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Replication  protein  A  (RPA)  is the  main  human  single-stranded  DNA  (ssDNA)-binding  protein.  It  is essen-
tial  for  cellular  DNA  metabolism  and  has  important  functions  in  human  cell  cycle  and  DNA  damage
signaling.  RPA  is  indispensable  for  accurate  homologous  recombination  (HR)-based  DNA  double-strand
break  (DSB)  repair  and  its  activity  is  regulated  by phosphorylation  and  other  post-translational  mod-
ifications.  HR occurs  only  during  S and  G2  phases  of  the cell  cycle.  All  three  subunits  of  RPA  contain
phosphorylation  sites  but  the  exact  set  of  HR-relevant  phosphorylation  sites  on  RPA is unknown.  In
this  study,  a high  resolution  capillary  isoelectric  focusing  immunoassay,  used  under  native  conditions,
revealed  the  isoforms  of  the RPA  heterotrimer  in  control  and  damaged  cell  lysates  in G2.  Moreover,  the
phosphorylation  sites of chromatin-bound  and  cytosolic  RPA  in  S  and  G2  phases  were  identified  by west-
hosphorylation
soelectric focusing
2 phase

ern  and  IEF  analysis  with  all available  phosphospecific  antibodies  for  RPA2.  Strikingly,  most  of  the  RPA
heterotrimers  in  control  G2 cells  are  phosphorylated  with  5 isoforms  containing  up to  7  phosphates.
These isoforms  include  RPA2  pSer23  and  pSer33.  DNA  damaged  cells  in  G2  had  9 isoforms  with  up  to  14
phosphates.  DNA  damage  isoforms  contained  pSer4/8,  pSer12,  pThr21,  pSer23,  and  pSer33  on  RPA2  and
up to 8 unidentified  phosphorylation  sites.
. Introduction

Human cells continuously encounter DNA double-strand breaks
DSBs) that must be repaired for cells to survive and for human

ealth [1,2]. DSBs are repaired by highly complex, multi-step
rocesses involving large protein–DNA complexes. When cells
espond to DNA damage, repair proteins are regulated by the action

Abbreviations: AT, ataxia telangiectasia; ATM, ataxia telangiectasia mutated
inase; ATR, ataxia telangiectasia and Rad3-related kinase; ATRIP, ATR-interacting
rotein; CDK, cyclin-dependent kinase; CIP, calf intestinal phosphatase; DDR, DNA
amage response; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DSB,
NA double-stranded break; GC, genetic conversion; HR, homologous recombina-

ion; IR, ionizing radiation; NHEJ, non-homologous end joining; NT, N-terminus;
IKK, phosphatidylinositol 3-kinase-related kinase; RPA, replication protein A; SSA,
ingle-strand annealing; ssDNA, single-stranded DNA; TOPBP1, topoisomerase II-
inding protein 1.
∗ Corresponding author. Tel.: +1 402 559 8578; fax: +1 402 559 3739.

E-mail address: gborgstahl@unmc.edu (G.E.O. Borgstahl).

ttp://dx.doi.org/10.1016/j.dnarep.2014.05.005
568-7864/© 2014 Elsevier B.V. All rights reserved.
© 2014  Elsevier  B.V.  All  rights  reserved.

of kinases and phosphatases. The phosphorylation patterns of
proteins differ based on the type of DNA repair needed [3,4]. DSBs
are repaired by non-homologous end joining (NHEJ) and homolo-
gous recombination (HR) pathways [5]. Of interest to this research
is HR which includes two  pathways: genetic conversion (GC) and
single-strand annealing (SSA). In human GC, after the recognition
and initial maturation of the ends of a DSB, replication protein A
(RPA) binds to the resulting single-stranded DNA (ssDNA). In the
next step, the breast cancer type 2 susceptibility protein, BRCA2,
displaces RPA from the ssDNA sequences at the DSB  ends and loads
RAD51 recombinase onto the ssDNA [6]. Alternatively RPA and
RAD52 can repair DSBs using the more error-prone SSA pathway
[7]. The research reported here is focused on the phosphorylation
of RPA in response to DSBs that are relevant to both GC and SSA
pathways.
The cell cycle position of cells when a DSB occurs defines which
DNA repair mechanisms is available for DSB repair. NHEJ is used in
all phases of the cell cycle whereas HR-based repair can only take
place in S and G2 since HR pathways use DNA sequences on the

dx.doi.org/10.1016/j.dnarep.2014.05.005
http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dnarep.2014.05.005&domain=pdf
mailto:gborgstahl@unmc.edu
dx.doi.org/10.1016/j.dnarep.2014.05.005


DNA R

s
s
t
R
i
t

r
[
i
c
e
r
r
R
s
t
b
a
c
m
D
t
a
b
f
p
C
a
p
p
a
n

h
r
i
b
a
o
i
i
i
l
i
i
T
r

i
d
a
s
l
m
(
p
R
p
a
p
y
a
r
r
i

G.E.O. Borgstahl et al. / 

ister chromatid for faithful repair of DNA lesions [8,9]. To under-
tand the regulation of DSB repair in S and G2 phases it is important
o know the phosphorylation status of repair proteins. Although
PA and its post-translational regulation are crucial for DNA repair

n response to DSBs, the knowledge concerning the phosphoryla-
ion patterns of RPA during S or G2 phase is still incomplete [10–13].

