Budding yeast Dma1 and Dma2 participate in
regulation of Swe1 levels and localization
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ABSTRACT Timely down-regulation of the evolutionarily conserved protein kinase Swe1
plays an important role in cell cycle control, as Swe1 can block nuclear division through in-
hibitory phosphorylation of the catalytic subunit of cyclin-dependent kinase. In particular,
Swe1 degradation is important for budding yeast cell survival in case of DNA replication
stress, whereas it is inhibited by the morphogenesis checkpoint in response to alterations in
actin cytoskeleton or septin structure. We show that the lack of the Dma1 and Dma2 ubig-
uitin ligases, which moderately affects Swe1 localization and degradation during an unper-
turbed cell cycle with no apparent phenotypic effects, is toxic for cells that are partially defec-
tive in Swe1 down-regulation. Moreover, Swe1 is stabilized, restrained at the bud neck, and
hyperphosphorylated in dma1A dma2A cells subjected to DNA replication stress, indicating
that the mechanism stabilizing Swe1 under these conditions is different from the one trig-
gered by the morphogenesis checkpoint. Finally, the Dma proteins are required for proper
Swe1 ubiquitylation. Taken together, the data highlight a previously unknown role of these
proteins in the complex regulation of Swe1 and suggest that they might contribute to con-
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trol, directly or indirectly, Swe1 ubiquitylation.

INTRODUCTION

Cell cycle progression in eukaryotic cells is driven by cyclin-depen-
dent kinases (Cdks), the activity of which is controlled at various lev-
els. In addition, specific signal transduction pathways called check-
points delay cell cycle progression in response to different problems
in order to preserve genetic stability in proliferating cell populations
(Hartwell and Weinert, 1989; Kops et al., 2005). In particular, the
morphogenesis checkpoint has been shown to delay the G2/M tran-
sition in the budding yeast Saccharomyces cerevisiae by inhibiting
degradation of the Swe1 kinase in response to perturbations in bud
formation, cell size, actin cytoskeleton, and septin organization
(McMillan et al., 1998; Barral et al., 1999; Harvey and Kellogg, 2003;
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Theesfeld et al., 2003). Cell cycle progression, mitotic spindle elon-
gation, and mitotic entry are also delayed when DNA replication is
inhibited, and this response depends on a specific S-phase check-
point involving the DNA damage checkpoint proteins Mec1 and
Rad53 (Weinert et al., 1994). Moreover, a novel pathway controlling
yeast cell morphology in response to DNA replication stress has
been recently described (Enserink et al., 2006; Smolka et al., 2006),
where DNA damage checkpoint proteins appear to promote timely
degradation of Swe1, thus restricting bud growth and contributing
to maintenance of cell viability.

The budding yeast protein kinase Swe1 inhibits Cdk activity by
phosphorylating the conserved Y19 residue of the catalytic subunit
of Cdk, Cdc28 (Booher et al., 1993), thus blocking both the switch
from polar to isotropic bud growth and nuclear division. This inhibi-
tory phosphorylation is reversed by the Mih1 phosphatase (Russell
etal., 1989), leading to Cdc28 activation and entry into mitosis. Cells
lacking either Mih1 or Swe display normal cell cycle progression in
unperturbed conditions, whereas GAL1-SWE T-overexpressing cells
are not viable. Indeed, Swe1 overproduction inhibits Cdc28 totally
and causes cells to arrest with elongated buds, undivided nuclei
(Booher et al., 1993), and monopolar spindles (Lim et al., 1996).
Swe1 therefore has a critical role in coordinating cell morphogenesis
with nuclear division and is subjected to multiple regulations.

During an unperturbed cell cycle, Swe begins to accumulate in
the nucleus in S phase. Here it is phosphorylated by the Clb/Cdc28
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complexes before being exported to the daughter side of the bud
neck (Sia et al., 1998; McMillan et al., 2002; Harvey et al., 2005). Fila-
ments of conserved proteins called septins (Cdc3, Cdc10, Cdc11,
Cdc12, and Shs1in S. cerevisiae) form a dynamic ring structure at the
bud neck (for review, see Versele and Thorner, 2005), and this struc-
ture is essential for the recruitment of a number of proteins involved
in cell cycle progression (Longtine and Bi, 2003; Gladfelter et al.,
2005). In particular, the septin ring acts as a platform to recruit Swe1
regulators, such as the Hsl1 protein kinase and its adaptor Hsl7,
which are both essential for Swe1 localization to the bud neck and
for its phosphorylation (McMillan et al., 1999; Shulewitz et al., 1999;
Longtine et al., 2000). In addition, the PAK kinase Cla4 and the polo
kinase Cdc5 associate with the septin ring and are involved in Swe1
phosphorylation (Sakchaisri et al., 2004; Asano et al., 2005; Lee et al.,
2005). Moreover, the Cdc55 regulatory subunit of protein phos-
phatase 2A (PP2A) is required for Swe1 degradation, as loss of Cdc55
function causes Swe1 stabilization (Yang et al., 2000). Hyperphos-
phorylated Swe1 species are probably targeted to ubiquitylation by
a still-unidentified ubiquitin ligase and are subsequently degraded
via the proteasome to allow mitotic entry (McMillan et al., 2002).

Successful bud formation leads to Swe1 degradation in G2,
whereas morphological defects block this degradation, thus delay-
ing entry into mitosis. Swe1 levels are controlled by the morphogen-
esis checkpoint, whose activation in response to alterations in actin
cytoskeleton or septin organization causes Swe1 accumulation and
subsequent delay in nuclear division (for review, see Keaton and
Lew, 2006). This checkpoint inhibits Swe1 degradation by interfer-
ing with the localization of Hsl1 at the bud neck, thus preventing
Swe1 recruitment that is mandatory for modifications leading to its
degradation (Longtine et al., 2000). Accordingly, the lack of septin
localization at the bud neck results in Swe1 stabilization (Barral et al.,
1999; Shulewitz et al., 1999; Longtine et al., 2000) and even subtle
perturbations in septin structure interfere with Hsl1 and Swe1 local-
ization at the bud neck (Longtine et al., 2000). Moreover, actin de-
polymerization in budded cells causes both stabilization of Swe1
and Swe1 displacement from the bud neck without altering Hsl1
localization (Longtine et al., 2000), indicating that the activation of
the morphogenesis checkpoint prevents Swel degradation by in-
terfering with Swe1 localization at the bud neck, thus inhibiting the
G2/M transition.

