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Activation of the early and late genes of herpes simplex virus type 1 during infection in tissue culture requires
functional immediate-early regulatory protein ICP4. ICP4 is a specific DNA-binding protein which recognizes
a variety of DNA sequences, many of which contain the consensus ATCGTC. In general, mutations which
impair the ability of ICP4 to bind to DNA also eliminate its ability to activate viral early and late promoters
both in transfection assays and in the infected cell. However, the role of ICP4 binding sites in the viral genome
is unclear; many early and late promoters do not contain consensus binding sites in their vicinity. The
glycoprotein D (gD) gene contains two well-characterized ICP4 binding sites upstream of its promoter and a
third downstream of the transcription start site. Multimerization of one of these sites has been shown to
increase the response of the gD promoter to ICP4 in transfection assays, while their removal reduces
stimulation of the gD promoter by ICP4 in vitro. To assess the role of these binding sites during virus infection,
we have constructed a recombinant viral genome which has mutations affecting all three. Comparison of the
amounts of gD RNA synthesized by the recombinant and wild-type viruses indicated that the mutations had
little or no effect on the activity of the gD promoter. Therefore, either the sites have no essential role in gD
promoter regulation in the presence of all of the herpes simplex virus type 1 IE polypeptides during a normal

infection or they can be functionally substituted by other ICP4 binding sites elsewhere in the genome.

Analysis of the complete sequence of the genome of
herpes simplex virus type 1 (HSV-1) has revealed at least 70
distinct genes (25). During infection in tissue culture, these
genes can be divided into three main classes, based on the
kinetics and characteristics of their expression. The imme-
diate-early (IE) (or a) genes are defined as those which can
be transcribed in the absence of de novo viral protein
synthesis, while the early (or B) genes require functional IE
polypeptides for their transcription. The late (or y) genes are
expressed efficiently only after the onset of viral DNA
replication (for reviews, see references 12, 39, and 49). The
IE polypeptides are therefore crucial for the normal lytic
viral replicative cycle; of these, ICP4 is perhaps the most
important since its inactivation by mutation leads to a
complete failure to activate early or late gene expression (5,
37). Therefore, ICP4 has been the subject of intensive
research.

A prominent property of ICP4 is its ability to bind to
selected DNA sequences. Many of these sequences include
the consensus ATCGTC (15, 22, 30), although this sequence
is not sufficient for binding (36, 38) and other sites which
appear not to include the consensus have been defined (1, 23,
28, 29, 46). The ability of ICP4 to bind to DNA appears to be
crucial for its functions of activation of early and late gene
expression and the apparent repression of IE gene transcrip-
tion, at least in transfection assays (6, 33, 34, 41). However,
the role of individual ICP4 binding sites in transactivation by
ICP4 is paradoxically not so clear-cut. Consensus ICP4
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binding sites are not commonly found in the promoter
regions of HSV-1 early and late genes (24b), and while
weaker (nonconsensus) sites may be present in some pro-
moters, for example, the tk (20) and glycoprotein C (gC) (our
unpublished data) promoters, recent evidence suggests that
transactivation of the tk promoter does not require ICP4 to
bind to these sites (20, 40).

