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Although the herpes simplex virus type 1 (HSV-1) genome might be expected to induce a DNA damage
response, the ATR kinase is not activated in infected cells. We previously proposed that spatial uncoupling of
ATR from its interaction partner, ATRIP, could be the basis for inactivation of the ATR kinase in infected cells;
however, we now show that ATR and ATRIP are in fact both recruited to HSV-1 replication compartments and
can be coimmunoprecipitated from infected-cell lysates. ATRIP and replication protein A (RPA) are recruited
to the earliest detectable prereplicative sites, stage II microfoci. In a normal cellular DNA damage response,
ATR/ATRIP are recruited to stretches of RPA-coated single-stranded DNA in an RPA- and kinase-dependent
manner, resulting in the phosphorylation of RPA by ATR in damage foci. In contrast, in HSV-1-infected cells,
RPA is not phosphorylated, and endogenous phosphorylated RPA is excluded from stage II microfoci; in
addition, the recruitment of ATR/ATRIP is independent of RPA and the kinase activity of ATR. Furthermore,
we show that ATR/ATRIP play a beneficial role in viral gene expression and virus production. Although ICP0
has been shown to be important for partial inactivation of other cellular DNA repair pathways, we show that
ICP0 is not responsible for the inactivation of ATR signaling and, furthermore, that neither ATR nor ATRIP
is a target of ICP0 degradation. Thus, ATR and ATRIP may function outside the context of the canonical ATR
damage signaling pathway during HSV-1 infection to participate in the viral life cycle.

Herpes simplex virus type 1 (HSV-1) is a large linear double-
stranded DNA virus that replicates in the nucleus of the host
cell. The incoming viral genome contains nicks and gaps (42),
and cellular DNA repair machinery might be expected to rec-
ognize it as damaged, resulting in the activation of one or more
cellular DNA damage pathways. Activation of DNA damage
response pathways can result not only in repair of the damaged
DNA but also in cell cycle arrest, gene silencing, and apoptosis
(9). The later outcomes could result in suppression of viral
gene expression and DNA replication and thus have negative
consequences for lytic infection. Activation of a cellular DNA
damage response during viral infection could, therefore, rep-
resent a form of intrinsic antiviral immunity (14, 15). On the
other hand, HSV-1 and other DNA viruses which replicate in
the nucleus have also been shown to utilize cellular DNA
repair machinery to promote productive infection (28). Thus,
HSV-1 has apparently evolved to manipulate the host DNA
damage response by utilizing some components and inactivat-
ing others in an attempt to create an environment conducive to
lytic viral infection.

The cellular DNA damage response is regulated by the three
phosphoinositide 3-kinase-related kinases (PIKKs), DNA-PK
(DNA-dependent protein kinase), ATM (ataxia-telangiectasia-
mutated), and ATR (ATM and Rad3-related) (1, 9). DNA-PK
and ATM respond predominantly to double-strand breaks, and
ATR responds to stalled replication forks and long stretches of

single-stranded DNA (ssDNA). DNA-PK is required for non-
homologous end joining (NHEJ), while ATM activation pro-
motes homologous recombination. Interestingly, in some cell
types, the catalytic subunit of DNA-PK (DNA-PKcs) is pro-
teolytically degraded during infection by the immediate-early
(IE) protein ICP0, a viral E3 ubiquitin ligase (25, 37), thereby
resulting in the probable inactivation of the NHEJ pathway.
ATM kinase activity, on the other hand, is activated during
HSV-1 infection once viral DNA replication is initiated (26, 47,
56). Despite phosphorylation of several ATM targets, ATM
signaling is also modulated by ICP0, which degrades the
ubiquitin ligases RNF8 and RNF168. The function of these
ubiquitin ligases is to promote the tethering of ATM path-
way proteins at sites of cellular DNA damage (27). Thus, ICP0
functions to partially inactivate portions of both the DNA-PK-
and ATM-mediated repair pathways.

During a cellular DNA damage response, ATM activation
and processing of DNA ends generate ssDNA adjacent to
double-stranded DNA (dsDNA), a structure that is known to
activate ATR (9, 38). The ssDNA is coated by the cellular
ssDNA binding protein, replication protein A (RPA), which
then serves to recruit ATR through a direct interaction with
ATR-interacting protein (ATRIP) (4, 12, 58). ATR signaling
results in the phosphorylation of many substrates, including
RPA and Chk1. During HSV-1 infection, the ATR substrates
RPA and Chk1 are not phosphorylated (47, 54–56), indicating
that ATR signaling may be disabled.

A hallmark of HSV-1 infection is the reorganization of the
infected-cell nucleus, resulting in the formation of large glob-
ular replication compartments as well as the rearrangement of
cellular proteins involved in several homeostatic pathways. In
addition to cellular DNA repair proteins, HSV-1 infection also
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causes the reorganization of components of the cellular pro-
tein quality control pathways, resulting in the formation of
virus-induced chaperone-enriched (VICE) domains, which act
to maintain nuclear protein quality control during infection
(31). Viral gene expression, DNA replication, and encapsida-
tion of viral genomes occur in replication compartments (24,
39, 41). In this work we revisit the study of proteins recruited
to and restricted from replication compartments in an attempt
to better understand how HSV-1 manipulates components of
the cellular DNA damage response for its own benefit.

MATERIALS AND METHODS

Cells and reagents. Vero, HeLa, U2OS, HFF-1, 293T, and pEAK (293T
derivative) cells were obtained from the American Type Culture Collection
(ATCC). All cells except Vero cells were maintained in Dulbecco’s modified
Eagle medium with 10% fetal bovine serum; Vero cells were maintained in 5%
fetal bovine serum. Vero-derived E11 cells were obtained from Neal Deluca
(University of Pittsburgh School of Medicine, Pittsburgh, PA). These cells stably
express ICP4 and ICP27 and were maintained in 400 �g/ml G418 (44). BAY
57-1293 [N-(5-(aminiosulfonyl)-4-methyl-1,3-thiazol-2-yl)-N-methyl-2-(4-(2-
pyridinyl)phenyl)acetamide] was obtained from Gerald Kleymann (Bayer Phar-
maceuticals, Wuppertal, Germany) (21) and used at a concentration of 100 �M
as described previously (30).

