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Hst3 is the histone deacetylase that removes histone H3K56
acetylation. H3K56 acetylation is a cell-cycle– and damage-regu-
lated chromatin marker, and proper regulation of H3K56 acetyla-
tion is important for replication, genomic stability, chromatin
assembly, and the response to and recovery from DNA damage.
Understanding the regulation of enzymes that regulate H3K56
acetylation is of great interest, because the loss of H3K56 acetyla-
tion leads to genomic instability. HST3 is controlled at both the
transcriptional and posttranscriptional level. Here, we show that
Hst3 is targeted for turnover by the ubiquitin ligase SCFCdc4

after phosphorylation of a multisite degron. In addition, we
find that Hst3 turnover increases in response to replication
stress in a Rad53-dependent way. Turnover of Hst3 is promoted
by Mck1 activity in both conditions. The Hst3 degron contains
two canonical Cdc4 phospho-degrons, and the phosphorylation
of each of these is required for efficient turnover both in an
unperturbed cell cycle and in response to replication stress.

Histone H3K56 acetylation is a cell-cycle– and damage-
regulated histone modification (1). In Saccharomyces cer-

evisiae, K56 acetylation is important for replication, genomic
stability, chromatin assembly, and the response and recovery from
DNA damage (1–6). Because of the critical nature of this chromatin
mark, the enzymes that control it are themselves very important.
In the budding yeast S. cerevisiae, Hst3 is a sirtuin histone

deacetylase that, along with its close homolog Hst4, removes K56
acetylation (5, 7, 8). Overexpression of Hst3 or deletion of Hst3,
along with related deacetylase Hst4, sensitizes cells to replication
stress, suggesting that cells must control Hst3 levels precisely (5,
7). Hst3 is regulated both transcriptionally and by protein
turnover. During an unperturbed cell cycle, HST3 transcript
levels cycle, and Hst3 protein turns over very quickly (5, 9). In
response to DNA damage, transcription of HST3 is turned down,
and Hst3 protein turnover is even faster (5, 8, 10–12).
Many cell-cycle–regulated proteins are targeted for proteaso-

mal degradation after ubiquitination by a member of the SCF E3
ubiquitin ligase family. SCF ligases are multisubunit ubiquitin
ligases composed of Skp1, a cullin (Cdc53), a RING-finger
protein (Rbx1), and an F-box protein (13). The F-box protein is
the substrate recognition module that confers substrate speci-
ficity to SCF ligases, with different F-box proteins recognizing
different sets of substrates. The essential F-box protein Cdc4
regulates many cell-cycle–regulated proteins after their phos-
phorylation, including Sic1, Eco1, Cln3, and many others (14–19).
Here, we have characterized the mechanism of Hst3 protein

turnover. We find that Hst3 is targeted for degradation by
SCFCdc4 through a multisite phospho-degron. We find that Hst3
turnover is increased in response to replication stress in a Rad53-
dependent way. Finally, we show that stabilizing Hst3 leads to
misregulation of K56 acetylation in response to DNA damage and
that this misregulation affects growth and sensitivity to damage.

Results
Hst3 Is a Substrate of SCFCdc4. To study Hst3 protein turnover in
the absence of its transcriptional regulation, we replaced the
promoter of HST3 with the GAL1 promoter. We screened

several E3 ubiquitin ligases to identify the one responsible for
targeting Hst3 for degradation and found that Hst3 is partially
stabilized at the nonpermissive temperature of temperature-
sensitive mutants in CDC53 (the cullin scaffold for all SCF
ligases) and CDC4 (encoding an essential F-box protein) (Fig.
1A). Inactivation of SCFCdc4 also stabilized Hst3 after treatment
with hydroxyurea (HU) to induce replication stress (Fig. 1B).
SCFCdc4 recognizes its substrates through a phospho-degron

