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We have examined the cis- and trans-acting factors involved in constitutive transcription of the promoter for
the IEllOk protein of herpes simplex virus type 1. Our results indicate that while the IEllOk gene is activated
by Vmw65, it also exhibits very efficient constitutive expression approximating that from the simian virus 40
early enhancer-promoter region. We show that despite the presence of multiple copies of the octamer consensus

site which mediate Oct-i binding and subsequent Vmw65 activation, these upstream sequences have a minor
effect on constitutive transcription. By progressive exonuclease digestion and subsequent site-directed
mutagenesis of the promoter, we have identified a 15-bp region (termed the EC region), from position -89 to
- 74, which is required for efficient constitutive expression from the IEllOk promoter. We demonstrate that
two cellular proteins interact with this region and, by competition and methylation interference analyses, show
they have distinct but overlapping sequence requirements for binding. One of these proteins is identified as

NF-Y, a CCAAT box-binding factor, which binds an inverted CCAAT box located between positions -71 and
-75. The second cellular factor, F2, appears to be novel and binds a region with the sequence CGCGCGGC
CAT which overlaps the 3' end of the CCAAT box. The terminal AT of the recognition site for F2 represents,
on the opposite strand, the terminal AT of the CCAAT box, and these and adjacent bases are critically required
for the binding of both factors. These results together with further competition analysis indicate that these
factors bind in a mutually exclusive manner to the EC region. The implications of these results for regulation
of expression of the IEllOk gene are discussed.

There is abundant evidence that transcriptional regulation is
the main level of control of the coordinate induction of the
differentially regulated immediate-early (IE), delayed-early
(DE), and late groups of genes of herpes simplex virus (HSV)
(for reviews, see references 14, 27, and 66). It is also clear that
expression of the viral gene products is controlled by additional
complex processes at other levels (37, 38, 56, 68). Of the five IE
proteins encoded by HSV, two, IE175k (ICP4) and IE63k
(ICP27), are essential for virus replication (11, 47, 54). The
IE175k protein is necessary for the transition to the DE and
late phases of virus gene expression and acts by facilitating the
initiation of transcription at the corresponding promoters (9,
45, 67), although its precise mechanism of action is unclear.
Results to date indicate that IE63k is a multifunctional protein
involved in transcriptional and posttranscriptional regulation
of virus gene expression (34, 51, 60). Of the three other IE
proteins, the IEllOk protein (ICPO) has been the most inten-
sively studied. This protein nonspecifically activates gene ex-

pression in transient systems, and although viruses with condi-
tional lethal mutations of this gene have not been isolated,
variants containing deletions within the IEl10k gene exhibit
substantial impairment in infectivity, particularly at low multi-
plicities of infection (3, 6, 13, 18, 43, 55, 61). However, while
IEllOk is distinct from IE175k and IE63k in that it is not
absolutely essential for virus replication (55, 61), it is nonethe-
less required for normal levels of expression of all classes of
virus genes (3, 6, 15). Moreover, unlike the other IE proteins,
IEl 10k may have a specialized role in facilitating the reactiva-
tion of HSV from a latent infection. Viruses containing
deletions in the gene for the IEllOk protein exhibit decreased
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virulence and are impaired to various degrees in the ability to
reactivate from a latent infection (31, 61). Additionally, studies
on an in vitro tissue culture latency system have demonstrated
that infection with recombinant adenoviruses expressing the
IE1 10k protein could reactive latent HSV, while wild-type
adenovirus or adenovirus expressing the IE175k protein could
not (53, 70). For a review of the functions of the IEl 10k
protein in HSV replication, see reference 16. Definitive roles
for the IE12k (ICP47) and the IE68k (ICP22) proteins have yet
to be established, although it has been reported that a mutant
virus with a deletion within the IE68k gene was debilitated for
growth in a cell-type-dependent manner (57).
The critical requirement for IE proteins in the proper

orchestration of virus gene expression and replication is re-

flected in the operation of a complex mechanism to boost
transcription of the IE genes themselves (46). This process is
mediated by a structural component of HSV, Vmw65 (VP16),
which interacts with at least two host cell factors to induce high
levels of IE transcription. However, while a considerable
amount of information has been obtained on the identification
of the participating proteins and the mechanism involved in
Vmw65-mediated induction of IE transcription (for a review,
see reference 40), much less is known about the requirements
for IE transcription in the absence of the Vmw65 transactiva-
tion pathway. It is likely that such information may be relevant
to an understanding of IE expression in cells where Vmw65 is
unable to function during virus infection and in particular to
the elucidation of the transcriptional requirements for IE gene
expression during the initial stages of reactivation from a latent
infection where Vmw65 is absent. To this end we have
examined the cis- and trans-acting factors involved in constitu-
tive transcription of the promoter for the IEI 10k protein, since
several lines of evidence indicated that this protein may have a
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qualitatively distinct role in virus reactivation. We show that
the IEl10k promoter is very efficient, but the presence of
multiple copies of the octamer consensus site, which mediate
Oct- I binding and subsequent Vmw65 activation, have a minor
effect on constitutive transcription. By progressive exonuclease
digestion and subsequent site-directed mutagenesis, we have
identified a region which is essential for the efficient constitu-
tive expression from the IEllOk promoter. We demonstrate
that two cellular proteins bind with overlapping sequence
requirements to this region. One of these proteins is identified
as NF-Y, a CCAAT box-binding factor, which binds to an
inverted CCAAT box located between positions -71 and
- 75. The second, presently unidentified, cellular factor binds
to a region with the sequence CGCGCGGCCAT which over-
laps the 3' end of the CCAAT box. The terminal AT of the
recognition site for the second cellular factor represents, on
the opposite strand, the terminal AT of the CCAAT box.
These and adjacent bases are critically required for the binding
of both factors.

MATERIALS AND METHODS

Plasmid constructs. The plasmid pAB2 was constructed by
insertion of a SmaI fragment from pPO49, which contains the
complete promoter-regulatory region of the IEl 10k gene from
HSV-1 strain KOS, into the SmaI site of pUC19 as described
previously (41). The IE110k promoter fragment in pAB2
extends from position - 130 to + 150, lacks upstream TAAT
GARAT elements, and is unresponsive to Vmw65 (41).
A series of 5' deletions of the IE1 10K promoter was

constructed by digestion of pAB2 with the restriction enzyme
PstI at a unique site in the polylinker at the 5' end of the
promoter. Bal 31 exonuclease was used to degrade both 5' and
3' termini of the cleaved plasmid at approximately 20 bp/
min/U. At specified times, Bal 31 exonuclease digestion was
stopped with EGTA (ethylene glycol-bis(3-aminoethylether)-
N,N,N',N'-tetraacetic acid), and single-stranded DNA was
removed by mung bean nuclease treatment. HindlIl linkers
were added, and the vectors were religated and transformed
into Escherichia coli HB101. A series of constructs named
pDR1 to pDR6 was selected on the basis of restriction analysis
of plasmid DNAs from individual colonies, and the endpoints
of the deletions were subsequently mapped by dideoxy se-
quencing of purified DNA with the Sequenase version 2 kit
(U.S. Biochemical Corp.). In case variability in the vector
sequences 5' of the endpoint of the IEllOk promoter might
have any influence on the results, the HindIII-BamHl frag-
ment containing each of the deletion mutants was subcloned
into HindIII-BamHI-cleaved pAB2, making the vector se-
quence upstream of each construct identical in all cases.
Equivalent results were obtained in both the original and
vector-controlled settings. Other promoter-chloramphenicol
acetyltransferase (CAT) constructs included for comparative
purposes in this work were pVPSCAT, which contains the HSV
late promoter for the major capsid gene; pTKCAT and
p38kCAT, which contain the HSV DE promoters for thymi-
dine kinase and the small subunit of ribonucleotide reductase,
respectively; pSV2CAT, which contains the simian virus 40
(SV40) early enhancer-promoter region; and pWT760CAT,
which contains the powerful major IE enhancer-promoter
region from human cytomegalovirus.

