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Replication of herpes simplex virus takes place in the cell
nucleus and is carried out by a replisome composed of six viral
proteins: the UL30-UL42 DNA polymerase, the UL5-UL8-UL52
helicase-primase, and the UL29 single-stranded DNA-binding
protein ICP8. The replisome is loaded on origins of replication
by the UL initiator origin-binding protein. Virus replication is
intimately coupled to recombination and repair, often per-
formed by cellular proteins. Here, we review new significant
developments: the three-dimensional structures for the DNA
polymerase, the polymerase accessory factor, and the single-
stranded DNA-binding protein; the reconstitution of a func-
tional replisome i vitro; the elucidation of the mechanism for
activation of origins of DNA replication; the identification of
cellular proteins actively involved in or responding to viral
DNA replication; and the elucidation of requirements for for-
mation of replication foci in the nucleus and effects on pro-
tein localization.

Herpesviruses are found in all animals from molluscs to man.
During evolution, the viruses have become tightly associated
and co-evolved with their hosts. They seem to cross species
borders only by accident, and in such rare instances, they may
cause unexpected and severe disease. Herpesviruses have an
unusual lifestyle; they cause lytic infection in cells, leading to
efficient production of new infectious virus particles, and they
also establish latent infections in either non-dividing neuronal
cells or cycling cells of the immune system. The latent state is
characterized by expression of a very limited set of genes to
ascertain maintenance of virus chromosomes and to escape
recognition by the immune system. The mechanisms for estab-
lishing latency appear to differ considerably for different her-
pesviruses. In contrast, mechanisms for replication of virus
DNA during lytic infection and subsequent formation of infec-
tious particles seem to be evolutionarily conserved. There is
one notable exception; the mechanism for recognition of ori-
gins of DNA replication and initiation of DNA synthesis differs
between the herpesvirus families.

Humans can be infected by eight different herpesviruses.
Herpes simplex viruses I and II and varicella zoster virus are
alphaherpesviruses. Cytomegalovirus and the roseoloviruses,
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human herpesviruses 6 and 7, are classified as betaherpesvi-
ruses. Epstein-Barr virus and Kaposi’s sarcoma-associated her-
pesvirus belong to the gammaherpesvirus subfamily.

In this minireview, we discuss recent developments in repli-
cation, recombination, and repair of herpes simplex virus DNA.
We will take as our starting point a previous minireview in the
Journal of Biological Chemistry that provides an insightful and
accurate description of basic mechanisms and components of
the herpes simplex virus replication machinery (1). Noteworthy
new developments have been (i) the presentation of three-di-
mensional structures for the DNA polymerase, the polymerase
accessory factor, and the single-stranded DNA-binding protein
(ssDNA)?; (ii) the reconstitution of a functional replisome in
vitro; (iii) the elucidation of the mechanism for activation of
origins of DNA replication; (iv) the identification of cellular
proteins actively involved in or responding to viral DNA repli-
cation; and (v) the elucidation of requirements for formation
of replication foci in the nucleus and effects on protein
localization.

Structure of Replicating DNA

Early in infection, the herpes simplex virus capsid is trans-
ported to the nuclear pores and delivers the 150-kb double-
stranded linear DNA into the nucleus. Linear DNA, which does
not appear to activate the double-strand break response, is rap-
idly converted to circular genomes (Fig. 1) (2—4). Circulariza-
tion is not prevented by inhibitors of viral DNA synthesis or
protein synthesis, and circular molecules function as templates
for DNA synthesis (2). Experiments using mutant cell lines and
siRNA-mediated knockdown of cellular DNA ligases demon-
strate that DNA ligase IV/XRCC4 is specifically required for
formation of end-less genomes and efficient virus replication
(Fig. 1) (5).

The linear genome of HSV-1 DNA is composed of distinct
sequence elements arranged in the order ab-U,-b'a’c’-Ug-ca
(where U; is the unique long segment and Ug is the unique
short segment). The genome contains three highly similar and
functionally redundant origins of DNA replication: two copies
of oriS and one copy of oriL. The a sequences serve as cleavage
and packaging signals. The presence of direct terminal repeats
at the ends still make it possible that homologous recombina-
tion can serve as a less efficient pathway for formation of end-
less genomes (6).

