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The human herpes simplex virus type 1 regulatory protein ICP4 binds DNA as a dimer and forms a
single protein-DNA complex (A complex) with short DNA probes. ICP4 oligomerized in a DNA-dependent
manner, forming two or more protein-DNA complexes with longer DNA fragments containing a single DNA
binding site. When resolved electrophoretically, one or more low-mobility DNA-protein complexes follow
the fast-moving A complex. The major protein-DNA complex (B complex) formed by ICP4 with long DNA
probes migrates just behind the A complex in the electric field, implying the oligomerization of ICP4 on
the DNA. Binding experiments with circularly permutated DNA probes containing one ICP4 binding site
revealed that about 70 bp of nonspecific DNA downstream of the cognate ICP4 binding site was required
for efficient B complex formation. In addition, the C-terminal domain of ICP4 was found to be required
for DNA-dependent oligomerization and B complex formation. Gel mobility shift analysis of protein-DNA
complexes, combined with supershift analysis using different monoclonal antibodies, indicated that the B
complex contained two ICP4 dimers. DNase I footprinting of ICP4-DNA complexes showed that one ICP4
dimer contacts the specific binding site and another ICP4 dimer contacts nonspecific DNA in the B
complex. DNA-dependent oligomerization increased the affinity of ICP4 for relatively weak binding sites
on large DNA molecules. The results of this study suggest how ICP4 may use multiple weak binding sites
to aid in transcription activation.

Herpes simplex virus type 1 (HSV-1) encodes a 175-kDa
nuclear phosphoprotein (11) referred to as infected-cell
polypeptide 4 (ICP4) that both positively and negatively regu-
lates RNA polymerase II-dependent transcription of the viral
genes. ICP4 negatively regulates the ICP4 promoter (12, 41),
latency-associated promoter (3), and L/ST promoter (5, 59)
and activates most of the early and late genes of the virus (12,
16, 22, 41, 45, 57, 60). Genetic and biochemical analyses re-
vealed that ICP4 contains discrete domains responsible for
DNA binding, nuclear localization, and transcriptional regula-
tion (6, 14, 43, 44, 49, 51). ICP4 is a dimer in solution (39) and
probably functions as a dimer in DNA binding and transcrip-
tional regulation (40, 50). A region of the protein close to the
DNA binding domain has been shown to be sufficient for ICP4
dimerization (50). ICP4 is a DNA binding protein (21) with
preferences for specific DNA sequences (18, 19, 34). Analysis
of different known ICP4 binding sites yielded a relatively de-
generate consensus, RTCGTCNNYNYSG, where R is purine,
Y is pyrimidine, S is C or G, and N is any base (15).

It has been shown that ICP4-mediated repression requires
specifically located, appropriately oriented, and relatively
strong ICP4 binding sites (24, 35, 40, 46). Biochemical studies
showed that purified ICP4, TATA binding protein (TBP), and
transcription factor IIB (TFIIB) cooperatively interact on

ICP4 and L/ST promoters (47, 54) and that the degree of
cooperative TBP-DNA-TFIIB-ICP4 complex formation corre-
lates positively with the degree of repression of the promoters
(35). ICP4 and L/ST promoters contain a TATA box and a
functional ICP4 binding site. Biochemical analyses also showed
that at least part of the N-terminal region of ICP4 is required
for efficient cooperativity in the TBP-TFIIB-DNA-ICP4 com-
plex formation and repression in vitro. The C-terminal region
of ICP4 is dispensable for these two functions (26, 54). Less is
known about how ICP4 as a DNA binding protein activates
transcription. Most genetic and biochemical studies indicate
that DNA binding is essential for the activating functions of
ICP4 (1, 44, 51). However, mutational alteration of the binding
sites in and around the promoters of activated genes appears to
have little effect (25, 53). At present, it is unclear how the
specific DNA binding of ICP4 is involved in ICP4-mediated
activation. There could be mechanisms that increase the affin-
ity of ICP4 for DNA and/or allow ICP4 to work over a long
distance. Cellular DNA binding proteins, such as high-mobil-
ity-group proteins, TATA box binding proteins, and initiator
binding proteins, may be involved in ICP4-mediated gene ac-
tivation in this way (8, 33, 35, 42). In the present study, we
observed that ICP4 forms two (or more) protein-DNA com-
plexes with longer DNA probes containing a single effective
ICP4 binding site. Our results showed that ICP4 forms tetra-
mers and higher-order complexes over long DNA fragments
through multiple protein-protein and protein-DNA contacts.
Such binding may affect the affinity of ICP4 for DNA, par-
ticularly DNA containing relatively weak binding sites. Our
results may explain how ICP4 activates early and late genes
that may not have strong and indispensable ICP4 binding
sites.
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MATERIALS AND METHODS

