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forks.
Conclusion: iPOND-MS is a useful discovery tool.

stress response.
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(Bacl(ground: DNA replication and the replication stress response require the coordinated actions of many proteins.
Results: iPOND coupled with mass spectrometry identified 290 proteins associated with active, stalled, or collapsed replication

Significance: The data increase our understanding of the network of proteins involved in DNA replication and the replication

N
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Both DNA and chromatin need to be duplicated during each
cell division cycle. Replication happens in the context of defects
in the DNA template and other forms of replication stress that
present challenges to both genetic and epigenetic inheritance.
The replication machinery is highly regulated by replication
stress responses to accomplish this goal. To identify important
replication and stress response proteins, we combined isolation
of proteins on nascent DNA (iPOND) with quantitative mass
spectrometry. We identified 290 proteins enriched on newly
replicated DNA at active, stalled, and collapsed replication
forks. Approximately 16% of these proteins are known replica-
tion or DNA damage response proteins. Genetic analysis indi-
cates that several of the newly identified proteins are needed to
facilitate DNA replication, especially under stressed conditions.
Our data provide a useful resource for investigators studying
DNA replication and the replication stress response and vali-
date the use of iPOND combined with mass spectrometry as a
discovery tool.

Chromosomal replication requires the coordinated action of
a large molecular machine, called the replisome, consisting of
multiple subunits, including helicases, polymerases, histone
chaperones, and chromatin-modifying enzymes. The repli-
some must work with speed and precision to replicate the DNA
and chromatin during each cell division cycle. Damage to the
DNA template from endogenous and environmental genotox-
ins, depletion of nucleotide precursors, and even difficult-to-
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replicate DNA sequences can impede replication fork progres-
sion. Multiple mechanisms respond to this stress to repair the
damaged DNA, signal checkpoint activation, ensure the com-
pletion of DNA replication, and maintain genome stability.
Defects in replication stress response mechanisms cause dis-
eases that are characterized by developmental abnormalities,
premature aging, and cancer predisposition.

The ataxia-telangiectasia- and Rad3-related (ATR)? protein
kinase signaling pathway is a primary regulator of the replica-
tion stress response (1). A complex of ATR and its obligate
partner ATRIP is activated by interactions with TOPBP1 when
DNA polymerase and helicase activities at the replication fork
are uncoupled (2-5). Activated ATR stabilizes the stalled fork,
promotes fork restart, and regulates cell cycle checkpoints to
ensure completion of DNA synthesis prior to mitosis. If ATR is
not functional, then forks collapse into double-strand breaks
because of the action of unregulated fork remodeling and
nuclease activities (6).

The continued high rate of discovery of new replication
stress response proteins suggests that our inventory of replica-
tion regulators remains incomplete. Thus, identifying proteins
that function at active and damaged replication forks and char-
acterizing how they work in a coordinated fashion to maintain
genome integrity remain critically important research goals.
We recently developed a technology called isolation of proteins
on nascent DNA (iPOND) that can be used to track protein
recruitment to active and damaged replication forks as well as
study the processes of chromatin deposition and maturation (7,
8). Importantly, the technique provides high resolution and
sensitivity and is compatible with unbiased approaches such as
mass spectrometry.

iPOND uses the nucleoside analog 5-ethynyl-2'-deoxyuri-
dine (EAU) and click chemistry (8). EAU is rapidly incorporated

2 The abbreviations used are: ATR, ataxia-telangiectasia- and Rad3-related;
iPOND, isolation of proteins on nascent DNA; EdU, 5-ethynyl-2'-deoxyuri-
dine; PCNA, proliferating cell nuclear antigen; ssDNA, single-stranded
DNA; RFC, replication factor C; RPA, replication protein A.
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into newly synthesized DNA when added to cell culture
medium and does not interfere with replication or cause detect-
able DNA damage when used in short term cell culture (8, 9).
An alkyne functional group on EQU can be reacted with an azide
linked to biotin using click chemistry. This facilitates a strepta-
vidin-biotin method of purification of the EdU-labeled nascent
DNA with associated proteins. Fixation of cells with a reversible
cross-linking agent prior to click chemistry and cell lysis per-
mits purification under denaturing conditions, making a single-
step isolation procedure possible. Cross-link reversal separates
the proteins from the DNA fragments, which can then be
detected by immunoblotting or mass spectrometry. Here we
coupled iPOND to unbiased shotgun proteomics to probe the
changes in replisome composition at active, stalled, and col-
lapsed replication forks.

