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ABSTRACT

The G2 DNA damage checkpoint inhibits Cdc2 and mitotic entry through the dual regulation of Wee1
and Cdc25 by the Chk1 effector kinase. Upregulation of Chk1 by mutation or overexpression bypasses the
requirement for upstream regulators or DNA damage to promote a G2 cell cycle arrest. We screened
in fission yeast for mutations that rendered cells resistant to overexpressed chk11. We identified a mutation
in tra1, which encodes one of two homologs of transformation/transcription domain-associated protein
(TRRAP), an ATM/R-related pseudokinase that scaffolds several histone acetyltransferase (HAT)
complexes. Inhibition of histone deacetylases reverts the resistance to overexpressed chk11, suggesting
this phenotype is due to a HAT activity, although expression of checkpoint and cell cycle genes is not
greatly affected. Cells with mutant or deleted tra1 activate Chk1 normally and are checkpoint proficient.
However, these cells are semi-wee even when overexpressing chk11 and accumulate inactive Wee1 protein.
The changed division response (Cdr) kinases Cdr1 and Cdr2 are negative regulators of Wee1, and we
show that they are required for the Tra1-dependent alterations to Wee1 function. This identifies Tra1 as
another component controlling the timing of entry into mitosis via Cdc2 activation.

THE control of the transition from G2 into mitosis is
highly conserved and ancient in origin, being

effectively an universal process in all eukaryotic cells
(Nurse 1990). The key mitotic inducer is the mitotic
cyclin-dependent kinase Cdc2, whose activity is con-
trolled not only by binding to its cyclin partners, but
also by a finely tuned and reversible inhibitory phos-
phorylation on tyrosine 15 (Y15) (Dunphy 1994). This
phosphorylation is catalyzed by the Wee1 family of
kinases, which maintains Cdc2 in its inactive state
throughout interphase. For mitotic entry to occur, the
Cdc25 family of phosphatases dephosphorylates Y15,
rapidly activating Cdc2 to enable phosphorylation of
proteins that promote mitosis.

The timing of Cdc2 activation is influenced by mul-
tiple checkpoint pathways that monitor the order and
fidelity of cell cycle events, thus ensuring the readiness
for chromosome segregation to proceed. Upon detec-
tion of DNA damage, the G2 DNA damage checkpoint
delays entry into mitosis, enabling time for DNA repair
prior to chromosome segregation (O’Connell et al. 2000;
O’Connell and Cimprich 2005). Failure to establish
this checkpoint results in catastrophic mitoses, where
acentric chromosome fragments are lost and incom-

pletely repaired chromosomes fail to segregate. This
results in gross chromosomal rearrangements that can
lead to cell death or, when less severe, tumorigenesis via
activation of oncogenes and loss of tumor suppressors.

The effector kinase of the G2 DNA damage check-
point, Chk1, elicits this delay through dual regulation of
the Cdc25 phosphatases and Wee1 kinases that modu-
late Cdc2 activation (Raleigh and O’Connell 2000;
O’Connell and Cimprich 2005). As with the core cell
cycle machine, this checkpoint is also conserved from the
fission yeast Schizosaccharomyces pombe to humans, and a
detailed description of the molecular events leading to
Chk1 activation has emerged from studies in multiple
experimental systems (Kuntz and O’Connell 2009).
The PI3-K-related ATM and ATR (ATM/R) protein ki-
nases are targeted to sites of DNA damage that are pro-
cessed into replication-protein-A–coated single-stranded
DNA by binding their partners, the Mre11-Rad50-Nbs1
(MRN) complex and ATR-interacting protein (Rad26 in
S. pombe), respectively (Falck et al. 2005). Independently,
PCNA-related 9-1-1 complexes, composed of Rad9, Rad1,
and Hus1, are loaded to sites of DNA damage by a
replication factor C (RFC)-related complex where Rad17
replaces the large RFC1 component (Bermudez et al.
2003; Parrilla-Castellar et al. 2004). The assembly of
these complexes and several ATM/R-catalyzed phosphor-
ylation events recruits BRCT-domain mediator proteins
(Canman 2003), which in turn recruit Chk1 to enable
activating phosphorylation on residues in the C-terminal
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regulatory domain (Liu et al. 2000; Lopez-Girona et al.
2001b; Capasso et al. 2002; Gatei et al. 2003). The
duration, rather than magnitude, of Chk1 activation is
dependent on the extent of DNA damage (Latif et al.
2004), and the inactivation of Chk1 by dephosphorylation
is necessary and sufficient for relief of the checkpoint-
mediated arrest to allow mitotic entry (den Elzen et al.
2004; den Elzen and O’Connell 2004).

Precisely how phosphorylation activates Chk1 is not
yet clear, although it may relieve in cis auto-inhibition of
the N-terminal kinase domain by the C-terminal regu-
latory domain (Katsuragi and Sagata 2004). How-
ever, while deletion of the regulatory domain increases
Chk1 activity in vitro (Chen et al. 2000), it is essential for
Chk1 function in vivo (Kosoy and O’Connell 2008).
Further, mutations in the C-terminal domain can either
inactivate or super-activate Chk1 function in vivo (Wang

and Dunphy 2000; Kosoy and O’Connell 2008;
Palermo et al. 2008; Pereira et al. 2009), suggesting that
it contributes more than an inhibitory function to the
catalytic domain (Tapia-Alveal et al. 2009).

In S. pombe, Chk1 activated in G2 and then inactivated
for mitotic entry is reactivated in the following cell cycle
without apparent DNA damage and does not delay
the progression of that cell cycle (den Elzen and
O’Connell 2004; Harvey et al. 2004). Further, several
DNA repair mutants cycle normally with active Chk1
(our unpublished observations), suggesting that addi-
tional signaling may be regulated by DNA damage that
impacts on cell cycle progression. Indeed, we have
shown that the changed division response (Cdr)
kinases, Cdr1 and Cdr2, act as Chk1 antagonists through
their negative regulation of Wee1 (Calonge and
O’Connell 2006), and thus it is possible that other
pathways controlling cell cycle progression await iden-
tification. Cdr1, and possibly Cdr2, directly inhibit Wee1
by phosphorylation (Coleman et al. 1993; Kanoh and
Russell 1998). Recent observations implicate these
kinases in the coordination of cell growth with division,
where they are regulated within a spatial gradient
controlled by another kinase, Pom1 (Martin and
Berthelot-Grosjean 2009; Moseley et al. 2009). Nota-
bly, limited nutrition reduces the size at division, and
Cdr1 and Cdr2 are particularly important in advancing
cell cycle progression under these conditions. However,
cdr1D and cdr2D cells are delayed in progression through
G2 under normal exponential growth conditions
(Feilotter et al. 1991; Breeding et al. 1998; Kanoh

and Russell 1998), suggesting that the regulation of
Wee1 by Cdr1 and Cdr2 may extend to other conditions
and/or other stresses when there is no limitation to
nutrition.