(20–22). To understand how Hst3 was targeted for turnover both
during an unperturbed cell cycle and after treatment with HU,
we mapped replication stress-dependent and -independent phos-
phorylation sites on Hst3 by mass spectrometry. We found nine
phosphorylation sites (Fig. 1C; details are given in Table S1 and
spectra in Fig. S1). Seven of the phosphorylation sites that we
mapped were located in a small region C-terminal to the con-
served sirtuin catalytic domain.
To test whether Hst3 was a direct substrate of Cdc4, we tested

whether Hst3 could bind to Cdc4. We used GST-tagged Cdc4
lacking its F-box motif (GST-Cdc4ΔF) (17), which cannot in-
teract with the other subunits of the SCFCdc4 complex and
therefore allows easier observation of the interaction with its
substrates. As shown in Fig. 1D, wild-type Hst3 binds to Cdc4ΔF
but not to GST alone (lanes 7 and 5). Cdc4 often binds its
substrates through a Cdc4 phospho-degron containing closely
spaced phosphorylation sites (20–22). Within the Hst3 C termi-
nus are two small clusters of phosphorylation sites that corre-
spond to the di-phosphorylated consensus (20, 21, 23), which in
the subsequent analysis we called “degron 1” (D1) and “degron 2”
(D2) (shown in Fig. 1C). Mutation of all six residues within D1
and D2 to alanine (Hst3d1m/d2m) blocks the binding of Hst3 to
Cdc4ΔF (Fig. 1D, lane 8).
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The Hst3 C Terminus Functions as a Replication Stress-Responsive
Degron. Deletion of the C-terminal 97 amino acids of Hst3
containing seven phosphorylation sites fully stabilized Hst3 (Fig.
2A). In addition, the same 97-amino acid region was sufficient to
target the stable protein GFP for turnover, so that its turnover
was very similar to that of full-length Hst3-GFP (Fig. 2B).
Therefore, the terminal 97 amino acids of Hst3 act as a degron
that is both necessary and sufficient for the turnover of Hst3.
Moreover, this 97-amino acid degron is responsive to replication
stress, suggesting that any changes in Hst3 turnover in response
to replication stress are mediated through this degron.
Previously, it was known that the increase in turnover seen in

response to DNA damage required Mec1, the homolog of hu-
man ATR and an upstream activating kinase of both the DNA

damage and replication checkpoint pathways (8). In response to
both DNA damage and replication stress, the checkpoint kinase
Mec1 phosphorylates and activates the downstream effector ki-
nase Rad53. Rad53 then phosphorylates a number of substrates,
including the kinase Dun1 (24, 25). We find that the increase in
turnover seen in response to replication stress requires both
MEC1 and RAD53 (Fig. 3 A and B and Fig. S2) but not the
downstream checkpoint kinase Dun1 (Fig. 3C). To confirm this
result independently of the GAL1 promoter, we used Hst3-GFP
under the control of the TEF1 promoter (Fig. 3B). We again see
a striking increase in turnover in response to HU, although the
TEF1 promoter itself is slightly down-regulated in response to
checkpoint activation (11). MEC1 and RAD53 are specifically re-
quired for the increase in turnover seen in response to replication
stress but not for the basal level of Hst3 turnover seen in untreated
cells. We see the same change in turnover for GAL1p-Hst3-TAP
(Fig. S2), showing that this turnover is not dependent on the
GFP tag.
Because we were unable to observe direct phosphorylation of

