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ABSTRACT The ubiquitin proteasome system plays a pivotal role in controlling the cell cycle.
The budding yeast F-box protein Dia2 is required for genomic stability and is targeted for
ubiquitin-dependent degradation in a cell cycle—-dependent manner, but the identity of the
ubiquitination pathway is unknown. We demonstrate that the Hect domain E3 ubiquitin li-
gase Tom1 is required for Dia2 protein degradation. Deletion of DIA2 partially suppresses the
temperature-sensitive phenotype of tom1 mutants. Tom1 is required for Dia2 ubiquitination
and degradation during G1 and G2/M phases of the cell cycle, whereas the Dia2 protein is
stabilized during S phase. We find that Tom1 binding to Dia2 is enhanced in G1 and reduced
in S phase, suggesting a mechanism for this proteolytic switch. Tom1 recognizes specific,
positively charged residues in a Dia2 degradation/NLS domain. Loss of these residues blocks
Tom1-mediated turnover of Dia2 and causes a delay in G1-to-S phase progression. Deletion
of DIA2 rescues a delay in the G1-to-S phase transition in the tomTA mutant. Together our
results suggest that Tom1 targets Dia2 for degradation during the cell cycle by recognizing
positively charged residues in the Dia2 degradation/NLS domain and that Dia2 protein deg-
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radation contributes to G1-to-S phase progression.

INTRODUCTION

The highly conserved ubiquitin proteasome system (UPS) plays a
role in a number of cellular processes, including cell cycle control,
DNA replication, and DNA damage response (Nakayama and
Nakayama, 2006; Kouranti and Peyroche, 2012; Silverman et al.,
2012). In budding yeast, the F-box protein Dia2 serves as an adap-
tor for a multicomponent Skp1/Cdc53/F-box protein (SCF) E3 ubig-
uitin ligase complex and functions to maintain genomic stability
(Blake et al., 2006; Koepp et al., 2006; Pan et al., 2006). Dia2 as-
sembles with the components of the replisome complex and regu-
lates the progression of the DNA replication fork (Mimura et al.,
2009; Morohashi et al., 2009), suggesting a role in controlling
S-phase progression.
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Dia2 itself is an unstable protein targeted for degradation by the
UPS (Mimura et al., 2009; Kile and Koepp, 2010). There are conflict-
ing reports about the pathway responsible for Dia2 protein turnover.
One study suggests that Dia2 degradation is the result of an autou-
biquitination pathway (Mimura et al., 2009), similar to other F-box
proteins (Zhou and Howley, 1998; Kus et al., 2004). By contrast, our
previous work indicates that an SCF-independent pathway targets
Dia2 for degradation, as deletion of the F-box domain required for
binding the core SCF complex does not stabilize the protein. Rather,
a 20-amino acid motif that overlaps with a nuclear localization se-
quence (NLS)-containing domain was found to be required for Dia2
protein turnover (Kile and Koepp, 2010). However, the identity of
the ubiquitin ligase responsible for targeting Dia2 for degradation
via this domain was not determined.

The Dia2 protein turnover rate varies throughout the cell cycle.
Dia2 is at its most unstable during G1 phase, is moderately unstable
during G2/M, and is substantially stabilized in S phase. Dia2 protein
stabilization is dependent on the activation of the S-phase check-
point pathway (Kile and Koepp, 2010). One model that explains
these observations is that Dia2 is stabilized after checkpoint activa-
tion so that the SCFP2 complex may assemble to target S phase-
specific proteins for degradation. Two identified targets include
replication proteins Mrc1 and Ctf4, although no physiological role
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Tom1 genetically and physically interacts with Dia2. (A) The temperature-sensitive
phenotype of tom1A and tom1C3235A mutants is partially suppressed by deletion of DIA2. The
indicated strains were grown to mid-log phase and spotted in 10-fold serial dilutions onto rich
medium plates. The plates were incubated at 30°C and 37°C for 2 d. (B) Overexpression of DIA2
results in a growth defect in tom1A and tom1C3235A mutants. The 10-fold serial dilutions of
wild-type, tom1A, and tom1C3235A cells carrying empty vector or DIA2 under the control of
GAL1,10 promoter were spotted onto minimal plates with 2% galactose. Plates were incubated
at 30°C for 2-3 d. (C) The Hect domain of Tom1 binds to Dia2. Hi5 insect cells were coinfected
with Flag-Tom1 Hect domain and Myc-Dia2 baculoviruses. Flag-Tom1 Hect domain or Myc-Dia2
protein was immunoprecipitated with anti-Flag or anti-Myc antibodies and analyzed by
immunoblotting. (-) and (+) represent uninfected and infected with the indicated baculoviruses.
Anti-Flag or anti-Myc antibodies were added to the indicated immunoprecipitation assays.

for their degradation has yet been established (Mimura et al.,
2009).

