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The herpes simplex virus (HSV) genome contains both cis- and trans-acting elements which are important in
viral DNA replication. The cis-acting elements consist of three origins of replication: two copies of oris and one

copy of OriL. It has previously been shown that five cloned restriction fragments of HSV-1 DNA together can

supply all of the trans-acting functions required for the replication of plasmids containing oris or oriL when
cotransfected into Vero cells (M. D. Challberg, Proc. Natl. Acad. Sci. USA, 83:9094-9098, 1986). These
observations provide the basis for a complementation assay with which to locate all of the HSV sequences which
encode trans-acting functions necessary for origin-dependent DNA replication. Using this assay in combination
with the data from large-scale sequence analysis of the HSV-1 genome, we have now identified seven HSV genes

which are necessary for transient replication of plasmids containing either onis or ofiL. As shown previously,
two of these genes encode the viral DNA polymerase and single-stranded DNA-binding protein, which are

known from conventional genetic analysis to be essential for viral DNA replication in infected cells. The
functions of the products of the remaining five genes are unknown. We propose that the seven genes essential
for plasmid replication comprise a set of genes whose products are directly involved in viral DNA synthesis.

Herpes simplex virus (HSV) contains a large (150 kilobase
[kb]) double-stranded DNA genome which is replicated
within the nucleus of the host cell (4). Although the mecha-
nistic details of HSV DNA synthesis are largely unknown, it
is clear from the work of several laboratories that the HSV
genome contains both cis- and trans-acting elements which
are important in viral DNA replication. Thus, dissection of
this process should be amenable to the combination of
biochemistry and genetics which has proven so powerful in
other systems.
The existence of cis-acting replication origins was first

inferred from the structure of defective viral genomes (46,
50). It is now thought that there are three such origins and
that they consist of two distinct but related DNA sequences
(46-48, 50, 52): oriL, of which there is one copy in the viral
genome, and oris, of which there are two copies. Plasmid
DNAs containing either oris or oriL are replicated when they
are introduced into HSV-infected cells (46-48, 50, 52). On
the basis of this result, it seems reasonable to assume that
oris and oriL are sites at which viral DNA synthesis is
initiated, although direct evidence to support this assump-
tion is not yet available.
Two complementary approaches have been used to iden-

tify trans-acting viral gene products involved in the replica-
tion of viral DNA. First, cell-free extracts have been assayed
for virus-induced biochemical activities which, by analogy to
other, better-defined replication systems, probably have a
role in DNA replication. Such biochemical activities identi-
fied in extracts of HSV-infected cells include a DNA poly-
merase (Pol) (23), a single-strand-specific DNA binding
protein (DBP) (3, 41), an origin-specific DBP (17), a thymi-
dine kinase (25), a ribonucleotide reductase (RR) (12), and an
exonuclease (23, 31). Second, several virus mutants have
been isolated which exhibit alterations in DNA synthesis (8,
9, 11, 16, 24, 29, 37, 44, 49). Such mutants include members
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of at least 10 different complementation groups. In several
cases these two approaches have converged; mutants defec-
tive in DNA replication with lesions mapping within the
coding sequences for Pol (8, 11, 20), DBP (13, 43, 51), RR
(40; S. K. Weller, personal comnmunication), and possibly
the exonuclease (23, 33) have been identified.
To overcome some of the limitations of these two ap-

proaches, a third approach based on the transient replication
of transfected plasmid DNAs has recently been developed.
We have reported that five cloned restriction fragments of
HSV DNA together can supply all of the functions required
for the replication of plasmids containing oris or oriL when
cotransfected into Vero cells (7). Subcloning of one of these
fragments, XbaI-F, revealed that the genes for two proteins
known to be required for viral DNA replication, DBP and
Pol, were similarly required for plasmid replication in the
transient assay system. These observations provide the basis
for a complementation assay with which to locate all of the
HSV sequences which encode trans-acting functions neces-
sary for origin-dependent DNA replication.

In this paper we report the results of such an analysis. We
subcloned each of the large plasmids required for transient
DNA synthesis and assayed each subclone, alone and in
combinations, for the ability to substitute for the original
clone. This approach, when combined with data from large-
scale DNA sequence analysis of the HSV-1 genome, allowed
us to identify five genes in addition to dbp and pol which are
essential for origin-dependent DNA replication. The se-
quences of these five genes are reported in the accompany-
ing paper (30).

MATERIALS AND METHODS
Construction and isolation of plasmids. The structure and

source of all plasmids used in this work are summarized in
Table 1. The fragment of viral DNA in each of these
plasmids was derived originally from the KOS strain of
HSV-1. The DNA sequence analyses from which the restric-
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TABLE 1. Plasmids used