EXPERIMENTAL PROCEDURES

iPOND Sample Preparation—iPOND was performed largely
as described previously (7), with the following modifications.
500 ml of logarithmically growing (3.3 X 10° cells/ml) suspen-
sion of 293 T cells (a total of 1.6 X 10° cells) were labeled with 12
um EdU for 15 min. An EdU labeling period of this length may
label ~15-20 kb of DNA depending on the rate of polymeriza-
tion and how rapidly EdU is imported into the cell and phos-
phorylated by thymidine kinase (8). Following EdU incorpora-
tion, the stalled fork sample was incubated in 3 mMm of
hydroxyurea for 2 h, and the collapsed fork sample was treated
with 3 mm hydroxyurea and 3 um of ATR inhibitor for 2 h to
induce fork collapse (10). After EAU labeling, the thymidine
chase sample was centrifuged at 1000 rpm for 4 min, medium
was decanted, and cells were resuspended in medium equili-
brated for temperature and pH containing 10 um thymidine.
The thymidine chase was conducted for 60 min. All samples
were fixed with 1% formaldehyde for 20 min at room tempera-
ture, followed by 5-min incubation with 0.125 M glycine to
quench the formaldehyde.

Fixed samples were split evenly into six 50-ml conical tubes,
centrifuged at 2000 rpm at 4 °C for 6 min, washed three times
with PBS, and frozen at —80 °C. Five of the six tubes were pro-
cessed independently on a scale of 2.7 X 10° cells/sample for
iPOND purifications. Briefly, click chemistry reactions were
performed to conjugate biotin to the EdU-labeled DNA.
Streptavidin beads were used to capture the biotin-conjugated
DNA-protein complexes. Captured complexes were washed
extensively using SDS and high-salt wash buffers. Purified rep-
lication fork proteins were eluted under reducing conditions by
boiling in 2X SDS sample buffer for 25 min. One-sixth of the
eluted protein sample was resolved 1 cm into a 10% Novex
precast gel (Invitrogen), excised from the gel slice, alkylated,
and in-gel trypsin-digested using standard procedures.

Mass Spectrometric Data Analysis—Recovered tryptic pep-
tides were subjected to two-dimensional LC-MS/MS (multidi-
mensional protein identification technology) separation as
described previously (11). Briefly, digested peptides were sepa-
rated by a combined strong cation exchange and reversed-
phase chromatographic strategy. Subsets of peptides were
eluted from the strong cation exchange onto the reverse phase
using a series of ammonium acetate pulses of increasing con-
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centration. This was performed for eight steps, each followed
by a 105-min aqueous to organic separation on the reversed-
phase column. Eluted peptides were directly nanoelectrospray-
ionized and introduced into an LTQ-XL mass spectrometer
(Thermo Fisher Scientific) where peptide tandem mass spectra
(MS/MS) were collected in a data-dependent manner. The pep-
tide spectral data were searched against the canonical human
proteome subset of UniProtKB (v. 155) using the Myrimatch (v.
1.6.75) (12), Sequest (v. 27) (13), and Myrimatch and Sequest
(14) database search engines. Protein groups were assembled
using IDPicker, which uses parsimony to report the minimum
number of confident protein identifications (15). Matched pep-
tides were filtered at a 5% peptide and protein false discovery
rate, and each protein required a minimum of two independent
peptides for identification. Protein identifiers were converted
to EntrezID unique identifiers using the UniProt ID mapping
database (16) and the DAVID bioinformatics database (17).

QuasiTel Statistical Analysis and Protein Enrichment Filter-
ing Criteria—To determine fold enrichments of proteins rela-
tive to the negative controls, spectral count data were imported
into the statistical software program QuasiTel (18) for pairwise
comparisons. QuasiTel applies a quasi-likelihood model to raw
spectral count data and reports protein fold enrichment and
statistical significance as a quasi p value. Spectral count data are
normalized for each multidimensional protein identification
technology run using the total number of spectra reported for
the run. The threshold for spectral counts was set at an average
of one spectral count per experimental sample. For example,
when comparing the five replicates from the replication fork
sample to the five replicates from the chromatin chase sample,
aminimum of 10 total spectral counts was required from the 10
samples for QuasiTel comparisons. Furthermore, to be consid-
ered a protein significantly enriched on nascent DNA, the fil-
tering criteria required a minimum of 1.5-fold enrichment
above both of the negative controls and a quasi p value of =
0.05.

These filtering criteria were applied to proteins identified
using each of the three protein identification search algorithms
(Myrimatch plus Sequest, Myrimatch alone, and Sequest
alone). Therefore, three lists of enriched proteins were gener-
ated independently. The final data reported in supplemental
Tables S1-S3 represent the union of all three lists and report
the median fold enrichment relative to the chromatin-bound
negative control, median p value, and median spectral counts.
The median p value, in some cases, is > 0.05 because three
independent p values were calculated by QuasiTel for each pro-
tein identified by the three different search algorithm methods.
If any one of the analyses yielded a p value < 0.05, that protein
is reported in supplemental Tables S1-S3 along with the
median p value from the three analyses. It should also be noted
that when no spectra were detected in the thymidine chase
negative control, QuasiTel calculated relative fold enrichment
using a small, non-zero value in the denominator. This factor
may lead to an overestimation of protein enrichment. Although
these values are included in supplemental Tables S1-S3, they
are omitted from Figs. 2—4.