Proteins. Wild-type (WT) ICP4 and mutant ICP4 proteins were purified from
Vero cells infected with HSV strain Kos or specific mutant viruses as previously
described (29, 51). The mutant viruses d810, n208, and nd810 express ICP4
proteins corresponding to amino acids 1 to 142 and 210 to 1,298, 1 to 774, and
1 to 142 and 210 to 774, respectively. ICP4 mutant protein X25 (amino acids 1
to 30 and 274 to 774) was purified from the nuclei of X25-expressing Vero cells
as described previously (50, 54). ICP4 mutants EICP4 and En208 are similar to
WT ICP4 and n208, respectively, except that EICP4 and En208 contain the
influenza virus hemagglutinin (HA) epitope (7).

Plasmids and DNA probes. The plasmids pk1-2, containing the ICP4 gene
starting from position �330 relative to the start site (13), and pBend4, containing
a fragment of the ICP4 promoter from positions �40 to �27 relative to the start
site, have previously been described (35). The plasmid pBend4R is similar to
pBend4 except that the ICP4 binding site is reversed in orientation. Double-
stranded oligonucleotides equivalent to the gC promoter region spanning posi-
tions �75 to �125 (including the ICP4 binding site) were cloned in plasmid
pBend (34). The resulting recombinant plasmid, pBendG, was cut with the
appropriate restriction endonucleases to generate DNA probes GR and GH with
ICP4 binding sites located very close to the left and right ends, respectively, of
the DNA probes. All the newly constructed plasmids were sequenced to confirm
the integrity of the constructs. To make DNA probes, the plasmids were digested
with the appropriate restriction endonuclease and then dephosphorylated by
treating them with alkaline phosphatase. Alkaline phosphatase was inactivated
by phenol extraction. DNA was ethanol precipitated, air dried, and then phos-
phorylated using T4 polynucleotide kinase in the presence of [�-32P]ATP. To
prepare strand-specific labeled DNA probes, a small fragment of DNA from one
or the other end of the labeled probes was removed by digesting the probes with
a restriction endonuclease. The labeled DNA fragments were resolved on 5%
polyacrylamide gels, the proper bands were located by exposing the gels to
photographic films, and the bands were excised. The DNA present in the gel slice
was electroeluted or purified by filtration using Spin-X cartridges (Costar, Cam-
bridge, MA). Electroeluted DNA was further purified using Elutip-d mini col-
umns (Schleicher and Schuell, Keene, NH) and Sephadex G50 spin columns
(Roche, Indianapolis, IN).

Electrophoretic mobility shift assays (EMSA). DNA binding reactions and the
subsequent gel shift analyses were performed as previously described (54) with
slight modifications. Unless otherwise indicated, 40 ng of ICP4 or mutant ICP4
was incubated with 1 ng of DNA probe in a buffer containing 10 mM HEPES-
KOH (pH 7.9), 5 mM ammonium sulfate, 8% (vol/vol) glycerol, 2% (wt/vol)
polyethylene glycol 8000, 80 mM KCl, 5 mM �-mercaptoethanol, 0.2 mM EDTA,
and 25 �g/ml poly(dG-dC) � poly(dG-dC) in a total volume of 30 �l for 40 min
at 30°C. For monoclonal antibody supershift experiments, diluted monoclonal
antibodies were added to the binding reactions 30 min after initial incubation.
The mixtures were incubated for an additional 10 minutes prior to being loaded
onto the gel. The binding mixtures were electrophoretically resolved under
constant voltage (12.5 V/cm) on a native 3% polyacrylamide gel containing 0.5�
TBE (45 mM Tris, 45 mM borate, and 1 mM EDTA [pH 8.0]) buffer. The gels
were dried and exposed to Hyperfilm MP (Amersham, Arlington Heights, IL).
For quantitative analyses, the dried gels were scanned using the Ambis radio-
analytic imaging system (Ambis Inc., San Diego, CA).