Although our understanding of the complex pathways regulat-
ing Swe1 is progressively increasing, relevant molecular details still
need to be investigated, such as the involvement of the ubiquityla-
tion pathway and the identity of the related ubiquitin ligase(s). A
possible role in this control can be envisaged for the functionally
redundant budding yeast proteins Dmal and Dma2, which belong
to the same FHA-RING ubiquitin ligase family as Schizosaccharomy-
ces pombe Dmal and human Chfr and Rnf8. All of these proteins
appear to control different aspects of the mitotic cell cycle, but sev-
eral molecular details of their functions are still obscure (for review,
see Brooks et al., 2008). In particular, the S. cerevisiae Dma proteins
are involved in mitotic checkpoints and contribute to control septin
ring dynamics and cytokinesis by unknown mechanisms (Fraschini
et al., 2004; our unpublished data). Moreover, an in vitro ubiquitin
ligase activity of Dma1 and Dma2 has been described (Loring et al.,
2008), although their in vivo targets are unknown.

Here we provide genetic and biochemical evidence that the
Dma proteins are involved in Swe1 ubiquitylation and contribute to
the regulation of Swe1 stability by acting in a step that follows the
recruitment of Swe1 to the bud neck and its phosphorylation. This
Dma-dependent Swe1 down-regulation, lack of which does not sig-
nificantly affect unperturbed cell cycle progression when the other

2186 | E.Raspellietal.

Genotype Phenotype at 25°C
dmaTA dma2A hsl1A Lethal

dmaTA dma2A hsl1A swelA Healthy

dmalA dma2A cdc55A Lethal

dmaTA dma2A cdc55A swelA Healthy

dmalA dma2A mih1A Sick

dmalA dma2A mih1A swelA Healthy

Haploid dmaTA dmaZ2A cells were crossed either with hslTA, cdc55A, and mih1A
cells or with hsl1A swe 1A, cdc55A swelA, and mih 1A swe 1A double-mutant
strains. The resulting diploid strains were induced to sporulate, and meiotic
segregants of 15 tetrads for each cross were assayed for their ability to form
colonies on rich medium at 25°C, followed by genotyping of the viable spores
based on the deletion markers. Healthy, spore colony size was undistinguish-
able from wild type; lethal, no viable spores with the indicated genotypes were
found; sick, spores formed very small colonies.

TABLE 1: Swel-dependent effects of the lack of Dma proteins on
viability/growth efficiency of hsl1A, cdc55A, and mih1A cells.

Swe1 regulatory pathways are proficient, appears to be crucial for
proper response to DNA replication stress.

RESULTS

The Dma proteins control Swe1 protein levels

To gain insights into the role of the Dma proteins in cell cycle pro-
gression and checkpoints, we looked for synthetic effects between
their complete absence (dmalA dmaZ2A) and available mutations in
mitotic genes. Of interest, we found that the lack of Dma proteins
was lethal at 25°C for cells that already lacked proteins that nega-
tively regulate Swe1 stability, such as the protein kinase Hsl1 and the
Cdc55 regulatory subunit of protein phosphatase 2A. In fact, we
could never recover viable dmaTA dma2A hsl1A or dmalA dma2A
cdc55A spores in meiotic tetrads from diploid strains heterozygous
for the deletions under analysis (Table 1). In addition, these lethal
effects were suppressed by the deletion of SWET, indicating that
they might be due to Swe1 accumulation (Table 1 and Figure 1A).
We then analyzed the terminal phenotype caused by the concomi-
tant absence of the Dma proteins and Hsl1 by using a dma 1A dma2A
strain in which the HSL1 gene was replaced by a MET3-HSL1 con-
struct, whose expression can be turned off by addition of methion-
ine that represses the MET3 promoter (Masselot and Surdin-Kerjan,
1977). Methionine addition inhibited dmalA dma2A MET3-HSL1
cell growth (Figure 1A) and caused cells to arrest with very elon-
gated buds (64% of 204 cells; Figure 1B), a phenotype that resem-
bled the one observed in cells that are unable to degrade Swe1 (Lim
et al., 1996). This elongated bud phenotype was completely re-
versed by deletion of SWET (Figure 1B), which also allowed dmaiA
dma2A MET3-HSL1 cells to grow normally in the presence of me-
thionine (Figure 1A). Taken together, these genetic interactions sug-
gest that Dma1 and Dma2 might participate, together with Hsl1 and
Cdc55, in Swe1 down-regulation.

The lack of Dma proteins turned out to be very toxic also for
cells lacking the phosphatase Mih1 (Table 1 and Figure 1C), which
counteracts Swe1-dependent inihibitory phosphorylation of Cdc28
(Russell et al., 1989). This synthetic effect could be due to the ac-
cumulation of the Swel kinase together with the loss of Mih1
phosphatase activity in dmalA dma2A mih1A cells, leading to
strong Cdc28-cyclin complex inhibition. Accordingly, the low via-
bility and elongated bud phenotypes (83% of 200 cells) of dma1A
dma2A mihTA cells were reversed by SWET deletion (Figure 1C
and D).
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B MET3-HSLI

wild type
P dmalA dma2A

YEPD
A wild type
¥ dmalA dma2A
o mihiA
dmalA dma2A mihIA
B inalh dma2h mihlA swelA

3 wild type
dmalA dma2A

dmalA dma2A MET3-HSLI
dmalA dma2A MET3-HSLI swelA

dmalA dma2A MET3-HSL1

dmalA dma2A
MET3-HSLI swel A

dmalA dma2A
mihlA swelA

FIGURE 1: The toxic effects of Dma1/Dmaz2 lack in cells lacking Hsl1 and Mih1 are counteracted by SWE1 deletion.
(A, C) Serial dilutions of stationary-phase cultures of strains with the indicated genotypes were spotted on plates
containing either synthetic medium without (—Met) or with (+Met) 2 mM methionine or YEPD (C), which were then
incubated for 2 d at 25°C. (B, D) The morphology at 25°C of cells with the indicated genotypes was examined by
differential interference contrast (DIC) microscopy. All cell cultures were exponentially growing in YEPD medium, with
the exception of those carrying the MET3-HSL1 construct integrated at the HSL1 locus (B), the cellular morphology of
which was analyzed after MET3 promoter shutoff for 3 h by 2 mM methionine addition to synthetic growth medium

lacking methionine. Bar, 5 pm.

