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Expression of the immediate-early (IE) genes of herpes simplex virus (HSV) is specifically stimulated by a
65-kilodalton virion transcription factor (VF65 or VP16) that is introduced as a component of infecting virions.
In both the IE175(ICP4) and IE110(ICP0) promoters, this activation requires an upstream cis-acting target
response element that contains a single TAATGARAT consensus element. Furthermore, many HSV IE
TAATGARAT elements overlap with ATGCTAAT octamer motifs that are similar to the OTF-1-binding sites
found in both immunoglobulin and histone H2b genes and to the nuclear factor III (NFIII)-binding site within
the adenovirus type 2 origin of DNA replication. Purified HeLa cell NFIII protein proved to form specific
DNA-protein complexes with several upstream regions from both the IE110 and IE175 promoters, and this
interaction was subject to efficient competition with an adenovirus type 2 DNA fragment containing an intact
NFIII-binding site. Surprisingly, the NFIII protein bound to synthetic oligonucleotides containing only the
TAATGARAT consensus elements as well as to those containing the ATGCTAAT octamer sequence, although
the former exhibited lower affinity and gave complexes with slightly different electrophoretic mobility. The
ATGCTAAT oligonucleotide also competed more efficiently than the TAATGARAT sequence itself for binding
to a TAATGARAT probe, indicating that the same protein species binds to both sites. The oligonucleotides also
formed novel supershifted complexes with lysed virion proteins, but only in the presence of a crude nuclear
extract and not with affinity-purified NFIII alone. We conclude that the cellular NFIII protein can recognize
both the ATGCTAAT and TAATGARAT elements independently but that only the interaction with
TAATGARAT represents an intermediate step in the transcriptional stimulation of IE genes by the HSV virion

factor.

The genome of herpes simplex virus (HSV) contains
nearly 70 distinct genes and promoter elements that are
expressed in a well-defined three-step cascade representing
the immediate-early (IE), delayed-early (DE), and late (L)
phases of lytic cycle infection. The HSV IE genes are
defined as those that are transcribed when infection is
initiated in the presence of cycloheximide or anisomycin to
block de novo protein synthesis. However, unlike the T-Ag
and E1A promoters of papovaviruses and adenoviruses,
whose initial expression is solely dependent upon recruiting
preexisting cellular transcription factors, the HSV IE pro-
moters respond to transcriptional activation by a virus-
encoded factor (referred to here as VF65, but also known as
Vmweé635, VP16, or o-TIF) that is introduced as a component
of the incoming virions. Transcription of most DE and L
genes requires the presence of the viral nuclear phosphopro-
tein IE175 or ICP4 (7, 26, 44, 46, 65), which behaves as a
specific trans-activator of DE promoters and also negatively
autoregulates expression from its own promoter (8, 10, 15,
16, 37-39, 51, 52). The IE110 (ICP0O) gene product also
stimulates expression from many HSV and heterologous
viral and cellular promoters in transient assays (10, 15, 32,
37, 40, 51), but unlike IE175, it is not essential for lytic cycle
growth at high multiplicities of infection (55, 61), and its
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physiological role may be more significant for reactivation
from the latent state.

Four distinct IE promoter-regulatory regions that may be
targets for VF65 have been defined in both HSV-1 and
HSV-2 (27, 29, 47, 68). Two of them occupy a 700-base-pair
(bp) divergent region surrounding the ori-S replication origin
within both copies of the S-segment inverted repeats. One
direction drives expression of the mRNA encoding the IE175
protein, and the other gives rise to mRNA species encoding
the IE68 and IE12 proteins. The third and fourth IE up-
stream regulatory domains are between 400 and 600 bp in
length and contain unidirectional promoters driving expres-
sion of either the IE110 protein (within both copies of the
L-segment inverted repeats) or that of the IE63 protein in
U_. All have been recognized to contain multiple copies of a
consensus sequence commonly referred to as the TAATGA
RAT element (3, 20, 25, 28). Eleven CCCGCCC motifs that
bind to the purified cellular SP-1 factor and may be associ-
ated with basal expression properties have also been de-
scribed in the IE175-1E68 region (19).

Evidence for the existence of the virion factor came from
experiments in which the promoters from the IE17S and
IE68 genes of HSV-1 were isolated and fused to reporter
genes encoding thymidine kinase, interferon, or chloram-
phenicol acetyl transferase (CAT) and introduced into per-
manent cell lines by DNA transfection procedures. Each
responded at the transcriptional level to stimulation by HSV
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infection even in the presence of cycloheximide or after
infection with either inactivated virus particles or with the
HSV 15sB7 uncoating mutant at a nonpermissive temperature
(1, 33, 36, 45, 47). This effect is specific for HSV IE
promoters and appears to correlate with the presence of at
least one TAATGARAT consensus sequence in each of the
responsive target gene constructions (13, 20, 39, 47). The
trans-activation is mediated by a 65-kilodalton (kDa) phos-
phoprotein located between the envelope and capsid por-
tions of intact assembled virions. Cotransfection with DNA
containing the L-class viral gene encoding the virion factor
(referred to here as VF65) also specifically stimulates
expression from HSV IE target promoters, but not from a
variety of heterologous genes in transient assays (4, 16,
38-40; D. M. Ciufo, C. M. J. apRhys, M. C. Pizzorno, and
G. S. Hayward, manuscript in preparation). A second IE
promoter element which may contribute to the virion factor
response, GCGGAAC, has also been described (3, 64).
Several groups have shown that the 490-amino-acid VF65
protein does not act directly by specific DNA binding but
may instead interact with a host cell factor that recognizes
and binds to the TAATGARAT response elements (22, 30,
31, 35, 48, 63). Triezenberg et al. (64) reported that an
80-residue acidic domain at the COOH end of VF65 is
essential for the activator functions and that the remainder of
the protein can produce transdominant interference, pre-
sumably through specific protein-protein interactions with
target transcription factors.

We have previously (18) pointed out similarities between
the consensus TAATGARAT elements that are believed to
be targets for the HSV virion factor response (especially
those in the IE110 and IE63 promoters) and a sequence
between nucleotides 40 and 52 near the replication origin
within the left end of adenovirus type 2 (Ad2) DNA. This
adenovirus DNA sequence includes the binding site for a
92-kDa cellular factor referred to as nuclear factor III
(NFIII) (or ORP-C), which is functionally important for
efficient initiation of adenovirus DNA replication in vitro
(42, 49, 54, 69). This protein also appears to be identical to
the ubiquitious cellular octamer transcription factor OTF-1
(11, 41, 42). Therefore, we were interested in determining
whether or not the consensus elements in IE110 are in fact
binding sites for the cellular NFIII protein and whether they
may also represent targets for VF6S responses. Surprisingly,
our results indicate that the IE110 VF65 response sites
contain octamerlike ATGCTAAT motifs that overlap with
the TAATGARAT motifs and that both of these elements
represent independent binding sites for affinity-purified
NFIII.

MATERIALS AND METHODS

Plasmids containing HSV IE promoter sequences. DNA
fragments containing IE175 promoter sequences were pre-
pared from plasmids pPOH2 and pPOH13 containing the
HSV-1 IE175(—1900/+30)-CAT and IE175(—375/+30)-CAT
reporter genes inserted into pBR322-derived vectors (36, 39,
40). DNA fragments from across the HSV-11E110 promoter
were similarly derived from plasmids pGH83 and pGH84
containing the HSV-1 IE110(—800/+120)-CAT and IE110
(—800/—30)-CAT reporter genes (52). The sizes and map
locations of HSV IE promoter fragments derived from these
plasmids are shown in Fig. 1. A smaller version of the active
HSV-1 IE110(—800/+120)-CAT reporter gene containing
only one copy of the consensus VF65 response element
within the sequences from —165 to +120 was produced by
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first inserting the 285-bp Sphl-to-BamHI fragment from
pGHS83 into a pUC18 vector and then moving the same
upstream region as a Hindlll-to-BamHI fragment in pCATB'
to create the IE110(—165/+120)-CAT gene in plasmid
pGH13S. Removal of the last copy of the consensus element
from position —167 to —152 was accomplished by insertion
of a HindIIl linker at the Smal site at —128 followed by
deletion between the HindIII sites at —800 and —128 to give
plasmid pCA61 containing the IE110(—128/+120)-CAT
gene.

