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The herpes simplex virus (HSV) regulatory protein VP16 activates HSV immediate-early gene transcription
through formation of a multiprotein-DNA complex on viral promoters that includes the preexisting nuclear
proteins HCF and Oct-1. The HCF protein is a complex of amino- and carboxy-terminal polypeptides derived
from a large (;2,000-amino-acid) precursor by proteolytic processing. Here we show that a 361-residue
amino-terminal region of HCF is sufficient to bind VP16, stabilize VP16-induced complex assembly with Oct-1
and DNA, and activate transcription in vivo. This VP16 interaction region contains six kelch-like repeats, a
degenerate repeat motif that is likely to fold as a distinctive b-propeller structure. The third HCF kelch repeat
includes a proline residue (P134) that is mutated to serine in hamster tsBN67 cells, resulting in a temperature-
sensitive defect in cell proliferation. This missense mutation also prevents direct association between HCF and
VP16, suggesting that VP16 mimics a cellular factor required for cell proliferation. Rescue of the tsBN67 cell
proliferation defect by HCF, however, requires both the VP16 interaction domain and an adjacent basic region,
indicating that HCF utilizes multiple regions to promote cell cycle progression.

Lytic infection by herpes simplex virus (HSV) is character-
ized by a cascade of sequential gene expression initiated by the
virion protein VP16. Upon infection, VP16 (also known as
Vmw65 or aTIF) is released into the cell, whereupon it pro-
motes the formation of a multiprotein-DNA complex with two
cellular factors, HCF (also known as C1, VCAF, or CFF) and
Oct-1. VP16 associates with HCF independently of DNA (14,
17, 44), which stabilizes the association of VP16 with Oct-1 on
VP16-responsive cis-regulatory sites — the TAATGARAT el-
ement — within the HSV immediate-early promoters (11, 15).
The formation of this VP16-induced complex initiates the cas-
cade of HSV gene expression (reviewed in references 25 and
33).

In human cells, HCF comprises a family of 110- to 150-kDa
polypeptides (18, 39) derived from a 2,035-amino-acid precur-
sor protein (HCF300) through proteolytic processing: cleavage
at any one of a series of six centrally located 26-amino-acid
repeats, called the HCF repeats, results in amino- and carboxy-
terminal HCF fragments which remain associated after cleav-
age (16, 39, 41).

Although the precise cellular function of HCF has not been
established, analysis of a temperature-sensitive hamster cell
line, called tsBN67 (24), has revealed that HCF is required for
cell proliferation (12). At the nonpermissive temperature,
tsBN67 cells undergo a G0/G1 cell cycle arrest, which is due to
a proline-to-serine substitution at position 134 (P134S) in the
amino-terminal region of HCF (12). HCF stability and pro-
cessing are not affected by the tsBN67 mutation, but VP16-
induced complex formation and VP16 activation of transcrip-
tion are both disrupted at the nonpermissive temperature (12).

Whether the defect in VP16 activity is due to a direct effect on
the VP16-HCF interaction or an indirect effect due to the cell
cycle arrest of the tsBN67 cells at the nonpermissive temper-
ature is not known.

Here, we show that VP16 interacts with a discrete amino-
terminal 361-amino-acid region of HCF that is likely to form a
b-propeller structure. This region, called the HCFVIC domain,
is sufficient to promote VP16-induced complex formation in
vitro and transcriptional activation by VP16 in vivo. The
tsBN67 point mutation lies within the HCFVIC domain and
prevents interaction with VP16. Thus, the same point mutation
in HCF disrupts both cell cycle and VP16 function, suggesting
that VP16 interacts with the cell cycle machinery to regulate
HSV gene expression.

MATERIALS AND METHODS

Mammalian expression plasmids. T7-epitope-tagged VP16 (residues 5 to 412)
lacking the carboxy-terminal activation domain was expressed from
pCGTVP16DC. This construct is equivalent to pCGNVP16DC (39), except that
the amino-terminal HA epitope tag was replaced by the sequence MASMTG
GQQMG, which corresponds to the first 11 residues of the bacteriophage T7
gene 10 capsid protein and is recognized by the anti-T7 (aT7) tag monoclonal
antibody (Novagen).

The epitope-tagged full-length HCF expression construct pCGNHCFFL has
been described previously (39). pCGNHCFN1011 encodes the first 1,011 residues
of HCF with an additional BglII linker sequence, encoding residues Arg-Ser,
before the stop codon. pCGNHCFC encodes residues 1436 to 2035 and contains
the BglII site. The coding sequences of pCGNHCFN1011 and pCGNHCFC were
fused at the engineered BglII site to give pCGNHCFDrep, encoding a product in
which residues 1012 to 1435 are replaced by residues Arg-Ser. Additional trun-
cations were generated by using appropriate restriction sites or oligonucleotide-
mediated mutagenesis. The sequences of PCR-generated fragments were veri-
fied by DNA sequence analysis.

