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Most DNA viruses that use recombination-dependent mechanisms
to replicate their DNA encode a single-strand annealing protein
(SSAP). The herpes simplex virus (HSV) single-strand DNA binding
protein (SSB), ICP8, is the central player in all stages of DNA
replication. ICP8 is a classical replicative SSB and interacts physi-
cally and/or functionally with the other viral replication proteins.
Additionally, ICP8 can promote efficient annealing of complemen-
tary ssDNA and is thus considered to be a member of the SSAP
family. The role of annealing during HSV infection has been
difficult to assess in part, because it has not been possible to
distinguish between the role of ICP8 as an SSAP from its role as a
replicative SSB during viral replication. In this paper, we have
characterized an ICP8 mutant, Q706A/F707A (QF), that lacks
annealing activity but retains many other functions characteristic
of replicative SSBs. Like WT ICP8, the QF mutant protein forms
filaments in vitro, binds ssDNA cooperatively, and stimulates the
activities of other replication proteins including the viral polymer-
ase, helicase–primase complex, and the origin binding protein. In-
terestingly, the QF mutant does not complement an ICP8-null virus
for viral growth, replication compartment formation, or DNA rep-
lication. Thus, we have been able to separate the activities of ICP8
as a replicative SSB from its annealing activity. Taken together, our
data indicate that the annealing activity of ICP8 is essential for
viral DNA replication in the context of infection and support the
notion that HSV-1 uses recombination-dependent mechanisms
during DNA replication.
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Recombination is a universal genetic process in all organisms
and is essential for DNA replication, repair of DNA damage,

and genetic diversification. dsDNA viruses of bacteria, protozoa,
plants, insects, and mammals utilize recombination-dependent
mechanisms during DNA replication to produce longer-than-
unit-length genomes (concatemers) (1–3). The recombination
machinery encoded by many dsDNA viruses is composed of a 5′-
to-3′ exonuclease capable of catalyzing end resection and a single-
strand annealing protein (SSAP) (4, 5). The best-characterized
example of an exo/SSAP complex is phage λ Redα/β, which in
addition to its role in viral replication has been used to promote in
vivo recombination-mediated genetic engineering or recombin-
eering (6–9). Interestingly, herpes simplex virus (HSV) also en-
codes an exo/SSAP and, like other dsDNA viruses, must generate
concatemers to produce viral DNA that can be packaged into
infectious virions (3, 10, 11).
Several lines of evidence support the notion that HSV per-

forms recombination-dependent replication (RDR). The HSV
genome consists of two unique regions, UL and US, flanked by
inverted repeats. During DNA replication, UL and US invert
relative to each other, resulting in the formation of four different
isomeric viral genomes (12, 13). Genomic inversions occur as
soon as DNA synthesis can be detected (14–16) and are de-
pendent upon the presence of the seven essential viral replica-
tion proteins, suggesting that HSV-1 DNA synthesis is inherently
recombinogenic (17). Evidence for high rates of recombination
between coinfecting HSV genomes comes from cell culture and
animal infection models as well as from analysis of viruses cir-

culating in patient populations (18–22). Additionally, it has long
been recognized that viral replication intermediates are com-
posed of complex X- and Y-branched structures as evidenced by
electron microscopy (10, 16) and pulsed-field gel electrophoresis
(15, 23, 24).
The HSV exo/SSAP, composed of a 5′-to-3′ exonuclease

(UL12) and an SSAP (ICP8), is capable of promoting strand ex-
change in vitro (25, 26). More recently, we have shown that HSV
infection stimulates single-strand annealing (27), and ICP8 has
been reported to promote recombineering in transfected cells
(28). However, these assays do not directly address the impor-
tance of the exo/SSAP during viral replication. We have recently
demonstrated that the exonuclease activity of UL12 is essential for
the production infectious virus (29); however, the role of ICP8 as
an annealing protein has not been explored.
ICP8 is a multifunctional 128-kDa single-stranded DNA

(ssDNA) binding protein (SSB) that is essential for viral DNA
synthesis and viral growth (30, 31). ICP8 participates in multiple
steps of the HSV life cycle, including gene expression, DNA
replication, and replication compartment (RC) formation (31–
33). During DNA replication, ICP8 functions as a replicative
SSB, interacting with and stimulating other HSV-1 replication
proteins (34–40). ICP8 preferentially binds ssDNA in a non-
specific and cooperative manner and holds it in an extended
conformation, resulting in the formation of a nucleoprotein fil-
ament that resembles a beaded necklace (39, 41). Interestingly,
ICP8 can stimulate the annealing of complementary ssDNA (42,
43) and has, thus, been classified as a member of the SSAP
family (3). Due to the multifunctional nature of this protein, it
has been difficult to tease out the role of ICP8 as an SSAP from
the other roles that it plays during viral replication. In this paper,
we describe a mutant of ICP8, Q706A/F707A, that lacked
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annealing activity but retained most if not all of the other
functions associated with replicative SSBs. The QF mutant was
not able to complement an ICP8-null virus for viral growth, RC
formation, or DNA replication. Taken together, these results
suggest that ICP8 annealing activity is essential for HSV-1 viral
replication.