Viruses. The KOS strain was used as wild-type HSV-1. Viruses �� and d106
are derived from KOS and were provided by Neal Deluca (University of Pitts-
burgh School of Medicine, Pittsburgh, PA). The ICP0-null virus, ��, contains
lacZ insertions in both copies of the ICP0 gene (45). The ICP0-expressing virus,
d106, is deleted for all immediate-early genes except ICP0 and contains the green
fluorescent protein (GFP) gene under the control of the human cytomegalovirus
(HCMV) promoter inserted in the ICP27 gene (43). Viruses in1863 and dl1403/
CMVlacZ are derived from strain 17� and were obtained from Chris Preston
(MRC Virology Unit, Glasgow, Scotland). These viruses contain the lacZ gene
under the control of the HCMV promoter/enhancer inserted in the tk gene (18,
48). in1863 was used as the wild type in experiments with the ICP0-null virus,
dl1403/CMVlacZ. KOS and in1863 were grown and titers were determined on
Vero cells. �� and dl1403/CMVlacZ were grown and titers were determined on
U2OS cells. d106 was grown and titers were determined on E11 cells.

DNA constructs and transfection. The Flag-ATR-wild type (pBJF-ATR-wt)
and Flag-ATR-kinase-dead (pBJF-ATR-kd) constructs were obtained from
Karlene Cimprich (Stanford University School of Medicine, Stanford, CA) (10,
11). Wild type ICP0 (pCI-110) was obtained from Roger Everett (MRC Virology
Unit, Glasgow, Scotland) (17). pcDNA3 was purchased from Invitrogen, and
pEGFP-N1 was purchased from Clontech. The following plasmids were previ-
ously described: wild-type Myc-ATRIP, wild-type Flag-ATRIP, Flag-ATRIP-1-
107, and Flag-ATRIP-1-217 in the vector pUNI50 (12); wild-type hemagglutinin
(HA)-ATRIP, HA-ATRIP�658-684, and HA-ATRIP�1-107 (4); and HA-
ATRIP�112-225 (2). All HA-ATRIP plasmids are in pLPCX (Clontech) and
contain wobble base mutations that make them resistant to shATRIP1, except
for HA-ATRIP�1-107, which does not contain the target sequence for
shATRIP1. Site-directed mutagenesis was used to introduce the checkpoint recruit-
ment domain (CRD) point mutation D58K/D59K into wild-type HA-ATRIP to
generate HA-ATRIP-crd. The forward CRD primer is 5� CATGGGGACTTC
ACTGCCAAGAAGCTGGAGGAGCTTGACACC. Cells were transfected as
indicated using Lipofectamine Plus reagent (Invitrogen) according to the man-
ufacturer’s suggested protocol.

Immunoprecipitation. Cells were lysed in 3-[(3-cholamidopropyl)-dimethyl-
ammonio]-1-propanesulfonate (CHAPS) buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 0.75% CHAPS, 1 mM NaF, 1 mM sodium vanadate, 1 mM dithiothreitol
[DTT], and 1� protease inhibitor cocktail [Roche]) (2) and disrupted by passage
through a 21-guage needle. Immunoprecipitation with the rATRIP Upstate
antibody (2 �g) was performed in the presence of 30 �l of protein A-agarose
overnight at 4°C. Immunoprecipitation with Myc antibody (2 �g) was performed
in the presence of 30 �l of protein A/G-agarose for 3 h at 4°C.

IF analysis. Immunofluorescence (IF) analysis was performed as described
previously (30). Briefly, cells adhered to glass coverslips were washed with phos-
phate-buffered saline (PBS), fixed with 4% paraformaldehyde, and permeabil-
ized with 1% Triton X-100. Cells were blocked in 3% normal goat serum and
reacted with antibodies as indicated. Primary antibodies included monoclonal
mouse anti-ATRIP (mATRIP R&D) (1:400; R&D Systems), polyclonal rabbit
anti-ATRIP (rATRIP Upstate) (1:200; Upstate), polyclonal rabbit anti-ATRIP

403 (rATRIP 403) (1:200) (12), monoclonal mouse anti-ICP8 (1:200; Abcam),
polyclonal rabbit anti-ICP8 367 (1:400; provided by William Ruyechan, State
University of New York, Buffalo, NY) (46), monoclonal rat anti-Hsc70 (1:200;
Stressgen), polyclonal rabbit anti-Flag (1:200; Sigma), polyclonal rabbit anti-HA
(1:200; Clontech), monoclonal mouse anti-RPA32 9H8 (1:200; GeneTex), and
polyclonal rabbit anti-phospho-RPA32 S4/S8 (1:200; Bethyl Laboratories).
TO-PRO-3 (1:1,000; Molecular Probes) was used as a nuclear counterstain.
Alexa Fluor secondary antibodies (1:200; Molecular Probes) were used with
fluorophores excitable at a wavelength of 488, 594, or 647. Images were
captured using a Zeiss LSM 510 confocal NLO microscope equipped with
argon and HeNe lasers and a Zeiss 63� objective lens (numerical aperture,
1.4). Images were processed and arranged using Adobe Photoshop CS3 and
Illustrator CS3.

Western blot analysis. Cells in 35-mm dishes were lysed in 2� SDS sample
buffer (4% SDS, 20% glycerol, 100 mM Tris [pH 6.8], 100 mM DTT, 10%
�-mercaptoethanol, 1� protease inhibitor cocktail [Roche], and 0.1% bromo-
phenol blue) and boiled for 5 min. Proteins were resolved by SDS-PAGE and
transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were
blocked for 1 h in 5% nonfat dry milk dissolved in Tris-buffered saline–Tween 20
(TBST). Primary antibodies were diluted in blocking solution and incubated
overnight at 4°C. Primary antibodies used included monoclonal mouse anti-
ATRIP (mATRIP R&D) (1:3,000; R&D Systems), polyclonal rabbit anti-ATRIP
(rATRIP Upstate) (1:3,000; Upstate), polyclonal rabbit anti-ATRIP 403
(rATRIP 403) (1:3,000) (12), monoclonal mouse anti-ICP8 (1:1,000; Abcam),
monoclonal mouse anti-ICP4 (1:1,000; Abcam), monoclonal mouse anti-ICP0
(1:1,000; East Coast Biotech), monoclonal mouse anti-�-actin (1:15,000; Sigma),
monoclonal mouse anti-HA F7 (1:10,000; Santa Cruz), polyclonal goat anti-ATR
N19 (1:1,000; Santa Cruz), monoclonal mouse anti-Chk1 (1:1,000; Santa Cruz),
monoclonal mouse anti-Myc (1:5,000; Cell Signaling) polyclonal goat anti-PML
N19 (1:1,000; Santa Cruz), monoclonal mouse anti-Ku70 Ab-4 (1:3,000; Neo-
Markers), and rabbit polyclonal anti-phospho-Chk1 S345 (1:1,000; Cell Signal-
ing). For phospho-specific antibodies, 2% bovine serum albumin (BSA) in TBST
was used in place of milk.

