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Site-specific Phosphorylation Dynamics of the
Nuclear Proteome during the DNA Damage

Response*s
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Jiri Lukasq|||lt+, and Jens S. Andersent§§

To investigate the temporal regulation of the DNA damage
response, we applied quantitative mass spectrometry-
based proteomics to measure site-specific phosphoryla-
tion changes of nuclear proteins after ionizing radiation.
We profiled 5204 phosphorylation sites at five time points
following DNA damage of which 594 sites on 209 proteins
were observed to be regulated more than 2-fold. Of the
594 sites, 372 are novel phosphorylation sites primarily of
nuclear origin. The 594 sites could be classified to distinct
temporal profiles. Sites regulated shortly after radiation
were enriched in the ataxia telangiectasia mutated (ATM)
kinase SQ consensus sequence motif and a novel SXXQ
motif. Importantly, in addition to induced phosphorylation,
we identified a considerable group of sites that undergo
DNA damage-induced dephosphorylation. Together, our
data extend the number of known phosphorylation sites
regulated by DNA damage, provides so far unprecedented
temporal dissection of DNA damage-modified phos-
phorylation events, and elucidate the cross-talk between
different types of post-translational modifications in the
dynamic regulation of a multifaceted DNA damage re-
sponse. Molecular & Cellular Proteomics 9:1314-1323,
2010.

lonizing radiation (IR)' covers a spectrum of energy-rich
electromagnetic waves that are capable of ionizing molecules,
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" The abbreviations used are: IR, ionizing radiation; ATM, ataxia
telangiectasia mutated; DDR, DNA damage response; DSB, double
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chromatography; GO, gene ontology; H3K79me, methylation of his-
tone H3 at lysine 79; MRN, Mre11-Rad50-Nbs1; PTM, post-transla-
tional modification; SILAC, stable isotope labeling by amino acids in
cell culture; IPI, International Protein Index; ATR, Serine/threonine-
protein kinase ATR ((Ataxia telangiectasia and Rad3-related protein));
PNKP, Polynucleotide kinase-3’'-phosphatase; DNAPKcs, DNA-de-

thereby generating chemically reactive radicals. These radi-
cals can in turn oxidize macromolecules and cause various
types of DNA lesions. Among those, the DNA double strand
breaks (DSBs) represent the most serious threat to genome
integrity, which can be lethal or predispose to oncogenic
transformation (1). To counteract the adverse effects of IR,
cells are equipped with multifaceted genome surveillance
pathways that are activated shortly after DNA damage, the
DNA damage response (DDR) (2). The principal feature that
fuels the genome surveillance pathways is a series of hierar-
chically organized post-translational modifications (PTMs) of
proteins involved in DSB recognition, generation, and ampli-
fication of the primary signal and its propagation to various
effectors that coordinate DNA repair with other key cellular
events such as DNA replication, cell cycle progression, and
gene expression (3).

The currently best studied DNA damage-induced PTM is
protein phosphorylation, which in the case of the DSBs is
triggered by the ATM kinase. Indeed, a large body of evidence
documents that activation of ATM is the crucial upstream
event required for the transmission and coordination of most,
if not all, branches of the DSB-induced genome surveillance
network (4, 5). The direct targets of ATM include proteins
ranging from the initial sensing and enzymatic processing of
DSB (such as the MRN complex), histones (H2AX), DDR
signaling mediators (such as MDC1, 53BP1, RNF8, and
RNF168), repair factors (e.g. BRCA1 and TopBP1), check-
point transducers (e.g. CHK2), chromatin modifiers (e.g.
KAP1), transcription factors and tumor suppressors (most
notably p53), up to ATM itself. Indeed, autophosphorylation of
ATM is crucial for dissociation of the inactive ATM dimers to
active monomers and as such for the activity of the entire
genome surveillance mechanism (6). Importantly, the recent
systems biology approaches revealed that the current list of
known DSB-induced phosphorylations is only a fragment of
the immensely complex network of PTMs activated by geno-

pendent protein kinase catalytic subunit; PPIG, Peptidyl-prolyl cis-
trans isomerase G; RBP, RNA binding protein; RALY, RNA binding
protein, autoantigenic; MGMT, 0—6 methylguanine-DNA methyltrans-
ferase; SET domain, (Su(var) 3-9, Enhancer-of-zeste, Trithorax) do-
main; MLL, Histone-lysine N-methyltransferase; CDYL, Chromodo-
main Y-like protein.
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toxic stress. For instance, a large scale proteomics analysis
identified several hundred proteins targeted by ATM or ATM-
related kinases (7), and the list of the DSB-induced phos-
phorylations will inevitably expand after including kinases
such as CHK1 and CHK2 operating downstream of ATM.
Thus, the key challenge in the contemporary DNA damage
field is to find efficient means to sort the expanding collection
of the DNA damage-regulated phosphorylations into physio-
logically relevant modules and functionally characterize these
modules to gain more holistic and integrating insight into the
key mechanisms that protect the integrity of mammalian
genomes.

