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Introduction

Abstract

During meiosis a competent diploid cell repli-
cates its DNA once and then undergoes two
consecutive divisions followed by haploid ga-
mete differentiation. Important aspects of mei-
otic development that distinguish it from mi-
totic growth include a highly increased rate
of recombination, formation of the synaptone-
mal complex that aligns the homologous chro-
mosomes, as well as separation of the homo-
logues and sister chromatids during meiosis I
and II without an intervening S-phase. Bud-
ding yeast is an excellent model organism to
study meiosis and gametogenesis and accord-
ingly, to date it belongs to the best studied
eukaryotic systems in this context. Knowl-
edge coming from these studies has provided
important insights into meiotic development in
higher eukaryotes. This was possible because
sporulation in yeast and spermatogenesis in
higher eukaryotes are analogous developmental
pathways that involve conserved genes.

For budding yeast a huge amount of data
from numerous genome-scale studies on gene
expression and deletion phenotypes of meiotic
development and sporulation are available. In
contrast, mammalian gametogenesis has not
been studied on a large-scale until recently. It
was unclear if an expression profiling study us-
ing germ cells and testicular somatic control
cells that underwent lengthy purification pro-
cedures would yield interpretable results. We
have therefore carried out a pioneering expres-
sion profiling study of male germ cells from
Rattus norvegicus using Affymetrix U34A and
B GeneChips. This work resulted in the first
comprehensive large-scale expression profiling
analysis of mammalian male germ cells under-
going mitotic growth, meiosis and gametoge-
nesis. We have identified 1268 differentially
expressed genes in germ cells at different de-
velopmental stages, which were organized into
four distinct expression clusters that reflect so-
matic, mitotic, meiotic and post-meiotic cell
types. This included 293 yet uncharacterized
transcripts whose expression pattern suggests
that they are involved in spermatogenesis and
fertility. A group of 121 transcripts were only
expressed in meiotic (spermatocytes) and post-
meiotic germ cells (round spermatids) but not
in dividing germ cells (spermatogonia), Ser-

toli cells or two somatic control tissues (brain
and skeletal muscle). Functional analysis re-
veals that most of the known genes in this
group fulfill essential functions during meiosis,
spermiogenesis (the process of sperm matura-
tion) and fertility. Therefore it is highly possi-
ble that some of the ∼30 uncharacterized tran-
scripts in this group also contribute to these
processes. A web-accessible database (called
reXbase, which was later on integrated into
GermOnline) has been developed for our ex-
pression profiling study of mammalian male
meiosis, which summarizes annotation infor-
mation and shows a graphical display of ex-
pression profiles of every gene covered in our
study.

In the budding yeast Saccharomyces cere-
visiae entry into meiosis and subsequent pro-
gression through sporulation and gametogene-
sis are driven by a highly regulated transcrip-
tional program activated by signal pathways
responding to nutritional and cell-type cues.
Abf1p, which is a general transcription factor,
has previously been demonstrated to partici-
pate in the induction of numerous mitotic as
well as early and middle meiotic genes. In
the current study we have addressed the ques-
tion how Abf1p transcriptionally coordinates
mitotic growth and meiotic development on a
genome-wide level. Because ABF1 is an es-
sential gene we used the temperature-sensitive
allele abf1-1. A phenotypical analysis of mu-
tant cells revealed that ABF1 plays an im-
portant role in cell separation during mitosis,
meiotic development, and spore formation. In
order to identify genes whose expression de-
pends on Abf1p in growing and sporulating
cells we have performed expression profiling
experiments using Affymetrix S98 GeneChips
comparing wild-type and abf1-1 mutant cells
at both permissive and restrictive temperature.
We have identified 504 genes whose normal ex-
pression depends on functional ABF1. By com-
bining the expression profiling data with data
from genome-wide DNA binding assays (ChIP-
CHIP) and in silico predictions of potential
Abf1p-binding sites in the yeast genome, we
were able to define direct target genes. Ex-
pression of these genes decreases in the absence
of functional ABF1 and whose promotors are
bound by Abf1p and/or contain a predicted
binding site.
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Among 352 such bona fide direct target genes
we found many involved in ribosome biogene-
sis, translation, vegetative growth and meiotic
developement and therefore could account for
the observed growth and sporulation defects of
abf1-1 mutant cells. Furthermore, the fact that
two members of the septin family (CDC3 and
CDC10 ) were found to be direct target genes
suggests a novel role for Abf1p in cytokinesis.
This was further substantiated by the obser-
vation that chitin localization and septin ring
formation are perturbed in abf1-1 mutant cells.
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General introduction

Meiosis and gametogenesis

Meiosis is the developmental pathway by which
sexually reproducing diploid organisms gener-
ate haploid germ cells. It plays an impor-
tant role in promoting genetic diversity, remov-
ing recessive lethal mutations from populations
and maintaining constant chromosome num-
bers from one generation to the next. Meio-
sis can be regarded as a specialized form of
the mitotic cell cycle with three major differ-
ences. First, following pre-meiotic DNA syn-
thesis, high levels of recombination occur be-
tween homologous chromosomes during mei-
otic prophase. Second, sister-centromere co-
hesion and coorientation are coupled to sepa-
ration and independent assortment of parental
chromosomes. Third, two consecutive nuclear
divisions occur without intervening DNA repli-
cation. During the reductional division (meio-
sis I) homologous chromosomes separate. Dur-
ing the equational division (meiosis II), sister
chromatid segregation occurs. After these spe-
cialized nuclear divisions morphogenic differen-
tiation events take place that lead to the forma-
tion of mature functional gametes (spores, ova,
sperm) containing rearranged genomes with
half the chromosome number of the original
cell.

Meiotic development in mammals

During mammalian male gametogenesis ini-
tiated after birth, spermatogonial stem cells
grow mitotically before they enter the meiotic
differentiation pathway. At the onset of pu-
berty they develop into primary and secondary
spermatocytes undergoing the first and sec-
ond meiotic divisions, respectively, to become
haploid round spermatids. These cells subse-
quently elongate and differentiate into mature
sperm during spermiogenesis. The process de-
pends on somatic testicular Sertoli and Leydig
cells that control germ cell development (Zhao
and Garbers, 2002; Sharpe et al., 2003).

Unlike the situation in budding yeast for
which genome-scale data for meiotic devel-
opment has been published on gene expres-
sion (Chu et al., 1998; Primig et al., 2000)
and deletion phenotypes (Deutschbauer et al.,
2002; Enyenihi and Saunders, 2003; Rabitsch

et al., 2001) mammalian gametogenesis has not
been studied on a genomic scale until recently.
The identification of meiosis- and germ-cell-
specific transcripts in multicellular organisms
is a complex task because gonads contain dif-
ferent types of cells, only some of which are
germ cells. However, it is possible to obtain in-
formative expression data using microarrays as
recently shown by different studies using var-
ious mammalian model systems (Pang et al.,
2003; Schultz et al., 2003; Schlecht et al., 2004).
These large-scale expression analyses of mam-
malian male reproductive tissue were based on
profiling the process of spermatogenesis using
total testis samples or germ cell populations
purified from animals at different stages of sex-
ual maturity (Schultz et al., 2003; Almstrup
et al., 2004; Ellis et al., 2004; Shima et al.,
2004; Schlecht et al., 2004). Understanding
the genetic program controlling the mitotic and
meiotic divisions of the germ line provides in-
sight into infertility and may help to develop
novel contraceptives.

Transcriptional control of meiosis in
budding yeast

Saccharomyces cerevisiae is an excellent model
system for the genetic and genomic analysis of
mitotic growth, meiosis, and gamete formation
(sporulation) for several reasons: First, since it
is a unicellular organism it is possible to syn-
chronize and harvest large populations at simi-
lar stages of development. Second, induction of
meiosis can easily be induced or abolished by
changes of environmental conditions, such as
nutrients or temperature. Third, many differ-
ent biochemical and genetic techniques are at
hand to manipulate budding yeast, and there-
fore it is easy to recover mutations that affect
the process. Numerous yeast genes important
for meiotic development and sporulation have
been isolated and characterized over the past
30 years. They were organized into five cate-
gories according to the timing of their induc-
tion: very early, early, middle, mid-late and
late (Kupiec et al., 1997). Later, a number
of studies defined the transcriptome of meiosis
and spore development with spotted and high-
density oligonucleotide microarrays. GeneChip
analysis of two different genetic backgrounds
including wild type strains and meiosis defi-
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cient controls yielded nine hundred core genes
that were demonstrated to be meiotically reg-
ulated in a strain-independent manner, includ-
ing hundreds that were also expressed during
mitotic growth. The classical expression cate-
gories were further refined into seven expres-
sion clusters (Primig et al., 2000). Using a
similar approach, about 500 genes were found
to be up-regulated during sporulation in an
analysis using PCR microarrays (Chu et al.,
1998). In both studies it emerged that in many
cases timing of induction coincided with time of
function, notably for genes involved in recom-
bination (SPO11, REC102 ), pachytene check-
point function (PCH2 ), sister chromatid sepa-
ration (REC8 or SPO69 ), regulation of meiosis
I (SPO13 ), induction of middle meiotic genes
(NDT80 ) and spore wall formation (DIT1 ).

Both entry into meiosis and subsequent
progression are driven by a highly regulated
transcriptional program activated by signal
pathways responding to nutritional and cell
type cues (Vershon and Pierce, 2000; Kas-
sir et al., 2003). To date only three site-
specifically DNA-binding transcription fac-
tors (Abf1p, Ume6p/Ime1p, and Ndt80p) in-
volved in meiotic gene induction are described
(Gailus-Durner et al., 1996; Ozsarac et al.,
1997; Pierce et al., 1998; Bowdish et al., 1995;
Strich et al., 1994; Chu and Herskowitz, 1998;
Hepworth et al., 1998).

Ume6p was first identified in a screen for mu-
tants that expressed meiosis-specific genes dur-
ing mitotic growth (Unscheduled Meiotic Ex-
pression) and later demonstrated to encode a
key regulator of nitrogen repression and meio-
sis (Bowdish et al., 1995; Strich et al., 1994).
Ume6p exerts its function through direct in-
teraction with a conserved histone deacteylase
complex that contains Rpd3p, Sin3p, Isw2p
and the meiotic activator Ime1p (Kadosh and
Struhl, 1998; Goldmark et al., 2000; Washburn
and Esposito, 2001). An expression profiling
study of ume6∆ deletion mutants compared
to a wild-type strain revealed significant mi-
totic derepression of almost 80 genes (Williams
et al., 2002). Among those whose functions
are known, most participate in carbon and ni-
trogen metabolism or sporulation and approxi-
mately half of the genes thought to be directly
regulated by Ume6p are induced during early
stages of meiosis and spore development. Im-

portantly, the majority of them are essential
for various steps in the meiotic pathway in-
cluding recombination (DMC1, SPO11 ), for-
mation of the synaptonemal complex (HOP1,
HOP2, ZIP1, ZIP2 ), the pachytene check-
point (PCH2 ) control of meiosis I (SPO13 ) and
prospore development (MPC54, SMA1 ).

Ndt80p is a transcription factor required
for expression of the middle sporulation genes
(Non-DiTyrosine). It activates target genes by
binding to a DNA sequence found upstream of
several of the middle sporulation genes, termed
the Midddle Sporulation Element (MSE). This
element has been shown to be both necessary
and sufficient for proper meiosis-specific ex-
pression of a heterologous reporter (Hepworth
et al., 1995; Ozsarac et al., 1997). During mi-
totic growth and early meiosis MSEs are kept
inactive by the transcriptional repressor Sum1p
(Xie et al., 1999; Pierce et al., 1998). Gene
expression profiling of an ndt80∆ deletion mu-
tant revealed that the magnitude of induction
of most middle genes is reduced to about one-
third of the level in wild-type strains. Ectopical
over-expression of NDT80 in turn induced 200
genes more than threefold in vegetative cells,
half of which were also expressed according to
the middle induction pattern during sporula-
tion (Chu et al., 1998). Target genes of NDT80
include the B-type cyclins and genes whose
products are required for both meiotic divisions
and gamete formation (Chu and Herskowitz,
1998; Xu et al., 1995).

ABF1 encodes an essential DNA-binding
protein that was originally found to be nec-
essary for the activation of a number of au-
tonomously replicating sequences (ARS; there-
fore termed ARS Binding Factor 1) and the
maintenance of plasmids in budding yeast
(Rhode et al., 1992; Eisenberg et al., 1988).
The protein was later shown to be involved
in processes as diverse as the transcriptional
regulation of mitotic and meiotic genes, chro-
matin remodeling, silencing at the mating type
locus, nucleotide excision repair, and the ex-
port of mRNA from the nucleus (Schroeder and
Weil, 1998a; Gailus-Durner et al., 1996; Pierce
et al., 1998; Ozsarac et al., 1997; Miyake et al.,
2002; Ishida et al., 2006; Reed et al., 1999; Hi-
eronymus and Silver, 2003). Abf1p is abun-
dantly expressed in all cell types of Saccha-
romyces cerevisiae. The protein was defined to
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be a General Regulatory Factor (GRF) that,
like Rap1p and Reb1p, has several characteris-
tic features: GRFs are essential genes that are
abundantly transcribed. They function as en-
hancers of transcriptional events. Their target
sites usually have little intrinsic activating ca-
pacities but instead amplify the effect of neigh-
boring regulatory sites (Fourel et al., 2002). It
has also been shown that Abf1p can function
as a so-called insulator, which keeps transcrip-
tionally silent regions close to telomers in an
active state (Fourel et al., 2002) and that it
plays a role in the differential transcriptional
regulation of bi-directional genes (Ishida et al.,
2006).

A mutational screen for conditional muta-
tions of ABF1 resulted in the identification
of several temperature-sensitive alleles (Rhode
et al., 1992). One of these alleles, abf1-1,
proved to be a very useful tool for studying
ABF1 in various contexts, such as DNA repli-
cation (Rhode et al., 1992) or transcriptional
regulation (Schroeder and Weil, 1998b; Miyake
et al., 2004). abf1-1 has a point mutation
in a potential zinc finger domain and displays
reduced affinity to target binding sites in an
ARS element in vitro (Rhode et al., 1992)
and in promotors in vivo (Schroeder and Weil,
1998b). A recent genome-wide expression pro-
filing study which compared abf1-1 and wild-
type strains resulted in a surprisingly small
number of genes under positive (50 genes) and
negative control (36 genes) of Abf1p in veg-
etatively growing cells (Miyake et al., 2004).
In contrast, genome-wide transcription factor
binding assays showed that Abf1p binds to the
largest number of genes among all known site-
specific transcription factors in yeast (Harbi-
son et al., 2004; Lee et al., 2002). Promotors
of approximately 500 genes have been identi-
fied to be bound by Abf1p in growing cells.
The discrepancy between both studies was ex-
plained by the fact that Abf1p may function
according to the hit-and-run model in which
the factor is dispensable for a gene’s activity
once it has activated it (Miyake et al., 2004).
The hit-and-run model was proposed earlier by
Schroeder and Weil (1998b) on the basis of ex-
pression analysis and in vivo analysis of pro-
motor occupancy. Previously, Abf1p has been
shown to play a role in the transcriptional ac-
tivation of three meiosis-specific genes (HOP1,

SPR3 and SMK1 ) (Gailus-Durner et al., 1996;
Prinz et al., 1995; Pierce et al., 1998; Ozsarac
et al., 1997). However, a comprehensive view
of Abf1p target genes essential for or involved
in meiotic development and sporulation not
available to date. Furthermore, it is currently
not understood how Abf1p coordinates mitotic
growth with meiotic development on a tran-
scriptional level.

Knowledge databases

The huge amount of information produced by
high-throughput experiments such as expres-
sion profiling and genome-wide protein-DNA
binding assays or protein-protein interaction
studies require novel approaches for data man-
agement and organization of knowledge. How-
ever, before it is possible to efficiently process
biological information, a structured vocabulary
understood by all scientists has to be created.
The GeneOntology project provides such a con-
trolled vocabulary to describe gene and gene
product attributes in any organism (Ashburner
et al., 2000). A gene product is described by
using defined keywords that determine the Bio-
logical Process, the Molecular Function as well
as the Cellular Component. Based upon this
convention a number of databases related to
the gametogenesis field have been constructed,
such as an organ-specific database called The
Ovarian Kaleidoscope (OKdb; supplemental
table, ref. 1), which integrates published in-
formation on individual ovarian genes (Ben-
Shlomo et al., 2002), or Mammalian Reproduc-
tive Genetics (MRG; supplemental table, ref.
2), which covers genes involved in spermato-
genesis in mammals. A community-based an-
notation approach has been taken by the Ger-
mOnline project (supplemental table, refs. 3-
6). This database has been developed, and is
being curated and updated by life scientists
in cooperation with bioinformaticists. Ger-
mOnline covers 11 key model organisms as
well as Homo sapiens, providing a platform
for scientists studying meiosis and gamete for-
mation to directly contribute and update in-
formation based upon peer-reviewed publica-
tions (Primig et al., 2003; Wiederkehr et al.,
2004a; Wiederkehr et al., 2004b). GermOn-
line provides access to microarray expression
data from Saccharomyces cerevisiae and from
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the rat male germ cell study presented in this
thesis.

Goals of this work

One goal of this doctoral thesis was to elu-
cidate the transcriptional program of mam-
malian male meiosis and gametogenesis. It was
unclear if such an expression profiling study us-
ing germ cells and testicular somatic control
cells would be possible. We therefore carried
out an expression profiling study that com-
pared highly enriched cell populations of rat
male germ cells and included somatic Sertoli
as well as brain and skeletal muscle controls.

The second goal of this doctoral thesis was
to understand how Abf1p coordinates mitotic
growth and meiotic development. This in-
cluded the characterization of mitotic and mei-
otic phenotypes of abf1-1 mutant cells and
the identification of ABF1 -target genes in veg-
etatively growing and sporulating cells on a
genome-wide level. On the basis of this data
we aimed at drawing conclusions about where
in the mitotic and meiotic cell cycle ABF1 is
involved in.

11
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Abstract

We report a comprehensive large-scale expression profiling analysis of mammalian male germ cells
undergoing mitotic growth, meiosis and gametogenesis using High Density Oligonucleotide Microar-
rays and highly enriched cell populations. Among 11955 rat loci investigated, 1268 were identified
as differentially transcribed in germ cells at subsequent developmental stages as compared to total
testis, somatic Sertoli cells as well as brain and skeletal muscle controls. The loci were organized into
four expression clusters that correspond to somatic, mitotic, meiotic and post-meiotic cell types.
This work provides information about expression patterns of approximately 200 genes known to be
important during male germ cell development. Approximately 40 of those are included in a group of
121 loci for which we report germ cell expression and lack of transcription in three somatic control
cell types. Moreover, we demonstrate the testicular expression and transcriptional induction in
mitotic, meiotic and/or post-meiotic germ cells of 293 as yet uncharacterized loci that are likely
to encode novel factors involved in spermatogenesis and fertility. This group contains numerous
potential germ cell specific targets for innovative contraceptives. A graphical display of the data is
conveniently accessible through the GermOnline database.

Introduction

During mammalian spermatogenesis, Pri-
mordial Germ Cells develop into spermatogo-
nia giving rise to spermatocytes that undergo
two meiotic divisions to become round sper-
matids. These cells differentiate into sper-
matozoa during spermiogenesis (Pineau et al.,
1993b; Griswold, 1998). The development of
male germ cells is governed by testicular Ser-
toli cells through secretion of, among others,
signaling molecules and factors involved in cell
adhesion (Griswold, 1998; Jégou et al., 1999).

Genes important for male gametogenesis and
fertility in the mouse include loci involved in
highly conserved landmark events such as mei-
otic recombination (Keeney et al., 1997; Edel-
mann et al., 1999; Luo et al., 1999; Kneitz
et al., 2000; Romanienko and Camerini-Otero,
2000; Lipkin et al., 2002), formation of the
synaptonemal complex (that holds the homol-
ogous chromosomes together), sister chromatid
cohesion, checkpoints and factors required for
the meiotic cell cycle (Liu et al., 1998; Zick-
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ler and Kleckner, 1998; Wolgemuth et al.,
2002; Petronczki et al., 2003). Other factors
essential for post-meiotic stages of spermato-
genesis include protein kinases (Miki et al.,
2002), proteases (Adham et al., 1997; Sham-
sadin et al., 1999), chromatin condensation
factors (Yu et al., 2000; Adham et al., 2001;
Cho et al., 2001) and proteins involved in cell-
cell adhesion, notably of Sertoli cells and sper-
matids (Mannan et al., 2003).

It is noteworthy that genes required for sper-
matogenesis and fertility often encode tran-
scripts present in meiotic or post-meiotic germ
cells but not in somatic tissue (Eddy, 2002;
McLean et al., 2002). The notion that
developmental-stage or tissue-specific expres-
sion indicates an important function is sup-
ported by results from high-throughput gene
inactivation studies (Rabitsch et al., 2001; Co-
laiácovo et al., 2002) based upon expression
profiling data obtained with sporulating yeast
cells (Primig et al., 2000; Chu et al., 1998) and
germ cells in the worm (Reinke et al., 2000).
Transcriptome studies have increased the pace
at which genes important for sexual reproduc-
tion are identified in these important model
systems; for review see (Schlecht and Primig,
2003). In this context it should be emphasized
that budding yeast genes important for sporu-
lation (a process analogous to spermatogen-
esis) were demonstrated to be transcription-
ally induced during the process in a statisti-
cally significant manner (Deutschbauer et al.,
2002). A number of very recent array profiling
analyses have addressed the problem of gene
expression in the mammalian male germ-line.
However, these experiments were either limited
to post-meiotic germ cells (Ostermeier et al.,
2002), solely based upon total testis samples
(Sha et al., 2002; Sadate-Ngatchou et al., 2004;
Schultz et al., 2003) or did not include somatic
controls (Pang et al., 2003). Moreover, none of
these studies provided a searchable database
accessible via the internet.

We sought to explore gene expression in
rat Sertoli and germ cells to provide clues to
the mitotic, meiotic and post-meiotic functions
of many hundred uncharacterized transcripts.
Among 11955 loci analyzed using a statistical
approach, we identified 1268 as being strongly
differentially regulated in testicular somatic
versus germ cells. Those loci were organized

into four broad categories whose transcription
levels peak in either somatic or germ cells at
mitotic, meiotic and post-meiotic stages of de-
velopment. We included somatic testicular Ser-
toli cells as well as brain and skeletal mus-
cle samples in our analysis as negative con-
trols for transcriptional induction/expression
in germ cells. The results clearly suggest that
a substantial fraction of the known genes ex-
pressed in meiotic and post-meiotic germ cells
but not in the examined somatic tissues are
important for meiosis, spermatogenesis and/or
fertility. Finally, quantitative PCR assays were
carried out to underscore the reliability and
reproducibility of the microarray expression
data. The results of this analysis constitute an
extremely useful source of information about
thousands of mammalian transcripts. More-
over, it specifically marks out more than 290
as yet unknown candidate loci as being po-
tentially involved in mammalian male game-
togenesis or fertility. Since most of these loci
are preferentially or maybe even exclusively ex-
pressed in germ cells, they could encode tar-
gets for novel approaches to temporarily and
reversibly inhibit male fertility.

The expression data as well as supplemen-
tary material including analysis programs
are accessible at (supplemental table, ref.
10). The data can be searched at reXbase
integrated into the R. norvegicus section
of GermOnline (supplemental table, refs.
3-6), a novel cross-species community anno-
tation knowledgebase (Primig et al., 2003;
Wiederkehr et al., 2004a; Wiederkehr et al.,
2004b) that provides a graphical display of
microarray expression signals relevant for germ
cell differentiation.