Results
ICP8 Residues Q706 and F707 Are Essential for Viral Growth. The
structure of ICP8 reveals a large N-terminal domain (amino
acids 9–1038) consisting of head, neck, and shoulder regions and
a much smaller C-terminal domain composed of two elements, a
compact C-terminal helical region (1049–1129), and a largely
disordered region at the extreme C terminus (1127–1187) (Fig.
1A) (44). The N-terminal domain exhibits an unusual structure in
that it is made up of noncontiguous polypeptide chains. This
structure has made it difficult to express individual functional
subdomains and has hampered efforts to map regions of
ICP8 responsible for its many functions. To generate mutations
that would not disrupt global protein folding and would allow us
to genetically separate ICP8 functions, we used a targeted mu-
tagenic approach. A bioinformatic analysis was performed,
resulting in the identification of conserved surface-exposed res-
idues. Five clusters of surface-exposed residues were identified:
R644–D645, N882–L883, and D905–Y909 in the head region,
and R262–H266 and Q706–F707 in the shoulder region. Addi-
tionally, we included two clusters within the shoulder region,
Y20–F61–Y90 and C116–R120, that were previously identified
by Mapelli et al. (44). Alanine substitution mutations in the
residues shown in Table 1 were introduced into an ICP8 mam-
malian expression vector, and mutant proteins were examined
for expression, localization, and ability to complement the ICP8-
null virus (HD-2) for viral growth. Mutants that failed to express
stable protein or to localize to the nucleus were excluded from
further study. The Q706A–F707A (QF) mutant showed the most
severe defect in its ability to complement HD-2 for viral growth.
Q706 and F707 are located in the shoulder region of ICP8 within
a surface-exposed α-helix that is highly conserved among
alphaherpesviruses (Fig. 1 A and B).

The Q706A F707A Mutant Shows a Transdominant Phenotype. Mu-
tations of multifunctional proteins such as ICP8 often result in a
transdominant or dominant-negative phenotype in which the
mutant protein antagonizes the function of its WT counterpart.
This phenotype results from the ability of the mutant protein to
perform some of its essential functions while being deficient in
others and is often associated with mutants of proteins that oli-
gomerize or form filaments. In addition to nucleoprotein fila-
ments on ssDNA, ICP8 forms double-helical filaments in the
absence of DNA (34). A transdominant mutant, containing al-
anine substitution mutations of a linear FNF motif within the C
terminus of ICP8, was shown to be defective for viral growth and
filament formation, indicating a defect in oligomerization (38). A
plaque reduction assay was performed as described in Materials
and Methods. The QF mutant exhibited a strong transdominant
effect compared with the FNF mutant, reducing plaque forma-
tion by ∼92% (Fig. 1C), suggesting that mutation of the QF
residues disrupts an essential function of the protein while
preserving others.

The QF Mutant Forms Double-Helical Filaments. To determine
whether the transdominant phenotype of the QF mutant is as-
sociated with a defect in oligomerization, we assessed the ability
of the QF mutant protein to form filaments by negative-stain
EM. WT and QF mutant proteins were expressed and purified
from Sf9 insect cells infected with recombinant baculovirus. The
yield and purity of the QF mutant protein were similar to WT
(Fig. 2A). The filaments formed by the mutant protein are sim-
ilar in appearance to those formed by WT, suggesting that there
is no defect in filament formation (Fig. 2B). If anything, the QF
mutant protein may have a slightly higher propensity to form

A

B 

C

Fig. 1. Residues Q706 and F707 are essential for virus growth, and alanine
substitution mutants in these positions have a transdominant phenotype. (A)
Ribbon diagram of ICP8 (PDB ID code 1URJ) illustrating major structural domains:
head (green), neck (yellow), shoulder (light blue), and C terminus (pink). Q706 and
F707 residues (red) lie within a conserved α-helix (amino acids 703–718; dark blue)
on the surface of the ICP8 shoulder domain. (B) Conservation of residues 703–
718 among alphaherpesviruses [HSV type 1 (P17479), HSV type 2 (P36384), vari-
cella zoster virus (P09245), Suid herpes virus type 1 (P11870), equine herpes virus
type 1 (Q6S6PO), and bovine herpes virus type 1 (P12639)]. Residues Q706 and
F707 are marked with a red asterisk. Alignment was performed using T-Coffee
Expresso and edited with Jalview. (C) A plaque reduction assay was performed by
transfecting Vero Cells with 50 ng of pSAK plasmid containing WT ICP8, QF
mutant, or FNF mutant alongwith 1:1 molar ratio of infectious KOS DNA. Plaques
were counted 3–4 d posttransfection. The graph represents percent plaque for-
mation relative to the cells transfected with WT ICP8. Columns represent the
average of three independent experiments. Error bars signify SD.
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filaments. Further experimentation will be required to determine
whether this property is biologically significant.

QF Mutant Protein Binds to ssDNA. The ability of the QF mutant
protein to bind ssDNA was measured using a 5′-fluorescein–
tagged 14-mer oligonucleotide that is capable of binding a sin-
gle molecule of ICP8. Fig. 3A shows an electrophoretic mobility
shift assay (EMSA) indicating that WT and QF mutant proteins
exhibited similar ssDNA binding abilities. To more precisely
quantify binding affinity, fluorescence anisotropy was performed
using this oligonucleotide. Fig. 3B shows nearly identical binding
curves for WT and QF mutant proteins, with dissociation con-
stants (Kd) of 31.6 (±7.0) nM and 29.1 (±7.4) nM, respectively.
To assess whether the DNA binding activity of the QF mutant
protein is cooperative, an EMSA was performed using a 5′-Cy3–
labeled 50-mer oligonucleotide that is predicted to bind three to
five molecules of ICP8 per oligo. Multiple shifted bands were
observed in Fig. 3C, indicative of cooperative binding for both
WT and QF mutant proteins. These data demonstrate that the
QF protein binds to DNA with similar or slightly higher coop-
erativity compared with WT (Fig. 3C, compare lanes 7 and 3).