Lentivirus generation and use. The pLKO.1 system was used to package
lentiviruses and deliver short hairpin RNA (shRNA) into target cells. The three-
plasmid set containing the pLKO.1-TRC cloning vector (Addgene plasmid
10878) (35), psPAX2 (Addgene plasmid 12260), and pMD2.G (Addgene plasmid
12259) was purchased from Addgene, and the following shRNA target sequences
were cloned into pLKO.1 according to the manufacturer’s suggestions: shGFP,
GCAAGCUGACCCUGAAGUUCA; shATRIP1, AAGGUCCACAGAUUAU
UAGAU; shATRIP2, GGTCCACAGATTATTAGATTT; and shATR, AACC
UCCGUGAUGUUGCUUGA. Lentivirus particles were produced by transient
transfection of pEAK cells with pLKO.1, psPAX2, and pMD2.G at a ratio of
4:3:1. HFF-1 or Vero cells were transduced twice with the indicated lentiviruses
48 h apart and were used for experiments at 48 h after the second transduction.

Growth yield of KOS on shATRIP cells. HFF-1 cells were transduced with
lentiviruses expressing shGFP or shATRIP2 as described above. Cells were
seeded into 35-mm dishes at a density of 4 � 105 cells per dish and infected with
KOS at the indicated multiplicities of infection (MOIs). Virus was collected at
12 h postinfection, and titers were determined on Vero cells.

Probability of plaque formation. Assays of the probability of plaque formation
were performed as described by Everett et al. with the following modifications
(18). HFF-1 cells were transduced with lentiviruses expressing shGFP or
shATRIP2. Cells were seeded into 24-well dishes at a density of 1 � 105 cells
per well and infected with 2-fold sequential dilutions of in1863 or dl1403/
CMVlacZ. Cells were fixed at 24 h postinfection with 2% paraformaldehyde for
1 h and stained for �-galactosidase activity (5 mM potassium ferricyanide, 5 mM
potassium ferricyanide, 2 mM MgCl2, and 1 mg/ml X-Gal [5-bromo-4-chloro-3-
indolyl-�-D-galactopyranoside]).

HU treatment of infected cells. HeLa cells were infected as described in the
figure legends. At the indicated times postinfection, cells were treated with 3 mM
hydroxyurea (HU). Cells were harvested in 2� SDS sample buffer with phos-
phatase inhibitors at 2 h after the addition of HU.

RPA-ssDNA binding. ATRIP binding to RPA-coated ssDNA (RPA-ssDNA)
was done as previously described (4). Briefly, biotin-labeled ssDNA was bound to
streptavidin beads and either left uncoated or coated with recombinant human
RPA. RPA-ssDNA-streptavidin beads were then incubated with 293T cell lysates
transiently expressing HA-ATRIP or HA-ATRIP-crd. The beads were washed,
and proteins bound to the beads were eluted and separated by SDS-PAGE prior
to Western blot analysis.
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RESULTS

ATRIP colocalizes with ICP8 in HSV-1 replication compart-
ments. The obligate interacting partners ATR and ATRIP
colocalize during a cellular DNA damage response (12). We
have previously proposed that HSV-1 is able to disrupt the
tight colocalization of ATR and ATRIP during infection by
sequestering ATRIP away from ATR in virus-induced chaper-
one-enriched (VICE) domains (54). In that study a monoclo-
nal antibody that was reported to react with ATRIP was used
to probe the localization of ATRIP in HSV-1-infected cells. In
this study we have confirmed that mATRIP R&D detects a
protein that colocalizes with the VICE domain marker Hsc70
in infected cells (Fig. 1A). To confirm the localization of
ATRIP in VICE domains, we used two rabbit polyclonal an-
tibodies (rATRIP Upstate and rATRIP 403) and a Flag-tagged
ATRIP expression construct. To our surprise, endogenous
ATRIP detected with rATRIP Upstate and rATRIP 403 and
overexpressed Flag-ATRIP colocalized with the viral single-
stranded DNA binding protein ICP8 in replication compart-
ments and not in VICE domains (Fig. 1A and B). It is possible
that in Vero cells, mATRIP R&D detects a subpopulation of
ATRIP distinct from that detected with the polyclonal antibodies
and epitope tag. To test this, we next examined the staining
pattern in limited-passage human diploid fibroblasts. HFF-1 cells
were infected with HSV-1 and costained for ATRIP and ICP8.
rATRIP Upstate and rATRIP 403 both detected endogenous
ATRIP in replication compartments (Fig. 1C). Interestingly,
mATRIP R&D did not detect ATRIP in HFF-1 cells. The two
polyclonal ATRIP antibodies also detected ATRIP in replica-
tion compartments in HeLa cells (data not shown). Taken
together, these data suggest that mATRIP R&D may not ac-
tually detect bona fide ATRIP.

The mATRIP R&D antibody does not detect ATRIP. To
directly address whether mATRIP R&D can detect ATRIP,
mock- and HSV-1-infected Vero cell lysates were subjected to
Western blot analysis using mATRIP R&D and the poly-
clonal antibody rATRIP 403 (Fig. 2). rATRIP 403 detected
one band of approximately 80 kDa, the expected molecular
mass of ATRIP, in uninfected Vero cell lysates. In HSV-1-
infected cells we detected the 80-kDa band and another, much
slower-migrating band. The slower-migrating species may rep-
resent a nonspecific interaction with a viral protein, as it is not
present in uninfected cells and is not detected with an antibody
directed against the tag in infected-cell lysates from cells ex-
pressing a tagged ATRIP (data not shown). mATRIP R&D
detects an 80-kDa band and also detects a very prominent band
at approximately 50 kDa in both mock- and HSV-1-infected
lysates.

To confirm that the species detected by the polyclonal
ATRIP antibodies correspond to bona fide ATRIP, Western
blots of HeLa cell lysates transiently expressing HA-ATRIP
were analyzed (Fig. 3A). HA antibody detected HA-ATRIP in
the transfected samples but not in the mock-transfected sam-
ple. rATRIP Upstate detected an 80-kDa endogenous band in
the mock-transfected cells and detected two bands, corre-
sponding to endogenous and tagged HA-ATRIP, in the trans-
fected sample. mATRIP R&D did not detect full-length en-
dogenous ATRIP or tagged overexpressed ATRIP in HeLa
cells (Fig. 3A, right panel). To confirm this result, we repeated

the Western blot analysis with Vero cells depleted for ATRIP
by infection with lentiviruses expressing short hairpin RNA
targeting ATR (shATR). Since ATR and ATRIP are obligate
interacting partners, depletion of one protein also reduces the
protein levels of the other. As can be seen in Fig. 3B, shATR
significantly reduced the levels of ATR and ATRIP in Vero
cells. Parallel samples were processed for IF analysis (Fig. 3C).
Cells depleted of ATRIP and stained with rATRIP Upstate
showed a significant decrease in fluorescence intensity, sug-
gesting that rATRIP Upstate does in fact detect ATRIP. On
the other hand, cells depleted of ATRIP and stained with
mATRIP R&D did not show any decrease in fluorescence
intensity (Fig. 3C). Together, these lines of evidence demon-
strate that although rATRIP Upstate and rATRIP 403 appear
to recognize bona fide ATRIP, mATRIP R&D does not. From
this point on, the mATRIP R&D antibody was excluded from
further study. These data also support the conclusion that
ATRIP is indeed a component of replication compartments.