Cells, transfection procedures, and CAT assays. HeLa cells
and Vero cells were grown in Dulbecco modified Eagle
medium with 10% newborn calf serum. Cells were plated the
day before transfection into cluster dishes (6 by 35 mm) at 106
cells per well. DNA transfections were carried out by the

calcium phosphate precipitation method modified by the use of
BES [N,N-bis(2-hydroxethyl)-2-amino-ethanesulfonic acid]-
buffered saline (pH 6.95) in place of HEPES (hydroxyethylpi-
perzine-N'-2-ethanesulfonic acid)-buffered saline (5, 42). Ex-
tracts were made 40 to 48 h after transfection, and CAT assays
were performed and quantitated as described previously (42).
Cells were cotransfected with the indicated amount of CAT
reporter vectors, and the total amount of DNA was equalized
to 2 ,ug in all cases by the addition of pUCI9 carrier DNA.

Electrophoretic mobility shift assay. Large-scale prepara-
tion of HeLa cell nuclear extracts (from approximately 5 x 109
cells) was performed according to the method of Dignam et al.
(10). The assay mixtures (routinely in a final volume of 20 I)
to examine DNA-binding activity contained 25 mM HEPES-
KOH (pH 7.9), 50 mM NaCl, 10% glycerol, 0.05% Nonidet
P-40, 5 mM dithiothreitol, 1 mM EDTA, 5.0 mg of bovine
serum albumin per ml, and 1 to 2 Rg of poly(dI *dC)-
poly(dI * dC). After 10 min of incubation at room temperature,
end-labelled oligonucleotide probes (1 ng) were added, and
incubation was continued for a further 20 min. Samples were
then loaded onto 4 or 8% nondenaturing polyacrylamide gels
(acrylamide-bisacrylamide, 19:1). Electrophoresis was per-
formed for 2.5 to 3 h at 200 V in a buffer containing 0.5 x
Tris-borate-EDTA (17). Complexes were visualized by autora-
diography of the dried gels. For quantitative measurements,
the areas of interest were cut out of dried gels and Cerenkov
radiation of 32p was measured with an efficiency of approxi-
mately 30%. For competition analysis, unlabelled probes were
added at the indicated amounts and incubated with the extract
for 10 to 15 min prior to the addition of the radiolabelled
probe. In all cases, unless otherwise stated, the probe was
present in excess amounts but was frequently run off the
bottom of the gel to facilitate separation of the binding
complexes. Oligonucleotides were synthesized by using an
Applied Biosystems DNA synthesizer. Complementary strands
were annealed and radiolabelled by using the Klenow fragment
of DNA polymerase I to fill in designed 5' overhangs. Double-
stranded probes were purified by electrophoresis in polyacryl-
amide gels, elution, and precipitation or by gel filtration using
Nuc-Trap columns (Stratagene).

Methylation interference. Oligonucleotides used for methyl-
ation interference (59) were purified by UV shadowing and
radiolabelled with [y-32P]ATP and polynucleotide kinase. Ra-
diolabelled single-stranded oligonucleotides were then an-
nealed to give the appropriately end-labelled double-stranded
probes, which were then methylated with dimethyl sulfate. A
larger, 265-bp HindIII-SalI fragment isolated from pDR2 (see
Results) was also used for methylation interference studies.
The noncoding strand was labelled by cutting pDR2 with
HindlIl, filling in the recessed 3' end with the Klenow frag-
ment of DNA polymerase I and [32P]dATP, and then digesting
with Sall. The coding strand was specifically labelled by
digestion with HindIlI and treatment with calf intestinal alka-
line phosphatase and then polynucleotide kinase to phosphor-
ylate the 5' end, and the appropriately end-labelled fragment
was then produced by Sall digestion. The end-labelled 262-bp
fragment probes were isolated from a 12% polyacrylamide gel.
The probes (100 ng) were mixed with 500 ng of sonicated
salmon sperm DNA and incubated with I [L of dimethyl
sulfate for 1 min in 200 ,u of a buffer containing 50 mM sodium
cacodylate (pH 8.0) and 0.1 mM EDTA. Methylation was
terminated by the addition of 50 RI of stop buffer (1.5 M
sodium acetate, 1.0 M Tris-acetate [pH 7.5], 1.0 M P-mercap-
toethanol, 1 mM EDTA) and 750 RI of cold ethanol and
incubation on ice for 2 min. The probe was then pelleted,
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resuspended, reprecipitated, washed with 70% ethanol, and
dried.

Approximately 1.5 x 106 cpm of methylated probes was
used in each reaction mixture consisting of 10 pIl of HeLa cell
nuclear extract and 10 ,ug of poly(dI - dC)-poly(dI * dC)in 25
mM HEPES-KOH (pH 7.9)-50 mM NaCl-10% glycerol-
0.05Cc Nonidet P-40-5 mM dithiothreitol-1 mM EDTA-5.0
mg of bovine serum albumin per ml in a final volume of 50 pI.
The amount of competitor was increased to 75 p.g and the total
volume was increased to 200 pI1 when the larger fragment
probe was used. Following incubation, bound and free probes
were separated by electrophoresis in a 4% polyacrylamide gel,
visualized by exposure of the wet gel to X-ray film for 2 to 4 h,
excised, and incubated overnight at 37°C in 500 pL. of extraction
buffer consisting of 10 mM magnesium acetate, 1 mM EDTA,
500 mM ammonium acetate, and 0. I% sodium dodecyl sulfate.
Probe was recovered by precipitation, washed in 70% ethanol,
and dried before cleavage in 100 pL. of freshly diluted 10%
piperidine at 90°C for 30 min. The reaction was quenched by
incubation in a dry ice-ethanol bath. Piperidine was subse-
quently removed by drying and repeated washes with 100 pI. of
distilled water. Following the final drying, the pellet was
resuspended in 10 p. of formamide loading buffer (95Cc
formamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05%
xylene cyanol) and applied to an 8Cc denaturing urea-polyacryl-
amide gel. Maxam-Gilbert sequencing reactions (33) were
used to prepare G and G+A tracks for electrophoresis in
parallel.

