
The lack of terahydrofolate in the dfrl mutant is consistent with the observation that
this mutant is deficient in light-dependent DNA repair when its growth was supported
by the C1 metabolic end products (Barclay et al., in preparation). A reduced folate has
been shown to be required for light-dependent DNA repair (Sancar, 1990).

The dTMP requirernent can be explained by the lack of 5,10-methenyl-THF that
is required for the thyrnidylate synthase-catalyzed methylation of dUMP. The adenine
requirement stems from the failure of the mutant to make 10-formyl THF that is
required for 2 different steps in purine nucleotide biosynthesis. The methionine
requirement can be explained by the need for 5-methyl THF {for the biosynthesis of this
amino acid. The histidine requirement of the dfr1 mutant is more difficult to explain
since none of the enzymes involved in the biosynthetic pathway of histidine requires
reduced folate cofactors (Jones and Fink, 1982). This histidine requirement by the dfrl
mutant seems to have a different cause from that shown by the yeast ade3 mutant.
Yeast ade3 mutaits require both histidine and adenine for growth (Lam and Jones,
1973). This auxctrophic phenotype results from mutations at the ADE3 gene that
encodes the cytoplasmic trifunctional Cl-tetrahydrofolate synthase that is required
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for interconversion among reduced folate derivatives (McKenzle and Jones., 1977
Staben and Rabinowitz, 1986). It has been shown that 5.10-methylene THF
accumulates in ade3 mutants (Luzzatti, 1975). This i: . .»: recvlts in the accumulation
of BBMII (phosphoribosylformimino-5-aminoimidazuiccarkw.:nide ribonucleotide),
the substrate of the fourth enzyme (BBMII isomerase) in tnue histidine biosynthesis
pathway (E. Jones: cited in Jones and Fink, 1982). Inhibition of the BBMII isomerae
activity by 5,10-methylene THF has been confirmed by in vitro analysis (E. Jones: cited
in Jones and Fink, 1982). However. the dfrl mutant should not accumaulate any 5.10-
methylene THF. One possible explanation for the histidine requirement of the dfr!
mutant is that the precursors in the histidine biosynthetic pathway derive only from
those in the pruine biosynthetic pathway that is tetrahydrofolate-dependent (see Jones
and Fink, 1982 for the pathway).

The C1 metabolic end-products required by the yeast dfr! mutant differ from
those required by the mammalian and E. coll mutants. This indicates the difference
among these organisms in the pathways involved with folate-mediated one carbon
metabolism. Urlaub and Chasin (1980) were the [irst to describe mutants deficlent in
DHFR activity. Their Chinese hamster DHFR-deficient mutants were auxotrophic for
glycine, a purine and thymidine. This auxotrophic phenoctype of the mammalian
DHFR-deficient mutants indicates that glycine biosynthesis in mammalian cells is
folate-dependent. It is now known that glycine is derived from the major pathway of
serine catabolism (Schirch, 1984). Conversion of serine to glycine is catalyzed by the
enzyme serine hydroxymethyltransferase (SHMT) with tetrahydrololate as cofactor.
Prototrophy of the yeast dfrl mutant for glycine was expected since this organism
possesses an alternative folate-independent pathway for glycine biosynthesis (IJllane
and Ogur, 1972).

Only thymine is required for the growth of E. coli DHFR-deficient (fol) mutants
(Hamm-Alvarez et al., 1990). Lack of a requirement for other C1 end-products by E. coll
mutants suggests that there is another pathway, in addition to the DHFR-catalyzed
reaction, for the production of tetrahydrofolate in E. coll cells (Hamm-Alvarez et al.,
1990). The requirement for thymine for growth of E. coli DHFR-deficient mutants could
be explained by the fact that these viable E. coli mutants are double mutants deficient in
both dihydrofolate reductase and thymidylate synthase. Lack of the alternate DHFR-
independent pathway similar to that found in E. coli celis for the biosynthesis of