The overexpression of chk11 is sufficient to cause a G2
cell cycle arrest without Chk1 C-terminal phosphoryla-
tion, DNA damage, or the upstream checkpoint com-
ponents (Walworth et al. 1993; O’Connell et al. 1997;
Lopez-Girona et al. 2001b). Here, we have taken a novel

screening approach to search for genes that render cells
resistant to overexpressed chk11. The screen identified
one of two S. pombe transformation/transcription do-
main-associated protein (TRRAP) homologs, Tra1,
which is required for cell cycle arrest mediated by chk11

overexpression, but is not required for Chk1 activation
or G2 arrest following DNA damage. TRRAP proteins
scaffold several histone acetyltransferase (HAT) com-
plexes (Grant et al. 1998; Allard et al. 1999; Cai et al.
2003). They are proteins closely related to the ATM/R
kinases, but lack critical residues required for ATP
binding. TRRAP proteins therefore lack kinase activity
and are thus referred to as pseudokinases (Boudeau

et al. 2006). We show here that Tra1 is required for the
positive regulation of Wee1 and appears to work in
opposition to the Cdr1 and Cdr2 kinases. These data
define another mode of Wee1 regulation important for
integrating signals controlling the G2/M transition.

MATERIALS AND METHODS

General S. pombe methods: All strains are derivatives of
972h� and 975h1. Standard media and methods were em-
ployed for strain construction, the propagation of cultures, the
introduction of plasmids by transformation, and FACS analysis
of DNA content (Moreno et al. 1991; Outwin et al. 2009).
Survival assays on plates containing methyl methanesulfonate
(MMS) used 10-fold serial dilutions of cultures starting at
1 3 106 cells/ml, and 5 ml of each dilution plated for 4 days at
30�. Microscopy was performed on a Nikon E800 microscope
and images were captured on a Spot XE camera. Cell-length
measurements were made using an eye-piece micrometer,
using septated cells or, if cell cycle arrested, no length was
recorded and these cultures were listed as ‘‘arrested.’’
For derepression of the nmt1 promoter (Basi et al. 1993;
Maundrell 1993), exponential cultures growing in minimal
media supplemented with 10 mg/ml thiamine were washed
three times in thiamine-free medium and then grown for the
indicated times. For nitrogen starvation assays, exponential
cultures growing in supplemented EMM2 medium were
extensively washed in nitrogen-free medium and reinoculated
into EMM2 containing 100%, 10%, or 0% nitrogen and cultured
for a further 16 hr before fixing in 70% ethanol and being
processed for FACS analysis of DNA content.

Western blotting: Whole-cell extracts for Western blotting
were prepared in 8 m urea, 50 mm NaPO4, 10 mm Tris, pH 8.0,
separated by SDS–PAGE and transferred to nitrocellulose in
10 mm N-cyclohexyl-3-aminopropanesulfonic acid, pH 11,
10% methanol. Overproduced Chk1 was detected with rabbit
anti-Chk1 polyclonal antibodies (O’Connell et al. 1997).
Endogenous expression of Chk1 (HA3), Wee1 (HA3), Cdc25
(Myc13), Cdr1 (Flag3), and Cdr2 (HA3) were detected using
12CA5 (HA, Roche), 9E10 (Myc, Santa Cruz Biotechnology),
and M2 (Flag, Sigma) monoclonal antibodies. All epitope-
tagged alleles were confirmed to retain wild-type function. Total
Cdc2 was detected with anti-PSTAIRE antibodies (Santa Cruz
Biotechnology), and Y15 phosphorylated Cdc2 was detected
with phospho-specific antibodies (Cell Signaling Technolo-
gies). Actin was detected with HRP-coupled anti-actin anti-
bodies (Santa Cruz Biotechnology). Band intensities were
quantified by densitometry (BioRad GS-800 with Quantity
One software).

Screen for Chk1-resistant mutants: A 1.8-kb HindIII frag-
ment containing the ura41 gene was isolated and used to
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transform wild-type S. pombe to generate a library of stable and
random Ura1 integrants via three successive rounds of
selection for Ura1 and selection relief by growth in yeast
extract plus supplements. The library was transformed with
pREP41-chk1-E472D (Kosoy and O’Connell 2008), and
Chk1-resistant colonies were selected on media lacking thia-
mine. The pREP41-chk1-E472D was then lost from 500 in-
dependent colonies by selection relief, and the plasmid was
reintroduced by mating from a wild-type carrier strain. From
this, 2 of the 500 colonies were shown to harbor chromosomal
mutations leading to Chk1 resistance, with the remainder being
due to plasmid-borne mutations. Of the two, one colony showed
Chk1 resistance linked to the ura41 marker. The resistance was
also observed for pREP1-Chk1, which was used in subsequent
assays.

Cloning of Tra1: Using the Chk1-resistant strain from the
screen above, Southern blot analysis with a Ura4 probe was
performed with a panel of restriction enzymes, and the small-
est fragment containing ura41 was generated by digestion with
MspI (2.4 kb). MspI-digested genomic DNA was then religated
into circular molecules, and the ura41 fragment was recovered
by inverse PCR using the following primers within the ura41

sequence: forward—GCGTTTTATGTCAGAAGGC; reverse—
GAGGTTCTTGGTAGGACA. The PCR fragment was purified
and the site of insertion determined by DNA sequencing, which
was within chromosome 2 at the 39 end of the tra11 gene,
truncating Tra1 at residue 3559 of 3699. This allele was denoted
tra1-1. The entire tra1 ORF was also deleted and replaced with
ura41 by homologous recombination, creating tra1D.

Analysis of gene expression profiles: cDNA was prepared
from RNA acid extracted from exponentially growing
wild-type and tra1-1 cells and labeled with Cy3 or Cy5 as pre-
viously described (Bimbo et al. 2005). This was hybridized onto
oligonucleotide-based microarray slides covering all predicted
genes, and signals were quantified as described (Bimbo et al.
2005). A full data set of relative expression ratios, derived from
three independent experiments, is presented in Table S1.

Protein kinase assays: Extracts were made in Chk1 IP buffer
(Capasso et al. 2002), and Chk1 was immunoprecipitated with
polyclonal anti-Chk1 antibodies (O’Connell et al. 1997).
Following extensive washing in Chk1 IP buffer, the beads were
washed into Chk1 assay buffer, and activity was determined on
a peptide substrate as described (Harvey et al. 2004; Latif

et al. 2004) and quantified by scintillation counting. For Cdc2
assays, extracts were made in histone-kinase buffer, and Cdc2
was captured by immunoprecipitation of the B-type cyclin
Cdc13 using anti-Cdc13 monoclonal antibody (O’Connell

et al. 1997). Cdc2 activity was determined using histone H1 as a
substrate and quantified by Phosphorimager analysis of dried
gels. In both cases, assays were performed in triplicate.

