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Understanding the role of DNA damage checkpoint kinases in the
cellular response to genotoxic stress requires the knowledge of
their substrates. Here, we report the use of quantitative phospho-
proteomics to identify in vivo kinase substrates of the yeast DNA
damage checkpoint kinases Mec1, Tel1, and Rad53 (orthologs of
human ATR, ATM, and CHK2, respectively). By analyzing 2,689
phosphorylation sites in wild-type and various kinase-null cells, 62
phosphorylation sites from 55 proteins were found to be con-
trolled by the DNA damage checkpoint. Examination of the de-
pendency of each phosphorylation on Mec1 and Tel1 or Rad53,
combined with sequence and biochemical analysis, revealed that
many of the identified targets are likely direct substrates of these
kinases. In addition to several known targets, 50 previously unde-
scribed targets of the DNA damage checkpoint were identified,
suggesting that a wide range of cellular processes is likely regu-
lated by Mec1, Tel1, and Rad53.

mass spectrometry � Mec1 � N-isotag � phosphorylation � Rad53

Most cellular processes are regulated by reversible protein
phosphorylation, which is controlled by protein kinases

and phosphatases (1). Knowledge of the in vivo substrates of a
protein kinase is essential to understanding its biological func-
tions. Extensive studies have revealed that kinase–substrate
interaction, their subcellular localization, and substrate specific-
ity of protein kinases are all involved in determining their
substrates in cells (2). Not surprisingly, a combination of genetic,
biochemical, and cell biological studies is needed to determine
the kinase–substrate relationship after a candidate protein has
been found via either genetic or biochemical studies. To date,
identification of candidate kinase substrates has been difficult,
because of the transient nature of kinase–substrate interaction
and the limited substrate sequence specificity of protein kinases
(3). Further, considering the extensive efforts required for
further functional studies, new methodologies that are capable of
identifying in vivo kinase substrates with minimal false-positives
would clearly be of general interest.

Recently, several high-throughput technologies have been devel-
oped to screen for candidate kinase substrates, including protein
chip and engineered kinases (4, 5). It is noteworthy that these
techniques are based on in vitro kinase specificity. Because the
concentration, activity, and localization of protein kinases and their
substrates are tightly regulated in cells in response to various stimuli,
it would be ideal and likely advantageous if kinase substrates could
be identified directly from cells under their physiological conditions.
Biological mass spectrometry is a widely used tool for the identi-
fication of phosphorylation sites of purified proteins or protein
complexes (6, 7). Recently, it has been used to profile thousands of
phosphorylation in cells (8–10). The enormous complexity of the
phosphoproteome revealed from these studies raised an important
question of whether specific substrates of protein kinases in cells
could be identified on a proteome-wide scale. Considering that
many regulatory phosphorylation events in various signal transduc-
tion processes often occur to low-abundance proteins in cells, it was

unclear whether a phosphoproteomics approach could be devel-
oped to identify specific and biologically relevant kinase substrates.

DNA damage checkpoint kinases are important players in the
cellular response to DNA damage or replication stress (11). In
budding yeast, the conserved PI3K-like kinases Mec1 and Tel1 are
at the top of the DNA damage checkpoint signaling cascade, that
includes the downstream serine/threonine kinases Rad53, Chk1,
and Dun1 (12–15). These checkpoint kinases control many DNA
damage-induced responses in cells, including stabilization of rep-
lication forks (16), delay in chromosome segregation (17), tran-
scription of specific genes (18), repair of damaged DNA (19), and
cell cycle arrest (20). How these checkpoint kinases regulate such
a complex and diverse response is not fully understood. In response
to DNA damage, many proteins are known to become phosphor-
ylated by DNA damage checkpoint kinases, including Rad55 (21),
Mrc1 (22), Pds1 (15), Xrs2 (23), Rpa1 (24), H2a (19), Sae2 (25),
Rtt107 (26), Cdc13 (27), and Sml1 (28). There is, however, a lack
of global analysis that could provide a more comprehensive view of
the targets of the DNA damage checkpoint. Considering that we
still have limited knowledge of the molecular basis of the functions
of Mec1, Tel1, Rad53, and Dun1, such a global analysis could be
very informative.