Transfections, immunoprecipitations, and immunoblotting. Human 293 cells
were transfected by electroporation with a Bio-Rad Genepulser with Extendor,
set at 200 mV and 960 mF. Whole-cell nuclear extracts were prepared after 40 h
by lysing cells in medium-salt lysis buffer (250 mM KCl, 10 mM HEPES-KOH
[pH 7.9], 5% glycerol, 0.25% Nonidet P-40, 0.2 mM EDTA, 0.5 mM phenyl-
methylsulfonyl fluoride, 0.2 mM sodium vanadate, 50 mM sodium fluoride, 1 mM
dithiothreitol, 1 mM benzamidine, 10 mg of leupeptin per ml, 10 mg of aprotinin
per ml). Nuclei were extracted at 4°C for 30 min and removed by centrifugation.
For immunoprecipitations, 300 ml of extract was incubated with 5 ml of anti-
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hemagglutinin (aHA) antibody (12CA5)-coupled protein G-agarose beads at
4°C for 1 h. The beads were washed four times with 1 ml of lysis buffer before
separation by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis.
Immunoblotting was performed as described in reference 39 and detected by
enhanced chemiluminescence (Amersham). The aT7 tag monoclonal antibody
(Novagen) was diluted 1:10,000.

In vitro transcription and translation, electrophoretic mobility retardation,
and coimmunoprecipitation assays. Template fragments for cell-free expression
of non-epitope-tagged amino-terminal HCF polypeptides were generated by
PCR with an upstream primer that included a T7 RNA polymerase promoter
and rabbit b-globin translation initiation sequence (59ATTAATACGACTCAC
TATAGGAAACAGACACCAATG. . . . . .39 [the translation initiation codon is
boldfaced]). Sequences encoding the carboxy terminus of HCF were subcloned
into the in vitro transcription and translation expression plasmid pCITE2a1
(Novagen) to give pCITEHCFC. For in vitro translation of HA-tagged VP16DC
and VP16DC-E361A/385Ala3 (21), VP16 sequences (encoding residues 5 to 412)
were subcloned into pNCITE (a gift of W. Tansey), a derivative of pCITE that
includes the HA epitope at the amino terminus of the expressed protein. The
P134S mutation was engineered in human HCF by site-directed mutagenesis.

In vitro transcription and translation reactions were performed in the presence
of [35S]methionine by using the TNT system and protocol (Promega, Inc.). HA
-epitope-tagged polypeptides were labeled to a lower specific activity by includ-
ing 1/20 of the standard amount of [35S]methionine. The amount of full-length
translation product was determined with a Fuji BAS1000 phosphorimager after
SDS-polyacrylamide gel electrophoresis, and, where necessary, normalized by
addition of unprogrammed lysate.

Electrophoretic mobility retardation assays were performed as described pre-
viously (39); complex formation was performed at 30°C, and electrophoresis was
performed at room temperature. Coimmunoprecipitation assays of in vitro-
translated proteins were performed as follows. Prior to immunoprecipitation, the
HA-tagged (5 ml) and untagged (10 ml) polypeptides were mixed and incubated
at room temperature for 15 min. Then 5 ml of precoupled aHA (12CA5)-protein
G-agarose beads was added in 35 ml of buffer D/0.2 (10 mM Tris-HCl [pH 7.9],
200 mM KCl, 0.1% Nonidet P-40, 5% glycerol, 1 mM EDTA, 0.5 mM phenyl-
methylsulfonyl fluoride, 50 mM sodium fluoride, 0.5 mM sodium vanadate, 10 mg
of leupeptin per ml, 10 mg of aprotinin per ml) and mixed, and the mixture was
incubated for a further 1 h at room temperature with occasional stirring. After
incubation, the beads were washed four times with 1 ml of buffer D/0.2. Immune
complexes were resolved by SDS-polyacrylamide gel electrophoresis (12% poly-
acrylamide), treated with the enhancing agent Amplify (Amersham), and visu-
alized by fluorography.

Yeast reporter strains and expression constructs. Saccharomyces cerevisiae
W3031a (32) was used to engineer two HIS3 reporter strains. Briefly, six copies
of an ICP0 (OCTA1)TAATGARAT element (CATGCTAATGATATTCTT),
spaced by XhoI recognition sites, was ligated into the EcoRI site of plasmid
pTH1 (5) (a gift of G. Mandel) upstream of the GAL1 promoter. This plasmid
and unmodified pTH1 were linearized with PvuII, transformed into W3031a, and
grown on plates lacking uracil. Ura1 colonies were selected and then restreaked
in the presence of 5-fluoroorotic acid (2), and eight 5-fluoroorotic acid-resistant
colonies were screened by Southern hybridization with a HIS3-specific probe to
recover strains that had lost the URA3 marker but retained the HIS3 reporter.
These reporter strains were then transformed with low-copy-number CEN vec-
tors (1) expressing HA epitope-tagged Oct-1 POU domain (residues 280 to 439),
full-length VP16 (residues 5 to 490), and HCFN380 containing TRP1, LEU2, and
URA3 selectable markers, respectively. Transformants were selected at 30°C on
plates lacking tryptophan, leucine, and uracil, and activation of the HIS3 reporter
was assayed on similar plates lacking histidine as well.

Rescue of the tsBN67 temperature-sensitive defect. tsBN67 cells (2 3 105/dish)
were incubated at 33.5°C for 20 h and transfected with 2 mg of each HCF
expression plasmid and 2 mg of pSV2neo by the Chen and Okayama method as
described previously (37). At 20 h after transfection, the cells were washed in TD
buffer and incubated at 33.5°C for an additional 48 h, and transformants were
selected over 2 weeks at either 33.5 or 39.5°C (two plates of each) in the presence
of G418 (0.8 mg/ml).