To address this issue, we applied advanced mass spec-
trometry-based proteomics combined with affinity enrichment
of phosphopeptides. Such an approach has emerged as cur-
rently the most powerful means to study protein phosphory-
lations on a truly proteome-wide scale. Importantly, it has
been recently demonstrated that quantitative mass spectrom-
etry can provide temporal resolution of site-specific PTMs (8).
Stimulated by these advances and unprecedented analytical
possibilities, we reasoned that an important step in sorting out
the complex DSB-induced phosphorylations would be a de-
tailed subclassification of these PTMs along a defined tem-
poral scale after DNA damage. To this end, we isolated nuclei
from SILAC-labeled (9) cells at multiple time points after ex-
posure to IR and quantified site-specific changes in phospho-
rylation using high resolution mass spectrometry. Here we
report on the temporal profiles of 594 regulated phosphory-
lation sites on 209 proteins. Together with the accompanying
bioinformatics analysis, these data uncovered several hitherto
unknown aspects of the dynamics of the DDR and revealed
novel links between the DSB-induced phosphorylation and
other functional modules involved in genome surveillance and
maintenance.

EXPERIMENTAL PROCEDURES

Cell Culture, IR Exposure, Harvesting, and Purification of Nuclei—
Epstein-Barr virus-transformed B-lymphocyte cells, GM00130 (Coriell
Cell Repositories), are suspension cells with an intact DNA damage
apparatus. GM00130 cells were cultured in RPMI 1640 medium +
Glutamax (Invitrogen) containing 15% dialyzed fetal calf serum, 100
units of penicillin, and 100 pg/ml streptomycin. Two time course
experiments were performed as outlined in Fig. 1A. For SILAC exper-
iments, 2 X 3 populations of GM00130 cells were SILAC-encoded
with stable isotope-encoded lysine and arginine. Cells were grown for
7 days in L-lysine- and L-arginine-deficient medium supplemented
with normal isotopes, [2H,]lysine/['*Cglarginine, or ['Cg,®N,]lysine/
['3Cs,"®N,Jarginine, also referred to as KO/RO, K4/R6, and K8/R10.
Cells were irradiated using an x-ray generator (Pantak HF160; 150 kV;
15 mA; dose rate, 2.18 grays/min) and mixed after incubating for the
appropriate time prior to harvest. Time points and IR dose were
chosen on the basis of initial Western blot experiments (supple-
mental Fig. S1). For each sample, 2 X 108 cells were harvested by
centrifugation and resuspended in Buffer A (10 mm Hepes, pH 7.9, 10
mwm KClI, 1.5 mm MgCl,, 0.34 m sucrose, 10% glycerol + full inhibitor
range (1 mm DTT, 5 ug/ml aprotinin, 5 ug/ml leupeptin, 0.1 mm PMSF,
0.1 mm sodium orthovanadate, 10 mm B-glycerophosphate, 1 um

okadaic acid, 1 mm sodium fluoride)). Cells were lysed in 0.02% Triton
X-100 for 1 min, and nuclei were pelleted and washed twice in Buffer
A (the last wash without protease inhibitors) and frozen in liquid
nitrogen (supplemental Fig. S2).

Peptide Preparation— Starting material was approximately 630 mil-
lion cell nuclei for experiments A and B. Phosphatase inhibitors (so-
dium fluoride, B-glycerophosphate, and sodium orthovanadate), the
nuclease Benzonase (Merck), and denaturant 6 m urea, 2 m thiourea in
50 mm ammonium bicarbonate were added to the purified nuclei. All
steps were performed at room temperature to avoid carbamoylation
of amines. Reduction of cysteines was performed with DTT (5 mm) for
30 min followed by alkylation with iodoacetamide (11 mwm) for 20 min
in the dark. The proteins were first digested at 1:100 protease:protein
with Lys-C (Wako) for 3.5 h, diluted 4 times with 50 mm ammonium
bicarbonate with phosphatase inhibitors, and then digested with tryp-
sin (Promega) overnight. Formic acid (Sigma) was added to stop the
digestion. The mixture was spun at 10,000 rpm for 10 min, and the
supernatant was filtered through a 0.45-um filter (Millex-HV).