In this article. we identify the E3 ubiquitin ligase that targets Dia2
for ubiquitin-mediated degradation and describe how Dia2 is re-
cruited to the degradation pathway. Moreover, we show that failure
to degrade Dia2 leads to a cell cycle progression defect.

RESULTS

Tom1 targets Dia2 for ubiquitin-dependent degradation

To identify the E3 ubiquitin ligase that targets Dia2 for degrada-
tion, we carried out a candidate approach. Based on the litera-
ture, the Hect domain E3 ubiquitin ligase Tom1 was a promising
candidate, as it has been shown to interact with Yral (Iglesias
et al., 2010), a protein required for Dia2 association with chroma-
tin (Swaminathan et al., 2007), and Rad53, an S-phase checkpoint
kinase (Iglesias et al., 2010). We first asked whether there was a
genetic relationship between Tom1 and Dia2 by examining the
growth of wild-type, tom1A, dia2A, and tomT1A dia2A strains at
30°C and 37°C. Interestingly, the temperature-sensitive pheno-
type of the tom 1A mutant was partially suppressed by deletion of
DIAZ2 at 37°C (Figure 1A). The dia2A mutant also partially rescued
the temperature-sensitive phenotype of the tom1C3235A mutant
in which the catalytic cysteine is replaced with alanine. These re-
sults suggest the temperature-sensitive phenotype of tom7A and
tom1C3235A mutants may be due in part to aberrant accumula-
tion of the Dia2 protein. If this were the case, we would expect
that overexpression of DIAZ in tom1A cells would also lead to a
growth defect more significant than the mild defect observed
when DIA2 is overexpressed in wild-type cells. To test this, we
overexpressed DIA2 in wild-type, tomT1A, and tom1C3235A
mutants using the GALT,10 galactose-inducible promoter. Under
these conditions, overexpression of DIA2 caused a stronger
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growth defect in tom1A and tom1C3235A
mutants than in wild-type cells (Figure 1B).

® e = Vector To determine whether Tom1 and Dia2
® e DIA2  physically interact, we performed an in
2o s Vector i1 binding assay using the Flag-tagged
e DIA2 :

® e Vector Hect domain of Tom1 and Myc-tagged
piaz Dia2 expressed from insect cells. When

the Flag-tagged Hect domain of Tom1
was purified, Myc-tagged Dia2 coprecipi-
tated. Reciprocal copurification of the Flag-
tagged Hect domain of Tom1 was observed
when Myc-tagged Dia2 was immunopre-
cipitated (Figure 1C).

The most straightforward explanation for
these results is that Tom1 targets Dia2 for
ubiquitin-dependent degradation. To ex-
plore whether Tom1 is required for Dia2
protein degradation, we first assessed the
turnover of the Dia2 protein in tomT mu-
tants, using a cycloheximide stability assay.
Wild-type, tom1A, and tom1C3235A cells
were grown to mid-log phase, and Dia2
protein abundance was measured over
time. We observed that Dia2 was partially
stabilized in both tom1A and tom1C3235A
mutants compared with wild-type (Figure
2A). Notably, Dia2 mRNA abundance was
not changed in the tom1A mutant (Figure
2B), indicating that the change in Dia2 pro-
tein levels was not the result of transcrip-
tional regulation. To examine Dia2 ubiquitination, we developed an
in vitro ubiquitination assay using fractionated yeast extracts and
glutathione S-transferase (GST)-Dia2 purified from insect cells.
When extracts from wild-type cells were incubated with GST-Dia2 in
the presence of E1, an ATP regeneration system, and ubiquitin,
Dia2 ubiquitin conjugates were observed (Figure 2C, lane 3). How-
ever, Dia2 ubiquitin conjugates were significantly reduced when
extracts from the tom1A strain were used (Figure 2C, lane 5), indi-
cating that Dia2 ubiquitination is dependent on Tom1. Together
our results suggest that Tom1 targets Dia2 for ubiquitin-mediated
degradation.

Tom1 controls Dia2 proteolysis during G1 and G2/M
Dia2 is unstable during G1 and G2/M phases of the cell cycle but is
stabilized during S phase or in response to activation of the S-phase
checkpoint (Kile and Koepp, 2010). We investigated when during
the cell cycle Tom1 controls Dia2 turnover by performing stability
assays in cells synchronized in G1 by alpha factor (aF) and in early S
phase by hydroxyurea (HU), which also activates the S-phase check-
point, or at metaphase with nocodazole. As shown in Figure 3A,
Dia2 was turned over in wild-type but stabilized in tomTA and
tom1C3235A mutants in G1. In contrast, no significant turnover of
Dia2 was observed in tom1A and tom1C3235A mutants in cells ar-
rested with HU (Figure 3B). However, we found that Dia2 was par-
tially stabilized in tom71A and tom1C3235A mutants in cells arrested
by nocodazole (Figure 3C), suggesting that Tom1 is required for
Dia2 proteolysis during G2/M. We conclude that degradation of
Dia2 during G1 and G2/M phases of the cell cycle is dependent on
Tom1.

