























Abf1 Target Genes in Yeast

Figure 5. Biological Process GO term enrichment in mitotic expression clusters. (A) GO terms identified in five clusters from cells grown in YPD as given
on top of the diagram. Rectangles contain bold numbers of enriched genes associated with a specific GO term as observed and expected. The total number
of genes in the genome bearing a given GO term is shown. The numbers of genes bearing a GO term for each cluster are indicated at the top.
Overrepresentation (red) and underrepresentation (blue) are color coded as shown in the scale bar (top left). (B) Data for gene clusters identified in YPA.
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Abf1 Core Targets Include Multicomponent Factors
Required for Cytokinesis

We identified 434 genes that were down-regulated in the
Abf1-1 background during mitotic growth and/or meiotic
development (cluster 1 genes). Among those, we found 157
core target genes whose promoters contained a predicted
target motif, and they were bound by Abfl in vivo. This
group revealed (among other genes required for budding,
actin cytoskeletal organization, and septation) CDC3, a
member of the family of bud neck filaments required for
growth and spore formation as a potential Abfl target gene
(Fares et al., 1996; for review, see Longtine et al., 1996; ww-
w.germonline.org/). Because absence of Cdc3 function
causes a defect in cytokinesis and abnormal budding (Kim et
al., 1991), we concluded that Abfl might in part regulate bud
formation and daughter cell separation by directly control-
ling expression of Cdc3. To confirm the chromatin immuno-
precipitation experiment and to test whether the predicted
CDC3yss was indeed bound by Abfl, we performed an
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Figure 6. ADbfl binds to CDC3y,5 and is required for septin for-
mation. (A) Electrophoretic mobility antibody supershift assay by
using a polyclonal anti-Abfl antibody and a radioactive CDC3;,¢
probe. The free probe (lane 1) is followed by a binding activity
present in an extract from cells cultured in YPD (lane 2). Preimmune
serum (lane 3), Abf1 (lane 4, a-Abf1), and Ndt80 (lane 5, «-Ndt80)
antibodies were diluted 1:30 and added to the binding reaction. A
100-fold molar excess of unlabeled wild-type (lane 6) and mutated
(lane 7) HOP1y; 55 as well as wild-type (lane 8) CDC3y; 5 probes was
added. Free probe (fp), a nonspecific band (*), and Abfl/DNA
(Abflp) and Abfl/antibody/DNA (Abflp/ab) complexes are
marked with arrows. (B) Fluorescence microscopic analysis of dip-
loid wild-type (ABF1/ABF1) and mutant (abf1-1/abf1-1) cells contain-
ing a green fluorescent protein-tagged Cdc3. The strains were incu-
bated in YPD at 25 and 37°C. The cell morphology (DIC, top) and
GFP-signals (Cdc3-Gfp, middle) are shown individually and in an
overlapping view (Merge, bottom).
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EMSA by using a radioactive oligonucleotide probe (Figure
6A, lane 1). A slowly migrating binding activity observed in
a protein extract from growing wild-type cells (lane 2) was
not shifted by the preimmune serum (lane 3), whereas an
antibody against Abfl did induce a supershift (lane 4) that
was absent when a control antibody against Ndt80 was
added (lane 5). The binding signal was abolished by an
excess of unlabeled oligonucleotides containing wild-type
CDC3yss and HOP1 5 elements (lanes 6 and 8) but not by
a mutated HOPI g (lane 7). These results indicate that
Abf1 participates in the regulation of normal budding and
cytokinesis by direct UAS-mediated transcriptional control
of the critical septin CDC3. Next, we investigated whether
formation of the septin ring structure necessary for daughter
cell separation would be impaired in cells lacking fully
functional Abfl. To this end, we visualized the structure by
using Abfl wild-type and mutant strains containing a Cdc3-
green fluorescence protein fusion reporter gene. The data
show that only the wild-type (Figure 6B, left) but not the
mutant strain (right) is capable of forming the septin ring
structure localized to the bud neck when cultured at the
restrictive temperature of 37°C, whereas both strains form
the septin ring at the permissive temperature of 25°C (Figure
6B as indicated). Thus, expression profiling, genome-wide
and biochemical DNA binding assays, and cell biological
data together suggest Abf1 to control septation via transcrip-
tional regulation of CDC3 expression. This finding is in
keeping with the cytokinesis phenotype observed in abfl-1
cells (Figure 1, D and E). We consider it unlikely, however,
that suboptimal expression of Cdc3 alone is responsible for
the defect, because other factors, such as Cdc10, also fail to
reach normal expression levels in the mutant at the restric-
tive temperature (see YPD C1 and www.germonline.org/).