Phosphopeptide Enrichment Using ERLIC and TiO,—The protocol
for ERLIC was essentially as described (10) with some modifications.?
For separation, the following solvents were used: Buffer A1, 20 mm
NH, formate in 70% ACN; Buffer B1, 20 mm NH, formate in 10%
ACN; Buffer A2, 1.0 m NH, formate in 10% ACN; and Buffer B2, 0.3
M phosphoric acid in 10% ACN. Peptides were reconstituted in ER-
LIC-Buffer A1 (20 mm NH, formate in 70% ACN), and the pH was
adjusted to 3.8 with formic acid. The column was PolyWAX LP resin
(PolyLC; 5 um, 300 A) packed into a 1.0-ml Tricorn 5/50 column (GE
Healthcare). 16 fractions were collected during a 24-min isocratic part
followed by collection of 35 fractions during the gradient part of the
chromatographic run; all fractions were dried in a vacuum centrifuge.
Phosphopeptide enrichment of each fraction was performed by re-
constituting each sample in 150 ul of loading buffer (80% ACN, 5%
TFA) and loading onto TiO, microcolumns (GL Sciences; 1 mg of TiO,
beads/column) (11). Four washing steps were carried out to remove
non-phosphorylated peptides using the solvents 5% TFA; 5% TFA,
80% ACN; 0.1% TFA; and 0.1% TFA, 80% ACN. The flow-through
were collected followed by three elution steps using the solvents
0.5% NH,OH, 20% ACN; 0.5% NH,OH, 40% ACN; and 0.5% AcOH,
80% ACN into one vial. The flow-through was subjected to an addi-
tional phosphopeptide enrichment by TiO, chromatography for frac-
tions where >40% of the identified peptides were phosphorylated.

Mass Spectrometry—The TiO, column eluates were dried using a
SpeedVac and C, g Stage tip-purified (12). MS analysis was performed
on an LTQ-Orbitrap (13) (Thermo Fisher Scientific) connected to an
Agilent 1200 nanoflow HPLC system (Agilent) using a nanoelectro-
spray ion source (Proxeon Biosystems). The peptides were separated
by reversed phase chromatography using an in-house made fused
silica emitter (75-um inner diameter) packed with Reprosil-Pur
C,5-AQ 3-um reversed phase material (Dr. Maisch GmbH). Peptides
were loaded in 98% solvent A (0.5% acetic acid) followed by a
100-min linear gradient to 50% solvent B (80% acetonitrile, 0.5%
acetic acid). Survey full-scan MS spectra (m/z range, 350-1800;
resolution, 60,000 at m/z 400) were acquired on an LTQ-Orbitrap XL
(Thermo Fisher Scientific) followed by fragmentation of the three most
intense multiply charged ions using multistage activation with excita-
tion at nominal mass losses of 97.97, 48.99, and 32.66 Da from the
precursor m/z (14). lons selected for MS/MS were placed on a dy-
namic exclusion list for 45 s. Real time internal lock mass recalibration
was used during data acquisition (15).

MS Data Analysis—All raw files were processed with MaxQuant
version 1.0.12.16 (16) into centroided data and submitted to database
searching with Mascot version 2.2 (Matrix Science) using the follow-

2T. Y. Low, personal communication.
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ing parameters: machine, Orbitrap/FT-ULTRA; SILAC, triplet; fixed
modification, carbamidomethyl (Cys); variable modifications, acetyl
(protein N terminus), oxidation (Met), deamidation (NQ), GIn — pyro-
Glu (N-terminal GIn), and phospho-STY (STY); database (searched),
IPlhumanDecoy (fasta file date, May 6, 2008; 152,616 sequences);
enzyme, trypsin/p + DP; MS tolerance, 7 ppm; MS/MS tolerance, 0.6
Da; maximum missed cleavages, 3; top MS/MS peaks per 100 Da, 6.
Protein identification after the database search utilized the Identify
module of MaxQuant with the following settings: maximum peptide
false discovery rate, 0.01; maximum peptide posterior probability, 1;
base peptide posterior rate on Mascot score, 7; minimum peptides, 1;
minimum peptide length; 6; minimum unique, 1; maximum protein
false discovery rate, 0.01; requantify, on; keep low scoring versions of
identified peptides, on; match between runs, 2 min.