A set of pKP54-derived plasmids containing single and
multiple tandemly repeated copies of the left-hand terminal
67 bp of Ad2 DNA were described previously by Rosenfeld
and Kelly (53). Point mutations (pUpm42 and pUpm46) in
the NFIII recognition motif of a single-copy version of the
Ad2 67-bp fragment were also described by Rosenfeld et al.
(54). The pm42 mutation contains a G-to-A substitution at
position 42, and pm46 contains an A-to-T substitution at
position 46, both of which decrease the binding affinity for
NFIII by 10- to 20-fold.

Transient DNA transfection and CAT assays. All short-
term expression assays were carried out with CsCl-purified
plasmid DNA samples by the calcium phosphate transfec-
tion procedure with a glycerol boost into subconfluent
monolayers of Vero cells in 6-well culture dishes (35-mm
diameter) (36, 37). In each experiment, the input DNA
samples were all brought up to the same total DNA concen-
tration by addition of pBR322 carrier DNA. Percent conver-
sion of [**C]chloramphenicol to 1’- and 3’-acetyl chloram-
phenicol was measured by scintillation counting of the
radioactivity in appropriate isolated spots from the silica gel
plate. The source of VF6S transactivator protein in cotrans-
fection assays was the effector plasmid pGH62, which was
derived from the previously described plasmid pGR212b (38)
and contained the 4.7-kilobase BamHI F fragment from
HSV-1(MP) in a pKP54 vector background.

Labeling of isolated DNA fragments. DNA restriction frag-
ments were purified by electroelution through a 2% agarose
gel. The correct DNA fragment was excised, placed at
—70°C for 5 min, and centrifuged through a Costar Spin-X
column for 15 min. The elutant was extracted twice with
phenol and once with chloroform and then ethanol precip-
itated. The fragment was dephosphorylated with calf alka-
line phosphatase and end labeled with T4 polynucleotide
kinase and [y-*?P]JATP. Unincorporated radionucleotides
were removed by adding 2 ml of 10 mM Tris hydrochloride
(pH 8.0)-1 mM EDTA-100 mM NaCl and centrifuging the
sample through an Amicon 30 column.

Synthetic oligonucleotides. A number of 26-bp-long single-
stranded oligonucleotides (see Table 1) were synthesized by
Scott Morrow (Department of Biochemistry, Johns Hopkins
School of Hygiene) and purified by high-pressure liquid
chromatography procedures. Each sequence contained an
8-bp palindrome at the 3’ end which was used to produce
self-annealed forms of the oligomers which were extended
into 44-bp double-stranded head-to-head dimers. Each of the
44-bp dimers had the potential to be cleaved into 22-bp
monomers with Pvull. To prepare labeled oligonucleotides,
1 pg of each 26-bp single-stranded oligonucleotide was 5’
end labeled at 37°C for 30 min with 1 U of T4 polynucleotide
kinase and 150 u.Ci of [y-**P]JATP (10 mCi/mmol) in a total
volume of 25 pl of 25 mM Tris hydrochloride (pH 8.0)-5 mM
MgCl,-7.5 mM dithiothreitol. After radiolabeling, the sam-
ple was dried and suspended in 10 pl of 150 mM NaCl. The
oligonucleotides were allowed to self-anneal by incubation at
37°C for 30 min followed by slow cooling to room tempera-
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FIG. 1. Map location of DNA probes in the HSV-1 IE175, IE110, and IE68 promoter/regulatory regions relative to known or putative
consensus elements and transcription factor-binding sites. The upper diagram represents the 700-bp divergent IE68/ori-S/IE175 control region
present in each of the S-segment inverted repeats, and the lower diagram represents the unidirectional IE110 5'-upstream region present in
each of the L-segment inverted repeats. mmm, Leader sequences included in the CAT gene constructions. Locations of consensus TATAA
boxes (O), CCAAT boxes (@) SP1-binding sites (@), ATGCTAAT octamer-like motifs (M), consensus TAATGARAT elements (OJ), and
consensus GCGGAAC motifs ((d) are also indicated. The orientation and numbering system used for the proposed group O and group O/T
NFIII-binding sites in this paper is indicated. The sizes and boundaries of the various DNA fragment probes used in Fig. 3 are illustrated
(). Restriction sites introduced as linkers are indicated in parentheses.

ture. Subsequently, they were extended by the addition of 3 stranded oligonucleotides were separated from double-
wl of 2.5 mM dinucleotide triphosphates and 1 U of T4 DNA stranded extended oligonucleotides by passage through a
polymerase in a volume of 30 pl. After incubation at 23°C for Schleicher & Schuell Elutip-d column. Unlabeled 26-bp
30 min, the reaction mixture was heated to 65°C for 15 min oligonucleotides (10 pg) for competition experiments were
and the remaining unincorporated nucleotides and single- self-annealed directly in 10 pl of 150 mM NaCl. The volume
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was brought to 30 pl with buffer and adjusted to 25 mM Tris
hydrochloride (pH 7.8)-10 mM MgCl,-2.5 mM nucleotide
triphosphate. Extension was accomplished with 10 U of T4
polymerase at 23°C as described above.

Gel electrophoresis DNA-binding assays. Our standard
NFIII-binding reaction conditions were those developed by
Rosenfeld et al. (54) and modified by O’Neill and Kelly (42).
Binding assay buffer contained 25 mM HEPES (N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid) (pH 7.5),
75 mM NaCl, 10% glycerol, 0.05% Nonidet P-40, 400 pg
of bovine serum albumin per ml, 1 mM dithiothreitol, 1 mM
EDTA, and 40 pg of the alternating copolymer poly(dI-
dC) - poly(dI-dC). *2P-labeled DNA fragments or oligonucle-
otides (5 fmol) were incubated in 12.5 pl of binding buffer
with between 1 and 4 pl of cellular extract or purified protein
sample for 30 min at 23°C. After reaching equilibrium, the
samples were loaded onto a 2% agarose nondenaturing gel
prepared in 12 mM Tris-acetate (pH 7.5)-1 mM EDTA-
0.05% Nonidet P-40 for mobility retardation assays (5, 12,
14). Electrophoresis was carried out for 90 to 120 min at 10
V/cm in 12 mM Tris-acetate (pH 7.5)-1 mM EDTA-0.01%
Nonidet P-40 buffer with continuous buffer recirculation.

NFIII purification procedure. Crude HeLa cell nuclear
extracts were prepared by high-salt lysis of isolated nuclei
(9) essentially as described by Rosenfeld and Kelly (53).
Chromatography on BioRex 70 removed the bulk of the NFI
DNA-binding activity, leaving the NFIII activity in the
flowthrough fraction. A more highly purified fraction of
NFIII was prepared by additional phosphocellulose and
hydroxylapatite chromatography followed by Escherichia
coli DNA-cellulose and DNA recognition site affinity chro-
matography. The latter step involved binding to pKB67-88
plasmid DNA affixed to a cellulose matrix (42, 53). Purifica-
tion of NFIII was monitored by its stimulatory activity for
pTP-dCMP complex formation in vitro and by gel mobility
shift-up assays with a DNA fragment containing only domain
C (bp 38 to 67) from the replication origin region at the left
end of Ad2 DNA (42, 54). NFIII was shown to be a single
92-kDa polypeptide by recovery of domain C-specific bind-
ing activity after isolation and renaturation from a sodium
dodecyl sulfate-polyacrylamide gel fractionation step (42).

Virion factor preparation. Enveloped virions were purified
from the cytoplasm of HSV-1(MP)-infected Vero cells by
banding in 10 to 50% sucrose gradients and then were
pelleted and suspended in 50 mM NaCl-10 mM Tris hydro-
chloride (pH 8.0)-1 mM EDTA at 10*° PFU/ml. The samples
were then incubated in 0.03% Nonidet P-40 at 4°C for 1 h
followed by pelleting of the capsid core and DNA at 100,000
x g for 1 h. The recovered supernatant contained envelope
proteins and some released 65-kDa tegument phosphopro-
tein as judged by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. Binding reactions in the presence of virion
extract were carried out in 20 mM HEPES (pH 7.9)-0.6 mM
dithiothreitol-2.3 mM MgCl,-94 mM NaCl-1.24 mg of bo-
vine serum albumin per ml-100 pg of poly(dI-dC) -
poly(dI-dC) per ml-5 fmol of 3?P-labeled oligonucleotide
probe plus HeLa cell nuclear extract or affinity-purified
NFIII. The reaction products were analyzed in 1.6% agarose
gels prepared in 45 mM Tris—45 mM boric acid-1.25 mM
EDTA.