Abf1 Controls Genes Involved in Inhibition of Meiosis,
Spore Formation and Germination

Diploid strains containing one wild-type or Abfl-1 mutant
allele were cultured in sporulation medium containing ace-
tate and standard supplements (SPII) at the permissive tem-
perature (25°C) until 5 and 9 h after induction of meiosis
before they were shifted to 28, 33, or 37°C for 1 h (Figure 7A).
Samples were analyzed in duplicate as described for the
mitotic experiment (Supplemental Figure 4B). Note that only
the meiotic samples harvested at 28°C were used for clus-
tering (Figure 7B). Meiotic cluster 1 contained genes that
failed to be induced to wild-type levels in the Abfl-1 mutant
strain. As anticipated, the promoters of 40% of the genes in
this cluster were bound by Abfl and/or contained a pre-
dicted binding motif. The remaining expression clusters con-
tained genes that were either repressed (cluster 2) or in-
duced to various levels (clusters 3-5) during middle stages
of sporulation in wild-type and mutant cells. All clusters
showing unanticipated patterns contained a certain percent-
age of confirmed promoters (bound by Abfl and/or pre-
dicted motif) and the level of induction observed in clusters
3-5 was indeed lower in the mutant strain than in the wild
type. To rule out that different signal intensities were due to
slower meiotic progression (hence, lower gene induction) by
the mutant strain per se, we compared the induction profiles
of known meiotic genes in Abfl versus abfI-1 cells at the
permissive temperature of 28°C, and we found no substan-
tial difference (Supplemental Figure 6A); this was observed
for very early, early, middle, and mid-late genes (Supple-
mental Figure 6B). Meiotic expression clusters displayed no
significantly enriched relevant GO terms; however, we iden-
tified genes essential for inhibition of meiosis (APS2, PPH21,
SET3, and UBR2), synaptonemal complex (SC) formation
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A Expression profiling procedure

e Sporulation for 5 or 9 hours in SPIl at 28°C
e Shift for 1 hour to 28/33/37°C
o Total RNA isolation, cRNA target synthesis

¢ GeneChip hybridization & scan
B SPII

Signal Intensity % genes
0 200 400 100
2k ABF1/abf| s —— gg:
| ]
C1 abf1-1/abf1 5
10h ABF1/abl —— 20
abf1-1/abfl ——— 5
0 200 400 100 B
A 1o 80
oy ON e E—— P
a1 40
100 aprrtmr = 20
== 0
0 200 400 100
—
Pl 119 80
c3 abf1-1/abf1 ] 60
Jon ABF S —
1 [ ]
abf1-1/abf1 28
0 200 400 100 .
ABF1/abf 118 80 |
0 h abrt-1/abr1 =S 60
1op ABFran e 4
- [——] 2
abf1-1/abf1 ——— 8 B
0 400 800
.- 100
ABF1/abf1 | 80
6h aprt-1/abi1 8 87
c5 g 60
10k ABF bl 40
= | —
abf1-1/abfl ————— 20-
0

Figure 7. Identification of meiotic Abf1 target genes. (A) Outline of
the approach. (B) Five expression clusters (C1-C5) identified among
genes in sporulation medium at 28°C. Note that although C3-C5
seem rather similar, we empirically determined five clusters to be
the number that identifies the largest percentage of genes in C1
confirmed by in vivo binding and presence of a putative target site
in the promoter. Strains containing one wild-type (ABF1/abf1, red)
and one mutant allele (abfl-1/abfl, blue) and a GAL-ABFI trans-
gene are indicated. Median signal intensities are plotted against
samples analyzed in duplicate at the time points shown. The total
number of genes in a cluster is given. Percentages of genes falling
into any of four categories outlined in Figure 4C are shown.