Hst3 by Rad53 in vitro, we investigated whether a downstream
kinase might be involved. We chose to investigate the GSK3
homolog Mck1. Mck1 phosphorylates its substrates at a consen-
sus site that contains a priming phosphorylated residue in the +4
position (26). Subsequent phosphorylation by Mck1 generates a
di-phosphorylation matching the Cdc4 phospho-degron spacing,
and Mck1 has been implicated previously in controlling turnover
of several Cdc4 substrates (23, 27–29). Two of the phosphory-
lation sites we identified by mass spectrometry, T380 and S416,
exactly match the Mck1 consensus (with a phosphorylated res-
idue in the +4 position). In addition, an acidic residue replacing
a normally phosphorylated residue in the +4 position can also
allow GSK3 phosphorylation (30), in which case S420 and S421
also could be phosphorylated by Mck1. Hst3 was stabilized in an
mck1Δ mutant both in the absence and presence of replication
stress (Fig. 3D). Intriguingly, GSK3 kinases in mammalian
cells have increased activity in response to UV and IR (31, 32),
and the increase in activity is downstream of ATR (the homolog
of yeast Mec1) (31). We propose that Mck1 in budding yeast also
may be regulated in a checkpoint-dependent manner in re-
sponse to DNA damage and replication stress. Consistent with
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Fig. 1. Hst3 is a target of the SCFCdc4 ubiquitin ligase. (A) GAL1p-Hst3-Flag
was induced with galactose in wild-type, cdc53-1, and cdc4-1 strains for 3.5 h
at 23 °C. Then all strains were shifted to 37 °C for 2.5 h to inactivate the
temperature-sensitive alleles before the addition of cycloheximide (CHX).
Cycloheximide was added at t = 0, and protein turnover was followed for
45 min, with time points taken every 15 min. Cdc28 is shown as a loading
control. (B) The experiment was performed as in A except that after induction
with galactose for 7.5 h at 23 °C, cells were prearrested in 0.2 M HU + galactose
for 3 h, and then shifted to 37 °C for 2.5 h before addition of CHX. (C) Phos-
phorylation sites were mapped on Hst3 by mass spectrometry. GAL1p-Hst3-Flag
was induced in a cdc4-1 strain grown at the permissive temperature (23 °C) to
enrich for phosphorylated forms. Purification was done from untreated cells or
cells damaged with 0.05%MMS for 6.5 h. All identified phosphorylation sites are
shown in blue. The two degrons identified, degron 1 (D1) and degron 2 (D2), are
marked. D1 encompasses S377, T380, and T384. D2 encompasses S416, S420, and
S421. The remaining phosphorylation sites shown on the schematic are T172,
T173, and S406. (D) Pulldowns of GST or GST-Cdc4ΔF from cdc4-1 cells expressing
GALp-Hst3wt-9myc (wild-type) or GALp-Hst3d1m/d2m-9myc (m) purified with glu-
tathione Sepharose beads. Hst3d1m/d2m is mutated for all six phosphorylation sites
within D1 and D2. (Upper) Probed with an anti-myc antibody. (Lower) Probed
with an anti-GST antibody. GST-Cdc4 fusion is expressed at lower levels than GST
alone and therefore is not seen in the input with this exposure. The asterisk
denotes a background band previously seen with these constructs (17).
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Fig. 2. The last 97 amino acids of Hst3 comprise a damage-responsive
degron. (A) Hst3 full length or lacking the last 97 amino acids was expressed
under the control of the GAL1 promoter and tagged with GFP. Hst3 was
induced by the addition of galactose, and turnover was followed for 45 min,
with time points taken every 15 min. For turnover in 0.2 M HU, cells were
grown in galactose for 2.5 h, 0.2 M HU was added for an additional 2.5 h,
and then cells were treated with cycloheximide. (B) GFP or GFP fused to
either full-length Hst3 or to the last 97 amino acids of Hst3 was expressed
under the control of the GAL1 promoter. The experiment was performed
as in A.

Edenberg et al. PNAS | April 22, 2014 | vol. 111 | no. 16 | 5963

G
EN

ET
IC
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315325111/-/DCSupplemental/pnas.201315325SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1315325111/-/DCSupplemental/pnas.201315325SI.pdf?targetid=nameddest=SF2


this notion, we find evidence for phosphorylation of many of the
sites identified in degrons 1 and 2 even in the absence of RAD53.
Notably, Hst3 is not fully stabilized in the mck1Δ mutant, sug-
gesting that additional kinases also may be involved. We note
that S420 and S421 fit the casein kinase II consensus sequence (33).

Phosphorylation of the Hst3 Degron Is Required for Turnover. We
next analyzed the phosphorylation requirements for Hst3 turn-
over more specifically. Consistent with our observation that
Hst3d1m/d2m failed to interact strongly with Cdc4 (Fig. 1D), mu-
tation of the six phosphorylation sites in D1 and D2 strongly
stabilized Hst3 both in the absence and presence of replication
stress (Fig. 4A, quantified in Fig. S3). The calculated half-life of
wild-type Hst3 is 8 min in the absence of replication stress. In the
presence of replication stress its half-life appears to be signifi-
cantly less, although much more careful analysis will be required
to determine this value, given its very low stability under these
conditions. The calculated half-life of Hst3d1m/d2m is more than
45 min in both conditions. Mutation of the single remaining
phosphorylation site (S406), which is contained within this
97-amino acid region but is not part of D1 or D2, did not affect
Hst3 turnover either in untreated or in HU-treated cells (Fig.
S4). Mutation of either the first or second degrons alone partially
stabilized Hst3 (Fig. 4B, quantified in Fig. S3), although in both
mutants we observed faster turnover in cells subjected to repli-
cation stress than in untreated cells (the half-life for both
mutants was ∼30 min in untreated cells and ∼20 min in the
presence of HU). This result suggests that both degrons are in-
volved in targeting Hst3 for turnover and that each cluster alone