Results

Experimental design

The aim of this large-scale microarray study
was to identify for the first time genes that are
expressed during the mitotic, meiotic and post-
meiotic developmental stages of mammalian
germ cells and to further characterize their
transcription patterns in somatic control cells
or tissues. To this end we have employed High
Density Oligonucleotide Microarrays (U34 A
and B GeneChips) from Affymetrix. The tran-
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Table 1. Cell purification efficiency and sample quality
Testicular cell type Isolation procedure Purity

(%)
Contaminating material Reference

Sertoli cells Sequential enzymatic di-
gestion

96 Peritubular cells (<2%), Mi-
totic and meiotic germ cells
(2%)

(Pineau et al., 1993b)

Spermatogonium Sequential enzymatic di-
gestion + sedimentation
at unit gravity

85 Fragments of Sertoli cell cy-
toplasm, peritubular cells,
Leydig cells

(Guillaume et al., 2001)

Pachytene spermato-
cyte

Mechanical dispersion +
centrifugal elutriation

90 Early spermatids (Pineau et al., 1993b)

Early spermatid Mechanical dispersion +
centrifugal elutriation

90 Early spermatids, heads
from elongated spermatids,
spermatid residual bodies,
spermatocytes

(Pineau et al., 1993b)

script levels of 11955 rat loci and expressed se-
quence tags (ESTs) were simultaneously mea-
sured in highly enriched testicular germ and
Sertoli cell populations as well as in brain
and skeletal muscle tissue (Table 1). Since
RNA degradation causes data to be less repro-
ducible and makes it more difficult to detect
low-abundance transcripts, we included a sam-
ple prepared from total testis using a rapid ex-
traction protocol as a control for total RNA
quality. All total RNA (Figure 1, panel a
and c) and cRNA target molecule preparations
(panel b and d) made from purified cells and
total testis tissue are of the highest quality.

Identification of differentially ex-
pressed transcripts in somatic versus
germ cells

The terms locus and gene are used as synonyms
throughout the text, while probe set refers to a
row of oligonucleotides present on the microar-
ray that are complementary to one transcript
or one EST. Note that the arrays can detect
more than one transcript/EST for one gene;
that is to say a given number of probe sets
detects an equal number of transcripts/ESTs
that ultimately correspond to a smaller num-
ber of actual genes. Gene filtration was car-
ried out as follows: the PerfectMatch (PM) val-
ues were corrected for background noise, nor-
malized and summarized to one value for each
probe set using methods implemented the Ro-
bust Multi-array Analysis (RMA) package (see
Material and Methods for more details). This
innovative approach does not take the values
obtained with the Mismatch Oligonucleotide

(MM) into account. This increases the sensitiv-
ity of the measurements since the MM signal
is thought not just to reflect non-specific hy-
bridization events but to contain true expres-
sion information which is lost when the default
statistical algorithm for data analysis provided
by the manufacturer is applied (Bolstad et al.,
2003; Irizarry et al., 2003a). Permutation tests
based upon the F Statistic that do not de-
pend upon normal distribution of the data were
employed to identify 9864 probe sets as being
differentially expressed within the cell popula-
tions analyzed (Clarke and Cooke, 1998). In
these cases the null hypotheses (all experimen-
tal conditions yield the same mean expression
value for a given gene) were rejected at the
5% significance level. Using an approach by
Storey it was estimated that among the 9864
probe sets should be 75 false positives (Storey,
2002). Finally, a subset of 1508 probe sets
whose expression signals displayed a standard
deviation greater than 1 across the 10 data
sets (hybridization experiments) was selected
for further analysis; these transcripts displayed
robust differential expression patterns. The
signals obtained in duplicate were found to
be highly reproducible for both U34 A and
B GeneChips as summarized in the box plots
shown in Figure 2, panel a. The scatter plot
matrix of 1508 probe sets also indicates that
expression levels are highly similar within repli-
cates while they split up into 4 broad clusters
of differentially expressed loci (shown in color)
when different testicular germ and Sertoli cell
populations are compared (Figure 2, panel b).
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Figure 1: Total RNA and cRNA target quality assessment. Purified total RNA from Sertoli cells (SE), spermatogonia
(SG), spermatocytes (SC), spermatids (ST) and total testis (TT) samples were analyzed for their concentration and
overall length using the Agilent Bioanalyzer RNA Chip. Fluorescence intensities measured with total RNA and cRNA
target molecules are plotted against migration time in seconds as indicated in Panel a for total RNA and Panel b
for cRNA. Signals obtained with identical replicates are shown in green and blue graphs, respectively. The peaks
corresponding to the molecular weight RNA ladder are displayed in the total testicle cRNA plot. Virtual gels of the
total RNA and cRNA samples as indicated are shown in Panels c and d, respectively. M is molecular weight markers.
rRNAs and the cRNA ladder are indicated.
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Figure 2: Comparing gene expression levels of 1508 probe sets within replicates and different cell populations. Box
plots in Panel a display the overall distribution of observed changes in signal intensities obtained with two replicates
from five samples hybridized to the U34 A and B GeneChips as indicated. Shown are the absolute log2 fold change
values. The features of clear outliers were manually inspected on the corresponding DAT image file to exclude artifacts.
The scatter plot matrix in Panel b summarizes a systematic comparison of the log2-scaled expression signals from
1508 transcripts among all samples as indicated. Genes that fall into the somatic, mitotic, meiotic and post-meiotic
clusters are symbolized by circles colored in blue, green, black and red, respectively.
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Identification of transcripts repre-
sented by probe sets through similar-
ity search

The RG-U34 A and B GeneChips contain a
total of 17590 probe sets that correspond to
11955 UniGene clusters, each of which is a
group of sequences that belong to one unique
gene. 1508 probe sets where found to display
strongly changing expression signals during rat
spermatogenesis (including 12 controls for rat
GAPDH and Hexokinase that were not further
analyzed). Since RG-U34 is based on Rat Uni-
Gene Build 34 we sought to identify the num-
ber of currently annotated loci represented by
the 1496 probe sets, using Build 118 which con-
tains 53186 distinct clusters.

The search revealed that the 1496 probe
sets correspond to 1268 UniGene clusters of
which 592 were annotated (Figure 3). This
group comprises 487 loci that were allocated
a gene symbol in the UniGene annotation
and 105 that were manually processed by
us. The group of annotated loci includes
some that are similar to yeast genes impor-
tant for the mitotic and meiotic cell cycle
(Cdc42/CDC42, Ccnb1/CLB4, Ccnd2/CLB6,
Stk6/IPL1, Tesk2/TPK3) and the regulation
of meiosis (Mak/IME2, Gsk3β/RIM11) (Sicin-
ski et al., 1996; Gromoll et al., 1997; Rosok
et al., 1999; Goepfert et al., 2002; Shinkai
et al., 2002; Guo et al., 2003; Lui et al., 2003).
See SGD (supplemental table, ref. 13) for ref-
erences of the yeast genes. Among the 676
loci not yet annotated are 383 genes that have
potential homologs in other species, notably
S. cerevisiae (provided by HomoloGene). Ex-
amples of potentially important uncharacter-
ized rat transcripts (expressed sequence tags,
ESTs) include AA874887 and AI012651 that
are similar to yeast genes involved in sister
chromatid cohesion (SMC4) (Freeman et al.,
2000) and mitotic chromosome condensation
(BRN1) (Ouspenski et al., 2000), respectively
(see reXbase for more details). Finally, we
identified 62 transcripts that may have ho-
mologs not previously identified by Homolo-
Gene and 231 transcripts expressed in germ
cells that did not match any other currently
known sequences in the comprehensive NCBI
Protein NR database (Figure 3).

Figure 3: Mining U34 A and B chips for annotated
and novel transcripts. This figure summarizes the steps
taken to identify among all transcripts represented on
the GeneChips those that are differentially expressed
(Gene filtration; among the 1508 initial transcripts 12
were removed because they were hybridization con-
trols), those that were in UniGene Build 118 (UniGene),
those that are encoded by known genes (defined as bear-
ing a genetic name; Symbol), those that had known
homologs (Homologene) and finally those that were not
known to have a homolog or those that do not appear to
be similar to any currently annotated protein (BLAST).
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Clustering gene expression profiles in
somatic and germ cells

To verify the clustering behavior of repli-
cated and distinct samples and to get a broad
overview of the timing of gene induction, we
first explored the dataset by hierarchical clus-
tering of the 10 samples and 1508 expression
patterns. The results are displayed by den-
drograms (trees) and a color coded heat map.
As expected, replicates clustered together in
all cases (top dendrogram in Figure 4). Fur-
thermore, we observed clustering of samples
from Sertoli cells and spermatogonia indicat-
ing that differentiated somatic and mitotically
growing spermatogonia share a substantial set
of similarly expressed/induced genes. In con-
trast to that, meiotic and post-meiotic sperma-
tocytes and spermatids are grouped together
with adult total testis samples (top dendro-
gram). The data indicates that four broad cat-
egories of expression patterns exist in purified
Sertoli and germ cells that can be summarized
by high or intermediate expression peak levels
in somatic/mitotic versus meiotic/post-meiotic
samples, respectively (left dendrogram and in-
dications in Figure 4).

To try and identify the minimal set of
clusters that represent the observed expression
signals and to assign biological functions
to groups of genes whose expression peaks
correlate with cell type (Sertoli cells), mitotic
growth (spermatogonia) or meiotic develop-
mental stage (spermatocytes and spermatids),
the PAM algorithm was used. We defined
four typical expression patterns (the medoids)
within the group of 1508 transcripts (Figure 5,
panel a) and then grouped all patterns around
them. A graphical display of the expression
patterns was produced using GeneSpring 5.1
(Panel b). These classes were verified by
comparing the degree of similarity of a given
pattern to those within its own cluster and to
those in all other clusters using silhouette plots
(panel c). Note that the somatic and mitotic
expression clusters do not necessarily indicate
specific expression but group genes together
that display peak transcription in either of the
cell-types. The results were verified using the
k-means clustering algorithm implemented in
GeneSpring 5.1.

Figure 4: Hierarchical clustering of 10 samples and 1508
probe sets. A heatmap of 1508 transcripts and two den-
drograms that group genes (left) and samples (top) to-
gether are shown. The samples are arranged such that
somatic control Sertoli cells (SE) are followed by mi-
totic spermatogonia (SG), meiotic (pachytene) sperma-
tocytes (SC), post-meiotic early spermatids (ST) and
total testes (TT) tissue.Each line is a gene and each
column is a sample. Clustered genes and samples as
well as the color code for expression levels are given.
Expression signal intensities are shown in red and blue
indicating high and low expression, respectively. The
cells displaying peak expression levels for a given group
marked by a black bar are indicated.
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Figure 5: PAM clustering of 1508 probe sets. Panel a shows the medoids representing the four clusters covering
the samples as indicated. Panel b summarizes a log-scale graphical display of the expression patterns within for the
Somatic, Mitotic, Meiotic and the post-Meiotic Clusters as determined by Partitioning Around Medoids (PAM). For
visualization, the data computed with MAS 5.0 were scaled and normalized using the default settings of GeneSpring
5.1. Silhouette plots of the clusters are displayed in Panel c. The scale of the silhouette is indicated and the average
width is given at the bottom of the panel.

The somatic expression class contains 474
transcripts that are predominantly (but often
not exclusively) expressed in Sertoli cells from
adult rats. This group contains about 220 un-
known transcripts. Among the annotated loci,
approximately one hundred genes have previ-
ously been demonstrated to be expressed in
testes and/or to play roles in testicular and Ser-
toli cell functions. They are involved for exam-
ple in energy and fatty acid metabolism (Cycs,
Ldhb, Scd2, Scp2), ubiquitin-mediated prote-
olysis (Ube2d3, Uchl1), detoxification (Gsta1,
Gstm2, Gstp2), oxidative stress and serum
response (c-Fos, Prdx1, Prdx2, Sod3) and
cell-cell signaling/interaction (Ctsl, Il6st, Il6r,
Nr0b1, Psap, Shbg, LOC286916 (Testin)).

We also found cell adhesion factors (Cdh2,
Ctnnb1) and confirmed expression in germ
cells of genes involved in tumor forma-
tion/gonadogenesis (Wt1) and X-Chromosome
inactivation (Tsx). The mouse homolog of
Tsx was demonstrated to be transcribed in
mitotic germ cells during puberty as well as
in adult Sertoli cells - this pattern was cor-
rectly detected by microarray analysis (Cun-
ningham et al., 1998). Finally, we find expres-
sion in Sertoli cells and spermatogonia of a cell
surface glycoprotein (Cd9) previously demon-
strated to be expressed in spermatogonial stem
cells (Kanatsu-Shinohara et al., 2004). Cd9 is
required for sperm-egg interaction and female
fertility (Le Naour et al., 2000).
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The somatic class also contains more than
150 transcripts for known genes that were char-
acterized in other tissues. Notably, we detect
factors involved in cell cycle and growth con-
trol (Cdc42, Gas7, Rbbp7, Ywha ), transcrip-
tional regulation (Ssdp, Ureb1), signal trans-
duction (Grb14, Jak1, Ptgfr, Rap1) and pro-
tein degradation (Adam10, Nedd4a, Prss11,
Psma2, Psma3, Psme1, Psme2). Another large
group consists of factors involved in energy
metabolism (Aldoa, Aldr1, Atp1a1, Atp2c1,
Atp5g2, Mor1, Pgam1, Pkm2). A gene en-
coding a factor involved in vitamin A trans-
port (Rbp1) was found to be highly expressed
both in Sertoli cells and spermatogonia. This
is confirms previous reports showing that vita-
min A (retinol) regulates a variety of testicular
functions in rodents (Livera et al., 2002). In-
terestingly, a factor involved in neurodegenera-
tive conditions (Prnp, encoding a major prion
protein precursor) was shown to be expressed
in Sertoli cells and spermatogonia. This is in
keeping with that fact that the Prnp homolog
Dpl regulates male mouse fertility (Behrens
et al., 2002).

The mitotic expression class consists of 405
transcripts, including more than 200 unchar-
acterized mRNAs, which are up-regulated in
mitotically growing spermatogonia. Among
around 60 loci that were associated with tes-
ticular expression and/or spermatogonia in the
literature, we detect the messages of genes re-
quired for cell cycle regulation (Ccnd2), com-
ponents of the extracellular matrix (Col3a1,
Mgp), hormone signal transduction (Ctgf,
Egr1, Fgfr1, Igfbp2, Igfbp3, Pdgfa, Vegf),
serum response and transcriptional regulation
(Jun, JunB, Id2, Klf9, Stat3, Zfp36).

Approximately 140 genes that were not
known to be expressed in germ cells in-
clude transcription factors (Fosl1, Copeb and
Gata4), a protein phosphatase 2a catalytic sub-
unit (Ppp2ca) and an AP-1 regulated serum
inducible protein which is involved in inflam-
matory processes in the brain and pancreas
(Scya2). The latter may play a role in the
testicular immune response to viral infections
(Le Goffic et al., 2002). The expression level of
about half of the genes in the mitotic cluster
specifically peaks in mitotically growing sper-
matogonia and then substantially decreases at
later meiotic stages. This is the case for

e.g. histones (H1f0, H3f3b), ribosomal pro-
teins (Rpl35, Rps3, Rps4) and motor proteins
(Mrlcb, Myh9, Mylc2a, Tpm1, Tpm4).

The meiotic expression class contains 442
loci highly induced in spermatocytes. Tran-
scripts that fall into this class, which in-
cludes 280 ESTs, are either only transiently
up-regulated during meiosis or they con-
tinue to be expressed post-meiotically af-
ter meiotic induction. As expected, we
found genes in this group that are in-
volved in SC formation (Sycp2, Sycp3), DNA
repair (Polβ), and chromatin condensation
(Top2a). Moreover, we find metallo-proteases
(Adam2, Adam3 and Adam5), factors neces-
sary for ubiquitin-mediated protein degrada-
tion (Ube2d2, Psmc3), transcriptional regula-
tors (Crem, Miz1), enzymes involved in en-
ergy metabolism whose somatic isoforms are
expressed in Sertoli cells (Cyct, Ldhc) and a
component of the flagellum ultimately required
during spermiogenesis (Odf2). Previously un-
detected expression in germ cells was observed
for a factor originally identified in Sertoli cells
(Sert1), a gene involved in cell cycle regulation
(Cdc20) and transcription factors involved in
organogenesis of the heart, gut and lung, for
example (Pitx2, Hipk3).

The post-meiotic expression class contains
175 loci, including 70 that encode uncharac-
terized transcripts. These transcripts are de-
tected predominantly in spermatids and, in
almost all cases, in the total testis sample.
The latter provides not only a control for
mRNA integrity but also a source for tran-
scripts present in differentiated sperm that con-
stitute approximately two thirds of the tes-
ticular cell mass. This class contains almost
60 known genes that encode proteins impli-
cated in regulation of meiosis (Gsk3β), cell
cycle control (Ccnb1), protein phosphoryla-
tion (Clk3, Mak) and degradation (Adam1,
Adam4, Adam6, Cst8), motor proteins (Krp2,
Krp5), water permeability (Aqp7, Aqp8) and
cAMP signaling (Akap1). We also find factors
involved in DNA condensation during sperm
differentiation (Prm2, Prm3, Tnp1, Tnp2),
sperm maturation (Pp2a, Odf1, Odf3), adhe-
sion (Spam, Sp10) and motility (Akap4).

Among known genes from somatic or ovar-
ian tissues we identify loci that play roles in
inflammation (Aif1), signaling (Epha7) and an
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estrogen-regulated factor implicated in female
reproduction (Itmap1). Our results indicate
that these genes may play a broader role in
fertility than previously thought.

A number of loci display significant expres-
sion signals only in the total testis extract but
not in any of the purified cell populations. The
corresponding mRNAs could be specific for tes-
ticular cell types that were not analyzed in this
study. This includes the steroidogenic Ley-
dig cells that express e.g. Cyp17 involved in
the production of corticosteroids and andro-
gens (for review see (Payne, 1990)) or Hsd3b1
required for steroid synthesis (O’Shaughnessy
et al., 2002).

Somatic tissue profiling of germ cell
genes

To further investigate the transcriptional pat-
terns of loci highly expressed in germ cells,
we included brain and skeletal muscle sam-
ples in the analysis of a selection of 302 tran-
scripts from the meiotic and post-meiotic clus-
ters (Figure 5, panel b). This approach marks
out 121 loci as being expressed in germ cells but
not in somatic Sertoli, nor in brain or skele-
tal muscle cells (Figure 6). The group com-
prises genes that are known to be involved in
testicular transcription (Crem), cell cycle reg-
ulation (Cdc20, Ccnb1), synaptonemal com-
plex formation (Sycp2, Sycp3), DNA repair
(Polβ), chromatin condensation (Top2a, Tnp1
and Tnp2), cell-cell contact (Adam1, 2, 4, 5
and 6, Tpx1, Spam), proteolysis (Pcsk4), and
water transport (Aqp8, Aqp9). Importantly,
this approach identified 37 ESTs with expres-
sion signatures that suggest possible roles for
their corresponding genes in spermatogenesis
and fertility.

Array data validation by Q-PCR

To validate the microarray expression signals
we carried out quantitative PCR assays (Q-
PCR) and observed a very good correlation be-
tween both techniques in cases of three known
genes and five ESTs (Figure 7): Gsk3β, an or-
tholog of the yeast RIM11 kinase required for
meiosis and spore formation (Malathi et al.,
1997), was very recently shown to be expressed
in testes where it regulates mammalian meio-
sis (Guo et al., 2003). The locus encoding

Figure 6: Clustering of somatic control cells versus germ
cells. A heatmap of the expression data obtained with
somatic controls from brain (BR) and skeletal muscle
(SM) are compared with Sertoli and germ cells as indi-
cated. The names of the corresponding loci and ESTs
are given. Expression signal intensities are color coded
as indicated.
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the rat TATA box binding protein (Tbp, rep-
resented by the EST AA891928 that maps
to NW 043264) also displayed the expected
highly reproducible pattern of transcriptional
induction in germ cells as previously reported
(Persengiev et al., 1996). Aqp8 was claimed
to be expressed in germ cells at various stages
of development (Ishibashi et al., 2002). How-
ever, we detected significant expression in any
of the purified cell populations neither by mi-
croarrays nor by Q-PCR. As opposed to that,
a clear signal was observed in the total testic-
ular extract (Figure 7). The ESTs whose germ
cell expression was validated are AI030059 (no
known homolog), AI639326 (similar to the hu-
man protein pir:T17234), AI639231 (similar to
the human protein pir:T46480) and AI639319
(similar to the mouse locus NP 080924.1). Fur-
thermore, we verified AI013870 which maps to
the rat locus AY241457.1 that encodes a con-
served histone acetyl transferase (see discus-
sion).

Online data-access and visualization

An online-accessible database called reXbase
(rat expression database) has been developed
which provides locus information pages for ev-
ery gene included in the current study. Every
information page gives a brief description of the
gene a provides deep-links to other databases
such as Unigene, Genbank or the RGD (Rat
Genome Database, supplemental table, ref. 16)
(Figure 8). Each page also displays expression
levels of genes as measured in the current study.
reXbase is now a part of GermOnline, a cross-
species community knowledgebase on germ cell
differentiation. Germ-Online provides informa-
tion and microarray expression data for genes
involved in mitosis and meiosis, gamete forma-
tion and germ line development across species.
The database has been developed, and is be-
ing curated and updated, by life scientists in
cooperation with bioinformaticists. Informa-
tion is contributed through an online form us-
ing free text, images and the controlled vocab-
ulary developed by the GeneOntology Consor-
tium. The database is governed by an inter-
national board of scientists to ensure a stan-
dardized data format and the highest quality
of GermOnlines information content.

Figure 7: Q-PCR validation of selected transcripts. A
graphical display of relative RNA concentrations as de-
termined by quantitative PCR and microarray expres-
sion signals is shown. The samples are displayed in
duplicate for array data (black and dark grey bars) and
Q-PCR data (light gray and white bars) as indicated.
Signals are given on a log2 scale.
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Figure 8: Example of the reXbase locus information page for the rat gene Cystatin 8 (Cst8). The annotation and
external links section provides a brief description of the gene and deep-links to other relevant databases (including
Unigene, Swissprot and GermOnline). The data analysis and visualization section summarizes cluster information
and gives a graphical display of the expression profile of Cst8 in various testicular tissues. SE, Sertoli cells; (SG)
spermatogonia; SC, spermatocytes; ST, spermatids; TT total testis
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Discussion

Mining mammalian meiosis

This large scale microarray experiment ex-
plores the patterns of transcriptional regula-
tion underlying male meiosis and gametogene-
sis as compared to testicular and non-testicular
somatic control tissues in the rat and thereby
confirms and substantially extends previous
work in human and mouse (Ostermeier et al.,
2002; Sha et al., 2002; Pang et al., 2003;
Schultz et al., 2003). Results obtained in
this study are based upon the analysis of ap-
proximately 35% of the genes expected to be
present in a rodent genome (Waterston et al.,
2002). It therefore provides a highly valuable
data set readily available for the community
via the GermOnline knowledgebase and con-
stitutes a prototype approach for comprehen-
sive transcriptomics in the field of eukaryotic
sexual reproduction. It was our aim to iden-
tify loci that display strong expression through-
out meiotic and post-meiotic stages of sper-
matogenesis because these genes are likely to
play important roles in male gametogenesis and
fertility. To this end, we have partially re-
constituted the mitotic, meiotic and the post-
meiotic phases of rat sperm development using
highly enriched spermatogonia, spermatocytes,
and spermatids. As negative controls for germ
cell expression/induction and mRNA stability
we included purified somatic Sertoli cells, to-
tal testis samples as well as brain and skele-
tal muscle tissues. Among 11955 transcripts
analyzed, 1268 showed substantial differences
in expression levels during the mitotic, mei-
otic and post-meiotic phases of spermatogen-
esis. The corresponding probe sets were ex-
plored and organized into four expression cat-
egories based upon the cell type and timing
of induction during mitotic, meiotic and post-
meiotic stages of spermatogenesis using hier-
archical and PAM clustering algorithms. This
study confirms the expression patterns of nu-
merous previously detected loci and provides
clues about the possible roles in male meiosis
and gametogenesis for 293 as yet uncharacter-
ized loci whose transcripts are present in germ
cells.