These observations prompted us to compare the levels of the
Swe protein in wild-type and dma 1A dmaZ2A cells during a single
cell cycle. To this purpose, synchronous cultures of cells express-
ing a functional HA-tagged Swe1 variant (Swe1-3HA) from the
SWE1 promoter were released from o-factor-induced G1 arrest,
followed by readdition of a-factor 85 min later, when 95% of cells
were budded, to arrest cells in the next G1 phase. Samples were
taken at different times after the release to monitor the kinetics of
DNA replication by fluorescence-activated cell sorting (FACS)
analysis (Figure 2A) and budding, nuclear division, and septin ring
formation (Figure 2B), as well as Swe1 protein levels (Figure 2C).
Wild-type and dmaTA dma2A cells showed very similar profiles of
budding, DNA replication, and nuclear division, whereas septin
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ring deposition appeared to take place with somewhat reduced
efficiency, although with similar kinetics, in dmalA dma2A com-
pared with wild-type cells. Swel amount increased in both cul-
tures after release in the cell cycle, concomitantly with cells enter-
ing S phase, and decreased as cells started nuclear division. On
the basis of the electrophoretic mobility shifts, Swe1 phosphoryla-
tion and dephosphorylation (see next paragraph and Figure 3) or
other possible posttranslational modifications events seemed to
occur on schedule in dmaTA dma2A cells. Nonetheless, these
cells were partially defective in targeting Swe1 to degradation, as
they showed higher Swe1 levels than wild-type cells throughout
the duration of the experiment. Because localization of Swel
is important for its turnover, we also analyzed this issue in the

2187

Dma proteins and Swe1 regulation |



wild type

dmalA dma2A

wild type dmalA dma2A
100 ..
80
5 00 &
] £
= =
40
& 99 a
0 T 1
L = 2 U — L= 0 30 60 90 120 150
time (min.) after a-factor time (min.) after o-factor release
—@— budded cells —a— cells with proper septin ring —l— cclls with divided nuclei ~ ==@== cells with Swel at the bud neck
wild type dmalA dma2A
time (min.) after a-factor release time (min.) after a-factor release
S v O v O 9] v O v O
> n O 1w o v oo A v 5 n O NN o v o O A N n
15 =) —_ N <t © >~ RN — o~ — - D O —~ 0 < O —_ = o —

L.

Swel-3HA

w"hnh-- RS-

The lack of Dma proteins causes Swe1 stabilization. Exponentially growing (cyc) cultures of SWE1-3HA
(ySP3427) and dma1A dma2A SWE1-3HA (yRF661) cells were arrested in G1 by o-factor and released from G1 arrest in
YEPD at 25°C (time 0), followed by a-factor readdition after 85 min. At the indicated times after release, cell samples
were taken for FACS analysis of DNA contents (A), for scoring budding, nuclear division, septin ring formation, and
Swe1-3HA localization (B), and for determining Swe1 levels by Western blot analysis with anti-HA and anti-Swi6 (loading
control) antibodies (C).

foregoing experiment (Figure 2B). As expected, Swe1 was found
transiently at the bud neck in a very small percentage (8% maxi-
mum) of wild-type cells due to the fact that Swe1 is targeted to

ment at the bud neck.

Swib

under unperturbed conditions, likely by acting after Swe1 recruit-

degradation as soon as it reaches that location (McMillan et al.,
2002). Conversely, bud neck localized Swe1 was detected in a sig-
nificant percentage (up to 38%) of dmalA dma2A cells. Thus the
Dma proteins seem to contribute to proper Swe1 down-regulation
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The Dma proteins are essential for Swe1 degradation in
response to DNA replication stress

Several mutants that are partially impaired in Swe1 inhibition, such
as hsl1A, hsl7A, cla4A, and cdc55A mutants, were reported to display
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FIGURE 3: Effect of the lack of Dma proteins on cell viability, cell morphology, and Swe1 stability in HU-treated cells.
(A) Serial dilutions of stationary-phase cultures of the indicated strains were spotted on YEPD plates containing the
indicated HU concentrations and incubated for 4 d at 25°C. Colony-forming units were then counted to determine cell
viability. Plotted values are the mean values + SD (bars) from three independent experiments. (B) Exponentially growing
cultures of wild-type (W303), dmaTA dma2A (ySP1569), and dma1A dma2A swe 1A (ySP3164) cells were transferred to
YEPD medium containing 200 mM HU at 25°C. After 7 h, cell samples were taken for cell morphology analysis (DIC) and
for in situ immunofluorescence analysis of nuclei, mitotic spindles (MTs), and septin ring deposition by using DAPI
staining, anti-tubulin antibodies and anti-Cdc11 antibodies, respectively. Bar, 5 pm. (C-E) Exponentially growing (cyc)
cultures of SWE1-3HA (ySP3427) and dma1A dma2A SWE1-3HA (yRF661) cells were arrested in G1 by o-factor and
released from G1 arrest at 25°C in YEPD medium containing 200 mM HU (time 0). At the indicated times, cell samples
were taken for FACS analysis of DNA contents (C), for scoring budding and septin ring formation (D), and for
determining Swe1 levels by Western blot analysis with anti-HA and anti-Swi6 (loading control) antibodies (E). (F) Protein
extracts of dmaTA dma2A SWE1-3HA cells grown for 3 h in HU-containing medium (input) were immunoprecipitated
with anti-HA antibodies and the immunoprecipitate was incubated for 30 min at 30°C with 20 units/pl lambda
phosphatase (PP) or with reaction buffer only (no PP).

Swe1-dependent hypersensitivity to the ribonucleotide reductase (Rosenkranz and Levy, 1965). In addition, dma 1A dmaZ2A cells turned
inhibitor hydroxyurea (HU) (Liu and Wang, 2006), which causes stall-  out to be more sensitive to HU than wild-type cells (Figure 3A), al-
ing of DNA replication forks due to deoxyribonucleotide depletion  though they were as sensitive as wild-type cells to treatments with
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methyl methanesulfonate, phleomycin, or UV radiation (unpublished
data). This HU hypersensitivity was not due to the inability of dma 1A
dmaZ2A cells to arrest the cell cycle progression through the S-phase
checkpoint, which prevents mitotic entry in response to HU (Weinert
et al., 1994). In fact, when cell cultures were released from o-factor
into HU-containing medium, neither dma1A dmaZ2A nor wild-type
cells elongated the mitotic spindle (Figure 3B and unpublished
data), as expected when the S-phase checkpoint is proficient. The
hypersensitivity to HU was not even due to defective recovery of
dmalA dma2A cells from the HU-induced arrest, because dmalA
dma2A cells released from a 120-min treatment with 200 mM HU
underwent mitotic spindle elongation after HU removal with kinetics
very similar to wild-type cells under the same conditions (Supple-
mental Figure S1). Thus the Dma proteins are not required for cell
recovery from HU, at least after exposure to HU for a short time. As
expected, similarly treated hs/1A cells, which are partially defective
in recovery from S-phase arrest (Liu and Wang, 2006), entered ana-
phase after HU removal with some delay compared with wild-type
cells (Supplementary Figure S1).