can respond to replication stress, consistent with there being
a potential Mck1 site within each degron.
Within the first degron, mutation of the first serine (S377A)

did not affect Hst3 turnover, but mutation of the two threonines
(T380A/T384A) stabilized Hst3 for both its normal and repli-
cation stress-induced turnover (Fig. 4C, quantified in Fig. S3).
Moreover, the contribution of the first degron is mediated
through the phosphorylation of T380 and T384 (Fig. 4D, quan-
tified in Fig. S3), because those two sites are sufficient for
turnover similar to the complete first degron. In the context of
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a wild-type D1, mutation of serine 416 (S416A) in the second
degron had no obvious effect, but mutation of the other two
serines (S420A/S421A) stabilized Hst3 (Fig. 4E, quantified in
Fig. S3). However, in the absence of a functional D1, S420 and
S421 are not sufficient for Hst3 targeting by the second degron
(Fig. 4F, quantified in Fig. S3).

Hst3 Turnover Is Involved in Proper Regulation of Acetylated H3K56.
We wanted to test the functional consequence of failing to turn
over Hst3 properly. We stabilized Hst3 by mutating CDC4 in the
context of sic1Δ. Acetylated K56 (K56Ac) levels were lower in
cdc4-1 sic1Δ cells than in the sic1Δ controls, both in an asyn-
chronous culture and after exposure to the DNA-damaging
agent methyl methane sulfonate (MMS) (Fig. 5A), presumably
because of high levels of Hst3 in the cdc4-1 strain. MMS enhances
the difference that we observe, presumably because turnover of
Hst3 by Cdc4 normally is much faster in MMS, and therefore the
difference in Hst3 levels between the wild-type and cdc4-1 strains
should be exacerbated. Hst4, the close homolog of Hst3, is also
a substrate of Cdc4 (34), can also deacetylate K56Ac (5, 7), and
probably also contributes to the low levels of K56Ac seen in cdc4-1
cells. These data suggest that degradation of Hst3 (and Hst4)

likely is important for the regulation of K56Ac in an unperturbed
cell cycle and for the maintenance of K56Ac in response to rep-
lication stress. sic1Δ strains previously have been shown to have
DNA damage as observed by Ddc1 focus formation, but these
cells do not activate the DNA-damage checkpoint (35).
To test the consequences of misregulating K56Ac on growth

and sensitivity to replication stress, we used a strain expressing
HST3 under the control of the GAL1 promoter. With this pro-
moter, HST3 is highly overexpressed when grown in the presence
of galactose (Fig. 5B), and transcription of HST3 is inhibited
when grown in the presence of dextrose (Fig. 5C). As shown in
Fig. 5B, cdc4-1 mutants grow slowly and are sensitive to repli-
cation stress; however, simultaneous overexpression of HST3
exacerbates the phenotype, leading to even slower growth in the
absence of damage and no visible growth in the presence of HU.
Although this result is consistent with regulation of Hst3 turn-
over influencing sensitivity to replication stress, high levels of
Hst3 in this context also could interfere with residual Cdc4
function, and the resulting phenotype could be caused, in part,
by competition with the ubiquitination of other Cdc4 substrates.
Transcriptionally repressing HST3 by growth in the presence of
dextrose partially relieves the observed sensitivity of cdc4-1
mutants to HU (Fig. 5C), suggesting that high levels of Hst3 are
at least partially responsible for the slow growth and sensitivity.
These data are consistent with a role for Hst3 turnover in the
proper regulation of K56Ac, because K56Ac misregulation
previously has been shown to result in sensitivity to damage and
replication stress (5, 7).