The QF Mutant Protein Stimulates HSV-1 Replication Proteins in Vitro.
The QF mutant can form filaments and binds to ssDNA with a
similar affinity to WT ICP8; therefore, we asked whether it
retained other functions associated with replicative SSBs.
ICP8 has been reported to stimulate the activities of other core
HSV-1 replication proteins involved in leading- and lagging-
strand DNA synthesis: HSV polymerases (UL30/UL42) and
helicase–primase (UL5/8/52) (34, 36, 37, 39, 45–47). To assess
the ability of WT and QF mutant proteins to stimulate these
activities, we have employed an in vitro minicircle replication
assay using a DNA substrate consisting of a 90-mer linear oligo
annealed to a 70-bp minicircle (Fig. 4A) (46, 47). In this assay,
the minicircle is the template for leading-strand synthesis and
lacks thymidine residues. Thus, leading-strand synthesis can be
detected by incorporation of [α-32P]dTTP. In the absence of
ICP8, no significant incorporation of dTTP into the leading
strand was detected (Fig. 4B, lanes 1 and 5). However, in the
presence of either WT or QF mutant protein, incorporation of
dTTP was detected, and the length of products generated in-
creased in an ICP8 concentration-dependent fashion (Fig. 4B,
lanes 2–4 and 6–8). Thus, the QF mutant protein can stimulate
the HSV polymerase and helicase–primase to promote leading-
strand DNA synthesis in vitro similar to WT.
Another function of ICP8 consistent with its role as an SSB is

its ability to interact with the origin binding protein, UL9, and to

stimulate its ssDNA-dependent ATPase and helicase activities in
vitro (48). Stimulation of UL9 activity is thought to be dependent
on the physical interaction between ICP8 and UL9 (49). We
examined the ability of WT and QF mutant proteins to stimulate
the ATPase activity of UL9 in the presence of ssDNA and ATP
(Materials and Methods). Fig. 4C shows that both WT and the QF
mutant proteins were able to stimulate UL9 ATPase activity to a
similar degree (approximately threefold; Fig. 4C), suggesting
that the QF mutant still interacts with UL9 and would be
expected to be competent for initiation of DNA replication.

QF Mutant Is Unable to Complement the ICP8-Null Virus for Viral DNA
Replication and Replication Compartment Formation. The experi-
ments shown in Figs. 2–4 indicate that the QF mutant is capable
of all of the in vitro functions classically associated with an SSB,
including ssDNA binding, filament formation, and stimulation of
other HSV replication proteins. However, the inability of the QF
mutant to complement HD-2 for viral growth suggests that this
mutant lacks a function essential in the context of viral infection.
We next asked whether the QF mutant can complement HD-2 for
DNA replication in infected cells. Vero cells were transfected with
plasmids expressing WT or QF mutant protein or with an empty
vector (EV) and subsequently superinfected with HD-2. At 24 h
postinfection, total DNA was extracted, and the amount of rep-
licated viral DNA was assessed by dot blot analysis. Fig. 5A shows
that WT was able to efficiently complement HD-2 for DNA
replication. In stark contrast, the amount of DNA replicated in
cells transfected with the QF mutant are similar to those seen in
the EV-transfected sample, indicating that the QF mutant was
unable to complement HD-2 for DNA replication.
HSV-1 DNA replication occurs within membraneless sub-

domains in the nucleus known as RCs (50). RC formation and
maturation is believed to be dependent on active DNA synthesis,
as the assembly of large mature RCs is blocked by addition of the
viral polymerase inhibitor phosphonoacetic acid or by omission
of any of the seven essential viral replication proteins during
infection (33, 50–52). Because the QF mutant is unable to
complement HD-2 for DNA replication, we asked whether RCs
could be detected in Vero cells transfected with plasmids
expressing WT or QF mutant protein and superinfected with
HD-2. Infected cells were identified using an antibody against
the immediate early protein, ICP4, and transfected cells were
identified by ICP8 staining. Fig. 5B shows that in cells that were
positive for both ICP4 and ICP8 staining, RCs could be observed
in cells expressing WT but not the QF mutant protein. Fig. 5C
shows that similar levels of ICP8 were observed in cells trans-
fected with plasmids expressing WT and QF mutant proteins.
Taken together, the results shown in Fig. 5 indicate that the QF
mutant is defective in a function required for viral DNA repli-
cation and RC formation in the context of infection.

The QF Mutant Is Unable to Promote Annealing of Complementary
ssDNA. As described in the Introduction, ICP8 has been shown to
efficiently promote single-strand annealing in vitro (42, 43),
resulting in its characterization as an SSAP. Therefore, we asked
whether the QF mutant protein can promote the annealing of
complementary ssDNA. Annealed products were either visualized
by gel electrophoresis (Fig. 6A) or quantified by incubation with
PicoGreen, a fluorescent sensor specific for dsDNA (Fig. 6B). WT
protein was able to promote efficient annealing in a concentration-
dependent fashion (Fig. 6 A and B). In stark contrast, the QF
mutant protein was unable to promote annealing even at the
highest concentration tested (Fig. 6). These results indicate that
the QF residues are essential for ICP8-mediated annealing.

The QF Mutant Is Unable to Form Annealing Intermediates as
Assessed by EM. A simplified model showing steps involved in the
ICP8-induced annealing reaction is depicted in Fig. 7A. This model is
based on the electron-microscopic characterization of the annealing
reaction describing the formation of nucleoprotein filaments on
ssDNA and the demonstration that two such nucleoprotein filaments

Table 1. Analysis of ICP8 alanine substitution mutants

ICP8 mutant
Protein

expression
Protein

localization % Complementation

ICP8 WT Yes Nuclear 100
Y20A–F61A–Y90A Yes Cytoplasmic 0
C116A–R120A Yes Nuclear 70
R262A–H266A Yes Nuclear 14
R644A–D645A Yes Nuclear 54
Q706A–F707A Yes Nuclear 0
N882A–L883A Yes Nuclear 14
D905A–Y909A No N/A N/A

Table showing the analysis of alanine substitution mutants assessed in this
study. Vero cells were transiently transfected with 50 ng of mammalian
expression plasmids containing ether WT or mutant versions of ICP8 and
analyzed by Western blot and IF with anti-ICP8 antibody for protein expres-
sion and localization, respectively. For complementation analysis, trans-
fected Vero cells were superinfected with HD-2 at an MOI of 3 for 24 h.
Virus was harvested and titrated on the ICP8-complementing cell line (S2).
Viral plaques were counted and reported as a percentage of WT ICP8. Re-
sults for Q706A and F707A mutant are in bold.
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on complementary ssDNA come together to form an inter-
twined annealing intermediate (53). Fig. 7 B and D shows that
WT ICP8 and QF mutant proteins both formed similar nucle-
oprotein filaments on ssDNA, consistent with the fact that the
QF mutant did not exhibit a defect in ssDNA binding. Fig. 7C
shows that, in the presence of complementary DNA, the WT

protein was able to promote the formation of an annealing
intermediate with an intertwined coiled-coil structure (53). In
contrast, the QF mutant could bind to ssDNA but was unable to
form this intertwined annealing intermediate (Fig. 7E). These
observations are consistent with its defect in the annealing
reaction.