DNase I footprinting. ICP4 or mutant ICP4 (40 ng) was incubated with 1 ng
of DNA end-labeled probe in the binding buffer (described above). The mixture
was incubated at 30°C for 40 min, subjected to DNase I digestion, and then
resolved on a 3% polyacrylamide gel by electrophoresis as described previously
(54). The DNA probes were labeled at the 5� end of the top or the bottom strand.
The bound and free DNA bands were located by exposing the wet gel (covered
with Saran Wrap) to photographic film. The bands were excised, and the DNA
was eluted by soaking the gel slice overnight in a buffer (0.5 ml) containing 10
mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.5 M ammonium acetate. The eluted
DNA was purified using an Elutip-d mini column (Schleicher and Schuell) and
resolved on a 6% polyacrylamide sequencing gel containing 7.3 M urea. A
Maxam-Gilbert sequencing reaction (38) for the same probe was resolved in the
same gel as that of the marker. After electrophoresis, the gel was dried and then
exposed to photographic film.

Calculation of KD. Constant amounts of ICP4 were incubated with increasing
concentrations of radiolabeled DNA ligand under standard binding conditions
except that the poly(dG-dC) � poly(dG-dC) � poly(dG-dC) concentration was 10
�g/ml (to obtain measurable amounts of ICP4-DNA complexes with weaker
binding sites). The reaction products were resolved on native polyacrylamide gels
and the net radioactivities corresponding to the bound and free DNA bands were
measured from the dried gels by using the Ambis radioanalytic imager. The

values were then used to calculate the apparent equilibrium dissociation constant
(KD) from the Scatchard equation, where a plot of DNAbound/DNAfree versus
DNAbound is a straight line with a slope of 1/KD (48).

RESULTS

ICP4 forms multiple protein-DNA complexes with long
DNA molecules. To understand the nature of ICP4-DNA in-
teractions, purified ICP4 protein was incubated with DNA
probes of various sizes, all containing a single ICP4 binding
site, and then run on native polyacrylamide gels (Fig. 1A).
Purified ICP4 formed predominantly a single protein-DNA
complex (A complex) with the shorter DNA probe (probe 1)
(Fig. 1B, lanes 2 to 4). ICP4 formed an A complex alone with
probe 2 at lower protein concentrations (Fig. 1B, lanes 6 to 7)

FIG. 1. ICP4-DNA complexes with ICP4 promoter and start site
DNA. (A) DNA probes generated from the ICP4 promoter (drawn to
scale). The probes were generated from plasmid pk1-2 by digestion
with the restriction endonucleases shown above (R, EcoRI; B, BamHI;
S, SalI). The TATA box and the ICP4 binding sites are indicated by
filled and empty boxes, respectively. The numbers indicate nucleotide
positions relative to the start site of transcription. The start site is
indicated by a bent arrow, and the orientation of the ICP4 binding site
is indicated by a straight arrow. (B) Results of an EMSA of ICP4-DNA
complexes formed with probes 1, 2, and 3. The mixtures of the reac-
tions corresponding to lanes 2, 6, and 10 contained 20 ng ICP4. Those
corresponding to lanes 3, 7, and 11 contained 70 ng ICP4. Those
corresponding to lanes 4, 8, and 12 contained 200 ng ICP4. The binding
reaction mixtures loaded in lanes 1, 5, and 9 lacked ICP4. The mixtures
for reactions 1 to 4, 5 to 8, and 9 to 12 were loaded at three different
times (probe 1 was loaded first, followed by probe 2 and then probe 3)
to resolve all lanes in the same gel. The A and B complexes are
indicated by single and double dots, respectively. The additional com-
plex formed with probe 3 is indicated by an arrow.
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but two complexes at higher protein concentrations (Fig. 1B,
lane 8). With probe 3, ICP4 formed two or more complexes
with all protein concentrations tested, with B complex as the
major species, and one or more slower-moving species (Fig.
1B, lanes 10 to 12). We examined the nature of the B complex
in further detail.

