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Use of Quantitative Mass Spectrometric
Analysis to Elucidate the Mechanisms of
Phospho-priming and Auto-activation of the
Checkpoint Kinase Rad53 in Vivo*s

Eric S.-W. Chent§1], Nicolas C. Hoch|**, Shun-Chang Wangt, Achille Pelliciolit,
Jorg Heierhorst|**§§, and Ming-Daw Tsai}§7§§

The cell cycle checkpoint kinases play central roles in the
genome maintenance of eukaryotes. Activation of the
yeast checkpoint kinase Rad53 involves Rad9 or Mrci
adaptor-mediated phospho-priming by Mec1 kinase, fol-
lowed by auto-activating phosphorylation within its acti-
vation loop. However, the mechanisms by which these
adaptors regulate priming phosphorylation of specific
sites and how this then leads to Rad53 activation remain
poorly understood. Here we used quantitative mass
spectrometry to delineate the stepwise phosphorylation
events in the activation of endogenous Rad53 in response
to S phase alkylation DNA damage, and we show that the
two Rad9 and Mrc1 adaptors, the four N-terminal Mec1-
target TQ sites of Rad53 (Rad53-SCD1), and Rad53-FHA2
coordinate intimately for optimal priming phosphorylation
to support substantial Rad53 auto-activation. Rad9 or
Mrc1 alone can mediate surprisingly similar Mec1 target
site phosphorylation patterns of Rad53, including previ-
ously undetected tri- and tetraphosphorylation of Rad53-
SCD1. Reducing the number of TQ motifs turns the SCD1
into a proportionally poorer Mec1 target, which then re-
quires the presence of both Mrc1 and Rad9 for sufficient
priming and auto-activation. The phosphothreonine-inter-
acting Rad53-FHA domains, particularly FHA2, regulate
phospho-priming by interacting with the checkpoint me-
diators but do not seem to play a major role in the phos-
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pho-SCD1-dependent auto-activation step. Finally, muta-
tion of all four SCD1 TQ motifs greatly reduces Rad53
activation but does not eliminate it, and residual Rad53
activity in this mutant is dependent on Rad9 but not Mrc1.
Altogether, our results provide a paradigm for how phos-
phorylation site clusters and checkpoint mediators can be
involved in the regulation of signaling relay in protein
kinase cascades in vivo and elucidate an SCD1-indepen-
dent Rad53 auto-activation mechanism through the Rad9
pathway. The work also demonstrates the power of mass
spectrometry for in-depth analyses of molecular mecha-
nisms in cellular signaling in vivo. Molecular & Cellular
Proteomics 13: 10.1074/mcp.M113.034058, 551-565, 2014.

Eukaryotic cells are most vulnerable to exogenous DNA-
damaging agents during the S phase of the cell cycle, when
unprogrammed DNA lesions interfere with the tightly choreo-
graphed DNA replication process. DNA damage during this
phase leads to the activation of two overlapping checkpoint
pathways in Saccharomyces cerevisiae, the DNA replication
checkpoint and the intra-S-phase DNA damage checkpoint
(1, 2). Phospho-priming for auto-activation of the central
checkpoint kinase Rad53 by the upstream kinase Mec1/Tell
depends on Mrc1 as an adaptor in the DNA replication check-
point pathway and Rad9 as an adaptor in the DNA damage
checkpoint pathway (3-10). Rad53, a well-accepted model
system for studying the function and regulation of Chk2-like
kinases, contains two forkhead-associated (FHA)' domains
(FHA1 and -2) and two SQ/TQ cluster domains (SCD1 and -2)
enriched in Mec1/Tel1-target phosphorylation sites (11-13).

Mrc1 normally is a replisome component that functionally
couples DNA Pol ¢ with Cdc45 and MCM helicase during
replication fork progression (14, 15). As the replication forks
are stalled by replication stress, the recruited checkpoint sen-
sor kinase Mec1 phosphorylates the SCD of Mrc1, which

" The abbreviations used are: FHA, forkhead-associated; MMS,
methyl methanesulfonate; pT, phospho-threonine; SCD, SQ/TQ clus-
ter domain; SILAC, stable isotope labeling by amino acids in cell
culture; WT, wild type.
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abolishes its N-terminal interaction with Pol ¢ and enables
Mrc1 to recruit Rad53 and promote Rad53 phosphorylation
by Mec1 as an initial step in the activation of Rad53 in the
Mrc1 branch (6, 14, 16). Alanine substitution of all Mec1 target
sites of Mrc1 (designated the mrc7-AQ allele) has been shown
to selectively disable its checkpoint function for Rad53 acti-
vation without affecting its DNA replication functions (4). In
response to DNA damage, Rad9 is able to associate with
damaged chromatin via its BRCT and Tudor domains, which
tether it to Ser129-phosphorylated histone H2A (yH2A) and
Lys79-methylated histone H3, respectively (17, 18). Alterna-
tively, the recruitment of Rad9 onto damaged DNA could also
be facilitated by its phosphorylation by CDK1, which enables
the specific interaction of Rad9 with Dpb11, allowing the
formation of the ternary complex of Dpb11, Mec1, and Rad9
(19, 20). Similar to Mrc1, Mec1 activates the adaptor function
of Rad9 by phosphorylation of its SCD, which then binds to
the Rad53-FHA domains to promote Rad53 phosphorylation
by Mec1 (3, 5, 10).

Beyond serving as scaffolds to recruit Rad53, Mrc1 and
Rad9 have been shown to promote Rad53 phosphorylation by
Mec1 in a dose-dependent manner in vitro (3, 16), underlining
their adaptor role to enhance the enzyme-substrate (Mec1-
Rad53) interaction. However, how they can specifically regulate
the priming phosphorylation at specific sites and how this then
leads to Rad53 activation remains poorly understood. Finally,
hyperphosphorylated Rad9 has also been shown to catalyze
the auto-phosphorylation of recombinant Rad53 (21), but it
remains to be examined whether and how this occurs in vivo.

The activation of SCD-FHA containing kinases such as
human Chk2 and fission yeast Cds1 has been suggested to
involve a two-step phosphorylation process: first, SCD
phosphorylation by an ATM/ATR-like kinase leads to intermo-
lecular binding to the FHA domain of another Chk2/Cds1
monomer, which then results in dimerization/oligomerization-
dependent auto-phosphorylation within the kinase activation
loop (22-26). In addition to the characteristic N-terminal SCD-
FHA module of Chk2-like kinases, Rad53 contains another
SCD2-FHA2 module C-terminal to its kinase domain. Similar
to its orthologues, Rad53 activation has been proposed to
depend on SCD1 phosphorylation (but not SCD2 phosphor-
ylation) and partially redundant functions of the two FHA
domains (9, 27-29). However, although Rad53-FHA1 can in-
teract with SCD1 in a phospho-threonine (pT)-dependent
manner in vitro (9, 28), it appears to be required for Rad53
activation only in G2/M-arrested cells (27, 29). In contrast, the
FHA2 domain, which seems to be more important overall for
Rad53 activation, does not appreciably bind phospho-SCD1
peptides in vitro (27, 28). Thus, the mechanisms by which
Mrc1, Rad9, SCD1 phosphorylation, and FHA domains inter-
act during checkpoint-dependent Rad53 priming and auto-
activation remain to be elucidated.