WT ICP8 QF Mutant

 125 250  500

BSA (ug/mL)

250 kDa

150 kDa

100 kDa

75 kDa

50 kDa

WT ICP8 QF MutantA B

1 2 3 4 5 6

Fig. 2. The QF mutant forms double-helical protein filaments. (A) WT ICP8 and QF mutant proteins were expressed and purified from Sf9 insect cells infected
with recombinant baculovirus as described in Materials and Methods. Purified proteins were resolved on 8% SDS/PAGE gel and stained with Coomassie blue.
A BSA standard was used to confirm protein concentration determined by Bradford assay. Molecular weight markers (in kilodaltons) are shown on the Left.
(B) Both WT ICP8 and QF mutant formed double-helical filaments after overnight incubation at 4 °C in the presence of a buffer containing 5 mM Mg2+.
Samples were prepared for TEM at a magnification of 40,000×. (Scale bar: 100 nm.)
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Fig. 3. The QF mutant binds to ssDNA. (A) EMSA showing the ability of WT ICP8 and QF mutant proteins to bind to ssDNA. Proteins were titrated (0–300 nM,
twofold serial dilution) against 100 nM fluorescein-labeled dT-14-mer ssDNA oligo in DNA binding buffer. Samples were incubated for 30 min at room
temperature. Bound and unbound species were separated on 5% nondenaturing polyacrylamide gel in 1× TBE and imaged using a fluorescence imager. (B)
Purified WT or QF mutant proteins were titrated (∼0.9–2 μM) against 2.5 nM of the same fluorescein-labeled dT-14-mer in the DNA binding buffer used
above. FP measurements were taken on TECAN M1000 Pro plate reader with excitation wavelength of 470 nm and emission wavelength of 521 nm. Triplicate
readings were averaged and the data from three independent experiments were fit to a 1:1 binding model from which dissociation constants (Kd) were
determined. (C) A gel shift assay was performed with a Cy3-labeled 50-mer capable of binding multiple ICP8 monomers. Proteins were titrated (0, 50, 200,
400 nM) against 100 nM oligo.
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Taken together, our results indicate that the QF mutant can
perform biochemical activities that are consistent with its role as
an SSB; however, it is unable to carry out annealing of com-
plementary ssDNA. The defect in annealing correlates with the
inability of the QF mutant to carry out viral DNA replication and
RC formation. This surprising result suggests that the annealing
activity of ICP8 is essential for viral DNA replication.

Discussion
Production of HSV concatemeric DNA is an essential step for
the generation of progeny virus, as the packaging machinery
must recognize longer-than-unit-length concatemers during
encapsidation (3, 10, 11); however, the mechanism by which
concatemers are formed has not been resolved. It has been
proposed that the viral genome circularizes, and subsequent
replication proceeds by a rolling circle mechanism (54). Evi-
dence for this model includes the loss of genome free-ends and
the appearance of junctional fragments at an early time during
infection (55–58). On the other hand, several lines of evidence
suggest that HSV DNA replication is more complex (59, 60). For
example, it has not been possible to detect circular genomes at
early times during lytic infection in cells infected with WT virus
(61). Many dsDNA viruses including bacteriophages encode re-
combination machinery and utilize RDR. In bacteriophage λ,
concatemeric DNA can be generated by either rolling-circle
replication or RDR (3). Evidence supporting a role for re-
combination in HSV DNA replication was presented in the In-
troduction; however, no direct evidence for a role of annealing in
this process had been reported. In this paper, we describe an
ICP8 mutant, Q706A–F707A (QF), that is defective in annealing
but retains the other known functions of a replicative SSB, such
as the ability to form filaments, bind ssDNA, and stimulate other
replication proteins. Despite its ability to carry out these repli-
cation functions, the QF mutant was not able to complement an
ICP8-null virus for virus growth, DNA replication, or RC for-
mation. These results suggest that the annealing activity of
ICP8 is essential for viral DNA replication and support the no-
tion that RDR is required during HSV DNA replication.
The observation that the QF mutant retained several repli-

cative functions but was unable to promote viral DNA replica-
tion in the context of infection was intriguing, and we considered
several explanations including the possibility that the QF mutant
was unable to support initiation of viral DNA replication. During
initiation, ICP8 and UL9 have been proposed to work together
to distort and unwind an origin of replication followed by ssDNA
binding and helix destabilization by ICP8 (48, 62–70). In this
paper, we showed that the QF mutant was able to stimulate
ssDNA-dependent UL9 ATPase activity in vitro (Fig. 4C) and
bind cooperatively to ssDNA (Fig. 3). Although it has not been
possible to measure initiation directly, the QF mutant protein
can promote two of the known ICP8 functions associated with
initiation. However, we cannot rule out the possibility that
annealing may play an unexpected role in initiation. Another
explanation for the inability of QF to perform DNA replication
would be the failure to stimulate replication proteins such as
helicase–primase and DNA polymerase. Fig. 4B shows that the
QF mutant is capable of stimulating leading-strand DNA syn-
thesis using an in vitro minicircle assay. Interestingly, this assay
mimics rolling-circle replication. Thus, the QF mutant seems to
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Fig. 4. The QF mutant stimulates replication proteins in vitro. (A) Schematic
of rolling-circle replication on a minicircle substrate comprised of a 70-mer
ssDNA circle annealed to a 90-mer linear oligo. The 3′ end of the 90-mer acts
as the primer for leading-strand synthesis. Leading-strand DNA synthesis is
detected by incorporation of [α-32P]dTTP. Newly synthesized DNA is shown
in red. (B) An alkaline agarose gel showing stimulation of in vitro leading-
strand DNA synthesis by WT and QF mutant proteins. The minicircle assay
was performed using increasing concentrations of either WT ICP8 or mutant
QF protein (0, 190, 380, and 760 nM). After 60-min incubation at 37 °C, re-
actions were quenched, and replication products were separated by 1% al-

