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Ho endonuclease of Saccharomyces cerevisiae is a homing endo-
nuclease that makes a site-specific double-strand break in the MAT
gene in late G1. Here we show that Ho is rapidly degraded via the
ubiquitin-26S proteasome system through two ubiquitin-conjugat-
ing enzymes UBC2Radé and UBC3Cdc34, YBC2Rad6 js complexed with
the ring finger DNA-binding protein Rad18, and we find that Ho is
stabilized in rad78 mutants. We show that the Ho degradation
pathway involving UBC3¢d<34 goes through the Skp1/Cdc53/F-box
(SCF) ubiquitin ligase complex and identify a F-box protein,
YmI088w, that is required for Ho degradation. Components of a
defined pathway of the DNA damage response, MEC1, RAD9, and
CHKT1, are also necessary for Ho degradation, whereas functions of
the RAD24 epistasis group and the downstream effector RAD53
have no role in degradation of Ho. Our results indicate a link
between the endonuclease function of Ho and its destruction.

H oming endonucleases are encoded by mobile genetic elements
and introduce a double-strand break (DSB) into a long (12—
40 bp) DNA cognate sequence. Repair by gene conversion leads to
insertion of a copy of the endonuclease-encoding ORF into the
middle of the recognition site, and this disruption of the cognate
sequence protects the cells from further DNA cleavage (1). Ho
endonuclease of Saccharomyces cerevisiae belongs to the LAGLI-
DADG family of homing endonucleases and introduces a DSB into
a 24-bp sequence in the mating type (MAT) locus in late G;. Repair
of the Ho-induced DSB uses one of the silent mating type (HM)
cassettes as template and results in regeneration of a MAT gene of
the opposite mating type. This new MAT allele is a substrate for Ho
endonuclease, and therefore Ho activity must be stringently regu-
lated. Tight transcriptional regulation ensures that HO is tran-
scribed briefly in late G; in haploid mother cells only (2, 3). Here
we show that the temporal regulation of Ho activity also involves its
rapid degradation and that this is done through the ubiquitin-26S
proteasome system.

The ubiquitin-26S proteasome system has a major role in
degradation of many regulatory proteins, particularly those of
the cell cycle (4, 5). Proteins are ubiquitinated by a cascade of
enzymes: ubiquitin is activated in a thioester linkage to a
ubiquitin-activating enzyme, E1/Uba, transferred to a ubiquitin-
conjugating enzyme, E2/Ubc, that together with a ubiquitin
ligase complex, E3, covalently links ubiquitin to the target.
Additional ubiquitin molecules subsequently are linked through
their C-terminal Gly moieties to Lys-48 of the preceding ubiq-
uitin, leading to assembly of polyubiquitin chains on the sub-
strate protein that then is degraded by the 26S proteasome (6, 7).

F-box proteins are an expanding family of eukaryotic pro-
teins that specifically recruit substrates for ubiquitination (8).
They are a subunit of the Skpl/Cdc53/F-box (SCF) ubiquitin
ligase complex that acts with the E2 UBC3¢4¢34 (9). At the core
of the SCF is a heterodimer of Cdc53 and Rocl; an adapter
protein, Skp1, binds the SCF scaffold via the N terminus of
Cdc53 and the F-box receptor through its F-box motif (8,
10-12). There are 17 ORFs in S. cerevisiae with an F-box motif
(11); substrates recruited for ubiquitination by the F-box

receptors, Cdc4, Met30, and Grrl have been identified (10,
13-15). Recently, 26 human F-box proteins were identified, 25
are novel genes (16). Substrates targeted for degradation
through F-box proteins typically are phosphorylated, indicat-
ing that the ultimate regulatory element that determines the
protein half-life is a protein kinase (8).

DNA damage leads to transient arrest of the cell cycle through
the action of highly conserved proteins (17-19). Mecl is the
central regulator of DNA damage response (DDR) and controls
both cell cycle arrest and transcription of DNA repair genes
through activating the protein kinases Rad53 and Dunl1 (20-22).
Mecl belongs to a large phosphoinositide kinase family that
includes the mammalian ATM (mutated in ataxia telangiectasia)
and ATR genes and the catalytic subunit of the DNA-dependent
protein kinase, DNA-PK (23). Other genes involved in the DNA
damage checkpoint include RAD9 and members of the RAD24
epistasis group (RAD17, RAD24, MEC3, and DDCI) (24).