RESULTS

VP16 associates with a discrete region at the amino termi-
nus of HCF. Figure 1A (top) shows a schematic of the struc-
ture of epitope-tagged HCF. In our initial characterization of
HCF (39), we noted a series of 26-amino-acid sequence re-
peats (the HCF repeats), which have since been shown to be
responsible for directing processing of HCF (41). We also
noted four regions of HCF that displayed significant enrich-
ment for particular amino acids, i.e., (i) amino- and carboxy-
terminal regions enriched for charged residues and large hy-
drophobic residues (phenylalanine, tyrosine, and tryptophan),
and (ii) central regions enriched in basic or acidic residues
(Fig. 1A).

HCF binds to VP16 and stabilizes the VP16-induced com-
plex. We mapped the region of HCF responsible for binding to
VP16 by coimmunoprecipitation of HCF and VP16 polypep-
tides after transient expression in human 293 cells. Figure 1A
shows the HCF truncations used in this experiment. The HCF
polypeptides were tagged with an HA epitope (HA-HCF), and
VP16 was tagged with a bacteriophage T7 gene 10 epitope
(T7-VP16). HA-tagged HCF polypeptides were recovered by
immunoprecipitation with an aHA monoclonal antibody, and
the resulting immune complexes were resolved by SDS-poly-
acrylamide gel electrophoresis. Coimmunoprecipitated VP16
was then detected by immunoblotting with an aT7 antibody.

Figure 1B shows the results of such an experiment. Prior to
HA-HCF immunoprecipitation, each extract contained similar

FIG. 1. VP16 associates with the first 450 residues of HCF. (A) The struc-
tures of recombinant HCF and its derivatives are shown schematically. The six
near-perfect HCF repeats (solid arrowheads) and two degenerate repeats (open
arrowheads) are indicated. Regions generally enriched in particular types of
amino acids are represented by boxes. WYF signifies tryptophan, tyrosine, and
phenylalanine. The position of the alternative splice (Alt. splice) that removes
residues 382 to 450 is shown. In HCFDrep, residues 1012 to 1435 are deleted,
removing the HCF repeats. The polypeptide HCFN1011 includes all residues
amino-terminal to HCF repeat 1 (residues 1 to 1011), whereas HCFC includes all
residues carboxy-terminal to HCF repeat 8 (residues 1436 to 2035). Each
polypeptide includes an amino-terminal aHA epitope tag. The ability or inability
of each HCF polypeptide to coimmunoprecipitate VP16 is indicated by (1) and
(2), respectively. (B) HCF-VP16 coimmunoprecipitation. Extracts were pre-
pared from 293 cells transfected with 5 mg of T7-epitope tagged VP16DC ex-
pression plasmid alone (lane 1) or cotransfected with 5 mg of expression plasmids
encoding HA epitope-tagged HCFFL, HCFDrep, HCFN1011, HCFC, HCFN450–1011,
and HCFN450 (lanes 2 to 7). In the top panel, tagged HCF proteins were recovered
by immunoprecipitation with the aHA monoclonal antibody, resolved on an
SDS-8% polyacrylamide gel and immunoblotted with the aT7 tag antibody to
detect coimmunoprecipitated VP16. In the lower panel, 1/10 of the starting
extract was probed directly.
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levels of T7-VP16 (Fig. 1B, lower panel). After immunopre-
cipitation, however, the levels of T7-VP16 differed (upper
panel). VP16 was not recovered in the absence of HA-HCF
expression but was recovered in the presence of full-length
HA-HCF (compare lanes 1 and 2), indicating that recovery of
VP16 was dependent on HA-HCF expression. Association of
HCF and VP16 in this assay is resistant to high concentrations
(400 mg/ml) of the DNA-binding inhibitor ethidium bromide
(20, 42), consistent with DNA-independent HCF association
with VP16.

Deletion of the HCF repeats did not disrupt association with
T7-VP16 (compare lanes 2 and 3), indicating that HCF pro-
cessing is not required for its association with VP16. Of the
remaining four HA-HCF truncations analyzed, those carrying
the amino-terminal 450 residues of HCF associated with T7-
VP16 (lanes 4 and 7), whereas those lacking the amino-termi-
nal 450 residues failed to associate with T7-VP16 (lanes 5 and
6). These results indicate that the amino-terminal 450 residues
of HCF are sufficient to bind VP16.

The amino-terminal region of HCF contains six kelch-like
sequence repeats. The amino-terminal 450 amino acids of
HCF encompass the amino-terminal region enriched in
charged and large hydrophobic residues (Fig. 1A). Closer ex-
amination of this sequence revealed within the first 380 resi-
dues six copies of a sequence motif similar to a degenerate 50-
to 65-residue repeat motif found in a diverse array of proteins
including the Drosophila egg chamber protein kelch (45), the
Limulus actin-binding protein scruin (38), the Caenorhabditis
spermatid formation protein SPE-26 (35), and an actin kinase
(8). This repeat motif has been variously termed the kelch or
GG repeat; we refer to the six repeats in HCF as kelch repeats
HCFKEL1 to HCFKEL6. Figure 2 shows an alignment of the six
HCFKEL repeats.