For protein quantitation, only unmodified peptides and peptides
modified by acetyl (protein N terminus), oxidation (Met), deamidation
(NQ), and GIn — pyro-Glu (N-terminal GIn) were used. Thus, phosphor-
ylated peptides are not used for quantitation at the protein level. If a
counterpart to a phosphorylated peptide was identified, this coun-
terpeptide was also not used for protein quantitation. According to
the protein group assignment done by MaxQuant (16), both razor
and unique peptides were used for protein quantitation. A minimum
of two ratio counts were required to perform protein quantitation.
For quantitation of phosphopeptides, the least modified peptides
were used.

Temporal Profile Analysis—Changes in protein expression levels
during the experiment were tested by measuring 380 protein expres-
sion profiles based on non-phosphorylated peptides found at all five
time points (supplemental Fig. S3) and by Western blot analysis of
H2AX and SMC1 (supplemental Fig. S1). In the case that more than
one protein IPI identifier was associated with a given identified pep-
tide, only the leading protein IPI identifier was included in the gene
ontology (GO) term analysis. For the calculation of expression pro-
files, ratios were transformed to “-fold change” and standardized into
Z-statistics where =1 were used to avoid mathematical discontinuity
in the expression profile. Thus, the ratio at 1 h was fixed as 1. Ratios
with X > 1 at a given time point were transformed to Y = X — 1, and
ratios with X < 1 at a given time point were transformed to Y =
—1/X + 1. The Y values (including Y = 0 for 1 h) for each profile were
then standardized into Gaussian N(0,1) distributed Z-statistics.

Validation of Phosphorylation Site Dynamics by Western Blotting—
Cell lysates were prepared as above. Phosphorylation of indicated
proteins was analyzed by Western blotting using phospho-Chk1
Ser®'” (Cell Signaling Technology), phospho-SMC1 Ser®®® (Abcam),
SMC1 (Abcam), phospho-ATM Ser'®®' (Rockland), y-H2AX (Cell Sig-
naling Technology), phospho-Nbs1 Ser®*® (Cell Signaling Technol-
ogy), and phospho-RSP6 Ser?®® (Abcam).

RESULTS AND DISCUSSION

Identification and Classification of Phosphorylation Sites—
To study the temporal dynamics of protein phosphorylation
during the DDR, we applied high resolution mass spectrom-
etry to identify and quantify phosphopeptides in proteins from
unsynchronized GM00130 cells, an immortalized human B-
cell line with an intact DDR. Time course experiments were
performed using SILAC-encoded cell populations mixed in
aratio of 1:1:1 for each time series so proteins from different
cell populations can be discriminated by mass (Fig. 1A). The
radiation dose and time points were chosen on the basis of
prior Western blot experiments, which defined conditions
under which the dynamics of the known ATM-regulated
phosphorylations were clearly discernible (supplemental Fig.

S1). Proteins in nuclear lysates (supplemental Fig. S2) were
digested with trypsin, and the resulting peptide mixtures were
separated and enriched for phosphopeptides by ERLIC (10) and
TiO, chromatography (11). The resulting peptide mixtures were
subjected to nano-LC-MS analysis with multistage activated
fragmentation (14) for phosphopeptide identification. Temporal
profiles were determined from the intensity of the three isotope
clusters, reflecting the relative amounts of phosphopeptide at
each time point (Fig. 1B). The two experiments yielded a five-
time point profile as illustrated for the Nbs1 phosphopeptide
TTTPGPSLpS®***QGVSVDEK (where pS is phosphoserine) (Fig.
1C) and for additional known and novel phosphorylation sites
associated with the DDR (supplemental Fig. S4).