Plasmid Map coordinates HSV genea Reference

pSG25 (EcoRI-H) 0.87-0.97 21
pKB-X (BamHI-X) 0.94-0.96 S. K. Weller, unpublished
pMC121 (XbaI-C) 0.07-0.29 7
pCW8 0.07-0.11 This work
pCW21 0.08-0.11 UL5 This work
pCW9 (KpnI-F) 0.12-0.19 This work
pMC160 0.12-0.16 This work
pMC160-1 0.12-0.16 UL9 This work
pMC160-2 0.12-0.16 UL8 This work
pCW16 0.16-0.19 This work
pMC122 (XbaI-F) 0.29-0.45 7
pNN1 0.38-0.42 dbp 7
pNN3 0.40-0.44 po/ 7
pMC123 (XbaI-E) 0.45-0.64 7
pKH-F (HpaI-F) 0.54-0.62 S. K. Weller, unpublished
pCW15 0.59-0.64 This work
pNN4 0.61-0.63 UL42 This work
pMC124 (XbaI-D) 0.64-0.83 7
pKB-L (BamHI-L) 0.72-0.74 This work
pNN5 0.72-0.74 UL52 This work
pSG1 (EcoRI-JK) 0.0-0.086, 0.83-0.87 21
pKB-B (BamHI-B) 0.74-0.80 This work
pMC150 0.75-0.77 IE63 This work
pMC151 0.80-0.82 IE110 This work
pKl-2 0.83-0.86 IE175 15
pKB-F (BamHI-F) 0.64-0.70 This work

a Refers to the HSV gene in those plasmids containing a single intact gene.

tion maps and arrangement of genes displayed in Fig. 1 to 5
were deduced were performed on HSV-1 strain 17. Strain
KOS and strain 17 are closely similar, and every restriction
site indicated in the figures was shown to be present as
indicated for the cloned KOS DNA. All of the plasmids
constructed during the course of this work contain HSV
fragments derived from the indicated XbaI clone which were
inserted by standard methods (28) into the multiple cloning
site of Bluescribe, a 3.2-kb cloning vector obtained from
Vector Cloning Systems, San Diego, Calif. Plasmid DNAs
were isolated from the DH5 strain of Escherichia coli by the
method of Birnboim and Doly (5) and were further purified
by banding in cesium chloride-ethidium bromide gradients.
Assay for plasmid DNA replication. Plasmid DNA replica-

tion was assayed exactly as described previously (7). Briefly,
combinations of plasmid DNAs (0.5 jig of each) were mixed
and used to transfect confluent monolayers of Vero cells by
the calcium phosphate coprecipitation technique (22). At 14
to 16 h following transfection, the cells were lysed and total
cellular DNA was isolated. The purified DNA was digested
with EcoRI, HindIII, and DpnI and fractionated by agarose
gel electrophoresis. The DNA in the gel was transferred to a
nylon membrane and probed with 32P-labeled pUC19 DNA.

RESULTS

Our standard assay for HSV origin-dependent DNA
replication used the following plasmids: pKl-2, encoding the
immediate-early protein IE175; pMC122 (XbaI-F), which
contains dbp, pol, and oriL; pSG25, which contains two
copies of oris but no essential trans-acting genes; and
pMC121 (XbaI-C), pMC123 (XbaI-E), and pMC124 (XbaI-
D), each of which contains at least one unidentified trans-
acting gene. DNA replication was assayed by transfecting
Vero cells with a mixture of these six plasmids. At 14 to 16

h following transfection, total cellular DNA was isolated,
digested with EcoRI, HindIll, and DpnI, fractionated by
agarose gel electrophoresis, transferred to a nylon mem-
brane, and probed with 32P-labeled pUC19 DNA. Under
these conditions, oriL-dependent replication gives rise to a
DpnI-resistant fragment of 2.7 kb derived from XbaI-F, and
oris-dependent replication gives rise to a DpnI-resistant
fragment of 4.6 kb derived from pSG25 (7).
To locate all of the unidentified genes required for plasmid

DNA replication in our assay, we used the following general
strategy. XbaI-C, XbaI-E, or XbaI-D was digested with one
of a number of different restriction enzymes, and the result-
ing fragments were tested for their ability to substitute for
the intact plasmid in a standard replication assay. Once we
found a restriction enzyme which did not inactivate a plas-
mid, we cloned each of the fragments produced by that
enzyme and tested the subclones, alone and in combina-
tions, for their ability to supply the required function(s). This
process was repeated until we obtained an active subclone
containing a limited number of genes, as deduced by DNA
sequence analysis. Finally, plasmids containing single intact
genes were constructed and tested in a similar fashion. The
results of these analyses are displayed in Fig. 1 to 5 and
described in detail below.
XbaI-C. Preliminary experiments showed that digestion of

XbaI-C with KpnI did not reduce its ability to support oriL or
oris-dependent replication. Accordingly, several KpnI frag-
ments were cloned and tested for their ability to substitute
for XbaI-C. A combination of two of these subclones, pCW8
and pCW9, but neither of these two plasmids alone sup-
ported DNA replication at a level comparable to that seen
with XbaI-C (Fig. 1B and D). Therefore, there must be at
least two essential genes in XbaI-C. The essential gene(s) in
pCW9 was further localized by dividing pCW9 roughly in
half into plasmids pMC160 and pCW16. A combination of
pMC160 and pCW8 completely complemented assay mix-
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FIG. 1. Identification of DNA replication functions in XbaI-C. (A) Diagramatic representation of the HSV sequences contained within
plasmid subclones of XbaI-C, shown with respect to the P arrangement of the HSV genome. The bold arrows at the bottom depict the
arrangement of open reading frames deduced from DNA sequence data (30; D. J. McGeoch, unpublished data). Open and solid birs indicate
the short inverted repeat and the long inverted repeat sequences, respectively. Exo, Exonuclease. (B, C, and D) DNA replication assays.
Vero cells were transfected with 0.5 ,ug each of pMC122 (XbaI-F), pMC123 (XbaI-E), pMC124 (XbaI-D), pKl-2 (IE175), pSG25, and the

plasmid(s) indicated at the top of each lane. oris and oriL refer to the positions of EcoRI-HindIll-digested pSG25 and pMC122, respectively,
which were run as markers on the same gel.

cn

CL

B

_. ....... ...