(RED1 and ZIP1), sporulation (CHS5, PEP12, SNFS, TAO3,
and THR4), and spore germination (MRPL32, NFUI, and
UBP6) as Abfl targets (Deutschbauer et al., 2002; Deutsch-
bauer and Davis, 2005).

Abf1 Binds to Meiotic Promoters during Mitosis
and Meiosis

We next determined mitotic versus meiotic Abfl promoter
occupancy in the presence of a predicted motif for genes
specifically expressed during meiosis to ask whether the
protein bound only when a locus was actively transcribed.
Abfl was shown to interact with the upstream regions of
early meiotic genes involved in control of the onset of mei-
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osis (IME4), SC formation (NDJ1, HFM1, RED1, and ZIP1)
and middle meiotic genes required for spore wall synthesis
and maturation (SPR3 and SMKI) under all conditions
tested (Figure 8). This suggests that Abf1 is present at its site
both during mitotic repression and meiotic induction of
these promoters. In addition to this clear-cut situation, we
also found meiosis-specific genes whose promoters were
bound by Abf1 in at least one growth condition and during
sporulation (AMA1, DTR1, MAM1, MER1, PFS1, SMAI,
SPO19, SPO73, SPS1, SPS100, and SWMI) or only during
meiotic development (IME2, MUM1, MEK1, and SPO20),
although they contain no UAS (Figure 8).

A substantial number of potential target promoters lack a
UAS element, whereas sequences that are bound by Abf1 in
vivo do not seem to contain any novel conserved Abfl motif.
To test whether Abfl could interact with base insertion or
deletion variants of UAS that might elude our prediction
algorithm, we determined their ability to compete a wild-
type UAS motif in an EMSA. The results suggest that mu-
tations changing the distance between the highly conserved
5'-TCA and 3'-ACG triplets abolished Abfl interaction
(Schlecht and Primig, unpublished observation). We con-
clude that Abf1 is unlikely to bind to mutant derivatives of
its UAS target sites within the promoters that do not contain
the known motif.

DISCUSSION

To fully understand the cellular functions of Abfl, it is
necessary to identify its DNA binding patterns and its target
genes during distinct stages of growth and development. In
this study, we report a comprehensive genome-wide analy-
sis of Abfl. It is based on probabilistic binding site predic-
tion combined with an in vivo binding assay using mitotic
and meiotic cells as well as expression profiling of growing
or sporulating wild-type and temperature-sensitive mutant
strains at both permissive and restrictive temperatures.
Among 434 regulatory regions identified, 157 core promot-
ers failed to be normally activated in the absence of fully
functional protein (Abfl-1 at 37°C), were bound by Abf1 in
vivo, and contained a predicted binding site. This group
includes numerous genes not previously identified as Abf1l
dependent. Although we found the majority of the promot-
ers to be bound during growth (regardless of the carbon
source) and spore development, a subset of regulatory ele-
ments were detected in only one or two of the conditions
tested.

Correlating Abfl Target Site Prediction, In Vivo Binding,
and Target Gene Deregulation