The mechanistic basis for how Dia2 is stabilized in response to
initiation of S phase or S-phase checkpoint activation is not
known. With the identification of Tom1 as the E3 ubiquitin ligase
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FIGURE 2: Tom1 is required for ubiquitin-dependent Dia2
degradation. (A) Dia2 is partially stabilized in tom1A and tom1C3235A
mutants. Wild-type, tom1A, and tom1C3235A cells were grown to
mid-log phase and treated with cycloheximide (100 pg/ml). Samples
were taken at the indicated times and processed for stability assay.
Immunoblotting was performed with anti-Myc and anti-Pgk1
antibodies. Pgk1 was used as a loading control. (B) Dia2 mRNA levels
are not changed in the tom1A mutant. RT-PCR was conducted to
examine the level of Dia2 transcript in wild-type and tom1A strains.
ACT1 was used as a loading control. RT, reverse transcriptase. (C) In
vitro ubiquitination of Dia2. GST-Dia2 protein expressed from
baculovirus-infected insect cells was purified using glutathione-
Sepharose 4B beads. GST-Dia2 protein was incubated with ubiquitin,
E1, ATP, an ATP regeneration system, and fractionated yeast extracts
purified from wild-type or tom1A strains at 30°C for 45 min. Samples
were run on 6% SDS-PAGE and immunoblotted with anti-GST
antibodies.

that targets Dia2 for degradation, one possible explanation is
that Tom1 and Dia2 no longer interact during S phase or in re-
sponse to S-phase checkpoint activation. To test this idea, we
conducted coimmunoprecipitation assays in synchronized cells
(Figure 3D). Cells expressing Myc-tagged Dia2 and Flag-tagged
Tom1 from their endogenous loci were arrested in late G1 with
oF, in early S phase with HU, and in G2/M phase with nocodazole.
When Flag-tagged Tom1 was immunoprecipitated from oF-
arrested cells, we observed significant coprecipitation of Myc-
tagged Dia2. However, this coprecipitation was almost completely
absent in HU-arrested cells. In contrast, we observed a modest
interaction between Tom1 and Dia2 in nocodazole-arrested cells.
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Thus inhibition of the interaction between Tom1 and Dia2 may
explain the proteolytic switch observed as cells enter S phase or
when the S-phase checkpoint is activated.

Tom1 recognizes a stretch of positively charged residues

in Dia2

We have previously shown that a domain just upstream of the F-box
in Dia2, which also contains two canonical NLSs, was required for
Dia2 protein turnover. Although nuclear localization is required for
Dia2 degradation, this domain is also likely important for recogni-
tion by the degradation pathway, as the addition of an exogenous
NLS to a Dia2 mutant lacking this domain is still stabilized (Kile and
Koepp, 2010). We hypothesized that Tom1 may bind to this domain
in Dia2, so we tested whether various truncated Dia2 mutants are
able to coimmunoprecipitate Tom1 (Figure 4). We generated strains
expressing epitope-tagged Tom1 and the Dia2 mutants expressed
from their endogenous loci (Figure 4, top, left panel). As shown in
Figure 4, Tom1 and full-length Dia2 coimmunoprecipitate. The Dia2
mutants used include a mutant containing only the N-terminal
tetratricopeptide repeat (TPR), a mutant in which the F-box domain
was deleted in frame (AF-box), a mutant that lacks the first 149
amino acids of the N-terminus (AN149), and a mutant with the NLS/
degradation domain deleted in frame but containing an exogenous
SV40 large T antigen (Tag) NLS attached to the N-terminus (SVANLS).
In the coimmunoprecipitation assay, all Dia2 proteins, except the
SVANLS mutant, copurify with Tom1, although the binding of the
AF-box and TPR proteins may be somewhat reduced relative to
wild-type Dia2. These results suggest that the NLS domain of Dia2
is required for its interaction with Tom1.