A total of 7043 phosphorylation sites were identified at a
false discovery rate of less than 1% using the MaxQuant
software (16). For peptides containing more than a single Ser,
Thr, or Tyr residue, the most likely site of phosphorylation was
determined using a PTM scoring algorithm (17). Sites for
further analysis were limited to those having a PTM localiza-
tion probability greater than 0.75 (class | sites) and those
quantified at all five time points (Fig. 1D). The majority of these
sites (3244 of 5204; ~62%) were not annotated in the Swiss-
Prot databases at the time of the MaxQuant data processing.
Thus, this study contributes novel phosphorylation sites of
primarily nuclear origin (84% of the regulated proteins have
the Slim GO term “nucleus”). Phosphopeptides were con-
sidered regulated if their abundance for at least one time
point was changed more than 2-fold compared with the 1-h
reference time point. We categorized 4610 unregulated
sites on 972 proteins and 594 regulated sites on 209 pro-
teins (supplemental Table S1). It should be noted that 456
phosphorylation sites were regulated 1.5-2-fold, including
sites associated with the DDR. Minimal changes in protein
expression during the time course of the experiment were
observed for most proteins as shown by the box plots in
supplemental Fig. S3.

The mass spectrometry-derived time profiles were com-
pared with Western blot analyses for selected regulated phos-
phorylation sites known to be involved in the DDR (Fig. 2,
A-C). We observed consistency between the two methods for
the phosphorylation sites Ser(P)**® (Nbs1), Ser(P)'3° (H2AX),
and Ser(P)>®*® (RSP6) representing clusters 1, 3, and 9, re-
spectively (see below). By Western blot analysis, we also
checked the profiles of Ser(P)'®®' (ATM), Ser(P)*'” (CHK1),
and Ser(P)°®® (SMC1) representing classical DNA damage-
induced phosphorylation sites not covered by mass spec-
trometry possibly because they are found within peptides
suboptimal for our analysis (Fig. 2D). These experiments
validate that the profiles obtained by quantitative phospho-
proteomics are representative for in vivo cellular signaling
events. Moreover, testing regulated proteins against unreg-
ulated proteins, three Spike (18) annotated pathways were
enriched: the ATM pathway (p = 4.91e—11), the DSB repair
pathway (p = 1.3e—10), and the p53 pathway (p = 0.00164)
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Fic. 1. Experimental strategy for characterization of protein phosphorylation dynamics. A, three SILAC-encoded cell populations were
irradiated with 6 grays (6 Gy) and maintained in culture for different lengths of time before the cells were harvested and mixed in a ratio of 1:1:1.
Nuclei were purified from the combined cells followed by protein digestion and affinity enrichment of phosphopeptides by ERLIC and TiO,
chromatography. The resulting phosphopeptides were analyzed by LC-MS/MS, and the data were processed by MaxQuant software and
various bioinformatics methods. B, mass spectra of the regulated Nbs1 peptide TTTPGPSLpSQGVSVDEK and the non-regulated
GFGpSEEGSR peptide from RNA-binding protein 8A from two separate experiments showing three isotope clusters representing separate
time points (o, 0 min; #, 1 h; *, 20 min; +, 8 h; X, 5 min). C, time profile for the Nbs1 phosphopeptide determined from isotope ratios. D,

summary of the identified phosphopeptides.

(supplemental Fig. S5). These pathways constitute the core
of the DDR and support the functional relevance of the iden-
tified phosphosites and their quantitative changes.
Phosphopeptide Dynamics during DNA Damage Re-
sponse—To gain insight into the temporal regulation of the
DDR, we clustered the time profiles using the MultiExperi-
mentViewer software (19) using the hard clustering algorithm
“k-means,” which implies that a given profile can be associ-
ated with only one cluster. The transformed and standardized
profiles for the 594 regulated phosphorylation sites were dis-
tributed to 10 clusters (Fig. 2E). We selected a group of 23
proteins that are linked to the DDR and examined the cluster
distribution of their 105 regulated phosphorylation sites. The
profiles for the majority of these sites were distributed to
clusters 1 and 2 (Fig. 3), indicating that the majority of regu-
lated sites are related to early responses to DNA damage as
observed for e.g. Ser(P)3*® on Nbs1 (Fig. 2A). The profiles for
clusters 3-7 and 8-10 correspond to more transient and late
responses, respectively. No obvious functional subgroup
could be assigned to each of these clusters, but well charac-
terized phosphorylation sites are in concordance with tran-

sient activation profiles. H2AX, for example, was rapidly phos-
phorylated on Ser(P)'*° followed by a near complete reset to
the initial phosphorylation level 8 h after radiation (Fig. 2C).
One-third of the phosphosites were regulated by dephosphor-
ylation, and proteins often referred to in the context of phos-
phorylation, e.g. 53BP1, SMC4, MDC1, and MCM4, are here
associated with dephosphorylation events (Fig. 3 and
supplemental Fig. S4). Thus, the DNA damage-induced de-
phosphorylation appears to have a more significant role than
anticipated.