In this study, we used a quantitative phosphoproteomics ap-
proach to identify novel targets of the DNA damage checkpoint
kinases in the yeast Saccharomyces cerevisiae. By quantitatively
comparing the phosphorylation profiles of wild-type (WT) cells and
kinase-null mutants, we determined those phosphorylation sites
that are specifically altered in various kinase-null mutants. Se-
quence analysis of the phosphopeptides, in combination with
biochemical analysis, of the newly identified targets here showed
that direct substrates of Mec1/Tel1 and Rad53 have been identified.
Indeed, a number of previously unknown targets, in addition to
several known targets, of the DNA damage checkpoint have been
found by using this phosphoproteomics approach.

Results
Quantitative Proteomic Approach for Comparative Analysis of Protein
Phosphorylation in Cells. To identify in vivo targets of DNA damage
checkpoint kinases, we designed a quantitative phosphoproteomic
approach to screen for Mec1/Tel1-dependent phosphorylation in
cells (see Fig. 1A). Phosphopeptides were purified from WT and
mec1�tel1� cells after treatment with the DNA alkylating agent
methyl methane sulfonate (MMS), which should lead to specific
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accumulation of Mec1/Tel1-dependent phosphorylation in WT
cells. After cell lysis, 50 mg of proteins was digested by trypsin and
purified by immobilized metal-affinity chromatography. The same
amount of phosphopeptides from each sample was then labeled by
N-isotag (6), combined, and subjected to 2D liquid chromatogra-
phy–tandem MS for identification and quantification of their
relative abundance. A total of 2,689 nonredundant phosphorylation
sites were identified from 1,109 proteins [see supporting informa-
tion (SI) Table 4]. To assess whether phosphorylation from low-
abundant proteins was identified, we retrieved the expression levels
of these phosphoproteins according to Ghaemmaghami et al. (29).
As shown in Fig. 1B, phosphorylation was detected from proteins
of low abundance (�1,000 copies per cell). Comparison of the
abundance distribution of the identified phosphoproteins to that of
the entire yeast proteome reveals that our list of identified phos-
phoproteins is not biased toward more abundant proteins. Proteins
from different abundance ranges appear to be similarly repre-
sented, although phosphopeptides from high-abundance proteins
were generally identified more times repeatedly (data not shown).

Analysis of Mec1- and Tel1-Dependent Phosphorylation Sites. To
determine which phosphorylation sites depend on Mec1 and Tel1,
we next examined the relative abundance of each phosphopeptide
in WT and mec1�tel1� cells. Most of the phosphopeptides were
present at similar abundances in WT and mec1�tel1� cells, as
revealed by an abundance ratio within 2-fold (exemplified in Fig. 2A

Left). To be considered Mec1/Tel1-dependent, a phosphorylation
must be identified in a phosphopeptide that was either absent or
considerably reduced in abundance (�4-fold) in mec1� tel1� cells
(exemplified in Fig. 2A Right). As shown in Fig. 2B, only 62
phosphopeptides (�2% of the total identified phosphopeptides)
from 55 different proteins were found to be Mec1/Tel1-dependent.
We then examined whether direct targets of Mec1 and Tel1 were
found. Because Mec1 and Tel1 phosphorylate S/T-Q sites (30), we
calculated the frequency of the amino acid residue at the �1
position of all of the phosphorylation sites identified (see Fig. 2C).
Interestingly, although phosphorylation of the S/T-Q motif ac-
counts for �3% of all phosphorylation sites identified, it represents
39% of the Mec1/Tel1-dependent phosphorylation. In contrast,
proline-directed phosphorylation is very common among all of the
identified phosphopeptides, yet only two such phosphorylation sites
were found to be Mec1/Tel1-dependent. Therefore, the list of
Mec1/Tel1-dependent phosphorylation is likely enriched for direct
targets of Mec1 and Tel1.