kaline agarose gel electrophoresis and imaged with a phosphorimager. (C)
ICP8 stimulation of UL9 ssDNA-dependent ATPase activity. WT or QF mutant
proteins (700 nM) were mixed with 100 nM UL9 in the presence of 5 mM ATP
and 10 μM ssDNA. Reactions were incubated for 1 h at room temperature
and quenched with EDTA. ATPase activity was measured by the release of
free phosphate as described in Materials and Methods. Fold stimulation
relative to the control lacking ICP8 is plotted on the graph. Error bars rep-
resent SD. P values were determined by ordinary one-way ANOVA with
Tukey’s multiple-comparisons test (***P = 0.0001 and nsP = 0.9993).
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possess the necessary functions to carry out rolling-circle DNA
replication. Taken together, these findings support the hypoth-
esis that rolling-circle replication may not be the predominant
mode of replication during infection. The inability of the QF
mutant to perform HSV DNA replication correlated with its
inability to anneal complementary ssDNA, suggesting that
annealing plays a previously unappreciated role during replica-
tion. The lack of detectable DNA replication and the inability to
form RCs suggests that the defect in QF is manifested at an early
stage of DNA replication and that the processes of recombina-
tion and replication may be inseparable.

Model for the Role of ICP8 in DNA Replication and Recombination.
Although all dsDNA viruses that replicate by concatemer for-
mation utilize RDR and encode recombination machinery, di-

verse mechanisms have evolved (2). Bacteriophage T4 encodes
an ATP-dependent recombinase (UvsX), related to RecA and
Rad51, that is capable of strand invasion (71–73). Most of the
other bacterial viruses, however, encode SSAPs that function in
an ATP-independent manner to anneal ssDNA but cannot per-
form strand invasion (2). Although Nimonkar and Boehmer (74,
75) reported that ICP8 could promote strand assimilation of a
small ssDNA oligo into a supercoiled plasmid forming a D-loop-
like structure, this reaction relied on the presence of locally
denatured DNA and is therefore dependent on the activity of
ICP8 as an SSAP. Many models that link replication and re-
combination have been proposed (1, 3, 8, 76, 77), and one
common step in these models is the annealing of a ssDNA
molecule to an active replication fork. In Fig. 8, we propose a
simplified model for recombination-dependent HSV DNA rep-
lication. According to this model, ICP8 and UL9 promote ini-
tiation to create an active replication fork, and the other HSV
replication proteins, including helicase–primase and polymerase,
cooperate to promote leading- and lagging-strand synthesis (60).
Previous reports from our laboratory indicate that the HSV
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Fig. 5. The QF mutant is unable to complement HD-2 for DNA replication
and RC formation. (A) A dot blot showing the ability of WT ICP8 or the QF
mutant to complement HD-2 for DNA replication. Vero cells were transfected
with WT ICP8, QF mutant, or EV construct and subsequently infected with HD-
2 at an MOI of 5 PFU/cell. Samples were harvested at 24 h postinfection, and
total DNA was extracted. Serial dilutions were prepared starting with the
same amount of total DNA for each sample. Southern blot analysis was per-
formed using α-32P–labeled random probes generated from a PCR-derived
UL30 gene template. Duplicate samples for each dilution are shown. In ad-
dition, two biological replicates were performed, and a representative image
is shown. (B) IF showing the ability of WT ICP8 or the QF mutant to comple-
ment HD-2 for RC formation. Vero cells grown on coverslips were transfected
with a plasmids expressing WT ICP8 or the QF mutant and subsequently in-
fected with HD-2 at a MOI of 20 PFU/cell. Six hours postinfection, cells were
fixed and stained with monoclonal mouse anti-ICP4 and polyclonal rabbit
anti-ICP8 primary antibodies followed by Alexa Fluor-labeled secondary an-
tibodies. The white arrowhead indicates a mature RC. DNA was visualized by
Hoechst stain. Images were taken using Zeiss LSM 880 Meta confocal micro-
scope. (Scale bar: 3.6 μm.) (C) A Western blot showing equal expression of WT
ICP8 and QF mutant protein in transfected Vero cells.
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Fig. 6. The QF mutant is defective for DNA annealing. (A) Gel-based assay to
determine the ability of WT ICP8 and QF mutant to promote annealing. A
linearized heat-denatured plasmid was incubated in DNA annealing buffer
with varying amounts of either WT or QF mutant proteins (0, 50, 100, 200, and
400 nM). The reactions were initiated by adding ssDNA and incubated for
30 min at 37 °C. Samples were collected at 0 and 30 min and subjected to
proteinase K digestion. The products were analyzed by 1% agarose gel elec-
trophoresis followed by staining with SYBR Gold. The migration of the ssDNA
and the annealed products are denoted on the Left. A small amount of
background annealing was observed in all of the reactions due to self-
annealing of the complementary strands. (B) Annealing products were quan-
tified by Quant-iT PicoGreen. The gray colored bars represent fluorescence due
to self-annealing of complementary strands at 0 min, while the black bars
represent annealing after 30-min incubation in the presence or absence of
ICP8. Three independent experiments were performed, and the average values
were obtained to determine annealing efficiency. Error bars indicate SD.
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primase is inefficient (78), and attempts to recapitulate co-
ordinated leading- and lagging-strand synthesis in vitro with HSV
1 replication proteins required the use of high concentrations of
primase (UL52) (47). These findings suggest that HSV may
utilize alternative methods during infection to prime for DNA
synthesis, especially on the lagging strand. Based on elegant
studies in the T4 system, Luder and Mosig (79) showed that
DNA synthesis can be primed by the annealing of a comple-
mentary strand of DNA at the replication fork. Nimonkar and
Boehmer (80) showed that ICP8 can promote the annealing of a