In response to the threat of damage to their genetic mate-
ial, eukaryotes have evolved the DNA damage response (DDR)
2]. Ataxia telangiectasia (AT), a rare, neurodegenerative, inher-
ted disease that leads to an increased risk of cancer, was a key
omponent for discovering the kinases governing the DDR in
ukaryotic cells [14,15]. At the apex of the DDR there are three
elated kinases belonging to the phosphatidylinositol 3-kinase-
elated kinase (PIKK) protein family: AT-mutated (ATM), AT and
ad3-related (ATR), and DNA-dependent protein kinase catalytic
ubunit (DNA-PKcs) [16–18]. Activated ATM and ATR are thought
o be the main regulators of HR whereas DNA-PKcs appears to
e more important for NHEJ. DNA damage activates ATM through
uto-phosphorylation and acetylation that facilitates the disasso-
iation of the ATM dimer and the formation of highly active kinase
onomers [19–21]. In addition, RPA binding to nuclease-resected
SB sites recruits and activates ATR via the ATR-interacting pro-

ein (ATRIP) [22]. Then ATR remains at resected sites and is further
ctivated by protein–protein interactions with topoisomerase II-
inding protein 1 (TOPBP1) [23]. This activation of the DDR is
ollowed by the induction of a kinase cascade where a multitude of
roteins are phosphorylated including cell cycle checkpoint kinases
HK1, and CHK2 that further amplify the signal [24]. Phosphatases
lso play an important role in the DDR and keep the levels of
hosphorylation in balance for DSB repair [25,26]. Loss of phos-
hatases has been reported to inhibit HR-based DNA repair [27,28]
nd dephosphorylation of RPA is required for cells to restart the
ormal cell cycle following repair [29].

RPA is a heterotrimeric protein complex that binds ssDNA with
igh affinity and is essential for DNA replication, recombination and
epair [3,4,23,30–33]. RPA is highly regulated by protein–protein
nteractions and post-translational modifications. RPA’s protein
inding partners that are relevant to HR and SSA include RAD51
nd RAD52 [34,35]. RPA is known to have binding sites for RAD52
n the 70 kDa (RPA1) and 32 kDa (RPA2) subunits [36] and these
nteractions are important in RAD52 activity. RPA plays a direct role
n the assembly of RAD51 and RAD52 proteins during HR and these
nteractions are affected by checkpoint signaling [37]. Phosphory-
ation of RPA by DNA-PKcs induces a conformational change in RPA,
nvolving a DNA binding domain in RPA1, and phosphorylated RPA
s more resistant to proteases, indicating less intrinsic disorder [38].
hus, phosphorylation appears to change the stability of RPA/DSB
epair complexes and to alter the structure of RPA.

The N-terminus (NT) of RPA2 is known to be phosphorylated
n response to DNA damaging events as well as in a cell cycle-
ependent manner (Supplementary Table S1) [3,4]. Residues Ser23
nd Ser29 of RPA2 are known cyclin dependent kinase (CDK)
ites, and Ser29 has been shown to be mitotically phosphory-
ated whereas Ser23 phosphorylation has been observed in both

itosis and in S phase [13,39]. There are at least five other sites
Ser4, Ser8, Ser12, Thr21, and Ser33) that are known to be phos-
horylated in response to DNA damage by the PIKKs [12,40–43].
PA2-NT phosphorylation follows preferred pathways with Ser33
hosphorylation by ATR stimulating subsequent phosphorylation
t the other sites [44–46]. The RPA2-NT sites also show reciprocal
riming effects (e.g. Thr21Ala mutation reduces Ser4/8 phosphor-
lation and vice versa) [40,45,46]. Phosphorylation of Ser12 occurs

t later time points than the other RPA2-NT sites [40]. It has been
eported that phosphorylated RPA2 facilitates chromosomal DNA
epair [45] and that phosphorylation prevents RPA from associat-
ng with replication centers in human cells [47]. The RPA2-NT is
epair 21 (2014) 12–23 13

phosphorylated in response to ionizing radiation (IR) [13,32,48]
and is delayed in cells with inactive ATM kinase [10,42]. Phos-
phorylated RPA preferentially localizes to DSB  repair complexes
as shown by enhanced co-immunoprecipitation with RAD51 and
RAD52 and colocalization with RAD52 and ATR in nuclear foci
[49]. Additionally, we  have demonstrated that phosphorylation of
RPA regulates the transfer of ssDNA from RPA to RAD52 [50]. In
summary, though these findings provide evidence that RPA2 phos-
phorylation is involved in the HR-relevant DNA damage response
to IR, the present knowledge is incomplete.

All three subunits of RPA are phosphorylated but functional
studies of these sites have not been reported (Supplementary
Tables S1 and S2). In yeast, the ATR and ATM homologs, Mec1 and
Tel1, respectively, phosphorylate all three subunits of RPA [51,52].
In the PHOSIDA and PhosphoSitePlus databases human RPA1, RPA2
and RPA3 had 28, 19 and 4 phosphorylation sites, respectively, that
were measured at least once by mass spectrometry [53,54]. These
sites included six phosphorylated Tyr (underlined in Table S2). In
an in vitro study RPA1 was  found to be just as hyperphosphorylated
as RPA2 [55]. The patterns of RPA phosphorylation differ depend-
ing on the type of DNA damaging agent (e.g. UV, hydroxyurea or IR)
[55–57]. It is noteworthy that the databases also list a multitude
of RPA acetylation and ubiquitination sites. Also, after DNA dam-
age RPA1 can be modified by a 60 kDa polymer of SUMO-2/3 (small
ubiquitin-like modifier 2/3) and after heat stress it can be modi-
fied with diSUMO-2 [58,59]. Taken together, these data indicate the
complexity of RPA’s regulation and demonstrate the importance of
defining the exact pattern of DSB-induced phosphorylation sites on
all three subunits of RPA.

