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Structure of the Herpes Simplex Virus 1 Genome: Manipulation of
Nicks and Gaps Can Abrogate Infectivity and Alter the Cellular DNA
Damage Response
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ABSTRACT

The herpes simplex virus 1 (HSV-1) virion DNA contains nicks and gaps, and in this study a novel assay for estimating the size
and number of gaps in virion DNA was developed. Consistent with previous reports, we estimate that there are approximately 15
gaps per genome, and we calculate the average gap length to be approximately 30 bases. Virion DNA was isolated and treated
with DNA-modifying enzymes in order to fill in the gaps and modify the ends. Interestingly, filling in gaps, blunting the ends, or
adding random sequences to the 3’ ends of DNA, producing 3’ flaps, did not impair the infectivity of treated DNA following
transfection of Vero cells. On the other hand, the formation of 5’ flaps in the DNA following treatment resulted in a dramatic
reduction (95 to 100%) in infectivity. Virion DNA stimulated DNA-PKcs activity in transfected cells, and DNA with 5’ flaps stim-
ulated a higher level of DNA-PKcs activity than that observed in cells transfected with untreated virion DNA. The infectivity of
5'-flapped DNA was restored in cells that do not express DNA-PKcs and in cells cotransfected with the immediate early protein
ICPO0, which degrades DNA-PKcs. These results are consistent with previous reports that DNA-dependent protein kinase (DNA-
PK) and the nonhomologous end joining (NHE]) repair pathway are intrinsically antiviral and that ICPO can counteract this
effect. We suggest that HSV-1 DNA with 5’ flaps may induce an antiviral state due to the induction of a DNA damage response,
primarily mediated by NHE], that renders the HSV-1 genome less efficient for lytic infection.

IMPORTANCE

For productive lytic infection to occur, HSV-1 must counteract a variety of cellular intrinsic antiviral mechanisms, including the
DNA damage response (DDR). DDR pathways have been associated with silencing of gene expression, cell cycle arrest, and in-
duction of apoptosis. In addition, the fate of viral genomes is likely to play a role in whether viral genomes adopt a configuration
suitable for lytic DNA replication. This study demonstrates that virion DNA activates the cellular DDR kinase, DNA-PK, and
that this response is inhibitory to viral infection. Furthermore, we show that HSV-1 ubiquitin ligase, ICP0, plays an important
role in counteracting the negative effects of DNA-PK activation. These findings support the notion that DNA-PK is antiviral and
suggest that the fate of incoming viral DNA has important consequences for the progression of lytic infection. This study under-
scores the complex evolutionary relationships between HSV and its host.

erpes simplex virus 1 (HSV-1) has a double-stranded linear

DNA genome that is approximately 152 kbp in length. Both
the replicating DNA and encapsidated viral genomes contain
nicks and gaps (1-8). In DNA isolated from virions, gaps have
been reported to number 3 to 13 per genome (9, 10). These gaps
are randomly located and are present on both strands (3, 5, 11).
Little is known about how nicks and gaps arise, and it is antici-
pated that the study of nicks and gaps in the HSV genome may
provide insight into host responses to incoming viral genomes and
the mechanism of HSV-1 replication.

At the earliest stages of HSV infection, the viral genome is released
from the capsid into the nucleus, where it becomes associated with a
combination of viral and cellular proteins. Some of these proteins are
factors utilized by the virus to initiate a robust program of viral gene
expression and DNA synthesis, while others are now recognized for
their ability to mount an intrinsic antiviral response. Several intrinsi-
cally antiviral pathways that act to silence viral gene expression have
been identified, including PML and other components of ND10 (12,
13), the interferon-inducible DNA sensor IFI16 (14-16), and com-
ponents of the DNA damage response (DDR) (17-20). HSV must
counteract these intrinsically antiviral pathways to establish an envi-
ronment conducive to lytic infection.
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The cellular DDR is mediated by three phosphatidylinositol
3-kinase-like serine/threonine protein kinases (PIKKs): DNA-PK
(DNA-dependent protein kinase), ATM (ataxia telangiectasia
mutated), and ATR (ATM and Rad3 related) (21-23). The
DNA-PK complex, comprised of DNA-PKcs and the Ku70/Ku80
heterodimer, responds to double-strand breaks and stimulates repair
via nonhomologous end joining (NHEJ) (22). ATM is activated by
double-strand breaks and stimulates repair via homologous recom-
bination (HR) and single-strand annealing (SSA). ATR is activated by
stalled replication forks and stretches of single-stranded DNA
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(ssDNA) adjacent to double-stranded DNA (dsDNA) (22). DNA re-
pair proteins play both positive and negative roles during HSV infec-
tion, and HSV manipulates components of these pathways, activating
some and disabling others (18-20, 24-32).

The incoming viral genome with double-strand ends, nicks,
and gaps may be expected to be recognized by the cellular DDR
and activate one or more of the DNA damage-sensing kinases.
Activation of a DNA damage response can initiate cell cycle arrest,
gene silencing, and apoptosis, any of which could negatively im-
pact the viral life cycle by suppressing viral gene expression and
virus production. It is also possible that some DDR pathways may
result in “repair” of DNA in a manner that is not consistent with
lytic infection. In HSV-infected cells, several DNA damage-sens-
ing elements are degraded, or their signaling is blocked. For in-
stance, the immediate early protein ICPO is a major player in
counteracting cellular antiviral mechanisms by degrading antivi-
ral proteins, such as DNA-PKcs (18, 19). Interestingly, ICP0 is also
a component of the viral tegument and is thus present at the ear-
liest stages of viral infection, even before immediate early protein
synthesis (33-35). ATR-mediated phosphorylation of down-
stream targets, replication protein A (RPA) and Chkl, is also in-
hibited by 3 h postinfection (27, 30, 36). Thus, it appears that HSV
has evolved to inactivate several DDR elements that may recognize
the unusual structure of the incoming viral genome.