Discussion
HST3 expression is controlled by protein turnover. Here, we find
that Hst3 turnover is mediated by SCFCdc4 after phosphorylation
of a small, replication stress-responsive degron. As noted above,
the closely related sirtuin Hst4 that can redundantly remove
H3K56-Ac has itself been described as a target of SCFCdc4 (34).
The mapped phospho-degron of Hst4 falls in a small region
outside the conserved, catalytic sirtuin domain in the N terminus
of Hst4. The location of these degrons suggests that the small
regions that control degradation of Hst3 and Hst4 evolved later
to control the enzymes without altering their catalytic function.
Cdc4 often recognizes its substrates through a phospho-

degron containing two phosphorylation sites spaced closely to-
gether (20, 21, 23), although data on Sic1 in budding yeast sug-
gests that this spacing may not be strictly required (36). We find
that maximal degradation of Hst3 requires two such phospho-
degrons, and each phospho-degron contributes to the increased
turnover in response to replication stress. The phosphorylation
sites we identified are required for turnover both in the presence
and in the absence of replication stress, and deletion of the yeast
GSK3 homolog MCK1 stabilizes Hst3 in both situations. We
propose that Mck1 phosphorylates Hst3 to promote its Cdc4-
dependent turnover in both conditions and that, as for mammalian
GSK3, Mck1 activity may also be increased in a checkpoint-
dependent way in response to replication stress (31, 32). Because
an mck1Δ mutant does not fully stabilize Hst3, an additional
kinase involved in Hst3 turnover may be differentially regulated
by the checkpoint. Whether Hst3 is a direct target of Mck1 remains
to be determined.
Recent work on the canonical Cdc4 target Sic1 shows that

maximal degradation of Sic1 by SCFCdc4 also requires multiple
phospho-degrons (36, 37). We find that in Hst3, two phosphor-
ylation sites—S420 and S421—are required for maximal turn-
over even though the two sites alone are not sufficient for any
turnover. In mammalian cells, cyclin E is recognized for turnover
by a dimer of SCFFBW7 through two degrons. Intriguingly, one of
the degrons involved is suboptimal and cannot, in the absence of
the other degron, promote turnover (38). In Hst3, these two
phosphorylation sites, S420 and S421, also have acidic residues in
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Fig. 5. Hst3 degradation is required for proper regulation of H3K56-Ac. (A)
sic1Δ and sic1Δ cdc4-1 strains were shifted to 37 °C to inactivate Cdc4 in the
absence or presence of 0.05% MMS for 2.5 h. Total histone H3 is shown as
a loading control. (B) Shown are fivefold serial dilutions of the indicated
strains grown on plates with galactose as the sugar source, which induces
high levels of Hst3 under the control of the GAL1 promoter. Plates were
grown at 30 °C for 3 d (GAL) or 4 d (GAL+HU) before scanning. (C) The
experiment was performed as in B on plates with dextrose as the sugar
source, which represses transcription of Hst3 under the control of the GAL1
promoter. Plates were grown at 30 °C for 3 d before scanning.
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the +4 position, allowing them to function as a suboptimal
degron in the absence of S416 phosphorylation. In the presence
of S416 phosphorylation, on the other hand, they form a better
Cdc4 phospho-degron, and therefore the second degron alone is
sufficient for some Hst3 turnover. Thus, dimerization of Cdc4 may
be involved in the recognition and ubiquitination of some of its
substrates, as in mammalian SCFFBW7 (21, 39, 40).
In mammalian cells NUSAP1 was recently described as a tar-

get of an SCF ligase and turns over in an SCF-dependent manner
in response to DNA damage (41). Particularly for substrates of SCF
ligases, looking for changes in turnover in response to replication
stress and DNA damage may be interesting, because phosphoryla-
tion is both critical for substrate recognition and a common mode of
regulation by the DNA damage and replication checkpoints.
In addition to the regulation of Hst3 protein turnover de-

scribed here, Hst3 is regulated transcriptionally during the cell
cycle and in response to replication stress (5, 9–11). The com-
bination of transcriptional and posttranscriptional control sug-
gests that cells control Hst3 levels tightly during a normal cell
cycle and that keeping Hst3 levels low in response to replication
stress is critical. Stabilizing Hst3 while simultaneously dereg-
ulating its promoter presumably would lead to an even greater
deregulation of K56Ac and a stronger cellular phenotype. Many
proteins that turn over quickly are also under tight transcrip-
tional regulation. The transcriptional clusters that vary during
the cell cycle or in response to different cellular stresses may be
a useful starting point for finding more substrates of SCF ligases.