To this end, we have extended these studies by further defin-
ing the phosphorylation of the RPA2-NT and the RPA heterotrimer
as a whole, during S and G2 phases of the cell cycle, and we
have observed the remodeling of these phosphorylation sites upon
induction of DNA damage.

2. Materials and methods

2.1. Cell line selection and growth

The UM-SCC-38 WT  RPA2 (human squamous carcinoma) cell
line was used for all experiments. This cell line has endogenous
RPA2 knocked down with shRNA, stably expresses C-terminally
HA-tagged RPA2 and allows for efficient isolation of trimeric RPA
[40]. Cells were maintained at 37 ◦C with 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) supplemented with
10% fetal bovine serum (Valley Biomedical), 100 U/mL peni-
cillin (Invitrogen), 100 �g/mL streptomycin (Invitrogen), 20 �g/mL
hygromycin B (Cellgro) and 150 �g/mL G 418 (Sigma–Aldrich).

2.2. Antibodies

A table summarizing the primary antibodies used, the compa-
nies they were purchased from and their dilutions for western
blot and capillary isoelectric focusing is included in Supplementary
Table S3. Anti-mouse, anti-rat and anti-rabbit secondary antibod-
ies conjugated with Infrared Dye 800CW (LI-COR) or Infrared Dye
680LT (LI-COR) were used to detect primary antibodies in western
blot analysis. Goat secondary antibodies against rabbit and mouse
for IEF immunoassays were conjugated to horseradish peroxidase
(HRP) and purchased from ProteinSimple. Goat anti-Rat-HRP was
purchased from Santa Cruz Biotech.
2.3. Subcellular fractionation

The subcellular fractionation protocol was adapted from
Mendez and Stillman [60]. To detect nuclear and cytosolic RPA,
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Fig. 1. Characterization of reagents for experimental design. (A) Representative flow cytometry data of cell cycle timing. 1 × 106 cells were treated with (B) IR and (C) ZeocinTM

at the indicated doses and concentrations and percentage growth was measured. (D) The DNA damage of cells was  determined using a comet assay and a bar graph of the
comet  Olive tail moment (% DNA in tail × tail length)  is presented. Images of the comet assay are included in Supplementary Fig. S1. (E) The cell cycle distribution of cells at t0
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for the HA-tagged RPA2. Fractionated supernatants were incubated
nd  t1 post treatment with Zeocin (0.5 mg/mL  or 2 mg/mL) was  analyzed by flow
nd  G2 is the red peak on the right. The solid blue peak is fragmented DNA. (For in
eb  version of this article.)

.5 × 108 UM-SCC-38 cells were collected and washed in ice-
old phosphate-buffered saline (PBS), then resuspended in buffer

 (10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M
ucrose, 10% glycerol, 1 mM �-mercaptoethanol (�-ME), 10 mM
-glycerophosphate disodium salt, 10 mM sodium fluoride, 2 mM
odium orthovanadate, and protease and phosphatase inhibitor
ocktails (catalog numbers P2714 and P5726; Sigma–Aldrich)). Tri-
on X-100 (0.1%) was added and cells were incubated for 5 min  on
ce. Nuclei were collected by low-speed centrifugation (4 min  at

300 × g at 4 ◦C). Nuclei were washed once in buffer A, and then

ysed in buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM �-ME, and the
rotease and phosphatase inhibitors as described above). Insolu-
le chromatin was collected by centrifugation (4 min  at 1700 × g
etry. For the flow data curve fitting, G1 is the red peak on the left, S is blue striped
tation of the references to color in this figure legend, the reader is referred to the

at 4 ◦C), washed once in buffer B, and centrifuged again under the
same conditions. The final chromatin pellet was resuspended in
buffer A and sonicated.

2.4. Immunoprecipitation

Published protocols [40] for immunoprecipitation were used
with anti-HA-agarose antibody (Sigma) at 4 ◦C overnight. The fol-
lowing morning, the beads were washed three times in buffer A
and then resuspended in 3× SDS loading buffer and heat denatured
before being stored at −20 ◦C.
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Fig. 2. Activation of the DNA damage response pathways in S and G2. (A) Cells were synchronized by a double thymidine block and released for 3 and 7 h (S and G2 cells,
r TM
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espectively). These cells were treated with Zeocin for 1 h and harvested at t0 and
ntibodies (50 �g whole cell lysate per lane). (B) Repeat of ATM and pATM western 

ample of panel A are putatively due to reduced transfer of high molecular weight p

.5. Immunoblotting

For western blot analysis of the DDR, 1 × 107 asynchronous UM-
CC-38 cells, treated and control, were trypsinized, washed once
n cold PBS and sonicated. Whole cell lysates, unless otherwise
pecified, were resolved using a 10% NuPAGE Bis–Tris gel (Invi-

rogen) and transferred to nitrocellulose membranes (Invitrogen).
or RPA phosphorylation western blots, fractionated and immuno-
recipitated proteins were resolved using a 12% SDS-PAGE gel, and
ransferred to nitrocellulose membranes. Membranes were blocked

able 1
ummary of RPA heterotrimeric isoforms in G2.