Bioinformatics Data Analyses—Proteins identified at elon-
gating, stalled, and collapsed replication forks were classified on
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the basis of gene ontology using ToppGene (19). To display
median fold enrichment relative to the thymidine chase nega-
tive control, median quasi p value, and median spectral counts
from the experimental sample were graphed using R. Protein
network modeling was performed using the GeneMANIA pre-
diction server (20).

Antibodies—The antibodies used were as follows: H2A, H2B,
MSH2, and SNF2H (Abcam); H1 (Millipore); PCNA (Santa
Cruz Biotechnology); SNF2L (Cell Signaling Technology);
BAZ1B (Novus).

siRNA Screen—Four individual siRNAs for each of the genes
arrayed in 384-well dishes were transfected into U20S cells at
10 nM final siRNA concentrations. Three days after transfec-
tion, cells were treated with 2 mm hydroxyurea for 24 h.
Hydroxyurea was removed, and cells were incubated with 10
puM EAU for 4 h. Cells were then fixed with paraformaldehyde
and processed with Alexa Fluor 488-coupled biotin azide fol-
lowed by labeling with antibodies to yH2AX as described pre-
viously (21). Images were obtained on a PerkinElmer Life Sci-
ences Opera automated microscope, and the intensities of EAU
and YH2AX per nucleus were quantitated by Columbus image
analysis software. The ratio of yH2AX to EdU intensities was
used as the final scoring criterion. Samples with elevated ratios
were identified using the Wilcoxon rank-sum test requiring a
false discovery rate-adjusted p value of < 0.001 and a ratio of at
least 2.0. As a comparison, the average ratio for the negative
control siRNA was 1.07 with an S.E. of 0.026.

RESULTS

iPOND Proteomics—To identify proteins associated with
nascent DNA at active, stalled, and collapsed replication forks,
we coupled iPOND purifications to mass spectrometry. Five
samples were prepared for iPOND-MS (Fig. 14). For all sam-
ples, cells were treated for 15 min with EdU to label nascent
DNA. To examine proteins at active replication forks, EAU-
labeled cells were collected immediately. To monitor proteins
associated with stalled replication forks, EdU-labeled cells were
treated with 3 mm hydroxyurea for 2 h to arrest fork movement
and induce a replication stress response. To identify proteins asso-
ciated with fork collapse, cells were treated with hydroxyurea and
a selective ATR inhibitor (10) for 2 h. These conditions elicit
fork collapse, including accumulation of double-strand breaks
and excess single-stranded DNA (ssDNA) at the replication
fork (6). EAU remained in the growth media during the
hydroxyurea treatments.

The specificity of replication fork protein purifications was
tested relative to two negative controls. The first were cells
treated identically to the normal replication fork sample,
but the biotin azide was omitted during the iPOND procedure.
Proteins purified in this “no click reaction” sample represent
those that interact nonspecifically with streptavidin-conju-
gated beads. For the second negative control, cells labeled with
EdU were washed and then incubated with medium containing
a small amount of thymidine for 1 h. This procedure allows
replication to continue without additional EAU incorporation.
The small concentration of thymidine does not interfere with
replication but is used to compete for whatever EdU is left in the
cell after removing it from the growth medium. Thus, this nega-
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FIGURE 1. iPOND proteomics screen workflow. A, diagram illustrating the
samples analyzed by iPOND-MS. Cells labeled with EdU were processed with-
out the click reaction reagent (Negative control) or treated with thymidine
(Thd) for 1 h (Thd chase negative control) prior to iPOND. rxn, reaction. The
active replication fork sample was collected immediately after the EdU pulse
(Normal replication fork). EdU-labeled cells were treated with 3 mm
hydroxyurea (HU) for 2 h (Stalled replication fork) or treated with 3 mm
hydroxyurea and ATR inhibitor (ATRi) (Collapsed replication fork) without
removing EdU, and samples were then collected for iPOND. B, representative
iPOND purifications from one of the five replicates submitted for proteomic
analyses were blotted for PCNA and H2B. Clk, click. C,iPOND-MS experimental
workflow illustrating how proteins were identified. MudPIT, multidimensional
protein identification technology; 2D, two-dimensional. D, ToppGene analy-
sis for classification of statistically significant proteins found enriched at nor-
mal, stalled, and collapsed replication forks.

tive control monitors proteins bound to mature chromatin that
are no longer close to the replication fork. Proteins detected in this
“thymidine chase” sample represent chromatin-bound proteins
that are not specifically enriched at replisomes (8).

To test the relative enrichment of replication proteins in the
samples submitted for mass spectrometry analyses, iPOND
purifications were examined for PCNA levels. As observed pre-
viously, PCNA was detected at elongating replication forks, and
its levels decreased in the thymidine chase sample (Fig. 1B).
Although still detectable, PCNA levels at stalled and collapsed
replication forks were also decreased compared with the active
fork sample, likely because of unloading of PCNA from the
mature Okazaki fragments (8). The equal level of histone H2B
detected on isolated chromatin (Fig. 1B) indicates that an
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equivalent amount of EdU-labeled DNA was purified in each
sample.