Comparison of kelch repeat-containing proteins (3) indi-
cates that each repeat, except for the last one, forms a four-
stranded (b1 to b4) b-sheet that comes together to form a
highly distinctive barrel-like structure resembling a propeller.
This structure is variously referred to as a b-propeller (34) or
superbarrel (4). The last repeat in known b-propellers contains
only three b strands (b1 to b3) (Fig. 2) and associates with a
fourth b strand provided by the amino terminus of the circular
b-propeller structure, thus stabilizing the structure (reviewed
in reference 29). The sequence similarity to other kelch repeat-
containing proteins suggests that the six HCFKEL repeats

within the first 380 residues of HCF form a six-bladed b-
propeller structure.

The putative amino-terminal b-propeller domain of HCF is
sufficient to bind VP16. To determine how the six HCFKEL
repeats relate to the ability of HCF to bind VP16, we assayed
HCF association with VP16 by using a more extensive set of
truncations within this region of HCF, as shown in Fig. 3. As in
Figure 1, we assayed HCF binding to VP16 in a coimmuno-
precipitation assay, but in this case we assayed the recovery of
untagged HCF with immunoprecipitated HA-tagged VP16
(HA-VP16). Some of the HCF truncations were predicted to
disrupt the putative b-propeller structure and thus perhaps
affect the stability of the proteins. Therefore, here, both the
HCF and HA-VP16 proteins were expressed by translation in
vitro, such that protein synthesis could be controlled and mon-
itored more easily. To avoid obscuring the coimmunoprecipi-
tated HCF proteins, the VP16 was labelled at 1/20 the specific
activity of HCF (see Materials and Methods). To monitor the
selectivity of HCF association with VP16, we compared recov-
ery of HCF with VP16 and a matched VP16 mutant carrying
four point mutations that selectively disrupt the association of
HCF with VP16 (E361A/385A1a3) (21). Using this assay, we
measured the binding of four further truncations of HCF.

Some forms of natural HCF lack residues 382 to 450 owing
to an alternatively spliced mRNA (39); this natural HCF de-
letion disrupts the association between amino-terminal and
carboxy-terminal HCF fragments following HCF processing
(41). We therefore asked whether HCF residues 1 to 380
(HCFN380), which span the six HCFKEL repeats as shown in
Fig. 3A and thus contain the putative b-propeller structure but
lack sequences important for HCF fragment coassociation, can
bind VP16. The results of this experiment are shown in Fig. 3B
(lanes 1 to 3). HCFN380 was recovered by coimmunoprecipita-
tion with wild-type HA-VP16 (lane 2) but was not recovered if
either HA-VP16 was absent in the reaction (lane 1) or the
HA-VP16 mutant was used in the coimmunoprecipitation
(lane 3). Thus, HCFN380 can bind VP16 and amino- and car-
boxy-terminal HCF fragment coassociation is apparently not
required for HCF binding to VP16.

To determine the requirement for the HCFKEL repeat re-
gion for HCF binding to VP16, we assayed the three other
truncations of HCF: HCFN345 removes the last predicted b
strand of HCFKEL6; and HCFN20–450 and HCFN51–450 truncate
the amino terminus of HCF without or with the loss of a

FIG. 2. The HCFVIC domain is composed of six kelch-like repeats. The alignment of the six kelch-like repeats found at the amino terminus of HCF is shown.
Following the structure of galactose oxidase (3, 13), each kelch-like repeat is made up of four b-strands (b1 to b4 [boxed]) that form a b-sheet or blade. The b-strands
are connected by loops of variable length (1-2, 2-3, 3-4, and 4-1), with the 4-1 loop connecting the individual blades. In all known b-propeller structures, the last blade
is composed of three b-strands derived from the last repeat unit and one b-strand that lies amino-terminal to the first repeat unit. Residues conserved in three or more
repeats are shown in boldface type. The proline residue (P134) that is mutated to serine in hamster tsBN67 HCF is boxed and corresponds to an otherwise invariant
position indicated by a vertical arrow. The wild-type hamster HCF sequence in this region is identical to human HCF except for a single conservative aspartic-acid-
to-glutamic-acid substitution at position 238.
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portion of HCFKEL1, respectively. Consistent with the
HCFKEL repeats being important for VP16 binding, both
HCFN345 and HCFN51–450 failed to associate effectively with
VP16 (Fig. 3B, lanes 5 and 11). In contrast, the small amino-
terminal truncation HCFN20–450 could still associate with
VP16, although somewhat less effectively (lane 8). The re-
duced but still significant recovery of HCFN20–450 may result
from partial disruption of the very amino terminus of the first
predicted b strand in the putative b-propeller structure. These
results indicate that the entire HCFKEL-repeat region is both
sufficient and required for effective HCF binding to VP16.