Multiple individual phosphorylation sites were typically iden-
tified for each protein. To examine whether these sites have
distinct regulatory functions, we looked at their cluster distribu-
tions. Among the 209 proteins containing regulated sites, 14%
were present in two or more clusters, including proteins found
in both phosphorylation and dephosphorylation clusters (Fig.
3B). 53BP1, for example, contains 16 regulated sites
(supplemental Fig. S4A) distributed mainly between clusters 1
and 2. The frequent observation of differential phosphoryla-
tion dynamics within the same protein indicates that the DDR
involves complex molecular switching mechanisms.
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Fic. 2. Validation and clustering of time profiles for phosphosites regulated during DNA damage response. A-C, time profiles and
corresponding Western blot analyses of selected phosphosites representing clusters 1, 9, and 3. D, Western blot analyses of phosphosites
known to be induced by ionizing radiation. The SMC1 protein was used as loading control. E, clustering of time profiles for 594 regulated

phosphosites.

Phosphorylation Consensus Sequences and Kinase Mo-
tifs—A recently reported large scale proteomics analysis of
phosphosites modified in response to DNA damage has pri-
marily taken advantage of targeted enrichment of ATM and
ATR substrates using antibodies raised against the SQ and
TQ consensus sequences (7). In contrast, here we applied a
combination of ERLIC and TiO, affinity chromatography, a
method expected to purify a more unbiased population of
phosphopeptides (8). To assess the sequence motifs repre-
sented by these sites, we analyzed a 13-amino acid sequence
window surrounding the central phosphorylated residue for
regulated class | sites as compared with the unregulated class
| sites using the Motif-X software (20). The consensus se-
quence for ATM kinase substrates was significantly overrep-

resented with 80 SQ motifs distributed on 67 proteins (Fig. 4,
A and C). This shows consistency between our work and
previous studies using similar approaches (7). The SQ motif
was primarily found in clusters 1 and 3 (Fig. 4D), which rep-
resent sites phosphorylated immediately after the exposure of
cells to ionizing radiation. This correlates with ATM being
active in the early phases of the DDR. Most of the predicted
ATM substrates represented in clusters 1 and 3 remained
phosphorylated for the 8-h time window investigated here.
Interestingly, a new potential DNA damage-related phos-
phorylation motif, SXXQ, was overrepresented for 24 regu-
lated class | sites (Fig. 4B), having a cluster distribution similar
to that observed for the ATM motif (Fig. 4D). Using NetworKIN
(21), no specific kinase family could be assigned to this motif
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Fic. 3. Cluster distribution of regulated phosphosites. A, the number of phosphosites associated with each clusters. B, cluster
distribution of known DNA damage response proteins and regulated sites associated with more than one cluster. The numbers 1-10
denote the clusters, and the color indicates phosphorylation (green) and dephosphorylation (red). BRCA1 = Breast cancer type 1
susceptibility protein; NBN = Nibrin (NBS1); PRKDC = DNA-dependent protein kinase catalytic subunit (DNAPK_,); XPC = DNA repair

protein complementing XP-C cells.

by statistical means or by considering contextual features. It is
thus possible that ATM itself participates in phosphorylating
at least some of these residues.

Analysis of additional kinase motifs associated with all of
the 404 regulated class | phosphorylation sites predicted that
a broad spectrum of kinase families are responsive to DNA
damage. More than half of the regulated sites (64%) can be
assigned to one of the 24 kinase motifs contained in the
Phosida database (22) of which 16 kinase motifs are repre-
sented by at least five phosphorylation sites among all regu-
lated sites (Fig. 4E). The cluster distribution of the sequence
motifs indicates that substrates of CK1, CK2, NEK6, and
PLK1 are primarily phosphorylated following IR exposure,
whereas substrates with PKB/AKT, WW Group IV domain
binding and CDK2 motifs are mostly dephosphorylated. The
inhibition of the latter kinase is in agreement with the reported
silencing of cyclin-dependent kinases during the DNA dam-
age-induced cell cycle checkpoints (2).