Incubation for 8 h in the presence of 200 mM HU caused wild-
type cells to accumulate as dumbbells with a big round bud, single
nucleus, short mitotic spindle, and normal septin ring (Figure 3B;
91% of 190 cells), as expected. Of interest, a significant percentage
of similarly treated dma1A dma2A cells (35% of 216 cells) accumu-
lated as cells with misshapen, elongated buds, single nucleus, short
mitotic spindle, and mispositioned septin rings (Figure 3B). In par-
ticular, HU-treated dmalA dma2A cells first assembled a proper
septin ring at the bud neck, but then a new septin ring appeared at
the bud tip, also causing a restriction in the growing bud, followed
by disassembly of the first assembled ring. This phenotype resem-
bles that of cells with misorganized septins and elevated Swe1 lev-
els (Gladfelter et al., 2005). Therefore both the elongated bud phe-
notype and the mispositioned septin ring might be caused by high
Swe1 levels causing low mitotic Cdc28-cyclin complex activity and
thus concomitantly inhibiting isotropic bud growth (Booher et al.,
1993) and allowing assembly of a new septin ring at the bud tip
(Gladfelter et al., 2005). Indeed, although the deletion of SWET only
partially suppressed the hypersensitivity to HU of cells lacking the
Dma proteins (Figure 3A), it restored both the round bud phenotype
and proper septin ring formation in the same cells (Figure 3B; 89%
of 205 cells), suggesting that their defects in morphology and septin
ring positioning were likely due to Swe1 accumulation.

To further investigate whether the Dma proteins are involved
in controlling Swe1 protein levels under DNA replication stress
conditions, synchronous cultures of wild-type and dma1A dma2A
cells expressing SWET-3HA were released from a-factor arrest
into HU-containing medium. After both cell cultures entered S
phase with similar kinetics, DNA replication was stalled because
of the lack of deoxyribonucletides, as shown by FACS analysis of
DNA content (Figure 3C). In addition, budding and septin ring
deposition after release in the presence of HU took place with
similar kinetics in the two strains (Figure 3D), although septin ring
deposition seemed to be slightly less efficient in dmaTA dma2A
than in wild-type cells. Swe1 levels increased in both cell cultures
after transfer to HU (Figure 3E) concomitantly with cells entering
S phase, and then Swe1 disappeared in wild-type cells, as previ-
ously reported (Enserink et al., 2006), ~90 min after transfer to
HU. It is striking that high levels of the same protein progres-
sively accumulated throughout the duration of the experiment in
dmalA dma2A cells, suggesting that the Dma proteins are re-
quired for Swel degradation in response to interrupted DNA
synthesis.
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Swe' seemed to undergo posttranslational modifications in HU-
treated dma1A dmaZ2A cells, as these cells accumulated Swe1 spe-
cies with low electrophoretic mobility (Figure 3E), which were tran-
siently observed also during an unperturbed cell cycle (Figure 2C).
Because Swe1 must be localized at the bud neck and phosphory-
lated by multiple kinases to be degraded (Keaton and Lew, 2006),
we asked whether the slowly migrating Swe1 species might be due
to phosphorylation events. Indeed, such species disappeared after
lambda phosphatase treatment of Swel immunoprecipitates from
HU-treated dmaTA dma2A cells (Figure 3F), indicating that the lack
of the Dma proteins allows accumulation of phosphorylated Swe1 in
the presence of HU.

The lack of the Dma proteins causes Swe1 accumulation

at the bud neck in HU-treated cells

Swel must be localized at the bud neck and interact with specific
factors to be phosphorylated, and this phosphorylation is essential
for subsequent Swe1 degradation (Sakchaisri et al., 2004). To fully
rule out the possibility that the Dma proteins might regulate Swe
degradation in HU-treated cells by controlling Swe1 localization,
we initially checked the localization at the bud neck of a functional
myc-tagged variant (Hsl1-18myc) of the Hsl1 kinase that is essen-
tial for Swe1 recruitment at the septin ring (Shulewitz et al., 1999;
Longtine et al., 2000). Hsl1 localization in HU-treated cells was un-
affected by the lack of Dma proteins, as 85% of wild-type cells (n =
250) and 86% of dmalA dmaZ2A cells (n = 260) showed precise
colocalization of Hsl1-18myc with the septin ring protein Cdc11
(Figure 4A).

We then analyzed directly Swe1 subcellular localization after in-
cubation for 3 h in the presence of HU of cells expressing SWET-
3HA. As expected, because treatment with HU triggers Swe1 deg-
radation (Enserink et al., 2006) (Figure 3E), Swe1 was undetectable
at the bud neck of wild-type cells under these conditions (Figure
4B). The same protein was instead properly localized at the bud side
of the mother-bud neck in 50% of dmalA dma2A cells (n = 170)
(Figure 4B), indicating that the lack of the Dma proteins stabilizes
Swe1 at the bud neck, in agreement with the previously observed
accumulation of Swe1 phosphorylated forms (Figure 3E).

These data are consistent with the accumulation of bud neck-
localized Swe1 that we previously observed in dmalA dma2A cells
undergoing an unperturbed cell cycle (Figure 2B), indicating that
the Dma proteins are somehow involved in promoting Swe1 release
from the bud neck.

Swe1 stabilization in HU-treated dmaTA dma2A cells is not
due to morphogenesis checkpoint activation

Perturbations of the septin ring architecture and/or actin cy-
toskeleton cause activation of the morphogenesis checkpoint
that prevents nuclear division by inhibiting Swe1 recruitment at
the bud neck and therefore Swe1 degradation (Keaton and Lew,
2006). For example, shift of temperature-sensitive cla4-75
mutant cells to the restrictive temperature (37°C) causes septin
ring defects (Kadota et al., 2004), which in turn trigger the acti-
vation of the morphogenesis checkpoint. As cells lacking the
Dma proteins show partial septin ring defects, we compared
Swe1 protein levels and localization in HU-treated dma 1A dmaZ2A
and cladA cla4-75 cells. Synchronous cultures of cells producing
Swe1-3HA were released from o-factor into HU-containing
medium at 37°C. As expected, Swe1 appeared to be stabilized
in both cell cultures (Figure 5A), but it was striking that it accu-
mulated phosphorylated forms (Figure 5A) and localized at
the septin ring (Figure 5B) specifically in dmalA dmaZ2A cells

Molecular Biology of the Cell
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FIGURE 4: The lack of Dma proteins causes Swe1 retention at the bud neck in HU-treated cells. Exponentially growing
cell cultures of HSL1-18MYC (ySP3157) and dma1A dma2A HSL1-18MYC (yRF672) strains (A) or SWE1-3HA (ySP3427)
and dmaTA dma2A SWE1-3HA (yRF661) strains (B) were transferred to YEPD medium containing 200 mM HU at 25°C.
After 3 h, nuclei and septin ring deposition were analyzed as in Figure 3, whereas Hsl1-18MYC and Swe1-3HA were
visualized by indirect immunofluorescence with anti-Myc and anti-HA antibody, respectively. Bar, 5 um.

and not in cla4-75 cells, where its stabilization is known to de-
pend on morphogenesis checkpoint activation (Longtine et al.,
2000).