In this study, we have explored the role of virion DNA in the
activation of DDR kinases in the absence of the tegument using
transfection-based assays. Virion DNA was treated with enzymes
that would be expected to fill in gaps, extend 3 ends, ligate nicks,
cleave regions of single-stranded DNA, or result in 5’ flaps. These
treatments were used to confirm the presence of approximately 15
gaps per viral genome. We were also able to estimate the average
gap length to be approximately 30 bases. Virion DNA that had
been enzymatically modified was tested for infectivity by transfec-
tion. Although many of the treatments did not affect infectivity,
strand displacement synthesis resulting in 5" flaps and endonu-
cleolytic digestion of ssDNA caused significant decreases in infec-
tivity. Virion DNA containing 5’ flaps activated robust DNA-PKcs
activity that also correlated with the dramatic loss of infectivity.
This suppression could be rescued by genetic deletion of DNA-
PKcs or cotransfection with ICP0. These results are consistent
with previous reports that DNA-PKcs represents a cellular antivi-
ral response to infection.

MATERIALS AND METHODS

Cell lines. Vero cells and HCT-116 cells were obtained from American
Type Culture Collection (ATCC), and the derivative DNA-PK "/~ cell line
was generously provided by Eric A. Hendrickson (University of Minne-
sota Medical School, Minneapolis, MN) and has been previously de-
scribed (37). Vero cells were grown in Dulbecco’s modified minimal es-
sential medium (DMEM) (Gibco) containing 5% fetal bovine serum
(FBS). HCT-116 cells and DNA-PK /™ cells were grown in McCoy’s 5A
medium (modified) (Gibco) containing 10% FBS.

Viruses and plasmids. The KOS strain of HSV-1 was used as the wild-
type virus. The recombinant virus KOS-CMVGEP contains the green flu-
orescent protein (GFP) gene under the control of the human cytomega-
lovirus (HCMYV) promoter (2.0-kbp insertion) in the intergenic region
between the UL26 and UL27 genes (38). Wild-type ICPO (pCI-110) and
ICP0O ARING-Finger (pCI-FXE) were generously provided by Roger Ev-
erett (MRC Virology Unit, Glasgow, Scotland).

Preparation of viral DNA. Virion DNA was isolated as previously
described (39). Approximately 1 X 10® Vero cells were infected with KOS
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at a low multiplicity of infection (MOIL 0.1 to 0.5). When maximum
cytopathic effects were observed, infected cells were harvested by scraping
and spun down at 1,500 rpm for 15 min at 4°C. The supernatant was
removed and stored at 4°C for later use. The cell pellet was then resus-
pended in 3 ml of cold 1X reticulocyte standard buffer (RSB) and incu-
bated on ice for 10 min. Cells were then disrupted by Dounce homogeni-
zation. Cell debris and nuclei were then removed by centrifugation at
1,500 rpm for 10 min at 4°C. The supernatant was combined with the first
supernatant and centrifuged at 9,000 rpm for 60 min at 4°C. Virions were
resuspended in 5 ml of TNE (10 mM Tris-Cl [pH 7.4], 10 mM NaCl, 30
mM MgCl,) and frozen at —80°C. Virions were thawed, and SDS and
proteinase K were added to final concentrations of 1% and 100 pg/ml,
respectively. The tube was gently inverted and then incubated for 5 h at
37°C. Then DNA was either dialyzed overnight at 4°C against 1 liter of TE
(10 mM Tris-Cl [pH 7.5], 1 mM EDTA) or gently extracted by phenol-
chloroform-isoamyl alcohol (25:24:1) and then precipitated either by ad-
dition of 0.6 volume of 20% polyethylene glycol 8000 (PEG 8000)-2 M
NaCl or by ethanol precipitation. DNA was incubated 1 h on ice and then
centrifuged for 15 min at 20,000 X g. The pellet was washed with 70%
ethanol, dried briefly, and resuspended in TE. The DNA was aliquoted
and stored at —80°C.

Enzymes. The Klenow fragment of Escherichia coli DNA polymerase I
was from Boehringer Mannheim or New England BioLabs (NEB). T4
DNA polymerase, terminal transferase (TdT), calf intestine alkaline phos-
phatase (CIP), and mung bean nuclease were from NEB. T4 DNA ligase
was from NEB or Invitrogen.

In vitro modification of virion DNA. Virion DNA (200 ng, 2 fmol)
was incubated with polymerases and other enzymes in a 25-pl reaction
volume for 30 min, unless otherwise indicated. For reactions with Klenow
polymerase and T4 DNA ligase, a buffer containing 10 mM Tris-Cl (pH
7.5), 5mM MgCl,, and 7.5 mM dithiothreitol (DTT) was used. The man-
ufacturer-supplied buffer (NEB) was used for reaction mixtures contain-
ing T4 polymerase, terminal transferase, mung bean nuclease, and CIP.
ATP was used at 1 mM with T4 DNA ligase and alkaline phosphatase,
unless otherwise noted, and deoxynucleoside triphosphates (dNTPs)
were used at 0.5 mM where indicated. When different buffers were used,
no-enzyme controls were run using the same buffer.

Measurement of nucleotide incorporation into DNA. The incorpo-
ration of labeled nucleotides was performed using Klenow polymerase, T4
polymerase, and T4 DNA ligase (reactions described above) with
[@®?P]dCTP included in the INTP mixture. Reaction mixtures were in-
cubated at 37°C for the times indicated in the figures, and reactions were
stopped by adding 5 pl of 6 X gel loading buffer (50% glycerol, 1% SDS, 50
mM EDTA, 0.2% bromphenol blue). Half (15 pl) of each sample was
loaded onto a 0.7% agarose TAE (0.04 M Tris-acetate, 0.001 M EDTA) gel.
The gel was dried onto DE81 paper (Whatman) and exposed to phosphor-
imager screens (National Diagnostics). Dilutions of the dNTP mixture
were spotted onto paper and exposed to the phosphorimager screen along
with the gel in order to aid in the quantification of the amount of label
incorporated. The ImageQuant version 5.0 software package was used for
quantification of the results. Testing at each time point was repeated in-
dependently at least three times. Adobe Photoshop (v.7.0) and Adobe
Mlustrator (v. 10) were used in preparation of the figures.