A long stretch of DNA downstream of the ICP4 binding site
is required for effective B complex formation. To further ex-
amine the DNA requirements for B complex formation, we
tested four additional probes containing a single ICP4 binding
site located at either the left or the right end of the probes (Fig.
2A). The PH and PR probes contain the ICP4 binding site that
spans the start site of ICP4 transcription, while the GH and
GR probes contain an ICP4 binding site from the region down-
stream of the gC transcription start site (positions �75 to
�125). As shown in Fig. 2B, ICP4 formed only an A complex
with probes PH and GH (both probes contained �10 bp of

DNA downstream of the ICP4 binding site) but both A and B
complexes with probes PR and GR (both probes contained
�100 bp of DNA downstream of the ICP4 binding site). To
find out the minimal length of DNA needed for effective B
complex formation, we inserted a fragment of the ICP4 pro-
moter containing the ICP4 binding site (positions �40 to �27
relative to the start site) into the pBend2 vector (30) and made
a series of circularly permutated DNA probes (Fig. 2C). The
DNA probes are identical in DNA sequence, but the ICP4
binding sites are positioned at different distances from the ends
of the probes. The probes were incubated with a fixed concen-
tration of ICP4, and the resulting complexes were separated
electrophoretically. ICP4 formed only an A complex with
probes M and N (Fig. 2D). These two probes have a short
stretch of DNA (	45 bp) downstream of the ICP4 binding site.
However, ICP4 formed both A and B complexes (Fig. 2D,
lanes S, D, A, and P) with the rest of the probes. These probes
contained 
70 bp of DNA downstream of the ICP4 binding
site. We constructed another set of circularly permutated
probes identical to those shown in Fig. 2C except that the
orientation of the ICP4 binding site was reversed. ICP4 formed
both A and B complexes with all of the probes (Fig. 2D, right).
The reverse orientation of the ICP4 binding site in these
probes extended the length of DNA downstream of the ICP4
binding site by 
70 bp.

The C-terminal region of ICP4 is required for effective B
complex formation. To identify the domains of ICP4 (other
than the DNA binding domain) required for B complex for-
mation, we used several mutants of ICP4 (Fig. 3A) in DNA
binding studies. Purified ICP4 or the mutants were separately
incubated with two different DNA probes. Both probes con-
tained 
70 bp of DNA downstream of the single ICP4 binding
site. ICP4 molecules containing the DNA binding domain and
the C-terminal region (WT ICP4 and d810) formed both A
and B complexes with both of the probes (Fig. 3B, lanes 2, 3,
8, and 9). All three ICP4 mutants lacking the C-terminal region
(n208, nd810, and �25) failed to form the B complex (Fig. 3B,
lanes 4 to 6 and 10 to 12).

Protein-protein interactions in the B complex. To further
investigate the role of the C-terminal region of ICP4 in B
complex formation, we mixed WT ICP4 and mutant ICP4
lacking the C-terminal region (En208) in DNA binding exper-
iments. The mutant En208 is similar to n208 except that the
former is tagged with an influenza virus HA epitope close to
the N terminus of the protein (Fig. 4A). Two monoclonal
antibodies, 58S and 12CA5, were used to identify the protein-
DNA complexes formed by ICP4 and En208, respectively. 58S
recognizes the C-terminal region of ICP4 (52), and 12CA5
recognizes the HA epitope (20) present in En208. The probe
used was pBend4D (Fig. 2C). As expected, En208 formed only
an A complex with the probe (Fig. 4B, lane 1), which was
supershifted by 12CA5 (Fig. 4B, lane 3). ICP4 formed both A
and B complexes (Fig. 4B, lane 2), and both complexes were
supershifted by 58S (Fig. B, lane 4). When ICP4 and En208
were incubated together with the probe, three different com-
plexes were observed (Fig. 4B, lane 5). Considering the motil-
ities of the complexes formed individually by En208 and ICP4,
these three complexes were an A complex formed by En208
and A and B complexes formed by ICP4 (Fig. 4B, compare
lane 5 with lanes 1 and 2). When the monoclonal antibody 58S