RESULTS

Similarities between the HSV IE TAATGARAT consensus
sequences, adenovirus NFIII-binding sites, and immunoglob-
ulin octamer consensus elements. The resemblance between
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the TAATGARAT elements present in the IE175 promoter
region and the TAATGAGGG sequence found between
bases 44 and 52 of the Ad2 origin of DNA replication (ori)
extends over several additional bases on the 5’ side in many
of the consensus elements present in the HSV IE110 and
IE63 promoters. The extended homology encompasses an
HSV IE consensus element YATGCTAAT, which is similar
to both the Ad2 NFIII-binding site (TATGATAAT) and the
canonical ATGCAAAT octamer motif found in immunoglob-
ulin and H2b gene control regions, etc. (23, 24, 57-60). The
sequences of several adenovirus NFIII-binding sites and
cellular octamer regulatory elements together with 23 poten-
tial TAATGARAT signal sequences found in the available
upstream sequence information for HSV-1 and HSV-2 IE
promoters (6, 34, 43, 67, 68) are compared in Fig. 2. The
HSV sequences can be divided into two distinct groups:
those that include the 5'-YATGC or YATGN portion of the
octamerlike sequence in front of the TAATGARATNC
consensus (referred to as class O/T sites) and those that do
not (referred to as class T sites). Note that both proximal
sites in the HSV-1 and HSV-2 IE175 promoters fall into the
T group, whereas five of the seven TAATGARAT sites in
HSV-1 IE110 fit the O/T classification and an eighth site in
IE110 (at position —397 to —404) resembles just a single
octamer motif (O class). Interestingly, if just the two proxi-
mal TAATGARAT elements upstream of IE175 are consid-
ered relevant to that gene and the two distal ones are
considered as part of the divergent IE68/12 promoter, then
all of the HSV IE octamer and TAATGARAT elements are
oriented in the same direction relative to their respective
transcription st sites (Fig. 1 and 2).

Direct evidence for NFIII-binding sites in the IE110 pro-
moter region. For further evaluation of the similarity to the
Ad2 sequences, isolated DNA fragments encompassing
some of the octamer and TAATGARAT consensus signals in
the upstream promoter-regulatory regions of the HSV-1
IE175 and IE110 gene sites (Fig. 1) were tested for the ability
to form stable DNA-protein complexes with purified NFIII
as measured by agarose gel retardation (or shift-up) assays
(5, 12, 14). In this experiment, a control end-labeled 170-bp
probe DNA fragment containing the 67-bp Ad2 sequence in
a pUC9 DNA background gave almost complete incorpora-
tion into a shifted DNA-protein complex in the presence of
increasing amounts of an affinity-purified NFIII protein
fraction (Fig. 3a). Under the same conditions, a 100-bp
pUC9 control DNA fragment did not bind, but a 250-bp
portion of the IE110 promoter sequences (HindIIl to Stul)
containing the eighth (or farthest upstream) consensus ele-
ment (ATGGTAATTAAAA) produced a 50% shift into a
complex migrating at almost the same location in the gel as
that for the Ad2 site. A 525-bp DNA fragment encompassing
sites 1 through 7 from IE110 (between Stul at —555 and the
BamHI linker at —30 in pGH84) produced a similar promi-
nent band, together with several slower-mobility species,
which would be consistent with NFIII protein interactions at
multiple binding sites in some of the DNA molecules.

Similar DNA-protein complexes were also obtained with
three other regions from the HSV 1E110 or IE175 promoters
that were tested (Fig. 3b), namely, the 147-bp IE110 frag-
ment (sites 1 and 2), the 282-bp IE110 fragment (sites 3 to 7)
and the 192-bp IE175 fragment (site 2), and also with a
107-bp Sphl-to-BamHI fragment of pPOH13 containing se-
quences from —395 to —320 in the HSV-1 IE68 promoter
(not shown). We have consistently observed that the shifted
NFIII protein-DNA complexes migrate faster when associ-
ated with relatively large probe DNA fragments and slower
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I. HSV TAATGARAT Elements (Group T)

HSV-1

IE175(1) —119 GTGCATAATGGAATTC -104
1IE175(2) —268 GGCGGTAATGAGATGC —253
IE110(5) —476 GCCCTTAATGGGCAAC —461
1E110(6) —523 CTCATTAATGGGCGGC —508
1E68(1) —344 GGCGGTAATGAGATAC -329
HSV-2

IE175(1) —141 GCGCATAATGCGGTITC -126
1E175(2) —234 GGCGCTAATGAGATCC -219

Consensus  — TAATGRRATNC-

I1. HSV octamer-TAATGARAT elements (Group O/T)

HSV-1

IE110(1) —-167 CATGCTAATGATATTC —152
IE110(2) -279 CATGCTAATGGGGTITC -214
IE110(3) —311 TATGGTAATGAGTTTC —296
IE110(4) —405 TATGCTAATTGCTITT -390
IE110(7) —538 TATGGTAATTAGAAAC —523
IE110(8) —582 TATGGTAATTAAAAAC —567
1E68(2) —398 CATGCTAACGAGGAAC -—383
1E63(1) —156 TATGCTAATTAAATAC —141
1E63(2) —315 TATGCAAATGAAAATC -300
IE63(3) —366 TATGCAAATTGGAAAC -—351
RR-A —135 AATGCAAATGGGATAC —-120
HSV-2

1E68(1) —443 CGTGGTAATGAGATNC —428
1E68(2) —495 GATGCTAATGAGACCA —480
1E63(1) —157 TATGTCAATTAAATAC —142
1E63(2) —319 CATGCAAATTAAAATC -304
1E63(3) —370 CATACAAATTAAATAC -355
RR-A —137 CATGCAAATGGGATTC —122

Consensus —YATGCTAATGRRATNC-

II1. Adenovirus ORP-C NFIII-binding sites

Ad2/5 (39) TATGATAATGAGGGGG  (54)
Ad3/7 (41) CATGTAAATGAGGTAA (56)
Ad4 TATGCAAATAAGGCGT
Ad12/18/31 (39) CATTAAAATGAAGTGG (54)
SA7 TATGCTAATGAGGTGG
Consensus —YATGCAAATGARGT-

IV. Immunoglobulin-enhancer octamer elements
IgH ENH (549) AATGCAAATACCCAGG (533)
Ig V- LK —58 TATGCAAATTATTAAG -73
Ig V-H —87 TATGCAAATCAGAGGT -72
H2B HU —41 TATGCAAATAAGGTGA -56
H2B PM  —-57 TATGCAAATGTTAGCC -72

U2 HU —222 CATGCAAATTCGAAAT -207

U2 RA —232 CATGTAAATCAGAGTC -217

U2 XL —270 TATGCAAATAGGGTGT -—-255

SV40 ENH (141) TATGTAAAGCATGCAT (126)

HSV-1TK —132 CATGCAAATATATTTT —145
Consensus —YATGCAAAT-

FIG. 2. Comparison of HSV IE consensus sequences with Ad2
NFIII sites and cellular octamer motifs. RR-A, A subunit of
ribonucleotide reductase (ICP6) (the DE promoter for RR-A is
1E175 independent and responds positively to VF6S trans-activation
[71]); 1g, immunoglobulin; ENH, enhancer; SV40, simian virus 40;
TK, thymidine kinase; HU, human; PM, sea urchin; RA, rat; XL,
Xenopus laevis.

when associated with relatively small DNA fragments, im-
plying that the protein has a net positive charge under the
electrophoresis conditions employed. Essentially identical
shift-up patterns were obtained with NFIII-positive fractions
from earlier stages in the purification of the Ad2 replication
factor, including both the BioRex-70 flowthrough fraction
and the crude unfractionated HeLa cell nuclear extracts (not
shown). Thus, NFIII appears to be the predominant IE
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promoter-binding activity found in crude HeLa cell nuclear
extracts under the conditions used in our assays. A similar
prominent binding activity giving the same retardation coef-
ficient with the 147-bp IE110 fragment was also found in
crude nuclear extracts from uninfected Vero cells. Note that
binding to the IE110 fragments containing O/T consensus
elements was expected because of the similarity of the
ATGCTAAT motif to the canonical NFIII-OTF-1 octamer
motif but that binding to the IE175 site 2 fragment, which
lacks any obvious octamerlike motifs, represented a surpris-
ing result.