The domain in Dia2 required for degradation consists of two
stretches of lysine residues interrupted by a nine-residue sequence.
Our coimmunoprecipitation results were unable to determine which
sections of this domain were required for recruitment to Tom1. We
speculated that there were three possibilities: 1) Tom1 may recog-
nize the lysine residues, perhaps even use them as sites of ubiquitin
conjugation; 2) Tom1 may recognize the nine-residue sequence in
between the lysines; or 3) Tom1 recognizes positively charged resi-
dues. To distinguish among these possibilities, we generated three
mutants, one in which the lysines were changed to arginines to con-
serve charge (Dia2-KR), one in which the lysines were mutated to
alanines (Dia2-KA), and one in which the nine-residue middle se-
quence was deleted in frame (Dia2A185-193; Figure 5A). For the
Dia2-KA and Dia2A185-193 proteins, we also added the SV40 Tag
NLS to the N-terminus to avoid altering the nuclear localization of
Dia2 (SVDia2-KA, SVDia2A185-193). We used a full-length Dia2 with
the SV40 Tag NLS fused to the N-terminus (SVDia2) as a control for
these mutants. We examined the stability of these proteins using
the cycloheximide stability assay in G1-arrested cells. As shown in
Figure 5B, the turnover rates of wild-type Dia2 and the Dia2-KR
mutant were indistinguishable, indicating that exchanging the
lysines with arginines has no effect on Dia2 protein turnover. Intrigu-
ingly, the SVDia2-KA mutant protein was significantly stabilized in
oF-arrested cells, whereas both the SVDia2 and SVDia2A185-193
proteins were turned over with similar rates (Figure 5C). These re-
sults indicate that it is not the lysine residues per se, but rather the
positive charge of these residues in the Dia2 degradation domain
that are necessary for protein turnover.

On the basis of the stability assay results, we predicted that the
positively charged residues in the NLS/degradation domain would
be required for Tom1 to bind Dia2. To test this, we carried out a
coimmunoprecipitation assay using strains expressing epitope-
tagged Dia2-KR or SVDia2-KA proteins and Flag-tagged Tom1.

Tom1 targets Dia2 for degradation | 4205
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Tom1 regulates Dia2 turnover in G1 and G2/M. (A) Dia2 stabilization in tom 1A and tom1C3235A mutants in
G1 phase. Wild-type, tom1A, and tom1C3235A strains were arrested with oF for 3 h. After cycloheximide treatment
(100 pg/ml), samples were collected at the indicated times and immunoblotted with anti-Myc antibodies. Pgk1 was used
as a loading control. Flow cytometry analysis was performed to monitor the ooF arrest. Dia2 protein turnover was
quantified with three independent experiments. Error bars indicate SDs. (B) Dia2 is stable in S phase. The indicated
strains were arrested with 200 mM HU for 3 h. Samples were taken at the indicated times after cycloheximide treatment
(100 pg/ml) and analyzed by immunoblotting with anti-Myc antibodies. Pgk1 was used as a loading control. Three
independent results were used to quantify the rate of Dia2 turnover. Error bars indicate standard deviations. The HU
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FIGURE 4: Tom1 binds to Dia2 through the degradation/NLS domain of Dia2. Endogenously
expressed Tom1 and Dia2 coprecipitate each other via the degradation/NLS domain of Dia2.
The indicated strains were grown to mid-log phase. Total cell lysates (2 mg) were
immunoprecipitated with anti-Flag antibodies and immunoblotted with anti-Flag and anti-Myc

antibodies.

We observed that Flag-tagged Tom1 coprecipitated with Dia2-KR
but not with the SVDia2-KA protein (Figure 5D). Together these re-
sults suggest that Tom1 specifically recognizes the positive charge
on the lysine residues in the Dia2 NLS/degradation domain.

Defects in Dia2 protein turnover lead to a G1-to-S phase
progression delay

If degradation of Dia2 via Tom1 is the major pathway for Dia2
degradation, we would expect that overexpression of a Dia2 mu-
tant unable to bind Tom1 would produce a stronger overexpres-
sion phenotype than full-length Dia2 in wild-type cells. Also, if
Tom1 recognizes only the positively charged residues in the Dia2
degradation/NLS domain, we would also expect that overexpres-
sion of the SVdia2-KA mutant would be indistinguishable from the
DIA2 overexpression phenotype in tom1A cells. To test these pre-
dictions, we examined the overexpression phenotypes of full-
length DIA2, dia2-KR, SVdia2-KA, and SVdia2-A185-193 mutants
in wild-type and tom1A cells (Figure 6A). We observed that both
wild-type and tom7TA cells overexpressing the dia2-KR mutant
behaved as the parental strains overexpressing full-length DIA2.
By contrast, overexpression of the SVdia2-KA mutant impaired the
growth of wild-type cells compared with cells overexpressing full-
length SVDIA2 or SVdia2-A185-193. Moreover, the growth defect
of tom1A cells caused by DIA2 overexpression was indistinguish-
able from overexpression of the SVdia2-KA mutant and looked
similar to the results seen when SVdia2-A185-193 is overexpressed
(Figure 6A). These results suggest that Tom1 is the primary E3
ubiquitin ligase that controls Dia2 protein turnover, recognizing