ATR also colocalizes with ICP8 in HSV-1 replication com-
partments. We previously reported that ATR is detected in the
nucleoli of uninfected Vero cells and that this localization does
not change upon infection with HSV-1 (54). Since we have
now identified ATRIP as a component of replication compart-
ments, we wished to revisit the question of ATR localization
during infection. We confirmed our previous result that ATR
detected by ATR antibody 138 (Bethyl Labs) is indeed in the
nucleoli of infected Vero cells (data not shown). ATR is known
to be alternatively spliced (13, 34), and these data suggest that
ATR 138 may detect an isoform of ATR that is nucleolar and
not reorganized during HSV-1 infection. We extended our
analysis to include full-length epitope-tagged ATR cDNA, a
reagent commonly used to study ATR localization. In unin-
fected cells Flag-ATR exhibited a nuclear diffuse staining pat-
tern, and it colocalized with ICP8 to replication compartments
in HSV-1-infected cells (Fig. 4).

During a normal DNA damage response, the kinase activity
of ATR is required for ATR recruitment to sites of DNA
damage (5). We next tested whether ATR recruitment to
replication compartments requires ATR kinase activity. Fig-
ure 4 shows that the kinase activity of ATR is not required
for recruitment of ATR to replication compartments. This
observation suggests that ATR and ATRIP are recruited to
replication compartments by a mechanism that is independent
of DNA damage.

ATR and ATRIP still interact in HSV-1-infected cells. As
obligate interacting proteins, ATR and ATRIP coimmunopre-
cipitate in uninfected and DNA-damaged cells (12). Based on
our previous report that ATR and ATRIP appeared to be
localized differently during infection, we originally proposed
that HSV-1 infection resulted in their separation from one
another (54). Based on the IF results reported above, however,
it appears that ATR and ATRIP actually colocalize in replica-
tion compartments. To test directly whether ATR and ATRIP
can interact with each other in HSV-1-infected cells, ATRIP
was immunoprecipitated from mock- and HSV-1-infected
Vero cell lysates using rATRIP Upstate. Figure 5 shows that
ATR coimmunoprecipitated with ATRIP in mock- and HSV-
1-infected cells. Levels of ATRIP and ATR in the coimmuno-
precipitates were equivalent under both conditions. ICP8 was
used as a marker for infection and did not coimmunoprecipi-
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FIG. 1. ATRIP colocalizes with ICP8 in HSV-1 replication compartments. Vero cells were infected with HSV-1 at an MOI of 10 for 6 h.
(A) Cells were fixed and stained with the indicated ATRIP antibody, ICP8 to indicate replication compartments, and rat Hsc70 to indicate VICE
domains. Cells in the first row were stained with mATRIP R&D and rabbit ICP8 367. Cells in the second and third rows were stained with rATRIP
Upstate or rATRIP 403 and monoclonal ICP8. (B) Vero cells were transfected with Flag-ATRIP and infected with HSV-1 at an MOI of 10 for
6 h. Cells were fixed and stained with rabbit Flag and monoclonal ICP8. (C) HFF-1 cells were infected with HSV-1 at an MOI of 10 for 6 h. Cells
were fixed and stained with rATRIP Upstate or rATRIP 403 and monoclonal ICP8.
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tate with ATRIP (Fig. 5). Similar results were obtained using
tagged overexpressed versions of ATR and ATRIP (data not
shown). This experiment indicates not only that ATR and
ATRIP are colocalized during HSV-1 infection but also that they

still coimmunoprecipitate, confirming that ATR and ATRIP are
not separated during infection as previously reported.

ATRIP and RPA can be detected in the earliest detectable
prereplicative sites, stage II microfoci. Our lab and others have
described prereplicative sites that form as precursors to the
formation of replication compartments (7, 29, 30, 32). It has
also been reported that cellular proteins are recruited at var-
ious stages of replication compartment formation (40, 56),
although it is not clear how they are recruited. The earliest
detectable prereplicative sites are stage II microfoci, and they
contain ICP8, the origin binding protein UL9, and the heli-
case-primase complex UL5/UL8/UL52 (30). Stage II microfoci
can be detected in cells infected in the presence of the HSV-1
helicase-primase inhibitor BAY 57-1293 or mutants deleted
for components of the helicase-primase complex (30). To de-
termine whether ATRIP is recruited to stage II microfoci, we
infected Vero cells in the presence of BAY 57-1293 and double
labeled for ATRIP using rATRIP Upstate and ICP8. ATRIP
was detected in stage II microfoci formed with BAY 57-1293
(Fig. 6A) and in stage II microfoci formed during infection
with the primase-null mutant hr114 (data not shown). Figure
6B shows that RPA is also present in stage II foci.

Previous reports have suggested that ATRIP is recruited to
sites of DNA damage through a direct interaction with RPA
(4, 58). We previously reported that RPA is not recruited to

FIG. 2. ATRIP antibodies recognize proteins of different sizes by
Western blot analysis. Vero cells were mock infected or infected with
HSV-1 at an MOI of 10 for 6 h. Cell lysates were prepared as described
in Materials and Methods and separated by SDS-PAGE. Western
blotting was performed with rATRIP 403 and mATRIP R&D. ICP8
served as an infection control, and actin served as a loading control.