Comparing computational and molecular biological meth-
ods reveals that motif prediction and the in vivo binding
assay yield the most concordant results, whereas binding
and expression profiling data show the smallest overlap in
Abf1 (Supplemental Figure 7, A-C). We conclude that com-
putational predictions of UAS motifs significantly conserved
in related budding yeast species are a strong indicator of a
functional binding site. Moreover, the experimental ap-
proach based on comparing wild-type to mutant alleles at
the permissive and restrictive temperatures was yielding,
because we identified a cluster of genes that showed the
anticipated down-regulation in the mutant at 37°C (Figures
4D, C1 and 7B, C1). It is important to note that this cluster
contains the highest percentage of genes (~50% in YPD,
~30% in YPA, and ~40% in SPII) where deregulation in the
mutant is confirmed by in vivo binding to the upstream
region and the presence of a predicted binding site in the
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Figure 8. Abfl control of essential meiotic genes. Color-coded heat maps displaying expression levels of meiotic genes in rich (YPD and
YPA) and sporulation (SPII) media are shown. Homozygous wild-type (ABF1/ABF1) and mutant strains (abf1-1/abf1-1) and strains containing
one wild-type (ABF1/abfl) or mutant allele (abf1-1/abf1) and a GAL-ABF1 transgene are indicated. The temperatures are given at the bottom
of the heat map. Dots mark genes whose promoters contain predicted binding sites (UAS) and/or are bound by Abfl under different mitotic
(YPD and YPA) and meiotic (SPII 4h, SPII 8h) conditions. Genes essential for meiosis and sporulation are shown in green. Log,-transformed
expression signal intensities are color coded as indicated in the scale bar.
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promoter. However, the expected expression pattern is also
observed when promoters are bound, although they lack a
predicted binding site; when they are not bound, although
they do contain a putative Abfl binding site; and even in the
absence of any detectable binding and a target site (Figure
4D). We do not believe that the protein interacts with other
as yet unknown elements, because no novel conserved pat-
tern was detected among the intergenic regions identified in
the ChIP-Chip assay. It is possible that Abfl has a nonspe-
cific affinity for DNA during processes such as nucleotide
excision repair (Reed et al., 1999) or mRNA transport (Hi-
eronymus and Silver, 2003). This is in keeping with a recent
in vitro analysis of the binding site of Abfl1 that identified a
pool of heterogeneous sequences not containing the UAS
motif (Beinoraviciute-Kellner et al., 2005).

We have observed an unanticipated effect of the Abfl-1
allele at the permissive temperature that causes genes to
show decreased (C2) or increased (C3) expression compared
with the wild type. It is possible that these promoters con-
tain low-affinity binding sites that Abfl-1 cannot interact
with even at 25°C and that the overall expression of these
genes mostly depends upon Abfl, so they are very sensitive
to any perturbation. This is consistent with the finding that
Abf1-1 fails to bind to its target site in vitro at room tem-
perature (Rhode et al., 1992; Schlecht and Primig, unpub-
lished observation). However, in most cases this effect seems
to be indirect, because ~80% of the genes in these clusters
have promoters that are not bound and lack a binding site.

The abf1-1 Allele as a Tool for Promoter Analysis

The abfl-1 allele was used to study gene expression because
the mutant cells stop growing and the Abf1-1 protein fails to
bind to its target sites in vivo at 37°C (Miyake ef al., 2004;
Yarragudi et al., 2007). However, because it was observed
that target genes continued to be expressed in the absence of
detectable Abfl binding at restrictive conditions it was pos-
tulated that the protein does not need to be continuously
present on its target site once gene expression is activated
(Schroeder and Weil, 1998). Another possibility is that
Abf1-1 could still be able to at least partially interact with
DNA at 37°C in the case of high-affinity binding sites or in a
favorable protein network context. An assay more sensitive
or different in its chemical nature than in vivo footprinting
might reveal such residual binding. In this context, we note
that FLAG-tagged Abfl-1 showed much reduced but not
abolished binding to the RPS28A and SPT15 promoters at
the restrictive temperature when examined with a chroma-
tin immunoprecipitation assay (ChIP; Yarragudi et al., 2007).
We suspect that this binding signal might even be stronger
in the case of the native protein because we found that
HA-tagged Abfl has a sporulation phenotype, indicating
that the DNA binding capacity of tagged Abfl might be
reduced. Moreover, our ChIP assays using a polyclonal anti-
Abf1 antibody seem to detect native Abfl-1 protein binding
to the constitutive UME6 promoter in YPD not only at 25°C
but also at 37°C (Schlecht and Primig, unpublished obser-
vation).