RESULTS

Tra1 is required for G2 arrest mediated by Chk1
overexpression: Activation of Chk1 is essential for
checkpoint arrest following DNA damage. chk11 over-
expression causes a G2 cell cycle arrest without the
requirement for DNA damage or activating phosphor-
ylation, enabling Chk1-mediated control of cell cycle
progression to become uncoupled from other DNA-
damage–regulated events. We hypothesized that other
signaling pathways that control cell cycle progression
may be regulated in concert with Chk1 in response to
DNA damage. Previously, we had obtained evidence that
this was the case for the negative regulators of Wee1,

the Cdr1 and Cdr2 kinases (Calonge and O’Connell

2006). To search for additional components that mod-
ulate the G2/M transition relevant to Chk1 signaling, we
undertook an insertional mutagenesis screen, using
the ura41 gene as the insertional mutagen, to identify
genes required for cell cycle arrest caused by chk11

overexpression (see materials and methods).
We identified one strain that was totally nonrespon-

sive to chk11 overexpression and detected the point of
insertion by inverse PCR. This strain contained the
ura41 gene inserted near the 39 end of a gene encoding
one of two S. pombe TRRAP homologs, tra1 (Kanoh and
Yanagida 2007), and this insertion allele was denoted
tra1-1 (Figure 1, A and B). TRRAP proteins are large
pseudokinases highly related to ATM, ATR, and DNA-
PKcs (Boudeau et al. 2006). The insertion in tra1-1
truncates Tra1 at residue 3559 of 3699, deleting the C-
terminal FATC domain, known to be critical in the
function of the active kinases (Jiang et al. 2006). We
deleted the entire open reading frame of tra1, replacing it
with ura41, but in all assays this allele (tra1D) phenocop-

Figure 1.—Tra1 is required for cell cycle arrest by Chk1
overexpression. (A) The indicated strains containing pREP1-
Chk1 were grown on media in the presence (promoter re-
pressed) or absence (promoter derepressed) of thiamine for
4 days at 30�. (B) Tra1 is a 3699-amino-acid protein containing
the FAT and FATC domains characteristic of the ATM and ATR
kinases, but lacks ATP coordinating residues in the PI3K do-
main (labeled PI3K*) required for kinase activity. ura4 trun-
cates Tra1 at residue 3559 and is expressed in the opposite
direction. (C) Western blot analysis shows that expression
levels of Chk1 (rabbit anti-Chk1) are unaffected in tra1D cells.
Actin was used as a loading control. (D) Chk1 activity is also
unaffected in tra1D cells. Data are mean 6 SE; n ¼ 3.
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ied tra1-1, highlighting the importance of the FATC
domain in Tra1. We confirmed that the resistance to
chk11 overexpression was not an artifact of loss of
expression (Figure 1C) nor a lack of kinase activity (Figure
1D), and thus we concluded Tra1 is required for overex-
pressed chk11 to elicit a cell cycle arrest.

Inhibiting histone deacetylases blocks tra1D resis-
tance to Chk1 overexpression: TRRAP proteins scaffold
several HAT complexes. We therefore tested whether
reducing histone deacetylase (HDAC) activity would
reverse the resistance of tra1D cells to Chk1 overexpres-
sion. S. pombe cells have six HDACs representing the
three classes of these enzymes encoded by hos2, clr6
(class I), clr3 (class II), and sir2, hst2, and hst4 (class III)
(Ekwall 2005). Of these, only clr6 is essential, but this
number of genes and redundancy of function makes
genetic downregulation of total HDAC activities prob-
lematic. Therefore, to this end, we used the HDAC in-
hibitor trichostatin A (TSA) to dampen total HDAC
activity. We measured growth with chk11 expressed from
the wild-type nmt1 promoter (pREP1) or from the at-
tenuated nmt1 promoter (pREP41), which directs ex-
pression to �60-fold lower levels than wild type
(Forsburg 1993). Expression of chk11 from pREP41
causes a modest G2 cell delay (Calonge and O’Con-

nell 2006) and was tolerated by both wild-type and
tra1D cells. Colony formation in both strains under
these conditions was not affected by addition of TSA
(Figure 2). Expression of chk11 from pREP1 is lethal to
wild type but does not affect cell cycle progression in
tra1D. However, addition of TSA to the medium re-
stored pREP1Tchk1-mediated cell cycle arrest to tra1D

cells (Figure 2 and Table 1). This is consistent with the
resistance to chk11 overexpression being due to a

reduction in Tra1-dependent HAT activity, which is
balanced by TSA-mediated HDAC inhibition.

We then asked whether inactivation of any of the
individual HDAC genes could similarly suppress the
resistance to chk11 overexpression in tra1D cells (Table
1; supporting information, Figure S1). We employed
null alleles of each gene except the essential clr6, for
which we used clr6-1, a temperature-sensitive lethal mu-
tation that is significantly compromised at 25� (Grewal

et al. 1998). Deletion of sir2 or hst2, which encode
members of the class III NAD-dependent family of
HDACs, had no effect on the Chk1 resistance of tra1D

cells. Deletion of the other class III HDAC, hst4, partially
suppressed the Chk1 resistance of tra1D cells; colonies
still formed, but the cells were delayed in cell cycle
progression and thus are significantly elongated. De-
letion of the class I HDAC gene hos2 conferred a similar
partial suppression, whereas mutation of the other class
I gene, clr6, or deletion of the class II HDAC gene clr3,
completely suppressed the Chk1 resistance of tra1D

cells. As these different HDACs have specificity for
different genomic regions, and for different lysines on
histones and nonhistone proteins (Ekwall 2005), these
data suggest that a HAT deficiency in tra1D cells may
reduce the acetylation at multiple residues and loci, and
thus it is possible that phenotypes of tra1D cells are
pleiotrophic in origin.

We also tested whether mutation in other nonessential
components of HAT complexes conferred resistance to
chk11 overexpression. For this we utilized cells deleted for
gcn51 (Yamada et al. 2004) and mst21 (Gomez et al. 2005),
which encode components of the SAGA and NuA3 HATs,

Figure 2.—The histone deacetylase inhibitor trichostatin A
suppresses the Chk1 resistance of tra1D. Plates were incubated
for 4 days at 30�.

