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ATM-Dependent and -Independent Dynamics of
the Nuclear Phosphoproteome After DNA Damage
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The double-strand break (DSB) is a cytotoxic DNA lesion caused by oxygen radicals, ionizing radiation,
and radiomimetic chemicals. Cells cope with DNA damage by activating the DNA damage response
(DDR), which leads either to damage repair and cellular survival or to programmed cell death. The main
transducer of the DSB response is the nuclear protein kinase ataxia telangiectasia mutated (ATM). We
applied label-free quantitative mass spectrometry to follow the dynamics of DSB-induced phospho-
proteome in nuclear fractions of the human melanoma G361 cells after radiomimetic treatment. We
found that these dynamics are complex, including both phosphorylation and dephosphorylation events.
In addition to identifying previously unknown ATM-dependent phosphorylation and dephosphorylation
events, we found that about 40% of DSB-induced phosphorylations were ATM-independent and that sev-
eral other kinases are potentially involved. Sustained activity of ATM was required to maintain many
ATM-dependent phosphorylations. We identified an ATM-dependent phosphorylation site on ATM itself
that played a role in its retention on damaged chromatin. By connecting many of the phosphorylated and
dephosphorylated proteins into functional networks, we highlight putative cross talks between proteins
pertaining to several cellular biological processes. Our study expands the DDR phosphorylation land-
scape and identifies previously unknown ATM-dependent and -independent branches. It reveals insights
into the breadth and complexity of the cellular responses involved in the coordination of many DDR
pathways, which is in line with the critical importance of genomic stability in maintenance of cellular
homeostasis.
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INTRODUCTION

DNA damage is a major threat to genomic stability and consequently to
cellular homeostasis. Cells respond to DNA damage by activating the
DNA damage response (DDR), a complex process that includes DNA re-
pair mechanisms, chromatin reorganization, cell cycle checkpoints, mod-
ulation of gene expression, and many signaling pathways (1). An often
cytotoxic DNA lesion is the double-strand break (DSB), which is induced
by ionizing radiation, oxygen radicals, and radiomimetic chemicals. DSBs
activate a particularly vigorous DDR and are therefore commonly used to
explore its complexity (2, 3).

The DSB response is initiated by a heterogeneous group of proteins
commonly termed “sensors” that are rapidly recruited to the damaged
1David and Inez Myers Laboratory for Cancer Genetics, Department of Hu-
man Molecular Genetics and Biochemistry, Sackler School of Medicine, Tel
Aviv University, Tel Aviv 69978, Israel. 2Institute of Molecular Systems Biol-
ogy, Eidgenössische Technische Hochschule Zurich, Zurich 8093, Switz-
erland. 3Biozentrum, University of Basel, Basel 4056, Switzerland. 4Division of
Gene Regulation, Netherlands Cancer Institute, Plesmanlaan 121, 1066 CX,
Amsterdam, Netherlands. 5Division of Molecular Radiation Biology, Department
of Radiation Oncology, University of Texas Southwestern Medical Center,
Dallas, TX 75390–9187, USA. 6Competence Center for Systems Physiology
and Metabolic Diseases, Eidgenössische Technische Hochschule Zurich,
Zurich 8093, Switzerland. 7Faculty of Science, University of Zurich, Zurich
8057, Switzerland.
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sites where they are involved in initial damage processing and local chro-
matin reorganization. The sensors also set the scene for the activation of
the transducers—protein kinases that spread the DNA damage alarm by
phosphorylating numerous effectors in various DDR branches (4, 5). The
chief transducer of the DSB response is ATM (ataxia telangiectasia
mutated), a kinase that is rapidly activated after DSB induction and that
phosphorylates a plethora of downstream substrates, many of which are
key proteins in processes affected by the DDR (3, 6).

Mutations that lead to ATM loss or inactivation cause a severe ge-
nomic instability syndrome, ataxia telangiectasia (A-T) (7, 8). ATM be-
longs to a family of phosphatidylinositol 3-kinase–like protein kinases
(PIKKs) that also includes two other DDR transducers: ATR (ATM and
Rad3–related) (9) and DNA-dependent protein kinase (DNA-PK) (10).
The preferred targets of the three kinases are serine or threonine residues
followed by glutamines (SQ or TQ). ATR responds primarily to stalled
replication forks, whereas DNA-PK is a key player in DSB repair me-
diated by nonhomologous end-joining. The three kinases are functionally
related, and ATR is thought to phosphorylate a number of ATM substrates
in response to DSBs, albeit at later time points after the occurrence of
DSBs and with a lower efficiency relative to ATM (9, 11, 12).

Different types of posttranslational modifications, such as phospho-
rylation, ubiquitination, SUMOylation, and acetylation, are induced in re-
sponse to DSBs and are involved in the rapid dissemination of the DSB
alarm (13–16). Among these, protein phosphorylation is a prevalent post-
translational modification; therefore, exploration of DSB-induced phospho-
proteome dynamics should reveal insights into the breadth and complexity
of this cellular response and identify previously unknown branches of the
DDR. Previous large-scale studies were aimed at identifying direct PIKK
.SCIENCESIGNALING.org 7 December 2010 Vol 3 Issue 151 rs3 1
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targets by immunoprecipitation and mass spectrometric analysis of proteins
containing pSQ or pTQ sites (13, 17). The unbiased isolation of phospho-
peptides followed by their analysis using quantitative liquid chromatography–
mass spectrometry (LC-MS) (18–21) provides a more general approach to
explore DSB-induced phosphoproteome dynamics. This type of analysis
has been used for the exploration of the cellular phosphoproteome after
various stimuli (22–26). This strategy also detects dephosphorylation, a
regulatory event that may be as important as phosphorylation, but that has
not been extensively documented in the DDR.

We conducted label-free quantitative phosphoproteomic analyses after
the induction of DSBs in the presence or absence of an ATM inhibitor to
distinguish between ATM-dependent and -independent changes in the
phosphoproteome in enriched nuclear fractions. The results expand our
knowledge of the molecular networks that constitute the cellular response
to DNA damage and reveal previously unknown characteristics of this
essential process.
www
RESULTS

Modulation of the nuclear phosphoproteome
after DNA damage
To identify damage-induced alterations in the nuclear phosphoproteome of
cultured human cells, we implemented a quantitative phosphoproteomics
strategy that combined selective phosphopeptide enrichment and label-
free quantification based on LC-MS (fig. S1A). We used the G361 human
melanoma cell line in which there is abundant endogenous, active ATM
(27). In two independent experiments, cells were treated with the radiomi-
metic drug neocarzinostatin (NCS) (200 ng/ml) and harvested after 10, 30,
120, and 360 min (table S1). Extracts were prepared from a crude nuclear
fraction obtained by one-step hypotonic enrichment (Fig. 1A). Isolation, de-
tection, identification, and quantification of phosphopeptides were per-
formed as described in Materials and Methods. ATM activation and
activity were monitored, respectively, by following ATM’s damage-induced
.SCIENCESIGNALING.org 7
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autophosphorylation on Ser1981 (28) and
the phosphorylation of the ATM substrate,
KAP1 [KRAB (Krueppel-associated box)–
associatedprotein-1], onSer824 (29) (Fig. 1B).

We identified a total of 3073 phospho-
peptides, which mapped to 2871 phos-
phorylation sites on 1099 proteins (tables
S13 and S14). Using the annotation tool
DAVID (30), we found that 574 of these
proteins had been previously annotated in
SwissProt as located to the nucleus; this
represented a significant nuclear enrich-
ment [P < 5 × 10−112, after false discovery
rate (FDR) correction for multiple testing].
The distributions of the individual residues
phosphorylated (Ser/Thr/Tyr) and the
number of phosphoryl groups per peptide
were similar to those obtained in previous
studies (Fig. 1C) (18, 19). We quantified
the changes in the abundance of phospho-
peptides between samples by calculating the
average log2 ratios between NCS-treated
and untreated samples. Seeking phosphoryl-
ation sites that were modulated in response
to DSBs, we applied filtering criteria based
on signal-to-noise evaluation (fig. S1, B
and C). We considered phosphopeptides as
damage-responsive phosphorylation events
(phosphorylation and loss of phosphoryl-
ation were regarded equally) if they showed
more than a fourfold change in abundance
in at least two consecutive time points after
NCS treatment, comparing NCS-treated to
untreated samples, with an estimated FDR
of 7%. We identified 753 phosphorylation
sites mapping to 394 proteins that were
modulated in response to NCS treatment
in the time course experiment. Of these
phosphorylation sites, 411 represented
damage-induced phosphorylations and
342 represented loss of phosphorylation
(Fig. 1D and table S2), which we attri-
buted primarily to phosphorylation and
dephosphorylation events, respectively. It
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Fig. 1. Properties of the samples used for phosphoproteomic
analysis after DNA damage and general characteristics of
the identified phosphorylation events. (A) Two samples were
enriched for nuclear fractions with a one-step hypotonic fractionation. Enrichment was assessed by