Calculation of gap number and length. The incorporation of nucle-
otides by Klenow-ligase into 1 fmol of HSV genomes in a 40-min incuba-
tion was compared to the incorporation into the same amount of DNA by
Klenow fragment alone, 500 fmol and 3,500 fmol, respectively. The num-
ber of gaps per genome was calculated by dividing the difference in incor-
poration between Klenow alone and T4 polymerase by the average length
of Klenow strand displacement (200 nucleotides [nt]):

gap number = (incorporationKh,,m,W — incorporationty p(,1)/ 200 (1)

average gap length = incorporationry o1/ gap number (2)

Infectivity assays. Reactions were prepared and incubated as de-
scribed above, without the labeled nucleotide. All cell types were trans-

jviasm.org 10147


http://jvi.asm.org

Smith et al.

fected using Lipofectamine Plus reagent (Invitrogen) according to the
manufacturer’s suggested protocol. Vero cells at 50 to 70% confluence
were transfected with incorporation products at a concentration of 200 ng
of DNA/60-mm dish. Samples were overlaid with DMEM containing 2%
methylcellulose at 17 to 20 h posttransfection. Plaques were fixed and
stained with crystal violet 4 to 5 days later, and plaques were counted.
HCT-116 and DNA-PK ™/~ cells at 70% confluence were transfected with
purified HSV DNA at a concentration of 0.5 pg of DNA/35-mm dish.
Samples were harvested at 48 h following transfection and titrated on
Vero cells. For cotransfection experiments, HCT-116 cells were plated on
35-mm dishes at 70% confluence and transfected with 0.5 pg of viral DNA
and 1 pg of plasmid DNA. Virus was collected at 48 h following transfec-
tion, and viral yield was determined by titration on Vero cells.

Pulsed-field gel electrophoresis. Agarose gels were prepared using
1% pulsed-field gel-grade agarose (Bio-Rad) in 0.5X TBE (45 mM Tris, 45
mM borate, | mM EDTA [pH 8.3]) buffer. Samples were diluted in 6 X gel
loading dye (NEB) and loaded directly into the wells. Electrophoresis was
performed using a CHEF-DR III apparatus (Bio-Rad) with 0.5X TBE
running buffer. Samples were separated using 6 V/cm (approximately 200
V) for 24 h at 14°C. Switch times were ramped from 1 to 25 s. Lambda
Ladder PFG Marker (NEB) and Vero cells infected with HSV-1 were used
as size standards. Gels were stained with ethidium bromide, photo-
graphed, and transferred by Southern blotting to GeneScreen Plus mem-
branes (Dupont NEN) according to the manufacturer’s protocols. Mem-
branes were probed with CDP-Star biotin detection reagent (NEB) and
imaged using a ChemiDoc MP imaging system (Bio-Rad).

Western blot analysis. Vero cells were transfected with 2.5 g of un-
treated, Klenow-treated, or Klenow-ligase-treated infectious DNA (pre-
pared as described above) per dish. Lipofectamine 2000 reagent (Invitro-
gen) was used at a concentration of 10 .l per transfection, as described by
the manufacturer. Samples were harvested 24 h following transfection and
prepared for Western blot analysis as previously described (32). The pri-
mary antibodies used were mouse monoclonal anti-RPA32 (9H8) (1:
1,000; GeneTex), polyclonal rabbit anti-phospho-RPA S33 (1:3,000;
Bethyl), polyclonal rabbit anti-phospho-RPA S4/S8 (1:3,000; Bethyl),
monoclonal mouse anti-ICP0 5H7 (1:5,000; EastCoast Bio), and mono-
clonal mouse anti-Ku70 Ab-4 (N3H10) (1:1,000; Neomarkers). Western
blots were quantified using ImageJ software.

Gene expression assay. Vero cells were transfected with modified
KOS-GFP DNA. Samples were fixed with 4% paraformaldehyde 24 h
posttransfection and resuspended in PBS-EDTA (5 mM). GFP-positive
cells were measured using flow cytometry usinga BD LSRII, and analyzed
using FlowJo software.

IF. Immunofluorescence (IF) analysis was performed as described
previously (31,40). Briefly, cells adhered to glass coverslips were washed with
PBS, fixed with 4% paraformaldehyde, and permeabilized with 1% Triton
X-100. Cells were blocked in 3% normal goat serum and reacted with anti-
bodies as indicated below. Primary antibodies included monoclonal mouse
anti-ICP0 5H7 (1:200; EastCoast Bio) and polyclonal rabbit anti-phospho-
RPA32 54/S8 (1:200; Bethyl Laboratories). Alexa Fluor secondary antibodies
(1:200; Molecular Probes) were used with fluorophores excitable at wave-
lengths of 488 and 594 nm. Images were captured using a Zeiss LSM 510
confocal nonlinear optical (NLO) microscope equipped with argon
and HeNe lasers and a Zeiss 63X objective lens (numerical aperture,
1.4). Images were processed and arranged using Adobe Photoshop CS3
and Illustrator CS3.

RESULTS

In vitro modification of HSV-1 DNA. The HSV genome is pack-
aged as a linear, double-stranded DNA molecule that contains
nicks and gaps. This unusual structure prompted us to ask how the
presence of nicks and gaps might influence early steps in viral
infection, particularly with respect to host factors that respond to
incoming DNA. HSV-1 DNA, purified from virions, is capable of
initiating a productive infection in transfected cells. Transfection
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experiments thus permit us to explore the infectivity of virion
DNA in the absence of tegument proteins that may act to promote
or disable host factors responding to incoming viral genomes. To
better understand how the structural attributes of virion DNA
affect infectivity and host responses, DNA isolated from virions
was enzymatically modified in vitro prior to transfection.

