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suppressors that prevent aberrant mitosis.
Results: Dmal targets the cyclin Pcll for destruction.

cellular functions of these enzymes.
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(Background: Dma ubiquitin ligases control the cell cycle in diverse organisms. In humans, these enzymes act as tumor

Conclusion: Dmal ubiquitin ligase activity controls stability of G, cyclins.
Significance: Pcll is the second reported substrate for Dmal enzymes. Uncovering new Dmal substrates could help to elucidate

J

Progression through the G, phase of the cell cycle is con-
trolled by diverse cyclin-dependent kinases (CDKs) that might
be associated to numerous cyclin isoforms. Given such complex-
ity, regulation of cyclin degradation should be crucial for coor-
dinating progression through the cell cycle. In Saccharomyces
cerevisiae, SCF is the only E3 ligase known to date to be involved
in G, cyclin degradation. Here, we report the design of a genetic
screening that uncovered Dmal as another E3 ligase that targets
G, cyclins in yeast. We show that the cyclin Pcl1 is ubiquitinated
in vitro and in vivo by Dmal, and accordingly, is stabilized in
dmal mutants. We demonstrate that Pcll must be phosphory-
lated by its own CDK to efficiently interact with Dmal and
undergo degradation. A nonphosphorylatable version of Pcll
accumulates throughout the cell cycle, demonstrating the phys-
iological relevance of the proposed mechanism. Finally, we pres-
ent evidence that the levels of Pcll and Cln2 are independently
controlled in response to nutrient availability. This new previ-
ously unknown mechanism for G, cyclin degradation that we
report here could help elucidate the specific roles of the redun-
dant CDK-cyclin complexes in G;.

In all eukaryotic organisms, progression through the G,
phase of cell cycle is controlled by diverse cyclin-dependent
kinases (CDKs)* associated to numerous isoforms of cyclins. In
budding yeast, the passage through G, is mediated by two
CDKs: Cdc28, associated to the cyclins Clnl and Cln2, and
Pho85 associated to Pcll and Pcl2. These two sets of cyclins are
transcribed at the same moment (named START), by the same

* This work was supported by Spanish Ministry of Science and Innovation
Grant BFU 2009-09278, now known as the Ministry of Economy and
Competitiveness.

(51 This article contains supplemental data.

' Supported by a post-graduate Junior Faculty fellowship from the Universi-
tat Internacional de Catalunya and I'Obra Social la Caixa.

2 Both authors contributed equally to this work.

3 To whom correspondence should be addressed. Tel.: 34-935042015; Fax:
34-935042001; E-mail: jclotet@uic.es.

“The abbreviations used are: CDK, cyclin-dependent kinase; SCF, Skp1/
Cdc53/F box protein; Glu-6-PDH, glucose-6-phosphate dehydrogenase.

4704 JOURNAL OF BIOLOGICAL CHEMISTRY

transcription factors, and it is assumed to be destroyed by the
same ubiquitin ligase system (1).

Pcls-CDK complexes could perform the same redundant
functions as Clns complexes. Indeed, a clnl cln2 pcll pcl2 strain
is unviable: it fails to extend a discernible bud, and has a large
amorphous shape (2). Moreover, most of the Pho85 substrates
involved in G, cell cycle progression are also substrates of
Cdc28: there is evidence for phosphorylation of Sicl, Swi5,
Ashl, Whi5, Rga2, and CIb6 by both Pcl-Pho85 and Cln-Cdc28
(2-7). The question arises as to why cells need Pho85 when
Cdc28 alone appears able to execute essential cell cycle func-
tions. Andrews and collaborators (2) have suggested that phos-
phorylation by Pho85 regulates proteins as Cdc28 does, but
under different conditions. For example, in the context of DNA
damage, the Pho85-Pcll complex is the only one active, and
hence, is essential for restarting the cell cycle in G; (4).
Although, the mechanisms that enable the alternating presence
of these cyclins remain unknown, selective ubiquitination and
degradation are believed to be involved.

The E3 ubiquitin ligase complexes, anaphase-promoting
complex and SCF (Skp1/Cdc53/E-box protein) control the two
main cell cycle transitions. The former ubiquitinates Clb
cyclins after mitosis (5, 6), and the latter targets Cln1 and Cln2
after G, (7). A variety of SCFs exist, each of which has a different
F-box protein; in fact, the Saccharomyces cerevisiae genome
contains at least 17 putative F-box proteins, suggesting that, in
eukaryotes, the SCF system could control numerous regulatory
processes. Under standard growth conditions (YPD at 30 °C)
ClIn2 is targeted by the SCF-Grr1 system; the fact that Grrl also
regulates nutrient homeostasis (8) suggests that Grrl could be
the link between nutrient sensing and Cln2 turnover (9).
Although Pcls are assumed to be degraded by the same ubiqui-
tin-ligase system, the E3 ligase involved in Pcll destruction is
unknown.

The specificity of F-box interactions could depend on spe-
cific destruction box signals present in their substrates. In this
regard, a motif present in the Cln2 sequence has recently been
described that enables interaction with Grrl (10). Moreover,
this interaction also depends on previous substrate modifica-
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tion; for example, the destruction of cyclins usually depends on
phosphorylation by its own CDK in specific regions with a high
content of Pro, Glu, Ser, and Thr, the so-called PEST domains.
Indeed, CIn2 mutated at the seven potential Cdc28 phosphor-
ylation sites is highly stabilized and render cells insensitive to
nutrient and growth inhibitory signals (11). Hence, it is
accepted that the instability of Cln cyclins derives from Cdc28-
dependent phosphorylation of the cyclin subunit, which allows
the interaction of the SCF-Grrl in a specific domain of Cln2
(10,12, 13). A similar model has been proposed for mammalian
cells, based on findings reported for G; cyclins E and D1 (14—
16). This model might also be applied to the other group of G,
cyclins: the Pcls. However, Pcll has neither the Grr1 interaction
domain proposed in Cln2, nor any PEST sequence, suggesting
that an E3 ligase other than SCF might be involved in Pcll
targeting.

Yeast contains a high number of E3 ligases, some of which are
involved in cell-cycle control. These include Dmal and Dma2,
which belong to a small class of proteins that contain a Fork-
head-associated (FHA) domain, as well as a RING domain (for
review see Ref. 17), of which there are two in humans: Chfr
(CHeckpoint protein with FHA and RING domains, (18) and
Rnf8 (19). Chfr is a tumor suppressor protein implicated in the
antephase checkpoint (18, 20). During the G, phase, Dmal and
Dma2 help control the spindle position checkpoint (21) and
Swel degradation (22), whereas in G, the two genes control G,
progression in response to nutrients by an unknown mecha-
nism (23). Moreover, Dmal and Dma2 have been described to
have ubiquitin ligase activity in vitro (23) although their physi-
ological targets are unknown.