Western blotting of the cytoplasmic marker GAPDH, which indicated that only residual amounts of this
protein remained in the nuclear-enriched fraction. Lamin B1 and NBS1 were used as markers for nu-
clear proteins. (B) Activation of ATM and the DDR was verified by monitoring the autophosphorylation
of ATM on Ser1981 and the ATM-dependent phosphorylation of the KAP1 protein on Ser824 performed
by Western blotting analysis of nuclear extracts. The catalytic subunit of DNA-PK served as a loading
control. Samples were collected at indicated times after administration of NCS (200 ng/ml). (C) General
properties of the identified phosphoproteome. Left: The distribution of individually identified sites
according to the residue that was phosphorylated demonstrated that tyrosine phosphorylation
occurred on less than 3% of phosphorylation sites. Right: The distribution of the number of phosphoryl
groups per peptide indicated that more than 80% of peptides identified had a single phosphorylation.
(D) Pie chart distribution of DSB-responsive phosphorylation (blue) and dephosphorylation (orange)
events subdivided according to overrepresented motifs identified using Motif-X.
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is possible that some of these changes in the abundance of the phospho-
peptides could reflect other processes, such as changes in the protein
amounts or in the subcellular localization after the DNA damage. Addi-
tionally, changes in phosphorylation may be masked by changes in other
posttranslational modifications occurring on the same peptide, which
may be detected as an apparent change in phosphorylation.

To analyze the amino acid composition surrounding the identified
phosphorylation sites, we used Motif-X (31) to search for overrepresented
motifs (fig. S2A). Although we found the motif pSQ in the group of sites
that increased in phosphorylation, as expected (Fig. 1D), this motif com-
prised a relatively small fraction (~10%) of the detected damage-responsive
phosphorylation sites, suggesting that the damage-induced phosphorylation
arena is considerably wider than PIKK-mediated phosphorylations. Other
overrepresented motifs were pSP, pSXXE, and pTP, which were identified
in both damage-induced phosphorylation sites and sites where phosphoryl-
ation was reduced (Fig. 1D and fig. S2A).

Although only in-depth analysis will reveal the importance or rele-
vance of each of the phosphorylation and dephosphorylation events that
we identified in the DDR, several of the sites that we identified have
been reported in other studies, providing evidence that the data set is
valid. The phosphorylated sites that we identified included 10 ATM-
mediated phosphorylations that had been previously studied in detail:
ATM Ser1893 (32), ATM Ser1981 (28), KAP1 Ser824 (29), NBS1 Ser343

(33), RAD50 Ser635 (34), SMC1 Ser957 (35), SMC3 Ser1067, Ser1083

(36), and TP53BP1 Ser831, Ser1219 (37, 38). In addition, 30 phosphoryl-
ation sites of SQ or TQ motifs that were recorded in a previous proteomic
screen for ATM or ATR targets (13) appeared in our list of damage-
induced phosphorylations. Although we and Matsuoka et al. (13) both
identified a total of 102 proteins, in only 21 proteins were the same phos-
phorylation site identified in both studies. Different phosphorylation sites
on the same protein may play specific roles in modulating its functions
after DNA damage (39).

We performed an initial functional analysis of the acquired and lost
phosphorylations (analyzed separately or together) by searching for sig-
nificantly overrepresented Gene Ontology (GO) terms with the GO tool
in DAVID (30). Most of the identified processes and functions were re-
lated to nucleic acid metabolism or chromatin organization (Fig. 2A and
table S3), with predominance of “Chromosome Organization” and “RNA
Processing” and their daughter terms. The group of proteins with increased
phosphorylation showed a more significant enrichment of almost all of the
identified biological processes and molecular functions relative to those
enriched in the group of proteins with decreased phosphorylation (table
S3). The exceptions were “RNA Splicing” and “Spliceosome,” which
were more significantly enriched in the group of proteins showing de-
creased phosphorylation.

The cellular response to DSBs, particularly the early phase, is be-
lieved to be mediated primarily by ATM-dependent protein phospho-
rylation. Because most phosphorylation events that we found to be
increased in response to DNA damage did not occur on the typical PIKK
target motif, S/TQ, we searched the phospho.ELM (version 8.2) (40) and
PhosphoSitePlus (41) databases for kinases documented to phosphorylate
proteins from our lists on the phosphorylation sites found in our data
set. About 75% of the phosphorylation sites that changed in response to
DNA damage were included in at least one of these databases (fig. S2B).
However, only 6% were matched to a known kinase (table S4). Among
these kinases were ATM, cell division control 2 homolog [CDC2, also
known as cyclin-dependent kinase 1 (CDK1)], CDK2, and casein kinase
2 (CK2). To expand the list of putative kinases involved in the observed
increases in phosphorylation, we predicted putative kinase target sites
with the GPS 2.1 software (42). We statistically substantiated this analysis
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Fig. 2. Properties of the DNA damage–responsive phosphoproteome. (A)
Enriched GO terms associated with all proteins that exhibited a change in

phosphorylation state in response to DNA damage (blue), phosphorylated
proteins (red), and dephosphorylated proteins (yellow). The y axis repre-
sents the −log10 of the P value after FDR correction for multiple testing. (B)
Kinetic patterns of the individual phosphorylation sites. Four patterns were
identified by clustering analysis with the CLICK algorithm. Upper graphs
show the time courses of the clusters. The x axis represents the time points
(in minutes). The y axis represents log2-based ratios for each phosphoryl-
ation site standardized to mean 0 and SD 1. In parentheses is the number
of phosphorylation sites in each cluster. Lower lists show selected en-
riched kinase predictions with the lowest P values for each cluster.
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by adding enrichment tests to detect predicted kinase targets that were
overrepresented among our damage-responsive increased phosphoryl-
ation events. We associated the enriched kinase predictions with over-
represented sequence motifs identified by Motif-X to draw putative links
between these two analyses. We found the expected enrichment for tar-
gets of the PIKKs ATM, ATR, and DNA-PK, linked to the pSQ motif
as expected, and we also observed a significant enrichment for targets of
CK1, CK2, GRK2 [G protein (heterotrimeric guanosine triphosphate–
binding protein)–coupled receptor kinase 2], and KIS (serine-threonine
protein kinase Kist) linked to the pSXXE/D motif (Table 1 and table S5).
KIS was the only enriched kinase linked to the pSP motif among the
increased phosphorylation events. Using kinase prediction enrichment
analysis, we noted enrichment for targets of CDKs, MAPKs (mitogen-
activated protein kinases), FRAP (FKBP-12 rapamycin–associated protein),
GSK3B (glycogen synthase kinase 3b), and PLK1 (Polo-like kinase 1)
in the sites that exhibited a decrease in phosphorylation in response to
DNA damage, suggesting that sites phosphorylated by these kinases might
be dephosphorylated after DNA damage (Table 1 and table S5). These en-
riched kinase dephosphorylated targets could be linked to the pSP motif,
found by Motif-X.

Using DAVID for annotation, we generated GO-annotated subsets of
phosphorylated and dephosphorylated proteins to gain insight into the
functions of the kinases associated with targets that exhibited a change
in phosphorylation status during DDR (table S6). “Chromosome Organi-
zation” proteins were enriched for ATM and CK2 targets, whereas “DNA
Repair” proteins were enriched for ATM and DNA-PK targets. CK2 tar-
gets were enriched in proteins annotated “Adenyl Ribonucleotide Binding,”
suggesting a putative role for this kinase in the regulation of enzymes in
response to DNA damage. Among the proteins with reduced phosphoryl-
ation, CK2 targets were enriched among “RNA Processing” proteins, and
targets of CDC2, CDK2, and JNK (c-Jun N-terminal kinase) were highly
enriched in the “Regulation of Transcription” group (table S6). Thus, this
analysis validated known relationships between processes and func-
tions associated with the DDR and certain kinases, and suggested previ-
ously unknown relationships for kinases within the DDR, such as CK2.
www
Kinetics of the damage-induced modulation of the
nuclear phosphoproteome
Using the CLICK clustering algorithm implemented in the microarray
analysis suite EXPANDER, we divided the damage-induced changes in
phosphorylation events into clusters according to their temporal patterns
(43, 44). Manually unifying clusters with similar patterns resulted in four
distinct clusters representing the major kinetic responses (Fig. 2B and
table S2). The temporal patterns represented by these clusters indicated
that some phosphorylation and dephosphorylation events occurred rapidly
after DNA damage and peaked within minutes, whereas others developed
more slowly. Only clusters with consistent kinetic patterns (which repre-
sented 77% of the observed damage-responsive phosphorylation events)
were used in this analysis (table S2).