reduced folate in yeast cells is suggested by the auxotrophic phenotype of the dfrl
mutants.
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The surprising finding in characterization of the auxotrophic phenotype of the
dfr1 mutant is the differerice in growth response to exogenous folinic =cid between a
DHFR-deficient mutant and an antifolate drug-induced DHFR deficient strain. It is
interesting to note that mammalian DHFR-deficient cells have a similar lack of growth
response to exogenous folinic acid {Urlaub and Chasin, 1980; Chasin, personal
communication). These observations show that, in this respect, DHFR-deficient
mutants are not phenocopies of cells treated with DHFR inhibitors. Lack of the
physical presence of DHFR protein in the mutant cells may play a role In this
phenotypic difference. Several potential mechanisms underlying the difference can be
postulated. For example, antifolate drug-treated wild-type cells may take up exogenous
folinic acid normally, but not the mutant cells. This simple explanation would be
possible only if the physical presence of a DHFR protein plays a role in folate transport.
If folinic acid does get into the cell, it has to be converted into active folate cofactors for
biosynthesis of the cellular components that are essential for cell growth. Accordingly,
the mutants could be deficient in this ability. This could happen in several different
ways. One possibility is that, in addition t0 its enzymatic activity for reduction of
dihydrofolate to tetrahydrofolate. the DHFR protein may have another activity
required for the metabolism of exogenous folinic acid. This activity could be retained
in spite of the binding of antifolate drug, but absent in DHFR-deficient mutant cells.
However, so far there is no evidence suggesting that DHFR has this enzyme activity.
Alternatively, intracellular DHFR proteins may be associated with a multi-enzyme
complex that consists of enzymes that metabolize folinic acid and perhaps other
folates. The function of such an enzyme complex may be affected by the absence of a
DHFR prctein.  Also, inactivation of the enzyme activities responsible for the
conversion of folinic acid to active cofactors could result from more efficient
accumulation of their inhibitors due to the deficiency in DHFR activity. For example,
accumulated dihydrofolate may have such a effect. Finally, it is interesting to consider
the possibility that respiratory activity may play a role in the difference. Preliminary
observations from this study reveal that some respiratory-sufficient spore clones, as
conferred by the DIR mutations. are capable of utilizing folinic acid in YEPD medium.
Currently. it is not know whether the DIR mutations or proficiency in respiration is
responsible for the Fou phenotype in DIR dfrl mutant strains. In any case, it is of
interest to know about the biochemical mechanism underlying the difference in growth
response to folinic acid between the DHFR-deficient mutants and an antifolate-induced
DHFR-deficient strains. The fou suppressor mutation that confers the folinic acid-

utilization phenotype on a dfrl mutant may represent the further alterations that
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allow the dfrl1 mutant cells to utilize exogenous folinic acid. Thus. it is likely that
understanding the precise biochemical and genetic mechanisms that underlie the
folate-utilization phenotype of the dfrl mutant may provide insights Into the
mechanism of the difference in growth response to folinic acid. In addition, these fou
dfr1 mutants would be useful because growth - “a dfrI mutant in YEPD mediurn could
now be manipulated under different growth conditions.

m. DHFR activity 1s essential for respiration in yeast

The experimental results from this study and the others {(Wintersberger and
Hirsch, 1973a; 1973b) have demonstrated that respiratory deficiency was produced by a
lack of DHFR activity, either as a result of mutation in the DFR1 gene or as a result of
antifolate treatment. Thus. DHFR activity is essential for respiration in yeast cells.
Based on this couclusion, both the DHFR activities found in the mitochondria and in
the cytoplasm (Zelikson and Luzzati, 1977) are probably encoded by the nuclear DFR1
gene. However, there was a possibility that the two compartmentalized DHFR activities
are encoded by two different genes. Three mitochondrial enzymatic activities which
include the dihydrofolate reductase, thymidylaie synthase, and serine
transhydroxymethylase were thought to be absent in the yeast tmp3 mutant (Luzzati,
1975: Zelikson and Luzzati, 1977). It has been shown by complementation tests that a
tmp3 mutation is allelic to a foll mutation (J. Game, cited in Zelikson and Luzzati,
1982; Zelikson and Luzzati, 1982). Genetic mapping data (Mortimer, 1989) and
complementation analysis described in this study both indicate that the DFR1 locus Is
not allelic to the FOL1 locus. These observations suggest the possibility that the DFR1
and TMP3/FL1 encode the wwo DHFR actlivilies in cylosol and mitochondria,
respectively. However, no other evidence suggests that the TMP3/FOL1 gene product
encodes all three of the mitochondrial enzyme activities including DHFR activity that
were thought to be deficient in the tmp3 mutant. Lack of the three mitochondrial
enzyme activities in (mp3 mutants can be explained by the fact that the ¢mp3 mutant
cells used for the enzymatic activity assays (Zelikson and Luzzati, 1977) had become
petite. As further demonstrated later by the same authors (Zeltkson and Luzzati, 1982),
tmp3 mutant strains were indeed respiratory-deficient when grown in C1 metabolic end
products (e.g. dATMP-suppleruented YEPD medium).