Herein we demonstrate that Pcll is targeted in vitro and in
vivo by Dmal, and not by Grrl. We uncovered a possible Dmal
docking site sequence required for Pcll degradation. Also, we
determined that degradation of Pcll requires phosphorylation
at specific residues of its sequence by its own CDK. Finally, we
present evidence that Pcll levels change in response to nutrient
source through Dmal. The novel mechanism for G, cyclin deg-
radation that we report here could help to elucidate the specific
roles of the redundant CDK-cyclin complexes in Gj.

EXPERIMENTAL PROCEDURES

Yeast Strains—The strains used in this study are listed in
Table 1.

Plasmids—PCL1-TAP and its derivative pcl1 2A (with Thr*°-
Ala and Ser*3-Ala substitutions) were expressed from its own
promoter in the centromeric plasmid pRS416. The Pcll, pcll
2A, pcll 4A (with Ser'*-Ala, Thr”°-Ala, Ser''”-Ala, and Ser'*%-
Ala substitutions), pcl1 DDD* (with Val*'-Asn and Pro®*-Asn
substitutions), and pc/1 DDDA (with a gap between amino acids
Leu®® and Asn®®) were cloned in pGEX6P1 to be expressed in
Escherichia coli, and cloned in pRS416 to be expressed in S.
cerevisiae. PHO85 was cloned in pEG-KG multicopy plasmid to
be overexpressed under control of the GALI promoter and
cloned in pGEX6P1 to be expressed in E. coli. PCL9 and DMA 1
genes were cloned in centromeric plasmids (pRS416 and
pRS426, respectively) and expressed from their own promoters.
DMA1 was expressed in E. coli from pGEX6P1. pGEX6P1::Sicl
construction was previously described in Ref. 24.
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TABLE 1
Yeast strains used in this study
Strain  Background Genotype Source
BY4741 MATa his3A1 leu2A 200 met15 A O Euroscarf
ura3 A 0
W303-1a MATa ura3-52; trplA2 leu2—-3,112 Euroscarf
his3—11 ade2—1 canl1-100
BY4741 Dasl:KanMX Euroscarf
BY4741 Dia2::KanMX Euroscarf
BY4741 Mfb1:KanMX Euroscarf
BY4741 Rad9:KanMX Euroscarf
BY4741 Reyl:KanMX Euroscarf
BY4741 Safl:KanMX Euroscarf
BY4741 Ubc4::KanMX Euroscarf
BY4741 Ubcl3:KanMX Euroscarf
BY4730 Ufol:KanMX Euroscarf
BY4741 ydri3lc:KanMX Euroscarf
BY4741 ylr224w:KanMX Euroscarf
BY4741 ymr258c:KanMX Euroscarf
BY4741 ydr306c::KanMX Euroscarf
BY4741 ynil311c:KanMX Euroscarf
BY4741 ylr352w:KanMX Euroscarf
YSH75  BY4741 grrl:KanMX This study
YPC639 BY4741 dmal:KanMX This study
YPC651 BY4741 dma2:KanMX This study
YPC748 BY4741 dmal:LEU2 dma2:KanMX This study
YAM42 BY4741 pho85:URA3 This study
YAM78 BY4741 pho85:LEU2 This study
YSH87  BY4741 CLN2-TAP:KanMX This study
YSH98  BY4741 CLN2-TAP:KanMX This study
PCLI-TAP:URA3
YPC708 BY4741 DMAI-TAP:HIS3 Euroscarf
YSH82  BY4741 PCLI1-TAP:HIS3 Euroscarf
YSH83  BY4741 PCLI-TAP:HIS3 pho85::UIRA3 This study
YSH5 BY4741 PCLY9-TAP:KanMX This study
YSH12  BY4741 PCL9-TAP::KanMX pho85::URA3 This study
YAN31 W303-1a SIC1-MYC::TRP1 Posas lab
CLN2-HA:KanMX:NAT
YSH119 W303-1a SICI-MYC::TRP1 This study

CLN2-HA:KanMX::NAT
PCLI-HA:KAN

Growth Conditions, Cell Synchronization, and Cytometry
Analysis—Cells were grown in either YPD medium (1% yeast
extract, 2% peptone, and 2% glucose) or in complete synthetic
dextrose (SD) medium (0.67% yeast nitrogen base and 2% glu-
cose) containing amino acids for auxotrophic requirements (15
mg/ml of leucine, 5 mg/ml of histidine, and 10 mg/ml of tryp-
tophan) supplemented with either 2% dextrose or 2% raffinose
(when indicated). Galactose induction was accomplished by
initial growth in SC plus raffinose, followed by an addition of 2%
galactose. a-Factor cell synchronization experiments were car-
ried out as previously described (25). Flow cytometry analysis
was performed on yeast cells stained with SYBR Green.

Genetic Screening—19 strains defective in different ubquiti-
nation systems (indicated in the Table 1) were transformed
with a centromeric plasmid carrying PCLI-HA and the levels of
Pcll from exponential growing cells were analyzed.

Immunoblot Analysis—Proteins were detected using the fol-
lowing primary antibodies: anti-PAP 1:4,000 (Sigma, P1291),
anti-GST 1:1,000 (GE Healthcare, 27-4577-01), anti-HA mono-
clonal antibody 1:100 (a gift from Posas Lab), anti-ubiquitin
1:1,000 (Cell Signaling, 3936), anti-FLAG M2 1:500 (Sigma,
F3165), or anti-Glu-6-PDH 1:500 (Sigma, A9521). The second-
ary antibodies used were: donkey anti-goat HRP, sheep anti-
mouse HRP, and goat anti-rabbit HRP, all at 1:25,000 (all from
Jackson laboratories). Immunoblots were developed using
Luminata Forte Western HRP Substrate (Millipore) and images
were taken with GeneSnap (Syngene) and quantified with
GeneTools (Syngene).
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RNA Isolation and Analysis—Cells were harvested and
stored at —80 °C. Total RNA was isolated by hot phenol extrac-
tion and quantified spectrophotometrically. 2 mg of total RNA
were incubated with DNase and reverse transcribed using
Quanta qScript cDNA SuperMix according to the manufactur-
er’s instructions. The cDNA was subjected to RT-PCR on a
C1000 thermal cycler CFX96 RT system, and expression was
normalized to CDC28.

Inhibition of Proteasome—Inhibition of proteasome was per-
formed as described (26).

Protein Stability Assay—The stability of the proteins was
essentially determined as in Ref. 27. Cycloheximide (Sigma,
C4859) was used at a final concentration of 10 mg/ml.