small oligo at a locally disrupted region of DNA and that this
annealed oligo could act as a primer for in vitro DNA synthesis
promoted by the HSV viral replication machinery consistent with
RDR. In the model shown in Fig. 8, we suggest that ICP8 can
promote the annealing of a 3′ ssDNA terminus at an HSV
replication fork. The 3′ terminus could arise by resection of a
dsDNA molecule, either from a free genome end or from
a double-strand break generated by replication through a nick or
a gap in the viral genome (81–83). We suggest that resection
could be carried out by the viral alkaline nuclease, UL12 (27),
and we have recently demonstrated that UL12 is also essential
for the formation of concatemers that can be processed to pro-
duce infectious virus (29). However, it is also possible that end
resection could be carried out by other cellular exonucleases.
Priming by this annealing mechanism could generate new repli-
cation forks and lead to the formation of branched intermediates
consistent with the complex replication intermediates observed
during HSV infection (3, 76, 80).

Understanding the Basic Mechanisms of How SSAPs Promote Single-
Strand Annealing. Although dsDNA viruses from bacteriophages
to eukaryotic viruses encode SSAPs such as λ red beta and ICP8,
the mechanisms by which they promote the annealing of com-
plementary strands are poorly understood. A simplified model
for steps in the annealing reaction is presented in Fig. 7 along
with data indicating that the QF mutant was able to bind ssDNA
to form a nucleoprotein filament but was unable to form an
intertwined annealing intermediate. We suggest that formation
of the annealing intermediate depends upon a specific protein–
protein interaction between ICP8 molecules in complementary
nucleoprotein filaments and that this interaction is mediated
either directly or indirectly by the region of the molecule con-
taining the QF residues (84).
Although little or no sequence conservation exists between dif-

ferent SSAPs, many if not all of them contain an oligonucleotide-
binding fold (OB fold), composed of five antiparallel β-sheets with
interspaced loops and helical regions (85). Bioinformatic analysis
of ICP8 has identified an OB fold within the neck domain of the
ICP8 structure (44). Interestingly, structural comparisons have
revealed a remarkable level of similarity between the bacterio-
phage T7 SSAP gp2.5 and ICP8 (86, 87). Fig. 8B shows the
structure of the T7 phage SSAP gp2.5 (in red) overlaid on the
ICP8 structure (in blue). These proteins exhibit functional simi-
larities as well. Like ICP8, gp2.5 binds to ssDNA, simulates other
essential replication proteins, and promotes the annealing of
complementary ssDNA (87). Similar to the QF mutant, a gp2.5
mutant (R82C) was reported to lack annealing activity while still
maintaining the ability to bind to ssDNA and to stimulate other
essential replication functions (88). Annealing activity of gp2.5 was
shown to be essential for both viral growth and DNA replication
(88). Intriguingly, R82 and Q706/F707 residues lie within a similar
region of the protein located between a key α-helix (a1) and
β-sheet (b3) within the OB fold. Therefore, we speculate that this
region may be important for mediating the annealing of comple-
mentary strands of ssDNA (87). Additional genetic and biochemical
analysis will be required to understand the precise requirements for
the ability of gp2.5 and ICP8 to stimulate annealing.
In summary, analysis of the QF mutant revealed that the

annealing activity of ICP8 is essential for viral DNA replication,
providing direct evidence for RDR. We anticipate that further
analysis of the region of ICP8 containing the QF residues will
provide invaluable insight into the mechanisms by which SSAPs
promote annealing.

Materials and Methods
Cell Lines. African green monkey kidney (Vero) cells were purchased from the
American Type Culture Collection and maintained as monolayers in DMEM
(Invitrogen) supplemented with 5% FBS and 0.1% penicillin–streptomycin.
The ICP8-complementing cell line S2 was generously provided by David
Knipe (Harvard University, Boston, MA) and was maintained in DMEM sup-
plemented with 5% FBS and 0.1% penicillin–streptomycin under G418 selection

A

B C

D E

Fig. 7. Electron-microscopic analysis of WT and QF mutant binding to ssDNA
and annealing intermediates. (A) A simplified model showing steps involved
in the ICP8-induced annealing reaction. In step 1, ICP8 binds to ssDNA to form
a nucleoprotein filament. In step 2, two nucleoprotein filaments containing
complementary ssDNA come together to form an intertwined annealing in-
termediate. In step 3, dsDNA is formed. ICP8 monomers are represented by
yellow circles and orange, and DNA is depicted by solid black lines. (B and D)
Visualization of ICP8-ssDNA nucleoprotein filaments by EM. Linearized
M13 ssDNA was incubated with 1 μg of either WT ICP8 or QF mutant in 20-μL
final volume in DNA binding buffer. Samples were incubated for 20 min at
room temperature and prepared for TEM at a magnification of 60,000×.
(Scale bar: 100 nm.) (C and E) Visualization of intermediates performed during
ICP8-induced annealing reaction. WT ICP8 or QF mutant protein (312 nM) was
incubated with heat-denatured plasmid in a 20-μL volume reaction in
annealing buffer. Samples were incubated at 37 °C for 15–30 min and pro-
cessed for negative-stain EM. (Scale bar: 100 nm.)
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(400 μg/mL). All cell cultures were maintained in humidified atmosphere con-
taining 5% CO2.