The conclusion that DHFR activity is essential for respiration in yeast cells
raises other interesting questions. For example, why does a lack of DHFR activity
results in deficiency in respiration? What role does DHFR play in mitochondrial
activity? The DHFR-catalyzed reaction is considered to be the sole pathway for
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biogenesis of tetrahydrofolate, which was supported by the observed dfr1 auxotrophic
phenotype {see Section II of "Discussion”}). Thus, the respiratory-deficient phenotype of
the dfr1 mutant strains must be intimately related to the folate depletion. There are
two potential mechanisms by which folate depletion could lead to respiratory
deficiency. First, it may result from irzhibition of dTMP biosynthesis. Second, it may
result from blockage of mitochondrial protein synthesis. The ultimate consequences of
these mechanisms would be the inhibition of respiratory reactions, degradation of
mitochondrial genomes, and cessation of mitochondrial biogenesis.

It has been shown that inhibition of pyrimidine nucleotide biosynthesis in S.
cerevisiae as a result of deficiency in either thymidylate synthase (tmp1 or cdc21i) or
thymidylate kinase (cdc8) caused rapid formation of respiratory-deficient cells
{Barclay and Little, 1978; Newlon et al., 1979). A rapid loss of mitochondrial DNA in a
thymidylate-starved tmpl mutant has been demonstrated (Barclay and Little, 1978).
Thus, the effect of a deficiency in the 5,10-CHo-THF cofactor for the methylation of
dUMP to dTMP on the integrity of mitochondrial genomes could account for the
respiratory deficiency of the dfrl mutants. However, Little and Haynes (1979) have
shown that stable respiratory-sufficient tmpl mutants were readily obtained as spore
clones {rom respiratory-sufficient heterozygous diploids as long as sufficient dTMP is
present in the growih media {e.g. 100 ug/ml in YEPD]}. This observation suggests that
there should be no essential connection between the deficiency in dTMP biosynthesis
and a respiratory-deficient phenotype in yeast cells, as long as sufficient dTMP is
present in the growth media. The isolation of respiratory-sufficient tmpl mutant
strains also suggests that uptake of exogenous dTMP, or its derivative, by mitochondria
occurs and that it is sufficient to support the replication of mitochondrial genomes.
However, as demonstrated in this study, no respiratory-sufficient dfr1 mutant couid be
isolated by using a similar method. As sufficient dTMP is present in the growth media,
the respiratory-deficient phenotype of the dfr1 mutant, therefore, cannot be explained
by the inhibitory effects of dTMP depletion on the integrity of mitochondrial genomes.

An alternative explanation is that DHFR deficiency affects the initiation step of
mitochondrial protein synthesis. Smith and Marcker (1968) demonstrated that
inftiation of protein synthesis in yeast mitochondria requires formylmethionyl-
(RNAmMet  The formyl group Is donated by 10-formylitetrahydrofolate. Depletion of
cellular tetrahydrofolate pools caused by DHFR deficiency is therefore expected to block
the initiation step of mitochondrial protein synthesis, which in turn causes
respiratory deficiency by suppressing the respiratory reactions and mitochondrial
biogenesis. Consistent with this conjecture is the observation that the C1 metabolic
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end products cannot support the growth of wild-type yeast strains on non-fermentable
carbon source such as glycerol in the presence of the antifolate drugs methotrexate and
sulfanilamide.

