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Herpes simplex virus infection is initiated by VP16, a viral transcription factor that activates the viral
immediate-early (IE) genes. VP16 does not recognize the IE gene promoters directly but instead forms a
multiprotein complex with Oct-1 and HCF-1, a ubiquitous nuclear protein required for progression through
the G1 phase of the cell cycle. The functional significance of recruiting HCF-1 to the VP16-induced complex is
not understood. Here we describe the identification of a second HCF-like protein, designated HCF-2. HCF-2
is smaller than HCF-1 but shares three regions of strong amino acid sequence homology, including the
b-propeller domain required for association with VP16. HCF-2 is expressed in many tissues, especially the
testis, and shows a more dynamic pattern of subcellular localization than HCF-1. Although HCF-2 associates
with VP16 and can support complex assembly with Oct-1 and DNA, it is significantly less efficient than HCF-1.
A similar preference is shown by LZIP, a cellular counterpart of VP16. Analysis of chimeric proteins showed
that differences between the fifth and sixth kelch repeats of the b-propeller domains from HCF-1 and HCF-2
dictate this selectivity. These results reveal an unexpected level of specificity in the recruitment of HCF-1 to the
VP16-induced complex, paralleling the preferential selection of Oct-1 rather than the closely related POU
domain protein Oct-2. Implications for regulation of the viral life cycle are discussed.

The lytic cycle of herpes simplex viruses (HSVs) involves an
elaborate cascade of gene expression, initiated by the viral
transcriptional activator VP16 (reviewed in references 9, 26,
and 35). VP16 (also known as Vmw65 or aTIF) is a structural
component of the virion that is released into the infected cell.
After translocation to the nucleus, VP16 associates in a se-
quential manner with two cellular proteins, first the host cell
factor HCF (also referred to as C1, VCAF, or CFF) and then
the POU domain protein Oct-1 (8, 18, 33). Together these
three proteins form the VP16-induced complex on a specific
DNA sequence—the TAATGARAT motif—found upstream
of each of the viral immediate-early (IE) promoters (3). Once
VP16 is recruited to the IE gene promoters, it initiates high
levels of transcription by virtue of its potent activation domain
(28, 36).

HCF comprises a family of polypeptides derived from a
.2,000-amino-acid precursor through proteolytic processing
(19, 20, 41). Cleavage occurs at a series of six centrally located
26-amino-acid repeats (called HCFPRO repeats) producing
multiple amino- and carboxy-terminal fragments that remain
tightly but noncovalently associated following cleavage (19,
43). VP16 interacts with a discrete amino-terminal domain
(HCFVIC) composed of six kelch-like repeats that folds as a
six-bladed b-propeller. The HCF b-propeller is sufficient for
promoting VP16-induced complex assembly in vitro and in vivo
(40), although the carboxy terminus may also contribute to
complex formation (21).

The precise cellular function of HCF is not known; however,
analysis of tsBN67 cells, a temperature-sensitive hamster cell
line, has shown that HCF is required for cell cycle progression.
At the nonpermissive temperature, tsBN67 cells undergo a

G0/G1 arrest and can reenter the proliferative cycle, even after
several days in the arrested state induced by lowering the
temperature. This reversible block to proliferation is due to a
single proline-to-serine change in the b-propeller domain of
tsBN67 HCF (10). The missense mutation does not signifi-
cantly alter the stability or processing of HCF but prevents
association between HCF and VP16. Because a single-point
mutation in HCF disrupts both transactivation by VP16 and
cell proliferation, it is likely that VP16 mimics the interaction
between HCF and a cellular protein required for progression
through the G1 phase of the cell cycle (10, 40). This hypothesis
is strengthened by the fact that HCF has been conserved in
evolution: HCF from insects and nematodes can readily sup-
port VP16-induced complex formation (18, 39). One such cel-
lular target of HCF is the ubiquitous basic leucine zipper
transcription factor known as LZIP or Luman (7, 23). LZIP
together with a related Drosophila bZIP protein called
dCREB-A/BBF-2 contains a short tetrapeptide motif (the
HCF-binding motif [HBM]) that is found in VP16. Point mu-
tations in the HBMs of both VP16 and LZIP prevent binding
to HCF (7, 23, 24), and short peptides derived from VP16 that
span this motif act as potent inhibitors of VP16-induced com-
plex formation (12, 30, 44). Both LZIP and dCREB-A function
as potent transcriptional activators, suggesting that HCF plays
a role in cellular as well as viral transcription (1, 23, 24, 32).