The gD promoter is one of the few well-characterized
HSV-1 early promoters which contains both consensus and
nonconsensus ICP4 binding sites in its vicinity. Two sites
were located just S’ to the gD promoter region, and a third
was found downstream of the transcription start site (1, 46).
The role of these sites in the mechanism of transactivation
by ICP4 has been investigated by a variety of transfection
and in vitro transcription experiments. Early studies found
that the two sites upstream of the promoter were not
essential for transactivation of the gD promoter in trans-
fected cells when all of the IE polypeptides were provided by
virus infection (9, 10). However, the binding sites contrib-
uted to the activation of the gD promoter by ICP4 in vitro
(46), and multimerization of one of the sites increased
activation by ICP4 in transfected cells (47). Since the results
of transfection experiments of this type are, to a certain
extent, operator controlled (13; our unpublished results), the
key question is what role the ICP4 binding sites play in the
context of the viral genome during a normal infection. To
this end, we have constructed a variant of HSV-1 with
mutations in the three previously characterized ICP4 binding
sites in the gD promoter region. We found that mutation of
these sites had no significant effect on the efficiency of gD
transcription during infection.
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FIG. 1. Map of the HSV-1 gD region and the mutations removing the ICP4 binding sites. (A) The HSV-1 genome. The gD gene (US6) is
marked in the short unique section, and the ICP4 gene (IE3) is indicated in the adjacent inverted repeats. A more detailed map of the gD region
in plasmid pJB39 is shown in Fig. 3B. (B) The gD promoter and flanking region with the three ICP4 binding sites investigated in this study.
The SstI and HindIII sites are those at nucleotides —392 and +11 relative to the start site of the gD RNA. The sequence in the vicinity of
binding sites I, II, and III is shown, with the extent of the ICP4 footprint double underlined. The sequence of each oligonucleotide used for
mutagenesis is shown underneath. Nucleotides —301 to —287 (relative to the 5’ end of gD RNA) have been deleted and a Xhol site has been
created at site I, nucleotides —116 to —92 have been deleted and a Sall site has been created at site II, and nucleotides +130, +133, and +142
have been mutated to alter the ATCGTC consensus and create a BanllI site at site III. The conservative nucleotide changes are indicated in

site III by asterisks.

MATERIALS AND METHODS

Plasmids, bacteriophage, and bacteria. The promoter and
coding region of the gD gene were derived from plasmid
pJB39, which contains the 3.4-kb Smal fragment encom-
passing the entire gD region of HSV-1 strain KOS cloned
into the Bluescribe vector (3). A map of this Smal fragment
is shown in Fig. 3B; the orientation of the clone is such that
the vector polylinker BamHI site is at the left end of the
clone (5’ to gD) and the polylinker EcoRlI site is to the right.
The BamHI (polylinker)-to-HindIIl promoter region and the
HindIII-to-EcoRI (polylinker) coding region fragments of
pJB39 were recloned into M13 mp18 and mp19, respectively,
for oligonucleotide-directed mutagenesis. After mutagene-
sis, the mutated fragments were purified and ligated into
pUC9 which had been cut by BamHI and EcoRlI to rebuild a
complete gD gene with all three mutations in plasmid
pgD123mut. All plasmids and bacteriophage were main-
tained in Escherichia coli HB101 and JM101, respectively.

Viruses and cells. The gD-deficient HSV-1 strain F-gDB
carries the E. coli B-galactosidase gene inserted across a
deletion which removes the entire gD gene and part of the
neighboring gl gene (24). Strains wt61 and mu3l were
derived from F-gD@ by rescuing gD coding sequences from
plasmids pJB39 and pgD123mut, respectively, as described
below. F-gDB was propagated on gD-producing VD60 cells
(24), and wt61 and mu31 were grown on Vero cells. F-gDf
forms syncytial plaques on VD60 cells as the result of a syn

mutation outside the region encoding gD; wt61 and mu3l
retain this mutation and form syncytial plaques on both
VD60 and Vero cells.

Oligonucleotide-directed mutagenesis. The ICP4 binding
sites in the gD promoter (sites I, II, and III; Fig. 1) were
mutated by using oligonucleotides 5'-TGGACCCCTCGAG
AAGGG-3', 5'-GTCGGTGTCGACCGGCCGG-3', and 5'-A
TGGAGCCCCACTATTACTACAAAC-3', respectively, in
separate mutagenesis experiments, using the M13 universal
primer in a double-primer method loosely based on that
described by Zoller and Smith (53). Briefly, after hybridiza-
tion of M13 universal and mutagenic primers to the single-
stranded template DNA and treatment with Klenow DNA
polymerase in the presence of DNA ligase, the mutagenized
M13 DNA was transfected into JM101. The plaques were
screened initially by differential hybridization then by re-
striction enzyme digestion and dideoxy DNA sequence
analysis. The first two oligonucleotides delete the foot-
printed regions of sites I and II (15, 46) without affecting the
mapped minimal gD promoter (9) while introducing Xhol and
Sall restriction sites, respectively. The third mutant oligo-
nucleotide introduces two point mutations into a sequence
related to the ICP4 binding site consensus in site III (as
defined by DNA footprinting; 46) and a third which creates a
novel Banll restriction site. None of the three site III
mutations, which lie in coding sequences, affect the pre-
dicted translation product. Bacteriophage with the desired
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restriction pattern and sequence were purified and rese-
quenced. To create a fragment with both sites I and II
mutated, the clone with the site I mutation was mutagenized
with the second oligonucleotide, and the desired product
was detected, purified, and analyzed as described above. A
mutant fragment containing both site I and II deletions was
ligated into pUC9 vector, with the fragment containing the
site III mutations, to create plasmid pgD123mut, which
contains the entire gD region but none of the previously
defined ICP4 binding sites in the gD promoter.