TABLE 1

Suppression of resistance to Chk1 overexpression of tra1D by
HDAC mutants and TSA

Genotype Vector nmt1Tchk1

Wild type 13.8 6 1.0 Arrested
Wild type 1 5 mg/ml TSA 14.7 6 1.1 Arrested
tra1D 10.3 6 1.1 12.4 6 1.3
tra1D 1 5 mg/ml TSA 13.5 6 0.8 Arrested
sir2D 14.4 6 1.3 Arrested
sir2D tra1D 10.7 6 0.9 12.1 6 2.0
hos2D 13.2 6 1.2 Arrested
hos2D tra1D 13.6 6 2.9 23.4 6 4.4
hst2D 14.0 6 1.2 Arrested
hst2D tra1D 12.6 6 1.6 12.4 6 2.2
hst4D 14.4 6 1.0 Arrested
hst4D tra1D 16.6 6 2.4 23.9 6 6.0
clr3D 13.4 6 0.8 Arrested
clr3D tra1D 12.1 6 1.2 Arrested
clr6-1 16.2 6 1.5 Arrested
clr6-1tra1D 16.1 6 2.7 Arrested

Numbers are cell length at division following 20 hr growth
in the absence of thiamine at 30�, except for clr6-1, which is 30
hr at 25�. Cell cycle arrest was determined by nondividing
highly elongated cells. Data are mean 6 SD; n ¼ 50.
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respectively. In both cases, these null mutants were sen-
sitive to chk11 overexpression (Figure S2), suggesting that
tra1D affects either both classes of HAT complexes or
the function on other subunits encoded by essential
genes.

Finally, Tra1 has also been implicated as a member of
the ASTRA complex (Shevchenko et al. 2008), which is
essential for telomere maintenance. The deletion of
each of the genes for the other members of this complex
is lethal, presumably due to telomere erosion, and thus
it is not possible to test if these genes are required for
resistance to chk11 overexpression. Nevertheless, we
tested tel2D and tti1D heterozygous diploid strains for
sensitivity to chk11 overexpression, and both strains were
wild type for this phenotype (Figure S3). Combined
with the nonessential nature of tra1, the data suggest
that the effects of tra1D are more likely via HAT function
rather than telomere maintenance.

Gene expression profiles controlled by Tra1: As the
resistance to chk11 overexpression appeared to be

dependent on HAT activity, we presumed that this was
due to altered gene expression affecting the response to
Chk1. Global expression profiles were determined by
microarray analysis, comparing wild type to tra1-1 cells,
and a complete data set is presented in Table S1. Only 57
genes showed a $2-fold change in gene expression; 31
genes were downregulated (Table 2) and an additional
26 genes upregulated (Table 3). Interestingly, expres-
sion of tra1 itself was reduced 2.7-fold in tra1-1 cells (P¼
0.005), suggesting that Tra1 controls its own expression.

Inspection of the known or homology-based predicted
functions for these genes identified only one gene that is
implicated in Chk1 signaling, encoding the Wee1 kinase
family member, Mik1. mik11 expression was 2.24-fold
lower in tra1-1 (P¼ 0.002), and although mik11 expression
is extremely low in cycling cells, it is upregulated during
S-phase (Christensen et al. 2000), and this is essential for
cell viability in the absence of Wee1 (Lundgren et al.
1991). Further, the deletion of mik1 has been reported to
render cells resistant to Chk1 overexpression (Baber-

TABLE 2

Genes with $2-fold reduction in expression in tra1-1

Gene Protein Fold change

SPBPB10D8.01 Cysteine transporter (predicted) �5.20
obr1 Ubiquitinated histone-like protein �4.04
gst2 Glutathione S-transferase �3.48
abp2 ARS binding protein �3.07
SPBPB10D8.04c Membrane transporter (predicted) �2.94
SPAC869.05c Sulfate transporter (predicted) �2.77
urg2 Uracil phosphoribosyltransferase (predicted) �2.74
hsp16 Heat-shock protein �2.74
SPBC428.11 Homocysteine synthase �2.72
tra1 TRAPP homolog �2.70
SPAC1039.02 Phosphoprotein phosphatase (predicted) �2.60
SPAC869.02c Nitric oxide dioxygenase (predicted) �2.60
SPCC70.08c Methyltransferase (predicted) �2.56
cnp3 CENP-C �2.55
SPBC1271.07c N-acetyltransferase (predicted) �2.49
SPAC5H10.10 NADPH dehydrogenase (predicted) �2.46
adg1 Dequence orphan �2.42
vht1 Vitamin H transporter �2.41
SPAC869.10c Proline-specific permease (predicted) �2.40
plr1 Pyridoxal reductase �2.35
SPBPB7E8.01 Sequence orphan �2.35
SPCC569.05c Spermidine family transporter (predicted) �2.31
mik1 Mitotic inhibitor kinase �2.24
SPAC11D3.13 ThiJ domain protein �2.16
SPAC11D3.01c Conserved fungal protein �2.15
SPAC5H10.03 Phosphoglycerate mutase family �2.15
SPBC359.03c amino acid permease �2.13
urg1 GTP cyclohydrolase II (predicted) �2.12
SPAC977.14c Aldo/keto reductase �2.09
arg4 Carbamoyl-phosphate synthase �2.03
SPCC569.07 Aromatic aminotransferase (predicted) �2.01

Fold change is calculated compared to wild-type cells. Table S1 includes the full data set. Note that only mik1
(down 2.24-fold) has been implicated in Cdc2 regulation. See also Figure 3. Predicted protein functions are
based on homology and assigned by GeneDB.
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Furnari et al. 2000; Rhind and Russell 2001), and thus
we thought this a good candidate to explain the resistance
of tra1 mutants to Chk1.

We therefore measured Mik1 protein levels in wild-
type and tra1-1 cells, including conditions of replication
arrest with the ribonucleotide reductase inhibitor hy-
droxyurea (HU) (Figure 3A). Mik1 levels were very
difficult to detect in cycling cells, but were dramatically
increased in HU-treated cells (Figure 3A). However, no
significant difference was observed between wild type
and tra1-1, and thus the observed reduction in mik1
mRNA levels in tra1-1 may represent subtle differences
in S-phase progression (although no evidence for this is
seen by FACS analysis) or may be an effect of the
extremely low expression levels in cycling cells.

Next we tested the sensitivity of mik1D cells to chk11

overexpression (Figure 3B). Growth of cells expressing
chk11 from pREP1 was severely impaired in mik1D cells,
although it was slightly better than in wild-type cells.
However, if cells were further sensitized to chk11 over-
expression through Chk1 activation by sublethal DNA
damage (0.005% MMS), mik1D cells were completely
growth inhibited, whereas the growth of tra1-1 and tra1D

cells was unaffected. Thus, we cannot explain the com-

plete resistance of tra1 mutant cells to chk11 overex-
pression due to perturbations to Mik1.