Competition with the Ad2 left-end NFIII-binding site. Com-
petition experiments were used to determine whether the
same protein binds to both the adenovirus ori and IE
promoter sequences. The addition of an excess of unlabeled
wild-type Ad2 NFIII-binding site DNA clearly demonstrated
competition for formation of protein-DNA complexes be-
tween NFIII and the control Ad2 170-bp fragment (Fig. 3b).
All binding was subject to competition with a 100-fold molar
excess of the unlabeled Ad2 wild-type 67-bp DNA fragment
but not by a 100-fold excess of the pm42 Ad2 mutated
binding-site fragment. Similarly, the protein-DNA com-
plexes formed between affinity-purified NFIII and the iso-
lated HSV IE110 promoter fragments of 147 and 282 bp and
the IE175 fragment of 192 bp were also subject to specific
competition (Fig. 3b).

The relative affinities of NFIII for the HSV IE110 pro-
moter and the adenovirus ori sequence were measured in a
dose-response competition experiment (Fig. 3c). An excess
of *?P-labeled Ad2 67-bp DNA together with increasing
amounts of unlabeled potential competitor DNAs was al-
lowed to form complexes by incubation with a limiting
amount of affinity-purified NFIII protein and then subjected
to gel retardation analysis to measure alterations in the
fraction of labeled 67-bp DNA bound. The results showed
that the 147-bp IE110 DNA fragment (containing O/T con-
sensus sites 1 and 2) bound NFIII with twofold higher
affinity than did the wild-type Ad2 67-bp fragment and with
at least 300-fold higher affinity than did a control pUC18
vector DNA fragment. In similar experiments, a 170-bp
BamHI-Pvull fragment derived from plasmid pUpm45 and
containing a point mutation in the Ad2 octamer motif (ATG
ATATT) bound NFIII with 20-fold-lower affinity than did
either the wild-type Ad2 170-bp fragment or a DNA fragment
containing the canonical H2b octamer (41).

A single IE110 overlapping octamer-TAATGARAT element
is sufficient for VF65 responses. We showed previously that
an IE175(—160/+30)-CAT reporter gene containing the sin-
gle proximal TAATGARAT consensus element (site 1) re-
sponded up to 40-fold to cotransfection with the VF65 gene
but that removal of a 52-bp region containing that site in
IE175(—108/+30)-CAT abolished the response (39). We sim-
ilarly wished to address whether the overlapping octamer-
TAATGARAT element from the IE110 promoter would
respond to VF65 cotransfection. Therefore, an intact
IE110(—800/+120)-CAT reporter gene (52) was transfected
into Vero cells together with increasing amounts of VF65
effector DNA (Fig. 4a). This construction gave higher basal
expression than the IE175-CAT control DNA but was still
stimulated up to 18-fold in the assay. Two deletion variants
of this target gene were also examined. The construction in
which sites 2 to 8 were removed, IE110(—165/+120)-CAT,
was still activated up to 17-fold in an experiment in which
parallel samples of IE110(—128/+120)-CAT failed to respond
at all (Fig. 4b). Note that the latter construction lacks an
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FIG. 3. (a) Affinity-purified NFIII protein from uninfected HeLa
cells binds to multiple sites in the HSV-1 IE110 and IE175 upstream
promoter regions. Autoradiographs show mobility shift assays with
various isolated 3?P-labeled DNA species (5 fmol each). The four
tested DNA fragments were incubated either in the presence or
absence of increasing volumes (indicated in microliters above the
lanes) of NFIII/ORP-C purified as described by O’Neill and Kelly
(42). DNA samples used included a 100-bp HindIII-to-Pvull nega-
tive control fragment from pUC9 DNA, a 170-bp HindllI-to-Pvull
positive control fragment from pUd167 containing the Ad2 left-end
67-bp sequence, a 250-bp HindIll-to-Stul fragment of pGH84 con-
taining the distal consensus site 8 from —800 to —557 in the HSV-1
1E110 promoter, and a 525-bp Stul-to-BamHI fragment from pGH84
containing consensus sites 1 to 7 from positions —557 to —30 in the
IE110 promoter. F, Free unbound DNA; B, bound DNA. (b)
Demonstration of the binding specificity by competition with DNA
fragments containing wild-type and point mutant forms of the Ad2
NFIII-binding site. Mobility shift-up competition assays were car-
ried out with test DNA probes consisting of a 190-bp Pvul-BamH]I
positive control fragment from pUd167 (Ad2 67-bp wild type), a
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additional 37-bp sequence which includes the final and most
proximal consensus octamer-TAATGARAT element (site 1).

The Ad2 left-end 67-bp sequence conveys weak VF65 re-
sponsiveness. Because of the similarity of the HSV IE110
O/T class consensus sequences to the NFIII-binding site
motif at the left terminus of Ad2 DNA, we also examined
several target promoter constructions containing tandemly
repeated copies of the terminal Ad2 67-bp fragment placed
upstream from the minimal simian virus 40 early promoter in
A10-CAT. Multicopy inserts containing 11 and 44 tandem
repeats consistently boosted basal expression levels in Vero
cells up to 4- to 12-fold compared with either a single-copy
element or the parent A10-CAT DNA (not shown). Further-
more, the reporter genes containing 11 and 44 copies of the
adenovirus sequence in the forward orientation [Ad(11+)-
CAT and Ad(44+)-CAT] were stimulated 11- and 16-fold,
respectively, by cotransfection with VF6S effector DNA
(Fig. 5a). However, their overall activity proved to be
relatively small compared with that from even one-tenth as
much input IE110(—165/+120)-CAT control target DNA
(pGR135), and similar inserts oriented in the backward
direction [Ad(11-)-CAT and Ad(44—)-CAT] gave 5- to 10-
fold-lower basal expression (not shown) and yielded reduced
responses [e.g., 8-fold compared with 20-fold for Ad(44—)-
CAT in Fig. 5b]. A single copy of the forward-oriented Ad2
67-bp fragment in an A10-CAT background [Ad(1+)-CAT]
produced only a minimum trans-activation effect in Vero
cells (i.e., threefold [Fig. 5a]). We conclude that the Ad2
67-bp DNA sequence containing the ATGATAATGAGGG
motif represents only a relatively weak and perhaps orien-
tation-dependent target element for HSV VF6S.

Binding of NFIII in crude extracts to oligonucleotides con-
taining wild-type and mutated HSV consensus motifs. To
more directly assess the relative roles of the ATGCTAAT
and TAATGARAT elements in the HSV group O/T consen-
sus sequences, we synthesized a set of 26-bp-long, single-
stranded oligonucleotides containing various combinations
of these sequences (Table 1). These synthetic oligonucleo-
tides included self-complementary 8-bp palindromic se-
quences at the 3’ end to allow formation of 44-bp double-
stranded molecules after self-annealing and extension with
T4 DNA polymerase. Therefore, each 32P-labeled probe
oligonucleotide contained two inverted copies of the wild-
type or mutated consensus sequences. In the case of the
prototype IE110 O*/T* consensus oligonucleotide (no. 41),