We first sought to confirm the presence of gaps in purified HSV
DNA and to demonstrate that gaps could be repaired in vitro using
a gap-filling polymerase. Purified DNA was treated with the Kle-
now fragment of E. coli DNA polymerase I, which was expected to
recognize free 3’ termini and incorporate nucleotides, thereby fill-
ing in gaps. In a control reaction, virion DNA was denatured and
primed with random hexamers. Figure 1A shows that labeled nu-
cleotides incorporated into the boiled and random-primed DNA
migrated as a smear (left side), whereas nucleotides incorporated
into virion DNA migrated primarily as a single species. The extent
of incorporation was quantified and displayed in the graph shown
in Fig. 1B. Incorporation of label into nondenatured virion DNA
reached a plateau after 5 to 10 min of incubation, indicating that
the gaps in this DNA substrate had been filled. It is unlikely that
the plateau is due to inactivation of the enzyme or an exhaustion
of the dN'TPs, as the incorporation into the random-primed sam-
ple continued to be linear and did not reach a plateau in the same
time frame.

Klenow polymerase strand displacement activity can be used
to measure gap number and length. In order to measure the gap
number and length of virion DNA, we compared nucleotide in-
corporation using DNA polymerases with different biochemical
properties. The Klenow fragment of DNA polymerase I extends 3’
termini at gaps and is also capable of strand displacement synthe-
sis. Because Klenow lacks 5'-to-3" exonuclease activity, nucleo-
tides are displaced from the template ahead of the growing chain
but are not cleaved, resulting in a 5" flap. T4 polymerase, on the
other hand, does not possess strand displacement activity, and it
dissociates from the DNA template when it reaches the end of a
gap (41). In addition, treatment with Klenow and T4 DNA ligase
together prevents strand displacement synthesis because under
these conditions, once Klenow has filled in the gap, the 3’ termi-
nus of the newly synthesized fragment is ligated to the 5" terminus
of the adjacent strand.

Figure 2 shows the incorporation of labeled nucleotides into
HSV DNA by Klenow polymerase alone, Klenow and ligase to-
gether, or T4 DNA polymerase. While all three reactions reached a
plateau, Klenow incorporated approximately 7-fold more label
than the other two reactions. This is consistent with the known
ability of Klenow to carry out strand displacement synthesis. On
the other hand, the inability of T4 DNA polymerase and Klenow-
ligase to perform strand displacement synthesis is consistent with
the lower levels of incorporation observed for these conditions.

We took advantage of the known biochemical properties of T4
DNA ligase and Klenow polymerase to measure the number and
length of gaps in HSV-1 DNA using equation 1, as described in
Materials and Methods. The difference in incorporation between
Klenow treatment and Klenow-ligase treatment (3,000 fmol) rep-
resents the “extra” incorporation by Klenow resulting from strand
displacement. Klenow polymerase is known to displace approxi-
mately 200 bases before it dissociates from a DNA template (42,
43). To estimate the number of invasions and, consequently, the
number of gaps, the value for extra incorporation was divided by
200. According to this calculation, the number of gaps in the
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FIG 1 Purified HSV-1 DNA contains gaps than can be filled by DNA poly-
merase. (A) The incorporation of labeled nucleotides by the Klenow fragment
of E. coli DNA polymerase I into 200 ng of HSV-1 DNA was performed as
described in Materials and Methods. For lanes 1 to 6, prior to incubation in the
reaction mixture, the DNA was boiled for 2 min and quickly cooled, and
random primers were added. Samples were analyzed by agarose gel electro-
phoresis. (B) Quantification of labeled nucleotides incorporated into the
HSV-1 DNA.

HSV-1 genome is 15, which is comparable to previous determina-
tions of 3 to 13 gaps per genome (9, 10). Furthermore, using equa-
tion 2, the average gap size is calculated to be 33 nucleotides.
The conditions under which the ligation was performed (low
DNA concentration and high concentration of ligase at 37°C for
20 min) support complete sealing of the nicks but are unlikely to
result in any end-to-end ligation of molecules. In order to verify
that the ends of the HSV-1 DNA were not ligated during the reac-
tion, products were separated by pulsed-field gel electrophoresis.
The untreated HSV-1 DNA migrated as a linear 152-kb monomer
on the gel (Fig. 3, lanes WT). After treatment with Klenow or
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Klenow and ligase together (Fig. 3, lanes K and KL, respectively),
the DNA was still monomeric length, and no larger-molecular-
size species were observed, indicating that the ligase did not pro-
duce concatemers or circles. Species that are shorter than mono-
meric length were observed in all lanes, indicating that a portion of
the DNA was sheared. Since fragmentation is more noticeable for
the untreated sample, it is likely that the nicked DNA was more
vulnerable to breakage than DNA that had been repaired.

Filling in nicks and gaps did not affect infectivity. The incor-
poration studies demonstrated that virion HSV-1 DNA contained
gaps that were readily filled using purified DNA polymerases. We
next asked whether the changes in DNA structure, made in vitro,
affected the infectivity of the modified DNA, as measured by a
plaque assay following transfection. Plaque numbers for the con-
trol DNA were in the range of 50 to 150 per 60-mm dish. Treat-
ment of the DNA with T4 DNA ligase did not affect infectivity
(Fig. 4). Likewise, DNA that was filled in and ligated by treatment
with Klenow-ligase was fully infectious. This indicates that, at least
in the context of transfection, gaps and nicks are not required for
infectivity. Filling in nicks and gaps also did not potentiate the
infection, as percent infectivity was similar to that of the untreated
control.