RESULTS

Efficient constitutive promoter activity of the gene for the
IEI 10k protein. Although several previous reports on IE
regulation by Vmw65 have examined the basal activity of the
IEI 10k promoter, there has been no systematic analysis of its
relative efficiency or any identification of the relevant cellular
proteins. To examine this question we constructed a chimeric
CAT target gene (pPO49) which contained the promoter-
regulatory region of the IEllOk gene spanning from approxi-
mately position - 800 to + 150 relative to the transcriptional
site (see Fig. 2b). Expression from this construct was compared
with that from a series of other CAT target genes which
contained different test promoters. These included two typical
HSV DE promoters, those for the small subunit of ribonucle-
otide reductase (UL40) and thymidine kinase (UL23)
(p38kCAT and pTKCAT respectively), the DE-late promoter
for major capsid protein (UL19) (pVP5CAT), the enhancer-
promoter region from SV40 (pSV2CAT), and the cytomega-
lovirus IE enhancer-promoter (pWT760CAT). The various
constructs were transfected in dose-response experiments into
HeLa or Vero cells, two cell lines routinely used for HSV
replication. Typical results from transfections into HeLa cells
are shown in Fig. 1. Significant CAT activity was obtained with
transfection of only 50 ng of the IEl lOkCAT construct
(pPO49) (lane 1), pWT760CAT (lane 5), and pSV2CAT (lane
6), while activity from p38kCAT, pTKCAT, and pVP5CAT
(lanes 2 to 4) was undetectable. Quantitative analysis of
expression over the course of this work demonstrated that
constitutive activity of the IEllOk promoter is only twofold
lower than that of the SV40 enhancer-promoter and approxi-
mately 10-fold lower than that of the very powerful cytomeg-
alovirus IE enhancer-promoter region. The difference between
the activity of the IE1 10k promoter and that of the HSV DE
and DE-late promoters is highlighted by the comparison at
input doses of 250 ng (Fig. 1, right). In this case activity from
the IEI 10k promoter was underestimated because of substrate

1 2 3 4 5 6 1 2 3 4 5 6

*@ i* . 0 @-

5Ong 250ng

31 0.5 0.2 0.6 120 54 127 0.4 0.6 0.4 126 140

FIG. I. Comparison of IEl 10k basal promoter activity with that of
various viral promoters. HeLa cells were transfected with 50 or 250 ng
of each of the promoter-CAT constructs, harvested 4(0 h after trans-
fection, and assayed for CAT activity. Lanes: 1 pPO49; 2, pVP5CAT;
3, p38kCAT; 4. pTKCAT; 5, pWT760CAT; 6, pSV2CAT. The input of
radiolabelled substrate in each assay was approximately 140 x 1(0)
cpm. CAT activities (absolute counts appearing in the acetylated
products) are indicated below the autoradiogram; note that while the
assays for pPO49 and pSV2CAT are not substrate limited at the 50-ng
dose, they are at the 250-ng dose. CAT activity for pWT760CAT is
substrate limited even at the 50-ng dose.

limitation in the assay, while activity from pVP5CAT,
p38kCAT, and pTKCAT was not significantly above back-
ground. (Note that expression from these same constructs can
be efficiently activated in the presence of IE proteins.) The
results of several independent experiments indicate that con-
stitutive activity from the IEI 10k promoter was 20- to 40-fold
higher than that from the DE and DE-late promoters. Similar
results were obtained with Vero cells (data not shown). Thus,
even though transcription from the IE 11Ok promoter-regula-
tory region responds strongly to activation by Vmw65 (32, 41),
constitutive activity of the promoter is comparatively very
efficient, on par with that of the early SV40 enhancer-promoter
region.
The upstream Vmw65 response elements are not required

for efficient constitutive activity. The sequence of the upstream
region of the IEllOk gene has been determined (32, 44) and
contains at least six elements which conform well to the core
consensus binding site for the cellular transcription factor
Oct-I (Fig. 2b, solid boxes). The motif nearest the transcription
initiation site is located at position - 165. Several less-well-
conserved motifs are also present on the opposite strand (Fig.
2b, stippled boxes). Although not all of these regions may
represent Vmw65 response elements, several of the motifs
individually support Oct-I binding and contain overlapping
signals necessary for induction by Vmw65 (1, 32, 41). To
determine whether these sites or any other elements present in
the upstream regulatory region were required for the efficient
constitutive activity of the promoter, a series of deletions was
constructed by progressive Bal 31 exonuclease digestion of
sequences from the 5' end. Internal deletion of sequences from
the upstream region was also performed by restriction enzyme
digestion and religation. Endpoints were determined by se-
quence analysis, and appropriate constructs spanning the
promoter-regulatory region were compared for expression
efficiency. Typical results are illustrated in Fig. 2a. Strikingly,
deletion of an approximately 700-bp region spanning from
position -810 to - 125 and including all of the consensus and
putative Oct-i-binding sites had at most a marginal effect on
promoter activity, with the deletion construct pAB2 exhibiting
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(a)
Construct pPO49 pAB2 pLIR2 pDR1 pDR6

Endpoi'nt -81 0 - 125 -1 14 - 89 -74
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FIG. 2. (a) 5' deletions identify an IEI 10k promoter region required for high-level basal promoter activity. A typical CAT assay showing the

results of transfection of a series of 5' deletions of pPO49 in HeLa cells is shown; 200 ng of pPO49 and each of the deletion variants were

transfected into HeLa cells, which were harvested 40 h after transfection and assayed for CAT activity. Absolute counts appearing in the acetylated

products are indicated below the autoradiogram. (b) Schematic diagram of the IEI 10k promoter. Upstream consensus and near-consensus octamer

sites are indicated by solid and stippled rectangles, respectively. Sequence data are from references 32 and 44 and this work. The start site of

transcription is indicated by an arrow. Endpoints of the 5' deletions which delineate the IElI 10k basal promoter element are shown on the primary

sequence.

a less-than-twofold reduction in activity compared with that of

the parental plasmid pPO49. By comparison we have previ-
ously shown that pAB2 has completely lost the ability to

respond to Vmw65 (41). Further deletion from 125 to 114

(pDR2) or -89 (pDR1), including a consensus SPIl-binding
site located around position 113, had little significant effect

on activity (Fig. 2a). Similarly, internal deletion from position
-400 to 125 had no detectable effect (data not shown).
There was on average less than twofold variation, to which it is

difficult to attribute significance, between any of the constructs

to endpoint 89, and in fact pDRI exhibited activity very

similar to that of the parent construct. However, deletion of

the 15 bp from position 89 to 74 resulted in a dramatic

reduction in activity, with the deletion construct pDR6 exhib-

iting approximately 8% of the activity of pDRI. The deletion

constructs pDR4 and pDR5, independent isolates with end-

points at position 72, exhibited similarly weak activity. The

unexpected conclusion from this series of experiments is that

neither the multiple Oct-I-binding motifs nor any other ele-

ment in the upstream regulatory region makes a major contri-

bution to the strong constitutive activity of the IEllOk pro-

moter. While other elements may affect activity to a minor

degree, our results indicate that a major determinant of

IEl 10k promoter efficiency resides within or overlaps the

15-bp region between 89 and 74, which has been termed

the BC (efficient constitutive activity) region.
Two cellular proteins bind to the EC region. The most likely

explanation for the involvement of a specific upstream region
in determining promoter efficiency is that the region binds one

or more transcription factors which directly or indirectly
influence transcriptional initiation. To examine the interaction

of cellular proteins with the BC region, a series of overlapping

probes which spanned the region from approximately position
00 to 60 was constructed and analyzed for binding to

proteins from nuclear extracts of HeLa cells by a standard

electrophoretic mobility shift assay. The locations of the

CAT Activi'ty
(cpm X 10 )

(b)

0.5
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pDR1 pDR6
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- 1 2 3 2 11 2 3 1 23.1 2 3 1 2 3 1 2 3

0*
-000~

Probe 1 2 3 4 5

W F2
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FIG. 3. Demonstration of two complexes binding to the EC region.
A series of overlapping oligonucleotides which spanned the EC region
is illustrated with the positions of the endpoints of each of the probes
and the promoter deletions that delineate the EC region. The position
of an inverted CCAAT box is indicated by a dashed line. The lower
panel shows the results of binding of equal aliquots (2 p.g) of a HeLa
cell nuclear extract to each of the probes in the presence of nonspecific
competitor poly(dI *dC)-poly(dI * dC) as indicated in Materials and
Methods. In this and certain other assays, free probe was electropho-
resed off the end of the gel to aid in separation but was normally
present in excess (see Fig. 6 and 11). Nuclear proteins binding to the
oligonucleotide probes were designated factor 1 (Fl) and factor 2 (F2).
A DNA-binding degradation product of Fl is also indicated (dp).