tor. Furthermore, cells expressing SVdia2-
KA exhibited a significant increase in the G1
population. These results suggest that the
dia2-KA mutant may transit more slowly
through G1 phase into S phase than wild-
type cells (Figure 6B). To test this possibility,
we arrested the same strains with oF, re-
leased them into medium containing nocodazole, and monitored
cell cycle progression from late G1 to metaphase (Figure 6B). Cells
overexpressing the SVDIA2 exhibited a mild delay in the G1-to-S
phase transition compared with the control cells. In addition, over-
expression of the SVdia2-KA mutant prolonged the delay in G1-to—
S phase progression (Figure 6B), suggesting that Dia2 protein turn-
over is important for a proper progression from G1 to S phase. We
then asked whether the tom 1A mutant also exhibits the same delay
in the G1-to-S phase transition, as would be expected if Dia2 is a
significant target of Tom1. Wild-type, tom1A, dia2A, and tom1A
dia2A strains arrested with oF were released into rich medium con-
taining nocodazole, and cell cycle progression from late G1 to
metaphase was monitored (Figure 6C). Under these conditions, the
tom 1A mutant proceeded into S phase from G1 phase with a 5-min
delay, compared with wild-type and the diaZA mutant. Interestingly,
the delay in G1-to-S phase progression observed in the tom 1A mu-
tant was rescued by deletion of DIA2 (Figure 6C). These findings
indicate that Tom1-mediated Dia2 turnover in G1 is required for an
efficient G1-to-S phase transition.

DISCUSSION
Our results suggest that the Hect domain E3 ubiquitin ligase Tom1
recruits Dia2 for degradation during G1 and G2/M phases of the cell
cycle by recognizing specific, positively charged residues just up-
stream of the F-box domain. Failure to efficiently degrade Dia2
leads to defects in cell cycle dynamics.

Our data suggest that the proteolytic inhibition of Dia2 degra-
dation that occurs as cells enter S phase or activate the S-phase

arrest was monitored by flow cytometry. (C) Dia2 is stabilized in tom1A and tom1C3235A mutants in G2/M phase.
Wild-type, tomT1A and tom1C3235A cells were arrested with nocodazole (15 ug/ml) for 3 h. Stability assays were
performed as in (A and B). The results of quantification of Dia2 turnover in wild-type, tom1A and tom1C3235A strains
are shown in the graph. Error bars indicate standard deviations. Flow cytometry was used to examine the nocodazole
arrest. (D) Dia2 binding to Tom1 is regulated during the cell cycle. Dia2M"C and Tom1™AG Dia2M"C cells were arrested
with oF, HU, and nocodazole for 3 h, as in (A-C), respectively. Total cell lysates (2 mg) of the indicated strains were
immunoprecipitated with anti-Flag antibodies and immunoblotted with anti-Flag and anti-Myc antibodies. The ratio of
bound Dia2 to immunoprecipitated Tom1 was measured using Image J software. Flow cytometry was conducted to

monitor the arrests in G1, S, and G2/M.
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.~ amee Dia2 KR g G EI® D12 SV KA W tion of D|a2.|§ads to a delay of the G1—t<?—S
phase transition. However, the mechanism

1 2 3 4 1 2 3 4

FIGURE 5: Tom1-mediated Dia2 proteolysis requires positively charged residues in the
degradation domain of Dia2. (A) Domain containing the degradation/NLS region of Dia2.

(B) Substitution of lysine for arginine does not stabilize Dia2 in G1. Wild-type and dia2-KR strains
were arrested with oF for 3 h. Samples were taken at the indicated times and prepared for
stability assay, as described in Figure 3A. Three independent results were used for quantification.
Error bars indicate SDs. (C) The SVDia2-KA mutant protein is stabilized in G1 phase. The indicated
strains were arrested with oF for 3 h. Stability assay was performed as in Figures 3A and 5B. SV,
SV40 Tag NLS; FL, full-length Dia2. Quantification shows the rates of Dia2 turnover in the
indicated strains. Error bars indicate SDs. (D) The SVDia2-KA mutant protein does not bind to
Tom1. The indicated strains were grown to mid-log phase and used for a coimmunoprecipitation
assay. Flag-tagged Tom1 was immunoprecipitated with anti-Flag antibodies. Immunoblot assay

was conducted with anti-Flag and anti-Myc antibodies. See also Figure 4.