Co-immunoprecipitation of GST-Pho85 and Dmal-TAP
from Yeast Extracts—Yeast cells were grown exponentially for
4 h in SC with 2% raffinose. Gene expression was then induced
for 4 h by adding galactose at a final concentration of 2%. Cells
were harvested (500 ml, A4, = 1.2), and resuspended in 5 ml of
cold extraction buffer A (50 mm Tris, pH 8, 15 mm EDTA, 15
mwm EGTA, and 0.1% Triton X-100) containing protease inhib-
itors (2 mg/ml of pepstatin, 2 mg/ml of leupeptin, 1 mm PMSF,
and 1 mm benzamidine), phosphatase inhibitors (10 mm sodium
orthovanadate, 25 mm 3-glycerophosphate, 1 mm sodium pyro-
phosphate, and 10 mm sodium fluoride), and 2 mm DTT. Cells
were ruptured with glass beads in the FastPrep-24 (Qbiogene, 6
times for 30 s at speed 5) and lysates were clarified by centrifu-
gation at 4 °C for 1 h at 12,000 X g and quantified by the Brad-
ford assay (Bio-Rad Laboratories). 3 mg of crude extracts were
incubated for 4 h at 4 °C with 200 ul of glutathione-Sepharose
beads (GE Healthcare Life Sciences, 17-0756-05). After wash-
ing with buffer A, the proteins bound to the beads were resus-
pended in 30 ul of SDS-PAGE sample buffer, heated at 95 °C for
5 min, and loaded onto SDS-PAGE gels.

In Vitro Binding Assay—Recombinant versions of GST-Pcl1
were purified as described above. The glutathione-Sepharose
beads were incubated with yeast cell extracts at 4 °C for 1 h.
Beads were washed with buffer A and evaluated by immunoblot
analysis.

In Vitro Ubiquitination Assay—GST-Dmal protein ubiqui-
tin (Ub) ligase activity assays were carried out essentially as
described (23). The E1 enzyme (Ubal) and the E2 complex
(HIS¢,-Ubc13, HIS -Mms2) used were from Boston Biochem.
The E2 enzyme Ubc4 was purified in our laboratory as a recom-
binant protein. The E3 GST-Dmal and the substrate GST-Pcl1
were also purified as described above and N terminally FLAG-
tagged using Ub (Sigma, U5382). The reaction was incubated
for 5 hat 37 °C, and the ubiquitinated species were separated on
4-15% SDS-PAGE gradient gels.

In Vivo Ubiquitination Assays—Pcll was tagged at the C ter-
minus with HIS; -HA-ProtA and overexpressed from the
GALL1 promoter. Tagged proteins were purified using the pro-
tocol described in Ref. 28, under fully denatured conditions.

In Vitro Kinase Assays—Kinase assays were performed as
previously described (29). Phosphorylated proteins were
detected using the Pro-Q Diamond phosphoprotein gel stain
kit (Invitrogen).

Phos-tag Gels—10 to 20 ug of protein from cell extracts were
separated in 7% polyacrylamide/SDS gels with 10 mm Phos-tag
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(Wako, 304-93521) plus 20 mm MnCl, according to the manu-
facturer’s instructions.

LC-MS/MS Analysis—In vitro ubiquitination reactions were
performed as described above and reaction products were sep-
arated by SDS-PAGE on a 10% gel. Gel regions corresponding
to ubiquitinated proteins were excised from the gel, reduced,
alkylated, trypsinized, and analyzed using a LTQ-Orbitrap
Velos mass spectrometer (Thermo Fisher Scientific, San Jose,
CA) coupled to an EasyLC (Thermo Fisher Scientific (Proxeon),
Odense, Denmark). Peptides were loaded directly onto the ana-
lytical column at 1.5-2 ul/min using a wash volume of 4 to 5
times injection volume and separated by reversed-phase chro-
matography usinga 12-cm column with an inner diameter of 75
pm, packed with 5-um C18 particles (Nikkyo Technos Co.,
Ltd., Japan). Chromatographic gradients started at 97% buffer
A and 3% buffer B with a flow rate of 300 nl/min, and gradually
increased to 93% buffer A and 7% buffer B in 1 min, and to 65%
buffer A/35% buffer B in 60 min. After each analysis, the col-
umn was washed for 10 min with 10% buffer A/90% buffer B.
Buffer A was 0.1% formic acid in water. Buffer B was 80% ace-
tonitrile + 0.1% formic acid in water.

The mass spectrometer was operated in positive ionization
mode with nanospray voltage set at 2.2 kV and source temper-
ature at 250 °C. Ultramark 1621 for the FT mass analyzer was
used for external calibration prior the analyses. Moreover, an
internal calibration was also performed using the background
polysiloxane ion signal at m/z 445.1200. The instrument was
operated in DDA mode and full MS scans with 1 microscan at a
resolution of 60,000 were used over a mass range of m/z 100 —
2000 with detection in the Orbitrap. Auto gain control was set
to 1E®, dynamic exclusion (60 s) and charge state filtering dis-
qualifying singly charged peptides was activated. In each cycle
of DDA analysis, following each survey scan the top 20 most
intense ions with multiple charged ions above a threshold ion
count of 5000 were selected for fragmentation at normalized
collision energy of 35%. Fragment ion spectra produced via col-
lision-induced dissociation were acquired in the Ion Trap, auto
gain control was set to 5e*, isolation window of 2.0 m/z, activa-
tion time of 0.1 ms, and maximum injection time of 100 ms was
used. All data were acquired with Xcalibur software version 2.2.

Data Analysis—Raw MS/MS spectra were interpreted with
the Proteome Discoverer (version 1.3.0.339, Thermo Fisher
Scientific) software suite for peptide identification using
Sequest (version 1.20) as the search engine. The data were
searched against an in-house generated database containing
the 6 proteins present in the in vitro assay (Pcll, Dmal, Ubc13/
Mms2, Ubal, and GST). A precursor ion mass tolerance of 7
ppm was applied and up to three missed cleavage sites for tryp-
sin were allowed. The fragment ion mass tolerance was set to
0.5 Da. Oxidation of methionine, ubiquitination (Gly-Gly) in
lysine, and protein acetylation at the N-terminal were defined
as variable modification; carbamidomethylation on cysteine
was set as fixed modification. All spectra were manually
validated.

Statistical Analysis—Data were expressed as mean *= S.D.
Statistical significance was determined by Student’s test for the
difference between two normal groups. p > 0.05 was consid-
ered significant.
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FIGURE 1. CIn2 and Pcl1 disappear with different kinetics. Strain YSH98
(double-tagged: CLN2-TAP and PCL1-TAP) was synchronized at G, with a-fac-
tor and released in YPD at time 0. Samples were collected at the indicated
times and then subjected to several analyses. A, CIn2 and Pcl1 protein levels
were analyzed by immunoblotting using monoclonal antibodies against
TAP-tag; Glu-6-PDH (G6PDH) detection was used as a loading control. B, quan-
tification of panel A. Data =+ S.D. from 3 independent experiments are shown.
G, flow cytometry analysis of DNA content of samples from panel A. D, RNA
levels of CIn2 and Pcl1 of samples from panel A. Average from two independ-
ent experiments is shown.