probes, together with the endpoints of pDR 1 and pDR6, are
summarized in Fig. 3. Typical results for each of the probes are
illustrated in the lower panel (Fig. 3). Probes 1, 3, and 4, which
had the same 3' endpoint at - 70 but different 5' boundaries,
all bound a single factor termed F1. A second product (dp) was
observed binding to the same probes as those bound by Fl.
This product behaved identically to Fl in all binding and
competition analyses (see, e.g., Fig. 4), varied in abundance
relative to that of Fl in different preparations, and was
completely absent in certain preparations made in the pres-
ence of high levels of multiple protease inhibitors. We there-
fore consider it likely that dp represents a degradation product
of Fl which retains DNA-binding activity. Probes 1 and 4,
which extended further 5' than probe 3, bound Fl only
marginally better (Fig. 3; see Fig. 4), and probe 2, which
contains the 5' section of probe I and only partly overlaps
probe 3, bound neither Fl nor any other component. (Note
that minor amounts of Fl seen in Fig. 3 with probe 2 are due
to leakage from lanes I and 3). These results indicate that the
main determinants for Fl binding are largely contained within
the 14-bp sequence of probe 3 from position -84 to - 70.
However, probe 5, which contains the same 5' boundary as
probe 3 but extends further in the 3' direction, bound a factor,

a.t

FIG. 4. Specificity of Fl binding. Oligonucleotide probe I was
radiolabelled and used in competition analysis to determine the
specificity of Fl binding. Cold competitors were used at doses of 10-,
100-, and 200-fold excesses over radiolabelled probe and were prein-
cubated with HeLa cell nuclear extract, binding buffer, and
poly(dI * dC) prior to the addition of radiolabelled probe 1. The cold
competitors used included the HSV type 1 thymidine kinase CAAT
box (TK.CAAT), the rat albumin CAAT box (Ab.CAAT), and the
adenovirus E2 CAAT box (E2.CAAT). The right-hand three lanes
show the controls in which each of the competitors was used as a
radiolabelled probe to demonstrate their binding activities. Each of the
probes bound an identical doublet consistent with CAAT box-binding
activity. Lanes: 1, TK.CAAT; 2, Ab.CAAT; 3, E2.CAAT.

F2, in addition to Fl. Both Fl and F2 specifically bound to
probe 5 (see below), and no other complexes were observed
under a variety of assay conditions in which salt concentration,
pH, and competitor type were systematically altered (data not
shown). In addition, Fl and F2 were the only complexes
observed on a larger, 45-bp probe which spanned the entire
region from - 100 to -54 (results not shown). The results
indicate that two cellular proteins bound to sequences within
or overlapping the EC region defined by the deletion between
pDR1 and pDR6: Fl, for which sequences in probe 3 suffice,
and F2, which requires additional sequences extending further
3'.
To examine further the specificity of binding of the Fl factor

and to attempt to identify candidate components, we per-
formed a series of experiments in which we examined the
abilities of a variety of known consensus motifs to compete for
Fl binding. Figure 4 shows typical results from such assays,
which in this case examined a series of CCAAT box motifs,
including those from the HSV thymidine kinase gene, the
adenovirus E2 late gene, and the rat albumin promoter. In this
experiment a probe (probe 1) which bound only Fl was used as
the target probe, but similar results for the specificity of Fl
were obtained whether or not the probe bound F2 (but see
below). Each of the competitors was preincubated with the
nuclear extract at 10-, 100-, and 200-fold excesses over the
radiolabelled probe (Fig. 4, lanes 1, 2 and 3, respectively, for
each competitor). As expected, probe 1 (llOk.1, the homolo-
gous probe) and probe 3 (1 10k.3) competed for F1 binding,
with probe I exhibiting slightly stronger competition than
probe 3. Probe 2 (1 10k.2), corresponding to the 5' two-thirds
of probe 1, as predicted from the binding profile (Fig. 3) failed
to compete at any dose tested. With the various CCAAT box
probes, although some reduction in Fl binding was observed at
the higher doses, this effect was minor compared with that of
the homologous competitor (see also Fig. 5, in which it is
shown that the homologous competitor virtually eliminates Fl
binding at doses at which the CCAAT box competitor has
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absolutely no effect). The controls to demonstrate that the
CCAAT box probes were bound by their cognate factors are
shown in the three right-hand lanes. Consistent with the lack of
efficient competition, when radiolabelled each of these probes
bound a major factor, each with the same mobility but with a
mobility significantly different from that of Fl.

Essentially similar results were obtained with a range of
other consensus sites, including those for NF-1, Oct-1, and
API, and in particular, since the Fl-binding region was rela-
tively rich in G and C residues (Fig. 3), no competition was
observed with several GC-rich motifs, including those for SPI
(see Fig. 5), E2F, and AP2 (data not shown). These results
reinforced the identification of Fl as a sequence-specific
DNA-binding factor which interacts with the EC region but
gave no obvious indication as to its identity.

Identification of F2. We noted that probe 5, which bound the
additional factor F2, contained an inverted CCAAT box (Fig.
3, underlined). The core CCAAT sequence would have been
placed in close proximity to the ends of probes 1, 3, and 4, and
it was possible that F2 binding to probe 5 represented a
CCAAT box-binding factor which failed to bind to the other
probes because of a specific or nonspecific requirement for
sequences flanki;ig the 5' side of the core CCAAT box (as read
on the opposite strand in the IEI 10k promoter sequence).
Moreover, in the controls for the competition analysis of Fl
binding shown in Fig. 4, the CCAAT box probes bound
complexes with mobilities similar to that of F2. To examine this
question directly, we compared F2 with the CCAAT box
factors both by comparative mobilities when used as radiola-
belled probes in parallel and by cross competition analysis. In
this experiment the rat albumin CCAAT box motif was used,
although similar results were obtained with each of the other
CCAAT motifs which bound complexes of identical mobility
(Fig. 4 and data not shown). The results show that F2
comigrates with the CCAAT box-binding factor, although F2
clearly did not bind as efficiently to probe 5 as the CCAAT
factor did to the rat albumin CCAAT motif. Furthermore,
although not as efficient as the homologous competitor, probe
5 competed for binding of the CCAAT box factor (Fig. 5, right
panel), and in the reciprocal experiment the CCAAT box motif
competed efficiently for F2 (Fig. 5, left panel). This latter
experiment also demonstrated specificity in competition, since
the CCAAT box motif competed for F2 but not Fl binding to
probe 5, while the homologous competitor competed efficiently
for both. As expected, the control SPI motif competed for
neither Fl nor F2.
Although there has been some ambiguity in the identifica-

tion of CCAAT box-binding factors, it is now clear that a
number of the factors identified in different studies are the
same and are identical to NF-Y, a transcription factor origi-
nally identified from analysis of major histocompatibility com-
plex gene expression (see Discussion). To provide further
evidence for the identity of F2, we examined the effect of
antibody to NF-Y, which has been previously shown also to
bind to the CCAAT box motifs employed in this work. In this
type of experiment the identity of a DNA-binding complex is
inferred from the ability of an antibody to selectively inhibit its
formation or to further retard its mobility in an electrophoretic
mobility shift assay. Probe 5 was incubated with equal aliquots
of nuclear extract in the presence of preimmune or immune
serum to NF-Y, and complexes were separated by gel retarda-
tion assay (Fig. 6). The control preimmune serum had little
significant effect on any of the probe 5-binding complexes (Fig.
6, left lanes). However, after incubation with the immune
serum, the F2 complex disappeared and there was the concom-
itant appearance of a large complex which barely migrated

Competitor 1 OK.5 CCAAT SP1 CCAA l l OK.5 SP!