We also analyzed Swe1 regulation in HU-treated cdc12-1 and
cdc12-6 conditional mutants, in which the morphogenesis check-
point is activated by septin ring disassembly (Barral et al., 2000).
Synchronous cell cultures producing Swel1-3HA were released
from a-factor into HU-containing medium at the permissive tem-
perature for the cdc12 mutants (23°C). As expected, cdc12-1 and
cdc12-6 cells were defective in septin ring deposition even at this
temperature (Figure 6A), consistent with the Cdc12 role in septin
ring architecture (Dobbelaere et al., 2003). Of importance, neither
septin mutant accumulated hyperphosphorylated Swe1 within 3 h
after release in the presence of HU, whereas high levels of slowly
migrating Swe species were detectable in similarly treated dma1A
dmaZ2A cells (Figure 6B). Accordingly, these conditions did not al-
low detection of Swe1 at the bud neck of cdc12 cells, whereas the
same protein colocalized with the septin ring in dmalA dma2A
cells (Figure 6C).

Taken together, the foregoing data strengthen the hypothesis
that the mechanism leading to Swe1 stabilization in cells lacking the
Dma proteins is different from the one triggered by morphogenesis
checkpoint activation and does not involve inhibition of Swe1 re-
cruitment at the bud neck.
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Because HU-treated dmalA dmaZ2A cells seemed to be slightly
impaired in septin ring deposition (Figure 3C), we wanted to fully rule
out the possibility that Swe1 stabilization in these cells might merely
be a consequence of septin ring problems. To this end, we stabilized
the septin ring in dmalA dmaZ2A cells by overexpressing the BNI5
gene, whose product acts as a septin regulator and has been impli-
cated in septin ring stabilization (Lee et al., 2002). Swe1-3HA-pro-
ducing cells that carried high—copy number plasmids, either empty
or containing BNI5, were grown under selective conditions for plas-
mid maintenance, arrested in G1 by o-factor, and then released from
G1 arrest into HU-containing medium. As shown in Figure 7, bud-
ding kinetics after release were similar in the two strains (Figure 7A).
Moreover, Swel accumulation in dmaTA dma2A cells carrying the
empty vector (Figure 7C) was similar to that previously observed in
isogenic cells without any plasmid (Figures 3E and 5A). It is striking
that high—copy number BNI5 suppressed the slight septin ring depo-
sition defect of dmaTA dma2A cells (Figure 7B), as expected, but did
not decrease the accumulation of phosphorylated Swe1 in the same
cells (Figure 7C). Thus Swe1 stabilization in HU-treated cells lacking
the Dma proteins is independent of septin ring defects.

The Dma proteins contribute to Swe1 ubiquitylation in vivo

Dma’ and Dma2 act as E3 ubiquitin ligases in vitro (Loring et al.,
2008), and Swe1 likely undergoes ubiquitylation in vivo, because
2191
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FIGURE 5: Different patterns of Swe1 stabilization in HU-treated
dmalA dma2A and cla4-75 cells. Exponentially growing (cyc) cell
cultures of dma1A dma2A SWE1-3HA (yRF661) and cla4-75 SWE1-
3HA (yRF690) strains were arrested in G1 by o-factor at 25°C (time 0)
and released from G1 arrest at 37°C in YEPD medium containing

150 mM HU. Samples were taken at the indicated times after release
for determining Swe levels (A) as in Figure 2C and in situ
immunofluorescence analysis (B) of nuclei, septin ring deposition, and
Swe1-3HA localization as in Figure 4. Representative micrographs
were taken at t = 180 min. Bar, 5 pm.

incubation of purified Swe1 with a ubiquitylation cocktail in the pres-
ence of wild-type cell lysates yields polyubiquitylated Swe1 (Kaiser
et al., 1998). Given that polyubiquitylated proteins are targeted to
proteasome-mediated degradation (Driscoll and Goldberg, 1990),
we wondered whether the Dma proteins might control Swe1 ubig-
uitylation. To address this question, wild-type SWET-3HA and
dmalA dma2A SWE1-3HA cells, as well as wild-type cells without
the SWET-3HA fusion, were transformed with a high-copy number
plasmid carrying a construct expressing 6xHIS-tagged ubiquitin
from the CUPT inducible promoter (2u CUP1-6xHIS-UBI4) (Callis
and Ling, 2005). Addition of 250 pM CuSOy to cultures of the trans-
formant clones, exponentially growing under selective conditions
(see Materials and Methods), was used to induce the CUPT pro-
moter, followed by addition, 30 min later, of the proteasome inhibi-
tor MG132 (Gaczynska and Osmulski, 2005) to promote accumula-
tion of ubiquitylated proteins. After 3 h, total protein extracts from
CuSOg-induced and uninduced cell cultures were prepared and in-
cubated with a Nickel resin that selectively binds 6xHIS-tagged pro-
teins and therefore purifies the ubiquitylated proteins in our induced
cell extracts. The resin eluates were then subjected to SDS-PAGE
and Western blot analysis with an anti-HA antibody to detect
Swel. These experimental conditions allowed Swe1 accumulation
in both wild-type SWET-3HA and dmalA dma2A SWET1-3HA cells
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FIGURE 6: Septin mutants do not accumulate hyperphosphorylated
Swe1 in the presence of HU. Exponentially growing (cyc) cultures of
SWE1-3HA (ySP3427), dma1A dma2A SWE1-3HA (yRF661), cdc12-1
SWE1-3HA (yRF816) and cdc12-6 SWE1-3HA (yRF828) cells were
arrested in G1 by o-factor at 23°C and released in YEPD medium
containing 200 mM HU. Samples were taken at the indicated times to
determine the kinetics of septin ring deposition (A), as well as Swe1
levels (B) by Western blot analysis with anti-HA (Swe1-3HA) and
anti-Pgk1 (loading control) antibodies, and for in situ
immunofluorescence analysis (C) of nuclei, septin ring, and Swe1-3HA
as in Figure 4. Representative micrographs were taken at t = 180 min.
Bar, 5 pm.