RESULTS

Turnover of Cln2 and Pcl1 Are Differently Regulated—The G,
cyclins Cln2 and Pcll might act in different physiological situ-
ations suggesting that their levels could be differently regulated
by uncovered mechanisms. Thus, to elucidate these mecha-
nisms, we examined the levels of the two proteins in a synchro-
nous population of cells as they traversed G;.

To this end, a double TAP-tagged strain was synchronized in
G, and then released into the cell cycle. As described, both
cyclins appeared simultaneously at 20 min after release (Fig. 1,
A and B), which was 10 min before the cells enter into S phase
(Fig. 1C). Surprisingly, however, the two cyclins disappeared
with different kinetics (Fig. 1B), Pcll was degraded faster than
CIn2. Interestingly, we observed the same result in a strain in
which both genes had been tagged with the shorter tag HA,
ruling out the possibility that this effect was due to the presence
of a specific tag (not shown).
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FIGURE 2. Pcl1 is more stable in the absence of Dma activity. A, Pcl1 levels
increased in the presence of proteasomal inhibitors. Cells of strain YSH82
were incubated with either MG132 (a proteasome inhibitor) or a drug vehicle
(DMSO). 60 min later, samples were taken and Pcl1-TAP protein levels were
analyzed by immunoblotting using monoclonal antibodies against TAP-tag.
Two different exposures of the immunoblot are shown. As in the rest of the
panels, Glu-6-PDH (G6PDH) detection was used as a loading control. B, rela-
tive amounts of Pcl1 in wild type, grr1A, and dma1A dma2A strains. Cells were
grown exponentially in rich media, and Pcl1-TAP levels were detected by
immunoblotting using monoclonal antibodies. C, Pcl1 stability measure-
ments. The indicated strains were grown exponentially in rich media and
cycloheximide was added to the medium at time 0. Samples were taken at the
indicated times and analyzed for Pcl1-TAP levels by immunoblotting using
monoclonal antibodies. D, quantification of panel C. Data = S.D. from 3 inde-
pendent experiments are shown. *, p > 0.05 versus WT. E, Pcl9 stability mea-
surements were carried out as in panel C. F, quantification of panel E. Data +
S.D. from 3 independent experiments are shown.

CLN2 and PCL1 are transcribed simultaneously in G, by the
same transcription factors and with similar profiles. We con-
firmed that this was also true under our experimental condi-
tions: both genes show the same expression pattern and peak at
30 min after release (Fig. 1D), concluding that differences
observed in the levels of the two proteins were probably due to
post-transcriptional mechanisms. Thus, our finding suggests
that the turnover of each cyclin is regulated differently.

Cln2 and Pcll Are Targeted by Different E3 Ligase Systems—
Several cyclins are targeted by specific ubiquitination mecha-
nisms and degraded through the proteasome. To test if this is
also true with Pcll, we measured the amount of cyclin in cells
treated with the proteasome inhibitor MG132. As shown in Fig.
2A, Pcll is accumulated in cells whose proteasome had been
inhibited. Moreover, under this condition, ubiquitinated pro-
teins are more stable, and normally appear as a “ladder” of slow-
er-moving species on SDS-PAGE. A prominent ladder of this
type of Pcll species, indicative of ubiquitination, was observed
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upon long exposures of Western blots of extracts from cells
treated with MG132 (Fig. 2A). This observation is consistent
with the idea that Pcll should be destroyed by ubiquitination
targeting and subsequent proteomic degradation. Thus, we
decided to search for the ubiquitin ligase involved in such
targeting.

Despite the high degree of similarity between Pcl1 and Cln2
at the protein sequence level, Pcll lacks the 200 central amino
acids of Cln2, which encompass the putative PEST regions as
well as a specific domain that promotes ubiquitination by tar-
geting to the E3 ligase Grrl (10). The absence of this region
discards the possibility that Pcll was recognized by Grrl.
Indeed, whereas the levels of Cln2 are elevated in the grriA
strain (9), the levels of Pcll remain normal (Fig. 2B).

To discover the E3-ligase of Pcll, we transformed a centro-
meric plasmid carrying PCLI to a collection of 18 mutants of
different ubiquitination systems, with the aim to find an
increase in the amount of cyclin in one of the mutants (see
“Experimental Procedures”). This type of screening usually
yields small differences, but can help to exclude those strains
that do not differ with respect to the amount of Pcl1 in wild type
cells. We only observed elevated levels of Pcll in two strains:
dialA and dmalA dma2A. Next, we tested the stability of Pcll
in the dmalA dma2A mutant strain by treating cells with cyclo-
heximide. This sort of experiment allows the determination of a
protein half-life independently of the initial mRNA levels. In
wild type cells, Pcll has a half-life of 6.1 * 0.2 min (Fig. 2D), and
the same result is observed in the single mutants dmalA or
dma2A (not shown). However, in the double mutant dmalA
dma2A, Pcll is strongly stabilized (Fig. 2, C and D).

Finally, we tested whether Dmal and Dma?2 are also involved
in control of the stability of Pcl9, a cyclin also present in G;. As
shown in Fig. 2, E and F, Pcl9 protein has an extremely short
half-life (around 4 min) that is not significantly affected by the
absence of Dma proteins, suggesting that Dma ubiquitin ligases
have a specific effect on Pcll stability. Together our findings
strongly suggest that CIn2 and Pcl1 are targeted by different E3
ligase systems and that Dmal and —2 may control G; processes
by regulating the stability of Pcl1.

Dmal Interacts with Pcll and Targets It for Destruction—We
initially tested the possibility that the E3 ligase Dmal regulates
Pcll stability through direct targeting by constructing an affin-
ity system based on the expression of Pcll in bacteria as a GST
fusion protein. Recombinant GST-Pcl1 was then used to bind
the Dmal-TAP present in yeast cell extracts. Using this
approach, Dmal was specifically detected via immunoblot
analysis of the material retained by the affinity system, indicat-
ing that both proteins interact (Fig. 3A4).

We next checked whether Pcl1-Pho85 complexes interact
with Dmal in yeast cells in vivo. As shown in Fig. 3B, pull-down
of Pho85-GST enables the detection of Dmal, suggesting that
Pcll and Dmal proteins also interact in vivo.