Here we report the identification of a second human HCF
protein, designated HCF-2. HCF-2 and the original HCF (now
HCF-1) share two extensive regions of amino acid homology,
corresponding to the b-propeller and self-association domains
at the amino terminus and the self-association domain at the
carboxy terminus. Although HCF-2 can associate with VP16
and promote VP16-induced complex formation on a viral TA-
ATGARAT element, it is much less efficient that HCF-1.
Thus, despite the sequence similarity, HCF-2 is unlikely to
function as a physiological target of HSV. We have mapped
the critical differences between the b-propeller domains of
HCF-1 and HCF-2 to the fifth and sixth kelch repeats. Finally,
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we show that HCF-2 cannot substitute for HCF-1 in comple-
mentation of the tsBN67 cell proliferation defect and instead
acts as a growth inhibitor when overexpressed. These findings
suggest that HSV has specifically targeted the unique growth-
promoting functions of HCF-1.

MATERIALS AND METHODS

Identification of HCF-2 expressed sequence tags. The National Center for
Biotechnology Information expressed sequence tag (EST) database (dbest) was
searched by using the BLAST version 2.0 algorithm (blastn). Additional searches
were performed by using the sequence of the first HCF-2 EST clone (GenBank
accession no. AA421368) and a composite sequence assembled by using Mac-
Vector software (Oxford Molecular Group). In addition to the human cDNA
clones, seven ESTs derived from the murine HCF-2 cDNA were identified
(GenBank accession no. AA013895, AA2266375, AA492986, AA615766,
AU019838, AI020559, and AI159365). The composite murine sequence (921
nucleotides) predicts a protein fragment that is 92% identical and 99% similar to
the carboxy-terminal 232 residues of human HCF-2.

Isolation of HCF-2 cDNAs and Northern blotting. Additional cDNAs were
isolated by screening a mixed oligo(dT) and random-primed human adult testis
library (Clontech) with a 32P-labeled 533-bp random-primed fragment of HCF-2
cDNA (corresponding to nucleotides 1246 to 1778). This fragment was generated
by PCR amplification from an EST clone (GenBank accession no. AA421368) by
using the HCF-2-specific primers 59-GTCAGGATGGACCCTCACAGAC-39
and 59-GCCACTGGATTTGAAGGAGTC-39. DNA was prepared from positive
phages by using LambdaSorb phage absorbent (Promega). Northern blot analysis
was performed by using the labeled cDNA fragment described above to probe a
blot of human tissue poly(A)1 RNAs (2 mg/lane) as instructed by the manufac
turer (Clontech). Following autoradiography, the blot was stripped and reprobed
with a 1,078-bp HCF-1 cDNA fragment (corresponding to nucleotides 1194 to
2271 of our published cDNA sequence, GenBank accession no. L20010).

Construction of HCF-2 expression vectors. Fragments encoding either the
b-propeller domain (residues 2 to 373) or complete open reading frame (ORF;
residues 2 to 792) were generated by amplification using high-fidelity PCR
(Expand high-fidelity PCR system; Boehringer Mannheim). Unique XbaI and
BamHI sites were included at the 59 and 39 ends, respectively, and the fragments
were introduced between the corresponding sites in the mammalian expression
vector pCGN (34). The full-length ORF was constructed from two amplified
fragments that were fused by using a unique internal TaqI restriction site. The
cDNA clone used as the template for amplification of the carboxy-terminal end
of the HCF-2 ORF contained a C-to-T change (position 2185 in composite
cDNA) relative to other HCF-2 cDNAs and changes a proline residue to a
serine. Whether this reflects a reverse transcription error or a polymorphism is
unknown; however, because this residue is a proline in all other HCF proteins
and is therefore likely to be important for function, we modified the sequence to
code for a proline by using site-directed mutagenesis according to the
QuikChange protocol (Stratagene). The sequences of all PCR-generated frag-
ments were verified by DNA sequence analysis.