# P 0 1 2 3 4 5 

Theoretical pIa 5.75 5.69 5.64 5.59 5.54 5.49 

Isoforms in control lysates recognized by the following antibodies:
1. RPA1-CTb x xx xxxx xxxx xx 

2.  RPA2 pS12c x xx
3. RPA2 pS23c x xxx xx 

4.  RPA2 18-33c x xx x

Isoforms in DNA damaged lysates (t1) recognized by the following antibodies:
5.  RPA1-CTb x xxxx xxxx xxxx xxx 

6.  RPA2 pS4/8c x 

7.  RPA2 pS12c x xxx x
8.  RPA2 pT21c x 

9.  RPA2 pS33c xx xxx 

a Theoretical isoelectric points (pI) for phosphorylated HA-tagged RPA heterotrimers w
Is  were calculated using the algorithm from Bjellqvist and coworkers [65]. The “x”s repre
eaks  not assigned by Compass software were estimated by eye. The number of “x”s corr
b Peaks observed in Fig. 3 by the antibody RAC-4D9 specific for the C-terminus of RPA1
c Peaks observed in Fig. 6 or Supplementary Fig. S4 by the listed RPA2 phosphospecific
st treatment (t1). Whole cell lysates were analyzed by western blot with indicated
n S phase for control and t0 to show that the low recognition of ATM in the control

ns in that part of the gel.

in 5% non-fat milk for 1–12 h and probed with primary antibodies
(1–16 h). Secondary antibodies (1/5000, LI-COR) were incubated in
Tris buffered saline with Tween20 (TBST) and hybridized proteins
were detected using the Odyssey imaging system (LI-COR).

2.6. Double thymidine block
Synchronous UM-SCC-38 cell populations were achieved utiliz-
ing a double thymidine block strategy to allow for accumulation of
cells at the G1/S border. Thymidine (2 mM)  was  added to the media

6 7 8 9 10 11 12 13–14
5.45 5.41 5.36 5.33 5.29 5.25 5.22 5.19–5.16

x

x

xx x x x x
x x xx xxx xxxx

xxx xxx xx xxx xxx xxx
xx xx x x x x

ere calculated using Scansite software (http://scansite.mit.edu). These theoretical
sent pI peak values from the capillary IEF immunoassay data shown in Figs. 3 and 6.
esponds roughly with relative peak height for the given antibody.
.

 antibodies.

http://scansite.mit.edu/
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Fig. 3. RPA heterotrimeric phosphorylated isoforms before and after DNA damage
in G2. Isoelectric focusing of heterotrimeric RPA was performed using a pH 5–6
gradient which was then developed with the RPA1-CT antibody. (A) Control (blue)
vs.  DNA damaged (pink) lysates. (B) Control (blue) vs. control phosphatase-treated
(gray) lysates (C) DNA damaged (pink) vs. DNA damaged plus phosphatase-treated
(gray) lysates. The pI values assigned to peaks by Compass software are shown. The
data were collected in triplicate with undiluted RPA1-CT antibody and on different
6 G.E.O. Borgstahl et al. / 

f asynchronous cells for an overnight (19 h) incubation after which
hymidine was washed away with two consecutive washes of cold
BS followed by the growth of cells in fresh media to allow the
ells to resume cell division. Following 9 h in fresh media, thymi-
ine (2 mM,  second block) was added overnight for a further 17 h.
or the second release Thymidine was washed away as described
bove and cells were incubated in fresh medium for the indicated
imes until further handling.

.7. Flow cytometry

Synchronous and asynchronous cells (1 × 106 cells each) were
arvested by trypsinization, washed in ice-cold PBS and fixed in

ce-cold 70% ethanol for 15 min  to 1 h. The fixed cells were then col-
ected by centrifugation at 300 × g for 5 min, washed once in PBS
nd resuspended in 1 mL  Telford reagent [61] followed by incu-
ation for at least 30 min  at 4 ◦C in the dark. The cell cycle stage
as determined in a BD FACSCalibur Flow cytometer. Data were

nalyzed using BD CellQuest Pro software.

.8. Cell treatment

Unless otherwise stated, UM-SCC-38 cells (1.5 × 108 cells)
ere treated with the radiomimetic drug ZeocinTM (Invitro-

en) in the presence of serum-containing medium at a final
oncentration of 2 mg/mL. Treated cells were incubated for 1 h
t 37 ◦C in 5% CO2 and either harvested immediately follow-
ng treatment (t0) or incubated for an additional hour in fresh

edia (t1). UM-SCC-38 cells were treated with IR (dose rate of
53.2 R/min) in the presence of serum-containing medium, using
137Cesium source (Mark I 68A Irradiator, J.L. Shepherd & Asso-

iates #1107) at room temperature. The doses ranged from 1 to
0 Gy.

.9. Capillary isoelectric focusing immunoassay

Phosphorylated RPA heterotrimeric isoforms in the native
tate were measured using capillary isoelectric focusing (IEF)
ith a ProteinSimple Peggy instrument following the manu-

acturer’s recommendations. UM-SCC-38 cells (1.5 × 108 cells)
ere synchronized and treated with ZeocinTM as described

bove and then lysed using a Bicine/CHAPS lysis kit supple-
ented with aqueous and DMSO inhibitor mixes (ProteinSimple