Gel retardation assays. The band shift assay was used to
compare binding of ICP4 to DNA fragments containing
mutated or wild-type site I, II, or III. Fragments containing
wild-type sites were excised from plasmid pDGT26 (46), and
individual sites were subcloned into the Bluescribe vector.
To obtain fragments with the mutated binding sites, replica-
tive-form DNA from mutant M13 bacteriophage was purified
and subcloned into Bluescribe. Radioactive wild-type and
mutant probe DNA fragments were produced by cutting
plasmid DNA at the HindIII site in the polylinker, labelling
with Klenow polymerase and [a->?P]dATP, and cutting with
an appropriate second enzyme. To obtain wild-type and
mutant fragment II, the second cut was made in the poly-
linker with EcoRI. For probe fragments I and III, the second
cut was with SstII. The SstII site in fragment I is 30 bp from
the 5’ end of the cloned fragment, while that in fragment III
is 80 bp from its 3’ end and is located at the 3’ edge of the
footprinted region (46). By cutting with SstII, other ICP4
binding sites which had not been previously detected during
the footprint experiments were removed from the DNA
probes containing sites I and III. Probe fragments were
prepared under identical conditions at the same time to
ensure that their specific activities were as similar as possi-
ble. The probes were purified by gel electrophoresis.

Binding reactions with labelled probe were carried out
either with nuclear extracts of HeLa cells prepared 6 h after
infection with HSV-1 strain KOS or with partially purified
ICP4 fraction VIII (27; a generous gift from K. Wilcox).
Incubation conditions were as previously described, with 3
pg of salmon sperm DNA as a nonspecific competitor (46).
The presence of ICP4 in binding complexes was demon-
strated by a further shift in mobility after the addition of
monoclonal antibody H944 against ICP4. The specificity of
binding was tested by using an unlabelled 47-bp DNA
fragment which contains the gD site II sequence and acts as
a specific competitor (36). Gels were run until the free DNA
had migrated approximately 10 cm, and exposure times of
dried autoradiographs were adjusted according to the spe-
cific activity of the probes. To determine the fraction of
DNA probe in the ICP4 complex, bands were excised from
the dried gels and the radioactivity present was counted in a
scintillation counter.

Transfer of the mutations into the viral genome. The ICP4
binding site mutations present in pgD123mut were trans-
ferred into the gD locus of F-gDB by DNA-mediated marker
rescue. F-gDB DNA was extracted from ¢ytoplasmic nucle-
ocapsids as previously described (43). Semiconfluent VD60
cell monolayers in 60-mm plastic dishes were transfected
with infectious F-gDB DNA and 10 pg of circular pgD123mut
or pJB39, using the calcium phosphate coprecipitation tech-
nique (17) followed by a glycerol shock (24). The resulting
progeny were harvested after 5 days and titered on VD60
and Vero cell monolayers. Recombinants capable of growth
on Vero cells were plaque purified, and viral DNA prepared
from Hirt extracts (19) of infected cells was analyzed by
Southern blot hybridization (45) as previously described
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(42). Isolates mu31 and wt61, bearing the mutant sequences
derived from pgD123mut and the wild-type sequences de-
rived from pJB39, respectively, were plaque purified two
additional times on Vero cells. Virus stocks were prepared,
and Southern blot analysis was performed to confirm the
structure of viral DNAs.