The five experimental samples were purified independently
five times each using the iPOND procedure (Fig. 1C). Eluted
proteins were analyzed using two-dimensional liquid chroma-
tography coupled with tandem mass spectrometry (multidi-
mensional protein identification technology). The MS/MS
spectra were matched to the human protein database using the
Myrimatch and Sequest search engines (12—14).

QuasiTel was used to compute fold enrichment values of
each experimental sample relative to both of the negative con-
trol samples (18). The final lists include proteins enriched at
least 1.5-fold (relative to both negative controls) with p values
from at least one of the search engines yielding a p value = to
0.05 as computed by QuasiTel.

These filtering criteria led to the identification of a total of
290 proteins that were enriched in at least one of the three
experimental samples compared with both negative controls.
Approximately 16% of the enriched proteins have been docu-
mented previously to function in DNA replication or DNA
damage responses. Functional characterization of the dataset
revealed that gene ontology categories such as DNA repair,
response to DNA damage, DNA metabolic process, DNA rep-
lication, and cell cycle were highly overrepresented above a ran-
dom chance of expectancy (Fig. 1D). This provides confidence
that the iPOND-MS screen successfully identified DNA repli-
cation and replication stress response proteins. As expected,
abundant chromatin-associated proteins like histones were
detected by mass spectrometry but not enriched above the con-
trols in any of the experimental samples.

Of the total proteins enriched on nascent DNA, 84 were
found to accumulate at active forks (supplemental Table S1),
139 at stalled forks (supplemental Table S2), and 137 at col-
lapsed forks (supplemental Table S3). Several established
genome maintenance proteins were among the proteins
enriched in all three experimental conditions. For example, the
interstrand cross-link repair factor FANCI, which is found
mutated in Fanconi anemia, the ATR-activating and replication
initiation protein TOPBP1, and the chromatin remodeler
SMARCADI were enriched at replication forks in unperturbed
and stressed conditions.

The Elongating Replisome and Associated Proteins—Overall,
the highest confidence proteins from iPOND-MS have low p
values, are highly enriched relative to both negative controls,
and are detected with large spectral count numbers. A majority
of these high-confidence proteins at active replication forks are
known replisome components such as PCNA, the RFC com-
plex, and polymerase subunits including POLD1 and POLE
(Fig. 24).

Bioinformatics searches using the GeneMANIA prediction
server (20) indicate that approximately one-third of the pro-
teins identified at active forks form an interacting network (Fig.
2B). Not surprisingly, PCNA represents a prominent node in
this network because it serves as a binding scaffold for numer-
ous replication and DNA damage proteins (23). Eleven of the
iPOND-MS proteins contain predicted PCNA-interacting
motifs, which is greater than predicted by chance (p = 2 X
1077) (Fig. 2C). Proteins containing a PCNA interaction pro-
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tein motif, or PIP box, include the Williams syndrome tran-
scription factor (also known as BAZ1B), DNA methyltrans-
ferase (DNMT1), ligase 1, the mismatch repair proteins MSH3
and MSHS6, the chromatin remodelers SNF2L and SNF2H, and
the E3 ubiquitin ligase UBR5. The centrosomal protein CP110,
the DNMT1 recruiting protein UHRF1, and the euchromatic
histone methyltransferase EHMT1 have predicted AlkB homo-
logue 2 PCNA-interacting motifs (24).

To further analyze the proteins, the dataset was compared
with two published proteomics screens that identify substrates
of the ATM or ATR checkpoint kinase substrates (25, 26). At
least 19 of the iPOND-MS enriched proteins are putative ATM/
ATR substrates that were identified in these proteomic screens
(Fig. 2C). This represents a statistically significant overrepre-
sentation of checkpoint kinase substrates compared with what
would be expected by chance (p = 1 X 107",

The majority of these kinase substrates are known replica-
tion or DNA damage response proteins such as MSH2, MSH3,
MSH6, POLE, REC1, RFC3, TOPBP1, the TOPBI1 ubiquitin
ligase UBR5, FANCI, the exonuclease EXO1, the replication
initiating factor WDHD]1 (also known as AND1), and the alter-
native PCNA clamp loader ATAD5 (also known as ELGL).
Other ATM/ATR substrates that localized to active forks are
involved in chromatin assembly and maturation. These include
the histone chaperones CAF1A and CAF1B, the chromatin
remodeler SMARCAD]I, and EHMT1. tRNA methyltransferase
(TRMT6) and vacuolar protein-sorting homolog B (VPS26) are
ATM/ATR substrates that have not been linked previously to
DNA replication or replication stress responses but were iden-
tified at elongating forks using iPOND-MS.