The putative amino-terminal b-propeller region of HCF is
sufficient to stabilize VP16-induced complex formation. In ad-
dition to binding to VP16, HCF stabilizes the VP16-induced
complex. To determine whether the sequences required for
HCF stabilization of the VP16-induced complex colocalize
with those required for VP16 binding, we assayed the various
HCF truncations in a VP16-induced complex assay. Figure 4
shows the results of this analysis. VP16-induced complex for-
mation was assayed by electrophoretic mobility retardation on

a VP16-responsive TAATGARAT element, with Escherichia
coli-expressed Oct-1 POU domain and VP16 and in vitro-
translated HCF proteins. Consistent with the VP16-binding
results, the amino-terminal HCFN450 fragment, but not the
carboxy-terminal HCFC fragment, promoted VP16-induced
complex formation (Fig. 4, compare lanes 4 and 5 and lanes 16
and 17 with lane 3). Thus, the amino-terminal region of HCF
is sufficient to stabilize the VP16-induced complex.

Analysis of the remaining truncations of the amino-terminal
region of HCF exhibited a complete correspondence between
the ability to bind VP16 (Fig. 3) and stabilize the VP16-in-
duced complex. Thus, HCFN380 and HCFN20–450, but not
HCFN345 and HCFN51–450, were active in the VP16-induced
complex formation assay (Fig. 4, compare lanes 6 to 13). Fur-
thermore, assay of the combined truncation HCFN20–380 (lanes
14 and 15) shows that this minimal 361-amino-acid HCFKEL
repeat region of HCF is sufficient to stabilize the VP16-in-
duced complex. Consistent with incorporation of the variously
truncated HCF proteins in the VP16-induced complexes, the
mobility of the complexes during electrophoretic mobility re-
tardation varies with the size of the protein.

The results of HCF-VP16 association and VP16-induced
complex formation with the HCF truncations, together with
the kelch repeat similarity of the VP16-interacting region, in-
dicate that VP16 binding and stabilization of the VP16-in-
duced complex are both accomplished by a b-propeller-like

FIG. 3. The HCFKEL repeats are sufficient and required for the association
of HCF with VP16. (A) Structure of amino-terminal HCF polypeptides used for
coimmunoprecipitation. Shaded boxes denote the HCFKEL repeats. 1 and 2
denote the ability or inability to associate with VP16 in the coimmunoprecipita-
tion assay, respectively. (B) Coimmunoprecipitation of HCF polypeptides with
aHA epitope-tagged VP16. The proteins were translated in vitro with [35S]me-
thionine, allowed to associate, and then recovered by immunoprecipitation with
aHA monoclonal antibody beads. To compensate for the relative inefficiency of
recovery of untagged protein (approximately 10%), the epitope-tagged VP16
polypeptides were labeled to 1/20 of the specific activity of the untagged polypep-
tides. Each HCF polypeptide was mixed with a mock lysate (lanes 1, 4, 7, and 10),
with HA-tagged wild-type VP16 (lanes 2, 5, 8, and 11), or with HA-tagged
mutant VP16-E361A/385Ala3 (lanes 3, 6, 9, and 12). The HCF polypeptides
were as follows: HCFN380 (lanes 1 to 3), HCFN345 (lanes 4 to 6), HCFN20–450
(lanes 7 to 9), HCFN51–450 (lanes 10 to 12). Immune complexes were resolved on
an SDS-12% polyacrylamide gel and detected by fluorography. The mobility of
each HCF polypeptide is denoted by a dot; successful (1) or unsuccessful (2)
recovery of the HCF polypeptide by wild-type VP16 is indicated at the bottom of
the figure.

FIG. 4. The HCFKEL repeats are sufficient and required for HCF stabiliza-
tion of the VP16-induced complex. Polypeptides derived from the amino- and
carboxy-terminal regions of HCF were synthesized in vitro and assayed for HCF
activity in an electrophoretic mobility retardation assay, with a labeled
(OCTA1)TAATGARAT probe. Unbound probe (lane 1), probe mixed with
Oct-1 POU domain and GST-VP16 (lane 2), and Oct-1 POU domain and
GST-VP16 with 3 ml of unprogrammed reticulocyte lysate (lane 3) are shown.
The remaining lanes show assays with either 1 ml (lanes 4, 6, 8, 10, 12, 14, and 16)
or 3 ml (lanes 5, 7, 9, 11, 13, 15, and 17) of lysates programmed with templates
for expression of the HCF molecules indicated above the lanes. The positions of
the free probe, Oct-1 POU-domain complex, and the VP16-induced complex
containing rabbit HCF from the lysates (endog. VIC) or truncated HCF frag-
ments (mini-VIC) are indicated. The asterisk indicates a weak HCF-independent
VP16-Oct-1 POU domain complex (see lane 2).
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structure at the amino terminus of HCF. We refer to this
region of HCF as the HCFVIC domain.

The tsBN67 HCF point mutation lies in HCFKEL3 and dis-
rupts the association of HCF with VP16. The HCFVIC domain
spans the missense mutation P134S that causes the tsBN67
temperature-sensitive cell cycle arrest phenotype. The single
tsBN67 proline-to-serine substitution lies within the third
HCFKEL repeat and changes one of the four positions that are
conserved in all six HCFKEL repeats (Fig. 2). We have previ-
ously shown that VP16 fails to activate transcription in tsBN67
cells at the nonpermissive temperature and that extracts from
such cells fail to promote VP16-induced complex formation. In
those studies, however, we could not distinguish between indi-
rect effects on VP16 function due to arrest of tsBN67 cells at a
phase of the cell cycle in which VP16 functions are normally
not active and a direct effect of the P134S tsBN67 mutation on
VP16 function (12). To distinguish between these possibilities,
we directly tested the effect of the tsBN67 mutation on VP16-
induced complex formation.