FIG. 2. A long stretch of DNA downstream of the ICP4 binding
site is required for B complex formation. (A) Maps of the four DNA
probes (all �125 bp) containing one ICP4 promoter (black boxes) or
gC (hashed boxes) downstream of the ICP4 binding site. The orienta-
tion of the ICP4 binding site is indicated by an arrow. (B) Results of an
EMSA of ICP4 bound to probes in panel A. A and B complexes are
indicated. The unbound probe is not shown. (C) Map of ICP4 binding
site-containing probes. The plasmid pBend4 was digested with differ-
ent restriction enzymes (M, MluI; N, NheI; S, SpeI; D, DraI; A, SmaI;
P, SspI) to generate the probes (M, N, S, D, A, and P). The TATA box
(black box) and the ICP4 binding site (white box with an arrow indi-
cating the orientation of the binding site) are indicated. The location
of the ICP4 binding site relative to the ends of the probe is drawn to
scale. The probes m, n, s, d, a, and p generated from pBend4R are
identical to probes M, N, S, D, A, and P, respectively, except that the
orientation of the ICP4 binding site is reversed. (D) Results of an
EMSA of ICP4 bound to probes M, N, S, D, A, and P and m, n, s, d,
a, and p. The EMSA was conducted with the probes in panel C as
described in the legend to Fig. 1. The different mobilities of the A
complexes are due to ICP4-induced DNA bends as reported earlier
(35).
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was added to the binding reaction mixture containing ICP4,
En208, and the probe (Fig. 4B, lane 6), the A and B complexes
formed by ICP4 supershifted but the mobility of the A complex
formed by En208 remained unaffected (Fig. 4B, compare lanes
5 and 6). When the monoclonal antibody 12CA5 was added to
a binding reaction mixture containing ICP4, En208, and the
probe (Fig. 4B, lane 7), the A complex formed by En208
supershifted but the mobilities of the A and B complexes
formed by ICP4 remained unaffected (Fig. 4B, compare lanes
5 and 7). These data suggest that En208 formed an A complex
only and failed to form a heterogeneous DNA-protein complex
with ICP4. When both 58S and 12CA5 were added to a binding
reaction mixture containing ICP4, En208, and the probe, both
A and B complexes supershifted (Fig. 4B, lane 8) but there was
no complex with a mobility lower than that of the supershifted
B complex formed by ICP4 (Fig. 4B, compare lane 8 with lanes
6 and 7). These data further suggest that a heterogeneous
protein-DNA complex containing En208 and ICP4 was not
formed. Together, these data indicate that B complex forma-
tion is dependent on protein-protein interactions through the
C-terminal regions of ICP4 molecules.

Two ICP4 dimers are present in the B complex. To investigate
the number of ICP4 dimers present in the B complex, we used
two variants of ICP4 capable of forming the B complex. For this
series of experiments, we used d810 and EICP4 (7). EICP4 is
equivalent to WT ICP4 but contains an HA epitope tag close to
the N terminus (Fig. 5A). The monoclonal antibodies 12CA5 and
58S were used to identify protein-DNA complexes formed by
EICP4 and d810. Again, pBend4D (Fig. 2C) served as the probe.
As expected, both d810 and EICP4 formed A and B complexes
(Fig. 5B, lanes 1 and 2, respectively). Both the A and B complexes
formed by d810 were supershifted by 58S (Fig. 5B, lane 3), and
both the A and B complexes formed by EICP4 were supershifted
by 12CA5 (Fig. 5B, lane 4). When EICP4 and d810 were
incubated together with the probe (Fig. 5B, lane 5), a heteroge-
neous B complex in addition to A and B complexes formed by
EICP4 and d810 appeared (Fig. 5B, compare lane 5 with lanes
1 and 2). When the monoclonal antibody 12CA5 was added to
a binding reaction mixture containing EICP4, d810, and the
probe (Fig. 5B, lane 6), the mobilities of the A and B com-
plexes formed by d810 remained unchanged but the A and B
complexes formed by EICP4 and the unique B complex super-
shifted (Fig. 5B, compare lane 6 with lanes 4 and 5). When the
monoclonal antibody 58S alone or along with the monoclonal
antibody 2CA5 was added to binding reaction mixtures con-
taining EICP4, d810, and the probe, the A and B complexes
formed by both EICP4 and d810 supershifted (Fig. 5B, lanes 7
and 8). Since 58S recognizes both d810 and EICP4, the nature

FIG. 3. ICP4 domains required for B complex formation. (A) Sche-
matic diagrams of WT ICP4 and different deletion mutants (drawn to
scale). The numbers on the top indicate the amino acid positions. The
map of the known domains of ICP4 (indicated by empty boxes) was
adapted from references 14 and 50. (B) Results of an EMSA of mutant
and WT ICP4 DNA complexes. Purified WT ICP4 and the mutant
proteins were incubated with DNA probes derived from plasmids
pk1-2 (lanes 2 to 6) and pBend4 (probe D) (lanes 8 to 12). Lanes 1 and
7 contained reaction mixtures lacking protein.