Based on this simple model. one would predict that folate-deficient strains
grown in the presence of folinic acid should have a respiratory-sufficient phenotype.
However, as shown in this study. exogenous folinic acid does not support the growth of
antifolate-treated cells on glycerol. In addition, the results described in this study
reveals that no respiratory-sufficient dfrl spore clones were isolaied from a
respiratory-sufficient diploid heterozygous for the dfr1 mutation by using folinic acid
as a rescue agent. To account for these observations, it is proposed that reduced folates
are compartmentalized between cytosol and mitiochondria, and can not cross the
mitochondrial membranes. Consequently, folinic acid transported into the cytosol
would become available only for the biosynthetic reactions, but not for the protein
synthesis within mitochondria. Evidence is available which demonstrates that
methotrexate and oxidized folates such as dihydrofolate and folic acid are able to cross
the mitochondrial membrane. but not fully reduced folates (reviewed in Appling, 1991).

With respect to the interrelationship between folate deficiency and respiratory
deficiency. the phenotype of yeast foll and fol2 mutants isolated by Little and Haynes
(1979) is interesting. Similar to the dfrl mutant, foll and fol2 mutants are auxotrophic
for the feur C1 meztabolic end products {dTMP, adenine, histidine and methionine).
However, unlike the djv1 mutant, these C1 metabolites can be replaced with exogenous
folinic acid for the growth requirements. These observations suggest that the foll and
Jfol2 mutants are dzfective in folate metabolism. Interestingly, these foll and fol2
mutants are respiratory-deficient when their growtih was supported by the C1
metabolites, but respire normally if they are grown on medium containing folinic acid.
This observation suggests that exogenous folinic acid is sufficient to support
respiratory function. This implies that exogenous folinic acid and most likely its
derivative are available in mitochiondria for mitochondrial protein synthesis. So how
does a reduced folate become available within mitochondria in these mutants? This is
possible if folinic acid is eventually converted inte dihydrofolate by the action of the
thymidylate synthase activity. Dihydrofolate is then transported into mitochondria
and is then converted back to the reduced form by the mitochondrial DHFR activity.
This sort of folate interconversion would not expected to occur if there is no DHFR
activity within mitochondria as In the case of the dfrl mutant celis. These

explanations are testable by using tmpl foll or tmpl fol2 double mutants. The
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prediction is that both these strains would be petite when grown in medium
supplemented with folinic acid.

In addition to the compartmentation model described above, there is an
alternative explanation for the failure of exogenous folinic acid to support a
respiratory-suflicient phenotype. Because of deficiency in DHFR activity, thymidylate
synthase activity wouid trap folates, derived from the exogenous folinic acid, in the
formm of dihydrofolate. High concentrations of accumulated dihydrofolates may then
inhibit the uptake or metabolism of folinic acid. and ultimately cell growth. The
inhibitory effects of dihydrofolate on cell growth and on the activities ¢f some folate
enzymes have been demonstrated (Allegra et al., 1986; Howell et. al..1988: Ahrweiler
and Frieden, 1988). However, these effects are not expected to happen in the fol mutants
as they still have DHFR activity. Simlilarly, this explanation can be tested by using a
dfrl tmpl double mutant. The prediction is that such a double mutant should have a fou
phenotype.

The DIR mutants isolated in this study would be useful in studying the
interrelationship between folate metabolism and respiratory activity. According to the
previous discussion, the respiratory-sufficient phenotype of the DIR mutants may
result from the loss of the requirement for a reduced folate for mitochondrial protein
synthesis. This seemed to be supported by the observation froin this study that DIR
mutations confer a respiratory-suflicient phenotype not only to dfri mutant but also to
met7 mutants. How do the DIR mutations allow a cell to bypass the folate requirement
for mitochondrial activity? In contrast to other bacteria such as E. coli, Streptococrus
Jaecalis is capable of initiating protein synthesis in the absence of formylation of the
tRNAMMet (reviewed in Staben and Rabinowitz, 1984). In addition. E. coli mutants have
been isolated that use unformylated methionyl-tRNAfMet in the initiation of protein
synthesis (reviewed in Staben and Rabinowitz, 1984). The ability to initiate protein
synthesis without formylmethionyl-tRNA{Met has been attributed to a new tRNA
species. The modiffed nuclecside ribothymidine is absent in the altered tRNA
molecules. which bind more efficiently to ribosomes than the formylmethionyl-
tRNA{Met qoes. These two bacteria have different hasts for the alteied tBMA. The lack
of ribothymidine in the altered tRNA in S. faecalis resuited from the lack of folate
which is required for the methylation of uridine in tRNA, Deficiency in ribothymidine
in the E. coll mutant resulted from a decreased levels of a methylase that forms
ribothymidine. In S. cerevisiae. formylmethionyl- tRNAIMet 5 encoded by the
mitochondrial genome (Staben and Rabinowitz, 1984). As the DIR mutations described