An in vitro autoubiquitination activity of Dmal and Dma2
has been described (23). We attempted to reconstitute ubiquiti-
nation reactions consisting of yeast Ubal, FLAG-tagged Ub,
His-tagged E2 enzymes (Msm2 and Ubc13), and full-length
GST-Dmal all purified from E. coli. As shown in Fig. 3C, this
reconstituted system was already able to form long-chain Ub
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adducts as described (28), indicating that Dmal was active.
Interestingly, when Pcll was present, the levels of polyubiquiti-
nated species were far higher, corroborating a Pcl1 ubiquitina-
tion that is strictly dependent on the presence of Dmal associ-
ated to Mms2/Ubcl13. Ubc4 is another E2 enzyme that
promotes Dmal activity and we wanted to test if such com-
plexes can also ubiquitinate Pcl1. Fig. 3D shows that Pcl1 is also
ubiquitinated in vitro by the Dmal-Ubc4 complexes, although
clearly to a lesser extent.

We carried out the same ubiquitination assay, and after 5 h of
incubation the reaction mixture was analyzed by mass spec-
trometry. The spectra clearly showed that some of the ubiquiti-
nated peptides are coming from Pcll, pointing out residues
Lys-82 and Lys-121 as the ones ubiquitinated in our in vitro
assay (supplemental data). The experiment and posterior mass
spectrometry analysis was done in duplicate.

Finally, we decided to check the in vivo ubiquitination status
of Pcll. To this end, Pcll was double tagged at its endogenous C
terminus with a His, and TAP epitopes and then purified from
denatured lysates using nickel-nitrilotriacetic acid resin (28).
Pcll ubiquitination levels were determined by immunoblotting
for ubiquitin and, to validate that each protein was indeed puri-
fied, the TAP epitope also was blotted for analysis. Through this
approach, we found that Pcll ubiquitination levels were clearly
lower in the dmalA dma2A strain, indicating that Pcll ubiq-
uitination in vivo depends on the presence of Dma proteins
(Fig. 3E). All these results show that Dmal interacts with Pcll
and targets it for destruction, a finding that points Pcll as the
first bona fide target of Dma ubiquitin ligases in S. cerevisiae.

A Specific Domain Is Necessary for the Dmal-dependent Pcll
Destabilization—As shown above, Dmal affects the stability of
Pcl1, but not the stability of the very closely related cyclin Pcl9,
suggesting that Pcl1 has a region that could facilitate the inter-
action with Dmal. Alignment of Pcll and Pcl9 reveals that the
two proteins share a high level of sequence conservation, espe-
cially in the N-terminal, except for a short region of 20 amino
acids. We wondered whether this region could be a docking site
for Dmal. Deletion of amino acids 29 to 36 (a region we called
the Dmal Docking Domain (DDD)) greatly stabilizes Pcll in
vivo (Fig. 4, A and B), pointing to this region as an important
determinant for Dmal destabilization. Accordingly, the recom-
binant pc/1DDDA mutant is less ubiquitinated in vitro by Dmal
protein (Fig. 4C). It is worth noting that this mutated version of
Pcll is fully active, as it is still able to allow the phosphorylation
of Sicl (not shown); consequently, we ruled out the possibility
that stabilization of the DDD deletion mutant could be due to a
general loss of Pcll integrity. Also, it is important to stress that
the DDD mutants are still phosphorylated by the Pho85 kinase
(not shown), excluding the possibility that increased stability
comes from the inability to be phosphorylated by the CDK.

High-throughput analyses have revealed proteins associated
to Dmal (30), although the relevance of these interactions
remains unknown. Interestingly, several of these proteins con-
tain the DDD motif (including Sid4, a Dmal substrate in
Schizosaccharomyces pombe (28)). We performed a ClustalW
analysis of the sequence of these proteins, which yielded a con-
sensus sequence for the DDD region: LRVVPS, with the pres-
ence of conservative changes in the hydrophobic or charged
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FIGURE 3. Dma1 interacts and ubiquitinates Pcl1. A, binding in vitro assay. Recombinant GST-Pcl1 was purified from E. coli and incubated with yeast cell
extracts of the strain YPC708 (with a genomic TAP-tagged Dma1) for 45 min, and purified with glutathione-Sepharose beads. Samples were analyzed by
immunoblot analysis to detect Dma1-TAP proteins. WCE, whole cell extract; Input, quantity of Pcl1 used in the trapping. B, Pcl1-Pho85 complexes co-immu-
noprecipitate with Dma1 in vivo. Yeast extracts from strains containing untagged PHO85 or GST-PHO85 and TAP-tagged DMAT (from the chromosomal locus)
were precipitated with glutathione-Sepharose beads, and then probed using specific antibodies. Cand D, Pcl1 is ubiquitinated in vitro by Dma1. Ubiquitination
assays were done by in vitro reconstitution of E1-E2-Dma1 complexes (see “Experimental Procedures”). Panel C shows Dma1 activity associated to the Mms2-
Ubc13 E2 complexes. Panel D shows Dma1 activity associated to the Ubc4 E2 enzyme. The reaction was started at time 0 by adding ATP. Samples were taken
at0and 5 h and analyzed for ubiquitination levels by immunoblotting using a-Ub antibody. E, Pcl1 is ubiquitinated in vivo in a Dma1-dependent manner. The
indicated strains carrying a centromeric plasmid with PCL1-Hisg,-TAP expressed under the GAL promoter was grown for 4 h in synthetic complete medium with
galactose as a carbon source. The same amount of immunopurified Pcl1-His was separated by SDS-PAGE gels and visualized by immunoblot using an ubiquitin

antibody (top panels). To validate the levels of Pcl1, the blot was also analyzed using an a-TAP antibody (bottom panel).

amino acids (Fig. 4D). Interestingly, Cln2 do not have this
sequence (Fig. 4E), in accordance to the fact that this cyclin is
not affected by the presence of Dmal activity (not shown). To
test the importance of such a sequence we changed Pro-5 to
Asn, and this substitution strongly stabilized Pcl1 (Fig. 4, A and
B), thereby suggesting that the integrity of DDD is important
for the stability of the cyclin. We are currently investigating
whether this region could be a true docking domain for Dmal.

Pcll Is destabilized by the CDK Pho85—CDK kinases usually
phosphorylate their own cyclins, thereby targeting them for
destruction, in a negative feedback loop. Hence, we decided to
measure Pcll protein levels in the absence of Pho85 activity,
finding that these levels are six times greater in p#085A mutants
than in wild type cells (Fig. 5A4). Furthermore, we observed that
the half-life of Pcll is increased in the absence of Pho85 (Fig. 5,
Band C) to the same extent as Pcl9 (Fig. 5D). Accordingly, Pcll
is less ubiquitinated ix vivo in the absence of Pho85 activity (Fig.
3E). Together these results show that the CDK Pho85 destabi-
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lizes Pcll probably through a phosphorylation-dependent
mechanism.