OniL

VOL. 62, 1988 437

__m-jmb

SM



438 WU ET AL.

tures lacking XbaI-C (Fig. 1D, lane 5); pCW16, which
contains the gene encoding alkaline exonuclease (36), had no
effect (Fig. 1D, lanes 4 and 6).
DNA sequence analysis showed that pCW8 and pMC160

each contained two intact genes (Fig. 1A). Deletion analysis
of pCW8 showed that of the two intact genes in this plasmid,
only the gene encoding the 99,000-molecular-weight (99K)
protein was essential for plasmid replication (data not
shown). This was confirmed by the data shown in Fig. 1C.
Plasmid pCW21 contains a fragment extending from the
KpnI site 1.1 kb upstream of the amino terminus of the 99K
open reading frame to an NdeI site 351 base pairs (bp)
downstream of the carboxy terminus of the same open
reading frame. Since pCW21 supported DNA replication
equally as well as pCW8, we conclude that the 99K open
reading frame encodes an essential replication function. It
should be noted that the DNA sequence of this region
suggests that the mRNAs encoding the 99K and the 22K
open reading frames comprise a 3' coterminal family: the
first consensus polyadenylation signal (ATTAAA) present in
the DNA sequence downstream of the carboxy terminus of
the 99K open reading frame lies 73 bp downstream of the
22K open reading frame. Thus, the 99K protein must be
expressed from plasmid pCW21 at a level sufficient for DNA
replication in spite of the fact that this plasmid contains no
obvious polyadenylation signals.
To locate the essential genes in pMC160, we constructed

pMC160-1 and pMC160-2. pMC160-1 is identical to pMC160
except that it contains a 500-bp deletion within the 80K open
reading frame; pMC160-2 has a similar structure, but with
the 80K open reading frame intact and with a 500-bp deletion
in the 94K open reading frame. A mixture of pMC160-1 and
pMC160-2 but neither plasmid alone could substitute for
pMC160 in assay mixtures lacking XbaI-C but containing
pCW8 (Fig. 1D, lanes 7 to 9). Therefore, both the 80K
protein and the 94K protein must be required for DNA
replication. XbaI-C thus contains three genes which are
essential for plasmid DNA replication.
XbaI-E. The genes encoding the two subunits of ribonu-

cleotide reductase are located within XbaI-E (40). Since a
temperature-sensitive mutation mapping within RR has been
reported to cause a defect in the ability to synthesize viral
DNA at the restrictive temperature (40), we began our
analysis of XbaI-E by testing to see whether RR is one of the
functions required for plasmid DNA replication. The plas-
mid pKH-F (HpaI-F) contains both subunits of RR (as well
several other genes). pKH-F could not substitute for XbaI-E
in a standard replication assay (Fig. 2B, lane 5). To locate
the gene(s) missing in pKH-F, we constructed plasmids
containing the XbaI-E sequences on each side of pKH-F.
The combination of pKH-F and pCW15, which contained
the sequences n XbaI-E to the right of the pKH-F site,
completely reconstituted origin-dependent DNA synthesis in
assay mixtures lacking XbaI-E (Fig. 2B, lane 4). Moreover,
pCW15 by itself was capable of supporting DNA replication
at a somewhat reduced level (Fig. 2B, lane 4). These data
suggest that at least one essential gene must be located
within pCW15 and that RR is not absolutely required for
plasmid DNA replication.
DNA sequence analysis revealed the presence of two

intact genes within pCW15 (Fig. 2A). Of these two genes, the
one encoding a 51K polypeptide was the only gene required
for DNA replication in our assay (Fig. 2C). Plasmid pNN4
contains a fragment which extends from a PvuI site 723 bp
upstream of the amino terminus of the 51K open reading
frame to another PvuI site 718 bp downstream of its carboxy

terminus. pNN4 could substitute for XbaI-E in a standard
replication assay (Fig. 2C, lane 3), although, as in the case of
pCW15, the level of replication observed with pNN4 was
somewhat reduced from that seen with XbaI-E or with a
combination of pNN4 and pKH-F (data not shown). There-
fore, XbaI-E contains one gene that is essential for plasmid
DNA replication and at least one stimulatory gene which we
have not located precisely. It seems likely that the stimula-
tory gene(s) corresponds to one or both of the two subunits
of RR.
XbaI-D. The restriction fragment XbaI-D contains se-