- 1 2 11 2, 1 2j-1 2 2 1 2

F2 4 i. w

Fi

Probe 11 0.5 CCAT

FIG. 5. Specificity of F2 binding. Aliquots of HeLa cell nuclecar
extract (2 p.g) were preincubated with 50- and 250-fold excesses (lanes
1 and 2, respectively, for each competitor) of cold competitors prior to
the addition of radiolabelled probe 5 or CCAAT as indicated. In this
case the CCAAT probc was from the HI promotcr.

from the origin (Fig. 6, arrow). In contrast, in the same lanes
no effect on Fl binding was observed. These results indicate
that the F2 complex is selectively retarded by antibody to
NF-Y, and together with the nature of the primary sequence
itself, the similar mobilities of F2 and the CCAAT box-binding
factors, and the results of reciprocal cross competition analysis,
the data present a strong case that the F2 complex is the
CCAAT box-binding factor NF-Y.

Separation of requirements for binding of Fl and F2. The

Pro. 'IflTuln.

-I1 2 2
__ -

F2 S" '

F1

Probe 110.5
FIG. 6. Identification of F2 as an NF-Y-type CAAT box-binding

protein. Serum 1320) raised against the N terminus of NFY-B, a
component of the heterodimeric NF-Y factor which binds to the
CCAAT box of major histocompatibility complex class II genes, was
preincubated with 2 p.g of HeLa cell nuclear extract for 25 min; this
was followed by addition of radiolabelled IEI 10k promoter probe 5. A
control preimmune serum (Pre.) was tested in parallel. The two lanes
represent 2- and 4-pLl amounts for each serum. The shift in F2 binding
in the presence of the immune serum is indicated by an arrow.
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110K 5

110K 5m1

110K 5m2

110K 5m3

110K 5m4

110K 5m5

110K 5m6

-80 -70 -60

AGCTTGCGCGGCCATTGGGGGAATCGTCACA
ACGCGCCGGTAACCCCCTTAGCAGTGTTCGA

AGTAAG

AGCTTGCGCGGCCATTGGGGGAATCGTCACA
ACGCGCCGGTAACCCCCTTAGCAGTGTTCGA

TCATTC

CT

AGCTTGCGCGGCCATTGGGGGAATCGTCACA
ACGCGCCGGTAACCCCCTTAGCAGTGTTCGA

**

GA

AG

TGGGACGCGCGGCCATTGGGGAATCGTCA
TGCGCGCCGGTAACCCCTTAGCAGTCACG

TC

GG

TGGGACGCGCGGCCATTGGGGGAATCGTCA
TGCGCGCCGGTAACCCCCTTAGCAGTCACG

00

00

AGCTTGCGCGGCCATTGGGGGAATCGTCACA
ACGCGCCGGTAACCCCCTTAGCAGTGTTGCA

GG

CG

AGCTTGCGCGGCCATTGGGGGAATCGTCACA
ACGCGCCGGTAACCCCCTTAGCAGTGTTCGA

GO

FIG. 7. Summary of wild-type and mutant probe 5 sequences.
Substituted bases are indicated by asterisks, with the new bases in the
mutant variants given above and below each strand.

results of the binding profiles of probes 1 and 3 versus that of
probe 5 indicated that Fl bound to the 5' GC-rich segment and
that F2 bound to the inverted CCAAT box with some require-
ment for adjacent sequences (Fig. 3). In an attempt to separate
binding requirements within probe 5 for Fl and F2, a series of
mutant probes which contained 2-base substitutions across the
likely F1-binding and CCAAT box regions (Fig. 7, 110K 5m2 to
5m6) was constructed. By using radiolabelled parent probe 5,
each of the mutant probes was examined in gel retardation
assays for the ability to compete for Fl and F2 (Fig. 8; the two
lanes for each competitor represent 10- and 50-fold excesses
over the radiolabelled probe). The results show that several of
the mutations affected the binding of both Fl and F2. Thus,
probe 5m4, which contained substitutions at the terminal AT
of the CCAAT box, had reduced ability to compete for F2 as

predicted but also showed reduced competition for Fl com-

pared with the wild-type probe 5. Similarly, substitution of the
two C bases immediately 5' but outside the core CCAAT box
(5m3) caused reduced competition not only for Fl but also for
F2. Consistent with this latter result, the probe containing
multiple mutations within the GC-rich 5' section, but retaining
the CCAAT box (Sml), failed to compete for both Fl and F2.
On the other hand, certain of the mutations clearly had a

selective effect on the binding of either Fl or F2. Substitution
of the two 5' C bases of the inverted CCAAT box (5m2)
affected the ability to compete for F2 without having any
significant effect on competition for Fl. Conversely, substitu-

Competitor - |5 15 m1 115 m2 I5 rm3 15fn415F rn525. 6

F2 ,.. A -

Fl

Probe

Ww
At I I Iwin I

110.5

FIG. 8. Competition analysis identifies selective and shared re-
quirements for Fl and F2 binding. Aliquots (2 ,ug) of HeLa cell
nuclear extract were preincubated for 10 min at 20°C with 10- or
50-fold excesses (the two lanes, respectively, for each competitor) of
unlabelled wild-type or variant competitors in the presence of
poly(dI * dC) and binding buffer. Radiolabelled probe 5 was added,
and incubation proceeded for 20 min at 20°C. Samples were then run
on a 4% nondenaturing polyacrylamide gel. Fl and F2 binding in the
absence of competitor is also indicated (-).

tion of the GC or GG bases within the GC-rich section (5m6
and 5m5, respectively) selectively reduced competition for Fl
without having an effect on competition for F2. These results
indicated that Fl and F2 had selective binding requirements
within the GC-rich region around - 80 and at the 5' end of the
CCAAT box (read on the opposite strand) around position
-71 but that they shared binding requirements within the
central region between -74 and - 77. In general, the gel
retardation competition analysis gave a consistent picture of
the binding requirements for Fl and F2. However, it was
difficult to obtain a refined delineation of the respective
interactions by this method, since while certain of the mutant
probes were clearly deficient in binding one or the other factor,
they would nonetheless compete to some degree at higher
doses. To examine further the recognition sites and identify
specific bases which were exclusively required for one or the
other factor, and in particular to determine whether any
individual bases represented important contact points for both
factors, we performed methylation interference analysis of
each of the isolated complexes. In this method a radiolabelled
probe is partially methylated by dimethyl sulfate at the N-7
position of guanine residues (in the major groove) and, much
less efficiently, at the N-3 position of adenine residues (in the
minor groove). After protein binding, free probe is separated
from bound complexes by nondenaturing gel retardation anal-
ysis, the DNA is then isolated and cleaved with piperidine, and
the products are separated by electrophoresis in denaturing
sequencing gels. If methylation at a particular purine interferes
with binding of a factor, then the product of cleavage at that
purine will be missing or underrepresented in the bound
fraction corresponding to that factor.
We first analyzed methylation interference of Fl binding by

using a 265-bp probe produced by restriction digestion and
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FIG. 9. Methylation interference data for Fl binding on the IEl10k promoter element. A HindIII-SalI fragment from pDR2 (positions -114
to + 151) was radiolabelled at the 5' end of the top strand (a) and at the 3' end of the bottom strand (b) for methylation interference analysis. The
radiolabelled fragment was partially methylated with dimethyl sulfate and used in a large-scale binding reaction. Bound and free probes were

isolated from a 4% nondenaturing polyacrylamide gel, recovered, and cleaved with piperidine. Equalized counts of bound probe (Fl), unbound
probe (Unb), a nonspecific control (ns), and a Maxam-Gilbert sequencing reaction (G and G/A) were loaded onto an 8% sequencing gel. The
sequence of this region of the promoter is also shown, along with the methylation interference data for Fl on the upper and lower strands.
Methylation interference data for Fl are indicated as circles, with the extent of shading reflecting the extent to which methylation of bases inhibits
binding. Solid circles represent bases with the strongest inhibitory effect on binding.