Quantitative mass spectrometric analysis has revolution-
ized the functional analysis of cellular signaling pathways,

including site-specific phosphorylation events of key signaling
molecules (30-33), but an important caveat is that MS studies
often involve protein tags or nonphysiological expression lev-
els that can interfere with normal protein functions. For ex-
ample, the integration of a triple HA tag into the endogenous
RAD53 gene locus has been shown to reduce Rad53 protein
levels, resulting in significantly altered checkpoint activity (34).
In this study we used quantitative MS analyses to dissect the
stepwise phosphorylation events of endogenous, untagged
Rad53 in response to MMS-induced alkylation DNA damage
and replication stress during the S phase. Together with
functional analyses, our results delineate how the two Mec1
adaptors Rad9 and Mrc1 can coordinate with the four SCD1
priming sites (T5, T8, T12, and T15) to regulate the phospho-
priming of Rad53 by Mec1. In addition, an SCD1-priming
independent Rad53 auto-activation mechanism and the spe-
cific roles of the FHA domains during Rad53 hyperphosphor-
ylation are also elucidated in this work.

EXPERIMENTAL PROCEDURES

Yeast Strains—All yeast strains were in the W303-1A background
(with corrected RAD5) and contained sml/1::HIS3. Point mutations
were generated in the endogenous RAD53 locus without residual
markers or protein tags, and double mutant strains were generated
via mating and tetrad dissection of spores as described in supple-
mental Table S1. In order to specifically detect S phase DNA damage
activation of Rad53 without indirect effects from dNTP fluctuations
during normal S phase (35), all experiments in this study were per-
formed in sml71A strains.

Cell Synchronization, MMS Treatment, and Preparation of
Spiked-in SILAC Standard— Yeast cells were grown in yeast peptone
dextrose at 30 °C. Log phase cultures (optical density at 600 nm ~
0.4) were arrest in G1 phase by two pulses of a-factor treatment (9
ng/ml) for 75 min each. Cells were then washed extensively and
resuspended in prewarmed yeast peptone dextrose with or without
0.05% MMS. The lysates were prepared from cells released from
a-factor arrest into yeast peptone dextrose (45 min for collecting S
phase Rad53) or yeast peptone dextrose containing 0.05% MMS (45
min for collecting maximal activated Rad53 in S phase). The SILAC
isogenic strain (CAN1 (plasma membrane Arg permease), arg4::KAN
lys2::NAT) was grown in minimal dropout media supplemented with
L-lysine-"°Cq, "N, and L-arginine-'3Cg,'°N, (ISOTEC, Sigma, St.
Louis, Missouri), and lysates were prepared from mid-log phase cells
(OD 600 nm ~ 0.8 to 1) after 0.05% MMS treatment for 2 h.

Western Blotting and Immunoprecipitation—For Western blots, ly-
sates were prepared using bead beating at 4 °C in lysis buffer (50 mm
Tris-HCI, pH 7.5, 0.5% Nonidet P-40, 0.5% Triton-X 100, 150 mm
NaCl, 5 mm EDTA, 1 mm phenylmethylsulfonyl fluoride, EDTA-free
Protease Inhibitor Mixture (Roche), 5 mm sodium pyrophosphate, 50
mmM sodium fluoride, 10 mm B-glycerophosphate, and Phosphatase
Inhibitor Mixture (Sigma)) and separated by 8% standard SDS-PAGE.
The rabbit polyclonal anti-Rad53 antibody was raised and affinity-
purified using recombinant Rad53-FHA2 domain and then used for
monitoring Rad53 characteristic gel shifts. Mouse monoclonal anti-
body EL7E1 was used for Rad53 immunoprecipitation and detection.
Anti-Rad9 was raised and affinity-purified using recombinant Rad9-
BRCT domain, anti-yH2A from Abcam, Cambridge, Massachusetts
(@ab15083), and anti-Clb5 from Santa Cruz Biotechnology, Dallas,
Texas (sc6704). For Rad53 immunoprecipitation from large culture for
MS analysis, ~150 to 200 mg of the lysate protein was collected as
described above and adjusted to a protein concentration of about 10
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mg/ml. The endogenous Rad53 was then immunoprecipitated using
EL7E1 and protein-G Mag Sepharose Xtra beads from GE Healthcare
(28-9670-70) at 4 °C overnight. After extensive washing of the beads
with the lysis buffer and PBS with 0.1% Tween-20, the bound Rad53
and associated proteins were eluted with the SDS sample buffer.
After spiking in “heavy” EL7E1 immunopurified Rad53 metabolically
labeled with L-lysine-'3Cg,"*N, and L-arginine-'®Cg,'®°N, (ISOTEC),
the mixture was separated by 9.5% standard SDS-PAGE followed by
in-gel trypsin digestion for LC-MS/MS analysis.

Enrichment of Phosphopeptides with TiO, Beads—The resulting
tryptic fragments of Rad53 and co-purified proteins were incubated
with 2 mg of TiO, beads (GL Science, Torrance, CA) or 50 ul of TiO,
Mag Sepharose (GE Healthcare) in 1 m glycolic acid (Sigma) prepared
in 80% acetonitrile with 5% (v/v) trifluoroacetic acid in water. After
incubation for 30 min with vigorous shaking, the beads were washed
with the above binding buffer and then with a solution of 80% ace-
tonitrile with 1% (v/v) trifluoroacetic acid twice. The bound phos-
phopeptides were then eluted from the beads with 5% NH; twice.
After acidification with formic acid, the eluted phosphopeptides
were desalted by C,5 StageTips (Proxeon Biosystems, Thermo,
Waltham, Massachusetts, USA).