180-bp Pvul-EcoRI negative control fragment from pUC18, a 192-bp
Sphl-EcoRI fragment of pPOH2 from —301 to —108 in the HSV-1
IE175 promoter (site 2), the 282-bp Srul-Sphl fragment of pGHS83
from —557 to —275 in the IE110 promoter (sites 3 to 7), and the
147-bp Smal-to-Smal fragment from —275 to —128 in the IE110
promoter (sites 1 and 2). All labeled DNA samples (S fmol) were
incubated with 1 pl of the affinity-purified NFIII fraction in the
presence or absence of excess Ad2 67-bp wild-type or mutant
(pm42) competitor DNA. (c) Competition by the IE110 O/T consen-
sus sites 1 and 2 for NFIII binding to the Ad2 ori DNA fragment. A
170-bp Pvul-BamHI 3?P-labeled Ad2 DNA fragment (10 fmol) con-
taining one copy of the 67-bp replication origin region was incubated
with a limiting amount of affinity-purified NFIII in the presence of
increasing amounts of excess unlabeled competitor DNAs. The
residual fraction of labeled Ad2-67 DNA fragment bound was
determined by scintillation counting of shifted bands cut out after gel
mobility retardation assays. The competitor DNAs included the
170-bp Pvul-BamHI fragment from pUd167 (Ad2), the 147-bp Smal-
Smal fragment for pGH83 (IE110), and the 100-bp HindIII-BamHI
fragment from pUC9 as a negative control.
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FIG. 4. The 38-bp upstream region encompassing a single over-
lapping octamer-TAATGARAT element within the IE110 promoter
is necessary for a strong VF65 response. Graphs show results of
transient CAT enzyme expression assays after cotransfection with
increasing amounts of VF65 (pGH62) effector DNA. (a) Two micro-
grams each of IE110(—800/+120)-CAT (pGH83), IE110 (—165/
+120)-CAT (pGH135), and 1E175(—1900/+30)-CAT (pPOH2) target
DNAs were used. (b) Five micrograms each of IE110(—165/+120)-
CAT (pGH135) and IE110(—128/+120)-CAT (pCA61) target DNAs
were used. All samples were brought up to the same levels of total
input DNA by addition of pBR322 carrier DNA. The final fold
induction over basal expression (i.e., cotransfection with pBR322
DNA only) is given in parentheses for each target DNA.

Effector

the test binding sites were spaced with their centers 26 bp
apart (as shown below).

5'-CAAGAATCTCATTAGCATGCAGCTGCATGCTAATGAGATTCTTG-3’
3'-GTTCTTAGAGTAATCGTACGTCGACGTACGATTACTCTAAGAAC-5'

With the crude HeLa cell nuclear extract sample, this
wild-type O*/T™ oligonucleotide (no. 41) gave efficient com-
plex formation in the presence of 40 pg of poly(dl-
dC) - poly(dI-dC) per ml and formed a double-band pattern,
presumably representing interactions with either one or both
copies of the identical binding sites present in the dimer
oligonucleotide (Fig. 6a, lane 2). Cleavage of the 44-bp
wild-type oligonucleotide (no. 41) into two identical 22-bp
fragments with Pvull altered the pattern to one with a single
shift-up species (Fig. 6a, lane 4), providing evidence in
support of the notion that the upper band represented
occupation of both consensus sites on some DNA molecules
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FIG. 5. Multiple tandemly repeated copies of the adenovirus
left-end 67-bp fragment convey only weak VF65 responses. Graphs
show results of transient CAT enzyme expression assays after
cotransfection with increasing amounts of VF65 (pGH62) effector
DNA. (a) Effect of insertion of increasing numbers of copies of the
67-bp sequence in the forward orientation on the 5’-upstream side of
the nonresponsive A10-CAT gene. Target DNAs included 3 pg each
of Ad67(44+)-CAT (pCA33 [44 copies]), Ad67(11+)-CAT (pCA31
[11 copies]), and Ad67(1+)-CAT (pCA49 [1 copy]). (b) Effect of
orientation of 67-bp repeats relative to the A10-CAT gene. Target
DNAs included 0.5 and S pg of IE110(—165/+120)-CAT (pGH135),
S ng of Ad67(44+)-CAT (pCA33 [44 copies, forward orientation]),
and 5 pg of Ad67(44—)-CAT (pCA32 [44 copies, backwards orien-
tation]). The fold induction over basal levels is given in parentheses.

rather than interactions with two separate proteins. Two
mutated IE110 O*/T~ oligonucleotides, with substitutions
either at each of the last three bases (positions 11, 12, and 13)
in the ATGCTAATGAGAT consensus (no. 42; Fig. 6b) or at
positions 9 and 10 (no. 56; not shown), produced a binding
pattern similar to that displayed by the wild-type sequence.
In contrast, the IE110 O7/T* oligonucleotides with alter-
ations at positions 2 and 3 (no. 44; Fig. 6b) or at positions 1,
2, and 4 (no. 54; not shown) gave only a single band
indicating a markedly reduced efficiency of complex forma-
tion, while the O7/T~ oligonucleotide with transversions at
positions 6 and 7 (no. 43; Fig. 6b) had totally lost the ability
to form even the faster-migrating complex. The use of
increasing amounts of nuclear extract revealed that the
IE110 O'/T~ oligonucleotide (no. 42) initially entered the
faster-migrating complex only but gave both types of bands
when a larger amount of extract was used (Fig. 6c). Even
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TABLE 1. Summary and properties of mutant synthetic oligonucleotides

Otl;g;n:z:f?lt;!e Sequence* Bm?;/‘:)ge. site Mutation positions NFll(lelI":)tilr‘:ging Mt(;t;eI:,‘y
1E110 site 1 plus 2 consensus
41 CTGCATGCTAATGAGATTCTTG o*/T* None +4+++ F
42 CTGCATGCTAATGACCGTCTTG o*/T” 11,12, 13 ++++ F
56 CTGCATGCTAATTCGATTCTTG O*/T~ 9, 10 ++++ F
87 CTGCATGCTAATTCCCGTCTTG o~ 9,10, 11, 12, 13 +4+++ F
44 CTGCAGCCTAATGAGATTCTTG o /T* 2,3 ++ S
54 CTGCGAGGTAATGAGATTCTTG o /T 1,2, 4 ++ S
43 CTGCATGCTCCTGAGATTCTTG O /T™ 6,7 - -
150 CTGCAGCGTAATGACCGTCTTG T 2,3,4,11,12,13 (+) (S)
149 CTGCAGCGTAATACCCGTCTTG T" 2,3,4,9,10, 11, 12, 13 - -
151 CGACTAATGAGATTCAGTCTTG T 1,2,3 +4+++ S
152 CTGCGACTCATGCTAATTCTTG o+ 9,10, 11, 12, 13 ++++ F
1E175 site 1 consensus
S5 CTGCTGCATAATGGAATTCTTG T None ++ S
86 CTGCTGCATAATGGCCGTCTTG T 11,12, 13 + S

“ Only the right hand 22 bp from the top strand of the 44-bp double-stranded dimers is shown.

» F, Fast; S, slow; (S), barely detectable.
< —, None.
< Barely detectable binding.

with the IE110 O7/T* oligonucleotide (no. 44), a small
fraction of the DNA migrated at the doubly occupied posi-
tion when more extract was added.

These results confirmed that the S'-ATGCTAAT octamer
portion of the IE110 O/T consensus sequence possesses high
affinity for binding to a protein factor detectable in crude
nuclear extracts of HeLa cells. Nevertheless, all IE110
oligonucleotides that retained an intact T* element only
were also capable of binding to some factor in these extracts,
although with lower affinity than that displayed by any of the
oligonucleotides with an intact O™ target site. Interestingly,
in parallel experiments, an additional 44-bp oligonucleotide
(no. 55, Table 1) representing the proximal TAATGGAAT
element in the IE175 promoter region (T") gave a similar
single-band binding pattern to that observed with the O7/T*
mutant IE110 oligonucleotides.

Distinctive characteristics of the ATGCTAAT and TAAT
GARAT complexes. In the experiments described above, the
mutated IE110 oligonucleotide that lacked the ATGC por-
tion of the O/T consensus (no. 44) appeared to produce
slightly slower-migrating T forms of both the singly occupied
and doubly occupied complexes (Fig. 6b). In contrast, all
IE110-based oligonucleotides tested that contained an intact
ATGCTAAT octamer consensus motif (no. 41, 42, and 56)
produced slightly faster-migrating O forms of the complex,
irrespective of whether they contained an intact TAATGA
RAT sequence as well.