To generate swaps between portions of the b-propeller domains of HCF-1 and
HCF-2, we engineered a BglII restriction site at a conserved position near the
beginning of HCFKEL5 (residues Arg-255 and Ser-256 in HCF-1 and residues
Arg-245 and Ser-246 in HCF-2). The mutagenesis primer pairs (HCF-1, 59-GG
CGCCTCTTCCTAGATCTCTCCACTCGGCAACCACCATCG-39 and its
complement; HCF-2, 59-GGGACAGTGCCACTTCCAAGATCTCTTCATAC
AGCCAGTGTTATAGG-39 and its complement) were used to introduce the
BglII site (underlined). The amino acid sequences are unchanged by these mu-
tations.

Yeast two-hybrid interaction assay. The polylinkers of the Gal4 DNA-binding
domain (DBD) expression vector pGBT9 and Gal4 activation domain (AD)
expression plasmid pGAD424 were modified to include a T7 epitope tag and
unique SpeI restriction site, creating pYDBT and pYADT respectively. XbaI-
BamHI fragments encoding the HCF-1 and HCF-2 b-propeller domains, as well
as wild-type VP16DC (residues 5 to 411), mutant VP16DC (VP16DC E361A/
385Ala3), and the amino terminus of human LZIP, were then subcloned between
the unique SpeI and BamHI sites of the appropriate yeast vector. The resulting
DBD and AD plasmids were cotransformed into the reporter strain Y190 con-
taining Gal4-responsive his3 and lacZ reporter genes. The cDNA fragment
encoding the full-length ORF of human LZIP was generated by PCR using an
EST cDNA clone (GenBank accession no. R14706; Genome Systems Inc.) as a
template. The amplified fragment was verified by DNA sequencing.

Transfections, coimmunoprecipitations, immunoblotting, and electrophoretic
mobility shift assays. Human 293T cells were transfected with Lipofectamine
(Life Technologies), using 20 ml of lipid reagent per 6-cm-diameter dish. Whole-
cell nuclear extracts were prepared after 40 to 48 h by lysing cells in high-salt lysis
buffer (420 mM KCl, 10 mM Tris-HCl [pH 7.9], 5% glycerol, 0.25% Nonidet
P-40, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.2 mM sodium
vanadate, 50 mM sodium fluoride, 1 mM dithiothreitol). Nuclei were extracted at
4°C for 30 min and removed by centrifugation. For immunoprecipitations, 100 ml
of extract was incubated with 2.5 ml of hemagglutinin (HA)-specific antibody
(12CA5)-coupled protein G-agarose beads at 4°C for 1 h. The beads were

washed four times in 1 ml of wash buffer (200 mM KCl, 10 mM Tris-HCl [pH
7.9], 5% glycerol, 0.5 mM EDTA) before separation by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis. Immunoblotting was performed by
semidry transfer and detected by enhanced chemiluminescence (SuperSignal;
Pierce). The anti-HA antibody and anti-T7 antibody (Novagen) were diluted
1:5,000 and 1:10,000, respectively. Electrophoretic mobility shift assays were
performed as described previously (40, 41); complex formation was performed at
30°C, and electrophoresis was carried out at room temperature. Luciferase
reporter assays were performed under standard conditions. Extracts were pre-
pared in a commercial lysis buffer (Promega, Inc.) and measured with a LB9507
luminometer (EG&G Berthold, Inc.).

Immunofluorescence. HeLa cells were seeded onto sterile coverslips and
transfected with 1.5 mg of each HCF-1 or HCF-2 expression plasmid by using
Lipofectamine (Life Technologies). After 36 h, the cells were fixed in 3.7%
paraformaldehyde for 30 min, washed twice in phosphate-buffered saline (PBS),
and permeabilized for 10 min with PBS containing 0.3% Triton X-100 at room
temperature. The samples were then washed three times with PBS and once in
PBS containing 1% fetal bovine serum (FBS). The coverslips were incubated for
1 h at 4°C with the anti-T7 antibody (diluted 1:600 in PBS with 1% FBS and 300
mg of bovine serum albumin per ml), washed four times in PBS with 0.1% Triton
X-100, and washed once with PBS with 1% FBS. Coverslips were incubated with
the secondary antibody (fluorescein isothiocyanate-conjugated anti-mouse im-
munoglobulin G diluted 1:1,000) for an additional 1 h. Fluorescence was ob-
served with a Nikon fluorescence microscope.