Treatment with mung bean nuclease destroys infectivity,
confirming the presence of gaps. Infectivity was completely elim-
inated when HSV-1 DNA was incubated with mung bean nu-
clease, an endonuclease that degrades ssDNA (Fig. 4). This result
confirms the presence of gaps in virion DNA, since digestion of the
ssDNA at gaps would fragment the genome and abolish infectiv-
ity. On the other hand, virion DNA that had been treated with
Klenow-ligase and then incubated with an excess of mung bean
nuclease retained its infectivity. HSV has been reported to contain
complementary single 3’ nucleotide overhangs at both ends (44,
45). Treatment with mung bean nuclease following repair with
Klenow-ligase would be expected to blunt the ends of the HSV
genome by removing overhangs. These overhangs have been sug-
gested to facilitate end ligation and contribute to circularization of
the genome prior to replication (46). The observation that HSV-1
DNA was still infectious after this treatment confirms that Kle-
now-ligase can fill in gaps and that 3’ overhangs are not required
for infectivity.

Treatment with calf intestine alkaline phosphatase is toler-
ated. End ligation and circularization of DNA would be expected
to require the presence of a 5 phosphate. In order to determine
whether 5" phosphates on viral DNA are required for infectivity,
HSV-1 DNA was treated with calf intestine phosphatase. This
treatment has no effect on infectivity, suggesting that incoming
DNA does not need to be end ligated (Fig. 4). We cannot, how-
ever, rule out the possibility that cellular kinases could rephospho-
rylate viral DNA.

Virion DNA with 3’ flaps retains infectivity. To further ana-
lyze the effects of in vitro modification on infectivity of virion
DNA, we tested the effect of random 3’ tails added onto the DNA
by terminal transferase (TdT). Treatment with TdT acts in a tem-
plate-independent manner to catalyze the addition of deoxy-
nucleotides to an available 3" terminus. We used terminal trans-
ferase to add tails, which were approximately 100 to 300
nucleotides in length, onto the HSV-1 DNA (47-50). Despite the
fact that the 3’ additions were random, and therefore nonhomol-
ogous, these additions had no effect on the infectivity of the DNA
(Fig. 4).
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FIG 2 Incorporation of labeled nucleotides into HSV-DNA by Klenow fragment polymerase alone, Klenow and ligase together, or T4 DNA polymerase. Purified
HSV-1 DNA was incubated with labeled nucleotides and the following enzymes, as described in Materials and Methods: Klenow fragment, Klenow fragment

together with T4 DNA ligase, and T4 DNA polymerase.

Treatment with Klenow polymerase abolishes infectivity. In-
terestingly, DNA treated with Klenow alone produced only 0 to
10% of the number of plaques seen with untreated DNA (Fig. 4).
In the absence of nucleotides, Klenow treatment had no effect on
infectivity, demonstrating that incorporation of nucleotides into
viral DNA was necessary for the loss of infectivity. In addition, if
Klenow was prevented from generating 5" flaps by coincubation
with T4 DNA ligase, infectivity was not impaired. Thus, the dra-
matic decrease in infectivity with Klenow-treated DNA was seen
only when strand displacement synthesis was allowed. Since
strand displacement synthesis is believed to result in the forma-
tion of 5" flaps, these results suggest that 5’ flaps are responsible
for the lack of infectivity of Klenow-treated DNA.

The drastic reduction in infectivity after Klenow treatment was
not expected, and we were interested to determine its cause. To
rule out the possibility that Klenow treatment caused a reduction

WT K KL WT K KL
-
-152kb- "‘

Total DNA Biotin

FIG 3 Virion DNA before and after treatment with Klenow or Klenow and
ligase. Biotinylated nucleotides were incorporated into HSV DNA using Kle-
now alone or Klenow and ligase. Pulsed-field gel electrophoresis was per-
formed with untreated (WT), Klenow-treated (K), and Klenow-ligase-treated
(KL) HSV virion DNA. The gel was probed with ethidium bromide (total
DNA) and CDP-Star biotin detection reagent (incorporated nucleotides).
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in transfection efficiency and thus reduced the number of ge-
nomes entering the nucleus, we measured gene expression from
DNA that had been treated with either Klenow or Klenow-ligase.
Virion DNA was prepared from cells that had been infected with a

IN VITRO %
TREATMENT | DNASTRUCTURE |\NpeCTIVITY
Wild-type — 100
Ligase Z 116 +9
5\
Klenow 8 +7
N5 N5
Klenow, no
dNTPs - L
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nuclease _——— = -
Klenow + ligase,
then mung bean 100 =10
nuclease
Terminal /3 100 +8
transferase | T 3./ 3/ -
Alkaline —
phosphatase 1RG50

FIG 4 Expected structure and measured infectivity of HSV virion DNA fol-
lowing various in vitro treatments. Virion DNA was treated with the indicated
enzymes and tested for infectivity. The numbers of plaques have been normal-
ized, with the plaque number obtained in control reactions set at 100%.
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FIG 5 Transfection efficiency of treated and untreated KOS-GFP DNA. Vero
cells were transfected with untreated (black), Klenow-treated (red), or Kle-
now-ligase-treated (blue) KOS-GFP DNA. The graph depicts overlaid histo-
grams of cells sorted by FACS and gated for GFP-positive cells.

GFP-expressing virus and used to transfect Vero cells in the pres-
ence of phosphonoacetic acid (PAA) to prevent viral replication.
Thus, gene expression is expected to originate only from input
genomes, allowing for a direct comparison between treated and
untreated virion DNA. GFP-positive cells were analyzed by fluo-
rescence-activated cell sorting (FACS). GFP expression was de-
tected in cells transfected with untreated, Klenow-treated, or Kle-
now-ligase-treated KOS-GFP DNA. Figure 5 depicts histograms
showing the distribution of GFP intensity plotted against the
number of GFP-positive cells. These data indicate that transfec-
tion efficiencies are similar for treated and untreated samples and
that the loss of infectivity associated with Klenow treatment is not
caused by differences in transfection efficiency.