Pcl1 Is Phosphorylated and Targeted for Destruction by Pho85—
We tested this latter possibility by doing in vitro phosphoryla-
tion experiments using recombinant proteins purified from
E. coli. Pcll has six canonical sites of phosphorylation by Pho85
(Fig. 6A) (31). We purified different versions of Pcl1 that carried
mutations at these SP/TP sites, and then incubated them with
recombinant Pho85 in the presence of ATP. Fig. 6B clearly
shows that wild type Pcll is phosphorylated by Pho85, whereas
a mutated version in which Thr®*® and Ser®® are each replaced
withanalanine (the pc/1-2A version) is markedly less phosphor-
ylated by Pho85. This result does not exclude phosphorylation
of other residues, although clearly to a lower extent. Indeed, a
Pcll that carries a substitution to alanines in the other four
SP/TP sites (the pcl1-4A version) is phosphorylated to the
same extend as wild type Pcll. This result indicates that Thr*’
and Ser*® of Pcll are the major sites phosphorylated by Pho85
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FIGURE 4. Pcl1 has a putative docking site for Dma1. A, the integrity of the
DDD region is essential to maintaining Pcl1 instability in vivo. Different alleles
of Pcl1 were expressed in wild type cells from a centromeric plasmid under its
own promoter: Pcl1 wild type, Pcl1 with a deletion in the DDD region (DDDA),
and Pcl1 with mutations V31N and P33N (DDD¥). All these strains were grown
exponentially in rich medium and, at time 0, cycloheximide was added to the
medium. Samples were taken at the indicated times and analyzed by immu-
noblotting using monoclonal antibodies to determine Pcl1-TAP levels. Glu-6-
PDH (G6PDH) detection was used as a loading control. B, quantification of
panel A. Data = S.D. from 3 independent experiments are shown. **, p > 0.01
versus WT. C, pcl1 DDDA is less ubiquitinated in vitro than Pcl1. Ubiquitination
assays were done by in vitro reconstitution of E1-Mms2-Ubc13-Dma1l com-
plexes (see “Experimental Procedures”). The ubiquitination levels of Pcl1 or
pcl1 DDDA are shown. The reaction was started at time 0 by addition of ATP
and finished at 3 h. Samples were taken and analyzed for ubiquitination levels
by immunoblotting using a-Ub antibody. D, proposed consensus DDD
sequence. WebLogo3 analysis (50) of the DDD regions present in several
Dma-interacting proteins. E, T-Coffee alignment between the N-terminal
region of cyclins Pcl1 and CIn2. CIn2 presents a gap that exactly matches the
proposed DDD region.

in vitro. It is interesting to note that these two sites are the
nearest to the DDD sequence.

Pcll from wild type yeast cells gives a sharp band in standard
gel electrophoresis. However, when analyzing extracts in Phos-
tag large electrophoresis gels, we distinguished several bands of
Pcll, indicating that such cyclin is phosphorylated in vivo.
Moreover, the mutant pc/1-2A show a clear change in lower
mobility bands suggesting that the mutant is phosphorylated to
a lesser extent in vivo (Fig. 6C). More interestingly, the alanine
substitution of Thr*” and Ser*® leads to strong stabilization of
Pcll (Fig. 6, D and E), indicating that in vivo phosphorylation of
Thr®® and Ser™ is essential for destabilizing the cyclin. As
described to other cyclins (10), the substitution of these phos-
phoacceptor sites by glutamic acid does not mimic the phos-
phorylation effect and does not decrease the stability of Pcll
(not shown), suggesting that a negative charge at those two Pcl1
residues is not sufficient for the Dmal destabilization. Finally,
we measured the half-life of the pcl1-2A version ina WT and a
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FIGURE 5. Pcl1 is destabilized by Pho85 activity. A, Pcl1 protein levels are
higher in the pho85A strain. Wild type and pho85A cells were grown expo-
nentially in YPD, and then Pcl1-TAP levels were determined using immuno-
blotting with monoclonal antibodies. Glu-6-PDH (G6PDH) detection was used
as a loading control in each panel. B, Pcl1 is stabilized in the pho85A strain.
Wild type and pho85A cells were grown exponentially in rich medium, and
cycloheximide was added to the medium at time 0. Samples were taken at the
indicated times, and analyzed for Pcl1-TAP levels by immunoblotting using
monoclonal antibodies. C, quantification of panel B. Data = S.D. from 3 inde-
pendent experiments are shown. **, p > 0.01 versus WT. D, Pcl9 stability is also
controlled by Pho85. Analyses were carried out as in panel B.

dmalA dma2A strain, and pcll1-2A was not further stabilized
(Fig. 6F), indicating that there was no additive effect between
Pho85 and the Ub-ligase.

Pho85 and Dmal Activities Are Essential for Controlling Pcll
Levels in the Cell Cycle—At this point, we propose that during
G, Pcll is phosphorylated by Pho85 at the closest residues to
the DDD sequence, and that this event increases the ubiquiti-
nation of Pcl1 by Dmal (and probably by Dma?2), allowing rapid
destruction of the cyclin (see a scheme of the proposed model in
Fig. 7A). Based on this model, we predicted that cells require
both Pho85 and Dmal activity to down-regulate Pcll at the end
of G; To test this prediction we tracked the levels of Pcl1 from
different strains synchronized in G, by « factor and subse-
quently released in rich media. In wild type cells, Pcll appears
20 min after release and rapidly disappears, being almost com-
pletely depleted at 50 min (Fig. 7C). The nonphosphorylatable
version of pcl1-2A is clearly present for longer periods during
the cell cycle (Fig. 7B). Similarly, the absence of Dmal/2 pro-
teins also leads to accumulation of Pcl1 beyond the G,/S tran-
sition. The differences observed cannot be explained by differ-
ences in the progression through G, because the three strains
enter into G, with the same kinetics (Fig. 7B). Thus, we con-

VOLUME 288+NUMBER 7+-FEBRUARY 15,2013



A DDD cyclin box
1__29 36 55 160 279

AU O
t W t t t
s14 T39

s43

B !
Pcl1-TAP —

pclt 24 ) . . . G6PDH
pelt 4A e e % 5 o '°o/,‘__’
- %
- Pho85 +Pho85 i
D E
- 14 =
wt pcl1 2A € *
208 -
© pcl1 2A
Polt-TAP | ™ -—-‘ 206 |
k]
©04
G6PDH |‘~\_,” . _~_~| S wt
0 5 10 O 5 10 E 0,2
Minutes after CHX addition 0 T T
0 5 10
Minutes after CHX addition
F Pcl1-wt
pcl1-2A *
dmai4 dma24 i
dma1A dma24 +pcl1-2A *x
0 5 10 15

Pcl1 half-life (min)