in this study are of nuclear origin, genetic alterations in the gene encoding the
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formylmethionyl-tRNAfMet could not be the reason for the DIR mutations. It seems
likely that the DIR mutations may be the mutations in the genes whose mutant products
allow the initiation step to bypass the folate requirement for mitochondrial protein
synthesis. Thus, further characterization of the DIR mutants would lead to the
identification of these genes.

Isclation of mammalian mutants deficient in DHFR activity (Urlaub and
Chasin, 1980) raises questions similar to those discussed above. Initiation of
mitochondrial protein synthesis in mammalian cells also requires formylmethionyl-
tRNAImMet 55 the initiator (Smith and Marcker., 1968). Thus. one specific aspect related
to the mammalian system is that, if mitochondrial activity is considered to be
essential for cell growth, why DHFR-deficient mutants are viable (Urlaub and Chasin,
1980) and why cells are able to grow in the presence of methotrexate tf the end products
of C1 mietabolism are supplemented in the growth medium (Wallace and Freeman,
1974). These observations indicate that, in mammalian cells, either the initiation of
mitochondrial protein synthesis does not necessarily require formylmethionyl-
tRNAfmet o there is an alternate source of 10-formyltetrahydrofolate for
mitochondrial protein synthesis.

Iv. The biochemical and genetic mechanisms underlying the MTX-resistant
phenotype in S. cerevisiae

To produce an effect on cell growth, antifolate drugs such as methotrexate must
be transported into the cell, converted into their physiologically active forms, and
accumulate to an intracellular ievel high enough to bind to all available Larget protiein.
Accordingly, resistance to these antifolate drugs could arise through any mechanisms
that alter these processes. The existence of various modes of methotrexate resistance
has been demonstrated (reviewed in Albrecht and Bledler, 1984). For example, one
major cause of resistance to methotrexate in mammalian cells has been the
overproduction of dihydrofolate reductase. This prevents the blocking of all DHFR
proteins by methotrexate. Other documented bilochemical mechanisms of
methotrexate resistance include diminished or abolished uptake of methotrexate that
prevents the accumulation of the drug to a toxic level in the cytosol, defective
polyglutamylation of methotrexate that decreases cellular retention of this drug,
synthesis of an structurally altered DHFR with decreased ailinity for methotrexate, and
reduced de novo thymidylate synthesis with consequent reduction in need for DHFR.

In S. cerevisiae, sequential blockage of the tetrahydrofolate biosynthesis
pathway by the combined action of me‘hotrexate and sulfanilamide is needed for
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effective growth inhibition. Consequently, MTX resistance in this organism could
arise, in addition to the schemes described above, through reduction of the inhibitory
efi-cts by sulfanilamide. Characterization of the biochemical mechanisms that cause
MTX resistance in yeast cells has been very limited sc far. As described in this study,
the results from preliminary characterization of the MTX-resistant mutants reveal
that MTX resistance in yeast cells can be accounted for by more than one mechanism.
Overproduction of DHFR could be one of the mechanisms. since the MTX-resistant
phenotype could be mediated by de novo amplification of the DFR1 gene. MTX-resistant
mutants which do not show amplification of the DFR1 gene suggest that other
biochemic.:i mechanisms are involved. Although it may not be conclusive, the P
phenotype described in this study suggests that the drug resistant phenotype may result
from detoxifying sulfanilamide through metabolic modification and then secreting it
from the cells.