Cotransfection of ICP0 with untreated and Klenow-treated
HSV-1 DNA dramatically improves infectivity. Cotransfection
of ICPO with infectious DNA has previously been shown to en-
hance plaque formation in Vero and U20S cells (51). We were
interested to see whether ICPO could boost infectivity in cells
transfected with Klenow-treated DNA. HCT-116 cells were
cotransfected with wild-type or mutant ICPO and purified HSV-1
DNA that was either left untreated or treated with Klenow. The
ICPO mutant lacked the RING finger domain (ICPO-FXE). Ex-
pression of wild-type ICP0O dramatically increased viral yield from
Klenow-treated DNA, by more than 3 orders of magnitude, com-
pared to cotransfection of an empty vector with Klenow-treated
DNA (Table 1). Consistent with previous findings (51), cotrans-
fection with wild-type ICPO also improved the infectivity of un-
treated virion DNA, although to a lesser extent. There was also a
modest effect on the infectivity of both the untreated and Klenow-
treated DNA when cotransfected with ICPO-FXE. This may be due
to other functions of ICPO that are unrelated to its ubiquitin ligase

TABLE 1 Viral yields from cells cotransfected with HSV-1 virion DNA
and plasmid DNA

Viral DNA Plasmid Viral titer (PFU/ml), %
treatment cotransfected ~ mean = SE infectivity
None (wild type) ~ Empty vector 2.9 X 10° £ 1.7 X 10> 100
ICPO 4.1 X 10° = 8.1 X 10* 14,000
ICP0 AFXE 1.2 X 10* £ 3.7 X 10° 420
Klenow Empty vector 3.0 X 10" = 1.1 X 10" 1
ICPO 1.3 X 10° + 4.4 X 10* 4,600
ICP0 AFXE 1.0 X 10° £ 1.9 X 10> 35
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FIG 6 HSV-1 DNA stimulates RPA phosphorylation in transfected cells but
not infected cells. Vero cells were either infected with HSV-1 at an MOI of 10
and harvested at 3 h postinfection (KOS) or transfected with 700 ng of virion
DNA and harvested 3 h following serum addition (KOS DNA). As a positive
control for pRPA32 S4/S8, Vero cells were treated with 50 J/m? and allowed to
recover for 1 h at 37°C (UV).

activity. Similar results were also obtained with Vero cells (data
not shown). These results confirm that ICP0 expression improves
the infectivity of purified HSV-1 DNA. Interestingly, the presence
of ICPO is able to overcome the loss of infectivity exhibited by
Klenow-treated virion DNA containing 5" flaps. Although it is
unknown whether 5 flaps arise during HSV infection, it has been
shown that replicating viral DNA adopts complex structures (52,
53), and these structures may include 5 flaps.

HSV-1 DNA stimulates replication protein A (RPA) phos-
phorylation in transfected cells but not infected cells. Since HSV
virion DNA is linear, it has ends that may be recognized as double-
strand breaks by DNA-PK. Furthermore, it is possible that gaps in
HSV DNA or other unusual structures could mimic the substrates
that activate ATR (ssDNA adjacent to dsDNA). Therefore, the
structure of the viral genome might be expected to result in acti-
vation of both ATR and DNA-PK. We have, however, previously
reported that RPA, which is a target for phosphorylation by both
kinases, is not phosphorylated during HSV infection (24, 32).
HSV inactivates components of both NHEJ and HR pathways
through the action of ICP0. As an immediate early protein, ICP0 is
expressed very early in infection, but it is also present in the tegu-
ment of the incoming virion (33-35), potentially entering the nu-
cleus at the time of DNA entry. These observations led us to ex-
amine whether virion DNA could induce DNA-PK and ATR
kinase activity in transfected cells in which ICPO and other viral
proteins are not present. The cellular ssDNA-binding protein RPA
is a well-known downstream target of both DNA-PKcs and ATR
in response to DNA damage (54). The S33 residue of the middle
subunit, RPA32, is specifically phosphorylated by ATR (55), while
the S4 and S8 residues of RPA32 are phosphorylated by DNA-PK
(54, 56-58).

In uninfected Vero cells treated with UV, RPA32 is phosphor-
ylated by DNA-PK and ATR, as detected using specific antibodies
for phospho-RPA32 S4/S8 and phospho-RPA32 S33, respectively
(Fig. 6). Consistent with our previous findings, no phosphory-
lated RPA was detected in HSV-infected cells (Fig. 6) (24, 32, 59).
On the other hand, phospho-RPA32 S4/S8 was detected in cells
transfected with purified virion DNA, demonstrating that
DNA-PK is activated under these conditions (Fig. 6). Interest-
ingly, phospho-RPA32 S33 was not detected, suggesting that in-
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ICPO + UV

P-RPA §4/58

FIG 7 ICPO prevents RPA32 S4/S8 phosphorylation in Vero cells. Vero cells
were transfected with ICPO wt or the FXE mutant and then irradiated with 100
J/m? of UV. Cells were allowed to recover for 2 h and then fixed and stained as
indicated. Arrows highlight cells transfected with ICPO.

coming virion DNA is not a suitable substrate for ATR activation
(Fig. 6).

The observation that DNA-PK is not activated in infected cells
is consistent with the known ability of ICPO to degrade DNA-PKcs
at least in some cell types (18, 19, 60, 61). Interestingly, however,
DNA-PKcs is not degraded in HSV-infected Vero cells (24), rais-
ing the possibility that DNA-PK might be inhibited by a mecha-
nism other than degradation. Vero cells were transfected with
ICPO or an ICPO RING finger mutant (ICP0-FXE), which lacks
ubiquitin ligase activity; they were then UV irradiated and ana-
lyzed by immunofluorescence with antibodies specific for ICP0O
and pRPA-54S8. Cells expressing ICPO failed to induce RPA32
S4/S8 phosphorylation after UV damage, as there was no pRPA32
S4/S8 staining in cells that were positive for ICPO expression (Fig.
7, top). Conversely, pRPA32 S4/S8 was observed in cells express-
ing ICPO-FXE, suggesting that the ubiquitin ligase activity of ICP0O
is required for inhibition of RPA $4/S8 phosphorylation (Fig. 7,
bottom). Thus, ICP0 is able to inhibit DNA-PK-dependent signal-
ing, even in cell types in which DNA-PKcs is not degraded. These
observations suggest either that ICPO degrades another protein
necessary for activation of DNA-PKcs or that ubiquitination of
DNA-PKGcs is inhibitory even without degradation.