Analysis of Rad53-Dependent Phosphorylation Sites. Because Mec1
and Tel1 control the activities of Rad53, Dun1 and possibly other
kinases (12, 13, 31, 32), Mec1- and Tel1- dependent phosphoryla-
tion should include both direct targets of Mec1 and Tel1 and those
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Fig. 1. Strategy to identify targets of Mec1 and Tel1 in yeast. (A) WT and
mec1� tel1� cells were treated with MMS to induce accumulation of Mec1/
Tel1-dependent phosphorylation (black circles), specifically in WT cells.
Phosphopeptides were purified and then labeled by the N-isotag reagent
(d0-Leu-NHS for WT and d10-Leu-NHS for mec1� tel1� cells). Labeled phos-
phopeptides were then combined and analyzed by 2D liquid chromatogra-
phy–tandem MS. Based on their relative abundance, phosphopeptides (and
the corresponding phosphorylation sites) were then determined to be either
independent of (case 1) or dependent on Mec1 and Tel1 (case 2). (B) Compar-
ison of the distribution of proteins in each abundance range for the identified
phosphoproteins (gray bars) and the total yeast proteome (black bars). Infor-
mation on protein abundance was retrieved from Ghaemmaghami et al. (29).
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Fig. 2. Identification and analysis of Mec1/Tel1-dependent phosphorylation.
(A) Relative ion abundances of selected phosphopeptides (with the indicated
phosphorylation site) in WT (filled circles) and mec1� tel1� (open circles) cells.
(Left) Example of phosphopeptides present at similar abundance in both cells,
thereby containing a Mec1/Tel1-independent phosphorylation. (Right) Exam-
ple of phosphopeptides specifically present in wild-type cells, thereby con-
taining a Mec1/Tel1-dependent phosphorylation. For these Mec1/Tel-
dependent phosphorylations, the open circles indicate the expected position
of the phosphopeptide ions from mec1� tel1� cells (labeled with d10-
Nisotag). (B) Number and percentage of Mec1/Tel1-dependent phosphoryla-
tion identified relative to the total number of phosphorylation sites identified
(2,689 phosphorylation sites and 1,109 proteins; see Methods for detailed
description of criteria used). (C) Comparison of the frequency of amino acids
at the �1 position of phosphorylated serine or threonine for all identified
phosphorylation (gray bars) and Mec1/Tel1-dependent phosphorylation
(black bars).

Smolka et al. PNAS � June 19, 2007 � vol. 104 � no. 25 � 10365

BI
O

CH
EM

IS
TR

Y

http://www.pnas.org/cgi/content/full/0701622104/DC1
http://www.pnas.org/cgi/content/full/0701622104/DC1


of their downstream kinases. Phosphorylation of the S/T-� motif (�
denotes a hydrophobic residue: F, I, L, or V) was also found to be
a relatively common Mec1/Tel1-dependent phosphorylation, ac-
counting for 23% of these phosphopeptides (see Fig. 2C). We
recently showed that Rad53 prefers to phosphorylate Dun1 in its
S/T-� motif (32). This led us to reason that Mec1/Tel1-dependent
phosphorylation of the S/T-� motif may be directly phosphorylated
by Rad53. To test this hypothesis, we performed a similar experi-
ment as shown in Fig. 1A, using rad53� cells instead of mec1� tel1�
cells. Of the 2,689 phosphorylation sites consistently found, only 32
were found to be Rad53-dependent and 13 of them are located in
a S/T-� motif (see Fig. 3 A and B). Importantly, all of them were
also identified as Mec1/Tel1-dependent, consistent with Rad53
activity being Mec1/Tel1-dependent.

Because phosphorylation of the majority of the non S/T-Q sites
depends on Rad53 (Fig. 3B), Rad53 appears to be the major kinase
that functions downstream of Mec1 and Tel1 in yeast samples
analyzed 3 h after MMS exposure. Because Rad53 controls the
activity of Dun1 and possibly other kinases, it is not surprising that
phosphorylation motifs other than S/T-� were also found to depend
on Rad53 (Table 1). Four phosphorylation sites in a non S/T-�
motif were detected in Rad53 (S424 and S560) and Dun1 (S10 and
S139). These sites were previously found to be autophosphorylation
sites through the analysis of purified kinases (6, 32). Their detection
here further validated our approach.