quences from the right end of UL as well as the entire long
repeat region. We initially concentrated on finding replica-
tion functions within the UL sequences of XbaI-D by includ-
ing EcoRI-JK, which also contains the long repeat region, in
our standard assay. Preliminary experiments showed that
under such conditions, digestion of XbaI-D with BamHI did
not reduce its ability to support origin-dependent DNA
replication. We therefore cloned three of the fragments
produced by BamHI and tested them for their ability to
substitute for XbaI-D in a standard replication assay. Two of
these cloned fragments, BamHI-L and BamHI-B together
supported DNA replication at a level equivalent to that seen
with intact XbaI-D (Fig. 3B, lane 3). No DNA replication
was seen with BamHI-B alone (lane 5), but BamHI-L alone
supported replication at a reduced level (lane 4). We con-
clude that there must be at least one gene that is essential for
plasmid DNA replication within BamHI-L and one or more
stimulatory genes within BamHI-B.
An examination of the sequence ofBamHI-L revealed that

this fragment contains three intact genes. Deletion analysis
(data not shown) of BamHI-L indicated that of these three
genes, only the gene encoding a 114K polypeptide was
required for plasmid DNA replication. This was confirmed
by the data shown in Fig. 3C. Plasmid pNN5 contains a
fragment which extends from an HpaI site 164 bp upstream
of the amino terminus of the 114K open reading frame to
another HpaI site 394 bp downstream of its carboxy termi-
nus. Since pNN5 supported DNA replication as well as
BamHI-L did (Fig. 3C, lanes 1 and 3), we conclude that the
gene encoding the 114K open reading frame is the only gene
within XbaI-D that is essential for plasmid DNA replication.
DNA sequence analysis suggested that the mRNA encoding
the 114K open reading frame was the upstream member of a
3' coterminal family of mRNAs. Thus, as was the case with
the 99K open reading frame in XbaI-C described earlier, the
114K protein encoded within plasmid pNN5 must be ex-
pressed at a level sufficient for DNA replication in the
absence of an obvious polyadenylation site.
As indicated above, our data suggested that BamHI-B

contained one or more genes which were not absolutely
required for but stimulated plasmid DNA replication in our
assay. One (among several) of the genes contained within
BamHI-B encodes the immediate-early protein IE63 (1, 29)
(Fig. 3A). We suspected that this gene might encode the
stimulatory factor in BamHI-B, since it is known that the
immediate-early genes IE110 and IE175 stimulate the
expression of HSV early genes in transient cotransfection
experiments (4, 18, 19, 35, 42), and there is evidence that
IE63 has a similar activity on certain HSV-1 genes (19; D.
Knipe, personal communication). We decided therefore to
test the effect of combinations of all three immediate-early
genes normally present in standard replication assays. Ac-
cordingly, we constructed two subclones of XbaI-D,
pMC150 and pMC151, which contain only the gene encoding
IE63 or IE110, respectively. Figure 4 shows the results of an
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experiment in which DNA replication was assayed by using
mixtures containing XbaI-C, XbaI-F, XbaI-E, BamHI-L,
and combinations of the three immediate-early genes. In the
absence of any of the three immediate-early genes, no DNA
replication was observed (lanes 2 and 10). pKl-2 (IE175)
alone was sufficient to stimulate low levels of DNA replica-
tion (lanes 3 and 11). Pairwise combinations of pKl-2
(IE175) and pMC150 (IE110) (lanes 6 and 14) or pKl-2 and
PMC151 (IE63) (lanes 8 and 16) gave rise to an intermediate
level of DNA replication, and a combination of all three
immediate-early genes supported DNA replication at a level
equivalent to that seen in our standard assay (lanes 1, 9, and
17). It seems likely, therefore, that the stimulatory factor
contained in BamHI-B must be the gene which encodes the
immediate-early protein IE63.
The data displayed in Fig. 4 also suggested that, as was the

case with IE63, neither IE175 nor IE110 was absolutely

FIG. 2. Identification of DNA replication functions in XbaI-E.
(A) Diagramatic representation of the HSV sequences contained
within plasmid subclones of XbaI-E, shown with respect to the P
arrangement of the HSV genome. The bold arrows at the bottom
depict the arrangement of open reading frames deduced from DNA
sequence data (30; D. J. McGeoch, unpublished data). Open and
solid bars indicate the short inverted repeat and the long inverted
repeat sequences, respectively. (B and C) DNA replication assays.
Vero cells were transfected with 0.5 pg each of pMC121 (XbaI-C),
pMC122 (XbaI-F), pMC124 (XbaI-D), pKl-2 (IE175), pSG25, and
the plasmid(s) indicated at the top of each lane. oris and oriL refer to
the positions of EcoRI-HindIII-digested pSG25 and pMC122, re-

spectively, which were run as markers on the same gel.