Complementation of the tsBN67 proliferation defect. Subconfluent tsBN67
cells were incubated at 33.5°C for 20 h and transfected with 2 mg of each HCF
expression vector together with 2 mg of pSV2neo by using Lipofectamine (Life
Technologies). The DNA mixes were sterilized by ethanol precipitation prior to
transfection. After 2 days at 33.5°C, transfected cells were split into two 15-cm-
diameter dishes, and Geneticin (0.8 mg/ml) was included in the media to select
for stable transfectants. One dish was maintained at 33.5°C, and the other was
shifted to 39.5°C. Colonies on the plates incubated at 39.5°C were counted 1.5 to
2 weeks after transfection. Protein extracts were prepared from cells maintained
at 33.5°C and assayed by immunoblotting. Colonies were visualized by staining
with 0.5% crystal violet in 80% methanol.

Nucleotide sequence accession number. The sequence of the human HCF-2
cDNA has been deposited in the GenBank database under accession no.
AF117210.

RESULTS

Isolation of cDNAs encoding HCF-2. Sequences correspond-
ing to the amino-terminal self-association domain of HCF-1
(see Fig. 2A) were used to search the National Center for
Biotechnology Information dbest, using the BLAST 2.0 pro-
gram tblastn. We identified an EST sequence (GenBank ac-
cession no. AA421368) that encoded a hypothetical peptide
with extensive amino acids homology to the self-association
domain and the carboxy-terminal portion of the b-propeller

FIG. 1. Amino acid sequence of human HCF-2. The amino- and carboxy-
terminal blocks of homology to HCF-1 and nematode HCF are boxed.
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domain of HCF-1 but which differed significantly at the nucle-
otide level. Additional searches of dbest identified additional
overlapping EST sequences as well seven clones encoding the
murine homologue (see Materials and Methods). Based on the
presence of two HCF signature motifs, we designated this new

protein HCF-2, following our original nomenclature for
HCF-1 (41).

To determine a complete ORF, we screened an adult human
testis library, using a portion of the original cDNA clone as a
probe. This library was chosen because the tissue origins for

FIG. 2. HCF proteins share a common architecture. (A) The primary structures of human HCF-1 and HCF-2 as well as nematode HCF (GenBank accession no.
U61948; references 17 and 21) are shown schematically. The amino-terminal b-propeller (HCFVIC) domains are shown as shaded boxes. The eight HCFPRO repeats
of HCF-1 are indicated by open (nonfunctional) and filled (functional) arrowheads. The amino- and carboxy-terminal self-association domains (HCFSASN and
HCFSASC) are shown as hatched boxes. The nuclear localization signal (NLS) of HCF-1 is indicated by a filled box at the extreme carboxy terminus. The first 902 amino
acid (aa) residues of HCF-1 comprising the b-propeller, HCFSASN domain, and a poorly defined basic region are required to complement the tsBN67 defect. (B)
Comparison of the six kelch repeats which make up the b-propeller (HCFVIC) domains of human HCF-1 and HCF-2 (hHCF-1 and hHCF-2) and C. elegans HCF
(ceHCF). Identical residues are highlighted in black. Following the crystal structure of galactose oxidase, each kelch repeat is predicted to fold into four b-strands (b1
and b4 [boxed]) forming one b-sheet or blade of the b-propeller. Residue Pro-134 of HCF-1 (h1), which is mutated in tsBN67 cells, lies in the 4-1 loop connecting
HCFKEL2 and HCFKEL3. This position is conserved in HCF-2 (h2) and in nematode HCF(ce), emphasizing its importance in domain function. An asterisk near the
beginning of HCFKEL5 marks the location (Arg-Ser) of an engineered BglII site used to generate chimeric versions of the b-propeller. (C) Comparison of the
carboxy-terminal conserved regions of HCF-1, HCF-2, and C. elegans HCF. The bipartite nuclear localization signal of HCF-1 (bracketed) lies at the extreme carboxy
terminus of the polypeptide. HCF-2 lacks an equivalent cluster of basic residues.
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the HCF-2 EST collection revealed a significant bias towards
testis-derived libraries (see below). From 6.5 3 105 recombi-
nants, we isolated a total of 22 positive clones. Several inde-
pendent clones were sequenced, yielding a 2,583-bp composite
cDNA sequence, predicting a single ORF encoding 792 amino
acids. No alternative mRNA splicing products were identified
by this analysis. The predicted amino acid sequence is shown in
Fig. 1. The assignment of the first methionine remains tenta-
tive until additional 59 sequences containing an in-frame stop
codon have been identified. The HCF-1 and HCF-2 sequences
are strikingly different at the nucleotide level, most notably in
overall nucleotide composition. The HCF-1 ORF is very G1C
rich (63%) compared to that of HCF-2 (43% G1C), and this
may explain the lack of cross-hybridization during our initial
cloning and analysis of HCF cDNAs (41, 42).