checkpoint depends on reduced binding between Dia2 and Tom1.
In principle, such an outcome could be the result of a conforma-
tional change in Dia2, such as those that accompany posttransla-
tional modifications, although there is currently no evidence for
S phase—specific modification of Dia2. Alternatively, Tom1 has ad-
ditional substrates and interaction partners that may compete for
binding to Tom1 more effectively during S phase or in response to
activation of the S-phase checkpoint. Interestingly, Tom1 targets
excess histones for degradation when they are phosphorylated by
the S-phase checkpoint kinase Rad53. Moreover, Tom1 physically
interacts with Rad53 (Singh et al., 2009), suggesting that it is
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by which accumulated Dia2 slows the
G1-to-S phase transition is not clear. One
explanation might be that Dia2 has an as-
yet-unidentified ubiquitination target that
promotes G1 progression or S-phase entry.
In this scenario, excess Dia2 would lead to
inappropriate degradation of this unknown
target. Alternatively, excess Dia2 may sim-
ply lead to a change in the balance of vari-
ous SCF complexes by competing for core
component proteins. For example, the rela-
tive concentration of those SCF complexes
that have G1 ubiquitination substrates, such
as SCFC¥4, which targets the Cdk inhibitor Sic1 and the DNA repli-
cation protein Cdcé (Drury et al., 1997; Skowyra et al., 1997; Verma
et al., 1997), may be reduced. Regardless of the mechanism, these
observations suggest that Dia2 protein levels are modulated
throughout the cell cycle to prevent adverse effects on cell cycle
progression.

In summary, we have identified a novel degradation pathway for
the F-box protein Dia2 involving the Hect domain E3 ligase Tom1.
Our work establishes a mechanistic basis for recognition of Dia2 by
Tom1 and demonstrates a role for Dia2 degradation in cell cycle
dynamics.
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A B MATERIALS AND METHODS

®e Vector Vector SV DIA2 SV dia2-KA Plasmids and strains
"l e o DIA2 Yeast strains, plasmids, and oligonucle-
P dia2-KR Asy otides are described in Tables 1, 2, and 3.
P Vector 1C 2¢C 1C 2C 1C 2C To generate the tom 1A strain (DKY526), we
tom1a (IS DIA2 Time _ replaced the open reading frame of TOM1
e o diaz-KR (min) - Vector SVDIAz  SVdiaz-KA  \ith KanMX via homhologous recombination
in strain DKY153. The TOM1-3FLAG strain
e Vector 75—A-L LA AN (DKY538) was generated using a previously
WT ®e SV DiAz 60|_A l! A é ﬁ A described method (Gelbart et al., 2001).
S e SV dia2-KA A The centromeric 9MYC-DIA2 KR, 9MYC-
® e SVdiazA185-193 48 AN SV40-DIA2-KA, and 9MYC-SV40-A185-193
® e Vector 30 plasmids using a GAL1,10 promoter
tom1n | IR SV DIA2 s (pDHK9, 10, and 11, respectively) were con-
® 9 SV dia2-KA structed via the generation of the KR or
Q O < SV dia2-A185-193 0 KA substitution and the deletion of the
1C 2C 1C 2C 1C 2C 185-193 fragment (A185-193) by the
Cc PCR stitching method, using the plasmids
Time PACK135 or pACK176 with primers
(min) - WT tom1A diazh tom1A diazA DHK107/108/109/110 and DHK112/113/
40| A j\_\ A A 114/115/116/117; this was followed by the
amplification of the KR, KA, and A185-193
35 /\v-\ fk-) ﬁ\ L fragpments with primers DHK106 and 111.
20 > i‘\ > > These fragments were then inserted into
ﬁ ] k the Mlul and Hpal sites of the pACK135 or
25 & PACK176 plasmids. For construction of the
\ ﬁf IMYC-KR, 9MYC-SV40-KA, and 9MYC-
0 AN AW SV40-A185-193 strains (DKY952, 968, and
As 969), the IMYC-KR, 9MYC-SV40-KA, and
yﬁ ﬁ% % #:'_A;? 9MYC-SV40-A185-193  fragments  were

cloned into the plasmids pACK142 and
FIGURE 6: Tom1-mediated Dia2 turnover is required for efficient G1-to-S phase progression. pACK181 with Mlul and Hpal sites to gener-
(A) Overexpression of the SVdia2-KA mutant leads to a growth defect in wild-type cells. ate plasmids (pDHK12, 13, and 14, respec-
W||d-typ§ an.d tom1A stl:a{ns carrying the |rjd.|cated galactose-inducible vec’Fors were spotted in tively). The plasmids (pDHK12, pDHK13,
10-fold dilutions onto minimal media containing 2% galactose. Plates were incubated at 30°C for and pDHK14) linearized with the Bcll restric-
2-3d. SV, SV40 Tag NLS. (B) Overexpression of the SVdia2-KA mutant causes a delay in G1-to-S . P . . .
phase progression. Wild-type cells carrying the indicated galactose-inducible plasmids were tion enzyme were integrated |.nto. strain
grown to mid-log phase in minimal media containing 2% galactose. Samples were processed for DKY194 via homologous recombination.
flow cytometry. Separately, cells were also arrested with oF for 3 h and released into minimal
media containing 2% galactose and 15 pg/ml nocodazole. Samples were taken at the indicated Reverse transcription PCR (RT-PCR)
times and prepared for flow cytometry. (C) Suppression of G1-to-S phase progression delay of ~ Cultures were grown to mid-log phase
tom1A mutant by deletion of DIA2. Wild-type, tom14A, dia2A, and tom1A dia2A cells were (2 x 107 cells/ml) at 30°C, and total RNA
arrested with aF for 3 h and released into rich medium containing 15 pg/ml nocodazole. was isolated with Purelink Micro-to-Midi
Samples taken at the indicated times were processed for flow cytometry. Arrows indicate start kit (Invitrogen, Carlsbad, CA), using the
of S phase.