The commonly accepted model for HSV-1 replication pre-
dicts initial bidirectional theta-type replication, resulting in
amplification of circular molecules, followed by a switch to roll-
ing circle replication generating concatemers of viral genomes
(Fig. 1). In reality, replicating HSV-1 DNA appears to exist in a
complex non-linear branched form from which only small
amounts of monomer DNA can be released by restriction
enzyme cleavage (7). In contrast, human herpesvirus 6 has a
simpler genome structure, a-U-a, and contains only a single

2 The abbreviations used are: ssDNA, single-stranded DNA; OBP, origin-bind-
ing protein.
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FIGURE 1. Herpes simplex virus DNA replication. Upper, the linear genome
is circularized by DNA ligase IV/XRCC4 and serves as template for the viral
replication machinery. A first phase of theta-type replication, initiated at
three redundant origins of replication oriS and oril, is followed by rolling
circle replication. Note that frequent recombination events generate mole-
cules with a more complex structure (see text). The figure is adapted from Ref.
5.ULand US, unique long and short segments, respectively. Middle, the HSV-1
replication fork. Lower, HSV-1 replication causes a series of structural changes
in the cell nucleus characterized by co-localization of replication, repair, and
recombination proteins (for further details, see Ref. 18).

origin for lytic DNA replication. The replication intermediates
also have a simpler structure. They are not highly branched and
consist of head-to-tail concatemers as well as circular mono-
mers or oligomers (8). These observations argue in favor of the
traditional model for lytic replication of herpesviruses, but they
also demonstrate that the presence of multiple origins of repli-
cation and repeated sequence elements generates replication
intermediates that may require extensive editing before infec-
tious genomes are produced.

The UL12 alkaline exonuclease seems to be involved in pro-
cessing of replicated DNA because a knock-out mutant shows
severely impaired growth and generates capsids containing
abnormal genomes (9). The observation that large numbers of
non-infectious yet DNA-containing virus particles are pro-
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duced in cells infected by a virus lacking the alkaline exonu-
clease demonstrates the need for proper editing of primary rep-
lication products.

Replication Machinery

DNA replication is initiated at the redundant origins of rep-
lication oriL and oriS. The origins of replication are recognized
and activated by the origin-binding protein (OBP), encoded by
the UL9 gene (10, 11).

DNA synthesis is carried out by a replisome composed of a
heterodimeric DNA polymerase encoded by the UL30 and
ULA42 genes; a trimeric helicase-primase encoded by the UL5,
ULS, and UL52 genes; and a ssDNA-binding protein commonly
referred to as ICP8 (infected cell protein 8), encoded by the
UL29 gene (Fig. 1) (1). A functional replisome can be reconsti-
tuted from purified proteins (12, 13). The replisome can use a
minicircle template for rolling circle replication and generate
leading and lagging strand products. Rolling circle replication
has also been visualized by electron microscopy (14). The
approximate rate of unwinding, 60 —65 bp/s, approaches the
rate of fork movement in vivo, and it is not further stimulated by
the HSV-1 DNA polymerase (15). OBP helicase activity is not
required for fork movement, and it cannot replace helicase-
primase at the fork (12). A coupling between leading and lag-
ging strand synthesis is suggested by the observation that
assembled replisomes are able to carry out synthesis of double-
stranded DNA even in the presence of a competing template-
primer, but evidence for a direct coupling is still lacking (12).
Synthesis of leading and lagging strand products using the
minicircle template can be achieved by the UL30-UL42 DNA
polymerase and the UL5-UL52 helicase-primase subassembly
in the absence of ICP8 and UL8 (12, 13). However, DNA syn-
thesis is stimulated by ICP8, and at least in vitro, UL8 has to be
present in seemingly equimolar amounts for stimulation to
occur (12). The lagging strand products, ranging between 0.2
and 4 kb in vitro, are likely to be further processed by Fen-1 and
DNA ligase I (12, 13, 16). Additional proteins such as the viral
uracil glycosylase UL2 may associate with the replisome and
contribute to replication fidelity (17).

HSV-1 DNA replication takes place in nuclear foci, which
later turn into larger replication compartments (Fig. 1) (18).
The formation of replication compartments requires active
DNA synthesis. A large number of cellular proteins localize to
the replication compartments or co-immunoprecipitate with
viral replication proteins such as ICP8 (19). The functional role
of such proteins during virus replication remains to be
elucidated.