FIGURE 6. Pcl1 is phosphorylated by Pho85. A, scheme of the Pcl1 protein.
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tom refer to the potential CDK-phosphorylation sites. The proposed Pho85-
phosphorylation sites are shown in bold type (see below). B, Pho85 phosphor-
ylates Pcl1 in vitro. Recombinant GST-Pho85 purified from bacteria was
incubated with different GST-Pcl1 versions (also purified from bacteria) in the
presence of ATP. The 3 Pcl1 versions were: Pcl1 WT, pc/T 2A (T39A; S43A), and
pcl14A (S14A;T70A; S117A;S198A). Coomassie staining was used as a loading
control. G, gel electrophoresis in the presence of 10 mm Phos-tag was carried
out to resolve the different phosphorylation populations between Pcl1-TAP
and pcl1 2A-TAP. Pcl1 levels were analyzed by immunoblotting using mono-
clonal antibodies. In all panels of the figure, Glu-6-PDH (G6PDH) detection was
used as a loading control. D, nonphosphorylatable versions of Pcl1 are stabi-
lized in vivo. Pcl1 WT or pcl1 2A were expressed in wild type cells from a
centromeric plasmid under its own promoter. Both strains were grown expo-
nentially in rich medium, and cycloheximide was added to the medium at
time 0. Samples were taken at the indicated times and analyzed using immu-
noblotting with monoclonal antibodies to determine Pcl1-TAP levels.
E, data = S.D. from 3 independent experiments (performed as in panel C) is
shown. *, p > 0.05 versus WT. F, Pcl1 half-life is Dma1 and Pho85 dependent.
Pcl1-TAP or pcl1 2A-TAP were analyzed by Western blot in the noted strains
after the addition of cycloheximide (CHX). Data = S.D. from 3 independent
experiments are shown. **, p > 0.01 versus WT.

cluded that Pho85 and Dmal are necessary to control Pcll lev-
els during the cell cycle.

G, Cyclin Levels Are Controlled in Response to Nutrients—An
important question arising in this work is: what is the advantage
of controlling G, cyclins by two different ubiquitination sys-
tems? We reasoned that this double control could enable better
response to diverse environmental situations. In this regard,
Grrl has been implicated in response to variations in nutrient
levels, a finding that links cell cycle control to nutrient availabil-
ity (9). Dmal has also been related to nutrient response and G;
control (32), although the underlying molecular mechanism
remains unknown. In this context, we sought to ascertain the
behavior of the two cyclins under different nutrient situations.
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FIGURE 7. Pho85 and Dma1 activities are essential for controlling Pcl1
levelsinthe cell cycle. A proposed model of Pcl1 targeting. Pho85 phosphor-
ylates Pcl1 allowing the recognition by Dma1 that polyubiquitinates and tar-
gets Pcl1 for destruction. B, the DNA content from cells collected in the exper-
iment shown in C was analyzed by flow cytometry at the indicated time
points. C, Pcl1 requires Dma1 activity to be destabilized under physiological
conditions. Wild type cells carrying a Pcl1 or pc/1 2A version expressed from a
centromeric plasmid and dmaTA dma2A cells expressing Pcl1, were synchro-
nized with a-factor, and released in rich medium. Samples were collected at
the indicated times and then subjected to several analyses. Glu-6-PDH levels
were used as a loading control.

To this end, we synchronized yeast cells in G, released them
either in rich media (YPD) or in a synthetic complete media
(SD), and then followed the levels of Pcll and Cln2. In YPD,
Cln2 was more abundant than Pcl1; pointing to the relevance of
CIn2 in this growing condition (Fig. 84). However, when the
cells are released in SD media, the cyclins seem to have inverted
profiles: Pcll is more abundant than Cln2. Considering that the
two cyclins are transcribed at the same levels under both con-
ditions (not shown), we reasoned that the stability of Cln2 and
Pcll proteins is differentially affected according to the nutrient
status.

It has been predicted that Dmal levels might be modulated
by nutrient conditions (32). Thus, we asked whether the high
levels of Pcll in SD media could be a consequence of the down-
regulation of Dmal activity. This was indeed the case: Dmal
levels in cells grown in SD were clearly lower than those of cells
grown in YPD (Fig. 8B). This result indicates that nutrient sta-
tus regulates levels of Dma ubiquitin ligases, and suggests that
physiological control of Pcl1 depends on Dmal activity. In sum-
mary, we propose here that cyclins Pcll and CIn2 are degraded
by different mechanisms, and that this differential control
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could be essential to ensure correct progression through G, in
distinct situations of nutrient availability.

DISCUSSION

There are high number of cyclins that control the G, phase of
eukaryotic cell cycle (33). Such multiplicity is thought to facili-
tate cellular adaptation to different physiological situations;
accordingly, the levels of different cyclins should be differen-
tially regulated. Here we provide substantial evidence that in S.
cerevisiae, two redundant cyclins expressed at START by the
same transcription factors are post-translational regulated by
two different E3 ligase systems.

Our motivation for this work came from our earlier observa-
tion that Pcll is destroyed at the G,/S boundary, unlike Cln2,
which persists until the end of the S phase. Based on this result,
we suspected that in S. cerevisiae different ubiquitination sys-
tems might be involved in destroying distinct G, cyclins.

A Novel Function for Dmal: G, Cyclin Targeting—The
screening designed in this work enabled us to determine the E3
ligases Dia2, and Dmal/2 as controllers of the Pcl1 levels. Inter-
estingly, absence of Dia2 (the name comes from Dig into agar)
leads to an invasive growth phenotype (34). It is tempting to
speculate that the control of Pcll, a cyclin involved in morpho-
genetic events, could be one of the roles of Dia2. Regardless,
cycloheximide experiments show that Dia2 activity does not
affect Pcll stability (not shown), and we propose that the
observed effect could be transcriptional. In contrast, we have
demonstrated that Dmal activity does affect Pcll stability and
that Pcll is actually a Dmal substrate, both in vitro and in vivo.
We think that this result is important for various reasons.

First, the Dma ubiquitin ligases are well conserved across
evolution and have been demonstrated to control the cell cycle
in diverse organisms: in humans CHER regulates the antephase
checkpoint (18); in S. pombe, Dmal controls the SIN, at the end
of mitosis (35); and in S. cerevisiae, it controls G, progression
(23). Thus, considering the new G; role that we describe here,
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the Dma ubiquitin ligases can be considered as general cell-
cycle regulators.

Second, although Dma enzymes were discovered 10 years
ago, Pcll is the first bona fide substrate of Dmal described in S.
cerevisiae. Dmal also controls Swel and Elm1 localization but
the mechanism underlying such regulation is unknown and
could be an indirect effect (27, 36). Interestingly, Dmal affects
the functionality of septins (21), Swel, Elm1, and Pcll, all of
these proteins are located at the bud neck, suggesting that the
action of the Dmal is focused mainly at the bud neck.