We demonstrate the reproducibility of array
data by quantitative PCR which consistently

matches microarray hybridization signals. Cor-
relation coefficients of the expression profiles
determined for 8 cases were found to vary be-
tween 0.83 and 0.99. The profiling data re-
ported here confirm Gsk3β expression in Ser-
toli and germ cells observed by RNA in situ
hybridization. Inhibition of the Gsk3β kinase
a homolog of Rim11 that phosphorylates Ume6
and Ime1 (Bowdish et al., 1994; Malathi et al.,
1997), was shown to prevent pre-meiotic DNA
replication in cultured rat germ cells (Guo
et al., 2003). This gene is therefore a prototype
case where increased mRNA concentration is
concomitant to an elevated level of a protein
that fulfills an important function in germ cells
(Guo et al., 2003). The gene encoding Tpb
(TATA binding protein) was demonstrated to
be highly induced in meiotic and post-meiotic
rat and mouse male germ cells as compared to
somatic tissue (Persengiev et al., 1996); both
microarrays and Q-PCR analysis clearly repro-
duce this pattern, further underlining the re-
liability of the array data. While we cannot
confirm an earlier report claiming that Aqp8 is
expressed in germ cells at various stages of de-
velopment, our results are consistent with tes-
ticular expression and lack thereof in brain and
skeletal muscle (Ishibashi et al., 1997). More-
over, although the in situ hybridization signal
published by Ishibashi et al. is indeed local-
ized within the seminiferous tubules, poor res-
olution of the image presented makes it diffi-
cult, if not impossible, to verify germ cell ex-
pression. An EST present on the U34 B ar-
ray (AI013870) lead us to identify the rat ho-
molog of a conserved putative histone deacety-
lase (HDAC; AY241457.1) as being strongly ex-
pressed in spermatocytes. The yeast homolog
of the rat HDAC (ESA1) is required for mitotic
growth (Smith et al., 1998) and Mof, its puta-
tive fly homolog, is involved in X-chromosome
gene dosage compensation. This raises the in-
triguing possibility that the rat gene may play
similar roles during spermatogenesis (Akhtar
and Becker, 2000).

Experimental design and data analysis

Is it possible to reconstitute a complex de-
velopmental pathway using purified cell sam-
ples? While it is likely that lengthy cell pu-
rification procedures affect transcript concen-
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trations, there are several arguments in favor
of profiling experiments based upon enriched
germ cells. First, microarrays confirm nu-
merous patterns from previously studied genes
whose expression was analyzed by in situ hy-
bridization in the natural cellular environment
(e.g. Tsx and Gsk3β) (Cunningham et al.,
1998; Guo et al., 2003). Second, the timing
of induction of many meiotic and post-meiotic
transcripts reported here correlates well with
the time of function during spermatogenesis
(e.g. Sycp2 and Sycp3 which encode SC com-
ponents expressed in spermatocytes) (Offen-
berg et al., 1998; Schalk et al., 1998). Third,
it is a feature of germ cells to contain mRNAs
that are stored after transcription for transla-
tion at later stages; these mRNA species can
therefore be detected by microarrays rather ef-
ficiently; for review, see (Steger, 2001). In ad-
dition to that, signals from purified meiotic and
post-meiotic germ cells were for many genes at
least as strong (or even stronger) than those
obtained with total testicle tissue (e.g. Ccnb1,
Crem, Adam 4, Adam6, Akap4; see GermOn-
line). This indicates that mRNA degradation
in purified cells is not a critical problem in most
cases (Figures 3 and 4).

Our results are in keeping with previous find-
ings that meiotic transcripts even from very
early zygotic stages of embryological develop-
ment are very stable and clearly detectable
by microarrays in human sperm (Ostermeier
et al., 2002). Moreover, similar experiments
using mouse total testis as well as enriched cell
samples also yielded abundant evidence that
male germ cells are an excellent source for tran-
scripts expressed/induced during spermatoge-
nesis (Pang et al., 2003; Schultz et al., 2003).
A direct comparison of our results with these
studies is complicated by the fact that different
array technologies and utterly distinct analysis
approaches were employed. However, it is note-
worthy that among 22 conserved genes impor-
tant for spermatogenesis, 20 (91%) were iden-
tified both by us and work based on mouse U74
GeneChips (Affymetrix) as being up-regulated
in male germ cells (Table 3 in (Schultz et al.,
2003). A better understanding of the conserved
mammalian transcriptome of spermatogenesis
will have to await a genome-wide comparative
profiling study in mouse, rat and human; it
should be mentioned that the array technol-

ogy required for such an experiment is already
available.

Cross-contamination of purified cell popula-
tions is likely to be irrelevant for most tran-
scripts identified in this study (see Figure 1 and
Table 1) because many reference genes known
to be very strongly expressed in Sertoli cells,
spermatocytes or spermatids (e.g. Tsx, Sycp2,
Sycp3, Mak, Tnp1, Tnp2, Odf1, Odf2, Odf3)
are indeed detected only in these cells and not
in any of the other cell populations or the con-
trols (see GermOnline for expression patterns).
It should be emphasized that this is true for
both replicate samples that were analyzed for
each cell type. One should bear in mind, how-
ever, that for rare cases of genes that are ex-
tremely highly expressed in certain (germ) cell
types, it may be difficult to distinguish between
transcription in the enriched cell population
and the sub-population of contaminating cells
(see Table 1).

In the successive hierarchical and PAM clus-
ter analysis we focused on relative differen-
tial transcription patterns rather than trying
to categorize loci based upon expression lev-
els (which would have produced a larger num-
ber of clusters). This was due to the nature of
our experimental approach since it is likely that
mRNA concentrations change to a certain ex-
tent during germ cell purification as compared
to the in vivo level. The expression signals may
therefore in some cases not accurately reflect
the physiological promoter activity.

Germ cell expression and function

We included brain and skeletal muscle sam-
ples in a refined analysis of 617 probe sets that
yield highly expressed in germ cells to identify
121 transcripts and ESTs as being expressed
in germ cells but not in at least three differ-
ent types of somatic cells. This group includes
30 genes whose products are thought to fulfill
meiotic or post-meiotic roles. It seems there-
fore reasonable to assume that 36 ESTs also
identified are likely to lead to a number of
genes important for spermatogenesis and fer-
tility. It would be very interesting to compare
gene expression in testicular tissue with a large
number of somatic tissues in the rat to address
the important question of germ cell specificity.
However, a truly informative tissue profiling
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approach requires comprehensive data sets that
are currently available only for mouse and hu-
man (Su et al., 2002). The outcome of such an
experiment is bound to be extremely yielding
in the light of the fact that up to approximately
4% of the genes in the mouse genome may be
expressed in post-meiotic male germ cells alone
(Schultz et al., 2003).

Any attempt to identify tissue-specifically
expressed genes has the caveat that one may
fail to find important genes also transcribed in
other organs. Spo11, for example, is present
only in sporulating but not growing yeast cells
(Atcheson et al., 1987) while the mammalian
Spo11 homolog, which is essential for game-
togenesis in both males and females, is also
weakly expressed in other tissues, including the
brain. However, no neuropathology was de-
tected in homozygote knock-out mice (Baudat
et al., 2000; Romanienko and Camerini-Otero,
2000). One explanation for this observation
is that the Spo11 mRNA may not be trans-
lated into a functional protein in nervous tis-
sue. A similar case was observed for the myo-
genic transcription factor Myf5. Although the
gene is transcribed in a specific region of the
brain, its mRNA is not translated into a pro-
tein detectable by immunofluorescence in that
tissue (Daubas et al., 2000).

The work reported here clearly indicates that
expression profiling of mammalian spermato-
genesis using highly enriched Sertoli and germ
cells as well as testicular and somatic control
tissues is feasible and very yielding. The data
furthermore confirms that expression data ob-
tained with classical molecular and cell bio-
logical methods are faithfully reproduced by
microarrays. This exploratory study provides
data for numerous genes previously character-
ized in somatic tissues (and sometimes thought
to be specific for that tissue) that indicate ex-
pression in testicular germ cells. In addition
to that it identifies more than 290 unchar-
acterized loci potentially important for male
fertility. Such results, conveniently accessible
through GermOnline and reXbase, will ulti-
mately help better understand the genetic de-
fects that lead to human reproductive patholo-
gies such as sterility and birth defects. Finally,
it is likely to contribute to the development of
innovative approaches to reversible inhibition
of male fertility.

Materials and Methods

Cell purification protocols Sertoli cells were
isolated from 8 rats at 20 days post-partum (dpp) as
previously described (Toebosch et al., 1989). To iso-
late spermatogonia, testes of 25 Sprague-Dawley rats
at 9 dpp were excised and decapsulated. Seminiferous
epithelial cells were dispersed by collagenase treatment
and separated at a purity of greater than 90% as pre-
viously described (Guillaume et al., 2001). Pachytene
spermatocytes and early spermatids were prepared by
centrifugal elutriation to a purity greater than 90% from
8 rats at 90 dpp as previously described except that cells
were mechanically dispersed (Pineau et al., 1993a). To-
tal testicular samples were produced by excising and
snap freezing testes from three Sprague-Dawley rats at
90 dpp in liquid nitrogen. The outermost connective
tissue capsule was surgically removed on the frozen or-
gans before they were manually ground up using mortar
and pestle. Total RNA was purified using the RNeasy
kit (Qiagen) following the instructions of the manufac-
turer. Tissue samples from brain (Lewis, 60 dpp) and
skeletal muscle (Wistar, 70 dpp) for microarray anal-
ysis were isolated from adult rats according to stan-
dard procedures as recommended by the manufacturer
(Affymetrix).

Quantitative PCR analysis of mRNA
concentration cDNA was synthesized using ran-
dom hexamers and Superscript II reverse transcriptase
(Invitrogen) following the instructions of the manufac-
turer. The amplicons were designed with the program
Primer Express 2.0 (Applied Biosystems) using default
parameters such that they spanned exon boundaries.
The specificity of each primer pair as well as the ef-
ficiency of the amplification step were tested by assay-
ing serial dilutions of cDNA oligonucleotides specific for
target and normalization control loci and EST (see web
site). PCR reactions were carried out in triplicate us-
ing a SDS 7900 HT instrument (Applied Biosystems).
Raw Ct values obtained with SDS 2.0 (Applied Biosys-
tems) were imported into Excel (Microsoft) to calculate
the normalization factor and the fold changes with the
geNorm script as published (Vandesompele et al., 2002).

cRNA target synthesis and GeneChip
hybridization 50 µg of total RNA was purified
on average from the samples using RNeasy Mini-Spin
columns (Qiagen) employing standard protocols pro-
vided by the manufacturer. The cell pellets were re-
suspended in RLT buffer and lysed by shearing in a 2
ml syringe. 600 µl of the supernatant was mixed with
600 µl of 70% Ethanol, loaded onto an RNeasy column,
washed and eluted in 100 µl distilled water. Total RNA
quality was monitored by loading approximately 200 ng
onto an RNA Nano 6000 Chip that was processed with
the 2100 Bioanalyzer (Agilent). Biotin labeling of RNA
was performed as described in the Expression Analy-
sis Technical Manual (Affymetrix) with minor modifica-
tions as indicated below. To synthesize single-stranded
cDNA 13 µg of total RNA was mixed with oligo-dT
and incubated with SuperScript II reverse transcrip-
tase (Invitrogen) at 42°C for one hour. After synthe-
sis of the second cDNA strand using the SuperScript
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Double-Stranded cDNA Synthesis Kit (Invitrogen), the
material was extracted with phenol-chloroform-isoamyl
alcohol and precipitated with 0.5 volumes of 7.5 M am-
monium acetate and 2.5 volumes of ethanol. 50% of the
cDNA was used for an in vitro transcription reaction
using the BioArray High Yield RNA Transcript Label-
ing Kit T7 (Enzo) to synthesize cRNA in the presence
of biotin-conjugated UTP and CTP analogs. Approxi-
mately 50-100 µg of labeled cRNA from each reaction
was purified by using RNeasy Mini-Spin columns and
roughly 300 ng was analyzed on RNA Nano 6000 Chips.
The cRNA targets were incubated at 94°C for 35 min
and the resulting fragments of 50-150 nucleotides were
again monitored using the Bioanalyzer. All synthesis re-
actions were carried out using a PCR machine (Biome-
tra T1 Thermocycler) to ensure the highest possible
degree of temperature control.

220 µl of the hybridization cocktail containing frag-
mented biotin-labeled target cRNA at a final concentra-
tion of 0.05 µg/µl was transferred into Rat U34A and
U34B GeneChips (Affymetrix) and incubated at 45°C
on a rotator in a Hybridization Oven 640 (Affymetrix)
for 16 hours at 60 rpm. The arrays were washed and
stained by using a streptavidine-phycoerythrin conju-
gate (SAPE; Molecular Probes). To increase the signal
strength the antibody amplification protocol was em-
ployed (EukGE-WS2v4; Affymetrix Expression Anal-
ysis Manual). The GeneChips were processed with
a GeneArray Scanner (Agilent) using the current de-
fault settings. DAT image files of the microarrays were
generated using Microarray Analysis Suite 5.0 (MAS;
Affymetrix).

Data and cluster analysis CEL data files were
computed using the statistical algorithm implemented
in MAS 5.0 (supplemental table, ref. 9). The data
was further analyzed using programs developed in R, a
programming language and developer environment for
statistical computing and graphics (supplemental table,
ref. 12). The Robust Multi-array Analysis (RMA) al-
gorithm as implemented in the BioConductor package
was employed for data normalization using the quantile
method as implemented in the package (supplemental
table, ref. 11). This method aims at making the distri-
bution of probe intensities the same across all arrays in
a given set (Bolstad et al., 2003; Irizarry et al., 2003b).
Gene expression signal calculation was based upon the
Perfect Match (PM) values from each probe set as pub-
lished (Irizarry et al., 2003a). The program written for
data preparation and analysis in this study is available
at our web site (follow the link ”download software” in
the navigation bar).

To identify differentially expressed genes, the F
statistic was used to compute the variations between
replicates as compared to those observed between two
different samples. Based upon this method, a complete
permutation test was carried out such that the expres-
sion changes observed when true replicates were ana-
lyzed, were compared to the changes that occur when
any two samples were considered to be replicates. This
approach helps distinguish true signal changes from
those that occur by chance. Only the genes for which
a p-value < 0.05 and a SD of > 1 was calculated were
included in the list of differentially expressed genes for

further analysis by clustering.
Dendrograms of the expression patterns and samples

were computed by hierarchical clustering using Ward’s
Minimum Variance and Complete Linkage Methods, re-
spectively, as implemented in R in the hclust function
from the mva package. In both cases a Euclidian dis-
tance measure was employed. Dendrograms were com-
bined with a heat map displaying color-coded expres-
sion signal intensities for each gene.

To subgroup the genes according to their overall tran-
scription patterns but not signal intensities the values
for each gene were centered on zero and scaled to a stan-
dard deviation of 1. The transformed values were then
analyzed using Partitioning Around Medoids (PAM)
and k-means clustering as implemented in R and Gene-
Spring 5.1 (Silicon Genetics, Redwood City, CA), re-
spectively. PAM is a useful alternative to k-means be-
cause it minimizes the sum of dissimilarities rather than
the sum of squared Euclidean distances which makes it
more robust towards outliers (Kaufman and Rousseeuw,
1999). The significance of PAM results after several
rounds of analysis using increasing numbers of clusters
was verified by employing Silhouette Plots. The silhou-
ette values are a measure of the degree of similarity of
expression patterns in a given cluster as compared to
all other patterns in the other clusters. Both PAM and
silhouette are part of the cluster package in R.

Similarity search The UniGene Rn.data.gz file
was parsed and read into a MySQL relational database.
The fields from the Rn.data file used were: ID (Uni-
Gene cluster ID), TITLE (title for the UniGene clus-
ter), GENE (gene symbol), PROTSIM (protein simi-
larity/homology data of rat UniGene clusters to loci in
rat and other model organisms), and SEQUENCE (se-
quence information of all sequences that belong to each
UniGene cluster).

We generated the following probe set annotation
groups: 1) probe sets not in UniGene 118, 2) probe sets
which represent annotated genes, 3) probe sets which
represent genes not yet annotated with at least one ho-
molog, and 4) probe sets which represent genes not yet
annotated with no homologs and a significant protein-
NR BLAST alignment. To determine if a probe set was
in UniGene 118 and which UniGene cluster it was in,
the source accessions for each probe set were mapped
to UniGene 118 clusters. UniGene gene symbol and
BioConductor PubMed ID information were used to de-
termine if a probe set represented an annotated gene.
UniGene PROTSIM information was used to determine
whether the gene represented by a probe set had a ho-
molog. Probe sets corresponding to genes not yet anno-
tated with no homologs were aligned to NCBI’s protein-
NR database by using the BLASTx program with a
minimum e-value of 1 ×10−5.

MIAMI compliance Both CEL and CHP data
files corresponding to the Sertoli (SE1 and 2), germ cell
(SG, SC and ST1 and 2, respectively) and total testic-
ular samples (TT1 and 2) were uploaded to the EBI’s
ArrayExpress public data repository at (supplemental
table, ref. 14) (Submission 280: ”rat spermatogene-
sis”). CEL feature level data files of all samples (includ-
ing brain and skeletal muscle) and Q-PCR raw data are
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available at our website.
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Chapter 2: Genome-wide Analysis of ABF1 -target

Genes During Mitotic Growth and Meiotic Development
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Abstract

Autonomously replicating sequence Binding Factor 1 (ABF1 ) is an essential sequence-specific DNA
binding protein in Saccharomyces cerevisiae involved in diverse nuclear events including transcrip-
tional regulation, gene silencing at the mating type locus, DNA replication, and chromatin remod-
eling. Abf1p has been demonstrated to interact with components of the nucleotide excision repair
complex, the mRNA export machinery and also factors involved in chromatin remodeling, such
as Esa1p, Hmo1p and Isw2p. Abf1p participates in the transcriptional control of genes involved
in a broad range of cellular processes, including amino acid metabolism, ribosome biogenesis, and
meiotic development. Here, we report a comprehensive whole genome approach aiming at the iden-
tification of ABF1 -target genes in vegetatively growing and sporulating yeast cells. The approach
combines whole-genome expression profiling experiments with genome-wide binding assays (ChIP-
CHIP) and in silico prediction of potential binding sites. This study identifies a total of 504 genes
that are transcriptionally dependent on ABF1, more than half of which are bona fide direct targets.
Many of these genes are essential for vegetative growth or are involved in meiotic development.
Several of these genes have previously been described as being essential for sporulation (such as
SPO14, SRV2 and VMA6 ) and therefore could account for the observed sporulation defect that
we observe in abf1-1 mutant cells. Furthermore, we found that two members of the septin family
(CDC3 and CDC10 ) are direct target genes of Abf1p-regulation which suggests a role for Abf1p
in cytokinesis. This notion is further substantiated by the observation, that chitin localization
and septin ring formation are perturbed in abf1-1 mutants, which in turn can explain the cellular
morphology of this strain at the restrictive temperature.

Introduction

Autonomously Replicating Sequence (ARS )
Binding Factor 1 (ABF1 ) belongs to a group of
proteins referred to as General Regulatory Fac-
tors (GRFs), which share a number of differ-
ent characteristics. They are essential, abun-
dantly transcribed, and function as enhancers
of transcriptional events: their binding motifs
usually have little intrinsic activating capaci-
ties but instead amplify the effect of neigh-
boring regulatory sites. They can enhance
both activation and repression of transcription
and they are involved in diverse cellular pro-
cesses. Indeed, a conserved DNA-binding mo-
tif for ABF1 has been found at different lo-

cations throughout the yeast genome includ-
ing the silenced mating type locus, various
ARSs, and the regulatory sequences of around
80 genes (Loo et al., 1995; Diffley and Still-
man, 1988; Lee et al., 2002). A number
of these Abf1p-binding sites (UAS, Upstream
Activating Sequence) have been shown to be es-
sential in mediating diverse nuclear events. For
example, parts of the Autonomously Replicat-
ing Sequences of ARS1, ARS120 and ARS121
which contain UASs have been shown to be
bound by Abf1p in vitro (Diffley and Stillman,
1988; Francesconi and Eisenberg, 1989) and to
be essential for stability of ARS/CEN plas-
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Table 2. Saccharomyces cerevisiae strains used in this study
Strain Genotype Source

KM7 MATa leu2-3 his4-519 ade1-100 ura3-52 GAL-ABF1::URA3 (Gonçalves et al., 1992)

JCA30 MATa trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 gal ABF1 (Rhode et al., 1992)

JCA31 MATa trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 gal abf1-1 (Rhode et al., 1992)

JCA40 MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 gal ABF1 (Rhode et al., 1992)

JCA41 MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 gal abf1-1 (Rhode et al., 1992)

MPY170 SK1 MATa/MATα ho::LYS2 ura3 lys2 leu2::hisG arg4-Nsp/arg4-Bgl,
his4x::LEU2-URA3 /his4B::LEU2

(Primig et al., 2000)

MPY284 MATa/MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 ABF1/ABF1 This study

MPY283 MATa/MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 abf1-1/abf1-1 This study

MPY285 MATa/MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 abf1-1/abf1-1
pRS416-ABF1

This study

MPY125 MATa/MATα trp1∆/TRP1 his3∆200/his4-519 ura3-52 ade2-1/ade1-
100 gal ABF1/GAL-ABF1::URA3

This study

MPY128 MATa/MATα trp1∆/TRP1 his3∆200/his4-519 ura3-52 ade2-1/ade1-
100 gal abf1-1/GAL-ABF1::URA3

This study

MPY310 MATa/MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 ABF1/ABF1
CDC10-GFP::KanMX4/CDC10

This study

MPY311 MATa/MATα trp1∆ his3∆200 ura3-52 lys2-801 ade2-1 abf1-1/abf1-1
CDC10-GFP::KanMX4/CDC10

This study

mids (Rhode et al., 1992). In addition, the
Abf1p-binding site at the HMRE silent mating
type locus was shown to be essential to con-
fer gene silencing (Loo et al., 1995; Diffley and
Stillman, 1988). Furthermore, binding motifs
within numerous promotors have been demon-
strated to contribute to the transcriptional ac-
tivation of genes that are involved in different
cellular processes including carbon source reg-
ulation, amino acid metabolism, mitochondrial
and ribosomal functions (Kratzer and Schüller,
1997; Künzler et al., 1995; de Winde and Griv-
ell, 1992; Della Seta et al., 1990a; Planta, 1997;
Planta et al., 1995).

A number of studies have previously shown
that ABF1 participates in the activation of
early and middle meiotic genes. This has
been demonstrated for HOP1, which encodes
a component of the synaptonemal complex,
SPR3, a sporulation-specific homolog of the
yeast Cdc3/10/11/12 septin family, and SMK1,
a mitogen-activated protein kinase required for
spore morphogenesis. From this it was con-
cluded that ABF1 plays a general role in ac-
tivating early and middle meiotic genes (Ver-
shon and Pierce, 2000). Indeed, some other
sporulation-specific promoters contain Abf1p-
binding sites (Ozsarac et al., 1995; Gailus-
Durner et al., 1996). However, it was never
tested whether these sites are essential for

transcriptional activation, as it was shown for
HOP1, SPR3 and SMK1 (Prinz et al., 1995;
Gailus-Durner et al., 1996; Ozsarac et al.,
1995; Ozsarac et al., 1997; Pierce et al., 1998).
Notably, promotors of these three genes also
contain sequence elements which are essential
for proper timing of activation. For example,
the SMK1 promotor harbors a combination of
binding sites for Sum1p/Ndt80p (MSE, Middle
Sporulation Element) and Ume6p (URS1,
Upstream Repressor Sequence 1) which con-
fer the gene’s repression during vegetative
growth, activation during mid-meiosis and re-
repression at late stages of sporulation, respec-
tively. When the Abf1p-bound UAS was mu-
tated, a SMK1 -lacZ reporter gene was not acti-
vated during sporulation anymore. In this con-
text it has been demonstrated that the Abf1p-
binding sites from the early HOP1 and the
middle SMK1 promoters can be interchanged
without altering the timing and magnitude of
transcriptional activation. In addition, the
early HOP1 promoter was converted into a
middle gene when its URS1 was replaced with
the MSE from the SMK1 promotor (Pierce
et al., 1998). This led to the notion that Abf1p
contributes to the strength rather than the tim-
ing of induction.