Viruses and Infection. The HSV-1 KOS strain was used as the WT strain in all
experiments. The ICP8-null virus, HD-2, containing a LacZ insertion mutation
in the ICP8 gene was a generous gift from David Knipe (Harvard University,
Boston, MA)

DNA Constructs and Mutagenesis. The ICP8 expression vector, pSAK-ICP8,
contains the full-length ICP8 gene under control of the CMV promoter. Ala-
nine substitution mutations were made in pSAK-ICP8 and pFastBAC1-ICP8 using
QuikChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) according
to the manufacturer’s suggested protocol for use in mammalian expression and
recombinant baculovirus production for protein expression, respectively.

Antibodies Used. Monoclonal mouse anti-ICP4 [1:200; immunofluorescence
(IF); US Biological], polyclonal rabbit anti-ICP8 clone 367 [1:400; IF; a gift
from William Ruyechan, State University of New York at Buffalo, Buffalo,
NY], monoclonal mouse anti-ICP8 (1:2,000; Western blot; Santa Cruz Bio-
technology) and Alexa Fluor secondary antibodies 594 and 488 (1:200; IF;
Molecular Probes).

Protein Purification. ICP8 and UL9 protein purification was performed as
previously described by our laboratory (38, 89).

Transient Complementation Assay. The transient transfection complementa-
tion assay was performed as previously described (38). The average percent
complementation was calculated using three independent experiments.

Plaque Reduction Assay. KOS infectious DNA was prepared as described
previously (83). Vero cells were grown to ∼95% confluency in 60-mm dishes.
Cells were transfected with 50 ng of either pSAK-EV, pSAK-ICP8 (WT), pSAK-
ICP8 FNF (positive control), or pSAK-ICP8 QF, 1:1 molar ratio of KOS infectious
DNA:pSAK construct, and 1.4 μg of pUC19 carrier DNA using Lipofectamine Plus
(Invitrogen) according to manufacturer’s suggested protocol. Twenty-four hours
posttransfection, plates were washed with 1× PBS, overlaid with 2% methyl-

cellulose in DMEM, and allowed to incubate at 37 °C for 3–4 d. Cells were then
fixed with 8% formaldehyde and stained with crystal violet. Plaques were
manually counted and the percent complementation compared with WT was
calculated. Percentages calculated from three independent experiments were
averaged together. Equal expression of ICP8 constructs was confirmed by
Western blot.

Western Blot Analysis. Western blot analysis for ICP8 was performed as pre-
viously described (38)

EMSA. Purified WT or QF mutant protein (0–300 nM) was titrated against
either 100 nM fluorescein-labeled dT-14-mer ssDNA oligo (IDT) or Cy3-
labeled 50-mer ssDNA oligo (IDT) in DNA binding buffer (20 mM Tris·HCl,
pH 7.5, 4% glycerol, 0.1 mg/mL BSA, 0.5 mM DTT, and 5 mM MgCl2). Samples
were incubated for 30 min at room temperature and quenched with 40%
sucrose solution. Bound and unbound DNA species were separated on 5%
nondenaturing polyacrylamide gel in 1× TBE and imaged using ChemiDoc
MP Imaging System (Bio-Rad).

Fluorescence Polarization Assay. Purified WT or QF mutant protein was ti-
trated (∼0.9 nM to 2 μM) against 2.5 nM fluorescein-labeled dT-14-mer
ssDNA oligo (IDT) in DNA binding buffer (20 mM Tris·HCl, pH 7.5, 4% glyc-
erol, 0.1 mg/mL BSA, 0.5 mM DTT, and 5 mM MgCl2). Fifteen microliters of
each reaction were pipetted into Corning Low-Volume 384-Well Black
Polystyrene Flat-Bottom Plates (catalog no. 3540) in triplicates. Samples were
incubated for 1 h at room temperature, and fluorescence polarization (FP)
measurements were taken on TECAN M1000 Pro plate reader with excita-
tion wavelength of 470 nm and emission wavelength of 521 nm. Triplicate
readings were averaged together, and results from three independent ex-
periments were used to determine binding curve and Kd. Curve was fit to a
1:1 binding model using Prism software, and Kd values were determined for
each experiment and then averaged together to obtain final values.

Annealing of Complementary ssDNA.A linearized heat-denatured pSAK vector
was used as the DNA substrate. pSAK plasmid DNA (25 μg) was linearized by
digestion with excess PstI (New England Biolabs), purified, and denatured by
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Fig. 8. Role of ICP8 annealing activity during HSV-1 DNA replication. (A) A model for HSV-1 RDR. (i) ICP8 and UL9 distort and unwind the origin to create an
active replication fork. (ii) A free genome end or double-strand break created during infection is resected by a 5′-to-3′ exonuclease and the resulting 3′
overhang coated by ICP8. (iii) ICP8 promotes annealing of the resulting 3′-ssDNA overhang to an active replication fork to prime DNA synthesis. (B) Structural
alignment of T7 bacteriophage SSAP gp2.5 (red; PDB ID code 1JE5; chain A) and ICP8 (blue; PDB ID code 1URJ; chain A) using jCE circular permutation al-
gorithm. ICP8 Q706/F707 residues and gp2.5 R82 residue are illustrated in orange.
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boiling for 5 min. Unless otherwise stated, 30-μL reactions were performed
in a buffer containing 20 mM Tris·HCl (pH 7.5), 100 nM NaCl, 1 mM DTT,
0.1 mg/mL BSA, and varying amounts of either WT or QF mutant protein
(50–400 nM). The reactions were initiated by adding 53.6 ng of ssDNA, in-
cubated for 30 min at 37 °C, and quenched by adding termination buffer
[final concentration of 45 mM EDTA (pH 8) and 1 M urea]. The samples were
subjected to proteinase K digestion for 10 min at 42 °C and the products
generated were analyzed by 1% agarose gel electrophoresis followed by
staining with SYBR Gold reagent (Invitrogen; catalog no. S11494) and im-
aged using ChemiDoc MP Imaging System (Bio-Rad). For quantification of
annealed products, Quant-iT PicoGreen dsDNA Reagent was used according
to the manufacturer’s specifications (Invitrogen; catalog no. P7589).