At the amino and carboxy ends of the predicted HCF-2
protein, there are extensive regions of homology to mamma-
lian HCF-1 (10, 17, 39) and to a Caenorhabditis elegans HCF
homologue (17). These conserved regions (boxed in Fig. 1)
correspond to the b-propeller domain required for interaction
with VP16 and LZIP (40) and the amino- and carboxy-terminal
self-association domains. This conserved arrangement of func-
tional domains is shown schematically in Fig. 2A. The b-pro-
peller domains of HCF-1 and HCF-2 (364 residues) are 69%
identical and 83% similar, the amino-terminal self-association
domains (43 residues) are 54% identical and 77% similar, and
the carboxy-terminal self-association domains (192 residues)
are 59% identical and 72% similar. Alignments of the b-pro-
peller domain and conserved carboxy-terminal domain se-
quences from HCF-1, HCF-2, and nematode HCF are shown
in Fig. 2B and C, respectively. Within the b-propeller domain,
sequence identity is high across the entire domain, except for
the 4-1 loop of HCFKEL4 and the 2-3 loop of HCFKEL5, which
have diverged in all three proteins. Most striking is the con-
servation of the proline residue at the fourth position of each
repeat (indicated by a vertical arrow in Fig. 2B). In HCF-1 this
includes proline 134, which is mutated to serine in tsBN67
HCF, resulting in a conditional cell cycle arrest. The remark-
able conservation of this proline emphasizes its importance in
domain function. In terms of general structure, nematode HCF
more closely resembles HCF-2 (Fig. 2A). The predicted nem-
atode HCF polypeptide (782 residues) is considerably closer in
size to HCF-2 (792 residues) than HCF-1 (.2,000 residues).
At the amino acid sequence level, however, the two mamma-
lian proteins are equally similar to the invertebrate counter-
part, suggesting that HCF-1 and HCF-2 arose by gene dupli-
cation subsequent to the separation of vertebrate and
nematode ancestors.

The two conserved regions in HCF-2 are separated by 201
amino acids without obvious similarity to HCF-1 or other pro-
teins. Most notably, HCF-2 lacks the basic region of HCF-1,
which is required for complementation of the tsBN67 defect
(40). This spacer region is relatively serine/threonine rich
(28%), as is also the case in C. elegans HCF. In addition, the
predicted HCF-2 polypeptide sequence does not contain the
HCFPRO repeats that characterize HCF-1 (19, 43), suggesting
that HCF-2 is not subject to proteolytic processing. This is
confirmed by expression of an epitope-tagged version of the
complete HCF-2 ORF in human 293T cells, yielding a single
;95- to 100-kDa polypeptide species that presumably corre-
sponds to the predicted 87-kDa primary translation product
(data not shown and Fig. 5B).