Direct Targets of Mec1 and Tel1. To identify direct Mec1/Tel1
targets, we only considered those Mec1/Tel1-dependent and
Rad53-independent phosphorylation sites (see rationale in Fig.
3C). As shown in Table 2, 24 of the 30 phosphorylation sites are
located in an S/T-Q motif. This is remarkable because S/T-Q is a

relatively rare phosphorylation motif in cells (see Fig. 2C). Clearly,
our phosphoproteomic approach has detected the consensus motif
preferentially phosphorylated by Mec1 and Tel1. This analysis
strongly suggests that most proteins listed in Table 2 are likely direct
substrates of Mec1 and/or Tel1. It is interesting to note that most
of them are nuclear proteins involved in DNA replication and
repair, DNA damage checkpoint, and RNA metabolism and tran-
scription. Among them, Rpa1 and Mec3 were reported to be
directly phosphorylated by Mec1 and/or Tel1 (24, 33) and Rad9 was
known to undergo a Mec1/Tel1-dependent phosphorylation (34,
35). The other targets are previously undescribed findings.

We next addressed whether any new Mec1/Tel1 targets could be
validated by other methods and chose to examine Cbf1 and Trm8
further. Both Cbf1 and Trm8 underwent Mec1/Tel1 dependent and
Rad53 independent phosphorylation as shown in Fig. 4 A and D.
Substrates of Mec1 or Tel1 should be phosphorylated in an
MMS-inducible manner. To test whether this is the case for Cbf1
and Trm8, we purified these proteins from untreated and MMS
treated cells and detected their phosphorylation using an antibody
that specifically recognizes phosphorylated S/T-Q motif. As shown
in Fig. 4 B and E, this antibody detected phosphorylation in Cbf1
and Trm8 that is strongly induced by MMS treatment. This signal
was abolished by prior phosphatase treatment. Further, the de-
tected phosphorylation of both Cbf1 and Trm8 was found to be
mostly dependent on Mec1, less on Tel1 (see Fig. 4 C and F,
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Fig. 3. Identification and analysis of Rad53-dependent phosphorylation. (A)
Number and percentage (related to total number of Mec1/Tel1-dependent phos-
phorylation identified) of Rad53-dependent phosphorylation identified. All
Rad53-dependent phosphorylation was also Mec1/Tel1-dependent (n � 62). (B)
Frequency of amino acids at the �1 position of phosphorylated serine or threo-
nine for Rad53-independent and Mec1/Tel1-dependent phosphorylation (black
bars) and Rad53-dependent phosphorylation (gray bars). (C) Simplified represen-
tation of the Mec1, Tel1, and Rad53 kinases and their targets in the DNA damage
response.

Table 1. Mec1/Tel1-dependent and Rad53-dependent
phosphorylation sites identified

Protein SGD code
Phosphorylation

site
Amino acid

at �1* Function

Dun1 YDL101C S10† G DNA damage
checkpointS139† S

Rad53 YPL153C S424† Y
S560† N

Xrs1 YGL163C T132 V DNA replication
and repairExo1 YOR033C S372 N

Ctf4 YPR135W S463 F
Rnr3 YIL066C S806 P
Tof1 YNL273W S626 E
Shs1 YDL225W S221 F Cytokinesis
Nup1 YOR098C S637 F Nuclear

transportNup2 YLR335W S317 F
S512 F
S523 F

Nup60 YAR002W S480 N
Nsp1 YJL041W S361 F
Npl3 YDR432W S224 L
Yrb2 YIL063C S14 E
Mlp1 YKR095W S1710 G
Sec31 YDL195W S974 S Protein

traffickingUso1 YDL058W S1032 D
Cpr5 YDR304C S218 E
Net1 YJL076W S840 F Mitosis
Cep3 YMR168C S575 L
Pgm2 YMR105 S119 H Glucose

metabolism
Rpa14 YDR156W S121 I Transcription
Def1 YKL054C S273 D
Snf2 YOR290C S1340 E
Itc1 YGL133W S283 A
Hpc2 YBR215W S(328–330) S/A
Taf2 YCR042C T19 L
Plm2 YDR501W S281 P

*Boldface indicates phosphorylation sites located in the S/T-� motif.
†Previously shown to be Rad53 and Dun1 autophosphorylation sites (6, 32).

10366 � www.pnas.org�cgi�doi�10.1073�pnas.0701622104 Smolka et al.



respectively). These results confirmed that Cbf1 and Trm8 undergo
an MMS-induced phosphorylation on an S/T-Q motif.