The interplay between Abf1p and other tran-
scription factors (i.e. Ume6p or Ndt80p as
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mentioned above) to control transcriptional
activity has been documented for numerous
genes (Kratzer and Schüller, 1997; Künzler
et al., 1995; Martens and Brandl, 1994; Mul-
der et al., 1995; de Winde and Grivell, 1992;
de Boer et al., 2000). That this is also con-
nected to Abf1p’s intrinsic ability to remodel
the chromatin has recently been shown for two
bi-directionally transcribed genes UGA3 and
GLT1 (Ishida et al., 2006). When yeast is
grown on a low-quality nitrogen source, or un-
der amino acid deprivation, the expression of
both genes is induced through the action of the
two global transcriptional modulators, Gln3p
and Gcn4p, that bind to a region of the bi-
directional promoter. Mutations in the Abf1p-
binding site also located in this promotor dif-
ferentially affect transcription of UGA3 and
GLT1, and thus alter the overall relative ex-
pression (Ishida et al., 2006).

Abf1p’s ability to remodel chromatin has
been attributed to its C-terminal activation do-
main (AD), which can be further dissected into
two important clusters of amino acid residues
(CS1 and CS2). CS1 specifically participates
in transcriptional silencing and nuclear local-
ization of Abf1p (Miyake et al., 2002; Loch
et al., 2004). CS2 in turn is required for ac-
tivation of transcription, DNA replication, and
chromatin remodeling (Miyake et al., 2002).
The N-terminal two-thirds of the protein har-
bor a DNA-binding domain (DBD), which con-
tains a motif related to the canonical zinc
finger (Rhode et al., 1992; Miyake et al.,
2002). Sequence-specific DNA-binding activ-
ity of Abf1p to target sequences has been at-
tributed to its DBD (Halfter et al., 1989a;
Rhode et al., 1992) and requires zinc ions
and unmodified cysteins (Diffley and Still-
man, 1989). Based on in vivo footprint-
ing and DNA mutation analysis earlier stud-
ies have postulated the consensus sequence
5’-CGTNNNNNRYGAY (where R, Y and N
represent A or G and C or T and random
bases, respectively) as an Abf1p-binding site
(Halfter et al., 1989b; Einerhand et al., 1995;
Upton et al., 1995; Della Seta et al., 1990b;
Dorsman et al., 1990). A mutational screen
for conditional mutations of ABF1 resulted
in the identification of several temperature-
sensitive alleles (Rhode et al., 1992). One of
these alleles, abf1-1, has a point mutation in

its DNA-binding motif and abolishes the pro-
tein’s ability to bind to target DNA in vitro
(under unphysiological conditions) already at
the permissive temperature and in vivo at
the restricitive temperature. This has been
demonstrated for the ARS1 element in vitro
and a number of promotors in vivo (Rhode
et al., 1992; Schroeder and Weil, 1998a). No-
tably, the latter experiments showed that oc-
cupancy of abf1-1 at target binding sites is al-
ready lost after a few minutes upon transfer
of cells from permissive to restrictive tempera-
ture (Schroeder and Weil, 1998a). The growth
rate of the abf1-1 mutants at the permissive
temperature (25°C) is nearly identical to that
of the isogenic ABF1 strain. At the semi-
permissive temperature (30°C) abf1-1 mutant
cells grow slowly and growth completely arrests
at temperatures ≥32°C (Rhode et al., 1992).

abf1-1 is a useful tool for the analysis of
cellular functions governed by ABF1, such as
DNA replication, plasmid stability (Rhode
et al., 1992), and transcriptional activation
(Schroeder and Weil, 1998b). A recent
microarray-based study compared expression
profiles of wild-type and abf1-1 mutants
growing in rich medium. In this experiment 50
and 36 genes were identified as being activated
and repressed, respectively, by functional
ABF1 (Miyake et al., 2004) in vegetative
cells. This finding was surprising because
previous genome-wide binding assays had
revealed that Abf1p binds to the promotors
of approximately 500 genes (p-value <0.005)
in vegetatively growing cells (Harbison et al.,
2004; Lee et al., 2002). Several reasons
were suggested for the disparity between the
large number of Abf1p-bound loci in the
genome and the relatively small number of
Abf1p-controlled (Miyake et al., 2004), for
example, the redundancy between Abf1p
and other transcription factors bound at the
same promoter regions which may compensate
loss of ABF1 -functionality. Miyake et. al.
(2004) also mentioned the hit-and-run model
as a possible explanation. This model was
postulated several years earlier (Schroeder and
Weil, 1998b) on the basis of the observation
that several ABF1 -dependent genes keep on
being active, even if Abf1p is not detected at
their promotors by in vivo footprinting assays.
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Figure 9: Flow chart of the experimental protocol. Boxes indicate the genotype of strains used for expression
profiling. Arrows refer to sample splitting prior to shifting to the temperatures which are indicated. Black circles
indicate timepoints at which samples for the ChIP-CHIP experiment were taken. Abbreviations were used to describe
sample types: W, wild-type; M, mutant; P, permissive temperature (25°C during mitosis and 28°C during meiotic
development); S, semi-permissive temperature (33°C); R, restrictive temperature (37°C); D, YPD; A, YPA; E, early
sporulation stage; M, middle sporulation stage.

In this study we have examined mitotic
and meiotic phenotypes of abf1-1 mutant
cells. This characterization included growth
properties of vegetative cultures incubated
at permissive, semi-permissive and restrictive
temperature and different meiotic landmarks.
Furthermore, we have combined two whole
genome approaches to identify ABF1 -target
genes in vegetatively growing and sporulating
yeast and included in silico predictions of
potential binding sites. The combination of
ChIP-CHIP assays with expression profiling
experiments comparing wild-type and mutant
abf1-1 cells allowed us to define different
categories of regulation by ABF. For example,
genes whose transcript abundance dropped
in mutant cells at the elevated temperature
and whose promotors were found to be bound
by Abf1p and/or that contained a predicted

binding motif were defined as bona fide direct
targets. Among the 504 genes whose expres-
sion was shown to depend on the presence
of functional ABF1 we identified 352 genes
such direct target genes. This list includes
numerous genes essential for vegetative growth
or involved in meiotic development, such as
TAO3, one of the recently described quanti-
tative trait loci governing meiosis, or SPO14
whose dependency on ABF1 gives a possible
explanation for the sporulation phenotype of
abf1-1 mutant cells. Furthermore, we also
found that the activity of two septins (CDC3
and CDC10 ) which are required for cytoki-
nesis are dependend on Abf1p. This finding
might explain the aberrant morphology, chitin
mislocalization, and perturbation of septin
ring formation observed in abf1-1 mutant cells.
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Figure 10: Growth properties of wild-type (ABF1/ABF1, MPY284), mutant (abf1-1/abf1-1, MPY283) strains and
mutant strain transformed with a plasmid harboring ABF1 (abf1-1/abf1-1 ABF1+, MPY285). (A) Serial five-fold
dilutions of wild-type, mutant cells and the complemented strain were spotted on YPD plates and grown for 2 days
at the temperatures indicated. (B) Specific growth rate of wild-type and mutant strains in liquid YPD medium at
the temperatures indicated, monitored over a period of nine hours. Mean values from three independent experiments
are shown. Bars represent standard deviations.

Results

Experimental design

The aim of this study was to identify tar-
get genes of ABF1 in vegetatively growing
and sporulating cells to better understand
Abf1p’s role in coordinating these events. To
this end we have combined three experimen-
tal approaches: expression profiling exper-
iments, genome-wide binding assays (ChIP-
CHIP), and in silico prediction of potential
binding sites of ABF1. The experimental setup
is summarized in Figure 9. The combination
of the three complementary experiments has
several advantages as compared to single ap-
proaches. The most important advantage is
that the data sets are complementary. This al-
lows optimizing the filtration criteria of every
single data set to gain efficiency without losing
accuracy of target gene discovery. The pres-
ence of a potential binding site in a promotor
(detected by in silico prediction algorithms) or
binding of Abf1p to that promotor (monitored
by protein-DNA binding assays) provides ad-

ditional confidence to a putative ABF1 -target
gene identified by expression profiling. Fur-
thermore, a key advantage of motif prediction
is that it, apart from confirming a region that
is found to be bound by Abf1p in the ChIP-
CHIP assay, also yields the exact location of
binding in this sequence region. This site can
then be further validated and studied by dif-
ferent biochemical and genetic means, such as
electro-mobility shift assays, in vivo footprint-
ing, chromatin-immunoprecipitation, or muta-
tional analysis.

In order to detect genes whose expression de-
pends on the presence of functional ABF1 we
compared expression profiles of diploid wild-
type and temperature-sensitive abf1-1 mutant
cells. These strains were derived by crossing
haploid cells isolated in an earlier study on
ABF1 (Rhode et al., 1992) (Table 2, MPY284
and MPY283). Cell cultures were grown to
mid-log phase at permissive temperature, then
split and grown at the permissive (25°C) or the
restrictive temperature (37°C), respectively, for
one hour prior to harvesting. As growth condi-

33



Chapter 2: Abf1p-control of mitosis and meiosis

Figure 11: Arrest phenotypes of wild-type (ABF1/ABF1, MPY284), mutant (abf1-1/abf1-1, MPY283) strains. (A)
Differential interference contrast (Nomarski) and DAPI imaging of wild-type and mutant strains that were grown at
25°C to early log phase, then divided into three cultures, and subsequently incubated at 25°C, 30°C and 37°C for 8
hours. Cells were harvested, fixed, and nuclei were DAPI-stained. (B) Quantification of cell separation defects of
abf1-1 mutants. Cells were treated as described above, sonicated, and counted according to their morphology. Mean
values from three independent experiments are shown. Bars represent standard deviations.

tions we have chosen YPD (rich medium con-
taining nitrogen sources and glucose) and YPA
(containing nitrogen sources and acetate in-
stead of glucose). We included the acetate
experiment to detect Abf1p-regulated genes
whose expression is either repressed by glucose
or induced by acetate, and therefore would not
be detected in an experiment based on rich
medium only. There were two reasons why we
have included mitotic samples (alongside with
the meiotic samples) in our study. First, we
wanted to gain knowledge about ABF1 -target
genes as comprehensive as possible, including
different growth and differention conditions.
Also, we were interested in how Abf1p coor-
dinates mitotic growth and meiotic develop-
ment. Second, many genes which are involved
in or are essential for meiotic development are

not meiosis-speficially expressed but are al-
ready expressed under mitotic growth condi-
tions (Schlecht and Primig, 2003) and were
therefore expected to be identified in the YPD
and YPA data set.

We also aimed at the identification of genes
whose activity depends on ABF1 during mei-
otic development. As expected, the strains
used to study mitotic roles of ABF1 proved
to progress through meiotic development and
sporulation very slowly and with low effi-
ciency, because their genetic backgrounds were
close to S288C whose genome was sequenced
(Deutschbauer and Davis, 2005). Diploid
strains with one ABF1 or abf1-1 allele and har-
boring one galactose-inducible copy of ABF1
(Table 2, MPY125 and MPY128) had better
sporulation characteristics resembling that of
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Figure 12: Growth properties of wild-type (ABF1/GAL-ABF1, MPY125), and mutant (abf1-1/GAL-ABF1, MPY128)
strains. (A) Serial five-fold dilutions of both strains were spotted on YPD plates and grown for two days on YPD
(P-GAL off) or YPGal (P-GAL on) at the temperatures indicated.

W303. For the meiotic expression profiling
experiment we have chosen 28°C as a basal
temperature for sporulation. After 5 and 9
hours of sporulation (corresponding to early
and middle meiotic clusters in W303 as previ-
ously defined (Primig et al., 2000) the cultures
were shifted to 33°C and 37°C or left at 28°C
for one hour prior to harvesting. The semi-
permissive temperature of 33°C was chosen be-
cause temperatures higher than 34°C have pre-
viously been shown to lower the abundance
of meiosis-specific transcripts during meiotic
development. We further included samples
shifted to 37°C as negative controls.

In parallel, we performed an in silico ap-
proach to predict target sequences in the yeast
genome that can potentially be bound by
Abf1p. This approach of regulatory site predic-
tion was based on the comparison of genome se-
quences from five related yeast species (Cliften
et al., 2003; Kellis et al., 2003) and led to the
identification of evolutionary conserved motifs
of ABF1. Additionally, genome-wide bind-
ing assays (ChIP-CHIP) identified those tar-
get sites that are actually bound by Abf1p
in the living cell. Our genome-wide bind-
ing assays simultaneously measured binding
of Abf1p to ∼6000 coding and ∼6000 non-
coding genomic sequences (including ARS, cen-

tromer and telomer sequences) in an SK1 strain
growing in rich media containing either fer-
mentable (glucose) or non-fermentable carbon
sources (acetate) or undergoing early (4 hours)
or middle (8 hours) stages of meiotic develop-
ment (Figure 9). We have chosen SK1 (Ta-
ble 2, MPY170) for the study, because this
strain sporulates synchronously and with high
efficiency and therefore allowed high-resolution
mapping of Abf1p-binding during sporulation.
In order to exclude systematic errors in our
ChIP-CHIP measurements we included three
types of control experiments: a) dye swap la-
beling (where labeling dyes for input and pre-
cipitated DNA were interchanged), b) mock
IP using an unrelated antibody, and c) input-
over-input samples (where input DNA was la-
beled with the two dyes prior to hybridization).
These control experiments allowed us to survey
and minimize experimental variation caused by
non-biological sources, such as a) labeling bi-
ases of input and precipitated DNA, b) prefer-
ential amplification of DNA prior to hybridiza-
tion, and c) non-specific antibody interaction
during immunoprecipitation.

Phenotypes of abf1-1 mutant strains

For our study we first constructed a diploid
strain homozygous for temperature-sensitive
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Figure 13: Sporulation properties of wild-type
(ABF1/GAL-ABF1, MPY125) and mutant (abf1-
1/GAL-ABF1, MPY128) strains. (A) Graph showing
production of dyads (dark gray) and tetrads (light gray)
after 5 days at the temperatures indicated. (B) Differ-
ential interference contrast (Nomarski) and DAPI imag-
ing of wild-type cells after 5 days sporulation at 25°C.
(C) Nomarski and DAPI imaging of mutant cells after
5 days sporulation at 25°C.

abf1-1 and an isogenic wild-type strain. The
strains were derived from haploid JCA30,
JCA31, JCA40 and JCA41 isolated in a pre-
vious study (Rhode et al., 1992) (Table 2).
Wild-type and mutant strains (MPY284 and
MPY283, respectively) were able to grow on
solid medium at the permissive (25°C) and the
semi-permissive (30°C) temperatures. How-
ever, only wild-type cells were able to grow at
the restrictive (37°C) temperature (Figure 10,
panel A). Growth at this temperature was re-
stored in mutant cells by inserting a plasmid
harboring wild-type ABF1 along with its pro-
motor (MPY285).

As expected, growth rate was slowed down
in mutant cells already at the semi-permissive
temperature as compared to the wild-type.
This has been demonstrated previously for
haploid cells harboring the abf1-1 mutation
(Rhode et al., 1992). We have reproduced this
observation with cells growing on solid medium
and in liquid culture (Figure 10, panel A and
B). The morphology of the mutant was quite
distinct from that of the wild-type under the
same growth conditions. Cells did not separate
properly forming bodies of more than 3 cells;
elongated buds appeared and cell size increased
(Figure 11, panel A and B). These phenotyp-
ical peculiarities of abf1-1 mutant cells were
also observed when incubated at 37°C, however
only to a minor degree. This can be explained
by the fact that at the restricitive temperature
growth and division, which are prerequisites for
the above-mentioned phenotypes, are slowed
down. Upon transfer of mutant cells to 37°C
the specific growth rate dramatically dropped
(Figure 10, panel B).

Next, we have addressed the question
whether there is a dosage-dependency of
growth on ABF1. We therefore constructed
strains with one galactose-inducible allele of
ABF1 derived from strain KM7 (Gonçalves
et al., 1992) (Table 2) combined with either a
wild-type ABF1 allele (from JCA40) or a mu-
tant abf1-1 allele (from JCA41). Growth prop-
erties of the resulting wild-type (ABF1/GAL-
ABF1, MPY125) and mutant (abf1-1/GAL-
ABF1, MPY128) (Table 2) cells were assessed
on solid medium (Figure 12). Interestingly,
growth rate of MPY128 was strongly reduced
already at 30°C when grown on YPD plates.
Under these conditions only the abf1-1 allele
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Figure 14: The kinetics of premeiotic DNA replication of wild-type (ABF1/GAL-ABF1, MPY125) and mutant (abf1-
1/GAL-ABF1, MPY128) cells sporulated at the temperatures indicated as monitored by FACS analysis over a period
of 24 hours. The DNA content of G1 and G2 cells is indicated as 2N and 4N, respectively.
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but not the galactose-inducible allele of ABF1
is expressed. The observed impact on growth
was stronger than the one observed in mutant
cells harboring two abf1-1 alleles (MPY283)
grown under similar conditions (Figure 10).
Furthermore, we have observed that mutant
cells grown at the restrictive temperature in
the presence of galactose were also affected in
their ability to grow. Under these conditions
again only one of the two alleles of ABF1 is ac-
tive. In comparison, MPY128 grown at 30°C in
the presence of galactose were indistinguishable
from wild-type cells. This dosage-dependent
effect of ABF1 was not limited to growth only
but also became apparent in the context of mei-
otic develoment. Already at 25°C, a tempera-
ture at which abf1-1 is expected to be fully
active, sporulation efficiency was substantially
decreased in the mutant cells as compared to
the corresponding wild-type (Figure 13). No-
tably, when the mutant strain is sporulated
it tends to mostly form dyads and only few
tetrads. This tendency was even more pro-
nounced at 28°C. At 33°C meiotic develop-
ment was completely abolished in the mutant
cells. At 37°C neither wild-type nor mutant
strains were able to sporulate (Figure 13). It
is noteworthy that a diploid strain harboring
two alleles of galactose-inducible ABF1 was
not able to sporulate. This is most probably
because sporulation medium contains acetate
but no galactose, which is needed for the ex-
pression of ABF1 in this strain. This further
underlines how important ABF1 is for meio-
sis. We have also tested the ability of homozy-
gous wild-type (ABF1/ABF1, MPY284) and
mutant (abf1-1/abf1-1, MPY283) strains to un-
dergo meiosis. Cells sporulated at 25°C for 5
days showed a very low percentage of asci in
the wild-type (<20%) and a little lower in the
mutant strain. This was not unexpected, be-
cause the strains’ background was close to that
of the sequenced S288C background, which has
poor sporulation properties (Deutschbauer and
Davis, 2005).

We asked whether the reduced ability of
MPY128 to sporulate was due to a reduced
rate of premeiotic DNA-replication. Previ-
ously, it was demonstrated that mitotic DNA
replication in abf1-1 strains incubated at 37°C
was reduced to 50% of that seen in the wild-
type strain and continued for several hours af-

ter shifting the cells to 37°C. It was hypoth-
esized that DNA synthesis initiated prior to
the temperature shift continued at a slightly
slower rate and initiation at late-replicating
origins was inhibited (Rhode et al., 1992).
In order to monitor the impact of the abf1-
1 mutation on premeiotic DNA replication
we performed FACS analysis of MPY125 and
MPY128 strains sporulated at 25°C, 28°C,
33°C and 37°C. Wild-type and mutant cells
had similar kinetics of replication when sporu-
lated at 25°C, 28°C, and 33°C. More than
70% of MPY125 and MPY128 had undegone
DNA replication after 24 hours in sporulation
medium. At 37°C DNA replication was com-
pletely blocked in both strains (Figure 14).

Expression profiling of abf1-1 mutant
cells (mitosis)

In order to identify genes that are differen-
tially expressed in wild-type (ABF1/ABF1,
MPY284) and mutant (abf1-1/abf1-1,
MPY283) cells during mitotic growth we
performed genome-wide expression profiling
experiments. Cultures of wild-type and
mutant cells were grown at 25°C to mid-log
phase in the presence of glucose or acetate
before they were split. One culture was shifted
to 37°C for one hour, the other one was left
at 25°C (Figure 9). All experiments were
performed in duplicate. Quality of total RNA
and cRNA targets of mitotic samples is shown
in Figure 15, panel A. After preprocessing
(background adjustment, normalization, and
summarization of probesets) of the data using
the Robust Multi-array Analysis package from
Bioconductor (Bolstad et al., 2003; Irizarry
et al., 2003a) differentially regulated genes
were defined on the basis of the ANalysis Of
Variance (ANOVA). This statistical method
computes the variations between replicates
of the same sample as compared with those
observed between two different samples.
We identified 1760 and 2271 differentially
expressed genes in cells growing in YPD and
YPA, respectively, which had a p-value <0.005
and a standard deviation >0.3. Only genes
that had an abundance level of more than
100 (relative fluorescence intensity), which
represents an empirical and conservative
estimate of the background threshold, in
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Figure 15: Total RNA and cRNA target quality assessment. (A) Total RNA was isolated from wild-type
(ABF1/ABF1, MPY284) and mutant (abf1-1/abf1-1, MPY283) cells grown at 25°C or incubated at 37°C for one
hour in the presence of YPD or YPA as indicated. (B) Total RNA was isolated from wild-type (ABF1/GAL-ABF1,
MPY125) and mutant (abf1-1/GAL-ABF1, MPY128) cells sporulated 28°C for 5 and 9 hours prior to incubation at
28°C, 33°C, and 37°C for one additional hour as indicated. RNA was analyzed for their concentration and overall
length using the Agilent Bioanalyzer RNA Chip. Virtual gels of the total RNA and cRNA samples are shown together
with RNA ladder as size standard.
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Figure 16: A scatterplot matrix summarizing a systematic comparison of the log2-scaled expression signals from 1760
differentially expressed genes in wild-type (ABF1/ABF1, MPY284) and mutant (abf1-1/abf1-1, MPY283) cells grown
at the permissive or incubated at the restrictive temperature in YPD. The upper panel shows a pairwise comparison
of expression values for all YPD samples as indicated (WPD, wild-type at 25°C; WRD, wild-type at 37°C; MPD,
mutant at 25°C; MRD, mutant at 37°C). The lower panel depicts correlation coefficients of the pairwise comparison of
expression values for all samples. The level of correlation is also represented by colors (red, high correlation; yellow,
low correlation).

at least one condition were considered as
expressed and included in the list. Figures
16 and 21 show scatterplot matrices with a
pairwise comparison of log2-scaled expression
signals of these differentially expressed genes.
Correlation coefficients calculated for every
sample pair showed a high reproducibility of
signals in the duplicate samples (correlation
coefficient ≥0.98). As expected, expression
values of differentially expressed genes were
most distinct from each other between wild-
type cells grown at 25°C and mutant cells
incubated at 37°C. This difference was due
to a combinatorial impact of both, the abf1-1
mutation and the temperature-shift, with the
latter having a stronger effect.