FIG. 3. mATRIP R&D does not detect ATRIP. (A) HeLa cells were mock transfected or transfected with HA-ATRIP. Western blotting was
performed with HA, rATRIP Upstate, and mATRIP R&D. Actin served as a loading control. (B) Vero cells were infected twice with lentiviruses
expressing shRNA to GFP or ATR. Knockdown was determined by Western blotting for ATR N19, rATRIP Upstate, and Chk1. (C and D)
Knockdown was also determined by immunofluorescence with rATRIP Upstate (C) and mATRIP R&D (D).
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prereplicative sites until the formation of stage IIIb prerepli-
cative sites (56). Now, using more sensitive detection methods,
RPA could in fact be detected in stage II microfoci (Fig. 6B).
During a normal ATR-mediated damage response, ATR/ATRIP
and RPA colocalize in discrete foci that also include phosphor-
ylated RPA (P-RPA). Therefore, we next asked whether stage
II microfoci also contained P-RPA. Vero cells were infected
with HSV-1 in the presence of BAY 57-1293 or were mock
infected and treated with hydroxyurea (HU), a known activator
of ATR signaling. Cells were then double labeled for RPA and
P-RPA (Fig. 6C). Mock-infected cells treated with HU formed
numerous punctate foci with colocalized RPA and P-RPA. On
the other hand, cells with stage II microfoci contained punctate
RPA foci, which did not colocalize with P-RPA. These data
indicate that ATRIP and RPA are both recruited to stage II
microfoci; however, as previously reported, there is no activa-
tion of ATR signaling. Furthermore, the endogenous phosphor-
ylated RPA that is present prior to infection is excluded from
stage II microfoci. These data taken together suggest that
prereplicative sites do not represent areas of damaged DNA
despite their superficial resemblance to damage foci.

ATRIP is recruited to replication compartments indepen-
dently of RPA. The RPA binding domain of ATRIP has been
mapped to the N-terminal region of the protein and is adjacent
to a predicted coiled-coil domain responsible for ATRIP oligo-
merization (2, 4) (Fig. 7). To test whether the RPA binding
domain was sufficient to localize to replication compartments,
we utilized wild-type Flag-ATRIP and Flag-ATRIP truncation
mutants containing the RPA binding and the coiled-coil do-
mains (Flag-ATRIP-1-217) or the RPA binding domain alone
(Flag-ATRIP-1-107). Flag-ATRIP was able to localize to rep-
lication compartments in infected cells, as did the mutants
Flag-ATRIP-1-217 and Flag-ATRIP-1-107 (Fig. 7). These ob-
servations suggest that the RPA binding domain is sufficient
for localization to replication compartments.

The ATRIP acidic residues D58 and D59 in the RPA bind-
ing domain have been reported to make direct contacts with a
basic cleft on RPA70 (3). These acidic aspartic acid residues
represent a conserved motif by which many DNA repair pro-
teins are recruited to RPA, and this motif is called the check-
point recruitment domain (CRD) (3, 57). Charge reversal mu-
tations of aspartic acid to lysine are sufficient to prevent an
ATRIP fragment (amino acids 1 to 217) from binding RPA-
coated ssDNA (RPA-ssDNA) in vitro (57). To determine
whether RPA binding was necessary for ATRIP recruitment to
HSV-1 replication compartments more directly, we engi-
neered the same charge reversal mutations into full-length
HA-ATRIP to create HA-ATRIP-crd. Both HA-ATRIP and
HA-ATRIP-crd were tested for their ability to bind RPA-
ssDNA in vitro. ssDNA bound to streptavidin beads was coated
with purified RPA and incubated with mammalian cell lysates
from cells expressing either wild-type or mutant ATRIP. As
previously reported, HA-ATRIP efficiently bound to the RPA-
ssDNA but not to ssDNA alone (4) and HA-ATRIP-crd did
not bind RPA-ssDNA or ssDNA alone (Fig. 8A), consistent
with the observation that ATRIP-1-217-crd did not bind RPA-
ssDNA (57). HA-ATRIP-crd migrated slightly faster than the
wild-type protein, probably reflecting a change in isoelectric

FIG. 4. ATR colocalizes with ICP8 in HSV-1 replication compartments. Vero cells were transfected with wild-type Flag-ATR (wt) or
kinase-dead Flag-ATR (kd) and infected with HSV-1 at an MOI of 10 for 6 h. Cells were fixed and stained with rabbit Flag and monoclonal ICP8.

FIG. 5. ATR and ATRIP can still interact in HSV-1-infected cells.
Vero cells were infected with HSV-1 at an MOI of 10 for 6 h. ATRIP
immunoprecipitation was performed from cell lysates with rATRIP
Upstate, and products were separated by SDS-PAGE and blotted with
rATRIP Upstate, ATR N19, and ICP8 antibodies.
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point (pI) due to the replacement of acidic residues with basic
ones. This same mutation has also been shown to increase the
mobility of another checkpoint protein, Rad9, which also binds
RPA through conserved aspartic acid residues in its CRD (57).

In a normal DNA damage response, the RPA binding do-
main of ATRIP is required for ATRIP localization to sites of
DNA damage (4). Since HA-ATRIP-crd abrogates RPA bind-
ing, we hypothesized that it would also abrogate localization to
DNA damage foci following replicative stress. To test this
hypothesis, U2OS cells were infected with lentiviruses express-
ing shRNA to deplete endogenous ATRIP. Cells were then

transfected with shRNA-resistant HA-ATRIP or HA-ATRIP-
crd and treated with 3 mM HU for 5.5 h to induce a DNA
damage response. Immunofluorescence analysis was performed
to determine whether wild-type or mutant ATRIP could colocal-
ize with RPA at sites of DNA damage. Cells expressing HA-
ATRIP formed bright RPA foci that colocalized with ATRIP
foci. On the other hand, cells expressing HA-ATRIP-crd also
formed bright RPA foci, but these foci did not contain HA-
ATRIP-crd. In fact, there was no HA-ATRIP-crd reorganiza-
tion in response to HU. The percentage of cells with ATRIP
foci was determined for both samples, and these data are
displayed in Fig. 8B. A significant reduction was observed in
the number of cells with ATRIP foci for the HA-ATRIP-crd
mutant compared to the wild-type control. These data suggest
that the HA-ATRIP-crd mutant cannot bind RPA and cannot
localize to damage foci.

To test whether ATRIP is recruited to HSV-1 replication
compartments through a direct interaction with RPA, we tran-
siently overexpressed either HA-ATRIP or HA-ATRIP-crd in
Vero cells and then infected them with HSV-1. Like Flag-
ATRIP, HA-ATRIP also localized to replication compart-
ments as determined by colocalization with ICP8 (Fig. 8C).
Interestingly, HA-ATRIP-crd also colocalized with ICP8, in-
dicating that RPA binding is not a requirement for ATRIP
recruitment to replication compartments, as it is to sites of
DNA damage. Consistent with the observation that the kinase
activity of ATR is not required for localization to replication
compartments (Fig. 4), these data also suggest that ATR/
ATRIP are recruited to replication compartments by a mech-
anism different from that for recruitment to sites of DNA
damage.