EM.
Annealing. For analysis of intermediates formed during annealing, 312 nMWT
or QF mutant protein was incubated with 29.5 ng of heat-denatured pSAK
plasmid DNA in 20-μL final volume reaction in annealing buffer [20 mM Tris·
HCl (pH 7.5), 100 nM NaCl, 1 mM DTT, 0.1 mg/mL BSA, 6 mMMgCl2]. Samples
were incubated at 37 °C for 15–30 min and processed for EM analysis.
ssDNA binding. To visualize ICP8-ssDNA nucleofilaments by EM, 145.6 ng of
linearized M13 ssDNA was incubated with 1 μg of either WT ICP8 or QF
mutant protein in 20-μL reaction in DNA binding buffer (20 mM Tris·HCl, pH 7.5,
4% glycerol, 0.1 mg/mL BSA, 0.5 mM DTT, and 5 mM MgCl2). Samples were
incubated at room temperature for 20 min and processed for EM analysis.
Filamentation. Samples to assess filamentation of WT ICP8 or QF mutant were
prepared as previously described (38).

All samples for EM analysis were diluted 1:10 in water and absorbed onto
Formvar-carbon–coated 300-mesh copper grids negatively stained with 1–
2% uranyl acetate and examined using a Hitachi H-2650 transmission elec-
tron microscope (TEM) at accelerating voltage of 80 kV. Images were ac-
quired at 40,000×, 50,000×, and 60,000×.

Minicircle Replication Assay for Stimulation of Leading-Strand DNA Synthesis
by ICP8. The 70-bp minicircle was prepared as previously described (47). The
standard replication reaction (10 μL) contained 20 nM minicircle, 3.2 mM
each ATP and GTP, 0.8 mM each UTP and CTP, 100 μM each dATP, dCTP,
dGTP, and 40 μM dTTP, 1 μCi of [α-32P]dTTP, 50 mM Tris·HCl, 5 mM mag-
nesium acetate, 1 mM DTT, 0.1 mg/mL BSA, 1% glycerol, 300 nM UL5-UL8-
UL52, 100 nM UL30-UL42, and increasing concentration (0.19 μM–0.76 μM)
of either WT or QF mutant protein. After 60-min incubation at 37 °C, the
reactions were quenched by adding 2 μL of 0.5 M EDTA and 3 μL of loading
dye (50 mM NaOH, 1 mM EDTA, 4% glycerol, 0.03% bromocrysol green, and
0.05% xylene cyanol), and the replication products were separated by 1%
alkaline agarose gel electrophoresis. The gel was fixed with 7% trichloro-
acetic acid, dried and imaged with phosphoimager (PerkinElmer; Cyclone
Plus Storage Phosphor System). HindIII-digested radiolabeled λ-DNA was
used as a molecular marker.

ICP8 Stimulation of UL9 ssDNA-Dependent ATPase Activity. WT or QF mutant
protein (700 nM) were mixed in a 20 μL with 100 nM UL9 in the presence of
5 mM ATP (Thermo Fisher Scientific) and 10 μM ssDNA (5′-
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTAAGCTTGCATGCCTGCAGGTCGACTCTAGA-
3′) in ATPase buffer (20 mM Hepes, pH 7.6, 1 mM DTT, 5 mM MgCl2, 10%
glycerol, 0.1 μg/mL BSA, 200 mM NaCl). Reactions were incubated at room
temperature for 1 h and quenched with 0.05 M EDTA (pH 8.0). ATPase activity
was measured by the release of free phosphate using Abcam Phosphate Assay
Kit (Colorimetric; ab 65622). Absolute values for the concentration of Pi/well
were determined using the kit phosphate standard. Fold stimulation was cal-
culated relative to a control lacking ICP8.

Quantification of Viral DNA Synthesis. Vero cell were grown on 60-mm dishes
to 80% confluency and transfected with 300 ng of pSAK-ICP8, pSAK-ICP8 QF,
or pSAK-EV, and 1.7 μg of pUC19 as carrier DNA, per dish using Lipofect-
amine Plus reagent (Invitrogen) according to the manufacturer’s suggested
protocol. Sixteen- to 18-h posttransfection, cells were infected with HD-2
(ICP8-null virus) at a multiplicity of infection (MOI) of 5 PFU/cell and har-
vested 24 h postinfection. Cell pellets were washed once and resuspended in
200 μL of PBS. Total DNA was extracted using blood/tissue DNA extraction kit
(Qiagen; catalog no. 69504) according to the manufacturer’s suggested
protocol. DNA was quantified using nanodrop (Thermo Fisher Scientific),
and serial dilutions were prepared starting with the same amount of initial
DNA. DNA samples were transferred to nylon membrane (GeneScreen Plus;
catalog no. NCF10700) using dot blot manifold (PerkinElmer) according to
the manufacturer’s instructions. Southern blot was performed using α-32P–
labeled random probes generated from a PCR-derived UL30 gene using a
random primer labeling kit (Thermo Fisher Scientific; catalog no. 17075).

RC Assay. Vero cells were grown to ∼80% confluency on glass coverslips in a
12-well culture plate. Cells were transfected with 50 ng of either pSAK-EV,
pSAK-ICP8, or pSAK-ICP8 QF, and 450 ng of pUC19 carrier DNA using Lip-
ofectamine Plus (Invitrogen) according to the manufacturer’s suggested
protocol. Sixteen- to 18-h posttransfection, samples were infected with HD-2
(ICP8-null virus) at an MOI of 20. IF was performed as has previously been
described (38). Images were taken on Zeiss LSM 880 Meta confocal micro-
scope and a Plan-Apochromat 63× oil differential interference contrast
M27 objective (numerical aperture, 1.4) at a zoom of 1.5×.
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