spanning from position - 114 to + 151 of the IEl Ok promoter.
The methylated fragment was radiolabelled on either strand
and incubated with the protein extract, and the Fl complex was
identified by specific competition analysis. Unbound probe and
probe from the Fl complex was isolated and electrophoresed
in parallel with G and G+A sequencing lanes (Fig. 9, Unb, Fl,
G, and G+A, respectively). A complex which nonspecifically
bound to the probe was also analyzed as an additional control
(Fig. 9, ns). The results are illustrated together with the
sequence of the appropriate region in the 5'-to-3' direction for
each strand (Fig. 9). For Fl, strong contacts were observed for
the G residues at positions - 78, - 79, and - 81 and a weaker
contact was observed at position - 83 (Fig. 9a, solid and
shaded circles respectively). No contacts were observed at G
residues further 5', i.e., from position -86 onward, or from
position - 72 onward on the 3' side (the next 3' G after the
protected base at - 78). In comparison, no contacts were
observed for the nonspecific control complex (Fig. 9, cf. Fl,
Unb, and ns). These results reinforce those from the compe-
tition analysis (Fig. 8), in which substitution of residues -78
and -79 (SmS) or -80 and -81 (5m6) affected Fl binding
while substitutions at positions -72 and -73 (5m2) did not.
Similarly, analysis of the opposite strand indicated strong
contacts for Fl at the G residues - 76, - 77, and - 80 (Fig. 9b,
cf. Fl and Unb), consistent with the competition analysis, in
which probe 5m3, substituted at positions - 76 and - 77, and
probe 5m6, substituted at positions -80 and -81, failed to
compete for Fl (Fig. 8).

To identify selective requirements for Fl and F2 binding and
to address the possibility of the Fl-binding site overlapping the
adjacent F2-binding site at the CCAAT box, we compared
methylation interference patterns for each of these factors on
the top strand of a shorter oligonucleotide probe spanning
sequences from position - 100 to -54 (Fig. 10). As expected,
for Fl the pattern of contacts around the G residues at - 78 to
-83 (Fig. lOa) was similar to that obtained on the longer
probe. By comparison, none of these residues exhibited any
detectable contacts with F2. The difference in Fl and F2
contacts within this region was particularly striking for bases
- 78, - 79 (migrating as a doublet in this gel), and - 81 (Fig.
10, cf. Fl and F2). Conversely, while no contacts were observed
for the Fl factor within the string of G residues from -72
onwards, contacts at positions -72 and -71 were observed for
F2 (Fig. 10, cf. Fl, circles, and F2, solid triangles). Weak
contacts for F2 were also indicated in several experiments at
purines further 3' (Fig. lOb, stippled triangles). Importantly,
methylation of A residues and their subsequent detection after
cleavage were much more efficient with this shorter probe. For
example, the A residues at positions -66, -67, and -60
flanking the 3' side of the string of Gs were easily detected with
the unbound oligonucleotide probe (Fig. 10a) but were absent
in the profile of the unbound fragment probe (Fig. 9a; cf. the
G+A and G sequencing lanes with the unbound methylated
probe). Critically, this feature rendered the A residues infor-
mative for contact analysis and allowed the identification of the
A residue at position - 75, which corresponds to the 3'-
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(a) - 8 4 - 6 0
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F 1 p
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F2-
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FIG. 10. Comparative methylation interference data for Fl and F2 on the IEI 10k promoter element. The top strand of a 45-bp oligonucleotide
corresponding to positions - 100 to - 54 of the IEllOk promoter was radiolabelled at the 5' end and partially methylated with dimethyl sulfate.
After incubation with HeLa cell nuclear extract, Fl- and F2-bound complexes were separated from free probe by electrophoresis in an 8%
nondenaturing polyacrylamide gel, and the DNA was recovered and cleaved with piperidine. Fl (a)- and F2 (b)-bound DNA were then analyzed
on an 8% sequencing gel in parallel with the unbound probe (Unb), equalized with respect to counts per minute for either Fl or F2. The sequence
of the F1/F2 region is shown above the methylation interference gel. Data for Fl and F2 are indicated by circles and triangles, respectively, with
the extent of the shading reflecting the extent to which methylation of these bases inhibits binding.

terminal T residue of the inverted CCAAT box, as a critical
contact point for the Fl factor. Methylation at this residue
strongly interfered with Fl binding, while, as indicated above,
methylation of the G residues 2 bases to the 3' side had no
effect (Fig. lOa). In the parallel analysis methylation at this
same residue also interfered with F2 binding (Fig. lOb). These
results therefore strongly support and provide an explanation
for the results of the competition analysis, in which mutation of
A at position - 75 and T at -74 (probe 5m4) inhibited binding
of both Fl and F2 (Fig. 8). In addition, we performed further
gel retardation analysis to examine the effect of single muta-
tions at the A at - 75 or the T at - 74 in the context of 110k
probe 3, which bound only Fl (Fig. 3). The results are shown
in Fig. 11; the homologous wild-type probe 3 or a series of
mutant versions were used as competitors at 10- and 100-fold
excesses over the radiolabelled probe. While the wild-type
probe competed effectively for Fl, the single substitution at the
A at -75 (3m3) virtually eliminated binding, with little
competition being observed even at the highest dose of com-
petitor. Substitution of the adjacent T residue at position -74
(3m4) had an equally strong deleterious effect on Fl binding,
with each of these mutant probes being as defective as the
mutant probe containing a double substitution at the C resi-
dues -76 and -77 (3m5). In contrast, substitution (3m6) of
the T residue at position -73 together with the G at position
- 72 (which from the methylation interference analysis did not
make any detectable contact with Fl [Fig. 9 and 10]) had little
effect on Fl binding.
A summary of the results of Fl and F2 binding, together

with the positions of the deletion endpoints which defined the
EC region, is illustrated in Fig. 12. Together, the results from
competition analysis (indicated by hatched bars) and from
methylation interference analysis (indicated by circles and
triangles for Fl and F2, respectively) indicate the presence of

overlapping binding sites for the two factors. While each has
distinct and selective requirements, within the 5' GC-rich
region for Fl and within the 3' region corresponding to the
CCA of the inverted CCAAT box for F2, both factors require
the central region, including the T at - 74, the A at - 75, and
most likely the C at - 76 and - 77.
The proximity of the binding sites for the two factors and in

particular the demonstration of shared requirements and
contact points strongly indicate that Fl and F2 may bind in a
mutually exclusive manner (although there are several prece-
dents for the simultaneous binding of proteins which share
contact points [see Discussion]). To test this proposal we
performed a competition experiment using radiolabelled probe
5, which bound Fl and F2, and unlabelled probe 3, which
bound only Fl. If Fl and F2 had bound to probe 5 in a
mutually exclusive manner (with Fl generally being detected in
greater amounts because of either its greater abundance or its
greater binding affinity), then competition with a probe which
could bind only Fl should lead to increased binding of F2 on
the radiolabelled probe. Alternatively, if Fl binding had no
effect on (or even stabilized) F2 binding, then reducing Fl by
competition should have no effect on (or even reduce) F2
binding to the radiolabelled probe. In this experiment we
employed amounts of the radiolabelled probe which were
subsaturating as determined from dose-response experiments.
The results show that with increasing amounts of competitor
probe 3, Fl binding is decreased but F2 binding is concomi-
tantly increased (Fig. 13). In control experiments addition of
competitor probe 3 had no effect on F2 binding to a radiola-
belled probe which contained only the CCAAT box site. In
addition, the amount of F2 binding to probe 5 when Fl was
reduced by competition approached that observed with high-
affinity CCAAT box sites such as that in the rat albumin
promoter (data not shown). Thus, with respect to a probe