Primer extension analysis and quantification of gD RNA.
Cytoplasmic RNA prepared by the method of Berk and
Sharp (2) was scored for the levels of gD and gB transcripts
by primer extension analysis as previously described (44).
For quantification, gels were exposed to Kodak XARS film
without an intensifier, and suitably exposed autoradiographs
were scanned with an LKB laser microdensitometer. The
following 5'-3?P-labelled oligonucleotides were used as prim-
ers: gD, 5'-CCCCATACCGGAACGCACCACACAA-3' (32),
predicted extension products of about 80 to 90 nucleotides
(50); and gB, 5'-CGGCTGCAGTCCGGGCGGCGCAACT-
3’, predicted extension product of 60 nucleotides (21).

RESULTS

Mutation of the ICP4 binding sites in the gD promeoter
greatly reduces binding by ICP4. The ICP4 binding sites in
the gD promoter have been previously characterized by
footprint and gel retardation analysis (46) and are shown in
Fig. 1. To mutate these sites, those in the noncoding region
(sites I and II) were eliminated by oligonucleotide-directed
deletion. Site III in the gD coding region was mutated at
several positions so as to alter the binding consensus while
leaving the coding potential unchanged (Fig. 1). The mutated
fragments from the appropriate M13 clones were used to
rebuild a complete gD gene in plasmid pgD123mut with
mutations in all three of the ICP4 binding sites (Fig. 1; see
Materials and Methods).

Gel retardation assays (Fig. 2) showed that DNA frag-
ments containing the deletion and point mutations in ICP4
binding sites I, II, and III were severely impaired in their
ability to form DNA-protein complexes. DNA fragments
containing wild-type or mutant forms of sites I, II, and III
(Fig. 2A) were incubated with nuclear extract from infected
cells (Fig. 2B) or purified ICP4 fraction VIII (Fig. 2C).
Nuclear extract formed specific complexes with wild-type
fragments, as shown by distinct bands with reduced mobility
(lanes 1, 5, and 9; indicated by an arrow). Addition of an
anti-ICP4 monoclonal antibody to the binding reaction fur-
ther retarded the migration of this band (lanes 2, 6, and 10).
This result demonstrates the presence of ICP4 in the com-
plexes, which were not produced when uninfected cell
extract was used or when 200 ng of a specific 47-bp compet-
itor fragment (which contains site II) was added (data not
shown). With fragments containing the mutant forms of sites
I and II, ICP4 complex formation was very poor or unde-
tectable (compare lanes 1 and 3 and lanes 9 and 11). Probe
fragment III gave a weaker ICP4-specific complex. Follow-
ing determination of the radioactivity in the free and bound
DNA, we found that binding to the mutant probe fragment
I1II was no more than 15% of that obtained with the wild-type
fragment (compare lanes 5 and 7 or lanes 6 and 8).

The results of an analogous experiment using partially
purified ICP4 fraction VIII are shown in Fig. 2C. While the
proportion of probe in the ICP4 complexes was higher than
with the nuclear extract, binding to the mutant probes (lanes
14, 16, and 18) was also very greatly diminished compared
with the levels observed with the wild-type probes (lanes 13,
15, and 17). We conclude that, at least in terms of the
previously characterized ICP4 binding sites, the gD gene in
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FIG. 2. (A) Simplified representation of the promoter region of the gD gene showing the subcloned probe fragments used to measure
complex formation between ICP4 and sites I, II, and III. (B) Band shift assays comparing wild type (WT) and mutant (Mut) DNA probes
containing the previously identified binding sites in fragments I, II, and III. Approximately 5 ng of each labelled fragment was incubated with
infected-cell nuclear extract containing 15 g of protein; 2 pg of anti-ICP4 monoclonal antibody (mAB) was present in lanes 2, 4, 6, 8, 10,
and 12. Radioautographs were exposed against the dried gel for 48 h at room temperature. DNA-protein complexes containing ICP4 are

indicated with arrows. (C) Band shift assays using ICP4 fraction VII
fraction VIII was used. The radioautograph was exposed for 16 h ai
ICP4 are indicated with arrows.

plasmid pgD123mut is severely deficient in its ability to bind
ICP4.