Nuclear Pore Complex (NPC) Components Are Directly Phosphorylated
by Rad53. Next, we asked whether direct targets of Rad53 were
found. From the list of targets with a Rad53-dependent phosphor-
ylation in an S/T-� motif (see Table 1), we focused on the
nucleoplasmic components of the NPC, i.e., Nup1, Nup2, and
Nup60. These proteins showed no detectable mobility shift when
purified from MMS-treated cells (unpublished observation). We
thus used the N-isotag method to analyze the phosphorylation of
these proteins after they were purified from untreated and MMS-
treated cells. A number of MMS-induced phosphorylation sites of
Nup1, Nup2, and Nup60 were identified (see Table 3 and SI Tables
5–7). Interestingly, phosphorylation of the S-F motif was most
commonly detected, and they were strongly induced by MMS
treatment. Further, Rad53 was found to efficiently phosphorylate
Nup1, Nup2, and Nup60 in vitro (Fig. 5). Importantly, recombinant
Rad53 phosphorylated essentially the same MMS-induced sites
located in the S-F motifs (see Table 3). These results indicated that
Nup1, Nup2 and Nup60 are likely direct substrates of Rad53 and
further strengthened the notion that Rad53 prefers to phosphory-
late S/T-� motif, especially with a phenylalanine at the �1 position.

Discussion
Here, we showed the use of quantitative phosphoproteomics to
identify in vivo substrates of DNA damage checkpoint kinases.

By comparing phosphorylation of WT vs. kinase-null cells in
response to DNA damage, specific targets of DNA damage
checkpoint kinases were identified. In total, 55 proteins were
found to have a phosphorylation controlled by Mec1/Tel1 (see
Tables 1 and 2). Because Mec1 and Tel1 regulate the activity of
other kinases, including Rad53 and others, further analysis was
performed to establish the direct targets of Mec1/Tel1. Inter-
estingly, most of the Mec1/Tel1-dependent and Rad53-
independent targets were found to have phosphorylation in the
S/T-Q motif, a known consensus of Mec1 and Tel1. Among
them, known substrates of Mec1 and Tel1, such as Rpa1 (24, 36),
and components of the DNA damage checkpoint, including
Rad9, Rad17, Mec3, and Mec1 itself, were found. The other
direct Mec1/Tel1 targets identified here are previously unde-
scribed findings, and most of them have roles in transcriptional
regulation, RNA metabolism, and DNA replication and repair.
These results showed that Mec1 and Tel1 appear to phosphor-
ylate a very diverse network of nuclear proteins directly.

Our results further support the well established role of Rad53 as
a downstream effector of Mec1 and Tel1 (37, 38). We note here that
some of the Rad53-dependent phosphorylation sites may be due to
indirect effects. For example, a proline-directed phosphorylation
was detected for Rnr3 (see Table 1). Transcription of Rnr3 was
known to be up-regulated after MMS treatment in a Rad53- and
Dun1-dependent manner (18). Thus, this phosphorylation of Rnr3
may be related to a change in protein abundance, rather than a
DNA damage-induced phosphorylation of Rnr3.

Potential direct targets of Rad53 could be inferred based on the
knowledge of its preferred consensus phosphorylation motif, S/T-�.
This was shown for Nup1, Nup2, and Nup60. We found that Nup1,
Nup2, and Nup60 undergo MMS-induced phosphorylation in vivo,
and these same phosphorylation sites are phosphorylated by Rad53

Table 2. Mec1/Tel1-dependent and Rad53-independent
phosphorylation sites identified

Protein SGD code
Phosphorylation

site
Amino acid

at �1* Function

Rad9 YDR217C S989 S DNA damage
checkpointRad17 YOR368W S357 N

Mec1 YBR136W S38 Q
Mec3 YLR288C S452 E
Rpa1 YAR007C S178† Q DNA replication

and repairAbf1 YKL112W S193 I
Cdc2 YDL102W S56 Q
Dpb4 YDR121W S183 Q
Msh6 YDR097C S130 Q

S102 Q
Rif1 YBR275C S1351 Q
Mlh1 YMR167W S441 Q
Spt7 YBR081C T78 Q
Cbf1 YJR060W S45 Q Mitosis