LC-MS/MS and Data Analysis—The resulting peptides were gen-
erated from in-gel trypsin digestion, which cleaves at the C terminus
of lysine and arginine residues. The peptide nanoflow LC-MS/MS
experiments were performed using a reverse-phase C,g capillary
column and an LTQ-Orbitrap hybrid mass spectrometer (Thermo)
equipped with a nanoelectrospray ion source (New Objective,
Woburn, Massachusetts) and an ultrahigh pressure LC (Waters Cor-
poration, Milford, Massachusetts, USA) or HPLC pump (Agilent Tech-
nology, Santa Clara, CA). The scan cycle was initiated with a full-scan
survey MS (m/z 320-1600) experiment in the Orbitrap followed by
data-dependent MS/MS experiments in the linear ion trap on the 12 or
20 most abundant ions detected in the full MS scan. The raw MS and
MS/MS spectra were processed by MaxQuant (1.2.2.5 or 1.3.0.5)
with the Andromeda search engine for protein and peptide identi-
fication in a target-decoy Saccharomyces cerevisiae protein data-
base (yeast orf trans all 05-Jan-2010.fasta; 6754 entries) (36).
The precursor and fragment mass tolerance were set to 6 ppm and
0.5 Da, respectively, with up to two missed cleavages. Cysteine
carbamidomethylation was used as a fixed modification, and the
variable modifications were methionine oxidation; protein N-terminal
acetylation; asparagine deamidation; and serine, threonine, and tyro-
sine phosphorylation. The false discovery rate was set at 1% for
peptides, proteins, and sites, and the minimum peptide length al-
lowed was seven amino acids. In order to precisely quantitate the
changes in the Rad53 phosphorylation and in the association of Mrc1
and Rad9 with Rad53, the abundance of the unlabeled and SILAC-
labeled tryptic fragments was also manually examined and calculated
based on the peak areas in the extracted ion chromatogram for their
top three isotopic peptide precursor ions with 25 ppm mass tolerance
using Xcalibur (Thermo). The results for the quantitation of Rad53
phosphorylation were obtained from two to six independent biological
repeats for all of the yeast strains used in this study. The lists of all
detected Rad53 tryptic fragments and Rad53 and Mrc1 phosphory-
lation site identifications are organized in supplemental Tables S2-S4.
All annotated, mass-labeled spectra for supplemental Tables S2-S4
can be found in supplemental Table S5.

RESULTS

Quantitative MS Analysis of Endogenous Rad53 Phosphor-
ylation in Response to S Phase DNA Damage—Whereas the
Rad9-dependent DNA damage checkpoint pathway functions

during all cell cycle phases, the Mrc1 pathway is only active
during S phase (2, 37). Thus, in order to be able to assess the
contributions of both adaptors to Rad53 activation under
comparable conditions, we chose to monitor Rad53 phos-
phorylation in response to S phase MMS treatment. To inves-
tigate Rad53 phosphorylation under entirely physiological
conditions, we took advantage of the recently developed
monoclonal antibody EL7E1 (38), which can efficiently immu-
noprecipitate endogenous Rad53 with or without MMS (sup-
plemental Fig. S1A). We employed a variant of the SILAC-
based quantitative MS approach, “spike-in SILAC” (39), to
evaluate the effects of different mutations on the site-specific
phosphorylation states of Rad53 under ideal growth condi-
tions. As shown in Fig. 1A, phosphorylation-dependent elec-
trophoretic mobility shifts of Rad53 were maximal after the
G1-arrested yeast cells had been released for 45 min into S
phase in the presence of 0.05% MMS. To avoid measuring
secondary responses, a 45-min MMS treatment was chosen
as the standard condition in this study. As indicated in Fig. 1B,
all unlabeled EL7E1 affinity-purified “light Rad53” experimen-
tal samples were internally standardized by spiking with the
same amount of “heavy Rad53” reference sample prepared
via DNA damage treatment of an isogenic WT strain (except
for lys2A arg4A CANT1 to ensure even labeling) grown in
13C/"®N-Lys/Arg containing minimal medium. The mixture of
the heavy (H) and light (L) Rad53 samples was then separated
by SDS-PAGE (supplemental Fig. S1B), followed by in-gel
tryptic digestion and LC-MS/MS analysis using an LTQ-
Orbitrap hybrid MS analyzer. The resulting peptide identifica-
tion covered around 90% of the Rad53 protein sequence
(supplemental Table S2). Two types of phosphopeptide anal-
ysis were performed: the relative levels of phosphorylation
(the WT data were set to be 100%) using the normalized
heavy phosphopeptide as the reference, and the estimated
phosphostoichiometry (i.e. percent site occupancy) based on
depletion of the corresponding unphosphorylated peptide
counterpart. The detailed algorithms are further elaborated
below.

As illustrated in row | of Fig. 1B, the L/H ratios of Rad53
tryptic fragments that did not contain phosphorylation or
other post-translational modification sites were used to nor-
malize the input levels of unlabeled Rad53. It was then pos-
sible to compare the relative phosphorylation levels of specific
sites (or multisites) between different Rad53 samples (row Il in
Fig. 1B), including the mrc7-AQ rad9A control strain in which
both mediator pathways are disabled, to allow identification of
the checkpoint-dependent phosphorylation events. Examples
of the raw precursor MS scan are shown in Fig. 1C for an
unmodified Rad53%7°~%7° fragment as the input control (a)
and the unphosphorylated (b) and mono-, di-, tri-, and tetra-
phosphorylated (c—f, respectively) Rad53-SCD1 fragments
(Rad53™"7, MENITQPTQQSTQATQR) in unlabeled light (L1-
L3) experimental samples relative to the SILAC-labeled heavy
(H) DNA-damaged WT reference sample. Comparison of the
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Fic. 1. Rad53 phosphorylation site mapping in EL7E1-immuno-purified endogenous, untagged Rad53 after S phase MMS treatment.
A, Western blot analysis for phosphorylation-dependent electrophoretic mobility shifts of Rad53. Samples were collected during a-factor G1
arrest (O min) and at the indicated time points after release into the S phase with 0.05% MMS. B, conditions and workflow of the spike-in SILAC
approach to quantitate the site-specific phosphorylation level and the estimated phosphostoichiometry of Rad53. C, precursor mass spectral
scans for an unmodified Rad53%7°~¢7° fragment FLLQDGDEIK (a) and the unphosphorylated (b) and mono-, di-, tri-, and tetraphosphorylated
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MMS-treated WT sample (L2) with the untreated sample (L1)
and the mrc1-AQ rad9A control (L3) indicated that phospho-
rylation of the four TQ motifs (c-f) was checkpoint- and
DNA-damage-dependent.

Furthermore, as phosphorylation at a given site results in
lower levels of the corresponding unphosphorylated peptides
(row Il of Fig. 1B), quantitation of the relative depletion of
unphosphorylated peptides compared with that in the unper-
turbed S phase sample allowed us to estimate the changes of
phosphostoichiometry in response to DNA damage, with the
caveat that in tryptic peptides with multiple phosphorylation
sites (e.g. SCD1 or SCD2), this depletion analysis can only
estimate the total fraction of phosphorylated peptides without
resolution of individual sites or specific multiphosphorylation
states. For example, note that as a consequence of substan-
tial SCD1 phosphorylation after S phase checkpoint activation
(Fig. 1C, L2, c-f), the level of the corresponding unphosphor-
ylated SCD1 fragment Rad53'~"" (L2, b) was considerably
reduced relative to the unperturbed WT (L1, b) or the MMS-
treated mrc1-AQ rad9A (L3, b).