required for origin-dependent replication in our system. As
indicated above, in the absence of IE110, intermediate levels
of DNA replication were observed. In the absence of IE175,
the combination of genes encoding IE110 and IE63 sup-
ported low levels ofDNA synthesis (Fig. 4, lane 15), and this
low level was increased by the presence of a plasmid
containing the gene for the 65K virion trans-induction factor
(2, 6) (Fig. 4, lane 7). The trans-induction factor is known to
increase the level of expression of immediate-early genes in
transient assays (6). We conclude that while optimal levels of
DNA replication are achieved by the presence of the three
immediate-early proteins IE175, IE110, and IE63, no single
one of these gene products is absolutely required. The
significance of these findings will be discussed below.
Seven essential genes and three immediate-early genes are

sufficient for plasmid DNA replication. The plasmid comple-
mentation analyses presented above indicated that seven
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FIG. 3. Identification of DNA replication function in XbaI-D.
(A) Diagramatic representation of the HSV sequences contained
within plasmid subclones of XbaI-D and the short inverted repeat
sequence (IRS), shown with respect to the P arrangement of the
HSV genome. The bold arrows at the bottom depict the arrangement
of open reading frames deduced from DNA sequence data (30; D. J.

o ri McGeoch, unpublished data). Open and solid bars indicate the short
S inverted repeat and the long inverted repeat sequences, respec-

tively. (B and C) DNA replication assays. Vero cells were trans-
fected with 0.5 jig each of pMC121 (XbaI-C), pMC122 (XbaI-F),

oriL pMC123 (XbaI-E), pKl-2 (IE175), pSG25, pSG1 (EcoRI-JK), and
the plasmid(s) indicated at the top of each lane. oris and oriL refer to
the positions of EcoRI-HindIll-digested pSG25 and pMC122, re-
spectively, which were run as markers on the same gel.

2 3

HSV-1 genes were necessary for origin-dependent DNA
replication. The results presented in Fig. 5 show that these
seven genes, together with three immediate-early genes,
were also sufficient to support plasmid replication. A mix-
ture of 10 plasmids, each containing one of the seven
essential genes or one of the immediate-early genes, was
cotransfected into Vero cells together with pKB-X, which
contains oris but no intact HSV gene. This combination of
plasmids supported the replication of pKB-X at a level only
slightly lower than that seen with the standard assay mixture
of four cloned XbaI fragments and pKl-2. We conclude that
the HSV-1 genome contains no other genes that are essential
for origin-dependent plasmid replication. The location and
predicted size of the proteins encoded by each of the
essential genes are summarized in Fig. 6.

DISCUSSION

In this work we have used a transient complementation
assay to locate HSV sequences which encode functions
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FIG. 4. Effect of immediate-early genes on DNA replication.
Vero cells were transfected with 0.5 ,ug each of pMC121, pMC122,
pMC123, pKB-L (BamHI-L), and the indicated combinations of
pKl-2 (IE175), pMC150 (lE63), pMC151 (IE110), and pKB-F
(BamHI-F, which was used to supply the gene encoding the 65K
trans-induction factor [TIF]). oris and oriL refer to the positions of
EcoRI-HindIll-digested pSG25 and pMC122, respectively, which
were run as markers on the same gel.
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1 2 3

oris

FIG. 5. DNA replication supported by a combination of the
seven essential replication genes and three immediate-early genes.
Lane 1, Vero cells were transfected with 0.5 ,ug each of pCW21,
pMC160-1, pMC160-2, pNN1, pNN3, pNN4, pNN5, pKl-2,
pMC150, pMC151, and pKB-X. Lane 2, Identical to lane 1, except
lacking pNN3 as a negative control. Lane 3, Standard replication
assay with XbaI clones.

involved in origin-dependent DNA replication. Although
interpretation of the results presented in this paper depends
heavily on the arrangement of viral genes deduced from
DNA sequence analysis of selected regions of the HSV-1
genome presented in the accompanying paper (30), all of our
results, including deletion analyses of some of the subclones
described above (M. D. Challberg, unpublished data), are
consistent with the interpretation of the sequence data. In
the course of this analysis, we found seven genes without
which there was no detectable DNA replication and at least
four genes which stimulated DNA replication. Although the
distinction between these two classes of genes rests on the
sensitivity of our assay and is therefore somewhat arbitrary,
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we propose that this distinction in fact reflects a fundamental
difference in the role that these genes play in viral DNA
replication. This proposal is based on the function of those
genes about which we have some information. Three of the
stimulatory genes were those encoding the immediate-early
proteins IE175, IE110, and IE63. Several studies have
shown that expression of IE175 is required for early gene
expression in HSV-infected cells (16, 37), and all three of
these genes are known to stimulate the expression of one or
more HSV genes in transient cotransfection experiments
(14, 18, 19, 35, 42). Thus, it seems likely that the immedi-
ately-early genes function indirectly in the transient replica-
tion assay by stimulating the expression of other genes
whose products are directly required for DNA synthesis.
Conversely, two of the genes which are essential for plasmid
replication in our assay encode Pol and DBP. There is ample
genetic and biochemical evidence to support the view that
these proteins function directly in viral DNA replication (8,
11, 13, 20, 24, 52). By extension, we therefore propose that
the four (or more) genes which stimulate plasmid replication
encode proteins which act only indirectly in DNA synthesis
and that the seven genes which are required for origin-
dependent plasmid replication encode proteins which are
directly involved in DNA replication.
The relationship between origin-dependent plasmid DNA