S48 N
Trm8 YDL201W S7 Q RNA

metabolismCbf5 YLR175W S398/399 S/Q
Prp19 YLL036C S141 Q
Ysh1 YLR277C S517 Q
Enp1 YBR247C S172 Q
Hsp12 YFL014W S21 Q Stress response
Cyc8 YBR112C S780 Q Transcription
Sok2 YMR016C S719 Q
Hpr1 YDR138W S675 Q
Sum1 YDR310C S712 Q
Asg1 YIL130W S166 Q
Leo1 YOR123C S34 Q
Iws1 YPR133C S23 Q
Nup2 YLR335W S399 Q Nuclear

transport
Vma2 YBR127C S511 Q Vacuole

*Boldface indicates phosphorylation sites located in the S/T-Q motif.
†Phosphorylation site previously identified (30).
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Fig. 4. Cbf1 and Trm8 are phosphorylated in an S/T-Q motif, in an MMS-
induced manner. (A and D) Relative ion abundance of the Cbf1 and Trm8
phosphopeptides, with phosphorylation at S45 and S7, respectively, in WT
(filled circles) and the indicated kinase-null (open circles) cells. (B and E)
Western blot analysis of Cbf1 and Trm8 immunoprecipitated (IP) from control
or MMS-treated cells and eluted by using TEV protease. Phosphorylated S/T-Q
motifs were detected with an antiphospho-S/T-Q antibody. For loading con-
trol, the blot was later detected with an anti-CBP antibody. (C and F) Western
blot was performed as described in B and E, and proteins were purified from
MMS-treated cells lacking the indicated kinases.
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in vitro. Interestingly, Rad53 was known to interact with the
karyopherins Kap95 and Srp1 (6), which are also known to bind to
Nup1, Nup2 and Nup60 (39) (see Fig. 5). It is possible that Kap95
and Srp1 may function as adaptors to mediate Rad53 phosphory-
lation of these NPC components in cells. Considering the rather
limited substrate sequence specificity of Rad53, it appears that its
interaction with potential substrates in cells is important for sub-
strate recognition, analogous to the situation of Dun1 being a
substrate of Rad53 (31, 32). The DNA damage checkpoint kinases
were known to regulate nuclear export of Rnr2 and Rnr4 (40, 41)
and have genetic interactions with NPC components (42, 43).
Phosphorylation of the NPC by DNA damage checkpoint kinases
could play a role in the DNA damage response.

It is important to point out that not all Mec1/Tel1-dependent
phosphorylation sites were found in these phosphoproteomic ex-
periments. For example, more phosphorylation sites of Rad53,
Dun1, and Rad9 were found when purified proteins were analyzed
(6, 32). Also, several known phosphorylation targets in the DNA
damage response were not found, including Rad55 (21), Mrc1 (22),
Pds1 (15), Xrs2 (23), and others. Other known targets were
identified but did not completely fulfill our criteria to be considered,
including phosphopeptides of Rtt107 and Cdc13 with a Mec1/Tel1-
dependent phosphorylation in an S-Q motif (S255 in Rtt107 and
S306 in Cdc13). In the case of H2a, a phosphopeptide with a
phosphorylation at S129 (S-Q motif) was identified as Mec1/Tel1-
dependent in samples before strong cation exchange (SCX) chro-
matography. Unpublished observation indicated this peptide does
not bind to the SCX column. We thus expect that additional targets
will be identified with further improvements to this technology and
the use of faster and more sensitive mass spectrometers.

It is clear from our analysis that the DNA damage checkpoint
kinases directly phosphorylate many proteins with diverse nuclear
functions, revealing many processes that may be regulated in
response to DNA damage. Our study here represented an initial
step toward defining what these targets are, with likely many more
to be discovered. Functional analysis of the identified targets is
needed for a better understanding of how DNA damage checkpoint
kinases coordinate a global DNA damage response. Finally, we
suggest this phoshoproteomic approach should be generally appli-
cable to identify in vivo targets of kinases and to characterize
phosphorylation-mediated signaling pathways in cells.