To investigate whether the complexes formed with the
synthetic TAATGARAT oligonucleotides contain proteins
of the NFIII type, a highly concentrated, affinity-purified
preparation of NFIII was incubated with the IE175 TAAT
GARAT consensus oligonucleotide (no. 55) and compared
with an equivalent amount of crude unfractionated extract
under conditions in which only a single site was occupied
(Fig. 7a). Although several minor faster-migrating species
(labeled X) were seen in the crude extract (lane 2), the major
T complex formed with purified NFIII (lane 3) proved to
have mobility identical to that from the crude extract. The
broad band of slightly faster-migrating material in lane 3
probably represents some degradation of the affinity-purified
92-kDa NFIII protein (42). The mobility of the IE175 TAAT
GARAT complex formed with purified NFIII was also

compared with that of another IE110 (O*/T ™) variant 44-bp
oligonucleotide (no. 87) which lacks the entire GAGAT
portion of the consensus sequence beyond the intact oc-
tamer motif. The results revealed that the singly occupied O
and T complexes formed between these two oligonucleotides
and the crude nuclear extract also displayed the character-
istic differences in mobility (Fig. 7b, lanes 1 and 4). Further-
more, these differences persisted even with affinity-purified
NFIII (lanes 2 and 3). Note that in this experiment the O*
probe was mixed with an eightfold-greater dilution of NFIII
than was the T* probe to compensate for its higher affinity.

To ensure that the different gel electrophoretic mobilities
of the O and T complexes were not caused by positional
effects, two additional oligonucleotides were prepared (no.
151 and 152) in which the locations of the IE110 octamer and
TAATGAGAT elements relative to the physical ends of the
44-bp dimer were exchanged (Table 1). Nevertheless, the
complexes formed with these new variants exhibited the
same characteristic sequence-specific differences in gel re-
tardation properties (Fig. 7c, lanes 1 and 2). Intriguingly, the
amount of T complex formed with oligonucleotide no. 151
was found to be markedly higher than that with no. 55 and
equal to that with the O™ oligonucleotides no. 41, 87, and 152
(summarized in Table 1). Therefore, in some flanking-se-
quence contexts the affinity of NFIII for the TAATGAGAT
element may be almost as high as for the ATGCTAAT
element. Three additional probes that retained only the
TAAT or TAATGA portion of the IE110 consensus element
or only the TAATGG portion of the IE175 consensus ele-
ment were also tested for binding activity with the crude
nuclear extract in this experiment (Fig. 7c, lanes 3, 4, and 5).
Neither TAAT (no. 150) nor TAATGA (no. 149) gave any
significant bands characteristic of the NFIII complex, al-
though TAATGG (no. 86) produced a small amount of the
slower-migrating T type of complex. Therefore, the 3'-AAT,
3’-GAT, and 3'-GAGAT portions of the IE175 and IE110
TAATGARAT motifs are critical components of the T-
complex-binding site. The TAATGG oligonucleotide (no. 86)
also yielded three strong, fast-migrating, DN A-protein com-
plexes of the X type similar to those seen previously with the
parent IE175 TAATGGAAT sequence (no. 55).

The ATGCTAAT and TAATGARAT motifs bind to the
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same protein. Since the Ad2 67-bp DNA fragment used for
affinity purification of NFIII contains a sequence that closely
resembles a combined IE110 O/T site (Fig. 2), the possibility
arose that two distinct but similar-sized DNA-binding pro-
teins might be involved. Therefore, a series of experiments
were carried out in which various unlabeled IE110- or
IE175-derived oligonucleotides were used to compete with
the labeled IE175 proximal TAATGGAAT site oligonucleo-
tide (no. 55) for binding to crude nuclear extracts (Fig. 8).
We reasoned that binding to the lower-affinity TAATGA
RAT site should not be subject to competition by an ATG
CTAAT sequence if two separate proteins were involved but
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would be subject to very efficient competition if the same
protein were involved. The results showed that two oligo-
nucleotides with intact octamer motifs (no. 41 [O*/T*] and
no. 42, [0*/T~]) competed for binding to the TAATGGAAT
site extremely effectively and did so at 5- to 10-fold-lower
molar excess than that at which even oligonucleotide no. 55
competed with itself. In contrast, the control nonbinding
O~ /T~ mutant oligonucleotide (no. 43) failed to compete
significantly even at 100-fold molar excess. An IE110 O~ /T*
oligonucleotide (no. 44) competed with the same efficiency
as the IE175 TAATGGAAT oligonucleotide. This result
could only be obtained with separate protein moieties if they
formed a stable protein-protein complex or if they could both
independently recognize the octamer target sequence.
Therefore, the most reasonable assumption is that the NFIII
protein itself can independently recognize and bind to
TAATGARAT elements without invoking the need for a
second protein.

To further characterize the relative stability of the NFIII:
DNA interactions at the O and T sites and to screen for other
DNA-binding proteins in the crude extracts that might
recognize the TAATGARAT elements, we carried out mo-
bility shift assays in the presence of a range of increasing
concentrations of poly(dI-dC) - poly(dI-dC) or poly(dA-
dT) - poly(dA-dT) alternating copolymer competitor DNAs
(Fig. 9). In this experiment, the affinity of proteins in HeLa
cell crude nuclear extracts for the IE175 T* probe (no. 55)
was compared with their affinity for the IE110 O* probe (no.
87). Note that only the singly occupied forms of the com-
plexes were observed on this occasion. The results showed
the following. (i) Both oligonucleotides formed a discrete but
presumably nonspecific complex with intermediate mobility
(NS) in the absence of any competitor DNA. (ii) The IE110
O complex formed even in the absence of competitor and
was significantly more resistent to both poly(dI-dC) - poly
(dI-dC) and poly(dA-dT) - poly(dA-dT) competition than was
the equivalent IE175 T complex. (iii) Formation of the T-site
complex required that some poly(dI-dC) - poly(dI-dC) be
present but was totally abolished in the presence of poly(dA-
dT) - poly(dA-dT). (iv) A second, faster-migrating complex
(X) was again detected, but this protein species was bound
stably only by the TAATGGAAT oligonucleotide and was
subject to efficient competition by poly(dI-dC) - poly(dI-dC)
but not by poly(dA-dT) - poly(dA-dT). These properties of
both the O and T forms of NFIII complexes argue against the
X species being degradation products of NFIII and are

FIG. 6. Mobility shift-up assays with synthetic oligonucleotides
containing consensus octamer or TAATGARAT motifs. The auto-
radiographs show binding of proteins in crude HeLa cell nuclear
extracts to various 3?P-labeled dimeric 44-bp double-stranded oligo-
nucleotides (Table 1) in an agarose gel retardation assay. (a) Effect
of cleavage of the wild-type O*/T* 44-bp IE110 oligonucleotide (no.
41) into 22-bp monomers with Pvull. O(1), 44-bp complex with a
single site occupied; O(2), 44-bp complex with both sites occupied;
F, free (unbound) oligonucleotides. (b) Comparison of wild-type and
mutated forms of the IE110-binding site. No. 41, intact IE110
combined octamer-TAATGAGAT consensus; no. 42, IE110 point
mutations at positions 11, 12, and 13; no. 43, IE110 point mutations
at positions 6 and 7; no. 44, IE110 point mutations at positions 2 and
3 in the overlapping consensus sequences. O(1), O(2), T(1), bound
complexes; F, free (unbound) oligonucleotides. (c) Relative
amounts of singly and doubly occupied forms of the O and T
complexes produced with oligonucleotides no. 42 and 44 by using
increasing amounts of crude nuclear extract. Bound complexes and
free oligonucleotides are indicated.
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FIG. 7. Binding of affinity-purified NFIIl to TAATGARAT but not TAATGA oligonucleotides and differences in mobility of the O and T
complexes. Autoradiographs show comparisons of binding in mobility shift assays of crude nuclear extracts or affinity-purified NFIII to
different 32P-labeled 44-bp dimer oligonucleotides (5 fmol each). (a) Confirmation that the major binding activity for the IE17S TAATGGAAT
(oligonucleotide no. 55) in crude extracts represents NFIII. Lanes: 1, no extract; 2, crude HeLa cell nuclear extract; 3, affinity-purified NFIII.
T(1), Singly occupied NFIII complex; X, unidentified faster-migrating minor complexes. (b) Differences in relative mobility between
complexes formed with the IE175 TAATGGAAT oligonucleotide (no. 55, T*) and those formed with an IE110 octamer-only oligonucleotide
(no. 87, O™). Lanes: 1 and 6, no extract; 2, 1 pl of an eightfold dilution of crude HeLa cell nuclear extract; 3, 5 pl of a 1:200 dilution of
affinity-purified NFIII fraction; 4, 5 pl of a 1:25 dilution of affinity-purified NFIII fraction; 5, 1 pl of undiluted HeLa cell crude nuclear extract.
O(1), singly occupied monomeric form of the ATGCTAAT complex; T(1), singly occupied form of the TAATGGAAT complex. X and F are
as in panel A. (c¢) Improved binding to TAATGARAT in a different flanking-sequence context and lack of binding to mutated TAATGARAT
elements. The relative positions of the IE110 ATGCTAAT and TAATGAGAT elements were exchanged in probes no. 151 and 152, and the
3" GAGAT, GAT, or AAT sequences were mutated in probes 149, 150, and 86 (Table 1). Crude HeLa cell nuclear extract was used. O/T,

Positions of singly-occupied NFIII complexes; X, unidentified cellular binding factor; F, free (unbound) oligonucleotides.

similar to those of the a-H1 TAATGARAT-binding protein
from HSV-infected cell extracts that was described by
Kristie and Roizman (21).