New Phosphorylation Sites, Multisites, and Estimated
Stoichiometry— Altogether, for endogenous, untagged Rad53
in response to S phase MMS treatment, we detected signifi-
cantly elevated in vivo phosphorylation at 14 potential Mec1/
Tel1-target motifs (SQ/TQs) (Figs. 1D and 2A; supplemental
Fig. S2A; supplemental Table S3), including 6 new sites (T12,
T15, S53, S473, S480, and T731) not identified in previous
reports (3, 28, 40-42). We also detected phosphorylation at
41 mostly DNA damage-inducible non-SQ/TQ sites (Figs. 1E
and 2B; supplemental Fig. S2B; supplemental Table S3), in-
cluding 15 newly identified in vivo phosphorylation sites. In-
terestingly, all four TQs in SCD1 and all four SQs in SCD2
were found to be phosphorylatable and simultaneously phos-
phorylatable (Fig. 1C; supplemental Fig. S2C; supplemental
Table S2). The MS? spectral assignments for identification of
the tetraphosphorylated SCD1 and SCD2 peptides are shown
in supplemental Figs. S2D and S2E, respectively.

It is also important to note that the phosphostoichiometry
varied substantially between different sites for the DNA-dam-
age-induced Rad53 hyperphosphorylation (Fig. 2C, supple-
mental Fig. S2F). The closely spaced Mec1/Tel1 phosphor-
ylation site clusters SCD1 (T5/T8/T12/T15/S24) and SCD2
(S473/5480/S485/S489) generally showed high phosphoryla-
tion stoichiometry (>50%) in response to S phase DNA dam-
age, and the estimated phosphostoichiometry of the critical
activation loop residue T354 was about 50% (Fig. 2C). Taken
together, the large number of phosphorylation sites and mul-
tisites and the high phosphostoichiometry of many of these
sites provide a molecular explanation for the extensive elec-

trophoretic mobility shifts of Rad53 that have been well es-
tablished previously as shown in Fig. 1A.

Identification of Kinase-dependent Rad53 Phosphorylation
Events with the Kinase-deficient rad53-K227A Allele—To
functionally characterize these Rad53 phosphorylation events,
we performed MS analyses in MMS-treated, otherwise isogenic
strain containing the kinase-deficient rad53-K227A allele (43)
(this section) or checkpoint mediator-deficient mrc7-AQ,
rad9A, and double mutant mrc7-AQ rad9A strains (next sec-
tion) for comparison with WT.

As shown by the relative levels of MMS-inducible phosphor-
ylation sites (Figs. 2A and 2B; supplemental Figs. S2A and
S2B) and the relative depletion of the corresponding unphos-
phorylated peptides (Fig. 2C; supplemental Fig. S2F), defec-
tive Rad53 kinase activity caused little or no decrease in its
SQ/TQ phosphorylation states. In contrast, the relative phos-
phorylation levels of several non-SQ/TQ sites, including that
of the key activation loop residue T354 (38, 44), were greatly
diminished in the kinase-defective strain (Fig. 2B), indicating
that these are auto-phosphorylation sites. However, some of
these autokinase sites (S185, S547, S560, T563, and S635)
retained minor phosphorylation levels in the kinase-defective
strain, indicative of low-level transphosphorylation by other
kinases (Fig. 2B). Another group of phosphorylation sites
(supplemental Fig. S2B; S198, S373, S750, S766, and S789)
were partially reduced in the absence of Rad53 kinase activity
but still occurred relatively efficiently, suggesting that they are
transphosphorylated by other kinases whose activity is di-
rectly or indirectly modulated by Rad53 activity (e.g. Polo
kinases involved in down-regulating checkpoint activity) (40,
45, 46).

Mrc1 and Rad9 Function Redundantly in Rad53 Phosphor-
ylation Events—In the mrc1-AQ rad9A strain, in which both
mediator pathways were disabled, all of these DNA-damage-
inducible phosphorylation levels were dramatically reduced
(Fig. 2; supplemental Figs. S2A-S2C and S2F), except for
residually detectable low phosphorylation levels in the SCD2
domain (Figs. 2Ab and 2Ca) and the C-terminal SQSQ motif
(S793/S795; supplemental Figs. S2A and S2Fa). Whereas
disabling both mediators was detrimental to Rad53 hyper-
phosphorylation and activation, the single mutants mrc7-AQ
and rad9A had surprisingly negligible effects on the phosphor-
ylation levels at most SQ/TQ sites and the Rad53 autophos-
phorylation sites including the autoactivation site T354, as
shown in the same set of figures. Thus, in response to alkyl-
ating DNA damage during DNA replication, the Mrc1 and
Rad9 pathways appear to function virtually redundantly with-
out any notable preference for directing Mec1 phosphoryla-
tion to particular Rad53 residues.

(c—f, respectively) SCD1 Rad53'~"" fragment MENITQPTQQSTQATQR (the N-terminal Met was N-acetylated and S-oxidized) in unlabeled light
(L1-L3) experimental samples relative to the SILAC-labeled heavy (H) DNA-damaged WT reference sample. Mass-to-charge ratio (m/z) of the
monoisotopic precursor is labeled at each top panel. Mec1/Tel1 consensus (SQ/TQ) phosphorylation sites (D) and other sites (E) identified in

this study are also presented.
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Because the lack of identifiable pathway-specific phospho-
fingerprints was surprising, we tested whether the absence of
one mediator pathway leads to an increased association of

Rad53 with the other adaptor for S phase DNA damage signal-
ing. Tryptic Mrc1 phosphopeptides, mostly derived from its
SCD domain, were readily detectable (supplemental Table S4)
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Fic. 3. Effects of rad9A, mrc1-AQ, and rad53-4AQ on Rad53 hyperphosphorylation. A, relative association levels of Mrc1 (a) and Rad9

(b) with Rad53 during MMS-perturbed S phase in the indicated strains. See supplemental Figs. S3A and S3B for raw MS spectra used for
quantitation. B, effects of SCD1, Rad9, and Mrc1 mutations on the relative phosphorylation levels (a) and the phosphostoichiometries based
on depletion ratios of corresponding unphosphorylated peptides (b) for selected high-stoichiometric SQ/TQ phosphorylation sites. C, effects
of SCD1, Rad9, and Mrc1 mutations on the relative phosphorylation levels of S350 and T354 within the activation loop after 45 min (a) and 135
min (b) of MMS treatment in S phase. See supplemental Fig. S3C for additional MS quantitation of Rad53 autophosphorylation. D, Western
blot analysis for phosphorylation-dependent electrophoretic mobility shifts of Rad53. Clb5 and yH2A are shown as S phase and DNA damage
markers, respectively. Samples were collected during a-factor G1 arrest (0 min) and at the indicated time points after release into the S phase

with 0.05% MMS.

and quantifiable (supplemental Fig. S3A) in Rad53 immune
complexes by MS analysis after TiO, enrichment (47). Rel-
ative to levels in the MMS-treated WT, the level of Rad53-
associated Mrc1 increased by ~3-fold in the rad9A strain
(Fig. 3Aa; supplemental Fig. S3A). Conversely, the level of
Rad9 association in similar analyses of the mrc7-AQ strain
increased by only ~30% relative to the MMS-treated WT
(Fig. 3Ab; supplemental Fig. S3B). Thus, compensation for
the absence of Rad9 may involve relative hyperactivation of
the Mrc1 branch, whereas the Rad9 branch may already be
highly engaged and competent to deal with S phase DNA
damage without the need for significant hyperactivation in
the absence of the Mrc1 checkpoint branch.