Tra1 cells are defective in G2/M cell cycle control:
There are two possible explanations for the resistance of
tra1-1 and tra1D cells to Chk1 overexpression. First, they
could be specifically affected in some aspect of Chk1
function, although because expression and in vitro
kinase activity are unaffected, this would be accounted
for by an alternative explanation such as nuclear
exclusion or the inability to interact with the substrate.
Such a defect should cause a defect in the DNA damage
checkpoint. Alternatively, tra1 mutants may have a de-
fect in the regulation of mitotic entry downstream of
Chk1. In this case, evidence for perturbation to negative
regulation of cell cycle progression should exist, which
in S. pombe is evident as division at a reduced cell size, the
‘‘wee’’ phenotype.

To assess the first possibility, we asked if Tra1 was
required for Chk1-dependent cell cycle delay in re-
sponse to DNA damage. Neither tra1-1 nor tra1D cells
were sensitive to DNA damage or replication arrest,
(Figure 4, A and C; Figure S4). tra1D and tra1-1 cells
delayed cell cycle progression with wild-type kinetics
following DNA damage and did not alter the sensitivity

TABLE 3

Genes with $2-fold increase in expression in tra1-1

Gene Protein Fold change

isp6 Vacuolar serine protease 12.01
SPAC5H10.04 NADPH dehydrogenase (predicted) 12.06
ste4 Adaptor protein 12.07
SPBC409.08 Spermine family transporter (predicted) 12.09
SPBC1773.12 Transcription factor (predicted) 12.10
SPBPB2B2.12c UDP-glucose 4-epimerase 12.10
gas2 1,3-b-glucanosyltransferase Gas2 (predicted) 12.13
gpx1 Glutathione peroxidase 12.14
itr2 Myo-inositol transporter 12.18
SPBC8E4.01c Inorganic phosphate transporter (predicted) 12.26
SPCC70.03c Proline dehydrogenase (predicted) 12.29
mei2 RNA-binding protein 12.29
SPAC23D3.12 Inorganic phosphate transporter (predicted) 12.47
zym1 Metallothionein 12.59
SPAC15E1.02c DUF1761 family protein 12.79
SPAC186.07c Hydroxyacid dehydrogenase (predicted) 12.88
mfm2 M-factor precursor 12.90
ste11 Transcription factor 12.93
SPBPB2B2.10c Galactose-1-phosphate uridylyltransferase (predicted) 13.48
pho1 Acid phosphatase 14.26
SPBC725.10 tspO homolog 14.79
ght5 Hexose transporter 15.51
hsp9 Heat-shock protein 16.00
SPAC27D7.10c But2 family protein 17.10
gpd3 Glyceraldehyde 3-phosphate dehydrogenase 18.45
SPAC27D7.11c But2 family protein 18.73

Fold change is calculated compared to wild-type cells. Table S1 includes the full data set. Predicted protein
functions are based on homology and assigned by GeneDB. None of these genes have been implicated in the
progression of the mitotic cell cycle.
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of multiple DNA-damage-sensitive mutants including
chk1D (data not shown). Moreover, Tra1 was not re-
quired for Chk1 activation by phosphorylation, assayed
as a mobility shift on Western blots (Figure 4B). Further,
tra1D did not render cells resistant to the lethal effects of
overexpression of mad21, cds11, or fin11, which signal
cell cycle delay/arrest by different mechanisms (data
not shown). Therefore, as tra1D cells are responsive to
Chk1 activated by DNA damage, the resistance to
overexpressed chk11 in the absence of DNA damage
might be due to a defect in signaling downstream of
Chk1 that enables progression into mitosis when chk11

is overexpressed, but not when Chk1 is fully activated by
the DNA damage checkpoint.

Microscopic observation of tra1D cells indicated that
these cells have a semi-wee phenotype, dividing at only
10.3 mm, compared to the 13.8 mm of wild-type controls
(Table 1 and Table 4; Figure 4, C and D). This semi-wee
phenotype is less severe than a complete wee pheno-
type, where cells divide at �8 mm, but nevertheless is
indicative of a shortened G2 period of the cell cycle in
tra1D cells. Cells with wee or semi-wee phenotypes
are checkpoint proficient but resistant to chk11 over-
expression (Walworth et al. 1993; O’Connell et al.
1997; Raleigh and O’Connell 2000; Calonge and
O’Connell 2006), and with the normal response to
DNA damage, we propose this is the reason for Chk1
resistance in tra1 mutants. Notably, both TSA and sev-
eral of the HDAC mutants also suppressed the semi-wee
phenotype of tra1D cells (Table 1).

Altered regulation of Wee1 in tra1D cells: Chk1
signals cell cycle arrest by enforcing the inhibitory Y15

Figure 3.—Chk1 resistance in tra1D is independent of
Mik1. (A) Western blot of extracts from cells expressing
Myc-tagged Mik1 or an untagged control (no tag) from un-
treated cells (�) or cells treated with 11 mm HU for 4 hr at
30�. Antitubulin antibodies were used as a loading control.
(B) Cells harboring vector (pREP1) or pREP1-Chk1 were
grown in the presence or absence of thiamine/MMS for 4
days at 30�. Note that mik1D cells are severely growth inhibited
by Chk1 overexpression, and this is further exacerbated by
MMS.

Figure 4.—Tra1 is not required for checkpoint arrest, but
is required for regulation of the G2/M transition. (A) Tra1 is
not required for resistance to MMS. YES plates containing the
indicated concentrations of MMS or no drug (control) were
inoculated with spots of 10-fold serial dilutions of the indi-
cated strains and were grown at 30� for 4 days. (B) Tra1 is
not required for activating phosphorylation on Chk1 in the
presence of MMS, showing that signaling through endoge-
nous Chk1 is intact in tra1D cells. (C) FACS profiles of
DNA content in cycling cells (shaded) or in MMS-treated
cells (open). The cell cycle delay (cell elongation) in MMS
broadens the profiles of these samples. The lengths of 50 ex-
ponentially growing (D) wild-type and (E) tra1D cells were
determined by microscopy, and representative images are
shown. Data are mean 6 SD.
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phosphorylation on Cdc2 (O’Connell et al. 1997; Rhind

et al. 1997). This is achieved through the dual regulation
of Wee1 and Cdc25 (Raleigh and O’Connell 2000). We
therefore asked whether these proteins were altered in
tra1D cells (Figure 5A). We observed that Cdc25 levels
were unaffected in tra1D cells. Cdc25 activation is
normally restricted to mitosis and is associated with a
phosphorylation-dependent mobility shift (Moreno et al.
1990; Wolfe and Gould 2004), which we did not observe.
Further, although chk11 overexpression results in a net
nuclear exclusion of Cdc25 (Lopez-Girona et al. 1999),
this is not required for Chk1-dependent cell cycle arrest
(Lopez-Girona et al. 2001a) and thus cannot explain the
resistance of tra1D cells to chk11 overexpression.