(Figure 8A, lanes 1-4), but Swe1 ubiquitylated forms, which clearly
accumulated in the wild-type eluates (Figure 8A, lane 8), were sig-
nificantly less abundant in the eluates deriving from similarly treated
dmalA dma2A cells (Figure 8A, lane 10). No bands were detected
either in the inputs or in the eluates of the wild-type strain that did
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FIGURE 7: Septin ring stabilization in dmaTA dma2A cells does not
restore Swe1 degradation in the presence of HU. Exponentially
growing (cyc) cultures of dmalA dma2A SWE1-3HA cells containing
the 2y plasmid YEplac181, either empty (YEp) (yRF714) or carrying
the BNI5 gene (YEp-BNI5) (yRF710), were grown at 25°C in synthetic
medium lacking leucine, arrested in G1 by a-factor, and released from
G1 arrest in YEPD medium containing 200 mM HU (time 0). Samples
were taken at the indicated times after release for determining the
kinetics of budding (A) and septin ring deposition (B) and for analysis
of Swe1 levels (C) as in Figure 2C.

not carry SWE1-3HA (lanes 5, 6, 11, and 12). Thus accumulation of
Swe1 ubiquitylated forms in cycling cells under conditions of pro-
teasome inhibition is at least partially dependent on Dmal and
Dma2.

We also tried to assess whether Swe1 accumulation in HU-treated
dmaTA dmaZ2A cells correlated with defective Swe1 ubiquitylation.
Unfortunately, we were unable to obtain significant results, as ubig-
uitylated Swe1 was undetectable in wild-type cells in the absence of
proteasome inhibitors, likely because it was immediately degraded.
On the other hand, combining HU with MG132 dramatically af-
fected cell growth under the conditions required for treatment with
the proteasome inhibitor (see Materials and Methods) and did not
allow recovery of acceptable Swe1 inputs even in wild-type cell ex-
tracts. Nonetheless, the foregoing data indicate that the lack of the
Dma proteins interferes with Swe1 ubiquitylation in vivo, suggesting
that these proteins might be involved in promoting this event.
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FIGURE 8: Swe?1 ubiquitylation is partially dependent on the Dma
proteins. (A) Exponentially growing cultures of wild-type SWE1-3HA
(yRF957) and dma1A dma2A SWE1-3HA (yRF959) cells, as well as of
wild-type cells not carrying the SWE1-3HA fusion (yRF1138; untagged
control), all containing a high-copy number plasmid with the
CUP1-6xHIS-UBI4 construct, were incubated for 3 h in the presence
of the proteasome inhibitor MG132 and with (lanes 2, 4, 6, 8, 10, and
12) or without (lanes 1, 3,5, 7, 9, and 11) 250 pM CuSQy, which
induces overproduction of 6xHIS-ubiquitin. Cells were then lysed, and
aliquots of the lysates were incubated with Ni-NTA beads to purify
the proteins bound by é6xHIS-ubiquitin (Ni pulldown). Bead eluates
were subjected to SDS-PAGE electrophoresis and Western blot
analysis with anti-HA antibodies. Equivalent aliquots of the lysates
were also loaded on the gel (input). The asterisk marks Swe1-
ubiquitylated bands. (B) A model for Swe1 down-regulation by the
Dma proteins. Swe1 is recruited by the Hsl1/Hsl7 complex to the
septin ring, where it interacts with the protein kinases Cla4 and Cdc5
and undergoes multiple phosphorylation events (P). Phosphorylated
Swe1 is then likely polyubiquitylated, followed by degradation. The
Dma1 and Dmaz2 proteins partially trigger this degradation by acting
after recruitment of Swe1 to the bud neck and its subsequent
phosphorylation, possibly by controlling, directly or indirectly, Swe1
ubiquitylation.

DISCUSSION

According to the prevailing model for Swe1 inactivation, Swe1 is
recruited to the bud neck, where it undergoes stepwise phosphory-
lations (Park et al., 2004; Sakchaisri et al., 2004; Asano et al., 2005),
which likely trigger Swe1 ubiquitylation and subsequent degrada-
tion. Swe1 inactivation, which relieves Swe1-dependent inhibition of
the Cdk catalytic subunit Cdc28, thus allowing nuclear division, is
crucial for coordinating proper bud morphology with cell cycle pro-
gression. Localization of the Hsl1/Hsl7 complex at the bud neck pro-
vides a platform for Swe1 degradation, which requires also the
Cdc55 regulatory subunit of PP2A (Yang et al., 2000). It is worth
mentioning that there is no conclusive evidence that Swe1 degrada-
tion is essential for mitotic entry, and that phosphorylation might
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be the key mechanism down-regulating Swe1, as happens for other
Wee1 family members (Harvey et al., 2005; Watanabe et al., 2005;
Okamoto and Sagata, 2007).

Here we show that also the FHA-RING ubiquitin ligases Dma'l
and Dma2 contribute to Swe1 down-regulation. In fact, their ab-
sence is lethal for cells lacking either Hsl1 or Cdc55. Moreover, cells
that concomitantly lack the Dma proteins and either Hsl1 or the
phosphatase Mih1, which counteracts Swe1-mediated Cdc28 phos-
phorylation, exhibit overelongated buds and growth arrest or very
slow growth, respectively. Given that these synthetic effects are re-
lieved by SWET deletion, the Dma proteins likely contribute to pro-
mote Swel turnover. Indeed, their absence partially impairs Swe1
degradation and localization during an unperturbed cell cycle, when
dmaTA dmaZ2A cells contain higher amounts than wild-type cells of
total and bud neck-localized Swe1, although they show wild-type
kinetics of Swe1 accumulation, phosphorylation, and degradation.
This larger Swe1 amount does not affect cell cycle progression of
unperturbed dma1A dmaZ2A cells, likely because multiple redundant
pathways down-regulate Swel. Accordingly, partially defective
Swe1 degradation in hs/1A or hsl7A mutants does not cause detect-
able G2 delay under unperturbed conditions (McMillan et al.,
1999).

Dma’ and Dma2 are involved in septin dynamics (Fraschini et al.,
2004), and a functional septin ring is required for Swe1 recruitment
to the bud neck and subsequent degradation (Theesfeld et al.,
2003). Thus septin ring defects in dmaTA dma2A cells might acti-
vate the morphogenesis checkpoint, which causes stabilization of
Swe1 by interfering with its localization at the bud neck (Longtine
et al., 2000). It is striking that Swe1 recruitment to the septin ring is
enhanced by the lack of the Dma proteins, which therefore likely
control Swel1 degradation by a mechanism that does not involve
Swe1 displacement from the bud neck.