One of the basic questions concerning resistance to antifolate drugs is what
genes were altered that allowed a cell to gain 'he resistant phenotype. If several
different biochemical mechanisms could account for the MTX-resistant phenotype, it is
conceivable that each biochemical mechanism may result fromm mutations at a single
or more than one genetic locus; whereas different biochernical mechanisms most likely
result from mutations at different genetic loci. The well-known genetic alteration
underlying the MTX-resistant phenotype has been the amplification of dihydrofolate
reductase gene that results in overproduction of dihydrofolate reductase (Ali et al.,
1978). Overproduction of dihydrofolate reductase in E. coli cells has also been shown tc
result frorn mutations in the regulatory region of the dihydrofolate reductase gene
{Sheldon and Brenner, 1976). Other than the DHFR gene, genetic loci or genes whose
mutant products mediate the MTX-resistant phenotype have been poorly characterized.
The results from this stud-- clearly show that MTX resistance in S. cerevisiae could
result from either amplification of the DFR1 gene, or mutations at the genetic loci other
than the DFR1 gene. However, more systematical analysis has to be done in order to
ascertain whether additional type of genetic events or genetic loci contribute to the
antifolate-resistant phenotype. Such analysis should be of significance for studies on
the molecular mechanisms of ntifolate drug resistance as the yeast system is

amendable for both genetic and molecular analysis.

V. The origin of the mutations responsible for the MTX -resistant phenotype
Another basic question concerning antifolate drug resistance is whether the

genetlic alterations, particularly gene amplification, which underlie the resistant
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phenotype occur spontaneously or are induced by the drug selection pressure. This
concern is raised parlly because antifolate drugs can produce diverse effects on DNA
metabolism that in turn could result in the mutations that underlie the MTX-resistant
phenotype. This question was addressed in this study by tre classical fluctuation
method. However, this approach has been complicated by the fact that resistant
colonies may arise after plating on the selective medium. For example, the appearance
of resistant colonies required a long incubation period (e.g. at least two weeks) o have
visible colonies. Such a long period required for the formation of visible primary
resistant colonies raises the possibility that the resistant colonies may arise afler
exposure of cells to the drugs following plating. In addition, because of the low drug
concentrations required by the selective scheme used in this study to isolate mutants
with amplification mutations, limited residual growth was usually observed when cells
were plated into the drug medium. Thus, it is likely that drug-resistant mutants could
be induced during the residual growth. Furthermore, continued emergence of drug-
resistant colonies has been observed after prolonged incubation. In particular. after
incubation for a week to two weeks, cells from a plate on which there are a few visible
colonies were replica-plated onto a fresh drug-contained plate, many more resistant
colonies on the new plate could be seen after about one week incubation. This
observation again seems to indicate that mutations underlying the resistant phenotype
may be induced by the antifolate drugs used in selection. If these considerations are
coirect. calculation of rates for the MTX-resistant mutants based on the fluctuation
experiments. as shown in Table 17. may not reflect the actual situation in which the
resistant mutants had arisen. Thus, an alternative experimental approach that avoids
these problems should be sought in order to address the question about the genetic
origin of mutations underlying MTX resistance.

VI Characteristics of the DFRI gene amplification events

Although many questions remain to be answered, the characteristics of DFRI
amplification events can be described based on the observations obtained from this
study as follows:

1). The observations described in this study demonstrate that it is imporiant to
use the selection conditions described (e.g. 25 ug/ml MTX in YEPD medium) in order to
isolate yeast mutants that have undergone DFR1 amplification. These observations
suggest that primary amplification events generate only one or a few extra copies of the
DFR1 gene and such primary amplification events can only be selected within a narrow

range of low methotrexate concentrations. It is, then, possible that lack of rapid
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evolution from the primary low-level amplification events at the very early stage of an
amplification process to subsequent higher-level amplification may prevent the
selection of mutants that have undergone DFR1 amplification with relatively high
MTX concentratons {e.g., 100 pg/ml in YEPD medium).