The iPOND-MS list was also cross-referenced with large-
scale siRNA screens that identified genes that, when silenced,
activate the DNA damage response (27, 28). Many of those
genes encode DNA replication or replication stress response
proteins whose inactivation leads to replication-associated
checkpoint signaling. Eleven iPOND-MS proteins cause
increased H2AX phosphorylation when silenced, including
several with no previously described functions in DNA replica-
tion, such as EP400, HSD17B7, PDCD4, PLOD1, SMARCA1,
SNRPD1, or TRMTS6 (Fig. 2C).

Finally, the strong enrichment of the mismatch repair pro-
teins MSH2, MSH3, and MSH6 at active elongating forks is
consistent with recent data from yeast systems indicating that
these proteins travel with the replisome (29). We verified that
both MSH2 and MSHS6 are associated with the replisome in a
pattern mirroring PCNA using conventional immunoblotting
(data not shown).

Several known replisome proteins were not detected. In
some cases, not enough peptides were identified, or the fold
enrichment values and statistical reproducibility did not meet
our stringent criteria. Thus, the dataset should not be consid-
ered a full list of replisome proteins.

Proteins Recruited to Stalled Replication Forks—Proteins
enriched near stalled replication forks are listed in supplemen-
tal Table S2 and Fig. 3A. The dataset is significantly enriched in
gene ontologies classified under cellular response to stress (p =
8 X 10~°), DNA metabolic process (p = 6 X 10~*), and the cell
cycle (p = 1.7 X 107?).
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FIGURE 2. iPOND-MS identifies proteins enriched at active replication forks. A, the fold enrichment relative to the thymidine chase negative control, the p
value, and the spectral count data are depicted for the proteins listed in supplemental Table S1. The dot size indicates the total number of MS spectra counted
in the normal replication fork samples from the five replicate purifications. The dot color represents the median p value as calculated using QuasiTel. B, protein
network analyses used GeneMANIA predictions to probe the physical interactions within the normal replication fork dataset. Gene not in query refers to proteins
known to physically interact with other proteins in the depicted physical interaction network but that were not identified in the iPOND-MS screen. C, proteins
that contain PCNA-interacting motifs (24) or ATM/ATR phosphorylation sites (25, 26) or that cause increased DNA damage signaling when silenced by siRNA

(27, 28) are listed.

Several known DNA damage response proteins, including
MDC1, RPA, RECQL1, XRCC1, FANCD2, FANCI, RAD]I, and
TOPBP1, were enriched. The identified proteins are also
enriched for ATM/ATR substrates (19 proteins, p = 5 X 10~ 7).
Five contain PCNA-interacting motifs, although this is not
larger than expected by chance (p = 0.07), and 16 cause ele-
vated DNA damage signaling when depleted (Fig. 3B). Over
50% of these proteins have not been implicated previously in
DNA replication or stress responses.

One of the ATM/ATR substrates identified at the stalled fork
is EHMT2 (also known as G9A). This protein methylates
H3K56, which has well studied functions in DNA replication
and repair in yeast. Recent experiments also indicate that this
histone modification is important in mammalian cells during
DNA replication (30), and the presence of EHMT?2 at stalled
forks supports this observation.

A number of DNA damage response proteins that are known
to be recruited to stalled forks, including ATR, were not iden-
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tified. In some cases we suspect this is because iPOND only
purifies nascent, EQU-labeled DNA. Thus, the unlabeled paren-
tal ssDNA signaling platform created by the uncoupling of heli-
case and polymerase activities along with bound checkpoint
proteins is only purified if it remains attached to the double-
stranded, newly synthesized DNA containing EAU (8). Less
aggressive DNA fragmentation may be needed to capture the
parental ssDNA adjacent to the labeled, nascent, double-
stranded DNA.

Proteins Recruited to Collapsed Replication Forks—Proteins
enriched at collapsed forks after combined hydroxyurea and
ATR inhibitor treatment are shown in supplemental Table S3
and Fig. 4A. The most striking difference between the collapsed
fork sample and the other two experimental conditions is a
large increase in DNA double-strand break repair and RPA-
associated proteins. At least one-fourth of the identified pro-
teins form an interacting network (Fig. 4B). ATM and RPA are
major nodes in this interaction network. The recruitment of
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phosphorylation sites (25, 26) or that cause increased DNA damage signaling when silenced by siRNA (27, 28) are listed.

ATM is consistent with studies demonstrating that ATR inhi-
bition leads to ATM activation (1). The strong enrichment of
RPA subunits and RPA-interacting proteins at collapsed forks
is consistent with our previous observation that large amounts
of nascent-strand ssDNA is generated in these conditions due,
in part, to resection of a double-strand break (6). In addition to
all three subunits of RPA, this sample contained the RPA-inter-
acting helicases BLM and WRN, the fork regression enzyme
SMARCALL, and the double-strand break response proteins
ATM, MDCI1, RAD51, and BRIP1. SMARCALI is one of
the most highly enriched proteins. ATR phosphorylates
SMARCALL to limit enzymatic processing of stalled forks, and
unregulated SMARCALLI contributes to fork collapse (6). ATR
was also enriched in this dataset (2.5-fold). However, its p value
was just outside of the cutoff for significance (p = 0.054).