BS403). The aqueous inhibitor mix  contained 40 mM NaF,
2 mM �-glycerophosphate, 1 mM sodium orthovanadate, 0.5 mM
DTA and 2.5 mM EGTA. The DMSO inhibitor mix  included

 mM 4-(2-aminoethyl)benezenesulfornyl fluoride hydrochlo-
ide (AEBSF), 5 �g/mL aprotinin, 50 �M bestatin, 5 �g/mL E-64
rotease inhibitor, 10 �g/mL leupeptin, 7 �g/mL pepstatin A
nd a phosphatase inhibitor cocktail (with effective concen-
rations of cantharidin, bromotetramisole and microcystin LR).
ysate protein concentrations were measured by A280 with a
anodrop ND1000. Lysate at 0.4 mg/mL  was loaded in small
apillaries together with ampholyte premix G2 (3–10 or 5–6)
nd fluorescent pI standard ladders 1 or 4, respectively. Cap-
llary IEF of proteins was  performed by applying 21,000 �W
or 40 min. After focusing, UV light (100 s) was used to cross-
ink proteins to the inner capillary wall. Capillaries were then

ashed and incubated for 120 or 240 min  with primary anti-
odies against RPA, washed and incubated for 120 min  with
he respective secondary antibody conjugated with horseradish
eroxidase (HRP). Finally, luminol and peroxide-HDR were added

o generate chemiluminescence which was captured by a CCD
amera at 6 exposure times (30, 60, 120, 240, 480, 960 s). All
ntibodies and lysates were repeated 3–4 times to check for
eproducibility. The data were processed and analyzed with
days and were reproducible. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Compass software (ProteinSimple). To verify isoforms were
phosphorylated, lysates were dialyzed overnight against
Bicine/CHAPS buffer after which 10× reaction buffer, 1 M DTT
and lambda phosphatase (Millipore kit cat# 14-405) were added
to lysates at a 1:10 ratio and incubated for 1 h at 37 ◦C before the
capillary IEF immunoassay.

2.10. Growth inhibition assay

Cells (8 × 103) were seeded into 6-well tissue culture plates.
They were allowed to attach overnight in normal conditions and
were either kept as control or were treated the following day. Fol-

TM
lowing treatment with either IR or Zeocin , they were allowed to
grow for 6 days. Cells were then harvested and counted. Growth
inhibition was determined as percentage growth relative to the
control versus dose administered.
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Fig. 4. DNA damage induced phosphorylation patterns of chromatin-bound RPA2. (A) Fractionated samples were analyzed by western blot to demonstrate proper separation of
cytosolic  (Cy) from chromatin-bound (CB) proteins (W = wash). 1.5 × 108 synchronized cells were treated with ZeocinTM (2 mg/mL), fractionated and immunoprecipitated with
anti-HA.  Western blot analysis of chromatin-bound (B) S phase or (C) G2 phase cells was performed and RPA2-NT phosphorylation was detected with the indicated antibodies.
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00  ng of protein immunoprecipitated from the chromatin-bound fraction was  load
5  and S6 for the loading controls for each blot). Hyperphosphorylated RPA2 runs a
uns  at ∼34 kDa (indicated by the lower arrow, >).

.11. Comet assay

A modified comet assay was performed to assess induction of
SBs by ZeocinTM. Exponentially growing cells synchronized by

 double thymidine block in S or G2 phase were treated with
eocinTM as described above. The positive control was treated with
2O2 (750 �M)  for 15 min  before collection. Cells (1 × 105) were

rypsinized, washed, and appropriately diluted for plating in 0.65%
ow melting point agarose. The agarose was allowed to solidify,
nd slides were incubated in lysis solution (30 mM EDTA, pH 7.4)
ontaining 0.5% SDS at 37 ◦C for 1 h. Slides were then washed with
ce-cold water for 5 min  three times and transferred to an elec-
rophoresis tank containing room-temperature TBE buffer (89 mM
ris–HCl, 89 mM boric acid, 2 mM EDTA) for 20 min. Electrophoresis
as carried out for 10 min  at 1 V/cm. Slides were stained with pro-
idium iodide (25 �g/mL) and washed 5 min  in ice-cold water to
emove excess stain. Images were captured at 10× magnification

sing a Carl Zeiss Axiovert 40 CFL inverted microscope equipped
ith a mercury lamp. Seventy-five cells per sample were analyzed

or the level of DSBs by comparing Olive tail moment (calculated as
DNA in tail × tail length).
r lane. A representative of RPA1 loading control is shown (see Supplementary Figs.
 kDa (indicated by the upper arrow, >) whereas non- or low phosphorylated RPA2

3. Results and discussion

3.1. Considerations for experimental design

Experiments were designed to study the phosphorylation status
of RPA in S and G2 phases. The UM-SCC-38 cell line express-
ing C-terminally HA-tagged RPA2 was  chosen to robustly and
reproducibly purify trimeric RPA from fractionated cellular lysates
[40]. Flow cytometry was  used to verify the synchronization effi-
ciency of the cells in S and G2 phases. Post release from a double
thymidine block, cells needed about 3 h to reach mid-S phase and
about 7 h to progress to G2 (Fig. 1A). RPA2 hyperphosphorylation
was measured by a shift in mobility using SDS-PAGE, by west-
ern blot and by capillary isoelectric focusing immunoassays. It
is well known that RPA2 phosphorylation occurs in response to
IR-induced DNA damage and DSB-inducing drugs [3]. ZeocinTM,
a known radiomimetic, was  used to uniformly and reproducibly

produce DSBs in cells. The effects of ZeocinTM doses on cellu-
lar growth inhibition were compared to IR doses to establish the
concentrations of ZeocinTM for efficiently inducing DSB (Fig. 1B
and C). For this assay, asynchronous cells were treated with
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Fig. 5. DNA damage induced phosphorylation patterns of cytosolic RPA2. 1.5 × 108 synchronized cells were treated with ZeocinTM (2 mg/mL), fractionated and immunopre-
cipitated with anti-HA. Western blot analysis of cytosolic (A) S phase or (B) G2 phase cells was performed and RPA2-NT phosphorylation was detected with the indicated
antibodies. 100 ng of protein immunoprecipitated from the cytosolic fraction was loaded per lane. A representative RPA1 loading control is shown (see Supplementary Figs.
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7  and S8 for the loading controls for each blot). Hyperphosphorylated RPA2 runs 

uns  at ∼34 kDa (indicated by the lower arrow, >).