We asked whether specific temporal patterns were enriched for pre-
dicted substrates of certain kinases. Using GPS, we found that phospho-
rylation events that rapidly increased (Fig. 2B, cluster 1) were significantly
enriched for targets of ATM, ATR, and DNA-PK, whereas induced events
with slower kinetics (Fig. 2B, cluster 4) were enriched for targets of CK2
and ATR (table S7). Phosphorylation events that rapidly decreased after
DNA damage (Fig. 2B, cluster 2) were enriched for targets of CK2b and
KIS. Phosphorylation events that decreased with slower kinetics (Fig. 2B,
cluster 3) were enriched for targets of CDKs, MAPKs, and FRAP. To fur-
ther explore the temporal patterns, we used DAVID to determine the sig-
nificant enrichment of GO-associated biological processes and molecular
compartments with the proteins in these clusters (table S8). As expected,
all of the clustered phosphorylated proteins were significantly associated
with the nucleus, but less expected was the substantial variation in the as-
signments across the temporal patterns, such as the association with the nu-
cleolus and chromosome. Annotations to DNA Repair, Chromatin Binding,
and Regulation of Transcription were only associated with the rapidly phos-
phorylated proteins (cluster 1), whereas proteins related to RNA Processing
were associated with all patterns except the slowly dephosphorylated group
(cluster 3). In general, more annotations were associated with rapidly
occurring phosphorylation changes versus slowly occurring ones, which
is consistent with the importance of a rapid response to DNA damage.
 M
ay 3, 2011 
Table 1. Kinase target predictions enriched in the lists of phosphoryl-
ated and dephosphorylated sites. Kinase targets were predicted with
the GPS software. Enrichment tests used the hypergeometric dis-
tribution. P value cutoff for enrichment is set at 5 × 10−5. The full hierar-
chy of each kinase is presented. Only individually identified kinases, not
kinase families, are shown here. Table S5 contains the complete list.
Phosphorylated sites
 P value
.SCIEN
Dephosphorylated sites
CESIGNALING.org 7 December 2010 Vol 3 Issue
P value
Atypical.PIKK.ATM
 4.84 × 10−14
 CMGC.CDK.CDC2.CDC2
 2.81 × 10−12
Other.CK2.CK2a
 7.57 × 10−14
 CMGC.CDK.CDC2.CDK2
 6.94 × 10−12
Atypical.PIKK.ATR
 2.28 × 10−11
 CMGC.GSK.GSK3B
 7.58 × 10−11
Atypical.PIKK.DNAPK
 5.7 × 10−11
 CMGC.MAPK.ERK.MAPK3
 1.8 × 10−10
Other.Other.Unique.KIS
 2.71 × 10−8
 Atypical.PIKK.FRAP
 8.8 × 10−10
Other.CK2.CK2b
 2.3 × 10−7
 CMGC.CDK.CDK4.CDK4
 8.87 × 10−10
AGC.GRK.BARK.GRK.2
 3.09 × 10−6
 CMGC.MAPK.p38.MAPK14
 2.97 × 10−9
CK1.CK1.CK1a
 4.82 × 10−6
 Other.Other.Unique.KIS
 3.33 × 10−9
CMGC.CDK.CDK5
 5.73 × 10−9
CMGC.MAPK.ERK.MAPK1
 8.98 × 10−9
CMGC.MAPK.ERK.MAPK7
 9.09 × 10−9
CMGC.MAPK.JNK.MAPK10
 1.55 × 10−8
CMGC.DYRK.Dyrk1
 2.52 × 10−8
CMGC.MAPK.JNK.MAPK8
 4.59 × 10−8
AGC.GRK.BARK.GRK.2
 8.6 × 10−8
Other.PLK.PLK1
 2.38 × 10−7
CMGC.MAPK.p38.MAPK12
 4.23 × 10−7
CMGC.MAPK.JNK.MAPK9
 3.41 × 10−5
Other.CK2.CK2a
 3.59 × 10−5
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Network organization of
DNA damage–responsive proteins
To put the observed phosphoproteome dynamics in a systems context and
obtain putative functional organization of the signaling networks reflected
in the data, we interfaced our protein lists with various protein-protein
interaction (PPI) networks. Using the STRING database of PPIs (45),
we first identified proteins within our lists that were directly intercon-
nected and then processed the interaction network of 161 of our 394 pro-
teins with Cytoscape (46) (fig. S3). Rather than clustering this network
to infer protein complexes, we searched the CORUM database (47) for
complexes containing at least two proteins from our lists. Through this
analysis, 109 of our proteins that exhibited changes in phosphorylation
in response to DNA damage were assigned to 100 complexes (table S9).
Some of the proteins were members of several complexes, linking them
into an extended interaction network. Proteins and complexes pertaining
to biological processes, such as RNA Processing, Chromosome Organi-
zation, and DNA Repair, were interlaced to a functional network (Fig. 3A
and fig. S4). The complex-based analysis revealed that the proteins on
our list are members of complexes, such as WINAC (a chromatin remodel-
ing complex), CEN (centromere chromatin complex), CDC5L (involved
in RNA splicing), and the Spliceosome, indicating that functions of these
complexes may be affected upon DNA damage. Several proteins, such as
SMARCC1 (a component of chromatin-remodeling complexes), HNRNPU,
and EFTUD2 [both involved in pre–messenger RNA (mRNA) splicing],
interacted with several complexes, and thus, the damage-induced modu-
lation of their function may affect several processes at the same time.

To identify key proteins and functional modules, we assumed that cer-
tain functional interactions between damage-responsive proteins could be
mediated by proteins that do not appear in our lists. The inclusion of these
“connecting” proteins in the analysis expanded the interaction networks
and assisted in identifying additional functional modules. We used the
PPI Spider tool (48), which enabled us to connect 245 proteins from
our lists into a network with a total of 386 nodes (fig. S5), in which only
one PPI Spider–added intermediate protein was allowed between two pro-
teins from our lists. To ensure that the proteins added to the network by
PPI Spider were of functional relevance to the DDR, we compared the
effect of this analysis on the significance of GO terms found by DAVID
(table S10). Whereas comparison of the GO term enrichment for the 245
connected proteins to the original 394 proteins showed a relatively small
effect on GO enrichment, the addition of the 141 connecting proteins by
PPI Spider had a marked impact on the significance of some of the GO
terms (table S10). For example, the significance of RNA Splicing, DNA
Binding, Regulation of Transcription, and daughter terms were increased
by more than 10 orders of magnitude.

We used the Cytoscape plug-in CentiScaPe (49) to calculate several
topological parameters of the PPI network. The distribution of the num-
ber of “edges” (interactions) connected to the “nodes” (proteins) in the
network pointed to a scale-free topology (fig. S6A), as has been shown
previously for other protein interaction networks (50–52). Most of the
nodes in this network had only few edges, whereas a few nodes, termed
“hubs,” had more edges than the average and probably represent key
players (50, 51, 53). We defined hubs as proteins in the top 5% of the
degree distribution, representing nodes with seven or more edges. We
identified 18 hubs, of which 15 were from our data set; 14 nodes could
be incorporated into an interconnected network with STRING (Fig. 3C).
Among these 15 were the DDR-associated protein kinases ATM and
DNA-PK; chromatin-binding proteins, such as SMARCA4, SMC1A,
SIN3A, and HCFC1; and splicing-associated proteins, such as CD2BP2
and SFRS1. The interconnected hub proteins may represent part of a
“core” module involved in DNA damage, chromatin organization, and
www
RNA processing. At least six of the hub proteins are functionally linked
to the DDR, including ATM, DNA-PK, TP53 (54, 55), MYC (56, 57),
SMC1A (35), and SMARCA4 (58). Thus, our topological analysis may
reveal other proteins in key positions in the DDR.

To search for functional modules in the PPI Spider extended network
of 386 nodes, we used the GO tool BiNGO (version 2.3) (59) in Cytoscape.
Networks were created for functional modules representing proteins an-
notated as DNA Repair and Chromosome Organization (Fig. 3B) or as
RNA Processing (fig. S6B) by including proteins added by PPI Spider to
extend the networks and reveal additional connections and organizational
structures. In the DNA Repair and Chromosome Organization network,
the addition of proliferating cell nuclear antigen (PCNA) and SMARCA5
allowed connection of several chromatin-related proteins to each other:
CBX3, CHAF1A, CHAF1B, and BAZ2A (all of which were phosphoryl-
ated); BAZ1A (which was dephosphorylated); and RSF1, BAZ1B, and
KAP1 (which were both phosphorylated and dephosphorylated). Both
BAZ1B and CHAF1A are members of chromatin remodeling complexes,
and these proteins have been shown to have a role in the replication of
pericentric heterochromatin (60, 61), to which KAP1 can be recruited
(62). Both CHAF1A and BAZ1B interact with PCNA (63–66), which
facilitates their recruitment to replication foci. Certain of these proteins
have known roles in the DDR: KAP1 is found in the vicinity of hetero-
chromatin during DSB repair (29, 67, 68), and BAZ1B has a role in
maintaining H2AX phosphorylation on Ser139, a marker of domains flank-
ing DSBs (69). However, a direct functional link between BAZ1B and
CHAF1A has not been documented. At the network organization level,
our analysis revealed that proteins regulated by both phosphorylation
and loss of phosphorylation can be “meshed” into functional modules,
stressing the importance of events that reduce phosphorylation (likely de-
phosphorylation) in the DDR.