FIG. 4. B complex formation involves protein-protein interactions.
(A) Schematic diagrams of ICP4 and En208. The locations of the
epitopes recognized by the monoclonal antibodies 58S (black box) and
12CA5 (black oval) are indicated. The numbers on the top indicate the
amino acid positions. (B) ICP4 and/or En208 was incubated with probe
pBend4D (Fig. 2C) for mobility shift assays. Monoclonal antibodies
58S and 12CA5 were added to the indicated reactions. En208 formed
only an A complex (white circle), which was supershifted by 12CA5
(black circle). ICP4 formed both A (single white diamond) and B
(double white diamonds) complexes (lane 2), which were supershifted
by 58S (corresponding black diamonds) (lane 4). ICP4 and En208 did
not form a mixed complex (lane 5) to be supershifted by 58S (lane 6)
or 12CA5 (lane 7) or both 12CA5 and 58S (lane 8).

VOL. 81, 2007 DNA-DEPENDENT OLIGOMERIZATION OF HSV-1 ICP4 9233



of the protein-DNA complexes formed in Fig. 5B, lanes 7 and
8, could not be definitively interpreted. The mobility of the
unique DNA-protein complex formed in lane 5 (Fig. 5B) was
faster than the mobility of the B complex formed by EICP4
alone (and slower than the mobility of the B complex formed
by d810) and that of the unique complex supershifted by the
monoclonal antibody 12CA5 (Fig. 5B, lane 6). This observa-
tion is not easily reconciled with the conclusion that the unique
complex is an octomer. If octomers were forming these com-
plexes, then one would expect multiple unique complexes,
which were not seen. Therefore, these data indicate that the
unique protein-DNA complex was formed by one dimer of
EICP4 and one dimer of d810.

ICP4 contacts DNA outside its primary binding site in the B
complex. To find out whether ICP4 physically contacts DNA
outside the primary binding site in the B complex, we per-
formed DNase I footprinting of isolated ICP4-DNA com-
plexes. Figure 6A shows a schematic diagram of the protein-
DNA complexes used for this analysis. ICP4 protected only the
ICP4 binding site in the A complex (Fig. 6B, lane A). ICP4
protected the cognate ICP4 binding site and an extra stretch of
DNA about 50 bp downstream of the ICP4 binding site in the
B complex (Fig. 6B, lane B). A similar pattern of DNA pro-
tection was observed for DNA probes labeled uniquely at the

top or the bottom strand (Fig. 5C). This result suggests that
ICP4 makes contact with DNA outside and downstream of its
primary binding site in the B complex. The mutant n208
formed only an A complex with the probe and protected only
the cognate ICP4 binding site (Fig. 6B, lane A�).

B complex formation and kinetics of ICP4-DNA interaction.
We determined the KD of DNA-protein complexes formed by
ICP4 with short and long DNA probes containing different
ICP4 binding sites. Under the binding condition used, ICP4
had a higher affinity for the long DNA probes, with 
70 bp of
nonspecific DNA downstream of the ICP4 binding site, than
for the short (35 to 50 bp) DNA probes containing the corre-
sponding ICP4 binding sites (Fig. 7). ICP4 has a much greater
affinity for the binding site of the gC start site of transcription
than for the binding site located downstream of the gC start
site. The addition of extra DNA downstream of the stronger
binding site increased affinity only threefold. However, the
addition of extra DNA downstream of the weaker ICP4 bind-
ing site increased affinity 
300-fold.

DISCUSSION

The oligomerization of regulatory factors plays a key role in
the growth and differentiation of cells. Ligand-dependent
dimerization of epidermal growth factor receptor is a prereq-
uisite for normal receptor signaling (37). In contrast, ligand-

FIG. 5. Number of ICP4 dimers present in the B complex. (A) Sche-
matic diagram showing EICP4 and d810. The locations of the epitopes
recognized by 58S (black box) and 12CA5 (black oval) are indicated. The
numbers on the top indicate the amino acid positions. (B) ICP4 DNA
complexes formed between EICP4 and d810 with the probe pBend4D
(Fig. 2C). The indicated proteins and monoclonal antibodies, 58S and
12CA5, were added to the indicated reactions. EICP4 and d810 formed a
unique B complex (lane 5, indicated by a white star) in addition to the A
and B complexes formed by EICP4 and d810. This additional B complex
was supershifted by 12CA5 (lane 6, indicated by a black star). The A
complexes are indicated by a white circle and a white diamond for d810
and EICP4, respectively; the B complexes are indicated by double white
circles and double white diamonds for d810 and EICP4, respectively. The
supershifted A and B complexes are indicated by the corresponding black
circle or black diamonds. The lack of adequate resolution prevented the
identification of the complexes formed in lanes 7 and 8.