2). DFR1 amplicons have been found either within an extrachromosomal
element, or within a chromosome (the native chromaosome XV or its derivative). This
characteristic is similar to that observed in mammalian systems. The
interrelatfonship between chromosomal and extrachromosomal DFR1 amplicons is
still not so clear. However, it is known that mutants that carry chromosomal DFR1
amplicons ¢o not necessarily have extrachromosomal DFR1 amplicons. This
observation suggests that these chromosomal DFR1 amplicons may be generated either
without an c¢xtrachromosomal element or with a transient extrachromosomal
intermediate. In addition, it is not certain whether the primary mutants that carry
extrachiromosamul DFRI1 amplicons also contain chromosomal DFR1 amplicons.
However, as sirovn in Figure 14 and 15, in positions corresponding to the chromosomal
DNAs, there are stronger hybridizations in samples grown in higher MTX
concentrations. If these hybridization signals did result from the chromosomal
amplicons, they may result either from further amplification of the initial
chromosomal amplicons or from integration of the extrachromosomal amplicons.
Based on the results described in this thesis, direct evidence has not been obtained on
whether the extrachromosomal element that contains DFR1 amplicons was produced
as a direct product of the initial amplification event, or as a subsequent product derived
from the initially formed chromosomal DFR1 amplicons. The extrachromosomal
DFR1 amplicons were, however, detected in the early passage cells of the original
mutant colony. This observation, therefore, suggests that if the circular
extrachromosomal element that contains the DFR1 amplicon was not the first
amplification product, it must be produced at the very early stage of the amplification
event.

3). There is a general trend that an increase in resistant level is associated with
an increase in the DFR1 gene copy number. The number copies of DFR1 amplicons have
been observed in a range from one extra copy to over one hundred copies. The high
number copies of the DFR1 gene were observed in secondary resistant mutants selected
for higher MTX resistance from the primary mutant that carries extrachromosomal
DFR1 amplicons. Such high levels of amplification have not been observed in mutants
that contain only chromosomal amplicons. Even though the observations obtained so

far are still limited. they seem to suggest, however, that the nature of an amplification



105

event (such as extrachromosomal amplification vs intrachromosomal amplification)
may have strong influences on how rapidly the primary amplilication mutant can
progress into higher levels of amplification.

4). The extrachromos >lement that carries DFR1 amplicons seems most
likely a circular molecule. Thiz  ..clusion was reached based on several observations.
First, its behavior on a pulsed-field gel electrophoresis was as expected for a small
circular molecule. Second, its behavior on a conventional gel electrophoresis mimics
that of a circular molecule. Third, it could be isolated by methods used for plasmid
isolation such as an alkaline lysis protocol. Fourth, it was more resistant to
degradation {probably due to exonuclease activity). Fifth, it transformed a dfr1 mutant
to wild-type and produced a transformation efficiency similar to that produced by an
autonomously replicating plasmid.

5). Transformation of a dfrl mutant by the extrachromosomal elements
suggests that, in addition to a functional DFR1 gene, there must be an autonomously
replicating sequence (ARS) within the molecules. Two different DFR1 amplicons have
been identified in the extrachromosomal elements in ceils that were selected for
higher-levels of MTX resistance. However, it is still not certain whether they are
located on a single circular molecule or two different circular molecules. Presently,
other than the DFR1 sequernce, it is not known whether the additional sequences in the
extrachromosomal element were derived from the DFRI1 region or from somewhere else
in the genome. Nevertheless, the ultimate source for amplified DFR1 sequences found
in the extrachromosomal element must be derived from the chromosomal DFR1 region.

6). The structure of chromosomal DFR1 amplicons remains to be fully
characterized. Chromosomal DFR1 amplicons with different sizes have also been
observed. The size of the chromosomal DFR1 amplicons in some mutants seem to be at
least of 9-kb (see Figure 8). Currently, it is still not known about how the chromosomal
DFR1 amplicons in resistant mutant R14S are organized. Since the mutant R14S was
derived from R14, the novel structures detected in R14S (see Figure 10 and Figure 12)
must be the consequence of secondary events after the initial DFR1 amplification in the
primary mutant R14. Detection of the smazilcr BamHI fragment that contains a DFR1
gene in conventional Southern hybridization experiment (see Figure 10) may indicate
that the break point of a rearrangement event must be close to the DFR1 gene. The
nature of the larger size of the novel chromosome (lane 5 of Figure 12) is not clear. The
possibility of being a dicentric chromosome derived from chrornosome XV was
suggested by the fact that there is no extra copy of the DFR1 gene could be detected by
using the ADH4 probe as a control for the copy number of the DFR1 gene (Figure 9).
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Addilonal probes specific for the different regions of the chromosome XV are needed
fur the further characterization of this novel chromosome in mutant R14S.