ATM dependence of DSB-induced
phosphorylation dynamics
In view of our finding that ~90% of damage-responsive phosphorylation
events did not occur on the well-documented ATM and ATR S/TQ motif,
we examined the degree of ATM dependence of the phosphoproteome
dynamics. The ATM inhibitor KU55933 (70) inhibits ATM activity within
minutes after its administration into cell culture (71). KU55933 (denoted
hereafter ATMi) was added to G361 cultures 30 min before NCS treat-
ment, and its effect on phosphoproteome dynamics was assessed 30 and
120 min after NCS addition and compared with samples treated with
NCS only (Fig. 4A). A total of 457 phosphorylation sites mapping to
277 proteins were modulated by more than fourfold at these time points
in response to NCS and were evaluated for their ATM dependence (table
S11). Using the CLICK clustering algorithm, we grouped phosphorylation
events according to their modulation after damage induction in the pres-
ence or absence of ATMi (Fig. 4B). We defined a phosphorylation event as
ATM-dependent if it was reduced by at least 50% at the log2 ratio when
ATMi was added before NCS treatment. About 60% of damage-responsive
phosphorylation and loss of phosphorylation events were ATM-dependent
by this criterion (Fig. 4B). Searching for enriched kinase predictions (table
S12), we found that, as expected, ATM-dependent sites were enriched for
predicted targets of PIKKs, but we also noticed targets of GRKs, nuclear
factor kB–inducing kinase (NIK), and CK2, raising the possibility that after
DNA damage these protein kinases are subject to ATM-dependent regula-
tion. A search among ATM-independent phosphorylation sites revealed a
significant enrichment for potential KIS targets. Among the ATM-dependent
loss of phosphorylation events, predicted targets of KIS, CDC2, and FRAP
were enriched, whereas ATM-independent loss of phosphorylation events
showed significant overrepresentation of GSK and p38 kinase families.
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ATM is rapidly activated in response to DSBs and can be abruptly
“switched off ” by ATMi (71). This allowed us to examine the effect of
ATM inactivation 15 min after damage induction on the damage-induced
phosphoproteome dynamics (Fig. 4A, right panel). Application of the
CLICK clustering algorithm to these data yielded four clusters (Fig.
4C). We termed phosphorylation events affected by ATM switch off after
damage induction as “ATM-regulated” to distinguish them from the
larger set of “ATM-dependent” events. Of the 457 phosphorylation sites
evaluated, ~50% were ATM-regulated; 65% of the damage-induced phos-
www
phorylation events that were ATM-dependent were also ATM-regulated.
For example, known ATM-dependent phosphorylation events that are
maintained for extended periods of time after damage induction rapidly
decayed after ATM switch off 15 min after NCS administration (Fig. 4D).
This suggests that maintained phosphorylation at these sites requires sus-
tained ATM activity, possibly due to concomitant counteraction by pro-
tein phosphatases or due to protein turnover. Only 33% of ATM-dependent
decreased phosphorylation events (Fig. 4B, cluster 3) were also ATM-
regulated (Fig. 4C, in cluster 4). This result suggests that ATM may
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Fig. 3.Networkanalysisof theDSB-responsive
phosphoproteome by molecular complexes
and functional modules. (A) Selected com-
plexes from the CORUM analysis. CORUM, a
resource of manually annotated mamma-
lian protein complexes, was used to identify
complexes potentially involved in the DDR.
Complexes selected contained at least
twoproteins fromour lists.Anexpandedview
of the network is shown in fig. S4. ALL-1
supercomplex, anti-HDAC2 complex, BRG1-
SIN3A complex, MLL1-WDR5 complex,
HCF-1 complex, NCOR1 complex, WINAC
complex, and SNF2h-cohesin-NuRD com-
plex are chromatin-modifying complexes
involved, among other cellular processes,
in transcriptional regulation; CEN complex,
centromere chromatin complex, CDC5L
complex, C complex spliceosome, and
spliceosome are complexes involved in
RNA splicing; BASC (BRCA1-associated
genome surveillance complex), which may
serve as a sensor for DNA damage, MDC1-
MRN-ATM-FANCD2 complex, and MDC1-
p53BP1-SMC1 complex are involved in
DNA damage sensing and repair; DNA
synthesome complex is involved in DNA
synthesis and replication; large Drosha
complex is involved in microRNA process-
ing; and Nop56p-associated pre–ribosomal
RNA complex is involved in ribosome bio-
genesis. (B) Functionalmodule representing
DNA Repair and ChromosomeOrganization
identified by PPI Spider. The 245 proteins
identified in this study were connected into
a network containing 386 nodes (fig. S5).
Functional modules in this network were
sought bymatching proteins in the network
to specific biological processes using the
GO tool BiNGO. The size of a node is pro-
portional to the number of edges the node has in the full network (fig. S5), with larger
nodes having more connections. (C) Hub nodes in the DDR PPI network. We defined
hubs as nodes with more than seven edges, which represented the top 5% of the de-
gree distribution. To investigate the interactions between these hubs, we submitted the
list to the STRING database to produce the “core” network downloaded from STRING.
All but two proteins are interconnected. Color and node size are arbitrary.
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activate, directly or indirectly, certain phosphatases that are subsequently
unaffected by ATM switch off. Searching for enriched kinase predictions,
we found that the ATM-regulated and ATM-dependent phosphorylation
and dephosphorylation events were enriched for similar kinase predictions
(table S12). For example, like ATM-dependent phosphorylations, the ATM-
regulated oneswere enriched for predicted targets of PIKK (ATM,DNA-PK,
andATR) and for targets ofNIK,CK2, andGRK2.Among theATM-regulated
dephosphorylation events, predicted targets of KIS, CDC2, and FRAP
were enriched. Thus, the use of theATMi in two different scenarios allowed
us to identify fractions of the phosphorylation response to DNA damage
that require ATM activity at various times in relation to damage induction.
The analysis indicated that sustained ATM activity is required to maintain
phosphorylation of some of its targets during the DDR and that ATM ac-
www
tivitymay stimulate phosphatase activity early in theDDR,whichmay con-
tribute to the requirement for sustained ATM activity.

Identification of a previously unknown damage-induced
regulatory phosphorylation site on ATM
We carried out an in-depth analysis of one of the ATM-dependent phos-
phorylation sites that occurred on Ser2996 of ATM (fig. S7A), because
DNA damage induces various posttranslational modifications of ATM that
likely regulate its activity (28, 32, 72). We generated a phosphorylation-
specific antibody against pSer2996 (fig. S7B) and monitored phosphoryl-
ation of this site under different conditions. The phosphorylation of
Ser2996 was ATM-dependent and DNA-PK–independent (Fig. 5A and
fig. S7C). The phosphorylation of Ser2996 exhibited a time course (Fig.
.SCIENCESIGNALING.org 7
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5B) different from that of the autophos-
phorylation of ATM on Ser1981 (28).

We established fibroblast cell lines that
lacked endogenous ATM and stably ex-
pressed ectopic ATM (73) in wild-type
and mutant (S2996A) versions; the mutant
protein was nonphosphorylatable on Ser2996

(fig. S8A). Clonogenic survival assays indi-
cated that cells expressing ATM-S2996A
were more sensitive to NCS cytotoxicity
than were cells expressing the wild-type
protein (Fig. 5C). However, the S2996A
substitution did not affect the efficiency of
several ATM-mediated phosphorylations
in response to DNA-damaging chemicals,
including ATM’s autophosphorylation on
Ser1981 (fig. S8B). This suggests that ATM’s
activation and activity after damage in-
duction was not impaired by ablating the
Ser2996 phosphorylation site. We examined
the recruitment of ATM to DSB sites and
its retention there (74, 75) by fluorescence
recovery after photobleaching analysis of
yellow fluorescent protein (YFP)–tagged
wild-type and mutant (S2996A) ATM after
the induction of localized DNA damage
(75). We found that the mutant had impaired
retention at the damaged sites relative to
wild-type ATM (Fig. 5D); the S2996A mu-
tant behaved similarly to ATM with a muta-
tion in the autophosphorylation site Ser1981

(75). This indicates that ATM’s retention at
damaged sites is affected jointly by at least
two phosphorylation events.