A virus bearing the mutations in the ICP4 binding sites in
the gD promoter is viable in cultured cells. The ICP4 binding
site mutations in pgD123mut were transferred into the gD
locus of the HSV-1 genome by DNA-mediated marker
rescue. To facilitate the identification of recombinants, the
gD-deficient HSV-1 strain F-gDB (24) was used as the
recipient. F-gD bears a deletion/substitution mutation that
replaces the gD coding region and part of the flanking gl gene
with E. coli B-galactosidase sequences (Fig. 3). Since gD is
essential for virus entry into cells, F-gDB can be propagated
only on VD60 cells that provide gD in trans (24). The HSV-1
DNA insert in pgD123mut overlaps the F-gDB deletion
endpoints and is therefore able to restore gD coding se-
quences through crossover events in the flanking homolo-
gous sequences (Fig. 3). Because ICP4 site III is located
within sequences that are deleted from F-gD, all such
recombinants should acquire the site III mutation from the
rescuing plasmid. Sites I and II are located within 450
nucleotides of the 5’ deletion endpoint and were likely to be
cotransferred at high frequency.

F-gDB DNA was cotransfected with either pgD123mut or
control pJB39 plasmid DNA onto complementing VD60 cell
monolayers, and the resulting virus stocks were titered on
VD60 and Vero cells to determine the frequency of recom-
binants capable of growth on noncomplementing cells. Both

1. The assay conditions were as described above except that S pg of ICP4
t —70°C with an intensifying screen. DNA-protein complexes containing

plasmids gave rise to rescue products at similar frequencies
(pgD123mut, 1.1%; pJB39, 1.6% [averages of two experi-
ments]). Recombinant viruses arising from pgD123mut were
plaque purified on Vero cells and then examined for the
mutations of the ICP4 binding sites by Southern blot hybrid-
ization. We identified three recombinants that arose via a
double-crossover event between pgD123mut and viral DNA.
These isolates lacked B-galactosidase sequences and con-
tained intact gD and gl genes derived from the rescuing
plasmid. All three acquired the Xhol and Sall cleavage sites
that delineate the site I and II mutations, respectively. One
of these recombinants, designated mu31, was plaque puri-
fied, expanded, and examined in more detail (see below).
Eight additional pgD123mut rescue products displayed more
complex restriction patterns that most likely reflect integra-
tion of the entire rescuing plasmid into F-gDB via a single-
crossover event. These isolates were not examined further.
A similar screen of six recombinants derived from the
control pJB39 transfection yielded two double-crossover
products. One of these, wt61, was selected for further study.

We examined mu31 DNA for the novel restriction endo-
nuclease cleavage sites that mark the mutations of the ICP4
binding sites (Fig. 4). The site I mutation introduces an Xkol
site into the 3.4-kb Smal fragment that contains the gD gene.
To test for the presence of this mutation, viral DNA was
cleaved with a mixture of Smal and Xhol and analyzed by
Southern blot hybridization using radiolabelled pJB39 as a
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FIG. 3. Map of the gD region of F-gD and wild-type HSV-1. (A)
F-gDB contains a lethal deletion/substitution that removes the gD
coding region and part of the gl gene and places the E. coli lacZ gene
under the control of the gD promoter. ICP4 binding site III is located
within the sequences that are deleted from F-gDg; sites I and II are
located in the upstream flanking sequences. (B) Comparison of the
restriction endonuclease cleavage maps of the 3.4-kb Smal frag-
ments present in pJB39 and pgD123mut. Only the Banll sites that
flank the ICP4 binding sites are displayed.