Abf1 and Cytokinesis

Yeast CDC3, CDC10, CDC11, and CDC12 septins were ini-
tially identified as mutants defective in bud-neck filament
formation essential for cytokinesis (Hartwell, 1971). All sep-
tins except CDC10 are cell cycle regulated and expressed or
even highly induced during sporulation (Cho et al., 1998;
Primig et al., 2000; www.germonline.org). The meiosis-spe-
cific septin SPR3, essential for normal spore development
(Fares et al., 1996), is transcriptionally dependent upon Abf1l
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and Ndt80, the latter being a key regulator of middle meiotic
genes (Ozsarac et al., 1997; Pak and Segall, 2002). Our finding
that Abf1 is also likely to be directly required for the mitotic
and meiotic expression of CDC3 (and CDC10) is consistent
with its role as a global regulator of septin-dependent func-
tions such as cytokinesis and spore development. Moreover,
it provides a partial explanation for the cytological and
meiotic defects observed in the Abfl-1 mutant (Figures 1
and 6; Rhode ef al., 1992). It is interesting to note that for
mammalian septins such as SEPT3 (CDCI10 orthologue),
SEPT10 (CDC3), and SEPT4 (CDC12), we have observed
testicular expression reminiscent of the one found during
mitotic growth and meiotic development in the case of their
yeast orthologues (Schlecht et al., 2004; Chalmel et al., 2007).
Such an expression pattern suggests an essential role for
Septin genes during gametogenesis in mammals. Indeed, it
was demonstrated that Sept4 —/— male mice are infertile
due to defective spermiogenesis, the postmeiotic process
that leads to the production of spermatozoa (lhara et al.,
2005; Kissel et al., 2005).

Role of Abf1 during Meiosis

Abf1 was proposed to be a general activator of many early
and middle meiotic genes, including some involved in syn-
aptonemal complex formation (HOP1, RED1, and ZIP1) and
spore wall formation (SPR3) based on mutation of its target
site in the promoters of these genes (Vershon and Pierce,
2000). Unexpectedly, we detect Abfl binding to the up-
stream regions of many meiotic genes (AMA1, HFM1, IME4,
MAM1, MND1, NDJj1, PFS1, SMK1, SPO74, SPR3, SPS1,
SWM1, and ZIP1) during both growth and development,
suggesting that the presence of Abfl on a meiotic promoter
does not prevent its repression during mitosis.

Although ample evidence supports the notion that Abfl
binds and activates the HOP1 promoter during meiosis
(Prinz et al., 1995; Gailus-Durner et al., 1996), we and others
(Harbison et al., 2004) failed to find supporting evidence by
in vivo binding assays carried out using mitotic and meiotic
cells. Perhaps Abfl does not bind to the UAS,,; target site
in living cells, hence, another protein with overlapping se-
quence specificity might fulfill an activating role at that
UAS. An alternative explanation is that the Abfl binding
affinity to its target site in the HOP1 5'-upstream region is
rather weak under all physiological conditions tested and
therefore remains below our assay’s threshold level of de-
tection. This might be the case for a number of promoters
that seem not to be bound, although they contain predicted
target motifs.

Finally, we found no evidence for a role of Abfl in the
regulation of loci required for meiotic recombination
(SPO11, DMC1, REC104, and REC114), chromosome cohe-
sion (REC8) or control of the meiotic divisions (SPO13),
although they are repressed during mitosis by Ume6 via its
URSI motif, which is often colocalized with the UAS of Abf1
(Williams et al., 2002). Recent results show that Ume6 is not
converted to a coactivator by interaction with the inducer of
meiosis Imel, as thought previously, but rather it is de-
stroyed in a Cdc20-APC/C-dependent manner soon after
the onset of meiosis (Mallory ef al., 2007). It seems therefore
that meiotic activation mechanisms might be more diverse
than previously thought, thus raising the question of which
factor(s) in addition to Abfl might be critically involved in
the induction of many early meiotic genes.
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