DISCUSSION

We explored the dynamics of the nuclear
phosphoproteome in the face of radiomi-
metic DNA damage using unbiased isolation
of phosphopeptides followed by quantitative
label-free LC-MS. We used an ATM inhib-
itor to distinguish between ATM-dependent
and -independent components of these dy-
namics and explored ATM’s role in main-
taining the phosphorylation events over
time. A complex response involving both
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Fig. 4. Effect of the ATM inhibitor KU55933 (ATMi) on ATM-dependent phosphorylations. (A) Western
1981
blotting analysis showing autophosphorylation of ATM on Ser and the ATM-dependent phospho-

rylation of the protein KAP1. ATMi was added either before NCS treatment or 15 min after NCS admin-
istration. DNA-PK served as the loading control. Blot shown is representative of the two experiments.
(B) CLICK analysis showing the effect of adding ATMi before NCS treatment reveals DDR-induced
phosphorylation changes that depend on ATM. Clusters are presented as bars representing the
mean log2 ratio ± SEM. In parentheses is the number of phosphorylation sites in each cluster. 30 min
and 120 min represent samples collected at these times after NCS administration; 120 min ATMi added
before NCS represents samples collected 120 min after NCS administration that had been exposed to
ATMi 30 min before NCS. (C) CLICK analysis showing the effect of adding ATMi 15 min after the addition
of NCS reveals DDR-induced phosphorylation changes that are regulated by ATM. Clusters are
presented as in (B). (D) Sustained activity of ATM is required to maintain specific ATM-dependent phos-
phorylations over time on Ser1981 of ATM, Ser824 of KAP1, Ser957 of SMC1 (35), and Ser343 of NBS1 (33).
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cells treated with NCS, followed by ATMi 15 min later.
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increased and decreased phosphorylation was identified. In some cases,
alterations in the amounts of phosphopeptides might reflect changes in pro-
tein amounts or subcellular localization. However, we attribute most of the
damage-induced alterations that we detected to kinase-mediated phospho-
rylation events and phosphatase-mediated dephosphorylation events, be-
cause (i) we observed rapid kinetics for most of the phosphorylation
events, which is typical for DSB-induced phosphorylations; (ii) data from
previous studies found little overlap between proteome and phosphopro-
teome alterations (25, 76); and (iii) our results validated data obtained in
previous phosphoproteomic screens (77–81).
www.SCIENCESIGNALING.org 7
The phosphorylation and dephos-
phorylation events that we recorded
involved many interconnected proteins
and protein complexes, attesting to a vig-
orous and comprehensive cellular response
to DNA damage. Although the importance
of protein phosphorylation in the DDR is
well established, phosphatases have only
recently come into the spotlight. Our data
suggest two potential effects of phospha-
tase involvement in the DDR. The first is
timing of signaling events presumably
driven by the protein dephosphorylation,
and the second is the effect by which
dephosphorylation counteracts specific
phosphorylation events—possibly serving
as shutoff signals.

Clustering analysis revealed the tem-
poral aspects of the phosphorylation and
dephosphorylation response and grouped
together events with similar temporal pat-
terns. When combined with data obtained
from experiments in the presence of an
ATM inhibitor, this analysis provided an
assessment of the degree of ATM depen-
dence of the cellular protein phosphoryl-
ation response to radiomimetic damage.
Although ATM is a major regulator of this
response, the substantial fraction of ATM-
independent events that we identified sug-
gests that the DDR involves many kinases
and supports the concept that, although
ATM-mediated signaling is linked to a
specific DNA lesion, DSBs, only a fraction
of DSB repair is ATM-dependent (82). The
substantial fraction of ATM-independent
signaling in response to NCS-induced dam-
age (expected to include a higher propor-
tion of DSBs relative to damage caused
by ionizing radiation) may reflect not only
cellular responses to other types of DNA
lesions induced by NCS, but may also re-
flect the DSB-mediated induction of ATM-
independent stress responses.

The exploration of the DNA damage–
induced dynamics of the nuclear phos-
phoproteome was not biased toward ATM
and ATR substrates and, therefore, pro-
vides a broad perspective of the signaling
dynamics elicited by such damage. The rel-
atively small proportion of phosphorylation events that occurred on the
SQ/TQ motifs—the canonical targets of the PIKK family members—
attests to the extended scope of the damage-induced phosphorylation land-
scape uncovered in this study. Although overlapping, but different, subsets
of the phosphoproteome are identified following various enrichment meth-
ods (19), we do not expect the enrichment method that we used to be biased
against pSQ- or pTQ-containing peptides. Seventy-five percent of the
ATM-dependent increased phosphorylation events were not located in
SQ/TQ motifs, indicating that many damage-responsive phosphorylation
events are likely mediated by protein kinases that are ATM targets, directly
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Fig. 5. Functional analysis of a damage-induced phosphorylation on Ser2996 of ATM. (A) ATM
2996
dependence of Ser phosphorylation. Fibroblasts derived from an A-T patient, which are devoid

of endogenous ATM, were transfected with empty vector or vector stably expressing ectopic FLAG-
tagged ATM and treated for 1 hour with NCS (200 ng/ml). Where indicated, ATMi was added 30 min
before NCS treatment. ATM was immunoprecipitated from cellular extracts with beads coupled to anti-
bodies that recognize FLAG. Western blotting analysis of the immunoprecipitates was performed with
the indicated antibodies. Phosphorylated Ser2996 is the upper band in the pS2996 (ATM) blot; the lower
band is a cross-reactive band because it is present also in the nontransfected cells. (B) Time course
comparison of damage-induced phosphorylation of Ser2996 and Ser1981 on ATM. Cells expressing ec-
topic, FLAG-tagged ATM were treated with NCS (200 ng/ml) and harvested at the indicated time
points. The asterisk indicates the pS2996 form of ATM. Blots in (A) and (B) are representative of two
experiments. (C) Cellular sensitivity to radiomimetic treatment of A-T cells expressing ectopic wild-type or
mutant (S2996A) ATM. The indicated cells were treated with various NCS doses and their clonogenic
survival was measured. Data points represent the average of three replicates. This experiment is repre-
sentative of three independent experiments. (D) ATM recruitment at sites of laser-induced DNA damage.
AT5BIVA (AT5) cells expressing wild-type YFP-ATM (blue) or YFP-ATM/S2996A (red) were micro-
irradiated, and time-lapse imaging was used to collect the kinetic data. Each data point is the average
of 10 independent measurements and a representative of two experiments.
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or indirectly. Awell-documented example is the kinase CHK2 (83); other
candidates that emerged from this study are CK2 and NIK (table S12).
ATM presumably fine-tunes downstream processes by phosphorylating
several proteins in each process, with additional ATM-dependent phospho-
rylation events on the same or other proteins carried out by protein kinases
activated by ATM (3, 6).

We searched the target motifs of the DSB-responsive phosphorylation
sites for known kinases in a statistically rigorous analysis. Some of the pro-
tein kinases highlighted by this analysis have been previously implicated in
the DDR. CK2 is involved in the phosphorylation of several DDR proteins
(84), is implicated in an early damage response (the phosphorylation and
eviction of heterochromatin protein 1b from chromatin) (85), and plays a role
in the dynamic interaction of two DSB sensors, NBS1 and MDC1 (86, 87).
The statistically significant enrichment for predicted CK2 kinase targets
among ATM-dependent phosphorylation sites, as well as in Chromosome
Organization proteins and Adenyl Ribonucleotide Binding proteins, sug-
gests that CK2 may be a critical protein kinase in the DDR.

Phosphatases previously implicated in the DDR usually counteract spe-
cific phosphorylation events. Among themare PP5 (protein phosphatase 5)
(88, 89), PP2A (90–92), WIP1 (wild-type p53–induced phosphatase 1)
(93–95), and PP1 (96–98). Although prediction of phosphatase target sites
is currently not possible, we attempted to identify the protein kinases whose
action is counteracted by dephosphorylation after DNA damage. This anal-
ysis pointed to several kinases, including FRAP,CDKs, andMAPKs,which
are involved in regulation of the cell cycle and other aspects of cellular pro-
liferation. Note that the melanomaG361 cells that we used harbor a somatic
mutation in the gene encoding the B-RAF protein, leading to a V600E sub-
stitution (99), which results in constitutive signaling by the MAPKs of the
extracellular signal–regulated kinase (ERK) family (100) and makes the
damage-induced abolishment of ERK-mediated phosphorylation particu-
larly visible. Our analysis did point to CK2 targets in the sites that were de-
phosphorylated during the DDR. The enrichment of CK2 targets among
dephosphorylated proteins is plausible, because CK2 is a constitutively
active kinase (101, 102). Conceivably, CK2 may not be activated upon
DNAdamage but modulated to act on a certain set of targets, whereas some
of its constitutive targets become dephosphorylated.