Activation of Origins of DNA Replication

The HSV-1 replicon consists of the replicator sequences oriS
and oriL and the initiator protein OBP assisted by ICP8. OBP is
a superfamily II DNA helicase with a C-terminal domain for
sequence-specific binding to origins of replication. The repli-
con has evolved from an ancestor common to the roseolovi-
ruses, human herpesviruses 6 and 7, and the alphaherpesviruses
(20). oriS from HSV-1 has two binding sites, boxes I and II, for
the initiator protein OBP and an additional weak site, box III.
Boxes I and III together form a stable hairpin (20). The binding
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FIGURE 2. HSV-1 origins of replication activated by OBP and ICP8 in the
presence of ATP. A dimer of OBP binds to a hairpin with helicase domains
covering 3'-ssDNA and delivers ICP8 to ssDNA (26).

sites are always separated by an AT-rich spacer sequence, and
at least for HSV-1, the efficiency of initiation of DNA replica-
tion varies periodically with the length of spacer sequence (21,
22). The recognition sequence for OBP, TTCGCAC, is highly
conserved among alphaherpesviruses but differs from its coun-
terpart in roseoloviruses (20). OBP binds cooperatively to oriS,
and the assembly of a stable complex containing two OBP
dimers on oriS as well as ICP8 has been visualized by electron
microscopy (23). OBP alone can destabilize the AT-rich spacer
sequence (24). In the presence of ATP, the preinitiation com-
plex will proceed to unwind DNA and generate stretches of
~300-bp single-stranded DNA (ssDNA) covered with ICP8
within 15 min on linear DNA (23).

Biochemical investigations have revealed that linear oriS is
converted to ssDNA containing a box I/box III hairpin by OBP
and ICP8 in the presence of ATP (25). The hairpin is stably
bound, in a sequence-specific manner, by the C-terminal
domain of OBP, and the single-stranded AT-rich spacer is con-
tacted by the N-terminal helicase domains (Fig. 2) (26). A dimer
of OBP can simultaneously bind two double-stranded DNA
ligands but only one copy of a box I/box III hairpin with a
10-nucleotide single-stranded tail (26). It has been argued that
this finding reflects a conformational change in OBP, from an
origin-binding conformation to a helicase conformation, which
can be facilitated by the interaction between ICP8 and the
WPXXXGAXXFEXXL motif found in the extreme C terminus of
OBP (20, 26). When ICPS8 is in contact with ssDNA, this inter-
action can no longer be sustained (27). Thus, OBP seems to be
able to attract and deliver ICP8 in an orderly manner to acti-
vated oriS (Fig. 2).

The C-terminal domain of OBP can, as a monomer, bind
sequence-specifically to the major groove of DNA (28). How-
ever, a second monomer can, at least in vitro, be rapidly
recruited form a stable 2:1 complex (29). A ternary 2:1:1 com-
plex between the C-terminal domain of OBP, ICP8, and double-
stranded DNA has been observed (29). These observations may
suggest that activation of oriS is accompanied by major confor-
mational changes in the C-terminal DNA-binding domain of
OBP. It remains to be seen if these features can be recapitulated
with a single dimer of OBP or a complex of two dimers on oriS.

It has not yet been possible to establish in vitro a reconsti-
tuted system for origin-dependent DNA synthesis, and we
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therefore lack information about recruitment of helicase-pri-
mase to activated oriS and synthesis of the first primers. It is in
fact possible that additional factors such as DNA polymerase
a-primase may have specific roles during HSV-1 DNA replica-
tion (30).

Properties of Replisome Proteins

UL30-UL42 DNA Polymerase—The HSV-1 DNA polymer-
ase consists of a catalytic subunit, the product of the UL30 gene,
and an accessory subunit, the UL42 protein, which enhances
the processivity of the enzyme. The UL30 polymerase is a family
B DNA polymerase that is 25% identical to DNA polymerase &
from Saccharomyces cerevisiae (31, 32). The three-dimensional
structure resembles not only that of DNA polymerase & but also
that of phage RB69 DNA polymerase (Fig. 3) (31, 32). A pre-N-
terminal domain (amino acids 1-140) precedes the N-termi-
nal domain, which shares three motifs with S. cerevisiae DNA
polymerase & (31). The first motif has a topology resembling
that of the OB-fold; motif II has similarity to the RNA-binding
motif found in ribonucleoproteins; and the third motif consists
of two a-helices connected by a short helix or a loop. The 3'-5’
exonuclease, the palm, the fingers, and the thumb subdomains
are arranged as for other family B members. The HSV-1 UL30-
UL42 polymerase complex is reported to misincorporate
dNTPs as frequently as 1 in 300 incorporation events, and it
exhibits an average elongation rate of 44 nucleotides/s (33).
Mutational inactivation of the 3'-5" exonuclease causes
decreased fidelity and modest strand displacement activity (16,
34). The antiviral compound acyclovir is incorporated less effi-
ciently than dGTP but causes chain termination, and it is
removed with a half-life of 1 h (36). Interestingly, the polymer-
ase can cleave an apurinic/apyrimidinic site in duplex DNA as
well as remove the product 5'-deoxyribose phosphate by a lyase
activity (37). The presence of a separate UL2 uracil glycosylase
as well as apurinic/apyrimidinic and 5’-deoxyribose phosphate
lyase activities in the virus polymerase indicates important
roles in enhancing replication fidelity (17).