probe. As expected, wt61 DNA displayed a single fragment
that comigrated with the 3.4-kb Smal fragment of strain F. In
contrast, mu31 lacked the wild-type fragment and displayed
novel fragments of about 3.0 and 0.4 kb that comigrated with
the Smal/Xhol digestion products of pgD123mut. Thus,
mu31 DNA contains the novel Xhol site that marks the site
I mutation. A similar analysis of Smal/Sall digests showed
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that the mu31 3.4-kb Smal fragment was cleaved by Sall to
give the same approximately 2.8- and 0.6-kb fragments as
pgD123mut, indicating the presence of the novel Sall site
diagnostic of the site II mutation. ICP4 site III is located
within a 1.1-kb Banll fragment of wild-type DNA. As
predicted, mu31l DNA lacked this fragment and displayed
novel bands of about 570 and 530 bp that comigrate with the
corresponding Banll fragments of pgD123mut DNA. These
data demonstrate that mu31 DNA contains all three ICP4
binding site mutations.

The titers of mu3l virus stocks derived by infecting
noncomplementing Vero cells at a multiplicity of 0.01 aver-
aged 68% of those of wt6l stocks prepared in parallel
(average of three experiments). Therefore, mutation of all
three ICP4 binding sites in the gD promoter did not dramat-
ically impair virus growth in tissue culture. While the levels
of gD required for normal virus growth are unknown, virus
yields are reduced dramatically (>100-fold) when F-gDB is
propagated on cells that provide 10 to 25% of the amount of
gD as do VD60 cells (24a). These results suggest that the
mutations of the ICP4 binding sites do not have a major
effect on gD expression.

Mutation of the ICP4 binding sites in the gD promoter does
not markedly affect the efficiency of gD transcription. We used
a primer extension assay to assess the effects of the muta-
tions in the ICP4 binding sites on the accumulation of gD
mRNA during lytic infection of Vero cells. To control for
experimental variation, a primer for gB mRNA was included
as an internal standard in each assay. Control experiments
with wt61 RNA demonstrated that the gD and gB primers
gave rise to the predicted extension products, that both
transcripts could be detected in a single extension reaction,
and that gD and gB signal intensities increased linearly with
RNA concentration (Fig. 5). We then compared gD mRNA
levels during infection with mu31 and wt6l by analyzing
RNA samples harvested at 6 and 12 h postinfection with a
mixture of the gD and gB primers (Fig. 6). Following
electrophoresis and autoradiography, signal intensities were
quantitated by microdensitometry, and the gD signals were
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FIG. 4. Southern blot analysis of mu31 and wt61 DNA. Viral DNA prepared from Hirt extracts of infected cells was cleaved with the
indicated restriction endonucleases, and the resulting fragments were separated by electrophoresis through a 1.4% agarose gel. Following
transfer to nitrocellulose, gD-related fragments were detected by hybridization with 32P-labelled pJB39. The panels displaying the Xhol/Smal
and Sall/Smal digests are composites made from three different exposures of the autoradiogram.
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FIG. 5. Primer extension assay for gD mRNA. (A) Vero cells
were infected with 10 PFU of wt61 per cell, and cytoplasmic RNA
was harvested at 6 h postinfection. RNA samples were then ana-
lyzed for gD and gB mRNA by primer extension using 5'-32P-
labelled 25-mer oligonucleotides as primers as described in Materi-
als and Methods. Following treatment with reverse transcriptase,
extension products were resolved on an 8% sequencing gel. In the
left panel, 10-ug aliquots of RNA were separately scored for gB and
gD transcripts. In the right panel, the indicated amounts of RNA
were analyzed with both primers simultaneously. Markers (M) were
3'-labelled Hpall fragments of pBR322 DNA. (B) Following auto-
radiography without an intensifier screen, signals were quantified by
microdensitometry.

normalized to the corresponding gB signals. In the experi-
ment depicted in Fig. 6, the normalized gD signal intensities
obtained with mu31 at 6 and 12 h were 80 and 70% of the
values for wt6l. We conducted five independent experi-
ments in which normalized gD levels were compared at 6 h
postinfection and found that mu31 levels averaged 106% of
those obtained with wt61. On the basis of these data, we
conclude that mutation of the ICP4 binding sites had little if
any effect on accumulation of gD mRNA during lytic infec-
tion of Vero cells. Cycloheximide strongly inhibited accu-
mulation of gD mRNA (Fig. 6), indicating that the mutations
in the ICP4 binding sites in mu31l did not eliminate the
requirement for transactivation by IE polypeptides.