Genes differentially expressed in YPD

To get an overview of the different expres-
sion patterns found among the 1760 differen-
tially expressed genes in YPD we performed
clustering on the basis of the Partitioning
Around Medoids (PAM) algorithm (Kaufman
and Rousseeuw, 1999). We decided to group
genes into twelve PAM clusters (Figure 17).
Although this resulted in several clusters that
showed redundant patterns (clusters 7-12), it
proved to be useful, because it also included
clusters which revealed unexpected patterns
(i.e. clusters 4 and 5). PAM clustering there-
fore served as an exploratory way to approach
the data without having any preconception of
the expected expression patterns.
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Figure 17: (A) Partitioning Around Medoids (PAM) clustering of 1760 differentially expressed genes in wild-type
(ABF1/ABF1, MPY284) and mutant (abf1-1/abf1-1, MPY283) cells grown at the permissive or restrictive temper-
ature in YPD into twelve expression clusters. Expression profiles of genes in the twelve clusters are represented by
bars that display median expression levels of all genes in one condition.

Clusters 1-3 contained genes whose tran-
script levels were least (clusters 1 and 2) or
most abundant (cluster 3) in mutant cells
incubated at 37°C. This expression pattern
suggested that these genes were positively or
negatively regulated by ABF1, respectively.
Indeed, we identified some of the previously
described Abf1p-target genes in cluster 1
(ARO3, HIS7, and TRP3 ) (Künzler et al.,
1995; Springer et al., 1997; Martens and
Brandl, 1994) and in cluster 3 (SPT2 ). Fur-
thermore, clusters 1 and 2 contained 29 of
the 50 positively regulated Abf1p-target genes
that were previously found in a genome-wide
expression analysis of abf1-1 mutant cells. In
cluster 3 we identified 3 of the 36 genes that
were previously found to be negatively regu-
lated by Abf1p in the same genome-wide study
(GUT2, YER188W, YJR162C ) (Miyake et al.,

2004). An analysis of significantly enriched
GeneOntology terms (p-value <0.001 with
at least three genes included) revealed that
cluster 1 contains numerous genes which are
involved in intracellular protein transport, such
as ARP6, GLE2, HSE1, KAP120, MAS1,
MIM1, MON2, NUP159, PAM17, SEC53,
SEC72, SNF8, SRP14, TOM7, YPT52. Addi-
tionally, genes needed for high-affinity zinc ion
transport (ZRT1, ZRT2, ZRT3 ) were also in
this cluster. Genes in cluster 2 were enriched
in GO-terms related to ribosome biogenesis,
ribosomal RNA processing (DBP9, EMG1,
MDN1, MRD1, MTR4, NOP53, NUG1,
PWP2, RLP7, RRP1, RRP12, RRP5, RRP9,
URB1, UTP18, UTP20 ) and translation
(ALA1, GCN1, GRS1, HTS1, MIS1, MKT1,
MRP51, RPP1A, TIF2, TIF3, TIF35 ). This
suggested that ABF1 -regulated genes play an
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Figure 18: (A, B and C) Examples of expression values obtained for single genes selected from the three expression
clusters of genes whose expression pattern suggests dependency on functional ABF1 in cells growing in the presence of
YPD (clusters 1-3). Barplots represent expression levels of samples as indicated. The lower detection limit is marked
by the red dotted line.

important role in biogenesis of ribosomes and
localization of proteins in the cell, which is
in keeping with earlier observations (Planta,
1997; Planta et al., 1995). Among genes in
cluster 3 no enriched GO-terms were found.
Figure 18 depicts expression values of four
example genes from clusters 1-3 as barplots
and Figure 19 shows heatmaps of expression
clusters 1 and 2 with some additional infor-
mation whether a given gene is essential for
vegetative growth or sporulation and whether
the promotor of that gene contains a predicted
UAS and/or is bound by Abf1p (see below).

We identified two clusters which contained
genes whose expression was higher (cluster 4)

or lower (cluster 5) in the mutant as compared
to the wild-type regardless of the temperature.
This was unexpected, because it suggested that
some genes are already affected in their tran-
scriptional activity by the abf1-1 mutation at
a temperature at which abf1-1 is expected to
be fully functional. Interestingly, ABF1 it-
self belonged to this group of genes (Figure
20), which is in keeping with a previous study
that showed that ABF1 negatively regulates
its own transcription. In this study it was
also found that in mutant abf1-1 cells tran-
scription of ABF1 is already elevated at 25°C
as compared to the wild-type (Miyake et al.,
2004). Furthermore, genes whose products lo-
cate to the mitochondrion and/or are involved
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Figure 19: (A and B) Two heatmaps displaying ex-
pression clusters 1 and 2 obtained by filtration of ex-
pression levels of wild-type and mutant cells grown in
YPD at 25°C and 37°C as indicated. The names of the
corresponding genes or probeset identifiers are given
(Gene). Circles indicate genes whose promotors con-
tain predicted binding sites (UAS) and/or are bound
by Abf1p under different conditions as indicated. Genes
essential for mitosis or meiosis are given in red or green,
respectively. Log2 transformed expression signal inten-
sities are color coded as indicated.
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in oxydative phosphorylation and ATP synthe-
sis (e.g. ATP17, COX7, CYT1, INH1, QCR6,
QCR10, RIP1, SDH2, TIM11 ) are enriched in
this cluster, suggesting that mutant cells have
an elevated rate of energy generation. Clus-
ter 5 contained a large number of transposable
(Ty) elements which make up a family of ge-
netically mobile, repetitive DNA sequences in
Saccharomyces cerevisiae. One possible expla-
nation for this observation is that Ty-elements
are in general less active in mutant cells than in
wild-type. In this case there would be no con-
nection between the activitiy of Ty-elements
and ABF1. However, it was interesting to
find SPT2, which is a negative regulator of
Ty-controlled yeast gene expression, to be un-
der negative transcriptional control of ABF1
(Figure 20). The repression of transcription
by SPT2 was shown to result from an inter-
action between the SPT2 gene product and
Ty or delta sequences (Roeder et al., 1985).
However, whether there is indeed a connection
between ABF1 and transcriptional control of
Ty-element has still to be elucidated. Exam-
ples of some of these genes are shown in Fig-
ure 20. Additionally, we found genes involved
in leucine and arginine biosynthesis in cluster
5 (LEU1, LEU2 and ARG1, ARG5,6, CPA2,
ECM40, respectively).

Clusters 7-9 consisted of genes whose expres-
sion was decreased by the temperature-shift in
wild-type and mutant cells to a similar extent.
Previously, it has been demonstrated that cells
respond to heat-stress by a substantial degra-
dation of transcripts encoding both ribosomal
proteins and rRNA synthesis and ribosome
assembly factors (Grigull et al., 2004). Intrigu-
ingly, we found numerous ribosomal protein
mRNAs to be less abundant in wild-type and
mutant cells at the restrictive temperature
(e.g. RPL7B, RPL18B, RPL36B, RPL40B,
RPS1B, RPS9A, RPS22B). The same was
true for transcripts involved in ribosome
biogenesis (e.g. BRX1, DBP2, DBP9, GAR1,
LRP1, NIP7, NOP1, NOP12, SMD1, URB1 ).
Accordingly, GeneOntology terms for ribosome
biogenesis, translation, and rRNA metabolism
were enriched among the genes of clusters 7-9.

The opposite expression pattern (elevated
transcript levels in wild-type and mutant cells
at 37°C) was observed in clusters (10-12).

Figure 20: Examples of genes that are induced or re-
pressed in wild-type (ABF1/ABF1, MPY284) and mu-
tant (abf1-1/abf1-1, MPY283) cells at the restrictive
temperature. Barplots represent abundance of tran-
scripts under different growth/incubation conditions as
indicated. The red dotted line indicates the empirical
threshold of reliable detection.
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Figure 21: A scatterplot matrix summarizes a systematic comparison of the log2-scaled expression signals from 2271
differentially expressed genes in wild-type (ABF1/ABF1, MPY284) and mutant (abf1-1/abf1-1, MPY283) cells grown
at the permissive or restrictive temperature in YPA. The upper panel shows a pairwise comparison of expression
values for all YPA (WPA, wild-type at 25°C; WRA, wild-type at 37°C; MPA, abf1-1 at 25°C; MRA, abf1-1 at 37°C).
The level of correlation is also represented by colors (red, high correlation; yellow, low correlation).

Strikingly, these clusters contained numer-
ous heat-inducible genes (e.g. GRE3, GSY2,
HSF1, HSP12, HSP26, HSP30, HSP42,
HSP78, HSP104, SSA1, SSA4, SYM1, TIP1 ).
We also found genes belonging to the GO-term
response to stress (e.g. DOG2, GRX1, GRX2,
HAC1, HOR2, LHS1, MNN4, MPH1, MYO3,
NTH2, ORM2, SIP2, SOH1, SRX1, STF2,
TPS3, TRX2, UGA2, YDC1 ) enriched in clus-
ters 10-12. Taken together, genes in clusters 7-
12 served as controls for the temperature-shift,
because their expression pattern changed only
due to the shift to 37°C. The fact that we iden-
tified groups of genes that have previously been
demonstrated to react to heat-shock confirmed
that our experiment was properly performed.

Genes differentially expressed in YPA

The 2271 genes differentially expressed in YPA
were also grouped into twelve expression clus-
ters using the PAM algorithm (Figure 23).
Clusters 1 and 2 contained genes whose tran-
script levels were least abundant in mutant
cells incubated at 37°C. These two clusters
looked similar to the first two clusters of the
YPD data set (Figure 17). Again, the ex-
pression pattern suggested that the transcrip-
tional activity of these genes were under pos-
titive control of ABF1. A GeneOntology
analysis of genes in cluster 1 revealed that
many genes were involved in protein biosyn-
thesis and localization of proteins in the cell.
Genes in cluster 2 were enriched in genes with
the GO-term nitrogen compound biosynthesis
(ARO1, BAT1, GDH1, ILV2, ILV3, ILV5,

45



Chapter 2: Abf1p-control of mitosis and meiosis

Figure 23: (A) Partitioning Around Medoids (PAM) clustering of 2271 differentially expressed genes in wild-type
(ABF1/ABF1, MPY284) and mutant (abf1-1/abf1-1, MPY283) cells grown at the permissive or restrictive tempera-
ture in YPA. Expression profiles of genes in the twelve clusters are represented by bars that display median expression
levels of all genes in one condition. Numbers in brackets indicate the number of genes belonging to the cluster.

LEU2, MUQ1, SFK1 ) and, interestingly, also
in cell separation during cytokinesis (CTS1,
DSE2, SCW11 ). Genes from clusters 1 and
2, that were not in the corresponding clusters
in the YPD data set, are depicted in Figure
22 in heatmap format. Again a cluster with
genes whose transcripts were, similar to clus-
ter 3 in the YPD data set, upregulated in the
absence of functional ABF1 was found. In-
terestingly, this included numerous genes in-
volved in amino acid metabolism in general and
methionine metabolism in particular (AAT1,
CYS3, ECM17, GLT1, LYS4, MET1, MET14,
MET16, MET17, MET22, MET3, MET32,
MHT1, SER33, TYR1, URA2 ).

In some cases cluster patterns looked very
distinct from the ones observed in the YPD
data set. For example, cluster 3 showed an in-
duction of transcript abundance in wild-type
and mutant cells at the elevated tempera-

ture with the mutant having a higher abun-
dance in principle. Interestingly, many genes in
this cluster were involved in ribosome biogene-
sis, rRNA metabolism, and tRNA metabolism.
When comparing the transcription patterns of
these genes in the presence of the two car-
bon sources tested, we found that the expres-
sion pattern was completely changed upon shift
from YPD to YPA (Figure 24, panel A). This
suggested a complex promotor architecture of
these genes and underlines how important it is
to assess different growth media. This was also
true for genes in clusters 5 and 6, a substantial
fraction of which were involved in translation
and ribosome biogenesis. Again, the expression
pattern of these genes was different between
cells growing in the presence of YPD and YPA
(Figure 24, panel B).

Clusters 7 and 8 consisted of genes whose
expression was decreased by the temperature-

46



Chapter 2: Abf1p-control of mitosis and meiosis

Figure 24: Examples of ABF1 target genes that are differentially expressed in the presence of YPD and YPA. Barplots
represent abundance of transcripts under different growth/incubation conditions as indicated. The red dotted line
indicates the empirical threshold of reliable detection.
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Figure 25: A scatterplot matrix summarizes a systematic comparison of the log2-scaled expression signals from 1254
differentially expressed genes in wild-type (ABF1/GAL-ABF1, MPY125) and mutant (abf1-1/GAL-ABF1, MPY128)
cells sporulated at the permissive or restrictive temperature for 6 hours (early sporulation stage). The upper panel
shows a pairwise comparison of expression values for all samples (WPE, wild-type at 28°C; WRE, wild-type at 33°C;
MPE, mutant at 28°C; MRE, mutant at 33°C). The level of correlation is also represented by colors (red, high
correlation; yellow, low correlation).

shift in wild-type and mutant cells. Genes
that encode subunits of the proteasome com-
plex (i.e. PRE3, PRE8, RPN7, RPT1, UBC5,
UBP6 ) and genes involved in lipid metabolism
(ANT1, ELO1, ERG2, FAA2, FAT1, INP54 )
are enriched in these two clusters. We found
three clusters (9-11) with genes whose tran-
script levels increased in wild-type and mutant
cells upon shift from the permissive to the re-
stricitive temperature. As expected, numerous
heat-inducible genes were identified in these
clusters (i.e. HSP10, HSP26, HSP30, HSP78,
HSP104, HSP150 ). Cluster 12 contained genes
whose expression was less abundant in the mu-
tant cells than in wild-type cells regardless of
the temperature, including many Ty-elements.

Expression profiling of abf1-1 mutant
cells (meiosis)

We compared expression profiles of MPY125
and MPY128 sporulated at 28°C for 5 and 9
hours (which corresponds to early and middle
meiotic stages in this strain background) with
an additional incubation at 33°C for one hour.
Quality of total RNA and cRNA targets of mei-
otic samples is shown in Figure 15, panel B.
Preprocessing (background adjustment, nor-
malization and summarization of probesets)
and filtration of differentially expressed genes
were carried out similarly to the mitotic ex-
periment. This resulted in the identification
of 1254 and 1768 differentially expressed genes
in cells in early and middle stages of sporula-
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Figure 26: A scatterplot matrix summarizes a systematic comparison of the log2-scaled expression signals from 1768
differentially expressed genes in wild-type (ABF1/GAL-ABF1, MPY125) and mutant (abf1-1/GAL-ABF1, MPY128)
cells sporulated at the permissive or restrictive temperature for 10 hours (middle sporulation stage). The upper
panel shows a pairwise comparison of expression values for all samples (WPM, wild-type at 28°C; WSM, wild-type
at 33°C; MSM, mutant at 28°C; MSM, mutant at 33°C). The level of correlation is also represented by colors (red,
high correlation; yellow, low correlation).

tion, respectively. Scatterplot analysis of these
genes showed that they much more correlated
in their expression levels (Figures 25 and 26),
suggesting that the influence of abf1-1 muta-
tion was less pronounced during meiosis than
during mitotic growth.

The 1254 and 1768 genes that were found
to be differentially expressed during early and
middle stages of sporulation were subdivided
into four expression clusters (Figure 27). Sub-
dividing into more than four clusters did not
yield additional distinct expression patterns,
but only multiplied the already existing clus-
ters. Notably, there was no cluster which
showed least expression in the mutant cells
at the elevated temperature (corresponding to
clusters 1 and 2 of the two mitotic data sets
- Figure 17 and 23). However, there were

clusters that contained genes whose activity
was lower in mutant cells than in wild-type
cells regardless of the temperature. Interest-
ingly, numerous genes that showed an ABF1 -
dependent pattern in YPD and YPA (clusters 1
and 2) were in these clusters. Figure 28 demon-
strates this observation for four genes. We
therefore concluded that these clusters contain
genes that transcriptionally depend on ABF1.
We found 16 and 86 genes that were in these
clusters and uniquely identified in the early
and middle sporulation samples, respectively.
Figure 29 represents these genes as heatmaps.
Cluster 1 defined for early and middle meio-
sis (Figure 27) were searched for enriched Ge-
neOntology terms. The clusters included genes
involved in zinc ion transport (ZRT1, ZRT2 )
and nitrogen compound metabolism (DAL80,
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Figure 22: (A and B) Two heatmaps displaying ex-
pression clusters 1 and 2 obtained by filtration of expres-
sion levels of wild-type and mutant cells grown in YPA
(but not in the corresponding YPD clusters) at 25°C
and 37°C as indicated. The names of the correspond-
ing genes or probeset identifiers are given (Gene). Cir-
cles indicate genes whose promotors contain predicted
binding sites (UAS) and/or are bound by Abf1p under
different conditions as indicated. Genes essential for mi-
tosis or meiosis are given in red or green, respectively.
Log2 transformed expression signal intensities are color
coded as indicated.
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DAL81, MKS1, NPR1 ). Numerous genes were
found to be up-regulated during meiotic devel-
opment, i.e. HOP1, CDC3, CDC10, CDC16,
SWM1, and OSW1 (Figure 41 and 42). The
other 3 clusters defined for early and mid-
dle stages of sporulation included genes whose
transcript abundance was up-regulated in re-
ponse to the temperature-shift. Accordingly,
these clusters involved genes with a function
related to response to stimulus (e.g. AGA1,
AIP1, BPH1, CDC39, CDC54, CTT1, CUP1-
1, DBP5, DUN1, ECM16, GLO4, GRX2,
HSM3, HSP104, HSP78, HYR1, INO80,
IST2, MEC1, PRP22, RAD3, RPH1, RPN4,
SNQ2, SPB4, SSA4, STE11, TRX2, TRX3,
XBP1, YAR1, YGK3, YOR1 ), with a num-
ber of genes whose expression is known to be
induced by heat-shock.

Genome-wide identification of Abf1p-
bound loci

In order to monitor genomic loci bound by
Abf1p in vegetatively growing and sporulat-
ing yeast we performed genome-wide ChIP-
CHIP experiments. Figure 30 depicts a sum-
mary of this technique (Buck and Lieb, 2004).
To this end we have raised a polyclonal anti-
body against Abf1p. As an antigen for immu-
nization we used a peptide comprising amino
acids 264 to 513 of Abf1p. This region has
been chosen because it has minimal homol-
ogy to other budding yeast proteins as con-
firmed by a BLAST search. Specificity of the
antibody against its target protein is of cru-
cial importance in ChIP-CHIP experiments be-
cause of the sensitivity of microarray analy-
sis. For example, non-specific cross-reactions
with chromatin will result in a high level of
background hybridization to the microarray
(Horak and Snyder, 2002). We have charac-
terized the newly generated polyclonal anti-
body by various biochemical means in order
to assure its specificity against Abf1p. Figure
31 summarizes data from western blot, chro-
matin immunoprecipitation and electro mobil-
ity shift assay. Immunoblot analysis showed
that the antibody recognized the epitope that
was used for immunization. The epitope was
His-tagged and was also recognized by an α-His
antibody. Further, α-Abf1p recognized a pro-
tein with a size of ∼130 kDa in crude extract

Figure 29: (A and B) Two heatmaps displaying ex-
pression clusters 1 and 2 obtained by filtration of expres-
sion levels of wild-type and mutant cells grown in YPA
(but not in the corresponding YPD clusters) at 25°C
and 37°C as indicated. The names of the correspond-
ing genes or probeset identifiers are given (Gene). Cir-
cles indicate genes whose promotors contain predicted
binding sites (UAS) and/or are bound by Abf1p under
different conditions as indicated. Genes essential for
mitosis or meiosis are given in redor green, respectively.
Log2 transformed expression signal intensities are color
coded as indicated.
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Figure 27: Partitioning Around Medoids (PAM) clustering of the 1254 and 1768 genes differentially expressed in
during early (A) and middle (B) stages of sporulation, respectively. Wild-type (ABF1/GAL-ABF1, MPY125) and
mutant (abf1-1/GAL-ABF1, MPY128) cells were sporulated at the 28°C for 5 and 9 hours, respectively, prior to
temperature-shift to 33°C for 1 hour. Expression profiles of genes in the four clusters are represented by bars that
display median expression levels of all genes in one condition. Numbers in brackets indicate the number of genes
belonging to the cluster.

from wild-type and ABF1-HA strains. This
size corresponds to that of Abf1p as previously
published (Diffley and Stillman, 1989; Halfter
et al., 1989b; Halfter et al., 1989a). The pro-
tein detected was more abundant in an ABF1
over-expressing strain (Figure 31 panel B, lane
3). Interestingly, additional slower-migrating
bands were also detected by our antibody. It
has been reported that Abf1p can appear in
at least four different states of phosphoryla-
tion (Silve et al., 1992). The additional bands
detected in western blot most probably corre-
spond to phosphorylated forms of Abf1p (Fig-
ure 31, panel B). The antibody could be used
for chromatin immunoprecipitation as demon-
strated for one intergenic locus which is known
to be bound by Abf1p (Figure 31, panel C).
Additionally, a site located inbetween of UME6
and MSS4, which contains a predicted ABF1
but uncharacterized target site was also en-
riched by chromatin immunoprecipitation. In
an in vitro DNA-binding assay the α-Abf1 an-
tibody (but not an antibody against Ndt80p)
was able to supershift a radiolabeled probe
which is known to be bound by Abf1p. The

results of an electrophoretic mobility shift as-
say (EMSA) using different probes that contain
Abf1p binding sites are summarized in Figure
31 (panel D). Lane 1 shows the free labeled
probe. We found a strong binding activity
present in dividing diploid cells (lane 2) that
is specific for the UASH motif (present in the
promotor of HOP1 ). This activity was com-
peted by the non-labeled UASH probe (lane
3) and by a non-labeled UASU probe (lane
5), which contained a predicted Abf1p-binding
motif that is present in the promotor of UME6.
However, the activity was not competed by the
mutated non-labeled UASH and UASU probes
(lanes 4 and 6). The shifted UASH probe was
supershifted with the polyclonal α-Abf1 anti-
body (lanes 10-12) but not with a polyclonal
antibody against Ndt80 (lanes 7-9). All these
experiments gave compelling evidence that our
antibody specifically recognizes Abf1p.