Strain Genotype Source
DKY153 ade2-1 ura3-1leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY194  dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY526 tom1A:kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY527 tom1A::kanMX dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY534 tom1C3235A::URA3 ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY536 tom1C3235A::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
AKY149  9MYC-DIA2::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a Kile and Koepp, 2010
DKY538 TOM1-3XFLAG::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY533  tom1A:kanMX 9MYC-DIA2::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-  This study
100 MAT a

DKY558 tom1C3235A::URA3 IMYC-DIA2::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 This study
can1-100 MAT a

TABLE 1: Yeast strains.

Continues
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Strain Genotype Source
DKY540 TOM1-3XFLAG::kanMX 9MYC-DIA2::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-  This study
1 can1-100 MAT a
AKY192  9MYC-dia2-TPR::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a  Kile and Koepp, 2010
DKY596  TOM1-3XFLAG::kanMX 9IMYC-dia2-TPR::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15  This study
trpT1-1 can1-100 MAT a
AKY188  9MYC-dia2-AF::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a Kile and Koepp, 2010
DKY904 TOM1-3XFLAG 9MYC-dia2-AF::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 This study
can1-100 MAT a
AKY199  9IMYC-dia2-AN149::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a  Kile and Koepp, 2010
DKY592 TOM1-3XFLAG 9MYC-dia2-AN149::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1  This study
can1-100 MAT a
AKY240 9MYC-SVAONLS-dia2-ANLS::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-  Kile and Koepp, 2010
100 MAT a
DKY595 TOM1-3XFLAG 9MYC-SV4ONLS-dia2-ANLS::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3- This study
11,15 trp1-1 can1-100 MAT a
DKY952 9MYC-dia2-KR::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 MAT a This study
DKY976 TOM1-3XFLAG::kanMX 9MYC-dia2-KR::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 This study
trpT1-1 can1-100 MAT a
AKY238 9MYC-SVAONLS-DIA2::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100 Kile and Koepp, 2010
MAT a
DKY968  9MYC-SVAONLS-dia2-KA::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 can1-100  This study
MAT a
DKY979 TOM1-3XFLAG::kanMX 9IMYC-SV4ONLS-dia2-KA::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 This study
his3-11,15 trp1-1 can1-100 MAT a
DKY969  9MYC-SVAONLS-dia2-A185-193::URA3 dia2A::kanMX ade2-1 ura3-1 leu2-3112 his3-11,15 trp1-1 This study

can1-100 MAT a

TABLE 1: Yeast strains. Continued

manufacturer’s protocol. After DNase | treatment, 3 pg total RNA
was reverse transcribed using Superscript Il (Invitrogen) with oligo
(dT)sp primer. The cDNA was amplified with primers DHK16 and 17
or ACT1-5 and ACT1-3.

In vitro binding assays

One milligram of total cell lysate isolated from baculovirus-infected
Hi5 insect cells was immunoprecipitated with anti-Flag M2 mono-
clonal (Sigma-Aldrich, St. Louis, MO) or anti-Myc 9E10 monoclonal
(Covance, Princeton, NJ) antibodies and immunoblotted with anti-
Flag M2 and anti-Myc 9E10 antibodies.

Stability assays

Cells at 2 x 107 cells/ml were arrested with 40 pg/ml oF, 200 mM HU,
or 15 pg/ml nocodazole for 3 h. Cycloheximide was added at
100 pg/ml. Cell pellets were washed and lysed by vortexing with glass
beads in 20% trichloroacetic acid for 3 min (Kile and Koepp, 2010).
Lysed cell pellets were centrifuged at 3000 rpm for 10 min and resus-
pended in Laemmli buffer. Precipitated proteins were neutralized with
1M Tris and boiled for 5 min. Protein concentration was quantified
using the RC/DC protein assay kit (Bio-Rad, Hercules, CA). Proteins
(20 pg) were run on 8% SDS-PAGE. Protein abundance was measured
using the Image J software and normalized against a loading control.