The point mutations in ICP4 site III are located within the
transcribed body of the gD gene and therefore might alter the
stability of gD mRNA. We assessed this possibility by
examining gB and gD mRNA levels 3 and 6 h after actino-
mycin D had been added at 6 h postinfection. Comparison
with the results from a parallel experiment with wt61 showed
that the stabilities of the gD mRNAs of both viruses varied
by not more than 10% from those of the gB mRNAs. Within
the 6-h period of the experiment, the rates of decline of the

J. VIROL.

wit61 mu31
-
2
£ s 5 5 ¢
€ + * + .
MSoo Y oodd
124 -
112 -
92 E 3
--.. --+— gD
78 L
69 -
s S8 es ~-— o8

28

-s— primer

FIG. 6. Comparison of gD and gB RNA levels during infection
with wt61 and mu31. Vero cells were infected with 10 PFU of the
indicated virus per cell, and cytoplasmic RNA was harvested 6 and
12 h postinfection; 10-pg aliquots of RNA were then analyzed by
primer extension with a mixture of gD and gB primers as described
in the legend to Fig. 5. Where indicated, cycloheximide (Cx; 100
ng/ml) was added at the time of infection and maintained continu-
ously. Markers (M) were 3'-labelled Hpall fragments of pBR322
DNA. Sizes of marker fragments (in nucleotides) are indicated.

mRNAs of mu31 were within 15% of those of wt61 (data not
shown). We conclude that the mutations in mu31 have a
negligible effect on the stability of gD mRNA.

DISCUSSION

This study has shown that the three well-characterized
ICP4 binding sites in the gD promoter region are not essen-
tial for normal transcription of gD RNA during virus infec-
tion. While this finding leaves open many questions about
the mechanism of action of ICP4, the importance of this
study lies in its direct investigation of the obvious question
about the role of the ICP4 binding sites in the gD promoter
region during virus infection. If the results had shown a
marked reduction in gD transcription by the mutant virus,
then the interpretation would have been clear. Given the
results obtained, there are several possible interpretations,
which will be considered in turn in an attempt to provide
both sides of the argument. It should be appreciated that,
given the large amount of sometimes contradictory data that
has been published on this question, the arguments are quite
complex and inconsistencies are inevitable.

. One interpretation is that although binding to the three
sites by ICP4 has been very significantly reduced, sufficient
binding still occurs for normal levels of gD transcription to
be achieved. This interpretation requires the condition that if
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activation *v ICP4 results from DNA binding, then the level
of activation is not proportional to the degree of binding. It
is not yet pos shle to determine the validity of this hypoth-
esis. However, the idea of activation through weak residual
binding is related to the concept that ICP4 binding to other,
perhaps weaker, sites in the vicinity of the target promoter
may substitute for the loss of the sites mutated in this study.
This suggestion is considered in more detail below.

The second simple interpretation is that DNA binding by
ICP4 is not important for its ability to activate transcription.
There is considerable evidence to suggest that this is prob-
ably not the case. Mutations which destroy the ability of
ICP4 to bind to DNA also, almost without exception,
eliminate transactivation in transfection assays (7, 33, 41).
The well-studied temperature-sensitive mutant tsK has a
lesion in the DNA binding domain of ICP4 which results in
failure to bind to DNA and to activate early gene expression
at the nonpermissive temperature (35, 37). While a mutant
ICP4 which fails to bind to weaker binding sites is still able
to transactivate, it retains the ability to bind to sites of higher
affinity (20). However, it is possible that the mutations which
destroy both DNA binding and transactivation do so through
indirect means, perhaps by gross structural inactivation of
the whole protein.