MECI and RAD?9 participate in two parallel pathways of check-
point arrest: one pathway involves the RAD24 epistasis group and
the protein kinase Rad53; the other involves Chk1 (22). Both Chkl
and Rad53 have a role in restraint of anaphase and mitotic exit after
DNA damage. The main effector of the Chkl branch is Pdsl;
phosphorylation of Pds1 blocks the metaphase-to-anaphase tran-
sition (22, 25). Rad53 controls the DNA damage checkpoint
through polo kinase, Cdc5 (22). Rad53 has an additional role in
arrest of S phase in the presence of unrepaired lesions in DNA by
inhibiting firing of late origins of replication (26, 27).

Cells respond to DNA damage by transient arrest of the cell cycle
and induction of genes involved in repair (28). A DSB introduced
into the genome late in Gy is expected to evoke the G1/S checkpoint
response, enabling repair of the DSB before replication (29).
Indeed after Ho-induced mating-type switching both progeny cells
have the new mating type, indicating that repair precedes replica-
tion of MAT (30, 31). We find that checkpoint functions of the DDR
pathway, MECI, RADY, and CHKI, are necessary for regulated
proteolysis of Ho. In this study of regulation of the half-life of an
endonuclease by the ubiquitin system, we have found a link between
the endonuclease function of Ho and its destruction.

Materials and Methods

Determination of the Half-Life of Ho Endonuclease in Yeast. We fused
the whole HO OREF, or the N- and C-terminal halves separately, to
LACZ in plasmid pCM190 where expression from the Tet promoter
is tightly regulated (32). Subsequently the N-terminal HO fragment
was truncated by 60 bp to delete the PEST (proline/glutamate/
serine/threonine/aspartic acid) residues. This N-terminal fragment
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subsequently was fused to the C-terminal fragment to give a HO
ORF lacking the 20 PEST residues (Fig. 1). Fusion of LACZ to HO
results in loss of endonucleolytic activity.

The plasmids were transformed into yeast by using the lithium
acetate method (33). Yeast transformants were selected on SD
plates lacking uracil with 2 ug/ml doxycycline to prevent ex-
pression of HO. In a typical experiment overnight 10-ml liquid
cultures were grown to saturation in the presence of doxycycline,
diluted to ODggp 0.3, and grown for 2-3 h to obtain logarithmic
cells. The cells were washed three times and resuspended in
medium lacking doxycycline for induction. After 30 min they
were pulsed with 3S-Redivue (Amersham Pharmacia) for 5 min,
and aliquots were taken at different times for immunoprecipi-
tation as described in ref. 34 using anti-B-galactosidase from
ICN.

o-Nitrophenyl B-p-Galactoside (ONPG) Assay for Measuring the
Steady-State Level of Ho-LacZ in Mutant Yeast and Their Congenic
Wild Types. Transformants were treated as above for induction of
HO and LACZ except that the cells were induced for 18 h to
reach steady state. The activity of Ho-LacZ was compared with
that of LacZ by itself (33), and the ratio between the two was
calculated for each mutant strain and its congenic wild type.

Each assay was performed in triplicate, and the results are an
average of at least two separate experiments.

Cell Cycle Arrest. An overnight cell culture was diluted 10-fold into
minimal selective medium with doxycycline and containing 2
wng/ml « factor, 0.1 M hydroxyurea (HU), or 15 ug/ml nocoda-
zole. The arrest was followed visually, and usually all of the cells
were arrested within 2-3 h. At that point the cells were washed
three times in medium without doxycycline but with the same cell
cycle inhibitor, for induction of HO. After 30 min they were
pulsed with 3°S-Redivue, and aliquots were collected for immu-
noprecipitation as described above.

Yeast strains used were: ubc2 and ubc3 (34); ubc4, ubc5, ubco,
and ubc7 (35); ubc9 (36); mec3 and ddcl (24); all other DDR
mutants (37); chkl (22); rpt2 (38); hrr25 (39); cakl (40); cdc7
(41); pho85 and cdc53 (42); and skpl (43). For F-box mutants,
Research Genetics BY4730 is wild type, and #482 is Ayml088w;
Euroscarf #10000 M is wild type, and Aynl311c is #10293A;
Ayjl149w is #10429A; and Ayor080w is #Y11856. All F-box
mutants are in the S288c strain background. ubrl, ubcl, ubc4,
ubc), ubc6, ubc7, ubcl2, ubcl3, and their double mutants all are
in the same W303 strain background (35), and mecl, rad9, radl7,
rad24, and rad53 also were made in the same parental strain (37).