replication and viral DNA replication per se is not known.
As mentioned, the genes encoding DBP and Pol are clearly
required both for transient plasmid replication and for viral
DNA replication. Moreover, mutations affecting DNA rep-
lication have been mapped to locations corresponding
closely to the locations of four of the other five essential
genes that we have identified (Fig. 6). On the other hand,
there are other virus mutants with lesions affecting DNA
replication which map within genes that are not required for
transient plasmid DNA replication. These include mutants
with lesions in IE175 (16, 37), IE110 (44, 49), RR (40), and
the alkaline exonuclease (33). It is therefore possible that
origin-dependent plasmid replication and viral DNA replica-
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with lesions in genes which clearly are not essential for plasmid DNA replication. For simplicity, mutations which mapped to the inverted
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tion take place by different mechanisms which happen to
involve some of the same gene products. However, the
limited information available about the functions of these
various genes is consistent with the idea that the seven genes
essential for plasmid replication constitute a set of genes
whose products are directly involved in viral DNA synthe-
sis, while other genes which affect viral DNA replication but
have little or no effect on plasmid DNA replication encode
functions which play an auxilliary role in DNA synthesis.
Clearly, confirmation of this hypothesis awaits the biochem-
ical characterization of all of these gene products.
The functional significance of the fact that the HSV

genome contains three replication origins consisting of two
distinct DNA sequences is not known. Studies with mutant
viruses have shown that deletion of oriL or one copy of oris
has little or no effect on the replication of the virus in
cultured cells (26, 36a). This, together with the fact that the
nucleotide sequences of oris and oriL have extensive homol-
ogy (43, 53), suggests that oris and oriL are functionally
equivalent. The data reported in this paper lend further
support to this view: we found no viral gene products which
had a specific effect on either oriL- or oris-dependent plas-
mid replication. It remains possible that even though the
same viral gene products participate in initiating replication
at the two origins, the mechanism of initiation differs at the
two sites, or that one of these two origins is specifically
involved in some aspect of viral DNA replication which is
not reflected in the transient assay system. Additional work
will be required to address these possibilities.

In summary, we have identified a set of HSV-1 genes
which are both necessary and sufficient to support origin-
dependent DNA replication. The function of only two of the
products of this set of seven genes is known, namely the
DNA Pol and the single-stranded DBP. By analogy with
well-characterized procaryotic replication systems, we can
suggest functions for the remaining five genes. Such func-
tions might include a primase, a helicase, a topoisomerase,
accessory factors which increase the processivity or effi-
ciency of the DNA Pol, and a protein which specifically
binds to the HSV origins of DNA replication. Identification
of this complete set of genes and determination of their
sequences should facilitate the isolation of and assignment of
specific biochemical function to each HSV protein involved
in DNA synthesis.

ACKNOWLEDGMENT

We thank Paul Olivo for stimulating discussions and for helpful
comments on this manuscript.

LITERATURE CITED
1. Anderson, K. P., R. H. Costa, L. E. Holland, and E. K. Wagner.

1980. Characterization of herpes simplex virus type 1 RNA
present in the absence of de novo protein synthesis. J. Virol.
34:9-27.

2. Batterson, W., and B. Roizman. 1983. Characterization of the
herpes simplex virion-associated factor responsible for the
induction of alpha genes. J. Virol. 46:371-379.

3. Bayliss, G. J., H. S. Marsden, and J. Hay. 1975. Herpes simplex
virus proteins: DNA-binding proteins in infected cells and in the
virus structure. Virology 68:124-134.

4. Becker, Y., H. Dym, and I. Sarov. 1968. Herpes simplex virus
DNA. Virology 36:184-192.

5. Birnboim, H. C., and J. Doly. 1979. A rapid alkaline extraction
procedure for screening recombinant plasmid DNA. Nucleic
Acids Res. 7:1513-1523.

6. Campbell, M. E., J. W. Palfreyman, and C. M. Preston. 1984.
Identification of herpes simplex virus DNA sequences which

encode a transacting polypeptide responsible for stimulation of
immediate early transcription. J. Mol. Biol. 180:1-19.

7. Challberg, M. D. 1986. A method for identifying the viral genes
required for herpesvirus DNA replication. Proc. Natl. Acad.
Sci. USA 83:9094-9098.

8. Chartrand, P., N. D. Stow, M. C. Timbury, and N. M. Wilkie.
1979. Physical mapping of Paar mutations of herpes simplex
virus type 1 and type 2 by intertypic marker rescue. J. Virol.
31:265-276.

9. Chu, C.-T., D. S., Parris, R. A. F. Dixon, F. E. Farber, and
P. A. Schaffer. 1979. Hydroxylamine mutagenesis of HSV DNA
and DNA fragments: introduction of mutations into selected
regions of the viral genome. Virology 98:169-181.

10. Clements, J. B., J. McLaughlin, and D. J. McGeoch. 1979.
Orientation of herpes simplex type 1 immediate early mRNAs.
Nucleic Acids Res. 7:73-91.

11. Coen, D. M., D. P. Aschman, P. T. Gelep, M. J. Retondo, S. K.
Weller, and P. A. Schaffer. 1984. Fine mapping and molecular
cloning of mutations in the herpes simplex virus DNA polymer-
ase locus. J. Virol. 49:236-247.