Interactions with the HSV virion factor. McKnight et al.
(31) and Preston et al. (48) described preliminary in vitro
evidence for complex formation between the VF65 protein
component of HSV virions and a cellular factor that binds to
HSV IE promoter region DNA fragments. The supershifted
bands (referred to as IEC) were formed either directly with
infected-cell extracts or after addition of lysed virions to
uninfected-cell extracts and migrated slower than the a-H1
DNA-protein complexes formed with the uninfected-cell
extracts. An example of a similar phenomenon detected with
our T* oligonucleotide probe (no. 55) under the electropho-
resis conditions described by Preston et al. (48) and after
cleavage to monomers with Pvull is shown in Fig. 10.
Although very little of the normal NFIII T complex was
formed in the control sample on this occasion (lane 2),
addition of a lysed virion preparation to the crude HeLa cell
nuclear extract produced an abundant new shifted species
(C) migrating considerably more slowly than the direct
NFIII complex (lane 3). Interestingly, under these circum-
stances the minor X bands disappeared, although the non-
specific bands were unaffected. The O*/T* oligonucleotide

(no. 41) also produced a similar C supercomplex (lane 8), but
no complexes of any kind were formed by adding virion
components alone in the absence of the nuclear extract (not
shown). Surprisingly, although the T* probe formed the
supershifted complex when the virion proteins were added
to the crude nuclear extract, it did not do so when purified
NFIII was substituted for the crude extract. Instead, the
normal NFIII T complexes appeared to be increased in
abundance but not supershifted. In contrast, with the crude
extract the normal NFIII complex was reduced in abun-
dance when the supershifted complex formed. These results
indicate that purified NFIII alone is insufficient for formation
of the C complex and that some other factor present in the
crude nuclear extract is required as well (or instead) and that
formation of the C complex interferes with both the O/T and
X complexes, either by including these same cellular factors
in the supercomplexes or by competing with them for the
probe DNA.

DISCUSSION

The 13-bp overlapping O/T consensus elements from the
HSV IE110 gene are remarkably similar to the well-defined
NFIII/ORP-C binding site near the Ad2 DNA replication
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FIG. 8. Evidence that the same protein binds to both the ATGCTAAT and TAATGARAT sites. The autoradiographs show only the
shifted complex bands from competition experiments in which 3 fmol of the *?P-labeled 1IE175 TAATGGAAT oligonucleotide (no. 55) were
incubated with 1 pl of crude nuclear extract in the presence of increasing concentrations of various unlabeled oligonucleotide competitor
DNAs plus 40 pg of poly(dI-dC) - poly(dl-dC). Lanes on the extreme right (—) represent positive controls without added competitor
oligonucleotides. No. 41 (#41), Wild-type IE110 octamer-TAATGAGAT site; no. 44, 1E110 site with mutations at positions 2 and 3; no. 43,
IE110 site with mutations at positions 6 and 7; no. 42, IE110 site with mutations at positions 11, 12, and 13; no. 5SS, wild-type IE175

TAATGGAAT site.

origin. Furthermore, the ATGCTAAT portion of the O/T
VF6S5 response motif matches closely with the ATGCAAAT
octamer sequence known to be an important transcriptional
regulatory element in immunoglobulin promoters and en-
hancers and in the U2 small nuclear RNA, histone H2b, and
mouse mammary tumor virus long terminal repeat promot-
ers. Using gel mobility retardation assays, we have shown
here that at least three independent DNA fragments from the
IE110 5'-upstream promoter region, plus at least one frag-
ment each from the IE175 and IE68 promoters, all bind
directly and specifically to affinity-purified NFIII isolated
from uninfected HeLa cells. Overall, the proximal 600 bp of
the IE110 upstream region may contain as many as eight
single or overlapping ATGCTAAT and TAATGARAT mo-
tifs, and the divergent IE175/0ri-S/IE68 control region con-
tains four such elements.

Extensive analysis by numerous groups interested in
immunoglobulin and histone gene regulation have shown
that two distinct cellular DNA-binding proteins recognize
the standard canonical ATGCAAAT octamer consensus
element (11, 56, 66). One is found in all cell types (OTF-1)
and is apparently not involved in immunoglobulin gene
activation (10), whereas the other (OTF-2) is found only after
stimulation of B cells and is directly involved in activation of
immunoglobulin gene expression (56, 70). Interaction of
OTF-1 with an upstream octamer element present at —60 to
—50 in the histone H2b promoter imparts S-phase-specific
cell cycle regulation to that gene (11, 60). Recent evidence
shows that the 92-kDa NFIII protein involved in adenovirus
DNA replication binds efficiently to the canonical H2b and
immunoglobulin octamer signals (42) and that the ubiquitous
octamer-binding protein (OTF-1) purified in the laboratory of
Roeder has the same electrophoretic mobility as NFIII and
can functionally substitute for NFIII in the in vitro replica-
tion assay (41). Therefore, even if NFIII or OTF-1 are not

involved in virion factor activation, the predominant local-
ization of multiple octamer-binding sites overlapping with
the TAATGARAT elements in the IE110 (and IE63) pro-
moter regions and their absence in the IE175 promoter
region could have profound and intriguing consequences for
differential control of IE110 gene expression, especially in
the absence of VF65 during the establishment of and reacti-
vation from the latent state in neuronal cells in vivo.

A crucial question concerns the relationship between
NFIII binding and the phenomenon of VF6S responsiveness.
We have shown that the 5'-upstream regions of the IE110,
IE17S, and IE68 genes from HSV-1 all contain target sites
for strong and very specific responses to trans-activation by
cotransfection with the isolated HSV VF65 gene in transient
assays in Vero cells (38, 52; Ciufo et al., unpublished data).
Single copies of the O/T-class ATGCTAATGATAT consen-
sus element at —165 to —153 within its natural IE110
promoter context or of the T-class TAATGGAAT consensus
element at —114 to —105 in the IE175 promoter both appear
to be sufficient to act as target signals, although other nearby
viral sequences may also be required. In contrast, the human
cytomegalovirus major IE promoter, several HSV DE pro-
moters, and all heterologous viral and cellular promoters
that we have tested failed to respond (39, 40). The unrespon-
sive target promoters include both the immunoglobulin k and
A region enhancers and the HSV thymidine kinase promoter,
which all possess single canonical (but backward-oriented)
ATGCAAAT motifs (Ciufo et al., unpublished data). Simi-
larly, even the Ad2 NFIII consensus elements proved to be
only very weak targets for VF65 activation in an A10-CAT
background. Therefore, the TAATGARAT and not the
ATGCTAAT motifs appear to be essential.