Results

Determination of the Half-Life of Ho Endonuclease. The pCM190-
HO-LACZ constructs were transformed into W303 wild-type
yeast. Logarithmic cultures were induced for 30 min by removal
of doxycycline and then pulsed with S3>-Redivue for 5 min. The
cells were washed three times, and the amount of protein
remaining was determined at each time point by immunopre-
cipitation with anti-B-galactosidase (Fig. 24 Left). Our results
indicate that Ho undergoes rapid degradation in wild-type yeast
with a half-life of ca. 10 min.

We identified a sequence rich in PEST residues in Ho between
residues 216 and 236 by using the program PESTFIND (44). An
engineered HO gene from which this potential PEST sequence
was deleted is stabilized (Fig. 24 Right). When the N-terminal
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(A) Pulse-chase experiment showing that the half-life of the native Ho protein fused to LacZ is ca. 10 min compared with Ho without PEST residues

216-236 fused to LacZ that is stable over 60 min. Arrow points to Ho-LacZ. (B) Pulse-chase experiment of the N-terminal (Fig. 1B) and C-terminal (Fig. 1C) halves
of Ho fused separately to LacZ. The N-terminal Ho-fusion protein that has the PEST residues is degraded with a half-life of ca. 10 min in wild-type yeast (Left)
whereas the C-terminal Ho-LacZ fusion protein is stable over 30 min (Right). NI, noninduced; arrow points to Ho-LacZ.
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Fig.3. The steady-state level of Ho-LacZ activity expressed as a percent of
LacZ activity in cells in which mutant (K48R,G76A) ubiquitin (ubi*) is
overexpressed is compared with that in cells overexpressing normal ubig-
uitin (ubi). The same experiment is shown for a mutant of the Rpt2 subunit
of the 195 lid of the proteasome compared with its congenic wild type. Ho
is stabilized by mutant ubiquitin overexpression and also in the rpt2
mutant.

(residues 1-236 including the PEST residues, Fig. 1B) and
C-terminal (residues 237-586, Fig. 1C) halves of Ho were fused
separately to B-galactosidase and their half-life was measured by
pulse—chase and immunoprecipitation we found that the N-
terminal half has a half-life similar to that of the whole Ho
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protein, whereas the C-terminal half is far more stable with 70%
of the protein remaining after 30 min (Fig. 2B). These results
indicate that the sequence between residues 216 and 236 con-
stitutes a major degradation signal for Ho.

Involvement of the Ubiquitin-26S Proteasome System in Degradation
of Ho. To see whether degradation of Ho involves the ubiquitin
system we compared the steady-state level of Ho in yeast overex-
pressing a mutant form of ubiquitin (Ubi K48R, G76A) from the
CUPI promoter with that in cells overexpressing normal ubiquitin.
Mutation of Lys-48 prevents formation of polyubiquitin conjugates
and gives a dominant negative phenotype (45).

We found that overexpression of mutant ubiquitin leads to a
steady-state level of Ho-LacZ, expressed as a percent of LacZ
induced under the same conditions, that is 4-fold that obtained
under conditions in which normal ubiquitin was overexpressed.
This indicates that the ubiquitin system is involved in degrada-
tion of Ho (Fig. 3). In addition, we examined the steady-state
level of Ho in cells mutant for the Rpt2 ATPase subunit of the
19S subunit of the proteasome (38) by the ONPG assay. Ho
accumulates in 7pt2 mutants, providing proof for the involvement
of the 26S proteasome in its proteolysis (Fig. 3).

Functions of the Ubiquitin-26S Proteasome System that Are Important
for Ho Degradation. To characterize the pathway of Ho degrada-
tion we determined the steady-state level of Ho in yeast mutant
for different ubiquitin-conjugating enzymes by the ONPG assay
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Ho is stabilized in the rad78 mutant.
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(Fig. 44). The half-life of Ho then was determined by pulse—
chase in mutants that tested positive in the ONPG assay (Fig.
4B). These experiments identified UBC2R46 and UBC3¢4e34 as
two ubiquitin-conjugating enzymes that are involved in Ho
degradation. In addition, Ho is stabilized in ubc9 mutants.