Plasmid Features Source

p1219 GAL1,10 promoter, CEN TRP1 Amp" Liu et al., 1998
pPACK135 GAL1,10 promoter, MYC-DIA2 CEN TRP1 Amp* Kile and Koepp, 2010
pPACK176 GAL1,10 promoter, IMYC-SV40ONLS-DIA2 CEN TRPT Amp” Kile and Koepp, 2010
pDHK9 GAL1,10 promoter, YMYC-dia2-KR CEN TRP1 Amp* This study

pDHK10 GAL1,10 promoter, YMYC-SV40ONLS-dia2-KA CEN TRP1 Amp" This study

pDHK11 GAL1,10 promoter, YMYC-SV40NLS-dia2-A185-193 CEN TRP1 Amp’ This study

pDHK12 pRS406 1-kb 5’DIA2 UTR 9 IMYC-dia2-KR URA3 Amp’ This study

pDHK13 pRS406 1-kb 5’DIA2 UTR 9 YMYC-SV40NLS-dia2-KA URA3 Amp’ This study

pDHK14 pRS406 1-kb 5’DIA2 UTR 9 9MYC-SVA0NLS-dia2-A185-193 URA3 Amp" This study

TABLE 2: Plasmids used in this studly.
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Oligonucleotide Sequence (5'-3)

DHK3 GTTCACTATTATTGGCAATCAATGAAGGGCATGAAGGGTTTGGTCTTGCCAGGGAACAAAAGCTGGAGCTC
DHK4 CGTTCTAAAATACTTGGTTACATGGCGCTATAAATTTACACGAAAAATGACTATAGGGCGAATTGGGTACC
DHK16 GGGAATAGTAGAAGAAAAGG

DHK17 CAATTGGATATAGCTTGTTC

ACT1-5 ACAACGAATTGAGAGTTGCCCCAG

ACT1-3 AATGGCGTGAGGTAGAGAGAAACC

DHK106 GGAATTCCATATGTCTTCCCCAGGGAATTC

DHK107 GAGGAGACCAAAATAGCAAGAAGAAGAAGGAATAATAATGTTCTAGAA

DHK108 TTCTAGAACATTATTATTCCTTCTTCTTCTTGCTATTTTGGTCTCCTC

DHK109 TCGTTACCAAGGAGGAGGATTAGAGGTAGTACC

DHK110 GGTACTACCTCTAATCCTCCTCCTTGGTAACGA

DHK111 GCAGAACCACTTATCGATGTCCCCATTAGATCCAAC

DHK112 GAGGAGACCAAAATAGCAGCAGCAGCAGCGAATAATAATGTTCTAGAA

DHK113 TTCTAGAACATTATTATTCGCTGCTGCTGCTGCTATTTTGGTCTCCTC

DHK114 TCGTTACCAGCGGCGGCGATTGCAGGTAGTACC

DHK115 GGTACTACCTGCAATCGCCGCCGCTGGTAACGA

DHK116 GAGGAGACCAAAATAGCAAAAAAAAAAAAGAAGAAGAAGATTAAAGGTAGTACCAAGAAA

DHK117 TTTCTTGGTACTACCTTTAATCTTCTTCTTCTTTTITTTTTTTTGCTATTTTGGTCTCCTC

TABLE 3: Oligonucleotides used in this study.

Immunoprecipitation

Cells were cultured to mid-log phase (2 x 107 cells/ml) and collected
by centrifuging at 4000 rpm for 2 min. Total cell lysate was isolated
by vortexing the cells with glass beads in 0.3% CHAPS buffer (0.3%
CHAPS, 40 mM HEPES, pH 7.4, 120 mM NaCl, 1 mM EDTA, 50 mM
NaF, 10 mM glycerol 2-B) with protease inhibitor cocktail (Roche,
Indianapolis, IN) for 40 min at 4°C. Protein concentration was deter-
mined using the Bio-Rad protein assay (Bio-Rad). Total lysate (2 mg)
was incubated with anti-Flag M2 monoclonal (Sigma-Aldrich) anti-
bodies and protein A/G agarose (Santa Cruz Biotechnology, Santa
Cruz, CA) for 3 h at 4°C. Samples were washed with CHAPS buffer 4
times and boiled in Laemmli buffer for 5 min.

In vitro ubiquitination assays

Fractionated yeast extracts (50 pg) were incubated with 50 pg ubig-
uitin, 50 nM E1, 10 mM ATP, 60 mM creatine phosphate, 1 mM
magnesium acetate, 150 pg/ml creatine kinase, and 40 pg GST-Dia2
protein bound to the glutathione-Sepharose 4B beads (GE Health-
care, Waukesha, WI) at 30°C for 45 min. Samples were run on 6%
SDS-PAGE and immunoblotted with anti-GST polyclonal antibodies
(Santa Cruz Biotechnology).
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