Conversely, Wee1 protein levels were significantly
upregulated in tra1D cells (approximately fivefold by
densitometry). This was a surprising result, as wild-type
cells are extremely sensitive to increased levels of Wee1.
An enforced approximately fivefold increase in expres-
sion levels leads to a doubling of cell cycle duration, with
cells dividing at 28 mm, compared to 14 mm for wild-type
cells (Russell and Nurse 1987). As tra1D cells are semi-
wee, the accumulated Wee1 protein cannot be fully
active, suggesting that Tra1 is required for full Wee1
activity. Further, as Wee1 mRNA levels are unaffected in
tra1-1 cells (Table S1), in this context Wee1 activity
negatively correlates with Wee1 protein stability.

Consistent with semi-wee phenotype, exponentially
growing tra1D cells had twofold higher Cdc2 kinase
activity measured with IP of the major B-type cyclin,
Cdc13 (Figure 5C). Although (inactive) Y15 phosphor-
ylated Cdc2 levels were the same in wild-type and tra1D

cells (Figure 5A), this inhibitory phosphorylation oc-
curs only on Cdc2 molecules that are bound to a cyclin
(Parker et al. 1991, 1992; Parker and Piwnica-Worms

1992), and consistently there was more Cdc2 in anti-
Cdc13 IPs in tra1D than in wild-type cells (Figure 5B).
Therefore, these complexes contain more dephos-

phorylated (active) Cdc2. The same phenomenon may
account for unaltered Y15 phosphorylation levels in
other ‘‘wee’’ mutants (Raleigh and O’Connell 2000).
Cdc13 accumulates during G2 phase (Alfa et al. 1989),
and despite the shortened G2 of the semi-wee tra1D

cells, the steady-state levels of Cdc13 are unaffected
(Figure 5A). Therefore, this increase in Cdc13–Cdc2
complexes could arise from more efficient complex
formation in interphase, less efficient complex destruc-
tion in mitosis, or a combination of both these events.

Deletion of Cdr kinases suppresses cell cycle defects
in tra1 mutants: Cdr1 and Cdr2 are serine/threonine
kinases that act as negative regulators of Wee1 (Coleman

et al. 1993; Wu and Russell 1993; Breeding et al. 1998;
Kanoh and Russell 1998). Consequently, cdr1D and
cdr2D cells are delayed in cell cycle progression (Young

and Fantes 1987). Dominant-negative alleles of cdr1,
which interfere with both Cdr1 and Cdr2, render cells
hyper-sensitive to chk11 overexpression, whereas cdr11

overexpression results in a wee phenotype and resis-
tance to chk11 overexpression (Calonge and O’Connell

2006). Given this relationship to the phenotypes of
tra1D cells, we assayed whether Wee1 accumulation in
tra1D was dependent on Cdr1 and/or Cdr2. Western

TABLE 4

cdr1 and cdr2 are required for resistance to
chk11 overexpression

Genotype Vector nmt1Tchk1

Wild type 13.8 6 1.0 Arrested
tra1-1 11.1 6 1.2 11.0 6 1.0
tra1D 10.3 6 1.1 12.4 6 1.3
cdr1D 18.1 6 0.9 Arrested
cdr2D 17.9 6 1.1 Arrested
tra1-1 cdr1D 17.0 6 1.4 Arrested
tra1D cdr1D 17.1 6 1.4 Arrested
tra1-1 cdr2D 12.8 6 1.2 17.2 6 1.8
tra1D cdr2D 12.8 6 1.1 18.3 6 2.2

Numbers are cell length at division following 20 hr growth
in the absence of thiamine. Cell cycle arrest was determined
by nondividing highly elongated cells. Data are mean 6 SD
from three samples of 50 cells.

Figure 5.—Wee1 levels accumulate in tra1D cells. (A) West-
ern blotting shows that Wee1 protein accumulates in tra1D
cells, but the levels of Cdc25, Cdc13, tyrosine-15 phosphory-
lated (Y15P), and total Cdc2 are not affected. Note that tra1D
cells are semi-wee (Table 3) and that Y15P does not accumu-
late, indicating that the excess Wee1 in tra1D cells is not fully
active. (B) Cdc13 was immunoprecipitated with a mouse
monoclonal anti-Cdc13 antibody and that coprecipitating
Cdc2 was detected by Western blotting with a rabbit poly-
clonal anti-Cdc2 antibody. The anti-rabbit secondary antibody
weakly cross-reacts with the mouse IgG heavy chain. Immuno-
precipitated Cdc13 comigrates with the IgG heavy chain,
which precludes its detection by IP or Western blots, both
mouse antibodies. (C) Cdc2 kinase activity in Cdc13 IPs is in-
creased by approximately twofold in tra1D cells. Data are
mean 6 SE; n ¼ 3.
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blotting showed that this is indeed the case (Figure 6, A
and B). In the case of cdr1D cells (wild type for tra1),
Wee1 levels were also reduced compared to wild type,
and yet cdr1D cells are delayed in cell cycle progression
in a Wee1-dependent manner (Young and Fantes

1987). This is consistent with the negative correlation
between Wee1 levels and activity and suggests that Cdr1
also regulates Wee1 levels in cycling cells.

We next asked whether Cdr1 or Cdr2 affected the
semi-wee and chk11 overexpression resistance pheno-
types of tra1 mutants. Deletion of cdr1 suppressed both
phenotypes for tra1D and tra1-1, whereas deletion of
cdr2 partially suppressed these phenotypes (Table 4).
Therefore, these Wee1 regulators either directly or
indirectly influence tra1 mutant phenotypes, which
firmly establishes altered regulation of Wee1 as the root
of these effects. Further, as upregulation of Cdc25
suppresses the cell cycle delay of cdr mutants (Kanoh

and Russell 1998), it is unlikely that Cdc25 is altered in
the tra1 mutants. However, as cdr2D fully rescues the
elevated Wee1 levels, but only partially rescues the
cellular phenotypes, these must be affected by more
than just the amount of Wee1 protein.

The phosphorylation of Wee1 by Chk1 also stabilizes
Wee1 (Raleigh and O’Connell 2000), and although
this increases the cellular pool of Wee1 by approxi-
mately twofold, it does not alter the specific activity of
the enzyme (O’Connell et al. 1997). We tested the
effects of chk11 overexpression in cells lacking Tra1
and/or Cdr1. As in wild-type cells, chk11 overexpression
increased Wee1 levels in both cdr1D and cdr1D tra1D

cells, which are responsive to Chk1. However, in
tra1D cells, Wee1 levels are already higher than in wild-
type cells overexpressing chk11 and did not significantly
increase upon chk11 overexpression (Figure S5); pre-
sumably chk11 overexpression has no effect on Wee1
activity in tra1D cells, as they are nonresponsive to over-
expressed chk11, and thus the effects of lacking Tra1 on
Wee1 are epistatic to those derived by Chk1-catalyzed
phosphorylation.