Both DNA replication and mitotic spindle elongation are blocked
by the S-phase checkpoint that responds to stalled DNA replication
forks in wild-type cells treated with the DNA synthesis inhibitor HU
(Weinert et al., 1994). Swe1 is properly targeted to the bud neck and
degraded under these conditions, and these events seem to be es-
sential for proper cell recovery from HU. In fact, wild-type cells main-
tain normal cell morphology and high viability during HU-induced
S-phase block, whereas mutants defective in Swe1 degradation af-
ter HU treatment show abnormally elongated buds and low viability
under the same conditions (Enserink et al., 2006). We found that the
Dma proteins participate in Swel down-regulation in response to
DNA replication stress, and this regulation is important for cell sur-
vival and morphology. In fact, dma1A dma2A cells chronically treated
with HU are less viable than wild-type cells, form abnormally elon-
gated buds, and accumulate high amounts of Swel. Moreover,
SWET deletion fully restores proper cell morphology and partially
restores viability of HU-treated dmalA dmaZA cells. The latter
partial effect might suggest some specific role of the Dma proteins
in the DNA damage response, as shown for their human homologue
Rnf8 (Al-Hakim et al., 2010).

Activation of the morphogenesis checkpoint in HU-treated cla4-
75, cdc12-1 and cdc12-6 cells leads to accumulation of Swe1 that
does not localize at the bud neck and is not phosphorylated, as ex-
pected by the current model of morphogenesis checkpoint action
(for a review, see Keaton and Lew, 2006). On the contrary, HU-
treated dma1A dmaZ2A cells properly localize Hsl1 and Swe1 at the
septin ring and accumulate phosphorylated Swel. Moreover, the
septin ring defects of these cells are likely the consequence, and not
the cause, of Swe1 stabilization. In fact, BNI5 overexpression re-
stores a proper septin ring in HU-treated dmalA dma2A cells but
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does not change their pattern of Swe1 stabilization. Thus the mech-
anism by which the lack of Dma proteins causes Swe1 accumulation
under DNA replication stress is different from the one promoted by
morphogenesis checkpoint activation. This mechanism seems also
to be different from that involving the DNA damage checkpoint pro-
tein Rad53, which promotes Swel degradation in HU-treated cells
likely by acting on the septin ring (Enserink et al., 2006; Smolka
et al., 2006). In particular, the Dma proteins participate in a step of
Swe1 degradation that is downstream of Swel recruitment at the
division site and Swe1 subsequent phosphorylation (Figure 8B).

Swe1 is likely polyubiquitylated in vivo (Kaiser et al., 1998), sug-
gesting that its degradation occurs via the ubiquitin-proteasome
pathway. However, how bud neck-localized Swe1 is targeted to
degradation after phosphorylation is unclear. Specific E3 ubiquitin
ligases, among which are the key yeast cell cycle regulators Skp1-
cullin-F box (SCF) and anaphase-promoting complex APC, dictate
the specificity of substrate recognition for ubiquitin conjugation (for
review, see Deshaies and Joazeiro, 2009). Intensive analysis of yeast
strains bearing F-box gene deletions that abolish SCF substrate
specificity failed to identify ubiquitin ligases directly required for
Swel ubiquitylation (McMillan et al., 2002). On the other hand,
whether APC has a role in Swe1 degradation is unclear. In fact, Swe1
degradation was not affected by spindle checkpoint-mediated APC
inactivation (Sia et al., 1998), whereas it was suggested to partially
involve APC by a later study (Thornton and Toczyski, 2003). In addi-
tion, stable Swe1 variants have been described that show proper
bud neck localization, phosphorylation, and interaction with known
Swe1 regulators (McMillan et al., 2002), suggesting the existence of
still unknown Swe1 regulators.

Our data indicate that the Dma1 and Dma2 ubiquitin ligases,
whose absence allows accumulation of Swe1 under conditions that
normally trigger its degradation, might be involved in Swe1 ubiqui-
tylation. In fact, the amount of ubiquitylated Swe1 species that ac-
cumulate under proteasome-inhibiting conditions is strongly re-
duced in cells lacking these proteins compared with wild-type cells.
In spite of our efforts to unravel in vivo physical interactions be-
tween Swel and Dma’ or Dma2, further experiments will be re-
quired to assess whether the Dma proteins directly ubiquitylate
Swel. It is important to point out that both ubiquitylation of Swe1
and its release from the bud neck are inhibited in the absence of
the Dma proteins, indicating that these events might be coupled
(Figure 8B).

Swel down-regulation appears to be essential for cell viability,
based on the toxic effects of Swe1 overproduction (Lim et al., 1996)
and on the Swe1-dependent synthetic lethality caused by concomi-
tant impairment of different Swe1 down-regulatory pathways (Park
et al., 2003; Sakchaisri et al., 2004, this work). Given that dmalA
dmaZA cells are viable, other yet unidentified ubiquitin ligases likely
ubiquitylate Swe1 under unperturbed conditions. Nonetheless,
Dma-dependent control of Swe1 degradation is crucial for Swe1
down-regulation under DNA replication stress, indicating a further
important role in cell protection for these evolutionarily conserved
proteins.

MATERIALS AND METHODS

Strains, media and reagents, and genetic manipulations

Al yeast strains (Table 2) were derivatives of W303 (ade2-1, trp1-1,
leu2-3112, his3-11,15, ura3, ssd1) or were backcrossed at least three
times to W303. Cells were grown in either synthetic minimal me-
dium supplemented with the appropriate nutrients or 1% yeast ex-
tract, 2% bactopeptone, 50 mg/l adenine (YEP) medium supple-
mented with 2% glucose (YEPD). Unless otherwise stated, a-factor
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Name Relevant genotype

ySP1569  MATa, dmal::KITRP1, dma2::KILEU2

ySP1570  MATea, dma1::KITRP1, dma2::KILEU2

ySP2586  MATa, mih1::LEU2

ySP3157 MATa, HSL1-myc18::KITRP1

ySP3164  MATa, dma1::KITRP1, dma2::KILEU2, swe1::LEU2

ySP3427 MATa, SWE1-HA3::KIURA3

yRF661 MATa, dma1::KITRP1, dma2::KILEU2, SWE1-
HA3:KIURA3.