SCD1 Phospho-priming Is a Key Regulator but Not Sole
Determinant of Rad53 Autoactivation—The integrity of the
SCD1 TQ cluster has previously been reported to be required
for efficient Rad53 activation (9, 28), and our MS results
showed that all four TQs were indeed phosphorylatable dur-
ing S phase DNA damage responses (Fig. 1C; supplemental
Fig. S2D). To directly assess the importance of SCD1 for
Rad53 trans- and autophosphorylation, we analyzed phos-
pho-patterns in the rad53-4AQ strain, in which these four
threonine residues are replaced by alanine. The 4AQ mutation
had little effect on the phosphorylation of other SQ/TQ motifs,
except S24 in the same SQ/TQ cluster (Fig. 3B). In contrast, it
led to a profound reduction in the phosphorylation of all
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autophosphorylation sites (supplemental Fig. S3Ca), including
the key autoactivation site pT354 as well as pS350 in the
kinase activation loop, which were reduced to 25.8% = 0.5%
and 27% = 10% of WT levels, respectively (Fig. 3Ca). This
was also supported by Western blot analysis of phosphory-
lation-dependent electrophoretic Rad53 mobility shifts in re-
sponse to S phase MMS treatment, which were considerably
reduced in rad53-4AQ at 45 min, when the WT showed max-
imal shifts (Fig. 3D, lanes 2 and 6). In addition, the activation
of Rad53*A? was considerably slower than that of the WT
(lanes 1-2 and 5-8), and this strain accumulated higher yH2A
levels (Fig. 3D, lower panel, lanes 5-8), suggesting increased
replicative DNA damage (48). Together, these results confirm
the importance of SCD1 phosphorylation for efficient Rad53
activation, but they also indicate that autoactivation can be
accomplished via an alternative, though less efficient, mech-
anism without phospho-primed SCD1.

Rad9 but Not Mrc1 Also Functions as a Scaffold for SCD1-
independent Rad53 Autoactivation—The finding that Rad53
was unaffected by single mrc1-AQ or rad9A mutations
prompted us to test whether either of these pathways was
involved in the residual Rad53 autoactivation in the rad53-
4AQ strain. Interestingly, the combined absence of SCD1
phosphorylation sites and Rad9 in rad53-4AQ rad9A almost
completely abolished the activating Rad53 autophosphoryla-
tion at T354, whereas this effect was considerably more
modest in the rad53-4AQ mrc1-AQ double mutant (Fig. 3C;
supplemental Fig. S3C). In line with the results of autophos-
phorylation, MMS-induced Rad53 mobility shifts were further
reduced relative to rad53-4AQ in both double mutants at 45
min (Fig. 3D, lanes 6, 10, and 14), but the autophosphorylation
and the mobility shifts increased at later time points in rad53-
4AQ mrc1-AQ but not rad53-4AQ rad9A (Fig. 3D, lanes 9-16;
supplemental Fig. S3Cb). These results suggest that Rad9 is
essential for residual Rad53 activation in the absence of SCD1
phosphorylation, whereas the Mrc1 branch plays only a rela-
tively minor role in the SCD1-independent pathway. As neither
mrc1-AQ nor rad9A had substantial effects on the phosphor-
ylation of other Rad53 SQ/TQ sites in rad53-4AQ (Fig. 3B),
Rad9 cannot fulfill this SCD1-independent function by in-
creasing phosphorylation of other SQ/TQ sites during the
priming step. Collectively, these results suggest that, in addi-
tion to mediating phospho-priming, Rad9 is able to directly
contribute to the activating autophosphorylation step as a
scaffold catalyst at physiological protein levels in vivo, as
proposed based on biochemical reconstitution assays in vitro
(21).

We next analyzed the relative associations of Mrc1 and
Rad9 with immunoprecipitated Rad53 under these condi-
tions. Based on MS (Fig. 3Ab; supplemental Fig. S3B) and
immunoprecipitation/Western blot analyses (supplemental
Fig. S3D), Rad9 association with Rad53 after 45 min of S
phase MMS treatment increased by ~2.5-fold in rad53-4AQ
as well as in rad53-4AQ mrc1-AQ strains relative to that in the

WT strain. In contrast, under the same conditions, Mrc1 as-
sociation with Rad53 increased by ~10-fold relative to the WT
in rad53-4AQ), and by almost 30-fold in rad53-4AQ rad9A (Fig.
3Aa; supplemental Fig. S3A). The finding that despite highly
increased Mrc1 association Rad53 cannot be activated in
rad53-4AQ rad9A cells demonstrates that Mrc1 cannot sub-
stitute for Rad9 in the residual SCD1-independent autoacti-
vation mechanism. Together, these results indicate that Rad9
can contribute to both steps of Rad53 activation in vivo,
whereas Mrc1 regulates only the priming step in response to
S phase MMS damage.

Both Mrc1 and Rad9 Adaptors Are Required for Sufficient
SCD1 Priming Phosphorylation when Fewer SCD1-TQ Motifs
Are Preserved—It has been suggested previously that a single
threonine in Rad53-SCD1, with preference for T8, is largely
sufficient to prime Rad53 for activation (28). This was con-
firmed here, as rad53-T8-3AQ maintained 70% = 10% of WT
T354 autophosphorylation, compared with 25.8% = 0.5% in
rad53-4AQ (Fig. 4A; supplemental Fig. S4Aa). However, this
was no longer true in the absence of Rad9, where the corre-
sponding figures were 13.7% = 0.3% in rad53-T8-3AQ rad9A
and 3.5% = 0.4% in rad53-4AQ rad9A (Fig. 4A; supplemental
Fig. S4Ab). We thus quantified the phosphorylation state of
SCD1 in these strains. Interestingly, the relative level of T8
phosphorylation in rad53-T8-3AQ was reduced to ~40%
when RAD9 was deleted (Fig. 4B; supplemental Fig. S4B).
This result is in contrast to the WT, in which the deletion of
RAD9 did not significantly affect the level of SCD1 phosphor-
ylation (Fig. 2Aa). These results suggest that reducing the
number of TQ motifs could render SCD1 a poorer Mec1 target
in the absence of Rad9, leading to impaired phospho-priming.