Addition of 5 flaps to virion DNA increases hyperphospho-
rylation of RPA32. We were intrigued by the dramatic loss of
infectivity observed with the Klenow-treated DNA and by the abil-
ity of ICPO to rescue infectivity (Table 1). We hypothesized that
DNA with 5’ flaps may activate a more robust cellular DNA dam-
age response than wild-type HSV-1 DNA. Given previous reports
that DNA-PK is antiviral, we wanted to test the possibility that loss
of infectivity may correlate with a robust DNA damage response.
Therefore, we asked whether modifications to virion DNA could
alter the DDR following transfection. Vero cells were transfected
with virion DNA that was either left untreated, treated with Kle-
now (containing 5 flaps), or treated with Klenow-ligase (filled in
and ligated). Untreated transfected DNA stimulated RPA32 S4/58
phosphorylation, and Klenow-ligase-treated DNA exhibited a
level of RPA32 S4/S8 phosphorylation similar to that of the un-
treated sample. Interestingly, Klenow-treated DNA elicited a
greater pRPA S4/S8 signal than either the untreated or filled-in
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FIG 8 Addition of 5" flaps to virion DNA increases hyperphosphorylation of
RPA32. (A) Vero cells were transfected with purified KOS DNA that was either
left untreated (NT) or treated with Klenow (K) or Klenow and ligase (KL).
Samples were harvested at 3 h following serum addition. As a positive control
for pRPA S4/S8, Vero cells were treated with 50 J/m* and allowed to recover for
1 hat 37°C (UV). (B) Densitometry analysis of Western blot in panel A. Rel-
ative density was calculated by the ratio of the densities of pRPA S4/S8 and
Ku70.**, P = 0.001.

sample, perhaps due to the 5’ flaps produced by Klenow treatment
(Fig. 8).

Infectivity of Klenow-treated DNA is rescued in the absence
of DNA-PK. As described above, virion DNA treated with Klenow
polymerase exhibited a marked decrease in infectivity and in-
creased levels of pRPA32 S4/S8 phosphorylation. Since pRPA32
S4/S8 is a substrate of DNA-PKcs, we wanted to determine if
DNA-PKGcs itself was responsible for the reduced virus yield seen
with Klenow-treated DNA. HCT-116 (wild-type) and DNA-
PK ™'~ cells were transfected with untreated or Klenow-treated
DNA, and infectivity was measured. Infectivity of Klenow-treated
DNA in transfected HCT-116 cells was about 11% that of un-
treated DNA in transfected HCT-116 cells (Fig. 9). This is a de-
crease similar to that observed when Klenow-treated DNA was
compared to untreated DNA in transfected Vero cells (Fig. 4). In
DNA-PK ™/~ cells transfected with Klenow-treated DNA, how-
ever, infectivity was 100% compared with that of untreated DNA
in transfected DNA-PK " cells (Fig. 9). This suggests that DNA-
PKcs plays a role in the loss of infectivity phenotype observed in
wild-type cells.

DISCUSSION

The results presented in this paper confirm that HSV-1 virion
DNA has an unusual structure, containing multiple nicks and
gaps. Virion DNA was treated with various combinations of en-
zymes that fill in gaps, ligate nicks, create 3’ and 5’ flaps, blunt the
ends, and fragment the genome at sites of ssDNA. Untreated vi-
rion DNA was as infectious as DNA whose nicks and gaps were
filled in and ligated, suggesting that nicks and gaps are not re-
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FIG 9 Infectivity of Klenow-treated DNA is rescued in the absence of DNA-
PK. HCT-116 cells and DNA-PK ™/~ cells were transfected with 500 ng of
untreated or Klenow-treated virion DNA. Samples were harvested at 48 h
following serum addition and titrated for virus yield on Vero cells. Infectivity
is reported as percentage of the untreated DNA control. Viral titers were nor-
malized to untreated DNA control set at 100%.

quired for virion DNA to be infectious. Other treatments, includ-
ing blunting of the termini, removal of 5" phosphates, and pro-
duction of 3 flaps, are also tolerated. On the other hand, the
formation of 5" flaps in the DNA following treatment with Klenow
alone resulted in a dramatic reduction (95 to 100%) in infectivity.
Untreated virion DNA was able to activate DNA-PK activity in
transfected cells, a somewhat surprising result considering that
DNA-PK s not activated in HSV-infected cells, even at early times
postinfection. Interestingly, virion DNA with 5’ flaps stimulated
an even more robust activation of DNA-PK than did untreated
virion DNA. Infectivity of Klenow-treated DNA was restored in
cells that do not express DNA-PK and in cells cotransfected with
the immediate early protein ICPO, which is known to degrade
DNA-PKcs. Thus, we suggest that virion DNA with 5’ flaps in-
duces an antiviral state that is dependent on DNA-PK and which
can be suppressed by ICPO.

In this study, we have used DNA with 5’ flaps to explore how
the cell responds to an unusual DNA structure. Although 5’ flaps
are unlikely to be present in virion DNA, the mechanisms of HSV
DNA replication are poorly understood. Furthermore, it is clear
that unusual and complex structures containing X and Y junctions
arise in infected cells, and it is thus possible that 5 flaps may arise
during replication. We have been particularly interested in
whether cells respond to unusual viral DNA conformations by
signaling a damage response that could be antiviral. For instance,
the DDR response may silence or degrade viral DNA.