For our ChIP-CHIP experiments we used
an SK1 strain because of its high efficiency
and synchrony during sporulation. This strain
completed premeiotic DNA replication after 4
hours in sporulation medium. After 12 hours

52



Chapter 2: Abf1p-control of mitosis and meiosis

Figure 28: Examples of ABF1 target genes and their expression during mitosis and meiosis. Barplots represent
abundance of transcripts under different growth/incubation conditions as indicated. The red dotted line indicates the
empirical threshold of reliable detection.
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Figure 30: (A) A summary of the Chip-CHIP procedure. (B) Comparison of the controls used for single-locus, PCR-
based ChIP experiments and microarray-based experiments. Single-locus experiments use a single internal control in
each sample. The intensity of the target band is compared across the IP, mock IP (or control IP), and input DNA. In
microarray experiments, ratios obtained for enriched elements (boxed in white) are compared to those obtained for
all other elements, which are termed non-enriched. This figure was adapted from a review by Buck and Lieb (2004).

virtually all cells had undergone both meiotic
divisions and had formed asci. For ChIP-CHIP
assays SK1 cells were grown in the presence
of glucose or acetate or sporulated for 4 and
8 hours (which corresponds to early and mid-
dle stages of sporulation) prior to treatment
with formaldehyde and chromatin immunopre-
cipitation. We included three control exper-
iments (dye swap, mock IP and input-over-
input) in order to rule out the possibility of
systemtic or technical errors. All experiments
were performed in triplicate. See Figure 32
for an example of ChIP-CHIP raw data. Par-
tial images of the scanned microarrays depict
enrichment of the intergenic region between
the divergently transcribed genes MCK1 and
MRPS18, which was previously shown to be
bound by Abf1p. Signals from all experiments
were found to be highly reproducible. As ex-
pected, dye swap experiments reversed the sig-
nal for this spot from red to green. Immunopre-
cipitation with a mock antibody did not enrich
this region and the same was true for input-

over-input samples. Preprocessing of ChIP-
CHIP raw data included background correc-
tion and normalization based on the Median
Percentile Ranking method (described by Buck
and Lieb (2004)). This method was chosen
because it avoids problems associated with ra-
tio normalizations in ChIP-CHIP experiments.
The rank of an assayed genomic element is sim-
ply the position of that element in a list sorted
by ratio in descending order and therefore re-
flects how strong and reproducible this genomic
element is bound by Abf1p. It is notewor-
thy, that after IP enrichment, DNA fragments
bound by Abf1p will be of varying lengths, de-
pending on the method of DNA fragmentation.
In our assay average sequence size was between
300 bp and 1 kb. In many cases spots which
are within 1 kb of the binding site were also
enriched.
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Figure 31: Confirmation of specificity of polyclonal α-Abf1p antibody. (A) Verification of antibody specificity by
immunoblot. Protein extract of wild-type, ABF1HA-tagged, and ABF1 over-expressing (P-GAL-ABF1) strains were
analysed by immunoblot using polyclonal α-Abf1 and monoclonal α-HA antibody. Wild-type and HA-tagged Abf1p
migrates at a molecular weight of about 130 kDa. (B) Electro-mobility shift assay with super-shift using polyclonal
α-Abf1 antibody. Lane 1, free probe (radiolabeled UAS oligonucleotide of HOP1 promotor); lane 2, binding activity
of extract from vegetative cells; lane 3 and 4, competition of binding activity with unlabeled (cold) wild-type and
point mutated UASH site (100-fold molar excess); lane 5 and 6, competition of binding activity with unlabeled (cold)
wild-type and point mutated UASU site (100-fold molar excess); lane 7-9, supershift with α-Ndt80 antibody (2-fold,
5-fold and 10-fold dilution); lane 10-12, supershift with α-Abf1 antibody (2-fold, 5-fold and 10-fold dilution). (C)
α-Abf1p directed chromatin IP in wild-type strain grown in rich medium, detected by multiplex PCR with primers
specific for a part inbetween MCK1 and MRPS18 or specific for a part inbetween UME6 and MSS4 and part of the
ORF of HSP26. I, input genomic DNA. P, precipitated DNA. kb, kilobases. kD, kilodalton.
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Figure 32: (A) Partial images of a series of microarrays hybridized with the labeled immunoprecipitated DNA (Cy5,
red color) and control input (Cy3, green color), from SK1 cells (MPY170) grown in YPD or YPA and sporulated
for 4h and 8h. The central red spot corresponds to the intergenic locus located inbetween MCK1 and MRPS18.
All three replicates are shown. (B) Partial images of microarrays hybridized with DNA from control experiments.
Default labeling corresponds to YPD samples from panel A. Images from dye swap, mock IP and input-over-input
experiments are shown for all three replicates.
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Figure 33: (A) Scatterplot showing correlation between the score of 3393 potential ABF1 motifs and strength of
binding in ChIP-CHIP assays (MPR levels were transformed (z = ln(MPR/1 − MPR)) before plotting). (B)
Histogram displaying the frequency of predicted site scores that fall into each of 50 categories. The red line indicates
the threshold of -2 that separates groups with predicted motifs with a high score from those with a low score.

In silico prediction of ABF1 -target
sites

Our genome-wide annotation of regulatory
sites bound by Abf1p was produced in two
steps. In the first step we built a weight ma-
trix from experimentally determined binding
sites known from the literature using the bind-
ing site clustering algorithm PROCSE (van
Nimwegen et al., 2002). In the second step
we used a newly developed algorithm, called
MotEvo (Erb and van Nimwegen, 2006), which
identifies binding sites matching this weight
matrix by scanning the multiple alignments of
each S. cerevisiae intergenic region with the
orthologous regions from the four other Sac-
charomyces species as detailed in the Materi-
als and Methods section. MotEvo exhaustively
reported putative locations of ABF1 - binding
sites and assigned a posterior probability to
each reported site. A histogram of the prob-
abilites calculated for every potential target
site resulted in two distinct groups (Figure 33,
panel A), suggesting that a given ABF1 -motif
is either well conserved across different yeast
species and close to the weight matrix or its
not evolutionary conserved and/or is distinct

from the weight matrix. A score of -2 sepa-
rated both groups from each other and was sub-
sequently used as the threshold value for pre-
dicted sites. 1049 distinct genes have potential
ABF1 -binding sites in their promotors with a
score higher than -2. We then asked whether
there is a correlation of the score of a predicted
site and the strength of binding of Abf1p to
the region where this site is located. The scat-
terplot depicted in Figure 33 (panel B) shows
that genomic regions which contain a potential
binding site with a score bigger than -2 tend to
be bound more strongly and reproducibly by
Abf1p in the ChIP-CHIP assay. This was con-
firmed statistically with Fischer’s Exact Test.
The probability that a distribution such as the
observed one occurs by chance is close to zero.

Combining the three data sets

Next, we hypothesized that overlapping the ex-
pression clusters determined earlier with data
from genome-wide binding assays and binding
site predictions for Abf1p would reveal direct
Abf1p-targets in the different expression clus-
ters. This is shown for example for the twelve
clusters from the YPD dataset (Figure 34). In-
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Figure 34: Analysis of twelve expression clusters
(grouped into four categories) of the YPD data set. Col-
ors represent percentage of genes whose promotors con-
tain a predicted binding site and are bound by Abf1p
(red), are bound by Abf1p but do not contain a pre-
dicted binding site (yellow), are not bound by Abf1p
but harbor a predicted motif (light blue), or are not
bound by Abf1p and do not contain a predicted bind-
ing site (dark blue). The three panels show the result
of the overlap for three different cutoff levels for the
ChIP-CHIP data (MPR 0.9 - 0.7).

deed, two groups (clusters 1 and 2) contained a
substantial fraction of genes with either a pre-
dicted binding site and/or binding activity of
Abf1p at their promotors. Strikingly, the ex-
pression pattern of the genes in these groups
exactly displayed the anticipated profiles of be-
ing less abundant in the mutant cells at the re-
strictive temperature than in the other three
conditions tested. In both clusters ∼70% of
the genes had predicted binding sites in their
promotors (indicated by the red and the light
blue area). Half of these sequences were also
bound by Abf1p in the ChIP-CHIP experi-
ment with an Median Percentile Rank higher
than 0.9 (red area) (Figure 34, panel A). In all
other expression clusters (3-12) there were also
genes whose promotors were bound by Abf1p
and contained a potential ABF1 binding site.
However, this was true only for a minor frac-
tion of genes (<10%). By lowering the cutoff
thresholds for the binding data (MPR >0.8 or
MPR >0.7) the fraction of genes in clusters 1
and 2 that had a putative binding site and were
bound by Abf1p gradually increased. However,
this was also true for genes in the other clusters
whose promotors were bound by Abf1p but did
not contain a predicted binding site (indicated
by the yellow area), and most importantly did
not show an ABF1 -dependent expression pat-
tern. Thus, at lower MPR levels false posi-
tive target genes were enriched. We decided
to choose an MPR of 0.8 which represented a
tradeoff between identifying the largest amount
of true direct target genes of Abf1p (indicated
by the red area in clusters 1 and 2) and at the
same time including only a small fraction of
false positives. At an MPR of 0.8 Abf1p binds
to 1131 intergenic regions in cells growing in
YPD. The 1131 intergenic regions were located
in the upstream regulatory sequences of 1428
distinct open reading frames. Intriguingly,
this list included many (albeit not all) of pre-
viously identified Abf1p-regulated genes (e.g.
ACS1, BAP3, CAR1, COX6, DED1, FAS1,
RPB2, RPC25, RPC40, RPS28A, SMK1,
SPR3, SPT15, TRP3, TUB2, YPT1 ) (Kratzer
and Schüller, 1997; de Boer et al., 2000; Ko-
vari and Cooper, 1991; Trawick et al., 1992;
Lue et al., 1989; Schüller et al., 1994; Jansma
et al., 1996; Della Seta et al., 1990b; Lascaris
et al., 2000; Pierce et al., 1998; Ozsarac et al.,
1997; Schroeder and Weil, 1998b; Martens and
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Brandl, 1994; Halfter et al., 1989b), confirm-
ing that the ChIP-CHIP assay is capable of
identifying Abf1p target sites. This notion
was further substantiated by a comparison of
genes whose promotors were bound by Abf1p
in our assay with data from a recent genome-
wide chromatin immunoprecipitation study us-
ing 204 yeast transcription factors (Harbison
et al., 2004). We found a good and signifi-
cant correlation of our gene list with genomic
loci bound by myc-tagged Abf1p in vegeta-
tively growing yeast cells. Harbison and co-
workers detected 468 genes bound by Abf1p
(p-value <0.005) of which we identified 83%.
A comparison of the genes whose promotors
were bound by Abf1p and those with a pre-
dicted UAS (cutoff >-2) resulted in ∼700 over-
lapping (core) genes (Figure 35, panel A). No-
tably, there are genes whose promotor contains
a potential binding site but is not bound or vice
cersa. However, most of the 700 core genes
were also identified in the dye swap, but not
in the input-over-input or the mock IP control
experiments (Figure 35, panel B-D).

A similar overlap of binding and prediction
data with the expression profiles from YPA,
early and middle sporulation samples is shown
in Figure 36. Altogether, we identified six ex-
pression clusters (YPD, cluster 1 and 2; YPA,
cluster 1 and 2; early sporulation cluster 1;
middle sporulation, cluster 1) with an dis-
proportionately high fraction of genes having
predicted and bound sites in their promotors
and whose expression profiles suggested depen-
dency on Abf1p. These six expression clus-
ters contained 563 distinct genes. Notably, 59
of these genes are non-annotated SAGE ORFs
(Velculescu et al., 1997) that are present on the
Affymetrix S98 GeneChips used in the current
study. We therefore find 504 ABF1 -dependent
genes, which is ten times more than previously
identified in a similar expression profiling study
(Miyake et al., 2004). This underlines the
power of approaches which combine data from
different high-throughput techniques. The pro-
motors of more than one third of the 504 genes
had a predicted binding motif and were also
bound under at least one of the growth or
sporulation conditions tested (203 genes). An-
other 149 (71 plus 78 genes) genes either had a
potential binding site in the promotor or were
bound by Abf1p in their upstream regulating

Figure 35: (A) Venn diagram showing the overlap be-
tween genes whose promotors are bound in the ChIP-
CHIP assay (MPR >0.8) and those which harbor a pre-
dicted binding site (p-value >-2). The overlap is desig-
nated as Core. (B-D) Venn diagrams showing the over-
lap of the Core and genes whose promotors are bound
in the three ChIP-CHIP control experiments, dye swap,
input-over-input, and mock IP, respectively.
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sequences. These two groups were merged (352
genes altogether) and refered to as bona fide
direct target genes of ABF1, because they ful-
filled at least two of the three criteria that sug-
gests dependency on Abf1p. The remaining
152 genes were considered possible indirect tar-
get genes of ABF1. Figure 37 summarizes this
information in a Venn diagram. Six different
heatmaps represent ABF1 -target genes from
the six clusters along with additional informa-
tion about presence of an UAS in the promotor
and binding of Abf1p to the promotor in our
ChIP-CHIP assays (Figures 19, 22, and 29).

Data mining of ABF1 -target genes

To get a general overview of the gene func-
tions dominating the groups of direct and in-
direct ABF1 target genes we have searched for
enriched GeneOntology terms. Direct target
genes were enriched in protein transport activ-
ity (KAP123, MAS6, PAM16, PSE1, SEC72,
SRP1, SSH1, TOM40, TOM7, TOM70 ) with
many of the genes involved in protein im-
port into the mitochondrial matrix. Further-
more, numerous genes had a function in ni-
trogen compound metabolism and amino acid
biosynthesis, such as ALA1, ARO3, ARO4,
ARO9, ASN1, GLN1, GLT1, LEU2, LEU9,
LYS9, LYS20, NPR1, PRO3, THR4, TRP2,
TRP3. Interestingly, the products of many
ABF1 target genes localized to the mitochon-
drial lumen (ADH3, CIT3, ECM40, HMG1,
HMG2, ILV5, IMG2, ISU2, MAS1, MGE1,
MRP1, MRP49, MRP51, MRPL28, MRPL32,
MRPL36, MRPL39, MRPL51, MRPS16,
MSS116, MSS51, NFU1, RSM24, RSM27,
SUN4, SWS2, YFH1 ).

Among indirect target genes we found GO-
terms related to metal ion transport (ENB1,
FET3, MRS4, PHO84, SIT1, ZRT1, ZRT3 ),
amino acid biosynthsis (ARG3, ARO1, ATF1,
BAT1, FAS2, GDH1, HIS7, ILV1, ILV2, ILV3,
ILV6, MIS1, TRP4 ). Numerous gene products
of indirect target genes localized to the cell wall
(CTS1, CWP1, DSE2, EXG1, FIT3, PLB2,
SCW11, SIM1, SRL1 ).

Genes essential for vegetative growth

110 of the 504 ABF1 -target genes are essen-
tial for vegetative growth and involved in dis-
parate biological processes, such as intracellu-

Figure 36: Analysis of twelve expression clusters of the
YPD, YPA, and the four expression clusters of the early
sporulation and middle sporulation data sets. Colors
represent percentage of genes whose promotors contain
a predicted binding site and are bound by Abf1p (red),
are bound by Abf1p but do not contain a predicted
binding site (yellow), are not bound by Abf1p but har-
bor a predicted motif (light blue), or are not bound by
Abf1p and do not contain a predicted binding site (dark
blue). The three panels show the result of the overlap
for the MPR=0.8 cutoff level for the ChIP-CHIP data.
Expression clusters with a overrepresentation of genes
whose promotors are bound or have a predicted binding
site are marked with a dot.
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Figure 37: (A) Venn diagram summarizing the overlap
of genes whose expression profiles suggest dependency
on ABF1 (Regulated), whose promotors contain a pre-
dicted binding site (UAS), and/or whose promotors are
bound in at least one of the tested conditions (Bound).
(B) Significance of the observed overlaps between the
three different datasets. p-values were calculated on the
basis of the hypergeometric test.

lar protein transport (SEC14, SEC16, SEC18,
SEC53 ), ribosome biogenesis (DHR2 ), cell-
wall biosynthesis (BIG1 ), protein modifica-
tion (GPI17 ), fatty acid metabolism (TSC13 ),
phosphate metabolism (IPP1 ), amino acid
biosynthesis (PRO3 ), and mitochondrial pro-
tein import (MIM1 ). Interestingly, TAO3,
which has recently been shown to be one of the
three quantitative trait loci that control yeast
sporulation (Deutschbauer and Davis, 2005)
also belongs to this group. Many genes had a
function in rRNA metabolism (DBP9, EMG1,
MDN1, MRD1, MTR4, NOP53, NUG1,
POP8, PWP2, RLP7, RRP1, RRP5, RRP9,
RRP12, RRP43, URB1, UTP18, UTP20 )
and tRNA metabolism (ALA1, FRS2, GRS1,
HTS1, MTR4, NUP49, NUP116, POP8,
PTA1, TRM1, TRM112, TYS1 ). This
strongly suggested that Abf1p plays an impor-
tant role in translation, which is in keeping
with earlier observations (Planta et al., 1995).
Figure 38 shows four examples of genes which
are essential for vegetative growth and which
are regulated by ABF1.

Figure 38: Examples of ABF1 target genes that
are essential for vegetative growth in budding yeast.
Barplots represent abundance of transcripts under dif-
ferent growth/incubation conditions as indicated. The
red dotted line indicates the empirical threshold of re-
liable detection.
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Genes induced and repressed in acetate

Among the Abf1p-regulated genes identified in
cells growing in the presence of a fermentable
carbon source (glucose in YPD) and a non-
fermentable carbon source (acetate in YPA) we
found genes whose activity was activated or re-
pressed upon shifting from YPD to YPA. Four
examples for both categories are depicted in
Figures 39 and 40. 89 and 90 Abf1p-target
genes are up- or down-regulated two-fold in
YPA, respectively. A substantial fraction of
acetate-induced genes encode proteins that lo-
cate to the mitochondrion. Some of these genes
are involved in ATP biosynthesis (ATP14,
APT16, ATP18 ). Others are cellular compo-
nents of the mitochondrial ribosomes (RSM27,
MRPL28, MRPL33, MRPL36 ). This is in
keeping with an earlier observation, that dur-
ing diauxic shift genes encoding mitochon-
drial ribosomal genes were generally induced
rather than repressed after glucose limita-
tion, high-lighting the requirement for mi-
tochondrial biogenesis (DeRisi et al., 1997).
Among the acetate-repressed genes we iden-
tified genes whose products are devoted to
protein synthesis, including nucleolar proteins
involved in rRNA synthesis (RRP1, RRP5,
RRP9, RRP12, DHR2, UTP18, UTP20 ), a
subunit of RNA polymerase III (RPO31 ), and
proteins needed for amino acid metabolism
(ARG3, LEU9, TRP3 ). Previously, it has
been shown that 95% of ribosomal genes are
down-regulated during the diauxic shift (De-
Risi et al., 1997).

Genes involved in meiotic development

Additionally, we found 59 genes which are es-
sential for i) sporulation (CHS5, GID7, HAP4,
HMG2, MLS1, MRP51, MRPL33, MRPS16,
MSD1, MSO1, MSS51, OSW1, PEP12,
PKH2, SGF29, SNF8, SPO14, SWM1, THR4,
TOS1 ), ii) spore germination (ARG3, HOP1,
HSL7, IDS2, MRPL32, NFU1, PAT1, PEP8,
RED1, SEL1, SFC1, TOM7, VTC1, YAK1 ),
or iii) inhibition of meiosis (APS2, BAP2,
ELM1, GDS1, KTR6, NOT3, SET3, SHE4,
SUB1, UBR2, YAF9 ). A number of these
genes were especially interesting, because they
could explain mitotic and meiotic phenotypes
of abf1-1 mutant cells. These will be briefly
described in the following section:

Figure 39: Examples of genes whose expression is re-
pressed upon transfer of cells into acetate containing
medium. Barplots represent abundance of transcripts
under different growth/incubation conditions as indi-
cated. The red dotted line indicates the empirical
threshold of reliable detection.
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SPO14 encodes a phospholipase D (PLD) es-
sential for Golgi function (Rudge et al., 2001).
It is also required for commitment to meiosis
and spore formation (Honigberg et al., 1992;
Rabitsch et al., 2001). In spo14∆ mutants, the
second meiotic division and spore formation
are defective, while earlier meiotic events are
largely unaffected. This results in the accumu-
lation of binucleate cells during meiosis (Honig-
berg and Esposito, 1994), a phenomenon that
is also observed in sporulating abf1-1 mutants
(Figure 13). Our expression profiling experi-
ments showed that transcript levels of SPO14
are affected in abf1-1 mutant cells already at
the permissive temperature (Figure 41, panel
A) in growing and sporulating cells. Another
ABF1 target gene involved in spore forma-
tion is OSW1 (Coluccio et al., 2004) which is
meiosis-specifically expressed (Figure 41, panel
B).

SWM1 and CDC16 are two subunits of
the anaphase-promoting complex/cyclosome
(APC/C), which are E3 ubiquitin ligases that
regulate the metaphase-anaphase transition
and exit from mitosis (Zachariae et al., 1996;
Zachariae and Nasmyth, 1999; Schwickart
et al., 2004). The promotors of both genes
were bound by Abf1p but contained no con-
sensus binding site. The expression profile
showed dependency of their mRNA abundance
on Abf1p (Figure 41, panel C and D) dur-
ing mitotic growth and meiosis. Both genes
were induced at middle stages of meiotic de-
velopment in the wild-type but not in abf1-1
mutant cells. CDC16 is an essential mem-
ber of the APC/C and several temperature-
sensitive mutants of CDC16 have been demon-
strated to arrest as large-budded cells with
the nucleus at the neck (Zachariae and Nas-
myth, 1996). Cdc16p interacts with two other
essential APC subunits, Cdc23p and Cdc27p
(Lamb et al., 1994). SWM1 in turn is a non-
essential gene that promotes the stable asso-
ciation of the APC/C-subunits Cdc16p and
Cdc27p (Schwickart et al., 2004). Swm1p is
required for spore wall assembly during sporu-
lation and maintainance of cell wall integrity
during vegetative growth at high tempera-
tures (Ufano et al., 1999; Ufano et al., 2004).
It has been demonstrated that a substantial
fraction (30%) of swm1∆ cells incubated at
37°C failed to produce colonies and arrested

Figure 40: Examples of genes whose expression is in-
duced upon transfer of cells into acetate containing
medium. Barplots represent abundance of transcripts
under different growth/incubation conditions as indi-
cated. The red dotted line indicates the empirical
threshold of reliable detection.

63



Chapter 2: Abf1p-control of mitosis and meiosis

as large-budded cells. They also accumulated
(40%) cell bodies with 4 non-separated cells
(Schwickart et al., 2004). These phenotypes
can indirectly explain the phenotype observed
in abf1-1 mutants (see Figure 11, panel B).

We also found SRV2, SSZ1, VMA6 and
VPS54 among direct target genes of ABF1
(Figure 43). These genes have been isolated
in a previous screen for single-deletion strains
that display a visually discernable sporulation
phenotype (reduced or no spore formation or
formation of asci that contain less than four
spores) and that were not able to activate an
IME1 -lacZ reporter gene and to undergo the
two meiotic divisions (Enyenihi and Saunders,
2003). Yeast strains which were deleted in one
of the four genes showed reduced levels of spore
formation as tested after 3 days on acetate.
Again, this could explain the reduced ability
of abf1-1 mutant cells to undergo both mei-
otic divisions and form asci with high efficiency
(Figure 13).

Interestingly, SET3 was identified as a di-
rect target gene of ABF1. Set3p has previously
been shown to form a complex with Snt1p,
YIL112w, Sif2p, Cpr1p, and two putative his-
tone deacetylases, Hos2p and Hst1p. This com-
plex is likely to be the meiosis-specific repres-
sor of early/middle sporulation genes (Pijnap-
pel et al., 2001). This suggests that Abf1p has
not only chromatin remodeling capabilities it-
self but also transcriptionally regulates a gene
with such a function.

Notably, we found HOP1, a component of
the synaptonemal complex (SC) among ABF1
regulated genes (Figure 42, panel A). This is in
keeping with a previous finding that mutating
the Abf1p-bound UAS in the HOP1 promo-
tor completely abolishes its expression (Prinz
et al., 1995). Another component of the SC,
RED1, harbors a potential ABF1 -binding site
in its promotor which is also bound by Abf1p.
Furthermore, its expression depends on func-
tional ABF1 (Figure 42, panel B). ZIP1, a
third SC component, was not among ABF1 -
regulated genes. However, its promotor con-
tains a well-conserved UAS and is also bound
by Abf1p. Taken together this suggests that
ABF1 may play a general role in transcrip-
tional regulation of SC components.

Figure 43: Examples of ABF1 target genes that are
involved in meiotic development in budding yeast.
Barplots represent abundance of transcripts under dif-
ferent growth/incubation conditions as indicated. The
red dotted line indicates the empirical threshold of re-
liable detection.
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Figure 41: Examples of ABF1 target genes that are involved in meiotic development in budding yeast. Barplots
represent abundance of transcripts under different growth/incubation conditions as indicated. The red dotted line
indicates the empirical threshold of reliable detection.
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Figure 42: Examples of ABF1 target genes that are involved in meiotic development in budding yeast. Barplots
represent abundance of transcripts under different growth/incubation conditions as indicated. The red dotted line
indicates the empirical threshold of reliable detection.
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Abf1p and ARS functionality

Our genome-wide binding assays allowed us
to examine Abf1p-binding activity at all au-
tonomously replicating sequences known to
date. Strikingly, we detected ARS1, ARS120
and ARS121 strongly bound by Abf1p (Fig-
ure 44), which is in keeping with ear-
lier observations (Diffley and Stillman, 1988;
Francesconi and Eisenberg, 1989). We also
detected a number of additional ARS ele-
ments to be strongly bound by Abf1p (e.g.
ARS1413, ARS304, ARS603.5, ARS1002,
ARS1012, ARS1016, ARS1025, ARS523,
ARS1411, ARS503, ARS518, HMLI/ARS302,
ARS303, ARS319). The silent mating type
loci HMRE/ARS317, HMRI/ARS318 and
HMLE/ARS301 belonged to a group of weakly
bound ARS. This is in keeping with previous
observations, that these ARSs have a low bind-
ing affinity for Abf1p (Eisenberg et al., 1988).
Among the remaining 70 ARS sequences we de-
tected no or only very weak binding of Abf1p.