We then examined the effect of mrc1A on the levels of pT8
and activation loop phosphorylation in rad53-T8-3AQ. As in-
dicated in Fig. 4B and supplemental Fig. S4C, the induction of
pT8inrad53-T8-3AQ was also reduced to ~36% when MRC1
was deleted. In accordance with the impaired phospho-prim-
ing, the corresponding pT354 was reduced to 25% = 3% of
WT levels in rad53-T8-3AQ mrc1A (Fig. 4C). Taken together,
the results suggest that the presence of both mediators is
required for sufficient phosphorylation of T8 in the absence of
other N-terminal TQ motifs in rad53-T8-3AQ.

We next examined whether increasing the number of SCD1
TQ motifs improved Rad53 activation in the absence of Rad9
or Mrc1 by increasing the overall likelihood of SCD1 phos-
phorylation. In rad53-T5T8-2AQ rad9A or rad53-T5T8-2AQ
mrc1A, although the relative levels of mono- and diphosphor-
ylated SCD1 fragments were still lower than those in rad53-
T5T8-2AQ with WT RAD9 and MRC1 (Fig. 4D; supplemental
Fig. S4D), the availability of two TQs not only led to certain
levels of diphosphorylated species (Fig. 4Db) but also allevi-
ated the reduction of the relative levels of SCD1 monophos-
phorylation (Fig. 4Da) compared with the effect of rad9A or
mrc1A on the rad53-T8-3AQ mutant in Fig. 4B. Furthermore,
when all four SCD1 TQs were available, we observed minimal
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Fic. 4. Multiple SCD1 TQ motifs are required for efficient Rad53
priming and autoactivation when either Mec1 adaptor is abolished.
A, C, relative S350 and T354 phosphorylation levels in the indicated
strains. B, effect of rad9A or mrc1A on the relative levels of monophos-

effects on SCD1 phosphorylation in rad9A and mrc1-AQ
(Figs. 2A and 2C) or mrc1A (supplemental Fig. S4E). These
results suggest that the presence of multiple TQs enables the
efficient phosphorylation of SCD1 in the presence of a single
Mec1 adaptor. In light of the effects in promoting the overall
levels of priming SCD1 phosphorylation, the preservation of
more TQs in SCD1 proportionally improved the autoactivating
T354 phosphorylation when either Rad9 or Mrc1 was absent
(Fig. 4C; supplemental Figs. S4Ab and S4Ac). Similar results
were obtained for pS350 within the activation loop (Fig. 4C),
as well as for most of the other high-occupancy autophos-
phorylation sites (data not shown). This correlation between
the level of priming phosphorylation and the phosphorylation
at the activation loop demonstrates that the autoactivation of
Rad53 is highly regulated by the priming efficiency. Alto-
gether, whereas an intact TQ cluster supports efficient prim-
ing phosphorylation of SCD1 when only one of the Mec1
adaptors is present, reducing the number of TQ motifs turns
SCD1 into a proportionally poorer Mec1 target, which then
requires both Mrc1 and Rad9 for sufficient priming phospho-
rylation to support substantial Rad53 autoactivation.

Multiple SCD1 Threonines Are Required for RAD53-de-
pendent DNA Damage Survival in the Absence of the Mrc1 or
Rad9 Adaptor—Because Rad53 activity plays a key role in
DNA damage survival, we performed DNA damage survival
assays to assess the biological significance of these findings.
Similar to T354 phosphorylation, relative to results in rad53-
4AQ, preserving a single SCD1 threonine in rad53-T8-3AQ (or
rad53-T5-3AQ) improved MMS survival to near the WT level in
the presence of both mediators (Fig. 5A). In accordance with
the effects on pT354, when combined with rad9A, a single
threonine in SCD1 (rad53-T5-3AQ rad9A or rad53-T8-3AQ
rad9A) only modestly improved the extreme MMS hypersen-
sitivity relative to rad53-4AQ rad9A, with further gradual sur-
vival improvements with the preservation of two (rad53-T5T8-
2AQ rad9A) or three threonines (rad53-T5T8T12-1AQ rad9A
or rad53-T5T8T15-1AQ rad94A) (Fig. 5A). Similar results were
also observed for the effect of mrc1A on fewer TQ preserved
SCD1 mutants, though with less attenuation than in the effect
by rad9A (Fig. 5B). This is likely because Mrc1 carries out the
adaptor function in response to replication stress mainly dur-
ing S phase (6), whereas Rad9 is required throughout the cell
cycle in response to DNA damage (2, 4, 37). Like in the
regulation for Rad53 autoactivation, multiple SCD1 priming
sites are required for sustaining Rad53-dependent DNA dam-
age survival in the presence of a single Mec1 adaptor.

phorylated rad53-T8-3AQ'~"" fragment MENIAQPTQQSAQAAQR in
Rad53"8%49, See supplemental Figs. S48 and S4C for the raw extracted
ion chromatogram data used for quantitation. D, effect of rad9A or mrc1A
on the relative levels of mono- (a) and diphosphorylated (b) rad53-T5T8-
2AQ""" fragment MENITQPTQQSAQAAQR in Rad53"™T8249, See sup-
plemental Fig. S4D for the raw extracted ion chromatogram data used for
quantitation.
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Fic. 5. Multiple SCD1 TQ motifs are required for sustaining RAD53-dependent DNA damage survival in the presence of a single Mec1
adaptor. Clonal survival assays of the indicated SCD1 mutants in the presence and absence of Rad9 (A) or Mrc1 (B). Unsynchronized cultures
were treated with the indicated doses of MMS for 3 h and plated on yeast peptone dextrose medium. Survival was calculated from the fraction

of colonies formed relative to the untreated control.

The FHA2 Domain Plays a Major Role in SCD1 Priming
Phosphorylation—The FHA-mediated binding of Rad53 to
Rad9 and Mrc1 has been shown to be involved in its phos-
pho-priming by Mec1 (3, 5, 8, 10, 16). We therefore examined
the contribution of Rad53-FHA domains to the phosphoryla-
tion of Rad53. We analyzed the phospho-pattern in rad53-
R70A, rad53-R605A, and rad53-R70A-R605A strains upon S
phase DNA damage, when the pT binding ability of FHA1
and/or FHAZ2 is specifically impaired by alanine substitution of
the respective critical arginine residue (27, 29, 49-51). As
indicated by the Western blot analysis of Rad53 mobility shifts
(Fig. BA), hyperphosphorylation of Rad53 depends mainly on
the pT binding activity of FHA2, and FHA1 is required only for
residual Rad53 phosphorylation in the absence of a functional
FHA2 domain.