HCF-2 is expressed in many tissues and at high levels in the
testis. To examine the expression patterns of HCF-2, we ana-
lyzed poly(A)1 RNA from various human tissues for the pres-
ence of transcripts that hybridize with an HCF-2 cDNA probe.

The result of this experiment is shown in Fig. 3. We chose a
0.5-kb fragment from the unique central region of HCF-2 as
the probe to avoid the possibility of cross-hybridization with
HCF-1. As shown in Fig. 3A, we observed a complex pattern of
hybridization under stringent conditions. Three transcripts
(3.2, 4.9, and 7 kb) were detected in all of the tissues except
peripheral blood, in which only the 3.2-kb transcript was evi-
dent (Fig. 3A, lane 8). The 3.2-kb transcript is extremely abun-
dant in testis (lane 4) and is likely to account for the cDNA
described in this study. An additional .10-kb species was de-
tected in spleen tissue (lane 1), and in testis additional 6- and
9-kb species were evident (lane 4), raising the possibility that
alternative versions of the HCF-2 mRNA or even additional
HCF-like genes exist. The same blot was stripped and re-
probed with an HCF-1 cDNA fragment (Fig. 3B). As we have
previously reported (41, 42), the HCF-1 cDNA detects a single
transcript species of ;10 kb, present at similar levels in all
tissues examined.

HCF-2 shows a more dynamic pattern of subcellular local-
ization than HCF-1. HCF-1 is an exclusively nuclear protein
(19), and correct localization is dependent on bipartite signal
that lies close to the carboxy terminus of the precursor
polypeptide (3a). Despite extensive homology within the car-
boxy terminus of HCF-2, there are no equivalent basic clusters
(Fig. 2C). This observation suggested the interesting possibility
that HCF-2 is a cytoplasmic protein or is targeted to the nu-

FIG. 3. HCF-2 is expressed in multiple tissues and is abundant in the testis.
Northern blot analysis of HCF-2 and HCF-1 mRNA. Poly(A)1 RNA (2 mg) from
normal human tissue was probed with an HCF-2-specific probe (A); the blot was
then stripped and reprobed with an HCF-1-specific probe (B) or a GAPDH-
specific probe (C). The tissues analyzed were spleen (lane 1), thymus (lane 2),
prostate (lane 3), testis (lane 4), ovary (lane 5), small intestine (lane 6), mucosal
lining of the colon (lane 7), and peripheral blood leukocytes (lane 8). Positions
of size markers are shown to the left of each panel.
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cleus by a different signal. To examine the subcellular localiza-
tion of HCF-2, we transiently transfected human HeLa cells
with an expression vector encoding full-length HCF-2. A bac-
teriophage T7 gene 10 epitope tag was included at the amino
terminus to allow detection of the recombinant protein. Sub-
cellular localization was determined by indirect immunofluo-
rescence using an anti-T7 monoclonal antibody. Figure 4 shows
the immunofluorescence pattern of representative cells from
an unsynchronized population of transfected cells. Consider-
able cell-by-cell heterogeneity was observed with HCF-2 (Fig.
4a to c), ranging from a predominantly nuclear staining pattern
(Fig. 4a) to a predominantly cytoplasmic staining pattern (Fig.
4c). Many cells were intermediate, showing staining in both
compartments (Fig. 4b). This heterogeneity was in striking
contrast to uniform staining patterns of two HCF-1 controls:
the carboxy terminus of HCF-1 (T7-HCF-1C [Fig. 4d]), which
localized to the nucleus of all transfected cells, and a version of
the HCF-1 carboxy terminus lacking the nuclear localization
signal (T7-HCF-1CDNLS [Fig. 4e]) which was exclusively cy-
toplasmic. These results indicate that HCF-2, in contrast to
HCF-1, can occupy multiple cellular compartments.