12. Cohen, G. H. 1972. Ribonucleotide reductase activity of syn-
chronized KB cells infected with herpes simplex virus. J. Virol.
9:408-418.

13. Conley, A. J., D. M. Knipe, P. C. Jones, and B. Roizman. 1981.
Molecular genetics of herpes simplex virus. VII. Characteriza-
tion of a temperature-sensitive mutant produced by in vitro
mutagenesis and defective in DNA synthesis and accumulation
of polypeptides. J. Virol. 37:191-206.

14. DeLuca, N. A., and P. A. Schaffer. 1985. Activation of immedi-
ate-early, early, and late promoters by temperature-sensitive
and wild-type forms of herpes simplex virus type 1 protein
ICP4. Mol. Cell. Biol. 5:1997-2008.

15. DeLuca, N. A., A. M. McCarthy, and P. A. Schaffer. 1985.
Isolation and characterization of deletion mutants of herpes
simplex virus type 1 in the gene encoding immediate early
regulatory protein ICP4. J. Virol. 56:558-570.

16. Dixon, R. A. F., and P. A. Schaffer. 1980. Fine-structure
mapping and functional analysis of temperature-sensitive mu-
tants in the gene encoding the herpes simplex virus type 1
immediate early protein VP175. J. Virol. 36:189-203.

17. Elias, P., M. E. O'Donnell, E. Mocarski, and I. R. Lehman.
1986. A DNA binding protein specific for an origin of replication
of herpes simplex virus type 1. Proc. Natl. Acad. Sci. USA
83:6322-6326.

18. Everett, R. D. 1984. Trans activation of transcription by herpes
virus products: requirement for two HSV-1 immediate-early
polypeptides for maximum activity. EMBO J. 3:3135-3141.

19. Everett, R. D. 1986. The products of herpes simplex virus type
1 (HSV-1) immediate early genes 1, 2, and 3 can activate HSV-1
expression in trans. J. Gen. Virol. 67:2507-2513.

20. Gibbs, J. S., H. C. Chiou, J. D. Hall, D. W. Mount, M. J.
Retondo, S. K. Weller, and D. M. Coen. 1985. Sequence and
mapping analysis of the herpes simplex virus DNA polymerase
gene predict a C-terminal substrate binding domain. Proc. Natl.
Acad. Sci. USA 82:7969-7973.

21. Goldin, A. L., R. M. Sandri-Goldin, M. Levine, and J. C.
Glorioso. 1981. Cloning of herpes simplex virus type 1 se-
quences representing the whole genome. J. Virol. 38:50-58.

22. Graham, F. L., and A. J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:456-467.

23. Hay, J., H. Moss, and I. W. Halliburton. 1971. Induction of
deoxyribonucleic acid polymerase and deoxyribonuclease activ-
ities in cells infected with herpes simplex virus type II. Bio-
chem. J. 124:64-76.

24. Hay, J., and J. H. Subak-Sharpe. 1976. Mutants of herpes
simplex virus types 1 and 2 that are resistant to phosphonoacetic
acid induce altered DNA polymerase activities in infected cells.
J. Gen. Virol. 31:145-148.

25. Kit, S., and D. Dubbs. 1963. Acquisition of thymidine kinase
activity by herpes simplex virus-infected mouse fibroblast cells.
Biochem. Biophys. Res. Commun. 11:55-66.

26. Longnecker, R., and B. Roizman. 1986. Generation of an invert-

J. VIROL.



IDENTIFICATION OF HSV-1 DNA REPLICATION GENES

ing herpes simplex virus 1 mutant lacking the L-S junction a
sequences, an origin of DNA synthesis, and several genes
including those specifying glycoprotein E and the alpha 47 gene.
J. Virol. 58:583-591.

27. Macken, S., and B. Roizman. 1980. Regtlation of herpesvirus
macromolecular synthesis: transcription-initiation sites and do-
mains of alpha genes. Proc. Natl. Acad. Sci. USA 77:7122-7126.

28. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1980. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

29. Matz, B., J. H. Subak-Sharpe, and V. G. Preston. 1983. Physical
mapping of temperature-sensitive mutations of herpes simplex
virus type 1 using cloned restriction endonuclease fragments. J.
Gen. Virol. 64:2261-2270.

30. McGeoch, D. J., M. A. Dalrymple, A. Dolan, D. McNab, L. J.
Perry, P. Taylor, and M. D. Challberg. 1988. Structures of
herpes simplex virus type 1 genes required for replication of
virus DNA. J. Virol. 62:444-453.

31. Morrison, J. M., and H. M. Keir. 1968. A new DNA-exonu-
clease ih cells infected with herpes virus: partial purification and
properties of the enzyme. J. Gen. Virol. 3:337-347.

32. Morse, L. S., L. Pereira, B. Roizman, and P. A. Schaffer. 1978.
Anatomy of herpes simplex virus (HSV) DNA. X. Mapping of
viral genes by analysis of polypeptides and function specified by
HSV-1 x HSV-2 recombinants. J. Virol. 26:389-410.

33. Moss, H. 1986. The herpes simplex virus type 2 alkaline DNase
activity is essential for replication and growth. J. Gen. Virol.
67:1173-1178.