We integrated the proteins with altered phosphorylation status in re-
sponse to DNA damage into several interconnected networks, which re-
vealed cross talk among the different DDR branches. Although the
intimate relationships between DNA repair and chromosome organization
are self-explanatory, the integration of RNA-processing machineries into
the DDR (Fig. 3 and figs. S4 and S6) is less so. However, the involvement
of RNA-processing proteins in the DDR was demonstrated in a study that
identified proteins involved in DDR in a genome-wide small interfer-
ing RNA screen (103). RNA binding and RNA-processing proteins were
also identified in a proteomic screen for ATM or ATR substrates (13), and
studies support a role for some of these proteins in the DDR (104, 105).
These proteins may play a role in the DDR in their known capacity in RNA
processing or may acquire a different function after their DNA damage–
induced phosphorylation (29) (104). Our data indicate that in response to
DNA damage, RNA-processing proteins are regulated by both phospho-
rylation and dephosphorylation events and that the corresponding sites
are enriched for ATR and CK2a signatures, respectively. A relevant exam-
ple is the CDC5L complex, represented in our study by several of its
members. The CDC5L complex interacts with ATR, is involved in mRNA
splicing, and is implicated in the processing of DNA interstrand cross-
links in vitro (106, 107).

The efficiency of the ATM inhibitor in switching off ATM’s activity
(71) allowed us to identify the requirement of sustained ATM activity for
the maintenance of many ATM-dependent phosphorylation events. Evi-
www
dence for the requirement of ongoing ATM activity after irradiation for
preventing accumulation of chromosomal damage has been reported (71).
Our data show at the systems level that ATM’s control of many DDR
processes is based on its sustained activity over an extended period after
damage induction. This observation suggests that ATM’s duty is not just
to “touch (the substrate) and go,” but to stay and maintain the phospho-
rylation of its targets, probably in the face of opposing dephosphorylating
activities. Such an antagonistic circuit regulates the protein kinase Chk1
by ATR and the phosphatase PP2A (108). However, phosphatases may not
always terminate signaling, because inhibition of PP2A led to ATM auto-
phosphorylation on Ser1981, a marker of ATM activation (28, 92). Perhaps
the best-documented phosphatase that counteracts DNA damage–induced
phosphorylations is WIP1 (also known as PPM1D), which dephospho-
rylates phosphorylation sites on key proteins in the DDR, including those
of p53, MDM2, MDMx, CHK1, ATM itself, gH2AX, and probably ad-
ditional sites containing the SQ/TQ motifs (93, 94, 109–115). WIP1 is
also involved in the negative feedback of the dynamic regulation of p53
by ATM (116). The interplay between phosphorylation and dephospho-
rylation is a central mechanism in the fine-tuning of many signaling net-
works (117, 118) and may be part of the mechanism by which the DDR
decays in a timely manner after damage repair, allowing the cellular life
cycle to resume. Some of the responsible phosphatases may be activated
by ATM itself in a negative feedback mechanism. ATM activates at least
one phosphatase, PP1, by phosphorylating and thereby inactivating an in-
hibitory subunit of this enzyme (97).

Finally, we validated and examined the function of a previously un-
known DNA damage–induced, ATM-dependent phosphorylation on ATM
itself at Ser2996. There are previously documented autophosphorylation
sites, a CDK5-mediated phosphorylation site, and a Tip60-mediated acetyla-
tion event on activated ATM (28, 32, 119, 120). In the ATM amino acid
sequence, Ser2996 is followed by an aspartic acid residue; hence, it is not a
typical ATM target. However, the Ser1893 autophosphorylation site on
ATM is followed by an acidic residue, glutamic acid (32); thus, it is possi-
ble that Ser2996 phosphorylation is carried out by ATM itself. The role of
autophosphorylation inATMactivation has been debated (28, 32, 121, 122),
and at least the autophosphorylation on Ser1981 is required for ATM reten-
tion on chromatin (75) at DSB sites (74). The phosphorylation event that
we identified on Ser2996 appears to play a role in the same process (Fig. 5D),
suggesting that ATM retention is modulated by several phosphorylation
events. ATM’s retention at site of DNA damage is presumably important
for sustained phosphorylation of substrates recruited to those sites (4, 5).
In view of our finding that sustained ATM activity is required for maintain-
ing certain phosphorylation events, it is conceivable that ATM’s retention at
damaged sites is important for maintaining specific phosphorylation events
at those sites.

Bennetzen et al. (123) published data from a similar experimental set-
up in which they too observed the complexity of theDNAdamage–induced
phosphoproteome dynamics without addressing its ATM dependence. Our
study expands the DDR landscape and identifies previously unknown
ATM-dependent and -independent branches and reveals a complex cellular
response to stimuli. This complexity and the involvement of the DDR in
numerous aspects of cellular survival are in linewith the critical importance
of genomic stability in maintenance of cellular homeostasis.
MATERIALS AND METHODS

Reagents
Chemicals of the highest available purity were purchased from Sigma-
Aldrich unless otherwise stated. The ATM inhibitor KU55933 (70) and
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the DNA-PK inhibitor NU-7441 (124) were obtained from Tocris. The
radiomimetic chemical NCS, camptothecin, and hydroxyurea were ob-
tained from Sigma-Aldrich.

Cell culture
G361 human melanoma cells (American Type Culture Collection, CRL-
1424) were grown in McCoy’s 5A Modified Medium (Invitrogen) supple-
mented with 10% fetal calf serum (FCS) and antibiotics. AT22IJE-T, an
SV40 (simian virus 40)–immortalized fibroblast cell line derived from an
A-T patient (73), was grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 15% FCS and antibiotics. The
ATM-deficient AT5BIVA cell line was grown in DMEM (Invitrogen) sup-
plemented with 10% FCS and antibiotics.

Sample preparation for phosphoproteomics
For each condition, three 15-cm dishes of G361 cells were grown to
~90% confluence. Cells were treated with NCS at a final concentration
of 200 ng/ml. The ATM inhibitor KU55933 (70) was added at a final
concentration of 10 mM. At various time points after NCS addition, the
cultureswerewashed twice and the cellswere scraped in ice-cold phosphate-
buffered saline, spun down for 5 min at 300g, resuspended in hypotonic
buffer [10 mM Hepes (pH 8.0), 10 mM KCl, 0.1 mM EDTA, and 0.1 mM
EGTA] containing protease and phosphatase inhibitor cocktails (Sigma),
and left on ice for 30 min. Cell membranes were disrupted by brief vortex-
ing. Enriched nuclear fractions were collected by centrifugation for 10 min
at 10,000g. Nuclear pellets were washed once in hypotonic buffer and re-
suspended in 8M urea solution containing 0.1M ammonium bicarbonate,
and the resulting extracts were spun for 10 min at 37°C and 1400 rpm in a
Thermomixer (Eppendorf). The BCA (bicinchoninic acid) Protein Assay
(Pierce) was used to measure protein concentration.

Phosphopeptide enrichment
Disulfide bonds were reduced with tris(2-carboxyethyl)phosphine at a fi-
nal concentration of 10 mM at 37°C for 1 hour. Free thiols were alkylated
with 20 mM iodoacetamide at room temperature for 30 min in the dark.
The excess of iodoacetamide was quenched with N-acetyl cysteine at a
final concentration of 25 mM for 15 min at room temperature. The so-
lution was subsequently diluted with 20 mM tris-HCl (pH 8.3) to a final
concentration of 1.0 M urea and digested overnight at 37°C with sequencing-
grade modified trypsin (Promega) at a protein-to-enzyme ratio of 50:1.
Peptides were desalted on a C18 Sep-Pak cartridge (Waters) and dried
under vacuum. Before the experiments, we evaluated two resins for selec-
tive phosphopeptide enrichment and found that titanium dioxide (TiO2)
best suited our purpose. Phosphopeptides were isolated from 2 mg of
total peptide mass with TiO2 as described previously (19, 125). Briefly,
the dried peptides were dissolved in an 80% acetonitrile (ACN)–2.5%
trifluoroacetic acid (TFA) solution saturated with phthalic acid. Peptides
were added to the same amount of equilibrated TiO2 (5-mm bead size, GL
Science) in a blocked Mobicol spin column (MoBiTec) that was incu-
bated for 30 min with end-over-end rotation. The column was washed
twice with the saturated phthalic acid solution, twice with 80% ACN
and 0.1% TFA, and finally twice with 0.1% TFA. The peptides were
eluted with a 0.3 M NH4OH solution. The pH of the eluates was adjusted
to 2.7 with 10% TFA solution, and phosphopeptides were again desalted
with microspin C18 cartridges (Harvard Apparatus).