Different E3 Ligases Control G, Cyclin Turnover—The nov-
elty suggested from this work is that the multiplicity of G;
cyclins is controlled by different E3 ligase systems. To date, SCF
was the only E3 involved in the targeting for destruction of
several G; elements. Indeed, SCF_., is required for degrada-
tion of CDK inhibitors Sicl, Farl, Cdc6, and Gen4 (36-38).
Furthermore, SCF,,, targets cyclins Clnl and CIn2 (and prob-
ably ClIn3) for degradation (7, 39). However, our present find-
ings indicate that at least another E3 ubiquitin ligase helps
orchestrate G, destruction.

The in vitro ubiquitination systems reconstituted in our lab-
oratory have shown that Pcll is ubiquitinated by Dmal to a
greater extent when it is associated with the Msm2/Ubc13
dimer than when it is associated to Ubc4. The nature of ubiq-
uitin conjugation by E2-E3 complexes is critical because the
outcome of ubiquitination is usually determined by the topol-
ogy of the conjugate. Ubc13-Msm?2 is a heterodimeric E2 ligase
that forms Lys®® chains of polyubiquitin, whereas Ubc4 shows
no specificity in ubiquitin lysines and the linkage is usually
driven by the ubiquitin ligase (40, 41). Even though Lys*®-linked
polyubiquitination is the usual signal for directing a protein to
proteasomal destruction, Lys®*-linked ubiquitin chains have
been reported to be involved in some cases of proteasome-de-
pendent degradation (42, 43). Thus, we postulate here that tar-
geting of Pcl1 for degradation by Dmal may occur via Ubc4 or
Msm2/Ubc13.

Specificity of Dmal-Pcll Interactions—The specificity of E3
ligase interactions with their substrates probably depends on
specific destruction box signals in the latter. In this regard, a
short sequence in Cln2 has recently been described as a possible
docking site for Grrl (10). Here we provide preliminary evi-
dence that Dma ubiquitin ligases also might recognize their
substrates through a specific sequence, which we have named
the DDD. The DDD sequence found in Pcll is LRVVPS. How-
ever, we must emphasize the fact that, although some amino
acids are represented in a greater proportions (see logo of Fig.
4D), the DDD region allows for conservative changes in
sequence. In the absence of crystallographic data to confirm
our hypothesis, we propose here the sequence L(O)V(J)PS(X)N
as a general DDD sequence (where O represents any charged
amino acid, ] represents any hydrophobic amino acid, and X any
amino acid). Interestingly, we searched for this sequence in the
yeast proteome and found it in several proteins that control the
cell cycle. We are currently investigating if such proteins might
be undescribed substrates of Dmal.

Pcll Is Phosphorylated and Targeted for Destruction by Its
Own CDK—Degradation of Pcl1 after self-catalyzed phosphor-
ylation ensures self-limitation of the activity of the Pho85-Pcl1
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complex in vivo. This is not a surprising result, given that the
cyclins Pcl5 and Pcl9 are destabilized by Pho85 activity (Refs. 45
and 46, and this work), and that CIn1 and Cln2 are also targeted
by their own CDK, Cdc28. Thus, our results reinforce the idea
that phosphorylation is a general mechanism conserved among
the CDKs to control the amount of their own cyclins.

We show that Pcll is phosphorylated at Thr** and Ser®®.
Without excluding other possible residues, we propose that
these two residues are the most physiologically relevant to con-
trolling stability of the protein. Indeed, the substitution to ala-
nines of these two residues renders Pcl1 highly stable and, inter-
estingly, the same two residues are found to be the uniquely
phosphorylated in vivo in a high throughput analysis (44).

The fact that Thr®® and Ser*® are the two nearest residues to
the DDD suggests that this phosphorylation could somehow
facilitate interaction between Pcll and Dmal. One possibility is
that the DDD is usually hidden in Pcll, but becomes exposed
upon phosphorylation of these residues by Pho85, thereby facil-
itating the interaction between Pcll and the E3 ligase. A similar
situation has been described in CIn2 that needs a specific region
plus the neighboring phosphorylation to be degraded by the
Grrl (10).

Multiplicity in Control, Flexibility in Decisions—The double
system of cyclin degradation proposed in this work is probably
widespread. For instance, Clb5 and Clb6, which are essential for
proper management of S phase, are degraded by anaphase-pro-
moting complex and SCF, respectively (27). Clb5 and Clb6 per-
form different functions, and accumulation of Clb6 outside of S
phase is toxic to cells. However, the G, cyclins in S. cerevisiae
seem to be functionally redundant, which begs the question: are
the complexes Cln2-Cdc28 and Pcl1-Pho85 differentially
regulated?

Although we cannot definitively answer this question, we
have ruminated upon a suggestion that both CDK complexes
regulate proteins in the same way but under different condi-
tions (45). This idea is supported by the finding that the G,
profile of CIn2 and Pcl1 levels depends on nutrient availability.
Itisstriking that Grrl and Dmal are also related to the response
to changes in nutrient availability (9, 32), and we show here for
the first time that Dmal levels are regulated by nutrient status.
Albeit we do not know the mechanism underlying the down-
regulation of Dmal, we propose that this process is essential to
increase the levels of cyclin Pcl1. Overall, our work supports the
notion that the multilayered control of different G; CDK-cyclin
complexes furnishes cells with the flexibility to adapt to new
situations.

A New Conserved Role for Dmal?—Protein sequence align-
ments between Pcll from S. cerevisiae and its orthologs from
other Saccharomyces species indicate that the two putative
CDK phosphorylation sites and the DDD sequence are
extremely conserved. Moreover, the Pcll of Candida and other,
less related yeasts also contain the DDD region. More interest-
ingly still, is the fact that DDD and the neighboring sequence
are conserved in the uncharacterized human cyclin I, which is
most similar to Pcll, and also lacks PEST regions (46). These
observations suggest that the destruction of Pcll at the G;/S
transition may be conserved through the evolution.
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In humans, Dma proteins (named Chfr) play a specific role in
the antephase checkpoint. The significance of CHFR function
in mitosis is reflected by the finding that this E3 ligase is absent
or nonfunctional in several transformed cell lines and tumors
(47). The study of CHFR-null mice presents the CHFR as a
tumor suppressor that normally acts to prevent aberrant mito-
sis (48). Although the final target of Chfr is unknown, several
lines of evidence support the idea that Cyclin A may be the
initial target of the antephase checkpoint (49) thus pointing to
the possibility that, in mammals, Chfr would also control cyclin
stability. Our laboratory is currently seeking to determine
which aspects of the mechanism that we present here are con-
served in mammals.
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