FIG. 6. ICP4 contacts DNA outside its cognate binding site in the B
complex. (A) Schematic diagram identifying the ICP4-DNA and n208-
DNA complexes. (B) DNase I protection for the top strand of the probe
by ICP4 and n208. (C) DNase I protection for the bottom strand of the
probe by ICP4. A, ICP4-DNA A complex; A�, n208-DNA A complex; B,
ICP4-DNA B complex; F, free DNA in ICP4-DNA binding reaction; F�,
free DNA in n208-DNA binding reaction; M, CT- or G-specific sequenc-
ing ladder of the probe. The specific ICP4 binding site and extra DNA
sequence (Seq.) protected are shown by vertical lines.
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independent oligomerization of (mutated) erythropoietin re-
ceptors induces cell transformation (56). DNA binding
proteins, such as TBP, dimerize in solution or as a part of
TFIID when not bound to DNA (55). A cellular transcription
factor known as germ cell nuclear factor binds DNA as a
dimer, oligomerizes in a DNA-dependent manner, and affects
the expression of various factors involved in cell differentiation
(27). Similar to germ cell nuclear factor, dimeric ICP4 oli-
gomerizes in a DNA-dependent manner and presumably af-
fects viral gene transcription. Here, we investigated the cis and
trans requirements of the process. Our investigation revealed
that DNA-dependent oligomerization of ICP4 involves multi-
ple protein-DNA interactions and specific ICP4 dimer-ICP4
dimer interactions.

Data from previous reports (3, 15) indicated DNA-depen-
dent oligomerization of ICP4. It was reported that ICP4
formed both low-mobility and high-mobility complexes with a
latency-associated promoter but only a high-mobility complex
with an ICP4 promoter (3). The low-mobility complexes with
an ICP4 promoter were not obtained presumably because of
the small size of the DNA probes used. It was also reported
earlier that ICP4 formed higher-order complexes with the
ICP4 promoter but contacted DNA only in the consensus bind-
ing site (15). The low-mobility complexes were presumably
formed through protein-protein interactions alone, or the ad-
ditional complexes were not stable enough to withstand the
highly active and low-molecular-weight DNA cleaving reagent
(1,10-phenanthroline-copper) employed for the protection ex-
periments (15). We observed that DNA-dependent oligomer-
ization of ICP4 involved DNA contacts in the specific binding
site and another stretch of DNA about 50 bp downstream. We
found that the DNA sequence of the additional protected
patch was 5�-GCTAGCATCGATCCATGGA-3�. This se-
quence does not constitute an ICP4 binding site. The sequence
is present upstream of the ICP4 binding site (in pBend4 probes
M and N) (Fig. 2C), but the sequence did not cause the for-
mation of the B complex nor was it protected from DNase I in
the A complex (Fig. 6B).

Structure of oligomerized ICP4. ICP4 is an obligatory dimer
in solution (39). The results presented here indicate that B
complex formation involves protein-protein interactions re-
quiring the C termini of the interacting ICP4 dimers. Several
lines of evidence attest this point: (i) ICP4 mutants lacking the

C-terminal region were unable to form the B complex, (ii)
deletion within the N-terminal region of the protein did not
affect B complex formation, and (iii) an N-terminal domain
mutant formed heterotetramers with WT ICP4. In addition, a
specific ICP4 binding site and a downstream nonspecific
stretch of DNA were required for oligomerization. We con-
clude that the B complex we analyzed in this study consists of
two dimers of ICP4 interacting with each other. One of the
interacting dimers interacts with a specific binding site, and
another interacts with nonspecific DNA downstream of the
specific binding. The requirement for DNA on only one side of
the ICP4 binding site attests to the asymmetric nature of the
ICP4 binding site and possibly ICP4 itself. However, it should
be noted that higher-order complexes appeared in the EMSA
when the conditions were right for B complex formation (Fig.
1 and 3). This suggests that higher-order oligomers can form.
It has previously been reported that ICP4 may almost coat the
viral genome early in infection (17). The interactions described
in this study may be the basis for this phenomenon. The ex-
periments conducted in this study were performed by EMSA,
in which a large excess of nonspecific competitor was used. An
intended outcome of this was the visualization of complexes
requiring some specific protein-DNA interactions. Therefore,
it cannot be ruled out that the DNA-dependent multimeriza-
tion of ICP4 may not require specific protein-DNA interac-
tions in virus-infected cells. Considering this possibility, using
reconstituted in vitro transcription and gC promoter templates
of defined composition and length downstream of the TATA
box, we have previously observed that the requirement for
DNA-protein contacts could be met by the presence of an
ICP4 binding site in the leader, by the presence of a site more
than 150 nucleotides further downstream, by the presence of
an inserted site that normally acts to repress transcription, or
by the addition of sufficient non-site-containing DNA (25).