We next assayed if Cdr1 and/or Cdr2 were upregu-
lated in tra1 mutant cells. Western blotting showed that
the overall levels of each protein was unaffected by tra1-1

or tra1D (Figure 7, A and B). All published assays of Cdr1
and Cdr2 kinase activity in S. pombe have utilized recombi-
nant (baculoviral) or overexpressed protein (Coleman

et al. 1993; Wu and Russell 1993; Kanoh and Russell

1998). We attempted to assay the activities of endogenous
(immunoprecipitated) Cdr1 and Cdr2 using Wee1 as a
substrate and published conditions for the recombinant
proteins, but did not find significant activity. We have
extensively explored variations in assay conditions, in-
cluding pH range, cation requirement, alternative sub-
strates, and surfactants, and still are yet to find a robust
in vitro activity. However, the autophosphorylation of
Cdr1 is accompanied by a mobility shift visible on Western
blots (Calonge and O’Connell 2006), and the upregu-
lation of Cdr1 is itself sufficient to confer a wee phenotype
(Calonge and O’Connell 2006). In both tra1-1 and
tra1D cells, there was an �50–80% increase in phosphor-

Figure 6.—Wee1 accumulation in tra1D cells is dependent
on Cdr1 and Cdr2. (A and B) Western blot for HA-tagged
Wee1 in the indicated strains grown to mid-logarithmic phase
at 30�. Antitubulin and anti-actin were used as loading con-
trols. Note that increased Wee1 levels are suppressed by cdr1D
and cdr2D.

Figure 7.—Accumulation of active Cdr1 in tra1 mutants.
(A) Western blot analysis of Cdr1 (Flag-tagged) and Cdr2
(HA-tagged) levels. Tubulin and actin are used as loading con-
trols. (B) The ratio of the upper (phosphorylated) to lower
(unphosphorylated) Cdr1 was determined by densitometry.
Data are mean 6 SD; n ¼ 3. (C) tra1D cells have an enhanced
nitrogen starvation response. FACS profiles of cells grown in
100%, 10%, and 0% nitrogen for 16 hr at 30�.
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ylated (active) Cdr1 (Figure 7, A and B), suggesting that
Cdr1 is indeed upregulated in the absence of Tra1.

Under conditions of nitrogen starvation, wild-type
S. pombe cells advance entry into mitosis at reduced cell
size and arrest in the G1 phase of the cell cycle (Young

and Fantes 1987). This is achieved, at least in part,
by negative regulation of Wee1 by the Cdr kinases
(Coleman et al. 1993; Parker et al. 1993; Wu and
Russell 1993; Breeding et al. 1998; Kanoh and
Russell 1998). Cells lacking Cdr1 are defective in this
response and alternatively arrest in G2 phase. We
assayed the response to nitrogen starvation in tra1D

cells and observed an enhanced G1 arrest (1C DNA
content) in 10% nitrogen and a combination of G1
arrest and dead cells (,1C DNA, although we do not
suggest that this is apoptosis) in 0% nitrogen (Figure
7C). Both enhanced responses were largely suppressed
by deletion of cdr1, although tra1D cdr1D cells had a
residual starvation response not present in cdr1D.

Together, these observations suggest that Tra1 may,
directly or indirectly, downregulate Cdr1 and, possibly,
Cdr2 activity; thus, in the absence of Tra1, increased Cdr
kinase activity results in a semi-wee phenotype, an
enhanced nitrogen starvation response, and a resistance
to chk11 overexpression.

DISCUSSION

Orderly progression through the cell cycle is essential
to maintain ploidy and stability of the genome. For the
transition from G2 into mitosis, upstream checkpoint
proteins signal the timing of mitotic entry. Among these
are checkpoints to detect completion of DNA replica-
tion, the absence of genomic lesions, the doubling of
cell mass, and the synthesis of macromolecules. Ulti-
mately, these signals up- or downregulate the inhibitory
Y15 phosphorylation of Cdc2, the universal switch for
the transition from G2 into mitosis. Through control-
ling the kinases and phosphatases that phosphorylate
and dephosphorylate Y15, these checkpoint-signaling
pathways work together to ensure that mitosis is initi-
ated only when it will result in two viable and identical
daughters. Although most checkpoints halt cell cycle
progression in response to an insult, osmotic stress and
limited nutrition actually advance mitotic entry in S.
pombe (Young and Fantes 1987; Shiozaki and Russell

1995). It is therefore likely that there must be coregula-
tion of checkpoints such that cell cycle delay can occur in
the face of other signals promoting entry into mitosis.

The DNA damage checkpoint, via its effector kinase
Chk1, inhibits mitotic entry through direct regulation
of Cdc25 and Wee1. In the case of Wee1, phosphoryla-
tion by Chk1 stabilizes this otherwise labile protein,
increasing the total Wee1 activity in the cell (Raleigh

and O’Connell 2000), but does not alter the specific
activity of Wee1 (O’Connell et al. 1997). Under con-
ditions of limited nutrition, the Cdr kinases Cdr1 and

Cdr2 advance mitotic entry by negatively regulating
Wee1, and in vitro they inhibit recombinant Wee1 by
phosphorylation (Coleman et al. 1993; Wu and Russell

1993; Breeding et al. 1998; Kanoh and Russell 1998).
We have previously shown that these Cdr kinases act as
Chk1 antagonists. Blocking Cdr kinase activity with
dominant-negative cdr1 alleles, which interfere with both
Cdr1 and Cdr2 function, greatly sensitizes cellular sensi-
tivity to overexpressed chk11. Presumably Cdr-mediated
inhibitory phosphorylation negates Chk1-mediated Wee1
stability (Calonge and O’Connell 2006). Here, we have
identified a new positive regulator of Wee1, the TRRAP
homolog Tra1. Cells lacking Tra1-mediated Wee1 regula-
tion have a shortened G2 period of the cell cycle,
resulting in a semi-wee phenotype. This renders cells
resistant to the overexpression of chk11.

tra1D cells accumulate Wee1 protein to levels approx-
imately fivefold over wild-type cells without any change
in wee1 mRNA. Wee1 homologs are short-lived PEST
sequence proteins, which are subjected to ubiquitin-
dependent proteolysis (Michael and Newport 1998;
Watanabe et al. 2004, 2005). We were not able to
demonstrate an increase in Wee1 half-life in tra1 mutants
because a cycloheximide chase actually stabilizes Wee1
protein, which is thought to be a physiological response
to protein synthesis rates (Suda et al. 2000), although it is
not known whether Wee1 is active under these con-
ditions. Further, the very low levels of Wee1 rendered 35S-
methionine chase experiments below the level at which
we could detect expression. Nevertheless, it remains
likely that the increased levels of Wee1 in tra1D cells is
due to a block in ubiquitin-dependent proteolysis.