The UL42 subunit serves as a processivity factor for the UL30
DNA polymerase (39, 40). The extreme C terminus of UL30
binds tightly to UL42, and a peptide corresponding to the last
18 amino acids of UL30 can in fact inhibit long-chain DNA
synthesis (41). A crystal structure of UL42 truncated at its C
terminus in complex with a 36-amino acid peptide correspond-
ing to the C terminus of UL30 reveals a remarkable resem-
blance to a proliferating cell nuclear antigen protomer despite a
lack of sequence similarity (Fig. 3) (42). HSV-1 UL42 is active as
a monomer and binds tightly to DNA via a positively charged
surface opposite the UL30-binding site (43). It is nevertheless
capable of translocating efficiently along DNA (43, 44). UL42 is
reported to be a phosphoprotein, but the functional conse-
quences of phosphorylation or any other post-translational
modification remain to be investigated (45).

ULS5-UL8-UL52 Helicase-Primase—The HSV-1 helicase-pri-
mase was first identified as a DNA-dependent ATPase and sub-
sequently shown to be composed of three subunits: the UL5
helicase, the UL52 primase, and the accessory protein UL8 (46,
47). A UL5-UL52 subassembly retains all enzymatic activities,
but it fails to localize to the nucleus in the absence of ULS8 (48).
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FIGURE 3. Structure of HSV-1 replication proteins. Shown are the UL30
DNA polymerase (31), the UL42 processivity factor with a C-terminal peptide
from UL30 DNA polymerase (42), and a filament composed of ICP8 and ssDNA
(65).

ULS is also required for efficient unwinding of long duplex DNA
substrates in the presence of the ssDNA-binding protein ICPS,
and surface resonance experiments reveal that the UL5-ULS-
UL52 complex, but not the UL5-UL52 subassembly, interacts
physically with ICP8 (49). The same features are recapitulated in
experiments using the herpesvirus replisome on a minicircle tem-
plate (see above). It is commonly assumed that helicase-primase
operates as a trimer at the replication fork; however, a recent study
suggests that it may also exist in higher order complexes (50).
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The UL5 subunit can be identified as a superfamily I DNA
helicase, and it operates on the lagging strand template, moving
in a 5'-3’ direction. The six helicase motifs have been identi-
fied, and functional roles have been established by site-directed
mutagenesis (51). The UL52 primase has a catalytic DXD motif
and an evolutionarily conserved C-terminal zinc finger, and
both are required for function (52—54). The ULS8 protein has no
apparent cellular homolog that could be identified by sequence
analysis. It is reported to interact not only with the UL5-UL52
complex but also with OBP (55), ICP8 (49), and UL30 DNA
polymerase (56). The properties of UL52 primase in complex
with UL5 have been examined in some detail. It synthesizes
2—-13-nucleotide-long products, but only products longer than
8 nucleotides are used by polymerase (30). Efficient priming
occurs only at 3'-G-Pyr-Pyr sequences (57); it is an inaccurate
enzyme and misincorporates natural NTPs as well as synthetic
substrates at high frequency (58, 59). It is also affected by tem-
plate and primer slippage (58). Mutations in the UL52 zinc fin-
ger also abolish the helicase activity of UL5, illustrating the
functional interdependence of the two enzymes in a single com-
plex (60).

Helicase-primase is also the target for a novel series of highly
efficient non-nucleoside antiviral compounds (61-63). Ac-
quired resistance to these drugs is associated with mutations in
the helicase and the primase subunits, thereby emphasizing the
interdependence of the two enzymes (63, 64).

ssDNA-binding Protein ICP8—A high-resolution crystal
structure of a truncated version of ICP8 lacking only the last 60
amino acids has been reported (Fig. 3) (65). Truncated ICP8 still
binds ssDNA but with loss of cooperativity (66). The crystal
structure reveals a large N-terminal domain (residues 9-1038)
and a small C-terminal domain (residues 1049 -1129). The
front side of the neck region resembles the OB-fold, and a zinc
finger is likely to provide structural integrity. An attractive
model suggests how the helical C-terminal domain and the last
60 amino acids act together to account for the formation of a
flexible stretched ssDNA molecule (Fig. 3) (64). In the model, 14
nucleotides are covered by one ICP8 molecule, which is in good
agreement with experimental results (27).