Function of oligomerized ICP4. Our results show that ICP4
has relatively high affinity (KD � 35 nM) for a binding site at
the start of P4 transcription and that oligomerization does not
dramatically increase the stability of binding (only threefold).
For a weaker ICP4 binding site, the affinities of ICP4 for short
and long DNA fragments differed by more than 2 orders of
magnitude. Such an increase in affinity may play a significant
role in ICP4-mediated transcriptional activation under physi-
ological conditions. These data suggest that ICP4 may interact

FIG. 7. Probes used for determining KD of ICP4-DNA complexes. The probes are drawn to scale. Probe 1, equivalent to ICP4 promoter
positions �16 to �15; probe 3, equivalent to ICP4 promoter positions �108 to �177; probe 7, equivalent to gC promoter positions �75 to �124,
all relative to the transcription start site; probe GR, probe 7 trailed by 75 bp of plasmid DNA; probe GH, probe 7 appended downstream of 75
bp of plasmid DNA. The KD value for probe 7 was estimated to be 1 � 10�6 to 2 � 10�6 M; the value was difficult to determine due to the high
degree of dissociation of the DNA-protein complex.
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with long DNA molecules with multiple weak binding sites as
effectively as with its DNA containing one strong binding site.
A somewhat similar finding was reported previously, where it
was observed that a slow-moving complex formed by ICP4 with
a latency-associated prompter binding site dissociated much
slower than the fast-moving complex formed by an ICP4 bind-
ing site probe (3). ICP4 binding sites located at gC and gD
promoters are dispensable for the activation of the promoters
(25, 53). If B complex formation significantly increases the
affinity of ICP4 for DNA, a relatively weak binding site located
in the appended DNA may serve as a docking site for ICP4 for
subsequent promoter activation, particularly if ICP4 can ex-
tend its reach, so to speak, by oligomerizing on the viral ge-
nome. This in turn could further promote the assembly of
transcription preinitiation complexes through protein-protein
interactions between ICP4 and TFIID (7, 23).

n208 (which is unable to form a B complex) activates tran-
scription very poorly from supercoiled DNA templates in vitro
and activates only a subset of viral genes during infection (7,
14). The burst size of n208 is over 600-fold lower than that of
WT HSV (14). The lack of activation by C-terminal domain
mutants indirectly indicates that ICP4-ICP4 interactions in-
volved in B complex formation may be important in ICP4-
mediated activation. B complex formation, however, is appar-
ently not essential for ICP4-mediated repression in vitro. For
example, n208 efficiently represses transcription from promot-
ers containing a single relatively strong ICP4 binding site lo-
cated at the start site of transcription (26). ICP4-mediated
repression from such promoters may depend more on ICP4-
TBP-TFIIB cooperative interactions (26, 35, 54) and DNA
distortion by TBP (28, 31, 32, 36) and ICP4 (18, 35). However,
B complex formation may be important for repression as well
when the ICP4 binding site is not strong.

The C-terminal region of ICP4 is involved in other protein-
protein interactions. ICP4 and analogs in other herpesviruses
interact with TFIID in vitro (2, 7, 23). Biochemical studies
have shown that the C-terminal region of ICP4 and TAF250 of
TFIID are directly involved in ICP4-TFIID interaction (7).
Biochemical studies have also shown that the HSV regulatory
protein ICP0 interacts with the C-terminal region of ICP4 (58).
The C-terminal region of ICP4 is a large domain and may
provide interfaces for many different interacting factors. The
C-terminal regions of ICP4 analogs are highly conserved
among different alphaherpesviruses (9, 57). The available data
indicate that even small mutations in the C-terminal domain of
ICP4 significantly alter the biological activities of the protein
(6, 10). Studies are under way to determine the region within
the C-terminal domain of ICP4 involved in DNA-dependent
oligomerization to explore its contribution activation indepen-
dent of other functions in the C-terminal region of ICP4.
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