Functional Analysis and Clustering of Proteins Containing
Regulated Phosphosites—To elucidate the global impact of
the DDR on the nuclear proteome, we tested the 209 proteins
containing regulated phosphorylation sites for GO terms (23)
overrepresented relative to proteins containing unregulated
phosphorylation sites. As expected, overrepresented GO
terms were observed for proteins related to DNA damage and

cell cycle checkpoints and to DNA repair processes
(supplemental Fig. S6). Overrepresentation was also ob-
served for the GO terms gene expression, transcription and
RNA synthesis, nucleoside and DNA synthesis, DNA replication,
and DNA metabolism as well as chromosome biogenesis. Reg-
ulation of these processes is consistent with repair of damaged
DNA, transcriptional activation of genes encoding DNA repair
and stress survival factors, and inhibition of genes encoding
proteins not required during the DDR. Overrepresentation of the
GO terms nucleic acid and DNA binding implies that many of
the regulated proteins might directly bind DNA, probably at the
site of damage or at regulatory transcription sites.

Using the Cytoscape plugin BINGO (24, 25), 118 GO terms
were found to be significantly overrepresented when the reg-
ulated proteins in each cluster were tested relative to the
human genome under the requirement that at least five pro-
teins in at least one cluster share a given GO term
(supplemental Fig. S7). The overrepresented proteins are in-
volved in gene expression, DNA damage, cell cycle, and RNA
processing, indicating that all of these processes are impor-
tant for the DDR. Overrepresented GO terms were found
mainly in clusters 1 and 2. A total of 81 significant GO terms
were shared between the two clusters, indicating that these
biological processes are regulated by both phosphorylation
and dephosphorylation events.
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Cross-talk between Protein Phosphorylation and Other Types
of Modifications Controlling DNA Damage Response—To ex-
amine how phosphorylation regulates the biological processes
discussed above, we interrogated each cluster for DNA, RNA,
and protein modifiers using the DAVID software (26). Because
the Pfam and InterPro domain features are included, a structural
relationship with the functionality of the proteins in the functional
clusters can be deduced (supplemental Table S2). The analysis
highlighted five functional classes of proteins involved in post-
transcriptional modifications; kinases, peptidases, and ubig-
uitin-modifiers; methyltransferases; acetyltransferases and
chromatin modifiers; and RNA processing proteins (Fig. 5 and
supplemental Table S2). Identification of these modifiers sug-
gests that phosphorylation-dependent events are linked to
other types of modifications to modulate proteins, DNA, and
RNA in response to DNA damage.

Regulated phosphorylation sites were identified for the ki-
nases OSR1, PNKP, DNAPK_,, and ATM isoforms 1 and 2 as
well as PRP4, TLK1, and CDC2L5, all reported to play a part
in the DDR with the exception of OSR1 and PRP4 (7, 27-30).
The first five mentioned are associated with cluster 1, indicat-
ing early phosphorylation of those proteins. Several novel
phosphorylation sites were identified for these kinases
(supplemental Table S1) that may modulate kinase activity.
Kinases not previously linked to DDR include PRP4, which
regulates mRNA processing and splicing, and OSR1, which is
generally involved in environmental stress like osmotic stress
responses and probably actin cytoskeleton regulation (31).
PRP4 becomes dephosphorylated on 18 sites, highlighting
the importance of controlling RNA processing at the onset of
the DDR. This is further substantiated by the identification of
regulated phosphosites for 20 RNA processing and splicing-
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related proteins. Examples include the functional cluster of
RNA splicing-associated proteins YBX1, PPIG, RBP (RALY),
ZNF638, and SRRM2, all of which are associated with cluster
2, indicating that these splicing factors are dephosphorylated
early during the DDR. These findings give novel insight into
the role of RNA processing in the DDR, and we speculate that
dephosphorylation of these factors may serve to regulate
RNA processing for the period of DNA repair.

The functional class of methylation enzymes comprises the
demethylase MGMT and the methyliransferases FTSJD2,
METT10D, METTL3, and DOT1-L, all associated with cluster 1
(early phosphorylation) except for DOT1-L, which is associ-
ated with cluster 4 (early dephosphorylation). We find it in-
triguing that these enzymes are regulated by phosphorylation
in response to DNA damage because methylation of histone
tails is known to affect chromatin structure and accessibility.
DOT-1L is a lysine histone methylase that in contrast to most
other histone methylases does not contain a SET domain. It
functions by methylating histone H3 (H3K79me), preferably
when the histones are bound to DNA (32). Methylation of
histone H3 activates transcription but has also been reported
to modulate the recruitment of 53BP1 in response to DNA
damage (33, 34). MGMT is a DNA demethylase that functions
by demethylating DNA modified following genotoxic stress
(85), and METTLS has previously been shown to be phosphor-
ylated upon DNA damage (7). METTL3 methylates internal
adenosine residues in mRNAs, forming N®-methyladenosine
involved in mMRNA splicing, transport, and translation (36).
Moreover, two additional proteins, YY1 and MLL, might be