Abf1p and cytokinesis

Our genome-wide binding assays suggested a
connection between transcriptional regulation
of factors essential for cytokinesis and Abf1p.
The promotors of two septins (CDC3 and
CDC10 ) harbor predicted binding sites and are
bound by Abf1p. Furthermore, transcriptional
activity of both genes depends on ABF1 (Fig-
ure 42, panel C and D). CDC3 and CDC10
are genes which belong to the Cdc3/10/11/12
septin family of bud neck filaments. Both genes
are expressed and are necessary for optimal
growth under vegetative conditions. Interest-
ingly, promotors of both genes contain an MSE,
which confers induction of expression during
middle stages of meiotic development. Pre-
viously, the meiosis-specific septin SPR3 has
also been found to be under control of Abf1p
(Ozsarac et al., 1995; Ozsarac et al., 1997). It
is conceivable that Abf1p plays a more general
role in the regulation of members of this pro-
tein family.

Temperature-sensitive mutations in CDC3
and CDC10 incubated at the restrictive tem-
perature resulted in a defect in cytokinesis
and developed multiple elongated buds that do
not separate from the parent cell (Hartwell,
1971). Additionally, these mutants failed to

Figure 44: Abf1p binding to autonomously replicat-
ing sequences (ARSs). Strength of Abf1p-binding to
75 ARS sequences is represented by a color code. Ge-
nomic loci and corresponding ARS are indicated. ARSs
whose names are colored in blue are bound by Abf1p
with an Median Percentile Rank higher >0.8 in at least
one condition.
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Figure 45: (A) Microscopic analysis of abf1-1 mutant cells during growth at 25°C, 30°C, and 37°C. Diploid abf1-1
cells were grown to mid-log phase before incubating for 8 hours at the indicated temperatures in liquid YPD medium.
Cells were then washed and stained with Calcofluor. Photographs of differential interference contrast microscopy or
Calcofluor-stained cells are shown. Arrowheads indicate the position of thickened septa. (B - D) Immunofluorescence
of wild-type (MPY310) and mutant (MPY311) cells carrying CDC10-GFP. Cells were grown to mid-log phase before
incubating for 8 hours at the indicated temperatures in liquid YPD medium. (E-F) Immunofluorescence of wild-type
and mutant cells carrying with anti-Cdc11p antibodies. Cells were grown to mid-log phase before incubating overnight
at 37°C in liquid YPD medium. Arrowheads mark mislocalized septin components. wt, ABF1/ABF1 - MPY284;
mut, abf1-1/abf1-1 - MPY283
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form normal chitin rings in the cell wall at the
bud neck and displayed a defect in the axial
budding pattern (Slater et al., 1985; Flescher
et al., 1993; Chant et al., 1995; DeMarini et al.,
1997). Transcriptional regulation of CDC3 and
CDC10 by ABF1 could explain the morphol-
ogy of the abf1-1 mutation, which showed de-
fects in mitotic cell cycle and mother-bud sep-
aration (Figure 11). We therefore examined lo-
calization of chitin and formation of the septin
ring in wild-type and abf1-1 mutant cells. Mu-
tant cells grown at the permissive tempera-
ture displayed chitinous bud scars, detectable
by Calcofluor staining, at the poles (Figure
45, panel A). In contrast, when abf1-1 mutant
cells were grown at 30°C or incubated at 37°C
for 8 hours chitin was mislocalized within the
growing compartment. Wild-type cells grown
at 25°C, 30°C or 37°C showed normal localiza-
tion of Cdc10-GFP and hence septum forma-
tion (Figure 45, panel B-D). The same was true
for mutant cells grown at 25°C. However, when
mutant cells were grown at 30°C or incubated
at 37°C for 8 hours they displayed a lack of
septum formation between cell compartments
or in some cases mislocalized to the tip of a
newly forming bud. This was also shown for
another component of the septin ring, Cdc11p
(Figure 45, panel E-F). These results indicated
that in the absence of functional ABF1 septin
rings cannot form and consequently the chitin
synthase machinery cannot localize correctly.

Discussion

Experimental strategy

In the current study we have aimed at the iden-
tification of ABF1 -target genes in a way as
comprehensive as possible. This approach was
based on a combinatorial approach including
different high-throughput techniques: expres-
sion profiling, protein-DNA binding assays and
motif prediction. The approach of identifying
transcription factor target genes by examining
expression profiles using microarrays is power-
ful as it simultaneously surveys the activity of
every gene in the genome of a given organism
at a given time. Using this technique one can
compare expression profiles of a gene deletion
strain with a corresponding wild-type strain in
order to elucidate the impact of a certain gene

on the transcriptional program. This has been
shown for many non-essential genes (McCord
et al., 2003; Chu et al., 1998; Williams et al.,
2002). Studies on essential transcription fac-
tors are more complex, because they require
conditional alleles. This can be, for example,
galactose-inducible mutants of a given tran-
scription factor or temperature-sensitive alle-
les. The fact that these mutations only become
effective under certain conditions adds another
level of complication to these kinds of studies.
One has to distinguish between the effect of the
newly created condition (i.e. the change from
glucose to galactose or from permissive to re-
strictive temperature). Therefore it is very im-
portant to include wild-type control cells as it
was done in the work presented here. Several
studies on temperature-sensitive factors have
been published in the past (Grigull et al., 2004;
Spellman et al., 1998; Shen et al., 2003). Yet
another level of complexity is added to a given
experimental setup if a certain induced condi-
tion interferes with the process to be studied.
For example, meiosis and sporulation cannot
occur at temperatures higher than 34°C. This
was also confirmed in the current study (Fig-
ure 13), and this observation might be based
on the fact that premeiotic DNA replication is
abolished at 37°C (Figure 14). Therefore we
chose 33°C as the semi-permissive temperature
at which ABF1 -dependent genes would be ef-
fected in their transcriptional activity in mu-
tant cells already without abolishing activitiy
of meiotic transcripts in wild-type cells. No-
tably, we also included samples shifted to 37°C
as controls (Figure 9).

One has to bear in mind that expression pro-
filing methods are not direct. Alterations in
transcript levels may result from secondary ef-
fects due to indirect regulatory events, which
can arise when a given transcription factor
regulates the activity of a second transcrip-
tion factor which again regulates a number
of other genes. Additionally, in an expres-
sion profiling experiment some of the target
genes may not be identified because they do
not exhibit changes in expression as a re-
sult of compensatory mechanisms or redun-
dant transcription factors that exist within the
cell. Direct methods that examine binding of
a transcription factor to promotor sequences
upstream of a gene, such as in vivo footprint-
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ing, chromatin-immunoprecipitation or ChIP-
CHIP exist. However, not every binding event
to a promotor is necessarily connected to tran-
scriptional regulation of the downstream lying
gene but may, for example in the case of Abf1p,
be related to DNA replication, or even be an
artifact of fixation. Therefore expression pro-
filing data and ChIP-CHIP experiments can be
regarded as complementary sources of informa-
tion about the regulatory capacity of a given
transcription factor. A third approach aims
at the identification of potential binding sites
in the genome and adds another level of con-
fidence to ChIP-CHIP and expression profiling
data. However, in silico prediction of binding
sites can only predict with a certain likelyhood
where a transcription factor binds. Whether
this site is indeed bound and under which con-
ditions this is the case has to be examined ex-
perimentally.

The current study combined expression pro-
filing and ChIP-CHIP techniques and the the-
oretical in silico approach to identify target
genes of ABF1 in vegetatively growing and
sporulating cells. This resulted in 504 genes
that are transcriptionally regulated by Abf1p
and 352 of which were identified as targets of
direct transcriptional regulation. A previous
study based on a similar screen has yielded 50
genes that are under positive control of ABF1
in vegetative cells (Rhode et al., 1992). Under
the same growth conditions (YPD) we found
264 target genes (Figure 19) with 29 overlap-
ping genes from both studies. It should be em-
phasized that this overlap is far higher than
expected by chance (p-value = 5.8 ×10−20).

Although the overlap of both expression pro-
filing experiments is good, only a minor frac-
tion of genes previously found to be regulated
by ABF1 by different biochemical and molecu-
lar biological means were also identified in our
current approach. Among the ∼30 ABF1 tar-
get genes known from the literature we found
only five genes (ARO3, HIS7, HOP1, SPT2,
TRP3 ). One can think of different explana-
tions for this observation. First, mutational
analysis of an UAS combined with reporter
gene assays (that provided experimental evi-
dence in most studies) is distinct from using
the temperature-sensitive allele abf1-1. This
might particularly be relevant for ABF1 for
which the so-called hit-and-run model has been

postulated in which a gene’s activity is un-
changed once it has been initiated even if Abf1p
is removed from the gene’s promotor at a later
stage (Schroeder and Weil, 1998b). In con-
trary, in a situation in which the binding site of
Abf1p is mutated it will never be bound (hit)
and therefore the gene will not be activated
(run). Second, one cannot exclude that abf1-1
is still (at least partially) active after one hour
of incubation at the restrictive temperature. In
vivo footprinting assays have shown that abf1-
1 loses contact to target sequences within min-
utes after shifting cells to 37°C (Schroeder and
Weil, 1998b). However, there still might be
some remaining binding activity under these
conditions not detected by the in vivo foot-
printing method. Third, the current experi-
mental setup itself may hamper identification
of ABF1 target genes. Since ABF1 is an es-
sential gene one has to use conditional mutants
of the gene to study it. We have made use
of the temperature-sensitive allele abf1-1 that
has been isolated previously by Rhode et. al.
(1992) and has proved to be a useful tool to
characterize transcription governed by ABF1
in vivo (Schroeder and Weil, 1998b). However,
the downside of this allele is that it has to be
incubated at an elevated temperature to impair
its functionality. In some cases this might have
the negative consequence, that ABF1 -target
genes that are also heat-sensitive will not be
detected as Abf1p-driven in an expression pro-
file as the one performed in the current study.
Examples of such cases are shown in Figure
46. All four genes have previously been shown
to transcriptionally depend on ABF1 but are
down-regulated at the restrictive temperature
in wild-type and mutant cells to a similar ex-
tent. Therefore these genes will be identified as
temperature- but not ABF1 -dependent. No-
tably, there are examples of genes that respond
to both the elevated temperature and the abf1-
1 in a way so that the two effects sum up in
the mutant at 37°C (Figure 18, panel B). This
underlines the importance of including wild-
type controls that are treated similarly to the
temperature-sensitive mutants.

By combining three different experimental
approaches we have three measures for whether
a gene is a potential ABF1 -target. The pres-
ence of a potential binding site and binding of
Abf1p to a given promotor, without any re-
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Figure 46: Examples of ABF1 target genes that are involved in meiotic development in budding yeast. Barplots
represent abundance of transcripts under different growth/incubation conditions as indicated. The red dotted line
indicates the empirical threshold of reliable detection.

sulting effect on transcriptional activity on the
downstream lying gene in abf1-1 mutant cells
incubated at 37°C, may still classify a gene
as an ABF1 -target. Indeed, the genome-wide
binding assay and the in silico prediction ap-
proach find most (albeit not all) of previously
identified ABF1 -dependent genes described in
the literature. Among the ∼30 ABF1 -target
genes known from the literature both tech-
niques identified 20 genes.

Not surprisingly, the number of Abf1p-
bound sequences exceeded the number of tran-
scriptionally genes by three-fold. In the current
study, we identified altogether 1642 distinct in-
tergenic regions located upstream of 1965 genes
to be enriched by Abf1p in growing and dif-
ferentiating cells. However, transcriptional ac-
tivity of ∼600 genes was found to be depen-
dent upon functional ABF1. Several reasons
might account for the observed differences be-
tween the large number of bound target sites
and the comparably lower number of regulated
genes. First, this discrepancy might be ex-
plained by the hit-and-run model. In such a
case binding of Abf1p would be detected by
ChIP-CHIP assays, however, regulation of cor-
responding genes would have escaped the de-
tection under current expression profiling con-
ditions. Second, some of the Abf1p-binding
sites located proximal to promotors may not
be related to transcription. For example, sites
essential for Abf1p-mediated DNA-replication
via ARSs, gene silencing or genome partition-

ing may belong to this group.
A comparison of predicted sites with our

ChIP-CHIP data reveals a good correlation be-
tween the quality of a potential binding site (in
the sense of how close it is to the initial weight
matrix) and the strength and reproducibility of
Abf1p binding to the genomic region in which
this site is located in (Figure 33). Eight hun-
dred of the 1049 promotors that contain pre-
dicted binding sites are also found in our ChIP-
CHIP assay to be enriched. The remaining 250
sites may contain alternative binding sites for
Abf1p. There are several lines of evidence that
such alternative sites exist. First, in a previ-
ous study a non-consensus sequences with a
strong affinity for Abf1p has been described:
the promotor of SPT15/TBP1, the budding
yeast TATA-binding protein, contains a so-
called Positive Distal Element (PDE), which
acts as a binding site for Abf1p in vivo and
which differs (albeit only slightly) from the
classical ABF1 consensus site (Schroeder and
Weil, 1998a). Second, a recent study based
on a newly developed technique called Pro-
tein Binding Microarrays (PBM) has identified
256 genomic loci that are bound by Abf1p in
vitro. Most of these intergenic regions (94%)
contain a predicted binding motif for ABF1
and a substantial fraction was also identified
(88%) in our ChIP-CHIP assays. However,
there are also cases of loci which are enriched
by Abf1p in vitro but do not contain a pre-
dicted binding site (Mukherjee et al., 2004).
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Third, another study based on an in vitro SE-
LEX approach identified a group of sequences
which are strongly bound in vivo by Abf1p
but did not contain the canonical binding motif
(Beinoraviciute-Kellner et al., 2005) indicating
that a novel target motif may exist.

However, an attempt to identify an alterna-
tive binding sequence based on sequence align-
ments of target loci bound by Abf1p did not
yield any significant motif. A possible ex-
planation for this is that there might be not
only one but several different binding motifs
for Abf1p which complicates the identification.
One could also think of a situation in which
it is not Abf1p that binds to DNA but in
which Abf1p interacts with a second DNA-
binding protein that determines the targeted
locus. In ChIP-CHIP-assays using formalde-
hyde as a cross-linking reagent (which cova-
lently connects not only DNA with associ-
ated proteins but also proteins with interact-
ing proteins) these cases would be indistigu-
ishable from cases where Abf1p itself interacts
with a genomic locus. However, such cases
are currently not known for Abf1p. Last but
not least, the polyclonal antibody generated
and used in the current study could cross-
react with another DNA-binding protein re-
sulting in the enrichment of sequences that are
targeted by this other factor. However, we
proved in several biochemical assays (western
blot, chromatin-immunoprecipitation and su-
pershifts in an electro-mobility shift assay) that
the polyclonal antibody is likely to be specific
for Abf1p. Even more compelling is the fact
that a comparison with a previous ChIP-CHIP
study which monitored genome-wide binding
of 204 transcription factors, including Abf1p,
(Harbison et al., 2004) shows a very high over-
lap of loci enriched by Abf1p (as detected in
our experiments) and myc-tagged Abf1p.

Abf1p and DNA replication

In budding yeast, specific sequences known
as autonomously replicating sequences (ARSs)
can function both on plasmids and in their
normal chromosomal location as origins of bi-
directional DNA replication (Umek et al., 1989;
Brewer and Fangman, 1991; Campbell and
Newlon, 1991). The archetypical ARS, ARS1,
has been the subject of considerable analy-

sis (Campbell and Newlon, 1991). Deletion
studies have defined different functional do-
mains of ARS1 one of which contains the 11 bp
ARS consensus sequence (ACS) which is bound
by the origin recognition complex (ORC) and
which is found within all yeast ARSs (Celniker
et al., 1984; Marahrens and Stillman, 1992).
The observation that the origin recognition
complex and Abf1p are bound at replication
origins after DNA replication and before chro-
mosomes segregate has led to the notion that
DNA replication is not restricted to S phase
simply by regulating either the availability of
these proteins or their ability to bind DNA
(Diffley et al., 1994). Instead it was suggested
that Abf1p represents the first level of protein-
DNA interactions at replication origins. This
ground state is laid down immediately after ori-
gin use in S phase and lasts throughout the
life of the cell, even during periods of quies-
cence (Diffley et al., 1994). Our ChIP-CHIP
data confirms this notion. ARS1, along with
a number of additional ARSs, is found to be
strongly bound in a unsynchronized population
of vegetatively growing cells. If Abf1p bound
ARS1 only during a short time frame of the
cell cycle, this binding event could not be mon-
itored in such a heterogenous population. This
is further substantiated by the fact that also in
highly synchroneously sporulating populations
binding of ARS1 is unchanged before and after
meiotic S-phase (Figure 44).

Besides ARS1, Abf1p binding sites have
been located in a number of additional ARS-
elements (Buchman et al., 1988; Diffley
and Stillman, 1988; Eisenberg et al., 1988;
Francesconi and Eisenberg, 1989; Sweder et al.,
1988). Electro-mobility shift assays showed
that Abf1p binds to ARS1, ARS120, ARS121
with high affinity (Rhode et al., 1992; Eisen-
berg et al., 1988). Site-directed mutagenesis of
the ABF1 binding site at ARS121 resulted in a
large decrease in the stability of plasmids bear-
ing this ARS (Walker et al., 1989), while dele-
tions of this site at ARS1 (Diffley and Stillman,
1988; Srienc et al., 1985) and the silent mat-
ing type HMRE ARS (Brand et al., 1987) had
a smaller but detectable effect on ARS plas-
mid stability. Competition analysis based on
DNA binding assays of seven well-characterized
ARSs revealed that Abf1p only binds ARS1
and HMRE and therefore is not a univer-
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sal ARS-binding factor (Diffley and Stillman,
1988). Our genome-wide analysis monitored
binding of Abf1p to ARS1, ARS120, ARS121,
but also showed that among the approximately
80 known ARSs (described in SGD) only 20 are
bound by Abf1 strongly and with high confi-
dence (MPR >0.8). This suggests that Abf1p
is likely not to be a general ARS-binding factor
in the sense of binding to every ARS element in
the yeast genome, at least not under the con-
ditions assessed in the current study.

Abf1p acts via interaction with differ-
ent regulatory complexes

ABF1 is a very versatile gene involved in nu-
merous processes, such as chromatin remodel-
ing, positive and negative transcriptional reg-
ulation, DNA replication, nucleotide excision
repair, and mRNA transport from the nucleus.
How is it possible that a single protein can
fulfill these different tasks? Answers to this
question are provided by several reports, in-
cluding three recent high-throughput studies
(Gavin et al., 2006; Krogan et al., 2006; Reguly
et al., 2006), that demonstrate interaction of
Abf1p with other proteins that are involved in
specific processes. The following section briefly
discusses complexes in which Abf1p has been
detected:

Chromatin remodeling: Hta2p, Htb1p,
and Hhf2p belong to the core histones required
for chromatin assembly and chromatin remod-
eling. Interestingly, Hhf2p also contributes
to telomeric silencing (Wyrick et al., 1999).
Hmo1p is a chromatin associated member of
the High Mobility Group (HMG) family which
is involved in genome maintenance (Lu et al.,
1996). Two components of the RSC (Remodel
the Structure of Chromatin) complex, Rsc8p
and Sth1p (Cairns et al., 1996), were also found
to be in a complex together with Abf1p. The
latter protein is required for kinetochore func-
tion in chromosome segregation (Hsu et al.,
2003) and the induction of early meiotic genes
(Yukawa et al., 1999). Isw2p in turn is an ATP-
dependent chromatin remodeling complex re-
quired for repression of early meiotic genes dur-
ing mitotic growth upon recruitment by Ume6p
(Goldmark et al., 2000). It is conceivable that
Isw2p functions as a linker between Abf1p and

Ume6p to confer repression of for example the
early meiotic genes HOP1 or ZIP1 during mi-
totic growth or late meiosis. Rvb1p and Rvb2p
are two components of chromatin remodeling
complexes and are required for maintaining
the active state of many inducible promoters
(Jónsson et al., 2001). Furthermore, Abf1p has
previously been shown to be involved in the
recruitment of Esa1p, a member of the NuA4
histone acetylase complex, to ribosomal pro-
tein (RP) promoters (Reid et al., 2000). Inter-
actions mentioned in this paragraph are sum-
marized in Figure 47 in subcomplex A.1 and
B. Notably, not only the protein-protein inter-
actions mentioned above may explain Abf1p’s
role in chromatin silencing. Our current study
shows that ABF1 transcriptionally regulates
SET3, which is the defining member of the
SET3 histone deacetylase complex, a repres-
sor of sporulation genes necessary for efficient
transcription by RNA Polymerase II (Pijnap-
pel et al., 2001).

Transcriptional regulation: The way how
Abf1p contributes to transcriptional regulation
may be (at least partially) defined by interact-
ing partners, such as TAF5, which is involved
in RNA polymerase II transcription initiation
(Lee and Young, 2000), and MOT1, which
can activate basal transcription by regulating
the distribution of Spt15p (the yeast TATA-
binding protein) (Muldrow et al., 1999) (Fig-
ure 47, subcomplex A.2). Sth1p, which was
already mentioned in the context of its chro-
matin remodeling capacities, is required for
the maximal expression of early meiotic genes
(Yukawa et al., 1999). Interaction with sev-
eral subunits of the RNA polymerase I (HMO1,
RPC40 ) and RNA polymerase III (RPC34,
RPC40, RPC53, RPC82, RPO31 ) complexes
(Figure 47, subcomplex A.3) may explain how
Abf1p contributes to the transcription of ri-
bosomal and transfer RNAs. CKA1, CKA2,
CKB1 and CKB2 are four casein kinases with
roles in growth and proliferation (Ahmed et al.,
2002). Notably, substrates of these kinases in-
clude transcription factors and all RNA poly-
merases (Ackermann et al., 2001) (Figure 47,
subcomplex C.1).

DNA replication: Cdc6p has been shown
to stimulate Abf1p DNA binding activities to
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Figure 47: Protein-protein interactions of Abf1p with other proteins. Different data sources from a high-throughput
study (Gavin et al. 2006), and a literature curated dataset (Reguly et al. 2006, also see Table 3, ref. 15) were
supplemented with interactons found by our own literature search (other sources). The three sources are separated
by solid boxes. Subcomplexes which are discussed in the text are boxed with dotted lines.

an ARS element (Feng et al., 1998). Cdc6p is
an essential ATP-binding protein and a compo-
nent of the pre-replicative complex (pre-RC)
required for DNA replication (Piatti et al.,
1995; Cocker et al., 1996; Detweiler and Li,
1997). No direct physical interaction between
Cdc6p and Abf1p could be shown. However,
binding of Abf1p to ARS1 was demonstrated
to be increased in vitro by addition of re-
combinant Cdc6p (Feng et al., 1998) (Figure
47, subcomplex B). Furthermore, a binding
mutant of Cdc6p (with the four basic amino
acid residues, 29KRKK, mutated to the neu-
tral amino acids, 29AGAS) showed increased
rates of plasmid loss indicating defects in DNA
synthesis. This mutant also did not stimulate
Abf1p-binding activity to ARS1, which sug-
gested that Cdc6p DNA-binding activity may
play a role in the initiation of DNA replication
(Feng et al., 2000).

mRNA export: Abf1p was demonstrated to
co-immunoprecipitate with Yra1p (Hieronymus
and Silver, 2003), which is a nuclear protein
that binds to RNA and is required for export
of poly(A)+ mRNA from the nucleus (Portman
et al., 1997; Zenklusen et al., 2001; Strässer and
Hurt, 2000) (Figure 47, subcomplex B). The
interaction between both proteins is RNase-
sensitive and knockdown of Abf1p in an Abf1p
degron strain resulted in a slight nuclear ac-
cumulation of poly(A)+ RNA. This suggested
that mRNA export from the nucleus is con-
nected to the transcriptional machinery.