Methods
Yeast Methods. Standard yeast genetic technique and cell growth
conditions were used. WT and rad53� cells used for the large-scale
phosphorylation analysis were derived from the haploid MBS62
(MAT�, ura3–52, leu2�1, trp1�63, his3�200, lys2�Bgl, hom3–10,
ade2�1, ade8, and sml1::TRP1). Because SML1 deletion is neces-
sary to suppress the lethality of MEC1 or RAD53 deletion, WT cells
referred to here also have SML1 deletion. TAP-tagged Cbf1 and
Trm8 were obtained from Open Biosystems (Huntsville, AL).
Chromosomal TAF-tagged Nup1, Nup2, and Nup60 were gener-
ated in RDKY2669 (MAT�, ura3–52, leu2�1, trp1�63, his3�200,
lys2�Bgl, hom3–10, ade2�1, and ade8) using homologous recom-
bination technique and the TAF-containing plasmid described
elsewhere (32).

Cell Growth and Protein Extraction. Two liters of yeast cells (WT or
kinase-null) were grown in YPD medium to an OD600 of 0.5 and
cells were treated with 0.05% MMS for 3 h. Cells were broken
in an ice-cooled bead beater with 40 ml of lysis buffer containing
50 mM Tris�HCl (pH 8.0), 150 mM NaCl, 0.2% Nonidet P-40, 0.5
mM DTT, 5 mM NaF, 10 mM �-glycerolphosphate, 1 mM
sodium vanadate, 5 mM EDTA, 1 mM PMSF, 0.2 mM benza-
midine, 1 �M leupeptin, and 1.5 �M pepstatin. Cell debris was
removed by centrifugation at 30,000 � g for 30 min. For each
experiment, �50 mg of proteins were then denatured by boiling
in the presence of 2% SDS and 10 mM DTT for 5 min. Proteins
were alkylated with 50 mM iodoacetamide, precipitated with 3
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Fig. 5. The nuclear pore proteins Nup1, Nup2, and Nup60 are directly
phosphorylated by Rad53. Shown are in vitro kinase reactions using recom-
binant Rad53 and either Nup1, Nup2, or Nup60 complexes purified from
untreated cells. Purified comoplexes were stained by Coomassie blue, and
indicated bands were indentified by MS. Anti-FLAG Western blot is shown as
loading control. Asterisks indicate partially proteolyzed fragments of indi-
cated proteins.

Table 3. Quantification of phosphorylation sites detected from
purified endogenous proteins

Protein
Phosphorylation

site
Amino acid

at �1
MMS/control

ratio
�/- Rad53

ratio

592 F >10 >10
656 F >10 8.0
615 F 7.6 �10
672 F 7.6 >10

Nup1 637 F 5.0 10.0
383 F 4.8 >10
449 F 3.9 4.5
754 F 3.3 >10

317 F >10 9.1
248 F �10 —
399 Q �10 1.2
368 F 9.4 8.2
68 F 9.1 >10

Nup2 512 F 8.4 4.3
203 D 8.0 1.0
351 F 7.0 8.0
561 Q 6.6 —
284 F 5.6 7.4
523 F 4.1 3.9

360 F >10 >10
480 N �10 1.0

Nup60 483 Q 4.9 1.3
382 P 3.6 1.0

Comparison between untreated and MMS-treated cells (second to last
column) and with or without in vitro Rad53 phosphorylation (last column).
Only MMS-induced phosphorylation sites of Nup1, Nup2, and Nup60 are
shown (for complete list of phosphorylation sites indentified, see SI Tables
7–9). Boldface indicates the sites phosphorylated by Rad53 in vitro.
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volumes of cold ethanol:acetone (1:1, vol/vol) and then resus-
pended with buffer containing 2 M urea and 50 mM Tris�HCl,
pH 8.0. One milligram of trypsin (Worthington, Lakewood, NJ)
was added for overnight digestion, and then the tryptic peptides
were desalted by using a 2-g C18 column (Waters, Milford, MA).

Phosphopeptide Purification. N-isotag labeling and SCX fraction-
ation. Phosphopeptides were purified by using immobilized metal
affinity column, as described (6). Eluted phosphopeptides were
labeled with either d0-N-isotag (WT cells) or d10-N-isotag (kinase-
null cells), as described (44). The labeled phosphopeptides from
WT cells were then combined with the labeled phosphopeptides
from either mec1� tel1� or rad53� cells and then fractionated using
a 2 � 50 mm PolySulfoethyl-based Strong Cation Exchange column
(Polymicro Technologies, Phoenix, AZ), as described (6).