LC-MS/MS analysis
Chromatographic separation of peptides was carried out with an Eksigent
NanoLC system (Eksigent Technologies) connected to a 15-cm fused-silica
emitter with 75-µm inner diameter (BGB Analytik) packed in-house with
www
a Magic C18 AQ 3-µm resin (Michrom BioResources). Aliquots (1 mg)
of total phosphopeptide sample were analyzed by LC–tandem MS (LC-
MS/MS) run with a linear gradient ranging from 98% solvent A (0.15%
formic acid) and 2% solvent B (98% ACN, 2% water, and 0.15% formic
acid) to 30% solvent B over 90 min at a flow rate of 300 nl/min. Mass
spectrometric analysis was performed with a 7 T Finnigan LTQ FT-ICR
(Fourier transform ion cyclotron resonance) instrument (Thermo Electron)
equipped with a nanoelectrospray ion source (Thermo Electron). Each
MS1 scan (acquired in the ICR cell) was followed by collision-activated
dissociation (CAD, acquired in the LTQ part) of the three most abundant
precursor ions with dynamic exclusion for 20 s. Total cycle time was ~1 s.
For MS1, 106 ions were accumulated in the ICR cell over a maximum time
of 300 ms and scanned at a resolution of 100,000 full width at half max-
imum [at 400 mass/charge ratio (m/z)]. MS2 scans were acquired with the
normal scan mode, a target setting of 104 ions, and an accumulation time
of 250 ms. Singly charged ions and ions with unassigned charge states
were excluded from triggering MS2 events. The normalized collision en-
ergy was set to 32%, and one microscan was acquired for each spectrum.

Database searching
The fragment ion spectra were queried against the International Protein
Index (IPI) human database (release 3.26 containing 66,524 entries) using
the SORCERER-SEQUEST (v. 3.0.3) (126), which was run in the SageN
Sorcerer2 (Thermo Electron). For in silico digestion, trypsin was used as
the protease and was assumed to cleave after lysine (K) and arginine (R)
unless followed by proline (P). Two missed cleavage sites and one non-
tryptic terminus were allowed per peptide, and the maximal peptide mass
was limited to 4500 daltons. The precursor ion tolerance was set to 15
parts per million (ppm), and fragment ion tolerance was set to 0.5 dalton.
The data were searched allowing phosphorylation (+79.9663 daltons) of
serine, threonine, and tyrosine as a variable modification and carboxy-
amidomethylation of cysteine (+57.0214 daltons) residues as a fixed mod-
ification. Finally, the database search results obtained by SEQUESTwere
subjected to statistical analysis with the PeptideProphet algorithm (v. 3.0)
(127). The X correlation score (Xcorr) of the first and the second ranked
hits for a tandem mass spectrum as determined by SEQUESTwere used to
compute the dCn (delta correlation score), enabling estimation of the ac-
curacy of phosphorylation site location (128). A phosphopeptide with a
dCn >0.125 was considered to have a correctly located phosphorylation
site. The false-positive rate (FPR) for phosphopeptide assignments was
kept below 2%.

Label-free quantification
For the detection of the peptide features that differed in abundance between
samples, the in-house developed software system SuperHirn (129) was used
for extraction, de-isotoping, peak integration, and alignment of detected
features over multiple LC-MS runs. Finally, each featurewas matched with
the best peptide assignment obtained after database searching. The gener-
ated intensity map containing all aligned features, together with the corre-
sponding peptide sequences (called “MasterMap”), was further filtered and
processed with the Spotfire Decision Site program (TIBCO). Only phospho-
peptides having a PeptideProphet score of more than 0.9, corresponding to
an FDR of less than 1%, were selected. Two MasterMaps were generated
for these experiments (full list of samples is in table S1).

Data processing and peptide filtering
Each MasterMap was processed to generate final fold-change ratios in
peptide amounts between treated and untreated samples for each time
point. Feature intensity values that were missing in the data matrix were
addressed according to (130). Briefly, we set a nominal lower bound value
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as the minimum measured intensity and replaced with it missing values
and values below it. We then calculated fold-change ratios between treated
and untreated samples. Because replicates were collected on different
days, we calculated the fold-change ratio for each treated sample relative
to an average value of the untreated samples from the same day, and then
averaged these ratios. The final data matrix included a single log2 fold-
change ratio for each time point.

Next, we identified phosphopeptides that changed in abundance in
response to DSB induction. For this purpose, and to assess the amount
of noise in our data set, we created a “mock data set” by calculating fold-
change ratios between untreated samples recorded on the same day. We
then applied a filtering criterion to the data sets (real and mock) com-
posed of a fold-change threshold and a cutoff for the number of samples
in which the peptide’s ratio was above that threshold. The two data sets
were filtered by several criteria to assess the signal-to-noise ratios of each
criterion. Ratios between the number of peptides passing different criteria
settings in the real and mock data sets were calculated. We further refined
our filtering scheme by taking advantage of the fact that time course ex-
periments provide an ordering of the samples. Thus, to incorporate the
aspect of time and reduce the amount of noise, we further filtered the data
set for features regulated in consecutive samples (fig. S1B). This improved
the signal-to-noise ratio more than increasing the fold-change threshold. A
good signal-to-noise estimate (14.6 for true/mock) was obtained for the
criterion, which required a fourfold-change threshold (treated/untreated
cells) in at least two consecutive time points. We saw no substantial im-
provement beyond this criterion in the signal-to-noise ratio, but only a re-
duction in the number of peptides passing the filter, when the fold-change
threshold was increased. When a regulated phosphorylation site was found
in several redundant phosphopeptides, we selected the peptide with fewer
missing value entries.

Functional annotation
For functional annotation and GO enrichment analysis of protein sets, we
used the annotation tools DAVID (30) and BiNGO (version 2.3) (59).
The P value threshold was set at 0.01 after the FDR correction for mul-
tiple testing (Benjamini-Hochberg) for both tools. DAVID was the main
tool for associating gene IDs to GO terms. BiNGO was used to analyze
protein networks in Cytoscape (v. 2.6.2) (46).

Kinase-substrate relationship prediction
We compared the phosphorylation sites that we identified with known
sites from the phospho.ELM (v. 8.2) (40) database and a phosphorylation
data set from PhosphoSitePlus (http://www.phosphosite.org) (41). Kinase-
substrate relationships were also downloaded from both databases. Map-
ping of known data to our data set was carried out in Spotfire (TIBCO).
To predict protein kinases potentially involved in the DDR, including
those responsible for phosphorylation sites that decreased in response to
DNA damage, we used GPS (v. 2.1) (42). GPS uses well-established rules
to classify protein kinases, uses a prediction that utilizes the kinase family
hierarchy, and has a simple approach to estimate the theoretically maximal
FPR. Downloaded GPS was used as a stand-alone program, and all pre-
dictions were made at high stringency. For serine-threonine kinases, the
high threshold was established with an FPR of 2%. Enrichment tests used
the hypergeometric distribution. As a background in these tests, we used
large-scale prediction of all phosphorylation sites found in phospho.ELM
(v. 8.2), complemented by the prediction of sites found in our data set and
missing from the database. The P value cutoff for enrichment was set at
5 × 10−5. Because GPS uses a prediction of protein kinases in hierarchy,
we focused on the most detailed kinase or group. A complete list of en-
riched kinase predictions is available in the Supplementary Materials.
www.
Motif analysis
To identify sequence motifs in our phosphorylation data set, we took the
15–amino acid sequence centered around the phosphorylation sites and,
with the software tool Motif-X (31), extracted overrepresented patterns in
a given sequence data set. The algorithm in this program uses an iterative
strategy that builds successive motifs through comparison to a dynamic
statistical background. The 15–amino acid sequences were loaded as pre-
aligned text data, motifs were searched using standard parameters, and all
motifs were identified with P values <10−6 with the complete human IPI
protein database as background. We searched for overrepresented motifs
around serine and threonine residues. Because the kinase prediction anal-
ysis is based essentially on sequence motifs, we tested the relationship be-
tween overrepresented sequence motifs found by Motif-X and enriched
kinase predictions found by our analysis. The test was performed by re-
moving the phosphorylation sites with a certain sequence motif found by
Motif-X from a list, retesting the list for enrichment, and comparing the
enriched predicted kinases between the original and the subtracted lists.
The removal of phosphorylation sites with a certain motif was expected
to have the greatest effect on the kinase predictions to which this motif is
linked. This analysis further refined the list of significantly enriched mo-
tifs found by Motif-X.

Cluster analysis
To cluster temporal or regulatory patterns of phosphorylation sites, we
used the clustering algorithm CLICK implemented in the microarray
analysis suite EXPANDER (44). CLICK uses graph-theoretic and statis-
tical techniques to identify tight groups of similar elements that are likely
to belong to the same cluster. Before clustering, rows (log2 ratios for each
phosphorylation site) were standardized to mean 0 and SD 1, because, in
our analysis, elements were considered similar if they shared response
patterns even if they differed in the magnitude of response. For the anal-
ysis of kinetics, we included only the clusters of phosphorylation sites
with smooth trend lines of the average. That is, we excluded patterns
in which at one of the time points (30 or 120 min), the average was sub-
stantially different from that at the other time points.