We compared the ability of the wild-type and P134S tsBN67
HCFVIC domain synthesized in vitro to promote VP16-induced
complex formation as shown in Fig. 5A. By translating the
proteins in vitro, we could monitor their synthesis and stability.
Figure 5A shows a comparison of the mobility of the VP16-
induced complex formed with endogenous human HCF (lane
3) and the “mini”-VP16-induced complex formed by wild-type
HCFN380 (lane 5) in an electrophoretic mobility retardation
assay. HCFN380 carrying the P134S tsBN67 mutation, however,
failed to promote VP16-induced complex formation (compare
lanes 5 and 6). Thus, the tsBN67 HCF mutation has a direct
effect on VP16-induced complex formation.

To determine whether the defect in VP16-induced complex
formation coincides with loss of the interaction between the
P134S tsBN67 HCFVIC domain and VP16, we performed a
coimmunoprecipitation experiment, whose results are shown
in Fig. 5B. In reciprocal experiments, epitope-tagged wild-type
and P134S HCFN380 were immunoprecipitated in the presence
of untagged VP16 (lanes 1 and 2) and epitope-tagged VP16
was immunoprecipitated in the presence of untagged wild-type
and P134S HCFN380 (lanes 3 and 4). In both cases, the P134S
HCFN380 protein (lanes 2 and 4) bound VP16 10- to 20-fold
less effectively than did the wild-type HCFN380 protein (lanes 1
and 3). These results suggest that the HCF tsBN67 cell cycle
arrest mutation disrupts activation of transcription by VP16 in
vivo, by disrupting the ability of HCF to associate with VP16,
thus preventing the formation of the VP16-induced complex.

The HCFVIC domain is sufficient to support VP16 transcrip-
tional activation in vivo. Unlike animal cells, the yeast S. cer-
evisiae lacks HCF activity (40). We used the absence of HCF
(and Oct-1 and VP16) activity in S. cerevisiae to assay the
molecular requirements for activation of transcription by the
VP16-induced complex in vivo. Figure 6 shows the results of
such an experiment. We constructed a S. cerevisiae strain car-
rying an integrated HIS3 gene with multiple VP16-responsive
HSV TAATGARAT elements and full-length VP16, Oct-1
POU domain, and HCFN380 expression vectors. This strain
grows in the presence (1his) or absence (2his) of histidine
(sector A). The yeast cells, however, fail to grow in the absence
of histidine, if (i) the HIS3 gene lacks VP16-responsive TAAT
GARAT elements (sector B), (ii) the Oct-1 POU domain
carries a single-amino-acid substitution that prevents associa-
tion with VP16 (E22A [19, 26]) (sector C), (iii) VP16 lacks its
transcriptional activation domain (sector D), or (iv) HCFN380
either is left out (sector E) or carries the P134S tsBN67 point
mutation (sector F), respectively. These results show that the
HCFVIC and Oct-1 POU domains are sufficient to support

VP16 transcriptional activation in vivo and that the interac-
tions among members of the VP16-induced complex in S.
cerevisiae are apparently specific, because individual point mu-
tations in these two proteins that disrupt VP16-induced com-

FIG. 5. The HCF tsBN67 point mutation disrupts stabilization of the VP16-
induced complex and association with VP16. (A) HCF polypeptides were syn-
thesized by translation in vitro and assayed for stabilization of the VP16-induced
complex in an electrophoretic mobility retardation assay. Lane 1 contains probe
alone, and lanes 2 to 6 contain probe with Oct-1 POU domain and GST-VP16
fusion protein: HeLa cell nuclear extract (lane 3), unprogrammed reticulocyte
lysate (URL) (lane 4), and reticulocyte lysates programmed with templates for
wild-type (WT; lane 5) or P134S tsBN67 (lane 6) human HCFN380. The positions
of the free probe, Oct-1 POU-domain complex, and VP16-induced complex
containing native human HCF (VIC) or truncated HCF (mini-VIC) are indi-
cated. (B) The P134S mutation disrupts the direct interaction between VP16 and
HCF. Direct interaction between HCFN380 and VP16 was examined by coimmu-
noprecipitation assay as described in the legend to Fig. 3B. HA-tagged HCFN380
(WT) (lane 1) or HCFN380P134S (lane 2) was mixed with untagged VP16DC, or,
conversely, HA-tagged VP16DC was mixed with untagged HCFN380 (WT) (lane
3) or HCFN380P134S (lane 4), and the mixtures were incubated prior to addition
of the aHA antibody. Immune complexes were resolved on a 12% polyacryl-
amide gel and detected by fluorography.
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plex formation in vitro also disrupt VP16 transcriptional acti-
vation in vivo.