The functional roles of ICP8 during activation of oriS and
propagation of the replication fork have been experimentally
addressed in vivo and in vitro (see above), but ICP8 has also
properties of a recombinase; it can promote strand annealing as
well as helix destabilization. The process has been visualized
demonstrating how two coiled ICP8-ssDNA nucleoprotein fil-
aments generate intertwined coiled-coil structures in which
strand annealing occurs (66). ICP8 has also been demonstrated
to promote strand invasion in vitro, and together with helicase-
primase, it can promote strand exchange (67, 68). A possible
role could be to promote recombination-dependent DNA syn-
thesis during repair of double-strand breaks (69, 70). It has,
however, not yet been possible to assess the significance of the
recombinase properties of ICP8 during the course of a virus
infection.

Regulation of DNA Synthesis

Herpes simplex virus DNA synthesis requires ICP4-depen-
dent expression of early genes encoding the seven replication
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proteins discussed above. However, it is also possible that acti-
vation of the origins may be controlled during an infectious
cycle as well as during reactivation from latency. In addition,
coordination of replication with recombination and repair
might require modification of replication proteins. It has been
noted that the initiator protein OBP is required only during the
early part of the lytic infection and that expression of truncated
versions composed of the C-terminal DNA-binding domain
might serve as an inhibitor of initiation (72, 73). The activity of
OBP may be controlled by phosphorylation and subsequent
ubiquitin-dependent degradation mediated by the F-box pro-
tein NFB42, a mechanism suitable for establishing and main-
taining latency in neuronal cells (74, 75).

Repair and Recombination of HSV-1 DNA

Herpes simplex virus replication is intimately coupled to
homologous recombination. It is known that homologous
recombination is responsible for the inversion of the unique
long and short segments of the genome, and it is possible that
the frequency of recombination is enhanced by strand breaks
produced during replication or by cellular nucleases (76, 77).
The enzymes and regulatory molecules required for homolo-
gous recombination have only been partially characterized.
Knockdown experiments with Rad51, Rad52, and Rad54 may
result in a small reduction in virus replication (78, 79). How-
ever, if the same experiment is performed using UV light-
treated virus particles, the virus yield is reduced by ~50-150-
fold, indicating that homologous recombination serves as an
efficient pathway for repair of damaged DNA (79). These obser-
vations do not exclude that viral proteins such as ICP8 can
perform similar functions. An additional way to promote
homologous recombination may involve the alkaline exonu-
clease UL12 and ICPS8; together, they may promote strand
exchange in vitro (80). In addition, UL12 interacts with the
Mrel1-Rad50-Nbsl complex, providing a connection with cel-
lular pathways for double-strand break repair (81). Active virus
replication also activates ATM and downstream signaling (3, 4),
but ATR signaling is disabled (82). Because activation of ATR
depends on binding of replication protein A to stretches of
ssDNA (83), it is tempting to speculate that competition
between ICP8 and replication protein A for binding to ssDNA
may affect the response to DNA damage.

A tight association between virus replication and DNA repair
is suggested by the presence of a gene for uracil glycosylase in
the HSV-1 genome. The enzyme forms a complex with the viral
DNA polymerase and collaborates to perform DNA repair (37).
The presence of a dUTPase and a ribonucleotide reductase
lacking allosteric control mechanisms may indicate an
enhanced risk for misincorporation of dNTPs during replica-
tion (35). It is also of interest to note that components of the
mismatch repair system, together with proliferating cell
nuclear antigen and replication factor C, can be found at sites of
Epstein-Barr virus DNA synthesis (38).

Clearly, there are close connections between virus replica-
tion, repair, and recombination. A recent study demonstrates
the requirement for homologous recombination as well as
nucleotide excision repair and the translesion synthesis DNA
polymerase n for replication of UV light-damaged HSV-1 (79).
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The virus replisome appears to be more sensitive to DNA dam-
age than the transcription apparatus because expression from
immediate-early and early genes is largely unaffected under
conditions in which replication-dependent expression from
late genes is severely reduced (79). The immediate effects of
DNA damage on the virus replisome have not been studied.

Concluding Remarks

High-resolution structural information and extensive func-
tional characterization of the replication proteins form the
foundation for future research. Detailed studies of replication
processes in vivo and in vitro can be combined with an under-
standing of the cellular contributions as well as response to
virus replication. Such studies will shed light on the biology of
herpesviruses and also serve to elucidate fundamental cellular
processes.
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