ncreasing concentrations of IR or ZeocinTM and the percent-
ge growth was measured relative to the control 6 days post
reatment. ZeocinTM mirrored IR’s effect on cellular growth. To
erify the presence of DSBs, a comet assay was used which
emonstrated that an increased concentration of ZeocinTM led to

ncreased DSBs (Fig. 1D). Images of the comet assay are included
n Supplementary Fig. S1. Flow cytometry was used to monitor
he cell cycle progression of cells following ZeocinTM treatment
Fig. 1E) to ensure treated cells were reproducibly synchronized,
topped at the proper cell cycle phase and remained in that
hase during the experimental time points. Following these data,
eocinTM concentrations of 0.5 and 2 mg/mL  were selected to
nduce DSBs.

.2. Activation of the DDR

ZeocinTM effectively activated the DDR via phosphorylation
f several key kinases: ATM, ATR, CHK1, and CHK2 (Fig. 2).
TM activation occurs in response to the formation of DSBs,
nd was detected by an increase in pATM as observed in
he treated samples, when compared to the control (Fig. 2B).
HK2 becomes phosphorylated by activated ATM (Fig. 2A). ATR

s activated by DSB resection [62], and thus CHK1 becomes
hosphorylated with maximal phosphorylation with 2 mg/mL
eocin (Fig. 2A). This experiment demonstrated that while a
eocinTM concentration of 0.5 mg/mL  was sufficient for DDR acti-

ation in the treated cells, an increased phosphorylation signal
f �H2AX and CHK1 was observed with a dose of 2 mg/mL
n S and G2 phase cells (Fig. 2A, compare 2 mg/mL  ZeocinTM

olumns with 0.5 mg/mL  ZeocinTM columns in the indicated
anels).
 kDa (indicated by the upper arrow, >) whereas non- or low phosphorylated RPA2

3.3. Identification of the native and DDR phosphorylated isoforms
of RPA heterotrimer

To investigate RPA phosphorylation in the native-state, a high
resolution capillary IEF immunoassay [63] was used to separate
and identify the phosphorylated isoforms of RPA heterotrimer in
cell lysates. First, data from a number of RPA antibodies and a
pH gradient ranging from 3 to 10 were used to deconvolute RPA
specific peaks from nonspecific peaks (Supplement Fig. S2). Com-
parison of these data indicates that only peaks between 5 and 5.8
are specific to RPA. Phosphorylated isoforms for the HA-tagged RPA
heterotrimer are predicted to have pI values ranging from 5.75 to
5.13 for up to 15 phosphates per heterotrimer [64,65]. The RPA iso-
forms detected correspond well with the predicted values (Table 1,
top). Subsequent capillary IEF immunoassays employed a pH 5–6
gradient for separation.

The pH 5–6 gradient gave excellent separation for RPA het-
erotrimeric isoforms (Fig. 3A). Interestingly, the majority of the
peaks have pI values that correspond to phosphorylated RPA
heterotrimer isoforms; even in control lysates. Control lysates con-
tained six isoforms ranging in pI from 5.74 to 5.41, corresponding
up to seven phosphates per heterotrimer (Fig. 3A, blue line). The
majority of RPA heterotrimers in the control sample contained
one to four phosphates. DNA damaged lysates contained up to
ten isoforms with pI values extending all the way to 5.17 which
corresponds to an isoform containing 13–14 phosphates per het-
erotrimer. Data from S-phase lysates are similar to the G2 lysates
but weaker (data not shown). We  would like to note that 6 isoforms

with up to 9 phosphorylation sites were observed for untagged RPA
heterotrimer in asynchronous HeLa cell lysates made by Protein-
Simple (data not shown) corroborating these results. Treatment
with lambda phosphatase (Fig. 3B and C, gray lines) obliterated
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Fig. 6. RPA isoforms detected with phospho-specific antibodies before and after DNA damage in G2. Isoelectric focusing of heterotrimeric RPA was carried out using a pH 5–6
gradient, which was developed with the indicated phospho-specific RPA antibodies. (A) pS4/8; (B) pT21; (C) pS33; (D) pS23; (E) RPA2 18–33. Data from DNA damaged (pink)
and  control (blue) lysates are shown. The pI values assigned to peaks by Compass software are shown. The pI values of the additional peaks were estimated and summarized
in  Table 1. Primary antibody incubation times were 120 min  with the exception of pT21 and pS33 that were incubated for 240 min. Phosphatase treatment eliminates all
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eaks  detected by phospho-specific antibodies (data not shown). (For interpretatio
f  this article.)

he isoforms with pI values of 5.69–5.17 and enriched the isoforms
ith pI values of 5.70–5.72 to 5.64–5.67, confirming that these

soforms were phosphorylated. The remaining isoforms could be
ue to several factors: (1) incomplete hydrolysis by lambda phos-
hatase, although this is unlikely; (2) phosphate sites that were
ot accessible to lambda phosphatase, or (3) some additional post-
ranslational modification of RPA different to phosphorylation (e.g.
cetylation).