Mass Spectrometry and Data Analysis. Ten SCX fractions were
collected and analyzed by a Thermo Finnigan (Waltham, MA)
LTQ quadrupole ion trap mass spectrometer. For data analysis,
COMET was used for peptide identification (45), and XPRESS and
INTERACT softwares were used for quantitation as described (6,
44). The complete yeast database was used to analyze MS/MS
spectra with no restriction on the enzyme used. Variable modifi-
cations of 80 Da (phosphorylation) on serine and threonine resi-
dues and 10 Da (light and heavy N-isotag mass difference) on lysine
residues and N terminus were included in the database search. A
static modification of 113 Da was included on lysine and N termini
of all peptides. Because of oxidation of methionine and tryptophan
residues during N-isotag labeling, a static modification of 16 Da was
added to these resides. Each large-scale phosphoproteomic exper-
iment (WT vs. mec1� tel1� cells and WT vs. rad53� cells) was
repeated five times.

To generate a list of the identified phosphopeptides (SI Table 4),
we considered only the top-matched and doubly tryptic phos-
phopeptides that were identified at least once in each of the
experiments (WT vs. mec1� tel1� cells and WT vs. rad53� cells).
Using these criteria, we obtained a nonredundant list of 2,457
phosphopeptides, containing 2,689 phosphorylation sites (see SI
Table 4). This list of phosphopeptides was then subjected to further
more stringent analysis, as described below.

Identification of Mec1/Tel1- or Rad53-Dependent Phosphorylation
Sites. To identify Mec1/Tel1- or Rad53-dependent phosphoryla-
tion, we searched for phosphopeptides that fitted three additional

criteria (see SI Tables 5 and 6 for detailed information of each
peptide): (i) abundance is reduced at least 4-fold in the kinase-null
cells, compared with WT cells; (ii) signal-to-noise ratio of the
identified parent ion is at least 5-to-1; (iii) the phosphopeptide was
identified more times as labeled with d0-N-isotag (WT) than with
d10-N-isotag (kinase-null mutant). MS/MS spectra of all of the
phosphopeptides that fitted the above three criteria were further
manually inspected to confirm the identification of the phos-
phopeptide and the assignment of the phosphorylation sites.

Western Blot Analysis of Cbf1 and Trm8 Phosphorylation. One hun-
dred milliliters of Cbf1-TAP and Trm8-TAP cells was grown in
YPD medium to an OD600 of 0.5, and cells were either treated with
0.05% MMS for 3 h or mock-treated for 2 h. Cells were then
harvested and broken as described above but using 1 ml of lysis
buffer instead. The protein extracts were incubated with 20 �l of
IgG resin overnight. The IgG resins were then washed extensively
by TBS-T and subjected to TEV cleavage (1 unit, Invitrogen,
Carlsbad, CA) to elute proteins. Part of the elution derived from
MMS-treated cells was further treated by CIP (5 units, New
England Biolabs, Ipswich, MA) for 1 h. For Western blot analysis,
proteins were detected by using antiphospho-S/T-Q antibody (Cell
Signaling Technology, Boston, MA) or anti-CBP antibody (Up-
state, Charlottesville, VA).

Purification of Nup1, Nup2, and Nup60 and in Vitro Kinase Reaction
Using Rad53. Two liters of Nup1-TAF, Nup2-TAF, and Nup60-TAF
cells was grown to a density of 1, harvested, and broken as described
above. The protein extracts were incubated with 100 �l of IgG resin
overnight. The IgG resins were then washed extensively by TBS-T
and subjected to TEV cleavage (10 units, Invitrogen) to elute Nup1,
Nup2, or Nup60 proteins. Ten percent of the eluted proteins were
visualized by Coomassie staining. For in vitro kinase reaction, 12.5
ng of recombinant Rad53 was used to phosphorylate the TEV-
eluted Nup1, Nup2, and Nup60 for 1 h at 30°C. The amount of
Nup1, Nup2, and Nup60 used for each kinase reaction is the same
as those shown in the Coomassie-stained gels.
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