On the other hand, the hypothesis that DNA binding is not
important for transactivation by ICP4 is supported by the
observation that certain temperature-sensitive mutants ap-
pear to have lost the ability to bind to a strong binding site in
vitro yet still activate limited early gene expression during
virus infection at the nonpermissive temperature (35). How-
ever, the mutations causing this phenotype are not in the
DNA binding domain (14, 51), and it is possible that the large
amounts of the mutant form of ICP4 expressed by these
viruses at the nonpermissive temperature are able to bind to
DNA sufficiently in vivo to activate some early gene tran-
scription. A recent study has described the isolation of a
virus with two point mutations in the proximal part of the
DNA binding domain of ICP4 which greatly reduce the
ability of ICP4 to complex DNA in gel shift assays yet do not
affect the ability of the protein to regulate gene expression
(40). This apparently conclusive finding cannot yet be con-
sidered definitive for the following reasons. First, the protein
may still bind to DNA in vivo. Second, the mutations may
have affected the ability of ICP4 to bind to DNA in the
conditions enforced by the gel retardation assay; for exam-
ple, it may still bind in a DNA footprinting assay. It may be
pertinent to point out that the DNA binding ability of the
varicella-zoster virus protein that is equivalent to ICP4
seems to be demonstrable (for technical reasons) only after
expression of its DNA binding domain in isolation (8a, 52).
Any hypothesis in which DNA binding plays no role in
transcriptional activation by ICP4 must explain why the
portion of the protein which is essential for transactivation,
and which is exceptionally well conserved in all related
proteins so far sequenced (4, 18, 26, 48), has the ability to
bind to DNA.

The third possibility is that activation of the gD promoter
is normally accomplished by interactions of ICP4 with the
binding sites, but in their absence other viral IE polypeptides
activate the promoter. Although the gD and other promoters
can be activated by ICPO in transfection assays (11, 16, 31),
there is no evidence that ICPO alone (or any other viral
transactivator) can activate viral early promoters in the
absence of ICP4 during virus infection (for example, see
reference 5). If the gD promoter in the recombinant virus
without the ICP4 binding sites was activated by other IE
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polypeptides, then inactivation of ICP4 in (for example)
ICP4 deletion viruses should not eliminate gD transcription;
experiments using such a deletion mutant have shown this
not to be the case (41a).

The fourth alternative is that ICP4 is able to activate
transcription from the same promoter by alternative means,
only one of which requires sequence-specific DNA binding.
This is an attractive possibility, given the size and complex-
ity of the ICP4 molecule and the observation that many
promoters that respond to ICP4 do not appear to have ICP4
binding sites in their vicinity. Further support of this com-
promise option requires greater understanding of how ICP4
interacts both with DNA and the cellular transcriptional
machinery.

Another hypothesis to explain the lack of effect of removal
of the ICP4 binding sites I, II, and III is that a cellular
inhibitor is normally located on these sites and is displaced
by ICP4 (that is, in the absence of the inhibitor binding sites,
ICP4 is not required). If this were the case, then the gD
promoter without the ICP4 binding sites should be constitu-
tively active, a prediction contradicted by the observation
that virus mu31 does not transcribe gD in the presence of
cycloheximide.

These arguments illustrate that the mode of action of ICP4
is still unknown. However, our current working model is
that DNA binding by ICP4 is required for transcriptional
activation, but that the orientation of the binding site and its
precise distance from the promoter are not critical. This
model essentially suggests that ICP4 acts as a trans-acting
enhancer, perhaps associating with one or several host
transcription factors and then bringing them to the template
via its affinity for DNA. Like that of a cis-acting enhancer,
the function of such complexes might be expected to be
position and orientation independent. Since relatively weak
ICP4 binding sites appear to occur quite frequently in viral
DNA (see, for example, references 8, 20, 28, and 29), a
consequence of this model is that removal of any one site
would have little or no effect since its function would be
replaced by another. Indeed, we have evidence which iden-
tifies previously undetected ICP4 binding sites in the gD
gene, which might substitute for those removed. However,
given the frequency of occurrence of ICP4 binding sites, it
would be impossible to remove all of them from the genome
(or from the indicator plasmids used in transfection assays)
to test this model directly.

Given the complexities in the arguments presented above,
further elucidation of the mechanism of transcriptional acti-
vation by ICP4 will probably require an efficient in vitro
system using purified components.
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