Nucleotide excision repair: Abf1p’s con-
tribution to the removal of photoproducts has
been demonstrated in vitro and in vivo. No-
tably, abf1-1 mutant cells are very sensitive
to killing by ultraviolet radiation (Reed et al.,
1999). Abf1p has been found to form a sub-
complex with Rad7p and Rad16p (Reed et al.,
1999; Yu et al., 2004). Furthermore, it has
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been found to interact with Srl2p (Krogan
et al., 2006), a protein of unknown function
whose overexpression suppresses the lethality
caused by a rad53∆ mutation (Desany et al.,
1998). RAD53 is an essential gene required
for the transcriptional and cell cycle responses
to DNA damage and DNA replication blocks.
This suggests that also Srl2p is related to DNA
damage repair. Additionally, ABF1 was found
in a genetic screen for genes that are syn-
thetic lethal with mutations in CDC2/POL3,
which encodes the proofreading DNA poly-
merase delta and plays a role in base excision
repair of exogenous DNA methylation damage
(Blank et al., 1994). Interactions mentioned in
this paragraph are summarized in Figure 47,
subcomplex C.2.

ABF1 -target genes and phenotypes of
abf1-1

Our current study involved phenotypical anal-
ysis of diploid abf1-1 mutants during mitotic
growth and meiotic development. Previously,
it has been shown that growth of haploid mu-
tant cells arrested in a single cell cycle at
the non-permissive temperature. Arrested cells
were enlarged and had small elongated buds.
The growth rate of the abf1-1 mutants at the
permissive temperature was found to be nearly
identical to that of the isogenic ABF1 strain.
Growth at 30°C was slowed down in the mu-
tant and completely abolished at temperatures
higher than 32°C (Rhode et al., 1992). In the
current study we have reproduced all of these
phenotypes in diploid abf1-1 (Figures 10 and
11). Additionally, we observed a novel phe-
nomenon in mutant cells grown at the semi-
permissive temperature that has not been re-
ported previously. Cells grown at 30°C for sev-
eral hours formed elongated buds and did not
separate properly forming cell bodies of 4 and
more cells (Figure 11).

Our high-troughput data suggested differ-
ent explanations for this phenotypic peculiar-
ity. For example, we found SWM1 to be un-
der transcriptional control of ABF1. SWM1
was initially described to be a non-essential
and meiosis-specific gene required for spore
wall assembly (Ufano et al., 1999). Later on
it was shown that SWM1 is also required to
maintain cell wall integrity during vegetative

growth at high temperatures (Ufano et al.,
2004). Strains with deletions in this genes
and incubated at 37°C for several hours ei-
ther partially arrested as large-budded cells or
accumulated cell bodies with 4 non-separated
cells (Schwickart et al., 2004). These pheno-
types are also observed in abf1-1 mutant cells
incubated at 37°for several hours (Figure 11,
panel B). Notably, already one hour after shift-
ing mutant cells to the restrictive temperature
SWM1 transcript levels were below the detec-
tion treshold (Figure 41, panel C) and might
therefore have the same effect as a null muta-
tion of SWM1.

Furthermore, our data suggested that Abf1p
plays a role in cytokinesis and the transcrip-
tional activation of a subset of septins. We
found that abf1-1 mutant cells form elongated
buds, display aberrant chitin localization and
septum formation at the semi-permissive and
the restricitive temperature (Figure 45). These
phenomena could be explained by the fact that
transcriptional levels of CDC10 and CDC3 de-
crease in abf1-1 mutants at the restricitve tem-
perature. This is in keeping with earlier obser-
vations that temperature-sensitive septin mu-
tants arrest with elongated buds that fail to
undergo cytokinesis (Hartwell, 1971; Adams
and Pringle, 1984). Consequently, these pro-
teins became known as septins for their sus-
pected role in forming the septum between the
mother and the daughter cells. Additionally,
these mutants were demonstrated to be unable
to form normal chitin rings in the cell wall at
the bud neck and display a defect in the axial
budding pattern (Slater et al., 1985; Flescher
et al., 1993; Chant et al., 1995; DeMarini et al.,
1997). The formation of the septin ring appar-
ently requires interdependent interactions be-
tween the septin proteins. Shifting any of the
septin mutants to the non-permissive temper-
ature resulted not only in the disappearance of
the mutated septin but also of the other septins
from the bud neck and the loss of the 10-nm
filaments (Haarer and Pringle, 1987; Ford and
Pringle, 1991; Kim et al., 1991).

We have also studied effects of the abf1-1
mutation on meiosis and spore formation. We
found, that the impact of this mutation on
meiotic development is much stronger than on
vegetative growth. Already at the permissive
temperature (25°C) mutant cells were compro-
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Figure 48: (A) Coordination of mitotic growth and meiotic development by ABF1. Transcriptional targets of ABF1 -
regulation involved in both processes are indicated by arrows. Boxes show example genes which are essential and
involved in diverse processes. Lower panel depicts genes that are required at certain stages of the mitotic and meiotic
cell cycle. DS, premeiotic DNA synthesis; Rec, recombination; MI, meiosis I; MII, meiosis II.

mised in undergoing sporulation efficiently. Af-
ter 5 days in sporulation medium only 30% of
the cells had formed asci (as compared to 60%
of the reference wild-type strain), two-thirds of
which were dyads.

Our high-throughput data suggested differ-
ent explanations for the observed meiotic phe-
notypes. First, SPO14, a phospholipase D
(PLD), which is essential for Golgi function
(Rudge et al., 2001) and is also required for
commitment to meiosis and spore formation
(Honigberg et al., 1992; Rabitsch et al., 2001)
was among genes that are less expressed in
mutant cells regardless of the temperature
in growing and sporulating cells (Figure 41,
panel A). Previously, spo14∆ mutants were
demonstrated to be defective in performing the
second meiotic division and spore formation,
while earlier meiotic events were largely unaf-
fected which resulted in the accumulation of
bi-nucleate cells during meiosis (Honigberg and

Esposito, 1994). Strikingly, this phenomenon
was also observed in sporulating abf1-1 mu-
tants (Figure 13). The fact that transcriptional
activitiy of SPO14 is already reduced in mu-
tant cells at the permissive temperature might
explain the low efficiency of abf1-1 mutants
to undergo meiotic development already under
these conditions.

Several other genes involved in meiotic devel-
opment could also account for the low ability
of abf1-1 to sporulate. For example, we found
four genes (SRV2, SSZ1, VMA6, VPS54 ) to
be direct targets of ABF1 (Figure 43, pan-
els A-C). These genes were previoulsy demon-
strated to have defects in undergoing the two
meiotic divisions and to activate an IME1 -lacZ
reporter gene (Enyenihi and Saunders, 2003).
Yeast strains which were deleted in one of the
four genes showed reduced level of spore forma-
tion as tested after 3 days on acetate. Impor-
tantly, the strains were able to grow on a non-

76



Chapter 2: Abf1p-control of mitosis and meiosis

fermentable carbon source (glycerol), suggest-
ing that the observed meiotic defect was not
due to the cells’ inability to respirate. Again,
this might explain the reduced ability of abf1-1
mutant cells to undergo both meiotic divisions
and form asci with high efficiency (Figure 13).

We also found two components of the synap-
tonemal complex (HOP1, RED1 ) to be tran-
scriptionally dependent on ABF1. The promo-
tor of a third component of the SC (ZIP1 ) was
identified in our ChIP-CHIP assay to be bound
by Abf1p and to harbor a well-conserved bind-
ing site for ABF1. Notably, HOP1 was still
expressed in the mutant, although not to wild-
type levels (Figure 42, panel A). In comparison,
the message abundance of RED1 was below the
treshold in mutant cells (panel B). Previously,
it has been reported that red1∆ mutant cells
fail to make any SC or any obvious precursors
to the SC. Additionally, Hop1 protein localizes
only in areas that also contain Red1p, and this
localization depends on Red1p function (Smith
and Roeder, 1997).

Figure 48 depicts in an overview of how
ABF1 transcriptionally contributes to mitotic
growth and meiotic development in budding
yeast.

Materials and Methods

Yeast strains and culture conditions The
genotypes and sources of yeast strains used in this study
are shown in table (Table 2). Vegetative cultures were
porpagated in either YPD (1% yeast extract, 2% bacto
peptone, 2% glucose), YPA (1% yeast extract, 2% bacto
peptone, 1% potassium acetate). Wild-type and mu-
tant strains were cultured in YPD medium at 25°C until
a cell density of 2 ×107 cells/ml. The culture was split
into two, and one half was rapidly heated to 37°C in
a water bath and subequently incubated in the shaker
at 37°C. The other half was incubated in the shaker
at 25°C. After an 1 hour incubation, the cultures were
harvested and total RNA was isolated using the hot
phenol method. Logarithmically growing YPD cultures
were also used to inoculate YPA at a cell density of 2
×105 cells/ml. The cultures were expanded overnight
at 25°C to a density of 1.5 ×107 cells/ml. Again the cul-
ture was split into two, and one half was rapidly heated
to 37°C in a water bath and subequently incubated in
the shaker at 37°C. The other half was incubated in the
shaker at 25°C. After 1 hour incubation, the cultures
were harvested and total RNA was isolated using the
hot phenol method. Total RNA quality was measured
using the Bioanalyzer from Agilent.

Antibodies Rabbit antibodies were raised against
His6-Abf1p (amino acids 264 to 513) expressed in bacte-

ria. Commercial antibodies from Roche (12CA5) were
used to detect HA-tagged proteins.

Electro mobility shift assay For elecotro-
mobility shift assays (EMSA) oligonucleotides were an-
nealed by mixing equal amounts of strands together
with NaCl, incubating at 95°C for 15 min, and slowly
cooling to 25°C overnight. Doublestranded DNA was
then end labeled with [γ-32P] ATP by using klenow
enzyme and subsequently purified with Quick Spin
Columns for radiolabeled DNA purification (Sephadex
G-50) from Roche columns. Binding reactions were acr-
ried out in a solution containing 10 mM Tris-HCl (pH
7.5), 40 mM NaCl, 4 mM MgCl, 6% glycerol, 200 µg/ml
dI-dC polymer from Amersham, and labeled oligonu-
cleotide (10000 cpm) in a total volume of 20 µl at
room temperature for 20 min. Crude extracts were pre-
pared as described above. Samples were analyzed on a
6% polyacrylamide gel (run in 0.5 x Tris-borate-EDTA
buffer for 120 min at 200 V). Gels were dried after elec-
trophoresis and exposed to a phosphor screen.

ChIP and ChIP-CHIP For ChIP experiments
20 ml cultures containing about 4 ×108 cells were
treated with 1% formaldehyde for 15 min at room
temperature and ChIP was performed in 1 M NaCl-
containing lysis buffer as described (Lieb et al., 2001).
After cell lysis and chromatin shearing by sonication
(to 0.5-1 kb), each sample was divided in two halves
and added to reactions in the presence and absence
of antibody. Abf1p was immuno-precipitated using a
poly-clonal antibody against amino acids 264-513. For
PCR analysis, DNA is eluted from protein G beads in
20 µl TE buffer for 20 minutes at 95°C and the cross-
links are reversed over night at 65°C. Multiplex PCR
is performed under excess of primers and nucleotides
with HiFi polymerase (Roche). 200 µM dNTPs and
50 pmoles of each primer are incubated at 94°C for
2 minutes. Then ten cycles at 94°C 15 sec, 57°C for
15 sec, 72°C for 30 sec and 20 cycles at 94°C 15 sec,
57°C for 15 sec, 72°C for 30 sec plus an additional 5
sec at each cycle were run. Final incubation is at 72°C
for 5 min. PCR products were analyzed using poly-
acrylamide/TBE gels (6%) and SYBR Green staining.

For ChIP-CHIP analysis, DNA was eluted from the
protein G beads, purified, and amplified as described
(Lieb et al., 2001) with modifications: the immunopre-
cipitate is eluted from the beads in 100 µl elution buffer
(50 mM Tris pH 8.0, 10 mM EDTA, 1% SDS) for 30 min
at 65°C. When appropriate, the eluate and an aliquot
of the whole-cell extract input (WCE) diluted in elu-
tion buffer are incubated overnight at 65°C to reverse
crosslinks. One volume of TE, 100 µg/ml Proteinase
K and 20 µg glycogen are added for 1 hour at 37°C.
DNA is recovered using a Qiaquick PCR purification
kit (Qiagen), ethanol-precipitated, and resuspended in
20 µl TE and 100 µg/ml RNase. One third of the
immuno-precipitated DNA or 1/20000 of DNA from the
WCE is amplified by random primer extension followed
by PCR amplification, incorporating amino-allyl dUTP
for subsequent dye coupling. PCR Microarray printing
and hybridization is carried out as follows: Yeast ORFs
and intergenic regions are amplified by PCR using the
complete set of Yeast GenePairs Primers from Research
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Genetics. After isopropanol precipitation, PCR prod-
ucts are re-suspended in 3 x SSC. Robotic microarray
printing is performed on polylysine-coated glass slides
or Corning Ultra Gaps II slides using a Microgrid TAS
arraying robot (Biorobotics). Post-processing of the
slides, labeling of 3-6 µg of DNA with Cy3 or Cy5 flu-
orophors, microarray hybridization at 63°C, and array
washing steps are done as described at (supplemental
table, ref. 7)

cRNA target synthesis and GeneChip
hybridization Culture conditions and array hy-
bridization protocols were carried out as published with
a few modifications (Primig et al., 2000). cRNA tar-
get molecules were prepared from 50 ml cultures at
3-5 ×107 cells/ml. Samples were hybridized to yeast
S98 GeneChips (Affymetrix) that contain probes for
6400 transcripts (supplemental table, ref. 8). 15 µg
of yeast total RNA was purified using RNeasy Mini-
Spin columns (Qiagen) employing standard protocols
provided by the manufacturer. The cell pellets were
re-suspended in RLT buffer and lysed by shearing in
a 2 ml syringe. 600 µl of the supernatant were mixed
with 600 µl of 70% ethanol, loaded onto an RNeasy col-
umn, washed and eluted in 100 µl of double-distilled
water. Quality of total RNA was monitored using
RNA Nano 6000 Chips processed with the 2100 Bio-
analyzer (Agilent). Biotin labeling of RNA was done
as outlined in the Expression Analysis Technical Man-
ual (supplemental table, ref. 9) with minor modifica-
tions. Single-stranded cDNA was synthesized by mix-
ing 13 µg of total RNA with oligo-dT and incubating
the reaction mix with Superscript II reverse transcrip-
tase (Invitrogen) at 42°C for one hour. After synthe-
sis of the second cDNA strand using the Superscript
Double-Stranded cDNA Synthesis Kit (Invitrogen), the
material was extracted with phenol-chloroform-isoamyl
alcohol and precipitated with 0.5 volumes of 7.5 M am-
monium acetate and 2.5 volumes of ethanol. The cDNA
was employed for an in vitro transcription (IVT) re-
action using the BioArray High Yield RNA Transcript
Labeling Kit T7 (Enzo) to synthesize cRNA in the pres-
ence of biotin-conjugated UTP and CTP analogs. Ap-
proximately 50 µg of cRNA was purified over RNeasy
Mini-Spin columns and analyzed again on RNA Nano
6000 Chips. The cRNA targets were incubated at
94°C for 35 minutes and the resulting fragments of 50-
150 nucleotides were again analyzed with RNA Nano
6000 Chips. All synthesis reactions were carried out
in a PCR machine (Biometra T1 Thermocycler) to en-
sure optimal temperature control. 220 µl hybridization
cocktail containing heat-fragmented and biotin-labeled
cRNA at a concentration of 0.05 µg/µl were injected
into GeneChips and incubated at 45°C on a rotator in
a Hybridization Oven 640 (Affymetrix) over night at
60 rpm. The arrays are washed and stained with a
streptavidine-phycoerythrin conjugate (SAPE; Molec-
ular Probes). To increase signal strength a standard
antibody amplification protocol was employed (EukGE-
WS2v4; Affymetrix Expression Analysis Manual). The
GeneChips were processed with a GeneArray Scanner
(Agilent). A detailed description of current cRNA syn-
thesis protocols is available in (Schlecht et al., 2004)
and the corresponding web portal (supplemental table,

ref. 10).

Abf1p motif prediction For each intergenic
region in S. cerevisiae orthologous intergenic regions
from the 4 other sensu stricto Saccharomyces species
were obtained using the ORF annotations of (2003)
and (2003). All groups of orthologous intergenic re-
gions were aligned with MLagan (Brudno et al., 2003).
MotEvo scanned these alignments with the . . . . Sites
were scored in a two-step process: First, we obtain the
following two probabilities. The cerevisiae sequence
segment s = (sj) is scored under the model for the
weight matrix mu = (µj):

pµ(s) =
∏

j

µj
sj

n + 0.5

n + 2
. (1)

Here, n denotes the number of sequences used to con-
struct the weight matrix. Then s is scored under a third
order Markov background model

pb(s) =
∏

j

b(sj |sj+1, sj+2, sj+3), (2)

where b denotes the background probability for a
base given the bases to the right of it. Only se-
quence seqments that score better to the weight matrix
(pµ(s)/pb(s) > 1) are kept for further investigation. For
these segments we then collected all sequence segments
from the multiple alignment that have the same gap
pattern as the cerevisiae sequence at that location. In
step two, for the gapless multiple alignment so obtained,
the following probabilities were calculated. P1: The
probability that the sequences in the alignment contain
binding sites for the WM and have evolved under the
constraints set by this weight matrix. To calculate this
probability, MotEvo uses the same probabilistic evolu-
tionary model as PhyloGibbs (Siddhartan et al., 2005).
In this model, the transition probability (under model
x) from base α to β is given by

px(β|α) = δαβq + p(β|x)(1 − q). (3)

where δ is 1 if the indices are equal and 0 otherwise,
q is the probability that no mutation takes place, and

p(β|x) is either
µ

j
sj

n+0.5

n+2
or b(sj |sj+1, sj+2, sj+3), de-

pending on whether x stands for µ or b (c.f. equa-
tions (1) and (2)). This means β evolved from α ei-
ther according to the WM model or according to the
background model. To obtain P1, we do the prod-
uct of pµ(β|α) over those species scoring better to the
WM multiplied by the product of pb(β|α) over those
species scoring better to background. This expression
is summed over all ancestors weighed by (1) and finally
multiplied over all column positions. P2: The proba-
bility that the sequences have evolved according to the
background evolution model, i.e. the same expression
as for P1 but all pµ(β|α) replaced by pb(β|α). P3: the
probability that the sequences that contain sites for an-
other regulatory factor have evolved according to the
constraints set by another regulatory factor. We found
that it is especially important to include this third pos-
sibility since otherwise conserved segments that show a
vague similarity to the WM may be mistaken for bind-
ing sites of this transcription factor, whereas in reality
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these are conserved sites for another transcription fac-
tor. We obtain this probability by replacing pb(β|α) by
pω(β|α) in P2 and integrating over all possible WMs ω.
We now took as the ’background’ probability Pb of the
alignment, given that no site for our weight matrix oc-
curs, the maximum of the two probabilities P2 and P3,
i.e. Pb = max(P2, P3). Finally, with a prior probability
π that a binding site for the weight matrix in question
occurs at a randomly chosen position in an intergenic
region the posterior probability p that a site for the
weight matrix occurs becomes:

p =
p1π

p1π + pb(1 − π)
, (4)

Based on previous estimates that the total number of
binding sites in yeast intergenic regions (Chin et al.,
2005; Siddhartan et al., 2005) is about 10 per intergenic
region, there are about 200 sequences specific transcrip-
tion factors in yeast, and that intergenic regions are on
average about 700 bp wide we use π = 10/(200 ∗ 700)
as a reasonable guess for the a priori probability that a
site for a particular weight matrix occurs at a particular
position.
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General conclusion

General conclusion and outlook

This work contributes to the understanding
of the transcriptional program that underlies
mitotic growth, meiosis, and gametogenesis.
In the first part regulation of these processes
are explored in the model organisms Rattus
norvegicus on a genome-wide level, leading to
the first comprehensive large-scale expression
profiling analysis of mammalian male game-
togenesis. As a result our knowledge about
genes which are transcriptionally regulated in
germ cells undergoing mitotic growth, meiosis,
and gametogenesis was substantially enlarged.
Our study yielded numerous yet uncharacter-
ized transcripts that are likely to be involved
in spermatogenesis and fertility and therefore
provides the scientific community with inter-
esting candidate genes for further analysis.
This work also served as a pilot feasibility study
and is currently followed up by an even larger
comparative approach exploring the transcrip-
tonal program governing gametogenesis in two
mammalian model organisms Mus musculus,
Rattus norvegicus, and Homo sapiens in our
laboratory.

In the second part we have defined the
transcriptional target genes of ABF1 in Sac-
charomyces cerevisiae and thereby enlarged
our knowledge of its contributions to mitotic
growth and meiotic development. In this work
we have explored the power of combining dif-
ferent high-throughput techniques for target
gene discovery. This led to the identification
of roles for Abf1p in the transcriptional acti-
vation of components required for cytokinesis,
the formation of the synaptonemal complex,
and spore formation. In this context it will
be important to assess the impact of ABF1 -
regulation on different stages of meiosis and
sporulation by additional experimental means,
such as microscopic analysis of components of
the SC or the septins during initial steps of
spore wall formation. Apart from the iden-
tification of direct target genes of Abf1p, we
have also defined a group of genes for which
it is currently not clear whether they are true
ABF1 -targets. For example there are numer-
ous cases of genes whose promotors were bound
in our ChIP-CHIP assay and contain a poten-
tial binding motif, but were not transcription-
ally regulated in the anticipated way. It will

be interesting to study such cases by muta-
tional anaylsis of the binding site and to assess
the impact on transcription. Notably, this is a
different approach from that we have taken in
this study, because it creates situations where
a promotor is never bound by Abf1p and there-
fore never has the chance to contribute to
transcriptional activation of the correspond-
ing gene. This approach will also elucidate
how important the earlier proposed hit-and-
run model is, and will enlarge our machanis-
tic understanding of transcriptional regulation
governed by Abf1p. A detailed characteriza-
tion of in vitro and in vivo binding activities
of abf1-1 to target sites will also contribute to
this understanding. In this context it will be
interesting to determine whether abf1-1 is only
deficient in binding to target sites or also in in-
teracting with other proteins. Ultimately, we
would like to unravel the complete regulatory
network of Abf1p, Ume6p, Ndt80p, and novel
yet unknown transcriptional factors governing
transition from mitotic growth to meiosis and
the progression through the meiotic develop-
mental pathway.
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Supplementary tables

Supplemental table. Web addresses mentioned in this thesis
Reference Name of database Web address

1 The Ovarian Kaleidoscope http://ovary.stanford.edu/

2 Mammalian Reproductive Genetics http://mrg.genetics.washington.edu/

3 Germonline http://www.germonline.org/

4 European mirror http://germonline.igh.cnrs.fr/

5 Japanese mirror http://germonline.biochem.s.utokyo.ac.jp/

6 American mirror http://germonline.yeastgenome.org/

7 Microarray protocols and software http://www.microarrays.org/

8 Affymetrix http://www.affymetrix.com/

9 Affymetrix Technical Note http://www.affymetrix.com/support/technical/

technotes/statistical_algorithms_technote.pdf

10 Rat study http://www.bioz.unibas.ch/personal/rat_

spermatogenesis/

11 Bioconductor http://bioconductor.org/

12 R project http://www.r-project.org/

13 Saccharomyces Genome Database http://yeastgenome.org/

14 Arrayexpress http://www.ebi.ac.uk/arrayexpress/

15 BioGRID http://thebiogrid.org/

16 Rat Genome Database http://rgd.mcw.edu/
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