.4. Chromatin-bound RPA2-NT phosphorylation in response to
NA damage

Control and ZeocinTM-treated cells in S and G2 phases of the

ell cycle were fractionated into cytosolic and chromatin-bound
ractions. The quality of the cell fractionation was monitored
sing �-tubulin and H2AX as markers for cytosolic and nuclear
ractions, respectively (Fig. 4A). HA-tagged RPA2 was  then
e references to color in this figure legend, the reader is referred to the web version

immunoprecipitated from both fractions derived from S and G2
cells (Figs. 4 and 5). Western blots were performed using all avail-
able antibodies for the RPA2-NT phosphorylation sites. One hour
post release from ZeocinTM (t1), a clear supershift appears and RPA2
becomes hyperphosphorylated. Overall, a similar pattern of phos-
phorylation was  observed in both sets of chromatin-bound samples
with some pronounced differences (Fig. 4B and C). For both groups,
Ser23 is constitutively phosphorylated in the fastest migrating
RPA2 polypeptide and protein bands shift as RPA2 becomes hyper-
phosphorylated upon DNA damage. In G2, Ser33 is constitutively
phosphorylated as well (Fig. 4C, lane C). Ser29 is not significantly
phosphorylated in any sample, which is consistent with previ-
ously published findings [13]. The pSer29 antibody activity was

confirmed using mitotic cell lysates (Supplementary Fig. S3). In S
phase Ser33 of chromatin-bound RPA2 has the most phosphory-
lation (Fig. 4B, lane t1) whereas in G2 Ser4/8 appeared to be the
most strongly phosphorylated (Fig. 4C, lane t1). The recognition



20 G.E.O. Borgstahl et al. / DNA Repair 21 (2014) 12–23

F phase
R  sites

o
p
p
y
p
y

c
d
C
o
p
l
Z
r
i
w
D
a
a
G
a
a

u
i
p

ig. 7. Model for the phosphorylation of chromatin-bound RPA heterotrimer in G2 

PA  heterotrimer domain diagram with domain functions and consensus PIKK/CDK

f RPA2 by the antibody 18–33 that was raised against the non-
hosphorylated 18–33 peptide suggests that not all RPA2 becomes
hosphorylated at sites Thr21, Ser23 and Ser29. The low phosphor-
lation detected by 18–33 antibody and the overlap with some
hosphorylated forms shows the heterogeneity of RPA phosphor-
lation.

In comparing chromatin-bound RPA in S and G2 phases, we
an extrapolate information about RPA’s phosphorylation pattern
uring replication and repair. In untreated S phase control cells,
DK-modified Ser23 of RPA2 is the only phosphorylated residue
bserved (Fig. 4B, lane C). In G2 control cells, in addition to a heavily
hosphorylated Ser23, Ser33 of RPA2 is phosphorylated (Fig. 4C,

ane C). Following DNA damage in S phase 1 h after addition of
eocin (Fig. 4B, lane t0), Thr21 and Ser33 are heavily phospho-
ylated. In contrast, Ser33 shows a low level of phosphorylation
n G2 phase, and Ser4/8, Thr21 and Ser 23 are phosphorylated as

ell (Fig. 4C, lane t0). To this end, it can be stated that RPA2 in the
NA replication-focused S phase, is first phosphorylated at Thr21
nd Ser33, whereas additional time is required for RPA2 to reach

 maximally phosphorylated status in response to DNA damage. In
2 on the other hand, RPA2 is first phosphorylated at Ser4/8, Thr21,
nd Ser33 and phosphorylation at Ser23 is somewhat diminished
nd supershifted.
During replication, RPA is involved in the recruitment and stim-
lation of DNA polymerase � at replication origins. Among RPA’s

nteractions with other replication proteins, it is also thought to
lay a role in the stimulation of DNA polymerases � and � [3].
 of the cell cycle. (A) Schematic diagram summarizing the IEF and western data. (B)
 indicated as listed in Supplementary Table S1.

In agreement with studies demonstrating that phosphorylation
of RPA2 inhibits DNA replication [56,66], our data (Fig. 4B, lane
C) show that a lower level of RPA2 phosphorylation occurs in S
phase.

3.5. Cytosolic RPA2-NT phosphorylation in response to DNA
damage

RPA is ubiquitously expressed throughout the cell and it has
been shown that phosphorylation can influence RPA’s cellular loca-
tion [13]. When cytosolic RPA2-NT phosphorylation in S and G2
phases of the cell cycle after DNA damage was compared, surpris-
ingly, the pattern of phosphorylation was dramatically different. In
comparing immunoprecipitated protein from cytosolic fractions of
S and G2 (Fig. 5A and B, lanes C), it is clear to see that Ser23, Ser29,
and Ser33 are constitutively phosphorylated during S phase and
only faintly in G2. A high number of RPA2 phosphorylation sites
are modified during S phase after Zeocin treatment (Fig. 5A, lanes
t0 and t1). In contrast, G2 RPA shows a very low level of phosphor-
ylation (Fig. 5B). Thus, in G2 phase after DNA damage, most of the
phosphorylated RPA is chromatin-bound.