7). 'When compared with other amplification events observed in S. cerevisiae
(see Section ILF. of "LITERATURE REVIEW"), the frequency of DFR1 amplification
event (approximately 3 x 10°7) is relatively common at least in ti:e presence of
methotrexate. Many of the characteristics summarized above have yet been described
in the yeast system.

8). Based on the observations obtained so far, it is still premature to formulate
any detailed molecular mechanisms that underlie the process of DFR1 amplification.
It is, however, important to remember that the mutants that have undergone DFR1
amplification were derived from a haploid strain which is wild-type with respect to the
DFR1 locus. Thus, the de novo DFR1 amplification events described in this study begin
with a single copy of the DFR1 gene belore replication. The chromosome breakage
model for gene amplification proposed by Windle and Wahl (1982) accommodates the

resi:!is obtained so far.

VIII. Future prospects

Taken together, the dfrl, fou, DIR and mtxR mutants described in this study
extend significantly the list of S. cerevisiae mutants which have an altered phenotype
with respect to folate metabolism. Importantly, this study demonstrates that a
combined genetic and molecular approach is powerful for studies on folate metabolism.
Further characterization of these mutants holds great prospects for understanding the
role of folate metabolism in various cellular activities (such as respiration and DNA
repair), and the molecular mechanism of antifolate drug resistance.

The other significant contribution of this study is the demonstration of de novo
amplification of dihydrofolate reductase gene in yeast MTX-resistart mutants. This
observation has important implications for research in several different areas (see
Section ILE. of "LITERATURE REVIEW"). First of all, this is one of the few systems
available for studies on the mechanism of gene amplification in S. cerevisiae. As
demonstrated in this study, the characteristics of the DFR1 amplification event in
many respects mimic those observed in mammalian cells. Thus, the phenomenon of
gene amplification, a major type of genetic alterations within a cell, can now be
investigated in S. cerevisiae, an excellent eukaryotic model system. As indicated in the
previous discussion. to better understand the molecular mechanism(s) of gene
amplification, it would be essential to know more about the molecular structures of the

DFR1 amplicons. In addition, by taking the advantages of the well defined genetic
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system of the yeast system, it should be possible now to identify and characterize gene

products that participate in the process of gene amplification.
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Apppendix: Distribution of MTX-resistant mutants in individual cultures®*

Total number of colony in each individual culture

Culture M1-28 in M1-2B in TH100 in TH100 in
number YEPD-mix25 MC-mix2 YEPD-mtx25 MC-mix2
1 4 2 9 1
2 39 2 24 0]
3 15 10 7 1
4 17 0] 11 0O
5 22 2 14 0]
6 2 0 11 0
7 41 2 5 0
8 19 O i5 O
9 42 0] 6 0
10 19 5 10 2
11 17 O 7 0]
12 30 0 1 0]
13 33 O 5 2
14 29 2 6 1
15 38 0 10 3
16 26 O 6 1
17 7 3 11 0]
18 26 1 29 o
19 5 1 23 18]
20 34 5 27 o)
21 21 1 29 1
22 16 O 14 1
23 2 0 12 2
24 43 0 15 0
25 0O 0 17 7
26 38 0] 7 0
27 9 0 16 3
28 29 1 12 2
29 27 1 10 0]
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Apppendix continued

Total number of colony in each individual culture

Culture M1-2B in M1-2B in TH100 in TH 100 in
number YEPD-mtx25 MC-mtx2 YEPD-mtx25 MC-mitx2
30 15 2 11 2
31 12 C 28 3
32 11 0] 1 1
33 22 1 16 0
34 1 1 17 1
35 24 1 17 0
36 3 1 29 1
37 18 1 1 1
38 34 3 11 1
39 25 1 17 0
40 17 6 13 3
41 8 0
42 15 0
43 26 1
44 16 0]
45 16 0]
46 7 2
47 9 2
48 15 0O
49 3 0
50 6 0O
51 5
52 18
53 22
54 14
55 11
56 10
57 1

58 1




Apppendix continued

Total number of colony in each individual culture

Culture M1-2Bin M1-2B in TH100 in TH100 in
number YEPD-mix25 MC-mix2 YEPD-mtx25 MC-mix2

59 7

60 2

61 7

62 23

63 22

61 6

65 3

* These are the data used for the analysis summarized in Table 17.