We then used MS-based relative depletion analysis to eval-
uate the effects of FHA mutations on the total phosphorylation
within the SCD1 priming site cluster. As shown in Figs. 6B and
6C, the phosphorylation-dependent depletion of unphosphor-
ylated Rad53'~"" (MENITQPTQQSTQATQR) was significantly
reduced in rad53-R605A, but not in rad53-R70A, suggesting
that the priming phosphorylation of Rad53 by Mec1 is pre-
dominantly mediated by FHA2. Similar to the results of Rad53
mobility shifts (Fig. 6A), SCD1 priming was further reduced in
rad53-R70A-R605A (Figs. 6B and 6C), indicative of a low level
of redundancy between the two FHA domains in Rad53 prim-
ing. In accordance with the decreased levels of SCD1 priming
phosphorylation in rad53-R605A and rad53-R70A-R605A, the

relative phosphorylation levels of the autoactivating T354, as
well as other high-stoichiometric autophosphorylation sites,
also decreased correspondingly (Fig. 6Da). Together, these
results suggest that the phospho-priming of Rad53 is pre-
dominantly contributed by the pT binding activity of FHA2,
which is crucial for sustaining the hyperphosphorylation of
Rad53 upon S phase DNA damage.

FHA1-pSCD1 Binding Is Not the Major Regulator for Rad53
Autoactivation—Relative to Rad53-FHA2, Rad53-FHA1 has
been linked to a much wider range of interaction partners (9,
10, 28, 52-56), in particular the phosphorylated Rad53-SCD1
since the intermolecular interaction of phospho-SCD/FHA is
widely believed to be a paradigm for the autoactivation mech-
anism of Chk2-like kinases (22-26). However, the finding that
rad53-R70A did not significantly impair Rad53 autophospho-
rylation (Fig. 6Da), while on the other hand rad53-4AQ showed
substantial impairment of Rad53 autophosphorylation (Fig.
3C; supplemental Fig. S3C), raised the possibility that FHA1-
pSCD1 binding might not play a major role in the autoactiva-
tion of Rad53. To test this possibility, we studied the pattern
of Rad53 autophosphorylation in the absence of Rad9 (rad53-
4AQ rad9A and rad53-R70A rad9A) that allows for selective
assessment of the SCD1-specific autoactivation pathway. As
indicated in Fig. 6Db, whereas the SCD1 mutation almost
completely abolished the total levels of pT354 and other
autophosphorylation sites in rad9A, the FHA1 mutation
caused only a modest effect when combined with rad9A.
These results suggest that, in contrast to other Chk2-like
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Fic. 6. FHA domain functions in the regulation of Rad53 hyperphosphorylation. A, Western blot analysis for phosphorylation-dependent
electrophoretic mobility shifts of Rad53 in the indicated strains. Samples were collected after 45 min of 0.05% MMS treatment in S phase. B,
effects of the indicated FHA mutations on the depletion ratios of the corresponding unphosphorylated Rad53'~"” fragment. C, monoisotopic
peak extracted ion chromatograms (with 25 ppm tolerance) for an unmodified Rad53%7°~%7° fragment (a) and the unphosphorylated Rad53'~"
fragment (b) in the indicated, unlabeled light strains relative to the normalized spiked-in heavy DNA-damaged WT references. Note that L1 and
L2 peaks in (a) and (b) here correspond to those in Figs. 1Ca and 1Cb, except that only the monoisotopic peak is outputted here in an expanded
view. D, effects of the indicated FHA, SCD1, and Rad9 mutations on the relative phosphorylation levels of selected high-stoichiometric
autophosphorylation sites.
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A DNA replication checkpoint (DRC):
Mec1-Mrc1-Rad53 complex

.
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Fic. 7. Proposed models for the
priming and autoactivation mecha-
nisms of Rad53 upon S phase alkyl-
ation DNA damage. A, proposed models
for the formation of Rad53 priming com-
plexes in Mrc1-mediated DNA replication
checkpoint and Rad9-mediated DNA
damage checkpoint pathways. Mrc1 and
Rad9 phosphorylation by Mec1 (step 1)
enable the recruitment of Rad53 for prim-
ing by Mec1 via binding to Rad53-FHA2 B
(step 2). The re-priming of Rad53 may
occur to ensure a sufficient level of prim-
ing phosphorylation (step 3), which pro-
motes substantial Rad53 autoactivation.

B, proposed models of possible interme-
diate complexes | and Il involved in the in
vivo autoactivation of Rad53.

Inactive
Rad53

kinases, FHA1-pSCD1 interactions cannot be the major
mechanism in the pSCD1-specific Rad53 autoactivation step
in response to S phase alkylation DNA damage.

Relative to rad53-R70A rad9A, rad53-R605A rad9A led to a
more pronounced defect in Rad53 autophosphorylation (Fig.
6Db). This result, however, does not suggest a major role of
FHAZ2 in the pSCD1-specific Rad53 autoactivation either, be-
cause it can be attributed to the noticeably impaired phos-
pho-priming in the SCD1 domain in rad53-R605A rad9A (but
not in rad53-R70A rad9A) (supplemental Fig. S5). The results
in supplemental Fig. S5 also suggest that in the absence of
Rad9, FHA2 still plays a major role in the priming of SCD1,
presumably via the Mrc1 pathway.

DISCUSSION

In this study, we combined advanced mass spectrometric
quantification of phosphorylation site occupancy and muta-
tional analyses to delineate the specific roles of Rad9, Mrc1,
and Rad53 SCD1 and FHA1/2 domains in the activation of
endogenous Rad53 in response to S phase DNA damage
treatment in vivo. The studies led to four major findings re-
garding the phospho-priming step: (i) As a Mec1 adaptor,
Mrc1 and Rad9 can function redundantly (one is sufficient)
when all four TQs are present. (i) Reciprocally, the TQ motifs
can function redundantly (one is sufficient) when both adap-
tors are present. (iii) However, the priming is impaired when
neither the two adaptors nor the four TQ sites are intact.
Under these circumstances, the priming efficiency is propor-
tional to the number of TQ motifs. (iv) FHA2 plays a major role
in the interaction of Rad53 with Rad9 or Mrc1 for Rad53
priming by Mec1. These features are incorporated into a
model shown in Fig. 7A.

The studies also identified three significant mechanistic
features for the autoactivation step: (i) The level of autophos-

pT-SCD1 indispensable

DNA damage checkpoint (DDC):
Mec1-Rad9-Rad53 complex

N

1512 T8T5 (_

Mrc1

Inactive

pTQxL/IN e

0-0

pT354

I

phorylation is correlated with the priming efficiency (i.e. the
overall phosphorylation stoichiometry of the TQ cluster). (ii)
However, in contrast to the other Chk2-like kinases, the prim-
ing-mediated Rad53 activation does not seem to involve di-
rect binding between the FHA1 domain and phosphorylated
SCD1 as the major mechanism, though a minor role cannot be
ruled out. (jii) In the absence of TQ sites, Rad9 but not Mrc1
can mediate an SCD1-independent activation mechanism of
Rad53, though with less efficiency.