The HCFVIC domain is not sufficient to rescue the tsBN67
cell proliferation defect. The studies described above show that
the amino-terminal HCFVIC domain of HCF is sufficient to
promote VP16-induced complex formation in vitro and tran-
scriptional activation in vivo. In the experiment in Fig. 7, we
determined the regions of HCF required to rescue the tem-
perature-sensitive tsBN67 hamster cell defect. We transfected
tsBN67 cells with a set of wild-type and truncated HCF expres-
sion vectors and assayed them for focus formation at 39.5°C,
the nonpermissive temperature for tsBN67 cell proliferation.
As described previously (12), full-length human HCF rescues
the temperature-sensitive defect (Fig. 7A). Deletion of the
HCF repeats (HCFDrep) does not disrupt the rescue of tsBN67
cells. This result shows that wild-type HCF need not be pro-
cessed to complement the tsBN67 cell-proliferation defect.
Furthermore, HCFD382–450, in which amino-terminal and car-
boxy-terminal HCF fragment association is disrupted (41),
complements the tsBN67 defect (Fig. 7A). Thus, amino-termi-
nal and carboxy-terminal HCF-fragment association is not nec-
essary to rescue the tsBN67 cell proliferation defect.

The amino-terminal half of HCF (HCFN1011) also comple-
ments the tsBN67 cell proliferation defect, but when this re-
gion is divided in two, as in HCFN450 and HCFN450–1011, nei-
ther fragment of HCF complements the tsBN67 cell defect
(Fig. 7A). Thus, although the HCFVIC domain can support
VP16-induced complex formation and transcription, it is not
sufficient to promote cell proliferation in tsBN67 cells; appar-
ently, other amino-terminal HCF sequences are required. The

deletion analysis shown in Fig. 7B suggests that the basic re-
gion of HCF acts cooperatively with the HCFVIC domain to
overcome the tsBN67 defect: neither deletion of the sequences
between the two domains (HCFN1011D382–450) nor deletion of
sequences carboxy-terminal of the basic region (HCFN902) af-
fects tsBN67 cell complementation of the tsBN67 cell prolif-
eration defect, but deletion of sequences extending into the
basic region (HCFN836) does disrupt complementation of the
tsBN67-cell defect (Fig. 7B). Thus, the basic region of HCF
provides an additional function that is required to overcome
the tsBN67 cell proliferation defect but is not essential for
VP16-induced complex formation. These results indicate that
multiple regions of HCF are involved in promoting cell cycle
progression, only one of which is targeted by VP16.

DISCUSSION

HCF, a cellular cofactor during HSV infection, is a struc-
turally complex protein of more than 2,000 amino acids. We
have identified the region of HCF responsible for stabilizing
the HSV VP16-induced complex. This HCFVIC domain is a
relatively small region (361 amino acids) located at the amino
terminus of the protein. Identification of this minimal domain
indicates that despite its large size and complexity, only a small
portion of HCF is intimately involved in stabilizing the VP16-
induced complex. Mapping of the HCFVIC domain to a small
region of HCF suggests that assembly of the VP16-induced
complex, a large multiprotein-DNA complex, results from the
contributions of relatively small subdomains of the individual
cellular components: Oct-1 provides the 160-amino-acid DNA-

FIG. 6. The HCFVIC domain is sufficient to promote VP16 activation of
transcription in vivo. A yeast strain containing a HIS3 reporter gene driven by six
copies of an (OCTA1)TAATGARAT element (A and C to F) or lacking the
TAATGARAT element (B) was transformed with multiple yeast expression
plasmids. Transformants were streaked on plates containing (1his) or lacking
(2his) the amino acid histidine. The yeast cells were transformed with the
following expression plasmids: segments A and B, HCFN380, full-length VP16,
and Oct-1 POU domain; segment C, HCFN380, full-length VP16, and Oct-1
POU(E22A) domain; segment D, HCFN380, VP16DC (lacking the carboxy-ter-
minal transcriptional activation domain), and Oct-1 POU domain; segment E,
full-length VP16 and Oct-1 POU domain; and segment F, HCFN380P134S, full-
length VP16, and Oct-1 POU domain.

FIG. 7. Both the HCFVIC domain and basic region are required to rescue the
tsBN67 cell-proliferation defect. (A) Hamster tsBN67 cells were stably trans-
fected with the pCGNHCF expression constructs indicated. Following transfec-
tion, the cells were incubated at 39.5°C with G418 for 2 weeks. The number of
colonies scored in duplicate experiments is shown. (B) tsBN67 cells were trans-
fected with the HCF expression constructs indicated and viable transformants at
39.5°C scored as in panel A. The results of duplicate experiments are shown.
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binding POU domain (15, 30), and HCF provides the 361-
amino-acid HCFVIC domain (this study). These minimal do-
mains of Oct-1 and HCF can support transcriptional activation
by VP16 in vivo (Fig. 6); thus, the function, if any, of the other
regions of Oct-1 and HCF in the regulation of HSV immedi-
ate-early gene transcription remains to be elucidated.

Specific proteolytic processing at the centrally located HCF
repeats results in amino- and carboxy-terminal HCF fragments
which remain associated with one another. Antibodies directed
against the carboxy-terminal region of HCF disrupt VP16-
induced complex formation (39), suggesting that the carboxy
terminus of HCF is incorporated into the native complex.
Although HCF processing and coassociation are conserved in
mammals (9, 12), we show here that association of the HCFVIC
domain with the carboxy terminus of HCF is not required to
stabilize the VP16-induced complex. Therefore, if other re-
gions of HCF, including the carboxy terminus, play a role in
stabilization of the VP16-induced complex, their role(s) is
likely to be more subtle than that of the minimal HCFVIC
domain identified here.