Using a novel assay based on the biochemical properties of the
Klenow polymerase, we were also able to estimate that virion DNA
contains, on average, 15 gaps per genome, consistent with pub-
lished observations (9, 10). The presence of gaps in virion DNA
might have been expected to activate the ATR kinase; however,
ATR signaling was not activated in cells transfected with virion
DNA. It has been reported that ATR activation requires a stretch
of ssDNA capable of binding at least two consecutive RPA com-
plexes (approximately 65 nucleotides) (62, 63). In this study, we
estimated that the average size of gaps in virion DNA was approx-
imately 33 nucleotides, long enough bind a single RPA complex
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but too short to activate ATR signaling. Thus, the incoming ge-
nome does not appear to be a suitable substrate for ATR activa-
tion.

The presence of nicks and gaps in HSV virion DNA has inter-
esting implications for early stages of viral infection. Only a few
other DNA viruses are known to package nicked and gapped ge-
nomes: pseudorabies virus (PRV) and Marek’s disease virus
(MDV) have nicks and gaps that are randomly distributed (64—
66), while other DNA viruses contain nicks and gaps located at
specific sites. For example, there are five major nicks in T5, which
are thought to occur as a result of a virally encoded nicking en-
zyme and may play a role in the two-step transfer mechanism for
ejecting DNA into its host (67-69). Like T5, T7 DNA also has
single-strand interruptions at specific sites, but these are thought
to be the product of premature terminase activity during packag-
ing (70). Little is known, however, about whether the structure of
viral genomes plays a role in infectivity or stimulation of host
DDR.

Some cellular DNA damage response pathways are inhibited
by HSV infection. Cells have several different DDR pathways that
could be activated during infection, and it is possible that HSV has
evolved to utilize those pathways that are conducive to productive
infection while preventing pathways that inhibit lytic infection.
Using GFP correction assays, we have recently determined that
single-strand annealing (SSA) is increased in HSV-infected cells,
while NHEJ and HR are inhibited (71). This “pathway choice” on
the part of the virus may be facilitated by ICPO0, consistent with its
known ability to degrade components of the NHE] and HR path-
ways. For instance, ICP0 is known to degrade DNA-PKcs, a com-
ponent of the NHE] pathway, as well as RNF8 and RNF168, which
function in HR (17, 18). DNA-PKcs and Ku, which are both es-
sential components of the NHE] pathway, are inhibitory to HSV
infection: replication is more efficient in cells lacking DNA-PKcs
(19), and viral yields are increased almost 50-fold in Ku-deficient
murine embryonic fibroblasts (25). In this study, we showed that
ICPO is able to inhibit DNA-PKcs-specific phosphorylation of
RPA32 even in a cell type in which DNA-PKcs is not degraded
(Table 1). The observation that HSV may utilize at least two dif-
ferent mechanisms to inhibit the activity of DNA-PKcs under-
scores the apparent necessity for the virus to inactivate NHE].

Although the direct relationship between DNA-PK activation
and loss of infectivity is not known, the observation that loss of
infectivity of virion DNA with 5’ flaps correlates with the robust
activation of DNA-PK (Fig. 8) is consistent with the notion that
DNA-PK is antiviral. Furthermore, infectivity of Klenow-treated
DNA was restored in DNA-PK™/~ cells (Fig. 9), suggesting
that DNA-PKcs plays a role in the loss of infectivity phenotype
observed in wild-type cells. Taken together, these results suggest
that the activation of DNA-PK is associated with the drop in in-
fectivity, and we are intrigued by the mechanism by which this
occurs. It is possible that DNA with 5’ flaps can recruit cellular
proteins, such as nucleases, that are able to process the 5 flaps,
resulting in extreme fragmentation of the viral genome and loss of
infectivity. This model, however, does not explain the observation
that the absence of DNA-PK itself can rescue infectivity. Another
model posits that 5" flaps either directly or indirectly activate
DNA-PK, and this activation is antiviral. Support for this model
comes from reports that DNA-PKcs kinase activity is potentiated
by dsDNA with ssDNA ends compared to blunt-ended dsDNA
(72-75). Additionally, DNA with a 5" overhang exhibits a greater

jviasm.org 10153


http://jvi.asm.org

Smith et al.

increase in DNA-PK kinase activity than a 3’ overhang (76). The
observation that in the absence of DNA-PK the 5’ flap structure is
tolerated supports the notion that the 5'-flapped genome repre-
sents a substrate for direct DNA-PK activation.

DNA-PK plays an important role in a variety of cellular pro-
cesses, and the specific mechanism by which DNA-PK inhibits
lytic infection is not understood. It is possible that DNA-PK, act-
ing as part of the NHE] pathway, promotes circularization of the
viral genome, which has been correlated with establishment of
latent or quiescent infection (77-79). The report by Jackson and
DeLuca that the presence of ICP0 can inhibit circularization (77)
may be consistent with this suggestion; however, further experi-
mentation will be required to elucidate the relationship between
NHE] and circularization of viral genomes. Regardless of whether
circularization is the mechanism by which NHE] exerts its antivi-
ral effects, the fate of the viral genome and the choice of repair/
recombination pathway activated during infection appear to have
important consequences for the establishment of lytic infection.

Although the mechanism of recombination in HSV infection is
not well understood, recent experiments from our laboratory sug-
gest that HSV-1 activates the SSA pathway. During infection, SSA
is stimulated in a manner that appears to be dependent on the viral
5'-to-3’ exonuclease UL12 (71). UL12 interacts with ICP8 to form
a two-component recombinase capable of strand exchange (80,
81). We are intrigued by the possibility that UL12 and ICP8 work
together to promote recombination-dependent replication by
SSA and that this pathway leads to the production of concatemeric
DNA that can be packaged into infectious virus (82). In addition,
we are currently exploring the possible involvement of cellular
proteins in the stimulation of SSA in HSV-infected cells.

Taken together, these observations suggest that HSV has
evolved mechanisms of “pathway choice” that promote lytic rep-
lication by inhibiting NHE]. Our findings suggest that the pres-
ence of nicks and gaps in incoming DNA may result in the recruit-
ment of a combination of cellular and viral proteins that
stimulates a repair pathway that is beneficial to lytic replication,
such as SSA. This process underscores the complex evolutionary
relationships between HSV and its host.
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