We next tested ATRIP mutants with deletions in the RPA
binding domain, the coiled-coil domain, and the ATR binding
domain in order to determine whether these regions are re-
quired for localization to replication compartments. None of
these three mutants can localize to sites of DNA damage;
however, all of them were able to localize to replication com-
partments (Fig. 7), again suggesting that ATRIP is recruited by
a novel mechanism that does not represent normal DNA dam-
age signaling.

ATR and ATRIP contribute to efficient HSV-1 infection.
Since it does not appear that ATR and ATRIP were respond-
ing to DNA damage in the replication compartment, we next
asked whether they were needed for viral infection. HFF-1
cells were infected with lentiviruses expressing shRNA to GFP
or ATRIP, and virus growth was monitored. Knockdown of
ATRIP was measured by both Western blot and immunoflu-
orescence analyses to confirm that shRNA to ATRIP resulted
in a significant depletion of both ATR and ATRIP (Fig. 9A
and B). Viral gene expression in cells depleted of ATRIP was
monitored by Western blot analysis for the viral proteins ICP4
and ICP8, which served as markers for immediate-early (IE)
and early (E) genes, respectively. At an MOI of 0.1 PFU/cell,
shATRIP cells exhibited a slight delay in the expression of both
IE and E genes (Fig. 9C). For example, ICP4 could be detected
as early as 4 h postinfection in shGFP cells but was not de-
tected until 8 h postinfection in shATRIP cells. Likewise, ICP8
could be detected by 8 h in shGFP cells but was not detected
until 12 h postinfection in shATRIP cells.

Since knockdown of ATRIP caused a delay in gene ex-

FIG. 6. ATRIP and RPA but not phospho-RPA are in stage II
microfoci. Vero cells were infected with HSV-1 at an MOI of 2 for 6 h.
Infected cells were treated with the helicase-primase inhibitor BAY
57-1293 to generate stage II microfoci. (A and B) Cells were fixed and
stained with rATRIP Upstate and monoclonal ICP8 (A) or monoclo-
nal RPA and rabbit ICP8 367 (B). (C) Vero cells were either mock
infected and treated with 2 mM hydroxyurea for 6 h or infected with
HSV-1 at an MOI of 10 for 6 h in the presence of BAY 57-1293. Cells
were fixed and stained for RPA and phosphorylated RPA.
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pression, we also asked whether viral yield was reduced in
shATRIP cells. shGFP and shATRIP cells were infected at three
different multiplicities of infection, viral progeny were col-
lected at 12 h postinfection, and titers were determined on
Vero cells. At an MOI of 0.1 PFU/cell, the growth of HSV-1
was reduced by 5-fold, or approximately 80%, on shATRIP
cells compared to the shGFP controls (Fig. 9D). A smaller
reduction in growth was also detected at MOIs of 1 and 10
PFU/cell. Similar delays in viral gene expression and reduction
in virus yield were also obtained in HeLa cells (data not
shown). Together these data indicate that ATR and ATRIP
are not absolutely required for viral growth; however, they do
contribute to an efficient infection, possibly by promoting gene
expression of IE genes.

ATR and ATRIP are not targets of ICP0. We previously
suggested that ICP0 was able to uncouple ATRIP from ATR,
as transfection of cells with an ICP0 expression plasmid re-
sulted in a spatial uncoupling of ATRIP and ATR (54). Based
on this result, we further suggested that ICP0 may be directly
responsible for disabling the ATR signaling pathway in in-
fected cells. These experiments, however, utilized antibodies
which either do not react with bona fide ATRIP (mATRIP
R&D) or interact with an alternate isoform of ATR (ATR
138). In order to further explore the possible role of ICP0 in
disabling the ATR signaling pathway, we asked whether ATR
and ATRIP are direct targets of ICP0 degradation.

Cellular proteins that silence viral gene expression represent
a form of intrinsic cellular resistance to viral infections, and
ICP0 plays an important role during infection by degrading
these cellular proteins (14–16). Consequently, the major phe-
notype of the ICP0-null virus is a reduced probability of initi-
ating a productive infection due to one or more intrinsic anti-
viral defense mechanisms. Recent work from the Everett and
Weitzman labs has shown that depletion of ICP0 targets from
cells before infection improves the probability of plaque for-
mation of the ICP0-null virus (18, 27). We therefore compared
the probability of plaque formation of both wild-type HSV-1
and ICP0-null viruses on shATRIP cells compared to that on
the shGFP controls. The number of plaques produced on
shATRIP cells for a given dilution of virus was compared to the
number of plaques produced by the same dilution of virus on
shGFP cells. This method allowed us to determine a relative
probability of plaque formation in ATRIP-depleted cells (18).

We observed no difference in the probability of plaque forma-
tion of either wild-type HSV-1 or the ICP0-null virus when we
depleted ATRIP (Fig. 10A and B). These data suggest that
ATRIP does not appear to contribute to the repression of an
ICP0-null virus.

We next asked whether ATR and ATRIP are direct targets
of ICP0 degradation, as has been previously reported for
DNA-PKcs, PML, RNF8, RNF168, and several other cellular
proteins potentially involved in repression of lytic infection (14,
16, 18, 27, 37). ICP0 was expressed by infecting cells with virus
d106, which is deleted for all IE genes except ICP0 (43). HeLa
cells were infected at MOIs of 1 and 10 PFU/cell and harvested
at 6 and 24 h postinfection (Fig. 10C). Western blot analysis of
d106-infected cell lysates shows that PML is efficiently de-
graded in the presence of ICP0, as has been previously re-
ported (43). Despite the efficient degradation of PML, the
levels of ATR, ATRIP, and Chk1 remained constant during
infection, indicating that none of them are targets of ICP0.

Lastly, we wanted to confirm whether ICP0 could disrupt the
interaction between ATR and ATRIP. Cells were transfected
with Myc-ATRIP, Flag-ATR, and either GFP or ICP0. Myc-
ATRIP was immunoprecipitated using a Myc antibody, and
coprecipitating proteins were probed for ATR and ICP0 (Fig.
10D). Flag-ATR and Myc-ATRIP were still able to interact by
coimmunoprecipitation analysis in cells coexpressing GFP or
ICP0. Furthermore, ICP0 did not coimmunoprecipitate with
ATRIP. This experiment demonstrates that ICP0 is not able to
disrupt the interaction between ATR and ATRIP. Taken to-
gether, these data demonstrate the ATR and ATRIP are not
involved in repression of the ICP0-null virus and that ATR,
ATRIP, and Chk1 are not targets of ICP0-mediated degrada-
tion.