Two of the most enriched proteins at collapsed forks are
MMS22L and TONSL. The MMS22L-TONSL complex is
recruited to sites of RPA-coated ssDNA to promote recombi-
nation repair of damaged replication forks (31-33). The
MMS22L-TONSL complex facilitates homologous recombina-
tion after DNA end resection through promoting RAD51 fila-
ment formation. These results are also consistent with the idea
that ATR prevents the formation of double-strand breaks and
nascent ssDNA at replication forks (6).

The collapsed fork dataset is enriched in ATM/ATR sub-
strates (15 proteins, p = 3 X 10 °). Seven have PCNA-interact-
ing motifs (p = 0.008), and 23 of the proteins cause increased
DNA damage signaling when silenced by siRNA (Fig. 4C).

SiRNA Screen to Identify Proteins That Have Critical Func-
tions in the Context of Replication Stress—Of the ~240 new
putative replication/replication stress response proteins iden-
tified in the iPOND-MS screens, we selected 148 for further
analysis. Specifically, we were interested in identifying new pro-
teins that might be important for continued replication under
stressful conditions. Therefore, we performed an RNA interfer-
ence screen using four siRNAs targeting many of the genes
encoding proteins without clear functions that had higher
enrichment or statistical significance values or for which some
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published literature or domain structure suggested a function
in nucleic acid metabolism. Following siRNA transfection, cells
were treated with hydroxyurea overnight to stall replication
and then allowed to recover for 4 h in the presence of EAU. Cells
were then fixed and stained for EdU and yH2AX intensity. Con-
trol U20S cells recover quickly from this acute replication
stress challenge and complete DNA replication with very little
loss of viability within the time frame of the experiment (6, 34).
The expectation is that genes encoding proteins need to main-
tain replication fork stability, or facilitate replication fork
recovery will yield low levels of EAU and high levels of yH2AX
after knockdown. Indeed, as a positive control, ATR silencing
results in a high ratio of yH2AX to EdU values because forks
collapse into double-strand breaks and do not resume DNA
synthesis (Fig. 54). Thus, knockdown of a gene that functions in
an ATR or related replication stress response pathway would be
predicted to cause high yH2AX/EdU ratios. The results of the
screen are shown in Fig. 54 and supplemental Table S4. Seven-
teen genes passed our stringent criteria and had at least two
individual siRNAs yielding an elevated score (> 2) with a false
discovery rate-adjusted p value < 0.001.

Two genes, PPP1R10 (PNUTS) and SMARCA1 (SNF2L) had
three of four siRNAs yield an elevated score. PNUTS is a target-
ing subunit for protein phosphatase 1. It is recruited to sites of
ionizing radiation-induced DNA damage, is important for
DNA repair, and loss of PNUTS function causes G, checkpoint
activation in unperturbed cells (35). Thus, the PNUTS-PP1c
phosphatase likely has critical functions at stalled replication
forks or after fork collapse to promote fork restart.

SNEF2L is an ATP-dependent chromatin remodeling protein.
Interestingly, the highly related protein SNF2H (SMARCAS5)
did not phenocopy loss of SNF2L in this screen (Fig. 5B) even
though we confirmed that both SNF2L and SNF2H are
enriched at active elongating replication forks using standard
iPOND combined with immunoblotting (C and D). Both of
these proteins are motor proteins in ISWI chromatin remodel-
ing complexes, which reposition nucleosomes during tran-
scription and other nucleic acid metabolic processes (36). Each

JOURNAL OF BIOLOGICAL CHEMISTRY 31463



Identification of Proteins on Nascent DNA Using iPOND-MS

tral
161 © <€SMARCAL [PUED Seounts
) 0.01
<€ RPA3 < o P2
0.01-0.05
- @ 2150
- © <€BRIP1 I 0.05-0.1
5 121 | @ 51-100
1S
5 O <€BLM . > 100
c )
o TONSL
o
2 8- am TOP3A
< TOPBP1
=
© WRN
4
. FANCD2 R
A2 LIG ATM
4 FANCI MDC1
\4 POLD& R;C5 POLE
Proteins

@ a PPP1R10
BRIP1

@@@
o @, ©®
@

Protgins with ATM/ATR Knockdown
PCNA-interacting substrates causes
motifs DNA damage
BTAF1 ATM ADD1
GTF3C3 CHTF18 BRIP1
MED16 FANCD2 COMT
TONSL FANCI CuL2
TRRAP LIG3 DMD
UNG MDC1 DNPH1
WRN PDS5B FANCI
RPA-interacting | POLE INCENP
proteins RFC1 JMJD6
ATM RPA1 KIAA1598
BLM SART3 NBAS
BRIP1 SMARCAD1| PDCD4
CHD1L TOPBP1 PGM3
CUL3 TRMT6 PLIN3
ORC5 WRN PLRG1
POLD1 RDH14
RAD1 RPA1
gene in query RAD51 RPA2
SMARCAL1 RPA3
TOP3A SLC25A17
TOPBP1 TIMELESS
ene not in UNG TRMTG
o oy WRN XPO5