34. Moss, H., P. Chartrand, M. C. Timbury, and J. Hay. 1979.
Mutant of herpes simplex virus type 2 temperature-sensitive
lesions affecting virion thermostability and DNase activity:
identification of the lethal mutation and physical mapping of the
nuc lesion. J. Virol. 32:140-148.

35. O'Hare, P., and G. S. Hayward. 1985. Evidence for a direct role
for both the 175,000- and 110,000-molecular-weight immediate-
early proteins of herpes simplex virus in the transactivation of
delayed-early promoters. J. Virol. 53:751-760.

36. Perry, L. J., F. J. Rixon, R. D. Everett, M. C. Frame, and D. J.
McGeoch. 1986. Characterization of the IE110 gene of herpes
simplex virus type 1. J. Gen. Virol. 67:2365-2380.

36a.Polvino-Bodnar, M., P. K. Orberg, and P. A. Schaffer. 1987.
Herpes simplex virus type 1 oriL is not required for virus
replication or for the establishment and reactivation of latent
infection in mice. J. Virol. 61:3528-3535.

37. Preston, C. M. 1979. Control of herpes simplex virus type 1
mRNA synthesis in cells infected with wild-type virus or the
temperature-sensitive mutant tsK. J. Virol. 29:275-284.

38. Preston, C. M., and M. G. Cordingly. 1982. mRNA- and
DNA-directed synthesis of herpes simplex virus-coded exonu-
clease in Xenopus laevis oocytes. J. Virol. 43:386-394.

39. Preston, V. G., A. G. Davison, H. S. Marsden, M. C. Timbury,
J. H. Subak-Sharpe, and N. M. Wilkie. 1978. Recombinants
between simplex virus type 1 and 2: analysis of genome struc-

ture and expression of immediate early polypeptides. J. Virol.
28:499-517.

40. Preston, V. G., J. W. Palfreyman, and B. M. Dutia. 1984.
Identification of a herpes simplex virus type 1 polypeptide
which is a component of the virus-induced ribonucleotide re-
ductase. J. Gen. Virol. 65:1457-1466.

41. Purifoy, D. J. M., and K. L. Powell. 1976. DNA-binding proteins
induced by herpes simplex virus type 2 in HEp-2 cells. J. Virol.
19:717-731.

42. Quinlan, M. P., and K. M. Knipe. 1985. Stimulation of expres-
sion of a herpes simplex virus DNA-binding protein by two viral
functions. Mol. Cell. Biol. 5:957-963.

43. Quinn, J. P., and D. J. McGeoch. 1985. DNA sequence of the
region in the genome of herpes simplex virus type 1 containing
genes for DNA polymerase and the major DNA binding protein.
Nucleic Acids Res. 13:8143-8163.

44. Sacks, W. R., and P. A. Schaffer. 1985. Deletion mutants in the
gene encoding the herpes simplex virus type 1 immediate early
protein ICPO exhibit impaired growth in cell culture. J. Virol.
61:829-839.

45. Schaffer, P. A., G. M. Arn, N. Biswal, and M. Benyesh-Melnick.
1973. Temperature-sensitive mutants of herpes simplex virus
type 1: isolation, complementation, and partial characterization.
Virology 52:57-71.

46. Spaete, R. R., and N. Frenkel. 1982. The herpes simplex virus
amplicon: a new eucaryotic defective-virus cloning-amplifying
vector. Cell 30:295-304.

47. Stow, N. D. 1982. Localization of an origin of DNA replication
within the TRs/IRs repeated region of the herpes simplex virus
type 1 genome. EMBO J. 1:863-867.

48. Stow, N. D., and E. C. McMonagle. 1983. Characterization of
the TRs/IRs origin of DNA replication of herpes simplex virus
type 1. Virology 130:427-438.

49. Stow, N. D., and E. C. Stow. 1986. Isolation and characteriza-
tion of herpes simplex virus type 1 mutant containing a deletion
within the gene encoding the immediate early polypeptide
Vtnw11O. J. Gen. Virol. 67:2571-2585.

50. Vlasny, D. A., and N. Frenkel. 1982. Replication of herpes
simplex virus DNA: localization of replication recognition sig-
nals within defective virus genomes. Proc. Natl. Acad. Sci.
USA 78:742-746.

51. Weller, S. K., D. P. Auschman, W. R. Sacks, D. M. Coen, and
P. A. Schaffer. 1983. Genetic analysis of temperature-sensitive
mutants of HSV-1: the combined use of complementation and
physical mapping for cistron assignment. Virology 130:290-305.

52. Weller, S. K., K. J. Lee, D. J. Sabourin, and P. A. Schaffer.
1983. Genetic analysis of temperature-sensitive mutants which
define the gene for the major herpes simplex virus type 1
DNA-binding protein. J. Virol. 45:354-366.

53. Weller, S. K., A. Spadaro, J. E. Schaffer, A. W. Murray, A. M.
Maxam, and P. A. Schaffer. 1985. Cloning, sequencing, and
functional analysis of oriL, a herpes simplex virus type 1 origin
of DNA synthesis. Mol. Cell. Biol. 5:930-942.

VOL. 62, 1988 443