ATR signaling is disabled in HSV-1-infected cells. ATR and
ATRIP still interact and are located in replication compart-
ments of HSV-1-infected cells; however, ATR does not appear
to be activated, suggesting that the ATR pathway may be
disabled. We next asked whether the ATR pathway could be
activated in HSV-1-infected cells by treating them with hy-
droxyurea, a known activator of ATR (9). HeLa cells were
infected with HSV-1 for 1 h or 5 h and then treated with 3 mM
HU for an additional 2 h. In uninfected cells, HU treatment
results in robust phosphorylation of the ATR substrate Chk1
(Fig. 11A). In cells infected with HSV-1 for 1 h prior to treat-

FIG. 7. Localization of ATRIP mutants to replication compartments. A schematic representation of ATRIP and the ATRIP mutants used in
this study is shown, indicating the mutation, the ability to bind RPA, the ability to localize to DNA damage foci, and the ability to localize to
replication compartments.
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ment, Chk1 phosphorylation was reduced compared to that in
the uninfected control. Interestingly, in cells infected with
HSV-1 for 5 h prior to treatment, no Chk1 phosphorylation in
response to HU could be detected. In addition, cells infected
for 1 h with d106 and then treated with HU displayed no
reduction in Chk1 phosphorylation. As noted above, d106 ex-
presses only ICP0 and is deleted for all other IE genes (43);
thus, ICP0 expression alone is not sufficient to prevent Chk1
phosphorylation in response to HU. Together, these results
demonstrate that HSV-1 infection is sufficient to partially dis-

able ATR signaling at 1 h postinfection and completely disable
ATR signaling at 5 h postinfection.

To further explore the requirements of ICP0 in preventing
the phosphorylation of Chk1 in response to HU during infec-
tion, we used the ICP0-null mutant ��, which harbors lacZ
insertions in both copies of the ICP0 gene (45). HeLa cells
were infected with HSV-1, ��, or d106 for 6 h and then treated
with HU for an additional 2 h. We detected no inducible
phosphorylation of Chk1 in cells infected with HSV-1 or ��
(Fig. 11B). However, we were able to detect Chk1 phosphory-

FIG. 8. ATRIP is recruited to replication compartments independently of RPA. Site-directed mutagenesis was used to introduce the checkpoint
recruitment domain (crd) D58K,D59K mutation into full-length ATRIP. (A) Cells were transfected with HA-ATRIP or HA-ATRIP-crd, and cell
lysates were incubated with beads bound to ssDNA that was either coated by recombinant RPA (�) or uncoated (�). Proteins bound to beads
were eluted by boiling in SDS sample buffer, resolved by SDS-PAGE, and blotted with an HA antibody. (B) U2OS cells were infected with
lentiviruses expressing shATRIP1 and then transfected with shRNA-resistant HA-ATRIP or HA-ATRIP-crd. Cells were then treated with 3 mM
HU for 5.5 h and stained for HA and RPA. The percentage of cells with greater than five ATRIP foci per cell was determined for the
HA-ATRIP-wt and the HA-ATRIP-crd mutation. The values represent the averages from three independent experiments, and the error bars
represent the standard errors of the means. (C) Vero cells were transfected with HA-ATRIP or HA-ATRIP-crd and infected with HSV-1 at an
MOI of 10 for 6 h. Cells were fixed and stained with HA and ICP8.
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lation in d106-infected cells. Consistent with the observation
that ATR and ATRIP are not targets of ICP0, these experi-
ments show that ICP0 is not sufficient to block ATR signaling
in response to replicative stress.

DISCUSSION

In this study several important observations were made. (i)
ATRIP is recruited to the earliest reported prereplicative sites
(stage II microfoci) as well as to mature replication compart-
ments. (ii) ATRIP recruitment is independent of functional
ATR signaling and RPA binding, and a number of ATRIP
mutants defective in localization to sites of DNA damage can be
recruited to replication compartments. (iii) Despite the presence
of ATR, ATRIP, and unphosphorylated RPA in stage II micro-
foci in HSV-1-infected cells, endogenous phosphorylated RPA
is excluded. (iv) ATR also appears to be recruited to replica-
tion compartments, and the ATR-ATRIP interaction remains
intact in infected cells. (v) ATR and ATRIP appear to con-
tribute to productive infection and are required for efficient
expression of IE and E genes. (vi) Neither ATR nor ATRIP
appears to be a target for ICP0 degradation, and ICP0 is
apparently not required for HSV-1 to disable ATR signaling.
Taken together, these results have important implications for
the interaction between HSV-1 infection and the cellular dam-
age response and add to a growing body of evidence suggesting
that HSV-1 manipulates the host DNA damage response path-

ways. It now appears that HSV-1 can degrade or inactivate
components of all three major DNA damage signaling path-
ways while potentially coopting other components for its own
benefit.

ATR signaling may exert a negative influence on viral infec-
tion. The activation of the ATM pathway in HSV-1-infected
cells would generally be expected to activate ATR signaling
(9). The observation that ATR signaling is disabled in infected
cells is therefore of considerable interest, and we are interested
in both the mechanism of inactivation and possible reasons for
it. HSV-1 has previously been shown to interfere with signaling
by two of the three major DNA damage signaling kinases,
DNA-PK and ATM, through the action of ICP0, which spe-
cifically degrades DNA-PK, RNF8, and RNF168 (27, 37). The
observation that ATR signaling is inactivated by HSV-1 infec-
tion led us to speculate that ATR signaling may also represent
an intrinsically antiviral defense mechanism and that ICP0
might be responsible for counteracting negative consequences
of ATR activation.

The observations that ATR and ATRIP contribute to a
productive infection and are recruited to replication compart-
ments suggest that ATR itself is not intrinsically antiviral;
however, ATR signaling may still have negative outcomes for
viral infection, including gene silencing and checkpoint signal-
ing. For instance, during meiotic sex chromosome inactivation,
the X and Y chromosomes are transcriptionally silenced by a
mechanism that requires ATR (51, 52). Furthermore, ATR has

FIG. 9. ATR and ATRIP are required for efficient HSV-1 replication and IE gene expression. HFF-1 cells were infected twice with lentiviruses
expressing either shGFP or shATRIP2. (A) Knockdown was determined by Western blotting with rATRIP Upstate and ATR N19. Chk1 served
as a loading control. (B) Knockdown of ATRIP was also assessed by immunofluorescence staining with rATRIP Upstate and Topro3. (C) Knock-
down cells were infected with HSV-1 at an MOI of 0.1 and harvested at the indicated times postinfection. Western blotting were performed for
representative immediate-early (ICP4) and early (ICP8) genes. Actin served as a loading control. (D) Knockdown cells were infected with HSV-1
at the indicated MOI. Progeny virus was collected at 12 h postinfection, and titers were determined on Vero cells. The values represent the averages
from four independent experiments, and the error bars represent the standard errors of the means.
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been shown to colocalize with 	H2AX on regions of hetero-
chromatin or silenced chromosomes (19, 51, 52). It is also
possible that phosphorylation of the downstream targets of
ATR signaling, RPA and Chk1, may lead to checkpoint sig-
naling that would be unfavorable to HSV-1 gene expression or
DNA replication. It is also of interest that unphosphorylated
RPA is recruited to viral prereplication sites while endogenous
phosphorylated RPA is excluded, again suggesting that HSV-1
may have evolved to avoid downstream consequences of ATR
signaling.