FIGURE 4.iPOND-MS identifies proteins enriched at collapsed forks caused by replication stress and ATR inhibition. A, the fold enrichmentrelative to the
chromatin chase negative control, the p value, and the spectral count data are depicted for the proteins listed in supplemental Table S3. B, protein network
analyses probed the physical interactions at collapsed replication forks using the GeneMANIA prediction server. C, proteins that contain PCNA-interacting
motifs (24), interact with RPA (BioGrid3.2), contain ATM/ATR phosphorylation sites (25, 26), or cause increased DNA damage signaling when silenced by siRNA

(27, 28) are listed.

protein forms several protein complexes with accessory factors,
including BAZ1A and BAZ1B (37). BAZ1B (also known as Wil-
liams syndrome transcription factor) was also identified in our
iPOND-MS dataset at active forks and confirmed by immuno-
blotting (Fig. 5, C and D), but, like SNF2H, it did not yield an
elevated yH2AX/EdU ratio compared with controls. A BAZ1B-
SNEF2H complex interacts with PCNA and regulates chromatin
compaction during replication (38). SNF2H is also recruited to
double-strand breaks where it functions to help unfold chroma-
tin (39). Less is known about SNF2L function in DNA damage
responses, but silencing SNF2L by RNA interference increases
the amount of DNA damage signaling in cells (40). Because
iPOND selectively purifies proteins behind the fork in com-
plexes with newly synthesized DNA, our data suggest that
SNF2L and SNF2H function on newly deposited chromatin.
Silencing of the two chromatin remodelers does not yield iden-
tical phenotypes, indicating that the proteins perform non-re-
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dundant roles and that SNF2L may have an especially impor-
tant function in the context of replication stress.

DISCUSSION

Coupling iPOND with two-dimensional LC-MS/MS is a
powerful discovery tool. We identified 290 proteins at active,
stalled, and collapsed forks. Providing validation of the
approach, the dataset is highly enriched in proteins known to
function in DNA damage responses, cell cycle control, DNA
repair, and replication. For example, at normally elongating
replication forks, 15 of the top 20 proteins, as measured by fold
enrichment and p value, are established replisome components
and chromatin replication factors. These include the replicative
polymerases, PCNA, the replication-loading complex RFC
(RFC1-5), and the chromatin assembly factors CAF1A and
CAF1B. The stalled fork dataset enriched for DNA damage
response proteins above a random chance of occurrence. Col-

VOLUME 288+NUMBER 44-NOVEMBER 1, 2013



Identification of Proteins on Nascent DNA Using iPOND-MS

A B 5
12 . 4
=
_10 2,
il 3
5 ATR a2
6 T
o > 1
T4
2 0
R i
A JdJ 1 IJTTITTI
° Gene R
boohhn00
¢ D thymidine
Control EdU EdU chase
=\ =¥ — =\

EdU labeling time (min)

chase time (min)

Cl 25 5 10 20 30 Ctl EdU 15 35 60 120
= T JTEJsNFaL
= —E=|SNF2H =EE ot | SNF2H
[ ~BAZIB [ |BAZ1B
[ ] ——c——esme=/PCNA | @Be=- |PCNA
EEE s HP1o [ = T =% a8 H1
[ [ ~~esupl [ " csesesew A
[ [ = -—ememw - T 1 - ne

FIGURE 5. A functional genomic screen reveals proteins important for
replication recovery after an acute stalling of the replication fork.
siRNA-transfected cells were treated with hydroxyurea, released from repli-
cation stress into normal growth medium, and labeled with EdU to monitor
restart of DNA replication prior to staining for both EdU and yH2AX to mon-
itor DNA damage. The assay was completed in triplicate for each siRNA. The
mean ratio of yH2AX to EdU values obtained for individual siRNAs targeting
the genes of interest are plotted. Colored dots indicate siRNAs yielding a
ratio > 2 and elevated compared with non-targeting controls (p value of <
0.001, Wilcoxon rank-sum test). The location of the ATR-positive control score
is indicated. For comparison, the average ratio for the negative control siRNA
was 1.07 * 0.03. B, mean ratios = S.E. of yH2AX to EdU for four SNF2L and
SNF2H siRNAs compared with the non-targeting (NT) control are shown. C,
cells labeled with EdU for the indicated times, processed by iPOND, and
immunoblotted for the indicated proteins. Ctl, control. D, cells were labeled
with EdU for 20 min, washed, and then incubated in thymidine-containing
medium for the indicated times prior to iPOND analysis.

lapsed replication forks exhibited strong enrichment of RPA
and RPA-interacting proteins, double-strand break repair pro-
teins, and fork-remodeling helicases.