Experimental Procedures
Yeast Methods. Yeast strains were grown in YM-1 medium (42) with 2%
(wt/vol) dextrose at 30 °C unless otherwise noted. Strains were made using
standard techniques. Hst3 site mutations were generated using QuikChange
Site-Directed Mutagenesis. Strains are listed in Table S2.

Expression from the GAL1 promoter was induced with 2% (wt/vol) ga-
lactose. For experiments with temperature-sensitive strains, cells were
maintained at 23 °C until the experiment. In the assays shown in Fig. 5A,
strains were shifted to 37 °C for 2.5 h to inactivate cdc4-1. For damaged
cells in Fig. 5A, 0.05% (vol/vol) MMS was added simultaneously with the
37 °C temperature shift.

For the viability and sensitivity assays shown in Fig. 5 B and C, cells were
grown overnight, diluted to the same OD, and plated onto yeast extract/
peptone/dextrose (YPD) or yeast extract/peptone/galactose (YPG) plates or
to the same plates containing 0.05 M HU. Cells were grown for 3 d (YPD,
YPD + 0.05 M HU, and YPG) or 4 d (YPG + 0.05 M HU) and then were scanned.

Western Blots. From cultures in midlog phase, cell pellets of equivalent optical
densities were collected, washed with 1 mL 4 °C H2O, and frozen on dry ice.
Pellets were thawed in boiling sample buffer [50 mM Tris (pH 7.5), 5% SDS,
5 mM EDTA, 10% glycerol, 0.5% β-mercaptoethanol, bromophenol blue,
1 μg/mL leupeptin, 1 μg/mL bestatin, 0.1 mM benzamidine, 1 μg/mL pepstatin
A, 5 mM NaF, 1 mM Na3VO4, 80 mM β-glycerophosphate, 1 mM phenyl-
methylsulfonyl fluoride]. Cells were boiled for 3 min, bead-beaten with glass
beads for 3 min, and clarified by centrifugation. Extracts were analyzed by
SDS/PAGE and Western blotting. Western blots were performed with low-salt
PBS with Tween-20 (PBS-T) (15 mM NaCl, 1.3 mM NaH2PO4, 5.4 mM Na2HPO4,
0.05% Tween-20). Primary antibody incubations were performed in 5%
(wt/vol) milk and low-salt PBS-T. Antibodies were used as follows: α-Cdc28
(yC-20; Santa Cruz Biotechnology) at 1:2,000; α-GFP (clone JL8; Clontech) at
1:1,000; α-Flag (clone M2; Sigma-Aldrich) at 1:2,000; α-Rad53 (DAB001, a gift
from Durocher laboratory, University of Toronto, Toronto) at 1:2,000; α-TAP
(CAB1001; Thermo Scientific) at 1:1,000; α-H3K56Ac (Upstate Cell Signaling
Solutions) at 1:6,000; and α-H3 (ab1791; Abcam) at 1:2,000.

Mass Spectroscopy Analysis. GAL1p-Hst3-Flag was induced by growth in YM-1
(42) with 2% galactose in a strain with cdc4-1 grown at the permissive
temperature (23 °C). For damage-treated samples, cells were treated with
0.05% MMS for 6.5 h (the long time reflects the slow doubling time of cdc4-1 at
23 °C).Then 2 L of cells for each sample were collected. Pellets were lysed in lysis

buffer [25 mM Hepes (pH 7.5), 250 mM NaCl, 0.2% Triton-X100, 1 mM EDTA,
10% glycerol, 1 μg/mL leupeptin, 1 μg/mL bestatin, 0.1 mM benzamidine,
1 μg/mL pepstatin A, 5 mM NaF, 1 mM Na3VO4, 80 mM β-glycerophosphate,
1 mM phenylmethylsulfonyl fluoride] by bead-beating with glass beads for
five to seven 1.5-min intervals in a cold block resting on ice in between
intervals. Samples were clarified by centrifugation. Purification was done by
immunoprecipitation with α-Flag antibody (clone M2; Sigma-Aldrich, as used
for Western blotting) for 3–5 h, rotating at 4 °C. Beads were washed six
times with lysis buffer supplemented to 500 mM NaCl. Purified protein was
eluted with 150 μg/mL 3-Flag peptide. Samples were concentrated by tri-
chloroacetic acid precipitation and run on SDS/PAGE, and the band corre-
sponding to Hst3 was cut out and sent for mass spectrometry analysis.