VOL. 67, 1993 72()9

_.. 5S,



7210 O'ROURKE AND O'HARE

Competitor 3
-3 3m1 3m3 3m4 3m5 3m6

dp " VWNo

I .._ *.

110K. 3

3ml

3m3

3m4

3m5

III II
II

II

III I.
III ii

-..

II
ii

II
II II

II

II
II

3m6

FIG. 11. Fl binding requires bases within the conserved CCAAT
box. Aliquots (2 ,ug) of HeLa cell nuclear extract were preincubated
for 10 min at 20°C with a 10- or 50-fold excess (the two lanes,
respectively, for each competitor) of unlabelled wild-type or variant
competitors in the presence of poly(dI -dC) and binding buffer.
Radiolabelled probe 3 was added, and incubation proceeded for 20
min at 20°C. Samples were then run on a 4% nondenaturing poly-
acrylamide gel. Fl binding in the absence of competitor is indicated
(-). The degradation product of Fl is indicated (dp) and behaves
identically with respect to each of the competitors. The lower panel
shows the extent of the IE1 10k promoter sequences in probe 3
together with the base substitutions for each variant.

Competitor l OK.3

-'1 2 3

F2 kw

F1

Probe 110.5

FIG. 13. Increased binding of F2 after competition with a probe
which binds only Fl. Aliquots of HeLa cell extract were preincubated
for 10 min with increasing amounts (10, 100, and 500 ng) of unlabelled
probe 3 before the addition of radiolabelled probe 5. In this case the
amount of probe 5 added was limiting with respect to F2 formation, as
determined in parallel probe titration experiments. Samples were
incubated for a further 20 min, and Fl and F2 complexes were then
separated on a 4% nondenaturing polyacrylamide gel. The control
sample with no preincubation with probe 3 is also indicated (-).

with those on the shared requirements within the region from
position - 77 to - 74, provide strong support for the proposal
that Fl and F2 bind to the EC region in a mutually exclusive
manner.

spanning the EC region, although Fl binding generally pre-
dominates, the inverted CCAAT box can represent a strong
site for its cognate factor. Furthermore, it is noteworthy that
while both factors can bind to probe 5, we have never observed
a specific complex of lower mobility, which would have been
indicative of simultaneous binding. This was also the case for
large 45-bp probes spanning the region. These results, together

- _~~~~~6

-9 0 0 0 40
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.... CCCCTGGGACGCGCGGCCATTGGGGGAATCGTCA.....
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0 @

pDR1 pDR6

FIG. 12. Summary of the binding of Fl and F2 to the EC region of
the IEllOk promoter. The endpoints of the deletion constructs which
define the EC region are shown below the sequence. Hatched bars
indicate the extent of binding requirements determined by comparison
of binding to radiolabelled probes with different endpoints together
with the results of competition analysis with probes containing single-
and double-base substitutions. Circles and triangles indicate bases
which make contacts with Fl and F2, respectively, as determined by
methylation interference analysis as discussed in the text.

DISCUSSION

In this work we have examined requirements for constitutive
promoter activity of the gene encoding the IEllOk protein
(ICPO) of HSV type 1, since a number of lines of evidence (see
below) indicate that IE1 10k has distinctive features with
respect to both transcriptional regulation and function during
HSV replication. Such information is likely to be relevant to
the understanding of the requirements for IE transcription in
situations in which, for any of a number of reasons, Vmw65-
mediated induction of IE gene expression may be inoperative.
We show that while IEl10k transcription can be induced by
Vmw65, constitutive activity of the promoter is also extremely
strong, equivalent to that of the SV40 early enhancer-promoter
region. Despite the presence of multiple copies of the octamer
consensus site which mediate Oct-1 binding and subsequent
Vmw65 activation, the upstream region containing these mo-
tifs and other potential transcription factor-binding sites has
only a minor effect on constitutive transcription. By progressive
exonuclease digestion of the promoter we have identified a
15-bp region, from position - 89 to - 74, which is required for
efficient constitutive expression from the IE11Ok promoter. We
demonstrate that two cellular proteins bind to this region with
overlapping sequence requirements. Our results indicate that
one of these proteins, termed F2 in this study, is NF-Y, a
CCAAT box-binding factor, which binds to the inverted
CCAAT box located between positions -71 and -75. The
second factor, Fl, appears to be novel and binds to a region
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with the sequence CGCGCGGCCAT which overlaps the 3'
end of the CCAAT box. The terminal AT of the recognition
site for the second cellular factor represents, on the opposite
strand, the terminal AT of the CCAAT box. These two bases
and adjacent bases are critically required for the binding of
both factors, indicating, together with other results from gel
retardation analysis, that Fl and F2 may bind in a mutually
exclusive manner.
There have been few previous reports of a detailed dissec-

tion of determinants required for HSV IE promoter activity in
the absence of Vmw65 and none on the IEllOk promoter.
However, earlier work focusing on virion-mediated stimulation
of transcription of the IE175k gene indicated that sequences
spanning approximately 200 bp upstream of the IE175k pro-
moter from -330 to - 11O and containing the Vmw65 re-
sponse elements could act as an enhancer-type element and
increase basal expression in the absence of Vmw65 (8, 29, 30,
48). However, there are multiple GC elements with complete
homology to SPI motifs in the IE175k upstream regulatory
region, and it has subsequently been shown that these sites can
bind SPI, with a corresponding stimulatory effect on expres-
sion (23). Furthermore, results from studies on deletion vari-
ants of the IE 175k promoter showed a correlation between the
effects of progressive removal of the SPI sites and basal
expression (2). Conversely, while a recent analysis of the
octamer-binding proteins indicates that the HeLa cell Oct-I
protein can independently activate transcription (24), nonethe-
less Oct-l is a much weaker transactivator than, e.g., Oct-2,
and the presence or addition of octamer-binding sites has
comparatively little effect on basal transcription of the IE
genes (41; this work). Thus, it is likely that the majoc determi-
nants of the enhancer-type activity of the IE175k upstream
region are the multiple SPI-binding sites. Despite this, as we
have previously shown, constitutive activity of the IE175k
promoter is less efficient than that of the IEl10k promoter
(52), and a deleted variant of the IEI 10k promoter which lacks
all of the upstream sequences but contains the promoter-
proximal Fl- and F2-binding sites still exhibits 3- to 5-fold-
greater levels of basal expression than the complete IE175k
promoter-regulatory region and approximately 50-fold greater
levels than the equivalent IE175k promoter-proximal region
(39). Thus, the determinants of IEIlOk promoter activity differ
from those of the IE175k promoter; the region upstream of the
IEI 10k promoter, while GC rich, contains comparatively few
consensus SPI-binding sites, and this region, including the
multiple high-affinity Oct-I-binding sites, has little influence on
constitutive transcription. The pseudorabies virus IE promoter
also is more similar to the HSV IE175k promoter than to the
IEllOk promoter in that a series of upstream reiterated motifs
containing binding sites for several factors are the main
determinants of constitutive activity (4, 28). While CCAAT
box-like motifs have been noted within these upstream repeats,
they have been shown to bind a factor distinct from the
prototypical CCAAT box factor NF-Y (28).
The core CCAAT box is involved in binding diverse factors,