In S phase, comparing cytosolic RPA2 to chromatin-bound RPA2,
the untreated control samples were surprisingly different. The

extent of phosphorylation of cytosolic RPA2 derived from untreated
control samples is intriguing. In control cells, RPA2 contained a low
level of phosphorylation in S phase at Ser23, Ser29, and Ser33. Fol-
lowing the induction of DNA damage, the phosphorylation pattern



DNA R

o
c
b
d
S
i
c
b
R
N
o
N
p
c

3
p

R
t
p
a
i
c
p
t
d
t
p
i
r
p
d
r
d

4

i
D
i
t
p
i
p
v
s
w
I
i
T
a
t
S
b
h
i
F
r
b
d
a
S

G.E.O. Borgstahl et al. / 

f cytosolic RPA2 from 1 h after treatment was similar to that of
hromatin-bound RPA2, with the exception of Ser33. In chromatin-
ound RPA2, Ser33 is heavily phosphorylated in response to DNA
amage, markedly contrasting with the cytosolic RPA2 pattern.
er33 is thought to be phosphorylated by ATR [3] and although ATR
s present in the cytosol [67], it does not appear to be acting upon
ytosolic RPA2 in response to damage, as it does for chromatin-
ound RPA2. This confirms the requirement of ATRIP recognition of
PA-ssDNA complex for activation of ATR phosphorylation of RPA-
T [22]. Altogether, these observations may  imply that the low level
f phosphorylation occurring in S-phase chromatin-bound RPA2-
T is exported to the cytosol, or exclusion from the nucleus of
hosphorylated RPA protein, which appears during normal repli-
ation processes in S phase.

.6. Identification of the N-terminal phosphosites in
hosphorylated isoforms of RPA heterotrimer in G2

Capillary IEF immunoassay data using antibodies specific to the
PA2-NT and for phosphorylated RPA2-NT residues helps explain
he isoforms observed (Fig. 3). Phosphospecific antibodies pS4/8,
T21 and pS33 primarily react with RPA isoforms after DNA dam-
ge (Fig. 6A–C, pink data). Clearly, the four heavily phosphorylated
soforms, with pI values ranging from 5.33 to 5.17 (Table 1), all
ontain phosphates at pS4/8, pT21 and pS33. Please note that the
Ser12 data in the native capillary IEF do not correspond well with
he western blot data suggesting that this antibody may  interact
ifferently with native RPA heterotrimer than the denatured pro-
ein in the western blot (Supplementary Fig. S4). The cell cycle site
S23 can be assigned to isoforms containing 3, 4 and 5 phosphates

n control cells (Fig. 6D, blue data) and unphosphorylated RPA2
esidues 18–33 are seen in isoforms corresponding to 1, 2, 3 or 4
hosphates in control cells (Fig. 6E, blue data). Overall, these IEF
ata confirm the action of both phosphatases and kinases in the
emodeling of phosphorylated RPA isoforms in response to DNA
amage.

. Conclusions

RPA is an essential component of cellular DNA metabolism
ncluding DNA replication, recombination, and repair as well as
NA damage signaling. It is intimately involved in replication dur-

ng S phase, in HR-based repair during both S and G2 phases of
he cell cycle and in checkpoint signaling. This study contributes
ertinent information about RPA heterotrimeric phosphorylation

n response to DSBs in S and G2 phases of the human cell cycle. The
hosphorylation patterns of RPA most likely involved in HR can
ery easily be observed by comparing the capillary IEF immunoas-
ay data (Figs. 3 and 6 and Table 1) with G2 chromatin-bound
estern blot data (Fig. 4C). These results are summarized in Fig. 7A.

n G2 control cells, RPA heterotrimer has up to five phospho-
soforms containing up to seven phosphates (Fig. 3A, blue data and
able 1, row 1). These phosphates include RPA2 pSer23, pSer33,
nd up to five unidentified phosphorylation sites. Candidates for
hese yet unidentified sites are show in Fig. 7B and listed in Table
1. Immediately following DNA damage in G2 Ser4/8 and Thr21
ecome phosphorylated (Fig. 4C, lane t0). One hour later the RPA
eterotrimer is heavily phosphorylated with up to nine phospho-

soforms containing as many as 14 phosphates (Fig. 3A, pink data).
ive to eight of these DDR phosphates are on the RPA2-NT with the
emainder being unidentified However, these additional sites may

e important for the regulation of HR-based DNA repair and can-
idate sites include RPA2 residues Ser33, Ser52, Ser72 and Ser174
nd RPA1 residues Thr180, Ser207, Thr483 (Fig. 7B). RPA1 residue
er38 might be involved in cell cycle regulation (Supplementary
epair 21 (2014) 12–23 21

Table S1). It is noteworthy that several of these candidate PIKK sites
are located within DNA binding and protein interaction domains of
RPA.

Currently it is not precisely known what role RPA plays in the
cytosol. One hypothesis is that cytosolic RPA has a specific function.
Alternatively, the biochemical purification of RPA from cytosolic
cell fractions could be hypothesized to be an in vitro artifact. In
agreement with a cytosolic RPA population it was  recently demon-
strated that GFP-RPA2 is present in both the cytosol and the nucleus
and that these two RPA populations are functionally connected in
living cells [68]. In addition, RPA is well-known for its high affinity
for ssDNA (109–1011 M−1) and relatively low but significant affinity
for RNA (106–107 M−1) [33]. Although RPA’s binding constant for
RNA is lower than that for ssDNA, it is possible that RPA plays a bio-
logically relevant role in protein synthesis during the translation of
mRNA. Also a putative role for RPA in the export of nuclear mRNA
has been described [69]. Another possibility, given RPA’s exclusion
from chromatin during mitosis [13], is that the cytosol could be a
type of storage facility for RPA; however that does not explain the
difference in phosphorylation patterns on cytosolic S and G2 RPA2.
Although we have observed that RPA is present in the cytosol and
regulated via protein phosphorylation in response to DNA damage
in a cell cycle dependent manner, RPA’s role in the cytosol remains
to be determined.
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