linked to this functional class. YY1 is involved in methylation-
based regulation of gene expression (37). YY1 is a transcrip-
tional regulator that might activate or inhibit transcription de-
pending on the cofactors it recruits, and YY1 is also known to
be involved in the DDR by activation of DNA repair (38). The
SET domain-containing MLL is by similarity a lysine histone
methylase of the trithorax type causing transcriptional activa-
tion (39).

The functional class of acetyltransferases and chromatin
modifiers has recently emerged as important for regulation of
genotoxic stress. We found that these are associated with
primarily early dephosphorylation and phosphorylation events
(clusters 1-4) except for ATF2, which is phosphorylated late
(cluster 7). Both histone acetylation and chromatin remodeling
factors have important roles in the DDR by modulating chro-
matin surrounding DNA double strand breaks (40). We iden-
tified multiple regulated phosphorylation sites on proteins
associated with acetylation of chromatin, including RAP1,
SMARCC1, SMARCC2, SMARCA2, MYST2, CDYL, ATF2,
and p400 (Fig. 5 and supplemental Table S2). These sites
further support the existence of cross-talk between different
post-translational modifications controlling the DDR. RAP1
(cluster 1) is known to bind telomere ends of non-histone-
bound DNA in yeast followed by interaction with the sirtuins
SIR3 and SIR4. The RAP1-SIR3-SIR4 complex facilitates re-
cruitment of the deacetylase SIR2, which successively
deacetylates histones, leading to chromatin condensation
and thus transcriptional repression (41). In human cells, RAP1
has been shown to be phosphorylated during the DDR (7).
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Human RAP1 is recruited to telomeres by interacting with
TRF2, regulating telomere length. RAP1 also protects telo-
meric DNA from nonhomologous end joining at telomeric DNA
ends (42), which may be the reason for its activation during
the DDR. SMARCC1, SMARCC2, and SMARCAZ2 are compo-
nents of the SWI/SNF complex involved in chromatin remod-
eling and transcriptional regulation (43). We found that
SMARCC1 and SMARCC2 are dephosphorylated early (clus-
ter 2) whereas SMARCAZ is phosphorylated early (clusters 1
and 3) during the DDR, indicating that the SWI/SNF complex
is regulated by differential phosphorylation and dephosphor-
ylation following DDR. p400 (early dephosphorylation; cluster
4) is a component of the NuA4 histone acetylase complex that
comprises the catalytic subunit HTATIP/TIP60. The complex
acetylates H2A and H4 causing transcriptional activation. No-
tably, it seems that the acetylase complex is essential for
transcription of genes regulated by E2F1 and Myc involved in
cell cycle progression and proliferation (44). Thus, dephos-
phorylation upon DNA damage might inhibit p400, thereby
leading to transcriptional inhibition of Myc and E2F1 target
genes and thus inhibiting cell cycle progression. The role and
phosphorylation-dependent regulation of the modifying en-
zymes described above are not widely reported but are of
potential importance in genotoxic stress responses. Taken to-
gether, the data show how early phosphorylation events may
lead to signaling propagation to alter the structure of chromatin
in response to DNA damage (supplemental Fig. S8).

In summary, our study of the temporal phosphorylation
dynamics using quantitative mass spectrometry led to the
identification of 372 novel phosphorylation sites regulated
more than 2-fold during DDR. In addition and perhaps most
importantly, we performed an unprecedented temporal anal-
ysis and subclassified regulated phosphorylation sites into 10
distinct temporal profiles, reflecting their association with dif-
ferent functional modules. Analysis of consensus sequence
motifs indicated that several kinase families respond to DNA
damage, and the frequent observation of dephosphorylation
events suggests that phosphatases play a more important
part early in the DDR than hitherto reported. GO term analysis
and functional clustering suggested regulation of RNA bio-
genesis and other biological processes beyond those related
directly to DNA repair. Interestingly, the identification of regu-
lated phosphorylation sites on several methyl- and acetyltrans-
ferases and additional chromatin remodeling factors suggests
elaborate cross-talk between these post-translational modifica-
tions in the spatiotemporal regulation of the DDR.
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