Degradation of Ho via UBC2Rad6, Ho is stabilized in UBC2Rad6
mutants, indicating a role for this ubiquitin-conjugating enzyme.
The E3 Ubr1 acts with UBC2R2% when degradation proceeds via
the N-end rule (46); however, there was no stabilization of Ho
in a ubrl mutant (not shown). UBC2R4 forms a complex with
Rad18 in its function of DNA repair (47), and we find that Ho
is stabilized in a rad18 mutant (Fig. 4 C and D). Mms2 and Ubc13
form an ubiquitin-conjugating complex that is a downstream
component of the UBC2R error-free postreplication repair
pathway (48, 49) but there was no effect on degradation of Ho
in ubcl3 mutant yeast (Fig. 44).

Degradation of Ho via UBC3¢d34, UBC3C4e34 js activated by the SCF
ubiquitin ligase complex that comprises Skp1, Cdc53, and Rocl
and a target-specific F-box protein (above). We therefore tested
the half-life of Ho in yeast mutant for Cdc53 and Skpl. Ho is
stabilized in cdc53 and skpl mutant yeast, indicating a role for
the SCF in its degradation (Fig. 5 4 and B).

To identify the E3 component that recruits Ho to the SCF we
measured the steady-state level of Ho in a number of known F-box
mutants (cdc4 and met30) and in three F-box deletion strains listed
in the BLOCKS database, Aynl311c, Ayjl149w, and Ayml08Sw (50) and
also in the F-box mutant, Ayor080w. Ho accumulates only in the
Ayml088w mutant and not in any of the other F-box mutant strains

10080 | www.pnas.org

compared with its isogenic parent.

(Fig. 5 A and C). These experiments identify the ORF YMLO0OS8w
as the F-box that recruits Ho for degradation.

Identification of a Protein Kinase Required for Ho Degradation.
Having identified a role for the SCF in Ho degradation and a
PEST sequence as a major degradation signal we then screened
the stability of Ho in yeast mutant for various protein kinases
that we thought might be relevant. In particular we checked
nuclear protein kinases that are active at the G;/S stage,
including those that have a role in cell cycle arrest in response
to DNA damage (Fig. 64). The initial screen was by the ONPG
assay, subsequently the stability of Ho-LacZ was tested in
promising candidates by pulse—chase and immunoprecipitation.
We found that Ho is stabilized in mecl and rad9 mutants,
indicating a major role for the DDR pathway in degradation of
Ho (Fig. 6 B and C). Mutants of the RAD24 epistasis group that
we tested, rad24, radl7, and mec3, had no effect on the steady-
state level or the half-life of Ho. The downstream kinases, rad53
and dunl, were likewise not necessary for degradation of Ho
(Fig. 6 B and C). However, a significant stabilization of Ho was
observed in a mutant of the Rad9-dependent chkl protein kinase
strain (Fig. 6 B and D). We tested a further group of mutants of
nuclear protein kinases that are active at the Gy/S stage, cdc7
(31), cakl (43), pho85 (44), and hrr25 (45), but did not find any
stabilization of Ho in these strains (not shown).

Chkl is activated by DNA damage and is not activated in cells
arrested in S phase with HU (22). We therefore measured the
half-life of Ho by pulse—chase in cells arrested in S phase with
HU. This was compared with the half-life of Ho in cells arrested
in Gy with « factor and with that in cells arrested in G, with

Kaplun et al.
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(A) Stability of Ho in mutants of the DDR pathway compared with their isogenic parents. Shown is a diagram of the DDR pathway based on integration

of data from refs. 20 and 24; mutants in which Ho is stabilized are indicated in bold. (B) The steady-state level of Ho-LacZ is compared with that of LacZ in mutants
of the DDR and their isogenic wild types. Ho is stabilized in mec1, rad9, and chk1 mutants but not in mutants of the RAD24 epistasis group, rad24, rad17, mec3
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and rad9 mutants but not in mec3, a member of the RAD24 epistasis group. Graphs show rate of degradation of Ho in mec1, rad9, and mec3 mutants compared
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nocodazole. Cells arrested with « factor and nocodazole degrade
Ho almost as rapidly as asynchronous cultures whereas in cells
arrested in S phase with HU Ho is stabilized (Fig. 7). This result
supports a role for Chkl in its degradation.

Discussion
Our results suggest that rapid degradation of Ho contributes to
the stringent temporal regulation of its activity, which is essential
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to protect the new MAT alleles from recleavage after repair of
the Ho-induced DSB. We found that Ho is degraded via the
ubiquitin-26S proteasome pathway and that functions of the
DDR pathway target Ho for degradation.