The HCFVIC domain is likely to form a six-bladed b-propel-
ler. The amino acid sequence of the HCFVIC domain contains
six copies of a repeat motif related to repeats found in other
proteins, including the Drosophila egg chamber protein Kelch
(45), and these repeats are likely to form a b-propeller struc-
ture (3). A b-propeller can contain four to eight circularly
arranged b-sheets, forming b-propellers with four to eight
blades (13, 23, 34, 43). Each of the six HCFKEL repeats is
predicted to form a b-sheet, thus forming a six-bladed b-pro-
peller structure. The proposed b-propeller structure coincides
precisely with the HCFVIC domain (Fig. 4), suggesting that the
integrity of this structure is required for HCF to bind VP16 and
stabilize the VP16-induced complex. Consistent with this con-
clusion, individual triple-alanine-substitution mutations of the
conserved FGG sequence in repeats HCFKEL1 and HCFKEL3
and the corresponding WSG sequence in the HCFKEL6 repeat
disrupt VP16-induced complex assembly (10). As indicated in
Fig. 2, these residues are predicted to lie at the end of the
second b-strand and are expected to play a critical role in
maintenance of the b-propeller fold.

The b-propeller structure is a common structural motif
shared by many proteins with different functions and little
sequence similarity. The crystal structures of a number of dis-
parate enzymes including influenza virus neuraminidase, a six-
bladed b-propeller (34), and fungal galactose oxidase, a seven-
bladed b-propeller (13), have been solved. In these enzymes,
the active site is composed of loops between b-strands ar-
ranged on one surface of the propeller. Thus, the b-sheets that
form the propeller blades generate an apparent scaffold upon
which structural and functional specificity is built.

Perhaps the b-propeller structure most relevant to the
HCFVIC domain and its interaction with VP16 is that of the b
subunit of the heterotrimeric G proteins (22, 28, 36). Hetero-
trimeric G proteins are the regulatory target of seven-helix
transmembrane receptors (6). They are composed of three
molecules: a Ga subunit and a stable heterodimer of Gb and
Gg subunits. The Gb subunit contains a seven-bladed b-pro-
peller that binds to the Ga subunit, thus coordinating protein
complex assembly (22, 36).

It is not known how HCF associates with VP16 and stimu-
lates VP16-induced complex formation. One hypothesis is that
HCF binds to and stabilizes a conformation of VP16 that can
associate more effectively with Oct-1 and TAATGARAT reg-
ulatory sites (17). The structure of the heterotrimeric G-pro-
tein complex provides evidence for such conformation-specific
interactions with a b-propeller structure because only one of

multiple known Ga subunit conformations —the GDP-bound
form — binds to the Gb b-propeller structure (22, 36). Thus, in
the same way that the Gb subunit associates with a specific
conformation of the Ga subunit, the HCFVIC domain may
associate with and then stabilize a specific conformation of
VP16.

Stabilization of such a specific conformation of VP16 by
HCF may involve more than simply binding of HCF to VP16.
Simmen et al. (27) have performed a mutational analysis of the
HCFVIC domain described here. Substitution of HCF residues
E102 and K105 affected VP16-induced complex assembly.
These residues lie within the HCFKEL2 repeat, near the
tsBN67 P134S mutation in the HCFKEL3 repeat (Fig. 2). How-
ever, in contrast to the tsBN67 mutation which disrupts HCF
binding to VP16, the two HCFKEL2 repeat mutations have no
evident effect on HCF binding to VP16. Together, these results
suggest that P134 lies at or near a critical contact surface
between HCF and VP16, whereas the nearby residues E102
and K105 affect a separate function of HCF involved in pro-
moting the formation of the VP16-induced complex, perhaps
through stabilization of a specific conformation of VP16 (27).

VP16 targets a region of HCF involved in cell cycle progres-
sion. The tsBN67 mutation in HCF causes a temperature-
sensitive G0/G1 cell cycle arrest (12). We have shown here that
this single point mutation is located in the HCFVIC domain and
disrupts the ability of HCF to bind VP16, stabilize the VP16-
induced complex, and activate transcription in vivo. Thus,
VP16 apparently targets a surface of HCF used to promote cell
proliferation. We believe that, to interact with HCF, VP16
mimics a cellular protein whose natural function involves as-
sociation with HCF to promote cell cycle progression. If this is
true, the interaction between VP16 and HCF would serve as an
excellent sensor of the cell cycle status of the infected cell,
allowing VP16 to coordinate initiation of the lytic phase of the
virus life cycle with the cell cycle status of the infected cell.

Efficient rescue of the tsBN67 phenotype requires more than
the HCFVIC domain: the adjoining basic region is also re-
quired. Thus, both Oct-1 and HCF display different require-
ments for their HSV-associated and cellular functions. The
Oct-1 POU domain and HCFVIC domain are sufficient to pro-
mote the activation of transcription by VP16 (7) (see above),
but additional domains, transcriptional activation domains in
Oct-1 (31) and the basic region in HCF (this study), are in-
volved in the cellular functions of Oct-1 and HCF, respectively.
The identification of cellular effector molecules responsible for
the functions of HCF will be important for illuminating how
HCF promotes cell cycle progression.
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