Excised gel slices were proteolytically digested by the addition of trypsin as
previously described (43, 44). Peptide digests were fractionated online using
reversed-phase chromatography followed by analysis on a Thermo Fisher
Orbitrap XL mass spectrometer in which MS/MS spectra were collected by
data-dependent acquisition as previously described (43, 45). Phosphopeptide
identification via database searching, decoy database-based probabilistic
filtering, and phosphosite localization were performed using the ProLuCID,
DTASelect, and Ascore algorithms, respectively, as implemented in the IP2
proteomic software suite (Integrated Proteomics Applications) (46–49).
Phosphosites identified after filtering using a false-positive cutoff of 0.05 are
shown in Fig. 1C, and the corresponding MS/MS spectra are shown in Fig. S1.

Cdc4-Binding Experiment. The Cdc4-binding experiment was performed as
described in ref. 17. Cells were grown in C-URA medium with galactose to
induce Hst3 (wild-type or d1m/d2m) for 9 h at 23 °C. Cells then were shifted
to 37 °C to inactivate cdc4-1 for 1 h. Twenty optical densities of cells were
collected and lysed in Hepes lysis buffer [25 mM Hepes (pH 7.6), 400 mM
NaCl, 0.2% Triton X-100, 1 mM EDTA, 10% glycerol, 1 μg/mL leupeptin, 1 μg/mL
bestatin, 0.1 mM benzamidine, 1 μg/mL pepstatin A, 5 mM NaF, 1 mM Na3VO4,
80 mM β-glycerophosphate, 1 mM phenylmethylsulfonyl fluoride] by bead-
beating in a cold block for five 1.5-min bursts. Lysate was clarified by centrifu-
gation at 4 °C. Extracts were incubated with 20 μL of 50% glutathione-Sepharose
bead slurry in lysis buffer for 2 h at 4 °C. Beads were collected by centrifugation
and washed seven times with 1 mL of cold lysis buffer. Proteins then were eluted
by boiling in sample buffer and analyzed by Western blotting anti-GST (3818–1;
Clontech) and anti-Myc (9E10).

Half-Life Assays. Cells were grown as for Western blotting to midlog phase.
Cycloheximide was added to cultures for a final concentration of 50 μg/mL
after collection at the t = 0 time point. Equivalent ODs were collected for
each time point and were processed for Western blots as described above.
For all experiments with Hst3 under the control of the GAL1 promoter, cells
were grown in galactose for several hours, to midlog phase, before the
addition of cycloheximide or 0.2M HU. For half-life experiments in the
presence of DNA-damaging agents, cells were treated with 0.2 M HU (still in
the presence of galactose) for 2.5 h before the addition of cycloheximide.
For cdc53-1 and cdc4-1 experiments, cells (including wild-type control) were
grown up in galactose for several hours and then were shifted to 37 °C for
2.5–3 h. For the damage turnover in cdc53-1 and cdc4-1, cells were grown up
in galactose and then were prearrested in 0.2 M HU for 3 h (while still in
galactose) before the temperature shift to 37 °C for 2.5 h.

For quantifications shown in Fig. S3, gels were probed with fluorescent
secondary antibodies from LI-COR (IRDye 800CW for both anti-goat and
anti-mouse antibodies) and scanned on a LI-COR Odyssey Fc scanner.
Quantification was done with Fiji (50). Quantified GFP values were nor-
malized to corresponding Cdc28 loading control values for each blot. All
values then were normalized to the wild-type starting level for each. For
wild-type Hst3, half-life was calculated on each of the gels from only the
0- and 15-min time points, because levels approach background at the longer
time points. The average across all gels is presented in the text. For stabilized
mutants of Hst3, half-life was calculated including longer time points.
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