However, tra1D cells are actually semi-wee (10–11 mm
at division) and have increased Cdc2 activity. Therefore,
the Wee1 molecules in these cells must have only re-
sidual activity; complete lack of activity would result in a
full wee phenotype (division at�8 mm), while wild-type–
specific activity for the increased levels of Wee1 would at
least double the size at division (�28 mm), as wild-type
cells are very sensitive to increased Wee1 expression
(Russell and Nurse 1987). We have not directly mea-
sured endogenous Wee1 activity in tra1D cells because we
(and others) have managed this only with recombinant
protein (O’Connell et al. 1997), which is still a very
challenging assay.

How, then, does Tra1 affect the regulation of Wee1?
As a component of HAT complexes, Tra1 presumably
has an indirect effect on the regulation of Wee1 through
altered gene expression, and this is consistent with the
TSA- and HDAC mutation-mediated suppression of the
Chk1 resistance. However, it is not clear from our ex-
pression profiling which genes may be having a direct
effect or, indeed, whether this may be a complex and
pleiotrophic effect of small changes to the expression of
many genes. It is notable that S. pombe contains a second
TRRAP homolog, Tra2 (SPAC1F5.11c), which, like the
single TRRAP gene in Saccharomyces cerevisiae (TRA1), is
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essential for cell viability (Antony M. Carr, personal
communication). Therefore, Tra2 may have a more pro-
found effect on gene expression in S. pombe, and con-
sistent with this, mass spectrometry analysis shows that
Tra2 predominates in Tip60 HAT complexes in S. pombe
(Shevchenko et al. 2008).

Most phenotypes of tra1D and tra1-1 are completely
suppressed by cdr1D and partially suppressed by cdr2D.
Therefore, signals resulting in reduced Wee1 activity
in the tra1 mutants must involve increased signaling
through the Cdr kinases. The accumulation of hyper-
phosphorylated Cdr1 and the enhanced nitrogen star-
vation response in the tra1D mutants is consistent with
this. However, further biochemical characterization will
require the development of sensitive and quantitative
assays for these kinases, which has yet to be achieved
with the endogenous proteins. Further, the precise
signals that control Cdr kinase activity are not known,
and advances in this regard will inform further analysis
of the gene expression profiles controlled by Tra1. We
note that Cdr kinases are critical for starvation responses
and that many of the genes downregulated by $2-fold in
tra1-1 cells encode predicted transporter proteins and
nutrient permeases. Therefore, the gene expression
changes in tra1D may potentiate or mimic a starvation
response that, via the Cdr kinases, regulates Wee1 and,
hence, sensitivity to Chk1.

Importantly, we note that the mechanisms underlying
Wee1 inhibition and Wee1 accumulation may not be
the same. cdr1D only partially suppresses the enhanced
starvation response of tra1D cells. Further, although cdr1
overexpression inhibits Wee1, this does not lead to
Wee1 accumulation (Calonge and O’Connell 2006).
These observations are consistent with Wee1 inactiva-
tion and stabilization being separately regulated events.

TRRAP homologs have also been shown to interact
with the MRN complex (Robert et al. 2006) and with
Tel2, an essential protein that also interacts with ATM,
ATR, and DNA-PKcs (Kanoh and Yanagida 2007; Takai

et al. 2007; Anderson et al. 2008) and is part of the ASTRA
complex involved in telomere maintenance (Shevchenko

et al. 2008). It cannot be ruled out that these and other
yet to be uncovered molecular interactions also impact
on the regulation of Wee1. Furthermore, acetylation
of histones and other nonhistone proteins can have
effects other than changes in gene expression, for
example, in the establishment of epigenetically con-
trolled chromosome segregation (Dunleavy et al. 2005;
Pidoux and Allshire 2005), and these events could also
affect Wee1 activity via stress signaling. We have assayed
for the acetylation of immunoprecipitated Chk1, Wee1,
and Cdr1 with anti-acetyl lysine antibodies, which we
did not observe (not shown). Furthermore, we cannot
detect a physical interaction between Tra1 and these
proteins, although we treat these data with caution
because a C-terminal epitope tag completely inacti-
vates Tra1 and an N-terminal tag partially inactivates

the protein (as measured by cell size and response to
chk11 overexpression). Therefore, additional biochemi-
cal tools need to be developed to pursue these studies.

Inhibitors of both Chk1 and HDACs have been de-
veloped and are in trial for use as anticancer agents. This
work links these two biological processes and opens a
window for investigation in areas where these types of
therapeutics might be used together in targeted thera-
pies. Like Chk1 and Wee1, TRRAP is highly conserved
across species, and we anticipate that human TRRAP
will impact on the Chk1-Wee1 pathway of Cdc2 regula-
tion in humans that may prove to be useful in designing
these therapeutic regimens.
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FIGURE S1.—Effect of HDAC mutations on sensitivity to chk1+ overexpression. The indicated strains were transformed with 

pREP1 (vector) or pREP1-Chk1 (nmt1::chk1) and streaked on plates either with thiamine (promoter repressed), or  without 

thiamine (promoter derepressed). Plates were incubated at 30°C for 4 days, except for clr6-1 strains, which were incubated at 

25°C for 6 days. 
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FIGURE S2.—Effect of HAT mutations on sensitivity to chk1+ overexpression. The indicated strains were transformed with 

pREP1 (vector) or pREP1-Chk1 (nmt1::chk1) and streaked on plates either with thiamine (promoter repressed), or  without 

thiamine (promoter derepressed). Plates were incubated at 30°C for 4 days. 
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FIGURE S3.—Effect of ASTRA complex mutations on sensitivity to chk1+ overexpression. The indicated diploid strains, 

heterozygous for null alleles of components of the ASTRA complex, were transformed with pREP1 (vector) or pREP1-Chk1 

(nmt1::chk1) and streaked on plates either with thiamine (promoter repressed), or  without thiamine (promoter derepressed). Plates 

were incubated at 30°C for 4 days. 
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FIGURE S4.—Tra1 mutants are not sensitive to the ribonucleotide reductase inhibitor hydroxyurea (HU). Ten-fold serial 

dilutions were spotted onto control plates, or plates containing 5mM HU, and incubated at 30°C for 4 days. 



T. M. Calonge et al. 6 SI 

 

FIGURE S5.—Regulation of Wee1 levels. The indicated strains expressing an HA-tagged allele of Wee1 were transformed with 
pREP1 (V) or pREP1-Chk1 (C), and grown in media lacking thiamine for 20 hours at 30°C. Wee1 levels were detected by 

western blotting with an anti-HA antibody (12CA5), and tubulin was used as a loading control.  
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TABLE S1 

Full data set for microarray analysis, wildtype vs tra1-1 

Table S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.114769/DC1. 

 Data are mean (log2) fold change tra1-1 versus wildtype (n=3) compared to mean of wild type versus wildtype (n=2). P values 

were obtained by T-test. 