CORUM analysis
CORUM (47) (September 2009 release), a resource of manually anno-
tated mammalian protein complexes, was used to identify complexes po-
tentially involved in the DDR. CORUM’s core data set was converted to a
binary format (complex-protein) and uploaded to Cytoscape. The complex-
protein interaction map provided a simplified view of the PPI map and
allowed us to highlight key players and complexes for which the phospho-
rylation status was regulated by DNA damage. We chose complexes that
were implicated by at least two subunits from our list. Only proteins iden-
tified from our list are presented in the final figures.

Network analysis
For a preliminary view of interconnected proteins within our list, we
submitted it to the STRING (v. 8.3) database (45) and filtered for inter-
actions of high confidence (score >0.7). Interaction data were down-
loaded and processed with Cytoscape. To connect more proteins and to
assign statistical significance to this analysis, we submitted our protein
list to PPI Spider (48). PPI Spider implements a robust statistical frame-
work for the interpretation of protein lists in the context of a global PPI
network. The input list is translated into a network model according to the
topology of the PPI network. PPI Spider’s output is a model of protein
interactions that represents the statistically most probable connections
among proteins in the list. One thousand random networks were used as
background. Model D2, which allows one unknown intermediate protein
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between every two proteins from our list, was used, and the P value for
the model was <0.001. The model was downloaded as a text file, sub-
sequently uploaded onto Cytoscape, and queried for significant biological
processes with BiNGO 2.3 and DAVID. To construct a functional mod-
ule, we identified all proteins annotated to a certain biological process
with BiNGO. The shortest path connecting these proteins was chosen
in any given network. Only the minimal set of nodes and edges required
to connect these annotated proteins was selected for the description of a
functional module. Topological parameters of the network were cal-
culated with the Cytoscape plug-in CentiScaPe (49).

Protein analysis
For Western blotting, cells were lysed for 30 min at 4°C in 50 mM tris-HCl
(pH 7.5), 150 mMNaCl, 1% (v/v) Igepal (NP-40 analog), and 1 mMEDTA
supplemented with a protease and phosphatase inhibitor mixture. Super-
natants were collected after centrifugation at 21,000g for 20 min, and pro-
tein concentration was determined with the Bradford method (Bio-Rad).
Cellular extracts (80 to 150 µg) were separated on SDS–polyacrylamide
gel electrophoresis and transferred overnight at 4°C onto a polyvinylidene
difluoride membrane (Amersham Pharmacia Biotech). Membranes were
blocked for 40 min in 5% dry milk in Tween–tris-buffered saline (TTBS)
and incubated overnight at 4°C with a primary antibody diluted in TTBS
containing 1% bovine serum albumin.

For ATM immunoprecipitation, cells were lysed for 30 min at 4°C in
50 mM tris-HCl (pH 7.5), 150 mM NaCl, 1% (v/v) Igepal, 0.5% (v/v)
DOC (deoxycholate), 0.1% (v/v) SDS, 1 mM dithiothreitol, and 1 mM
EDTA supplemented with a protease inhibitor mixture (Roche) and a
phosphatase inhibitor mixture (Sigma). Supernatants were collected after
centrifugation at 21,000g for 10 min and incubated for 3 hours with pre-
washed anti-FLAG M2 beads (Sigma). Beads were then washed three
times with lysis buffer and boiled in sample buffer.

The following primary antibodies were used: antibodies against
pS1981/ATM, NBS1 (Epitomics), ATM (MAT3, Sigma), FLAG (Sigma),
HSC70, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), LAMB1
(Santa Cruz Biotechnology), pSer2056/DNA-PKcs (Abcam), DNA-PKcs,
pSer824/KAP1, pSer966/SMC1 (all from Bethyl Laboratories), and SMC1
(a gift from K. Yokomori). A phosphorylation-specific polyclonal anti-
body against pSer2996 of ATM was raised by Bethyl Laboratories.

Vectors and in vitro mutagenesis
The pEBS7 FLAG-ATM expression construct was previously described
(73). pcDNA 3.1 FLAG-ATM was a gift from M. Kastan. pcDNA 3.1
YFP-FLAG-ATM was previously described (75). The mutation leading
to the S2996A substitution in ATM was introduced into a construct con-
taining an ATM fragment spanning the mutation site with the QuikChange
Mutagenesis Kit (Stratagene). The mutated fragment subsequently replaced
the corresponding wild-type fragment in the ATM expression vector,
using flanking restriction sites of Bpu 1102I and Xho I.

Generation of cell lines stably expressing various
versions of ATM
Transfection of the A-T cell line AT22IJE-T for the establishment of cell
clones stably expressing various versions of ATM was carried out as pre-
viously described (73). Cells were added at 250,000 cells per well to a
six-well plate and were transfected with 2 mg of DNA (empty pEBS7
vector or pEBS7 expressing wild-type or mutant S2996A ATM). Selec-
tion was carried out with hygromycin B (100 mg/ml) in F10 medium con-
taining 20% FCS for 2 weeks, and the cultures were subsequently grown
in DMEM with 15% FCS.
www
Cellular sensitivity to radiomimetic treatment
For clonogenic survival assays, fibroblasts at the logarithmic phase were
replated at densities of 200 to 20,000 cells per 6-cm dish. The next day,
cells were treated with varying doses of NCS and incubated for 12 to 14
days in Ham’s F-10 medium supplemented with 20% FCS. Cell colonies
were fixed and stained with 2% (w/v) crystal violet in 50% ethanol. Col-
onies of at least 50 cells were scored. The surviving fraction for each
NCS dose was calculated and survival curves were constructed.

Live-cell imaging and laser micro-irradiation
Live cell imaging combined with laser micro-irradiation were performed
as described previously (75, 131). Briefly, YFP-ATM was expressed by
transfection of AT5BIVA cells with Amaxa (Lonza). Laser micro-irradiation
and imaging were performed at 48 hours after transfection. DSBs were
introduced in the nuclei of cultured cells by micro-irradiation with a pulsed
nitrogen laser (Spectra-Physics; 365 nm, 30-Hz pulse), as previously de-
scribed (131). The laser system (Microproint Ablation Laser System;
Photonic Instruments Inc.) was coupled directly to the epifluorescence path
of the microscope (Axiovert 200M, Carl Zeiss Microimaging Inc.) for
time-lapse imaging. During micro-irradiation, imaging, or analysis, the cells
were maintained at 37°C in 35-mm glass-bottom culture dishes (MatTek
Cultureware). The growth medium was replaced by CO2-independent me-
dium (Invitrogen) with 10% serum before analysis. Images were made with
an Axiovert 200 M microscope, equipped with an AxioCam HRm, with a
Plan-Apochromat 63× 1.4 numerical aperture (NA) oil immersion objec-
tive. Time-lapse image acquisition was started before laser micro-irradiation
to obtain an image of the unirradiated cell. DSBs were introduced in cell
nuclei by micro-irradiation with the pulsed nitrogen laser at the time of the
second image. Exposure time was set at 40 ms, allowing five laser pulses to
hit a defined region in a single nucleus. To compensate for nonspecific
photobleaching, we subtracted the background fluorescence from the accu-
mulation spot. Relative fluorescence (RF) intensity was calculated by the
following formula: RF(t) = (It − IpreIR)/(Imax − IpreIR), where IpreIR represents
the fluorescence intensity of micro-irradiated area before irradiation, and
Imax represents the maximum fluorescence signal in the micro-irradiated
area. Fold increase (FI) was calculated by the following formula: FI(t) =
It/IpreIR. Each data point was the average of 10 independent measurements.
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Fig. S1. Schematic workflow and estimation of signal-to-noise criteria for fold-change
filtering.
Fig. S2. Time course data set analyzed for overrepresented sequence motifs, as well as
known kinase-substrate relationships.
Fig. S3. PPI network of the DDR phosphoproteome obtained with STRING.
Fig. S4. Full network view of the protein complexes associated with DDR phosphoproteome
identified by CORUM analysis.
Fig. S5. Full network view of the PPI network of the DDR phosphoproteome identified by
PPI Spider analysis.
Fig. S6. Properties of the PPI Spider protein-protein interaction network of the DDR
phosphoproteome.
Fig. S7. pSer2996 on ATM, identified by MS/MS and a phosphorylation-specific antibody, is
DNA-PK–independent.
Fig. S8. The S2996A mutation in ATM does not affect ATM-dependent phosphorylations
after DNA damage induction.
Table S1. List of samples (biological replicates) used for the two MasterMaps.
Table S2. DNA damage–responsive phosphorylation events in the time course data set.
Table S3. Significant GO terms extracted from DAVID.
Table S4. DNA damage–responsive phosphorylation sites with a known kinase identified
in databases.
Table S5. Kinase prediction enrichment analysis of phosphorylation sites and the association
with Motif-X motifs.
Table S6. Kinase prediction enrichment analysis coupled to DAVID GO analysis.
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