which led to some ambiguity in the early identification of the
specific factors involved in promoter activity of a number of
genes. Thus, NF-1, C/EBP, NF-Y, CBF, and CPl each bound
to elements containing the CCAAT box, (for reviews, see
references 12, 22, and 50). It is now known that NF-1, C/EBP,
and NF-Y are unrelated proteins whose recognition sites,
while being clearly distinct and exhibiting qualitatively differ-
ent contact points, nonetheless exhibit similarities or overlap in
primary sequence. In addition, it is clear that CBF and almost
certainly CP1 are in fact identical to NF-Y, a factor which
recognizes the Y box in the promoters of major histocompat-

ibility genes and is a ubiquitous factor involved in the expres-
sion of a number of diverse genes (7, 19, 64, 65). Thus, while
there are diverse factors which can recognize the CCAAT box,
except for NF-I and C/EBP a number of these factors may be
identical to NF-Y. Several lines of evidence from our results,
e.g., the absence of cross competition for NF-1, the difference
in methylation interference analysis between F2 and that
reported for C/EBP (21) versus the similarity to that reported
for NF-Y (12), the effect of flanking mutations, and recogni-
tion by an antipeptide antibody to the NF-Y site, together
indicate that F2 is indeed NF-Y. The accumulative evidence
from other studies, including deletion or site-directed mu-
tagenesis of the binding site in several different promoters and
in vitro transcription studies with the purified protein, associ-
ates NF-Y binding with transcriptional stimulation. In addi-
tion, NF-YA and NF-YB, the subunits of NF-Y, contain regions
of strong homology to HAP2 and HAP3, two yeast proteins
which in combination bind specific UAS motifs and stimulate
transcription (22, 64). It would seem reasonable to ascribe the
strong constitutive activity of the IEl10k promoter to NF-Y
binding within the -70 region, and there are precedents for
strong constitutive activity of a promoter, e.g., that of the
cellular 1-actin gene, being determined largely by a single
NF-Y-binding site (49). However, a number of points argue
that this may be an overly simplistic interpretation. Constitu-
tive activity from the IEl 10k promoter, whose main determi-
nant is within the EC region, is almost on par with that from
the SV40 early enhancer-promoter region, and NF-Y has not
been shown to promote such high levels of expression. Fur-
thermore, several other promoters, including the HSV thymi-
dine kinase promoter and adenovirus EIl late promoter,
contain NF-Y-binding sites which are functional (19, 69) and
possess an affinity for NF-Y similar to that within the EC
region, yet in our comparative analysis these promoters are
considerably weaker than the IEI 10k promoter, exhibiting 20-
to 50-fold-lower constitutive activity in parallel experiments
(Fig. 1 and data not shown). It has also been shown that while
the varicella-zoster virus IE promoter contains a CCAAT box
motif (35) which binds a cellular factor (36), constitutive
activity of this promoter nonetheless is more than 100-fold
weaker than that of, e.g., the HSV IE175k promoter (35). In
addition, while mutation of a CCAAT box can have a pro-
nounced effect on certain promoters, in others, particularly
those which contain adjacent or additional factor-binding sites,
disruption of the CCAAT box may have a relatively minor
effect. It is therefore possible that Fl contributes to the strong
activity of the IEI 10k promoter either alone or in combination
with NF-Y. Although there are precedents for the simulta-
neous binding of two factors to directly adjacent sites with an
involvement of a particular central base for both factors, all our
results indicate that Fl and NF-Y bind in a mutually exclusive
manner, and it would seem unlikely that Fl could somehow act
in combination with NF-Y. Thus, binding of Fl could be the
major determinant in the constitutive activity of the IEI 10k
promoter. To answer the question of the relative contribution
of each factor, we are currently constructing base substitution
mutants which, based on the methylation interference and
binding competition studies reported here, should be selec-
tively affected in the binding of either Fl or NF-Y.

If Fl and NF-Y are both positively acting transcription
factors with mutually exclusive binding, it is possible that they
are differentially utilized for IEl Ok promoter activity in
different cell types or cell states, depending on their relative
activity or abundance. The NF-Y factor at least has been
shown to be involved in the expression of a variety of genes,
both in ubiquitous expression and in cell-type-specific expres-

VOL. 67, 1993



7212 O'ROURKE AND O'HARE

sion, and to cooperate with several different transcription
factors, and the CCAAT box sequence is present in a number
of cell cycle-regulated genes with altered binding of a complex
to, e.g., the human thymidine kinase CCAAT box, correlating
with its pattern of transcription during the cell cycle (20, 26).
We are currently examining whether there is any difference in
the relative abundances of Fl and NF-Y in other cell types
compared with that observed here in HeLa and Vero cells,
whether there are any differences induced by cell cycle pro-
gression or messenger signalling pathways, and whether these
differences, if observed, correlate with IEl10k promoter activ-
ity.

In conclusion, the stimulus for this study stems from the
possibility that IE transcription may take place or be regulated
by mechanisms independent of the Vmw65 transactivation
pathway. Particularly with reference to latency it is clear, since
productive cycle gene transcription is effectively repressed, that
transcription of the IEllOk gene is a prerequisite to synthesis
of the IE110k protein and its subsequent involvement in
facilitating virus gene expression. But the initial phases of
IEl10k transcription must take place in the absence of the
virus-encoded IE transactivator Vmw65, and it is therefore
relevant to examine whether the determinants involved in
transcription under such circumstances are the same as the
well-characterized determinants required for optimal tran-
scription in the presence of Vmw65. To date much interest has
focused on the possibility that the octamer-binding proteins
play a pivotal role in IE transcription during latency and
reactivation (25, 58, 62, 63), mainly because through the
examination of the mechanism of action of Vmw65, the
octamer-binding protein Oct-I is the best-characterized pro-
tein involved in IE transcription. However, our results show
that the presence of multiple Oct-I-binding sites has relatively
little effect on the strong constitutive activity of the IEllOk
promoter. This does not rule out a role for octamer-binding
activity in the initial phases of IE transcription, and indeed it
has been shown that ocular scarification, a stimulus which
reactivates latent HSV from the trigeminal ganglia, also acti-
vates Oct-I expression (together with fos and jun) in the
trigeminal neurons (62). For example, it could be that Oct-I
together with the required cellular factor CFF and a cellular
equivalent of Vmw65 could mediate IE transcription. How-
ever, it may be more likely that if the Vmw65 activation
pathway does play a role in reactivation, it would be later in the
process, and in the face of evidence that Oct-i binding has
little influence on the IEI 10k promoter and that the EC region
is the main determinant of activity, Fl and/or NF-Y represents
a strong candidate for an important role in the initial phase of
IEllOk transcription. We have been able to demonstrate both
Fl and NF-Y binding activity in extracts of trigeminal ganglia
from latently infected animals and are currently examining
whether there is any relationship between virus reactivation
after ganglionic explantation and Fl or NF-Y abundance.
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