Our initial puzzling observation that the isolated DNA
fragment containing IE17S TAATGAGAT site 2 (which
lacks any associated octamer consensus motif) bound to a
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FIG. 9. Comparison of the stability of ATGCTAAT and TAATGARAT complexes to competition with alternating copolymers of
poly(dI-dC) - poly(dI-dC) and poly(dA-dT) - poly(dA-dT). The autoradiographs show binding of crude HeLa cell nuclear extract protein to
44-bp synthetic oligonucleotides containing the consensus IE110 ATGCTAAT motif only (O*/T~, no. 87 [#87]; top) or the IE175
TAATGGAAT motif only (T*, #55; bottom). The center lane (—) in each panel shows binding in the absence of competitor DNA. Lanes to
the left show the effects of increasing concentrations (indicated above the lanes) of double-stranded poly(dl-dC) - poly(dI-dC) (in micrograms
per milliliter) and the lanes to the right show the effects of increasing concentrations of double-stranded poly(dA-dT) - poly(dA-dT). O(1),
Singly occupied ATCGTAAT site NFIIl complex; T(1), singly occupied TAATGGAAT site NFIII complex; X, unidentified poly(dl-
dC) - poly(dI-dC)-sensitive IE175 site complex; NS, nonspecific binding activity; F, free (unbound) oligonucleotides.

protein that copurified with NFIII activity through the DNA
recognition site affinity column was confirmed by the use of
short defined-site synthetic oligonucleotide probes. Al-
though the GARAT portion of the IE110 O/T consensus
sequence was dispensable for efficient NFIII binding in the
presence of an intact ATGCTAAT octamer element, in the
absence of an intact ATGCTAAT motif both the IE175
TAATGGAAT oligonucleotide and several O~/T* mutated
IE110 oligonucleotides were still capable of binding to
NFIII. Considering that neither the TAAT nor TAATGA
sequences alone were sufficient for binding, we concluded
that the O and T motifs must represent two separate and
distinct protein-binding sites with overlapping recognition
elements.

In an attempt to resolve whether two different proteins of
nearly the same size were involved or whether NFIII itself
could independently recognize both elements, we discov-
ered that the ATGCTAAT and TAATGARAT oligonucleo-
tides produced distinct forms of DNA-protein complexes
even with affinity-purified NFIII. In most cases, the O
complexes consistently displayed an eightfold-higher bind-
ing affinity and greater stability to poly(dI-dC) - poly(dI-dC)
and poly(dA-dT) - poly(dA-dT) competition than did the T
complexes. Although the TAATGARAT site-binding inter-
action proved to be extremely sensitive to poly(dA-dT) -
poly(dA-dT) competition, both binding activities showed the
same preferential affinity for poly(dA-dT) - poly(dA-dT)

over poly(dI-dC) - poly(dI-dC). Furthermore, the two types
of protein-DNA complexes exhibited slight but significant
differences in their gel electrophoretic mobility, even though
the oligonucleotide probes were of identical length. This
latter result may reflect the fact that the bound NFIII
proteins assume different conformations at the two types of
binding sites. Possible positional effects caused by the bound
protein molecules being nearer to the physical ends of the
oligonucleotide in the case of the TAATGARAT sites com-
pared with the octamer sites were ruled out by reversal of
the positions of the elements within the oligonucleotides.
Moreover, the results of our oligonucleotide competition
experiments argue strongly against the idea that ATG
CTAAT and TAATGARAT shift-up complexes contain two
different proteins. Indeed, the octamer sequence alone com-
peted 5- to 10-fold more effectively for binding of NFIII with
the labeled IE175 TAATGARAT probe than did the IE175
TAATGARAT DNA sequence itself. A distinct octamer-
binding protein would not have been expected to compete
significantly for binding to the TAATGGAAT recognition
site in such an experiment.

On the basis of these results, we propose a model whereby
the NFIII/OTF-1 protein itself might have flexible sequence
recognition characteristics such that a conformational
change allows binding to the TAATGARAT target sequence
as well as to the ATGCTAAT type of octamer sequence.
Potentially, the T complexes may be stabilized in the pres-
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FIG. 10. Supershifted complexes formed by addition of an HSV
virion extract. Shift-up DNA-binding assays with labeled oligonu-
cleotide probes no. 55 (#55 [T*]) and 41 (O*/T™) after incubation
with no extract or virion factor (lanes 1 and 6), crude HeLa cell
nuclear extract only (lanes 2 and 7), crude nuclear extract plus virion
extract (lanes 3 and 8), affinity-purified NFIII only (lane 4), or
affinity-purified NFIII plus virion extract (lane 5).

ence of the HSV VF65 protein to produce both more efficient
TAATGARAT binding and the trans-activation responses.
Thus, the TAATGARAT elements and the overlapping
octamer elements together may represent a single complex
target for rrans-activation through NFIII-VF65 protein-pro-
tein interactions or VF65-mediated modification of NFIII.
The overlap between the two types of sites may have the
advantage of allowing initial occupancy of the higher-affinity
octamer site by NFIII alone followed by translocation into
the lower-affinity TAATGARAT site in the presence of
VF6S. Interestingly, the notion of flexibility in octamer-
binding-site recognition has also been forwarded by Sturm et
al. (62), who worked with a similar octamer-binding protein
(OBF-100) and divergent octamerlike sequences in the sim-
ian virus 40 enhancer. One could imagine that a shift from
functional recognition of the conserved octamer motifs in
cellular promoters to degenerate octamerlike TAATGARAT
motifs in viral promoters represents an excellent and subtle
mechanism for a virus to rapidly usurp control of preexisting
cellular transcription machinery.

The properties that we have described for NFIII-TAAT
GARAT complexes, especially the poly(dA-dT) - poly(dA-
dT) sensitivity, are similar to those described by Kristie and
Roizman (21) and McKnight et al. (31) for a 110-kDa cellular
protein referred to as a-H1. In shift-up studies using crude
nuclear extracts of HeLa cells, they showed that this protein
bound to isolated HSV-1 DNA fragments containing O/T or
T consensus motifs derived from various HSV IE promot-
ers. Both DNase I footprinting and methylation interference
studies with a-H1 complexes formed at the IE63 O/T site 1
(22) closely resemble those for NFIII and OTF-1 bound to
the Ad2 ori or H2b sites (42, 50). Preston et al. (48) reported
the presence of VF65 in a complex with an unidentified
cellular protein, using the HSV IE68 promoter site 1 as the
target DNA sequence (which represents a T-type element
only). This complex was centered over the TAATGARAT
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sequence by DNase footprinting, methylation interference,
and mutational analysis, but they were unable to character-
ize the binding activity (HC3) present in uninfected cell
extracts. Our experiments with added virion proteins in the
presence of the crude nuclear extract also detected a super-
shifted band with both the IE175 T* oligonucleotide and the
complete IE110 O*/T* consensus site. However, addition of
purified NFIII alone to the virion factor preparation failed to
form this supershifted complex. Nevertheless, we have
shown elsewhere that the ATGCTAAT oligonucleotide (no.
87) competes more efficiently than the TAATGARAT oligo-
nucleotide (no. 55) for C-complex formation with another
overlapping O*/T™ target site present in the HSV-2 ICP10 or
ribonucleotide reductase A gene promoter, whereas the
TAAT-to-TCCT mutation (oligonucleotide no. 43) fails to
compete significantly (71). Therefore, we conclude that
NFIII is likely to be a component of the C complex together
with at least one other accessory cellular protein.

In parallel studies to ours, O’Hare and Goding (35) iden-
tified the octamer element in the IE110 O/T consensus site 1
as a specific binding site for a cellular factor from uninfected
HeLa cell nuclear extracts, and they were the first to
propose that NFIII may therefore be the target cellular
DNA-binding protein that mediates the transcriptional stim-
ulation caused by the HSV virion factor. However, those
studies did not use purified NFIII protein, and our trans-
activation results, both with the Ad2 NFIII site shown here
and with immunoglobulin and thymidine kinase octamer
elements (Ciufo et al., unpublished data), caution strongly
against their conclusion that canonical octamer elements
alone can give VF6S responses. Although it is tempting to
speculate that the NFIII complexes represent essential cel-
lular intermediates required for mediating VF65 stimulatory
activity, it is still necessary to demonstrate that point muta-
tions which abolish NFIII binding to single ATGCTAAT
GARAT or TAATGARAT elements also eliminate VF65
responsiveness.

After our work was completed, Gerster and Roeder (17)
reported that affinity-purified OTF-1 and OTF-2 both bind to
the overlapping octamer-TAATGARAT elements in HSV IE
promoters and that OTF-1 also appears to form a complex
with the VF6S trans-activator protein only in the presence of
another unidentified factor present in crude nuclear extracts.
Furthermore, Baumruker et al. (2) have recently presented
conclusions similar to ours about their OBP100 protein being
able to recognize TAATGARAT elements as well as octamer
elements.
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