HSV-1 inactivates ATR signaling in an ICP0-independent
manner. The involvement of ICP0 in the degradation of PML,
RNF8, and RNF168 is consistent with its known role in pro-
moting lytic viral infection by counteracting intrinsically anti-
viral defense mechanisms. ICP0 is also known to interfere with
the host interferon response (14, 20, 36). We were surprised to
find that inactivation of ATR signaling in HSV-1-infected cells
appears to occur by a mechanism that is independent of ICP0
and that neither ATR nor ATRIP is a target of ICP0 degra-
dation. We conclude that unlike the mechanism by which the

FIG. 11. HSV-1 blocks ATR signaling independently of ICP0.
(A) HeLa cells were infected with HSV-1 or d106 at an MOI of 10, and
3 mM HU was added at the indicated times postinfection and incu-
bated for another 2 h. Western blotting was performed for P-Chk1
S345, total Chk1, and ICP0. (B) HeLa cells were infected with KOS,
��, or d106 at an MOI of 5, 3 mM HU was added at 6 h postinfection,
and samples were collected 2 h later. Western blotting was performed
as for panel A with the addition of ICP4.

FIG. 10. ATR and ATRIP are not targets of ICP0. (A and B) HFF-1 cells were infected twice with lentiviruses expressing either shGFP or
shATRIP2. Cells were then infected with wild-type HSV-1 (in1863) (A) or ICP0-null (dl1403/CMVlacZ) (B) at dilutions suitable for plaque assays.
The relative probability of plaque formation on shATRIP2 cells was determined with respect to the same dilution of shGFP cells. The values
represent the averages from three independent experiments, and the error bars represent the standard errors of the means. (C) HeLa cells were
infected with d106, which expresses only ICP0, at an MOI of 1 or 10, and samples were harvested at 6 and 24 h postinfection as described in
Materials and Methods and separated by SDS-PAGE. Western blotting was performed for ATR N19, rATRIP Upstate, Chk1, and PML. ICP0
served as an infection control, and Ku70 served as a loading control. (D) Vero cells were transfected with Myc-ATRIP, Flag-ATR, and ICP0 as
indicated. ATRIP immunoprecipitation was performed from cell lysates with Myc antibody, and the products were separated by SDS-PAGE and
blotted with Myc, ATR N19, and ICP0.

12162 MOHNI ET AL. J. VIROL.



DNA-PK- and ATM-mediated damage responses are inacti-
vated, another viral activity must be responsible for the dis-
abling of ATR signaling in HSV-1-infected cells.

HSV-1 and adenovirus both disable ATR signaling. Inter-
estingly, ATR signaling is also disabled in cells infected with
adenovirus (8) and in cells infected with HCMV at late times
postinfection (33), consistent with the notion that ATR acti-
vation may exert a negative influence on infection by both
herpesviruses and adenoviruses. Adenovirus type 5 (Ad5) ap-
parently disables ATR activation by mislocalizing the MRN
components of the ATM pathway and therefore prevents cross
talk between signaling pathways (8). Ad12, on the other hand,
disables ATR signaling by degrading the ATR activator TopBP1
(6). In HSV-1-infected cells, MRN is recruited to replication
compartments (26, 47, 49, 56), and TopBP1 is not degraded
(K. N. Mohni and S. K. Weller, unpublished observation),
indicating that HSV-1 appears to disable ATR by a mechanism
distinct from that of either Ad5 or Ad12. For example, ATR
signaling generally occurs on cellular chromatin, and it is pos-
sible that ATR may not be able to signal damage on viral DNA
because it adopts a different chromatin structure (22, 23).
Alternatively, since ATR signaling requires the independent
recruitment of cofactors such as the 9-1-1 complex and
TopBP1 (9), it is possible that one or more of these cofactors
are either degraded or sequestered to prevent ATR signaling
in HSV-1-infected cells.

ATR/ATRIP are recruited to viral replication compartments
and are important for efficient production of virus. ATR/
ATRIP are also recruited to adenovirus replication compart-
ments in a manner that does not activate ATR signaling (8).
This raises the possibility that ATR/ATRIP proteins them-
selves play a positive role in the viral life cycle. In a normal
cellular DNA damage response, ATR/ATRIP are recruited to
stretches of RPA-coated single-stranded DNA in an RPA- and
kinase-dependent manner, resulting in the phosphorylation of
RPA by ATR (4, 5, 9). In this paper we show that ATR and
ATRIP recruitment is independent of functional ATR sig-
naling and RPA binding and that ATRIP mutants defective
in localization to sites of DNA damage can be recruited to
replication compartments. These results suggest that ATR/
ATRIP recruitment occurs by a mechanism entirely different
from that used in a cellular DNA damage response.

It is possible that the recruitment of ATR and ATRIP to
replication compartments is part of the mechanism by which
HSV-1 disables ATR signaling, perhaps by sequestering ATR
away from its required cofactors. It is also possible that ATR
and ATRIP themselves play positive roles in viral infection
during either immediate-early and early gene expression or
DNA synthesis. For instance, they may function to recruit
other cellular or viral factors that are important at the earliest
stages of infection. Thus, although we have identified the seven
major viral proteins required for HSV-1 DNA replication (53),
a large number of cellular factors are also present in replica-
tion compartments, and the mechanism by which they are
recruited and their precise functions remain a mystery. Work
to identify the stage in the virus life cycle that utilizes ATR/
ATRIP is under way.

In summary, the results presented in this paper augment
a growing body of evidence demonstrating that HSV-1 has
evolved to navigate an exquisitely complex web of cellular

DNA repair pathways in order to promote lytic viral infection.
We speculate that HSV-1 subverts intrinsically antiviral host
defenses and engineers the recruitment of viral and cellular
proteins that promote robust immediate-early and early gene
expression and aid in viral DNA replication.
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