yRF672  MATa, dma::LEU2K], dma2::HPHMX, HSL1-
myc18:KITRP1

yRF690 MATa, clad::kanMX4, SWE1-HA3::klURA3 [CEN-
TRP1-clad4-75]

yRF710 MATa, dmal::KITRP1, dma2::HPHMX, SWE1-
HA3::KIURA3 [2p LEU2-BNI5]

yRF714 MATa, dmal::KITRP1, dma2::HPHMX, SWE1-
HA3::KIURAS3 [2p LEUZ]

yRF816 MATa, cdc12-1, SWE1-HA3::KIURA3

yRF828 MATa, cdc12-6, SWE1-HA3::KIURA3

yRF852 MATa, dma1::KITRP1, dma2::HPHMX, mih1::LEU2

yRF862 MATa, SWE1-HA3::KIURA3, hsl1::MET3-
HSL1::TRP1

yRF865 MATa, SWE1-HA3::KIURA3, dma1::LEU2KI,
dmaZ2::HPHMX, hsl1::MET3-HSL1::TRP1

yRF957 MATa, SWE1-HA3::KIURA3 [2u TRP1-CUP1-6xHIS-
UBI4]

yRF986 MATa, dmal::LEU2KI, dma2::HPHMX, hsl1::MET3-
HSL1::TRP1, swel::LEU2

yRF959 MATa, SWE1-HA3::KIURA3, dma1::LEU2KI,
dma2::HPHMX, [2u TRP1-CUP1-6xHIS-UBI4]

yRF1042  MATa, dmal::KITRP1, dma2::HPHMX, mih1::LEU2,
swel::kanMX4

yRF1138 MATa [2p TRP1-CUP1-6xHIS-UBI4]

TABLE 2: Strains used in this study.

was used at 2 pg/ml and hydroxyurea at 200 mM, and the experi-
mental temperature was 25°C.

Standard techniques were used for genetic manipulations
(Sherman, 1991; Maniatis et al., 1992). Gene deletions were gener-
ated by one-step gene replacement (Wach et al., 1994). One-step
tagging techniques were used to create 3HA- and 18MYC-tagged
variants of Swel and Hsl1 (Janke et al., 2004). All gene replace-
ments and tagging were controlled by PCR-based methods or
Southern blot analysis.

Fluorescence microscopy

In situ immunofluorescence was performed on formaldehyde-fixed
cells. Nuclei were visualized by staining with 4’,6-diamidino-2-phe-
nylindole (DAPI), 0.05 pg/ml. Visualization of septin rings was per-
formed using anti-Cdc11 polyclonal antibodies (1:200; Santa Cruz
Biotechnology, Santa Cruz, CA), followed by indirect immunofluo-
rescence with Alexa Fluor 488-conjugated anti-rabbit antibody
(1:100; Invitrogen, Carlsbad, CA). In situ immunofluorescence of
Swe1-3HA and Hsl1-18MYC was carried out using 12CA5 and 9E10
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monoclonal antibodies, respectively, as previously described
(Fraschini et al., 2006), except for the use of tertiary CY3-conjugated
antibodies (1:500; Santa Cruz) to visualize Swe1. To detect spindle
formation and elongation, o-tubulin immunostaining was performed
with the YOL34 monoclonal antibody (1:100; AbD Serotec, Raleigh,
NC), followed by indirect immunofluorescence using Pierce rhod-
amine-conjugated anti-rat antibody (1:500; ThermoFisher Scientific,
Waltham, MA). Digital images were taken with a Leica DC350F
charge-coupled device camera mounted on a Nikon Eclipse 600
and controlled by the Leica FW4000 software or with the Meta-
Morph imaging system software on a fluorescent microscope
(Eclipse 90i; Nikon Instruments, Melville, NY), equipped with a
charge-coupled device camera (CoolSNAP; Photometrics, Tucson,
AZ) with an oil 100X 0.5-1.3 PlanFluor oil objective (Nikon).

Protein extracts and analysis

For most experiments total protein extracts were prepared by
trichloroacetic acid (TCA) precipitation as previously described
(Piatti et al., 1996). For the phosphatase treatment in Figure 2C pro-
tein extracts were made in the following breaking buffer: 50 mM
HEPES, 150 mM NaCl, 20% glycerol, 5 mM EDTA, 60 mM
B-glycerophosphate, and 1 mM Na orthovanadate, supple-
mented with protease inhibitors (Complete; Boehringer, Manheim,
Germany). Swe1-3HA was immunoprecipitated from 1 pg of cleared
extracts on incubation with the 12CA5 anti-HA antibody for 1 h at
4°C, followed by incubation with protein A-Sepharose for 1 h at
4°C. The slurry was washed three times in phosphate-buffered sa-
line, resuspended in 60 pl of phosphatase buffer containing 20 U of
lambda phosphatase (New England Biolabs, Ipswich, MA) and
2 mM MnCl,, and incubated 30 min at 30°C before loading.

For Western blot analysis, proteins were transferred to Schleicher
and Schuell Protran membranes (Whatman, Piscataway, NJ) and
probed with Molecular Probes monoclonal antibodies 12CAS (anti-
HA; 1:3000) and 22C5D8 (anti-Pgk1; 1:40,000) (Invitrogen) or with
polyclonal anti-Swié antibodies (1:100,000), as previously described
(Fraschini et al., 2004). Amersham secondary antibodies were pur-
chased from GE Healthcare Bio-Sciences (Piscataway, NJ), and pro-
teins were detected by an enhanced chemiluminescence system
according to the manufacturer.

Detection of ubiquitin conjugates in vivo

For the experiments involving the expression of éxHIS-ubiquitin,
cells were grown to log phase at 25°C in selective medium contain-
ing 0.17% yeast nitrogen base without ammonium sulfate, 0.1% L-
proline, and 2% glucose, followed by dilution to 8 x 10¢ cells/ml in
the same medium containing also 0.003% SDS, as described (Liu
etal., 2007). After further incubation for 3 h, 6xHIS-ubiquitin expres-
sion was induced by addition of 250 uM CuSO4 to half of each cul-
ture, and 75 uM MG132 (C2211, supplied by Sigma-Aldrich, St.
Louis, MO) was added 30 min later to all cultures. After 3 h more,
yeast cells were then washed in water, and protein extracts were
prepared under denaturing conditions as described (Yaffe and
Schatz, 1984), TCA precipitates were resuspended in buffer A (6 M
guanidium, 100 mM NaPOy, pH 8, 10 mM Tris-HCI, pH 8), and the
debris was removed by centrifugation. Ni-pull down was performed
as described (Ulrich and Davies, 2009). Briefly, lysates were incu-
bated overnight at room temperature with Ni-NTA agarose beads
(Qiagen, Valencia, CA) in the presence of 15 mM imidazole and
0.05% Tween 20. Beads were then washed twice with buffer A plus
0.05% Tween 20 and four times with buffer C (8 M urea, 100 mM
NaPOy, pH 6.3, 10 mM Tris-HCI, pH 6.3, 0.05% Tween 20). Bound
proteins were eluted by addition of 30 pl of HU buffer (8 M urea,
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200 mM Tris-HCI, pH 6.8, 1 mM EDTA, 5% SDS, 0.1% bromophenol
blue, 1.5% dithiothreitol) and then subjected to SDS-PAGE followed
by Western blot analysis with the 12CA5 anti-HA antibody.
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