Possible Molecular Basis for the Redundant Functions of
Mrc1 and Rad9 in the Phospho-priming Step— Although our
finding that Rad9 and Mrc1 function redundantly during the
Rad53 priming step is consistent with previous observations
(6), it should be stressed that there was not a single trans-
phosphorylation site “sentinel” specific for the Mrc1- or Rad9-
associated checkpoint pathway during MMS-damaged S
phase (Fig. 2A; supplemental Fig. S2A), which suggests that
both scaffolds recruit Rad53 in a structurally very similar
manner for priming by Mec1, as illustrated by the model
shown in Fig. 7A. Interaction of Mec1-phosphorylated pTQxL/
I’V in Rad9 with the Rad53-FHA2 domain has previously been
proposed to be important for Rad53 priming by Mec1 (5).
Interestingly, our MS analysis of Rad53-interacting protein
tryptic fragments revealed several different Mrc1 peptides
containing phosphorylated pTQxI motifs (supplemental Table
S4), which fits with the preferential phospho-ligand specificity
of Rad53-FHA2 (49). Based on this, together with our finding
that the pT-binding activity of FHA2 is critical for Rad53
priming (Figs. 6A-6C), it seems reasonable to speculate that
the interaction of Rad53-FHA2 with Mrc1-pTQx| or Rad9-
pTQxL/I/V could likely be the major structural basis for the
redundant functions of Mrc1 and Rad9 in the phospho-prim-
ing step of Rad53 activation. In contrast to the ability of Rad9
to dimerize or oligomerize in vivo (20, 21, 57), Mrc1 monomers
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are believed to be stably tethered to Pole and the replisome
with only its Mec1-phosphorylated N-terminal region available
for Rad53 binding (14), which could explain its inability to
dimerize Rad53 for the autoactivation step.

Coordination of Mec1 Adaptors and Mec1 Target Sites for
Optimal Priming of Rad53 by Mec1—Although the redun-
dancy of four individual priming sites in Rad53 activation has
been suggested previously based on the study of single TQ-
preserved SCD1 (9, 28), here we found that both mediators,
Mrc1 and Rad9, are required for sufficient phospho-priming
through a single priming site in order to facilitate efficient
Rad53 autoactivation (Fig. 4). Likewise, although the potential
redundant roles of Mrc1 and Rad9 in S phase Rad53 activa-
tion have been reported previously (6), we found that they
were no longer redundant when the number of TQ sites was
limited. Taken together, our results demonstrate for the first
time the coordination between the multiple adaptors and the
multiple TQ sites—when the adaptor is only minimally avail-
able, the priming sites need to be maximally available, and
vice versa.

Possible Intermediate Complexes of Rad53 Autoactiva-
tion—The detailed phosphorylation results obtained with var-
ious mutants allow us to propose two alternative Rad53 au-
toactivation intermediates for the in vivo autoactivation of
Rad53 (Fig. 7B). In intermediate I, the inactive Rad53 could
possibly be dimerized for activation-loop phosphorylation in a
pT-SCD1-dependent manner. Note that in addition to mono-
pT-SCD1-Rad53, we also observed di-, tri-, and tetra-pT-
SCD1-Rad53 (Figs. 1C and 2Aa; supplemental Table S2). It
remains to be established, however, whether multiphosphor-
ylated SCD1 is also involved or even favored in this mecha-
nism. In ll, the inactive Rad53 with or without SCD1 phosphor-
ylation can be dimerized via Rad9 scaffolds, mainly by
tethering to the Mec1-phosphorylated Rad9-SCD involving its
FHA domains (3, 5, 8, 10). Because SCD1 is highly phosphor-
ylated in the WT upon MMS-induced DNA damage during S
phase (Fig. 2C), and because ablation of the four SCD1 TQ
motifs in rad53-4AQ has a much greater effect than deletion
of Rad9 on the autoactivation of Rad53 (Figs. 2B and 3C), we
believe that the pT-SCD1-indispensable intermediate | is the
favorable route in sustaining Rad53 autoactivation.

Given that direct FHA1-pT-SCD1 binding does not seem to
be a major mechanism in Rad53 autoactivation and that FHA2
(which is key to the priming step) does not bind pSCD1 with
appreciable affinity (9, 28), we propose the possible involve-
ment of an unknown scaffold protein in intermediate I, which
either could be able to dimerize or may contain at least two
separate pT-binding regions to facilitate dimerization of
SCD1-phospho-primed Rad53. Potential candidates that ful-
fill this requirement include the dimeric 14-3-3 proteins Bmh1
and Bmh2, which have previously been shown to bind Rad53
and affect its activation (58, 59), and the multi-BRCT domain
containing proteins Esc4/Rtt107 and Dbp11, which are asso-
ciated with damage sites and have also been linked to multi-

ple roles in checkpoint regulation (19, 60-62). These candi-
dates, however, were not detected in our preliminary
proteomic analyses of binding partners in rad53-4AQ and the
WT (only Dun1 was shown to be stably associated with WT
Rad53 but not rad53**9), which nonetheless does not rule out
their involvement in Rad53 activation, as formation of the
activation complex could be very transient.

Implication for the in Vivo Activation Mechanisms of Rad53
and Other Chk2-like Kinases—Here we have combined the
power of yeast genetics to introduce specific point mutations
without the need for residual selection markers that may
indirectly affect protein levels and functions (63), a Rad53-
specific monoclonal antibody to efficiently purify the endog-
enous untagged protein, and advanced mass spectrometry to
study Rad53 activation under physiological conditions. This
approach has enabled the detection of numerous novel
Rad53 in vivo phosphorylation sites for which the kinases
responsible may have been limiting under substrate overex-
pression conditions, and the results suggest that the crucial
autoactivation step of Chk2-like kinases does not always
need to involve direct phospho-SCD1/FHA domain interac-
tions. Although the important finding we have uncovered for
Rad53 might be unique for those fungal Chk2-like kinases that
contain duplicate SCD-FHA modules, the notion that physio-
logical analyses are crucial for the study of Rad53 activation
might prompt similar analyses to revisit the role of individual
phosphorylation sites in the in vivo regulation of mammalian
Chk2-like kinases. Regardless of whether the mechanisms
deciphered here are applicable to mammalian checkpoint
responses, all proteins studied here—Rad53, Mrc1, and
Rad9—are highly conserved in human pathogenic fungi such
as Candida, where they are involved in regulating the switch
to more invasive and drug-resistant hyphal growth forms (64,
65), and where they might represent potential drug targets to
stop the spread of nosocomial fungal infections.
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