While this manuscript was in preparation, the Fernadez-Ca-
petillo group (41) completed an iPOND-MS study only looking
at proteins enriched at active forks. They identified many of the
same replisome components, including ATAD5, BAZIB,
CHAF1A, CHAF1B, DNMT1, EXO1, LIG1, MSH2, MSH3,
MSH6, PCNA, POLD1, POLE, RFEC1-5, UHRF1, and WIZ.
They also identified the MCM helicase complex, which was not
enriched in our datasets. In immunoblotting experiments we
have observed variable results in detecting the MCM proteins.
We suspect that the differences are due to how much cleavage
of the ssDNA at the fork happens during the iPOND process-
ing. The MCM proteins function to unwind parental DNA and
are not directly associated with newly synthesized, EdU-labeled
DNA. Thus, detection of the MCM helicase would rely on puri-
fying larger fragments of DNA containing both nascent and
parental strands. Other differences in methodologies may fur-
ther explain differences in the datasets. Most notably, we used
~10-fold less cells in our samples and examined hydroxyurea-
stalled and hydroxyurea/ATR inhibitor-induced collapsed

NOVEMBER 1, 2013 +VOLUME 288+-NUMBER 44

forks in addition to active forks. The decreased amount of start-
ing material may also explain why many known replication and
stress response proteins were not identified. Nonetheless, both
datasets provide useful resources for investigators interested in
replication and replication stress responses. Finally, we would
caution that although we applied stringent criteria for protein
identification and enrichment, further validation of the candi-
date proteins is required, especially in cases with higher p values
and lower enrichment scores.

The mismatch repair proteins MSH2, MSH3, and MSH6
were some of the most highly enriched proteins at unperturbed
replication forks. The high level of enrichment of mismatch
repair proteins is unlikely to be due to the need to remove true
mismatches because the polymerase error rate is low. More
likely, the mismatch repair proteins are scanning for errors in
conjunction with replication, as shown recently for the yeast
MMR system (29), or possibly involved in removing ribonucle-
otides from the DNA (42). It is also possible that the MMR
proteins may recognize EdU-labeled DNA. However, any DNA
damage because of EAU incorporation does not activate a DNA
damage signaling pathway in the time frame of these experi-
ments, and very little (if any) of the EdU is removed from the
DNA because we do not observe a decrease in chromatin cap-
ture after growing cells for hours after the EQU labeling (8).

The FANCI and FANCD?2 proteins are highly enriched at
stalled and collapsed replication forks. FANCI was also
detected at active forks. FANCI and FANCD2 function during
interstrand cross-link repair (43). These lesions are some of the
most difficult-to-repair substrates, requiring specialized repair
mechanisms governed by genes mutated in patients with Fan-
coni anemia as well as components of nucleotide excision and
double-strand break repair (44, 45). FANCD?2 is ubiquitylated
in response to hydroxyurea and even as cells enter a normal S
phase. Thus, the FANCI/FANCD2 may recognize DNA struc-
tures generated during replication stress, such as ssDNA-
dsDNA junctions (46), and these proteins may have functions
outside of cross-link repair. Indeed, FANCD2 promotes the
restart of aphidicolin-stalled replication forks (47). Alterna-
tively, it is possible that the FANCI and FANCD?2 proteins were
identified because of a small amount of continued EdU incorpora-
tion during the beginning of the formaldehyde fixation. If this were
the case, it might create protein cross-links to the DNA that could
be recognized by the Fanconi proteins (22).

The high-level enrichment of the heterotrimeric ssDNA-
binding protein RPA is a striking feature of stalled replication
forks that collapse after ATR inhibition. Concomitant with
RPA accumulation, we observed enrichment of the disease-as-
sociated helicases BLM, CHD1L, SMARCAL1, and WRN as
well as many other RPA interacting proteins. These data are
consistent with the recent observation that ATR inhibition
causes the extensive production of nascent-strand ssDNA at
replication forks through a process involving fork reversal,
enzymatic cleavage, and end resection (6).

Finally, our data confirm important functions for chromatin
remodeling enzymes, including SNF2L and SNF2H, at replica-
tion forks. The highly related SNF2H and SNF2L chromatin
remodelers are the motor enzymes of ISWI complexes (36). In
complex with BAZ1B, SNF2H is recruited to replication forks
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via an interaction with PCNA to maintain the chromatin land-
scape through DNA replication (38). The activity of SNF2L at
replication forks has not been described, but our data indicate
that it must have an important non-redundant function that,
perhaps, is especially needed in the context of replication stress.

Collectively, our data indicate that iPOND can be combined
with mass spectrometry to provide a powerful discovery
approach. In addition to analyzing normal, stalled, and col-
lapsed forks, there are many other instances in which
iPOND-MS analysis would be useful to understand DNA
repair, replication, and chromatin biology.
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