Two ubiquitin-conjugating enzymes, UBC2Ra46 and
UBC3%de34 are necessary for degradation of Ho. This finding is
similar to reports indicating that both UBCs have a role in
degradation of repressors of cAMP-induced transcription (51).
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Ho degradation in cells arrested in G1 with « factor, in S with HU, and in G, with nocodazole. Ho is stabilized in cells arrested with HU.
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Ho from which the putative PEST residues are deleted is stable
for at least 60 min, suggesting that both UBC2R2d¢ and
UBC3%434 may be recognizing a major degradation signal in the
same region of the protein. The absence of either one of these
UBCs results in stabilization of Ho. Ho degradation may be
similar to that of the Mata?2 repressor where two epistatic groups
of UBCs are involved in its degradation (35).

Ho is stabilized in ubc9 mutants. Ho can induce a mating type
switch in ubc9 mutants (not shown), indicating that it is being
imported into the nucleus in these cells. The stabilization of Ho
in the ubc9 mutant is not a result of the ubc9 G, arrest phenotype
as the half-life of Ho in nocodazole-arrested cells is similar to
that seen in an asynchronous culture. Ubc9 conjugates Smt3 (36)
and the stabilization of Ho may be an indirect effect caused by
lack of activation of a component of the ubiquitin-26S protea-
some system in these mutants.

Rad18 is a single-stranded DNA binding protein, and most
cellular Rad18 is complexed with UBC2R4% (52). Our finding
that Ho is stabilized in rad18 mutants may indicate that this ring
finger protein is functioning as the E3 ubiquitin ligase in this
pathway (53, 54). UBC3%434 s essential for cell cycle progression
at G1/S and is a component of the SCF (8). Our data indicate
that Ho degradation involves the SCF because Ho is stabilized
in skpl and cdc53 mutants. In addition, we show that Ho is
stabilized in mutants of the F-box protein YMLO088w. YMLOS8w
is an uncharacterized ORF transcription of which is elevated
4-fold in response to DNA damage by methyl methanesulfonate
(55). Taken together our results indicate that Ho is recruited to
the SCF by an F-box protein that may have a novel role as a
component of the DDR.

The known substrates of the SCF ubiquitin ligase complex are
phosphorylated and the PEST sequence we delineated between
residues 216 and 236 is the major signal that determines the
half-life of Ho. We found no clear effect on degradation of Ho
in mutants of a number of nuclear protein kinases that are active
at the G;/S phase of the cell cycle. These include cakl, cdc7,
pho85, and hrr25.
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Targeting of Ho for degradation depends on functions of the
DDR pathway, specifically MEC1, RAD9, and CHKI. We find no
role for functions of the RAD24 epistasis group, RAD24, RAD17,
and MEC3 nor for RADS53 or DUNI. Chk1 is phosphorylated in
response to DNA damage and this is MECI- and RADY-
dependent but RAD53-independent, indicating the presence of
a separate pathway of DDR (22). There is a very distinct effect
of DNA structure on the activation of either Rad53 or Chk1 (56).
Rad53 is activated by the stalled replication forks that accumu-
late in cells arrested by HU in S phase whereas Chkl is
specifically activated in response to DNA damage and is not
activated in HU-arrested cells (22). Ho is stabilized in HU-
arrested cells, providing further support of a role for Chkl1 in its
degradation. Our interpretation is that MEC1, RADY, and CHKI
act upstream of UBC2Ra4% and UBC3¢4e3* and target Ho for
ubiquitination.

Our data indicate that the rapid degradation of Ho by the
ubiquitin-26S proteasome system involves several functions that
mediate the DDR and cell cycle progression. The model emerg-
ing from our data is that Ho activity, by generating a DSB,
induces the kinase Chk1. Chkl, either by directly phosphorylat-
ing Ho in the region 216-236 important for degradation, or
indirectly, enables the recognition of Ho by the F-box protein
Yml088w. This F-box protein recruits Ho for ubiquitination by
the SCF complex. Ubiquitinated Ho is rapidly degraded by the
proteasome so that after the DSB at MAT is repaired and the cell
cycle progresses, no further DSBs are introduced into the
switched MAT alleles, thereby ensuring that the mating type
switch occurs only once in every generation. Thus temporal
regulation of Ho activity involves both tight transcriptional
regulation of the gene and DDR-mediated rapid degradation of
the protein via the ubiquitin-26S proteasome system.
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