HCF-2 does not complement the tsBN67 cell proliferation
defect. Conditional loss of HCF-1 function in tsBN67 cells
leads to a reversible G1/G0 cell cycle arrest, and this defect can
be complemented by stable expression of an amino-terminal
fragment (residues 1 to 902) from wild-type HCF-1 (10, 40). To
determine whether HCF-2 could complement the tsBN67 cell
proliferation defect, we transfected tsBN67 cells with expres-
sion vectors encoding full-length HCF-2 (HCF-2FL) and mea-
sured colony formation at 39.5°C, the nonpermissive temper-

ature. The results of this experiment are summarized in Fig. 5.
As a positive control, we expressed the amino terminus of
HCF-1 (residues 1 to 1011; HCF-1N1011), which we have shown
is sufficient to complement the tsBN67 defect (40); as a nega-
tive control, we expressed the tsBN67 version of this fragment
(HCF-1N1011P134S). We used selection for G418 resistance to
eliminate untransfected cells. As shown in Fig. 5A, stable ex-
pression of the wild-type HCF-1 amino terminus gave rise to a
large number of colonies at the nonpermissive temperature,
indicative of efficient rescue of the temperature-sensitive de-
fect. In contrast, expression of either full-length HCF-2 (HCF-
2FL) or the mutant version of HCF-1 (HCF-1N1011P134S) gave
rise to few or no rescued colonies. Expression of HCF-2FL was
confirmed by immunoblotting extracts from a parallel cultures
maintained at 33.5°C (Fig. 5B, lanes 3 and 4). The levels of
HCF-2 protein (lanes 3 and 4) were in fact substantially higher
than the levels of wild-type HCF-1N1011 (lane 1). These results
indicate that complementation of the tsBN67 proliferation de-
fect requires one or more functions that are specific to HCF-1.

We next examined whether coexpression of HCF-2 could
interfere with complementation by wild-type HCF-1 (Fig. 5C).
Cultures of tsBN67 cells were stably transfected with an HCF-1
expression plasmid (HCF-1N902; dish i) or with the HCF-1
plasmid together with increasing amounts HCF-2 expression
plasmid (dishes ii to iv). HCF-1N902 and HCF-1N1011 comple-
ment with similar efficiency (40), and we chose the smaller
protein simply because it is easier to detect by immunoblotting.
As before, complementation was scored by examining the
number of G418-resistant colonies produced at the nonpermis-
sive temperature. To avoid the effects of promoter competi-

FIG. 4. Subcellular localization of HCF-2, determined by immunofluorescence analysis of HeLa cells transfected with expression plasmids encoding HCF-2FL (a
to c), HCF-1C (d), and HCF-1CDNLS (e). Thirty-six hours after transfection, cells were fixed and probed with an anti-T7 monoclonal antibody followed by a fluorescein
isothiocyanate-conjugated anti-mouse immunoglobulin G secondary antibody.
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tion, the total amount of cytomegalovirus-driven expression
plasmid was held constant by using a vector expressing b-ga-
lactosidase. As with HCF-1N1011, cultures transfected with
HCF-1N902 (dish i) gave rise to many rescued colonies. This
number was noticeably reduced by cotransfection with a 2.5-
fold excess of full-length HCF-2 expression plasmid (dish ii)
and essentially abolished with a 5- or 10-fold excess of HCF-2
(dishes iii and iv). This result indicates that full-length HCF-2
can function as a potent inhibitor of HCF-1 dependent cell
proliferation.

HCF-2 supports VP16-induced complex formation. The ex-
tensive amino acid sequence conservation throughout the
b-propeller domains of HCF-1 and HCF-2 suggested that
HCF-2 may be able to interact with HSV VP16 and support
VP16-induced complex formation. To address this, we coex-
pressed the HCF-2 b-propeller domain (residues 1 to 373)
together with VP16 in transiently transfected 293T cells and
assayed for VP16-induced complex formation by using an elec-
trophoretic mobility shift assay. As controls, we transfected
expression plasmids encoding wild-type and mutant (tsBN67)
versions of the HCF-1 b-propeller (HCF-1N380 and HCF-
1N380P134S, respectively). Figure 6A shows the results of this
analysis. Whole-cell extracts were prepared from the trans-
fected cells and mixed with a labeled DNA probe containing a
VP16-responsive TAATGARAT element derived from the
HSV ICP0 promoter together with Escherichia coli-expressed
Oct-1 POU domain protein. Wild-type HCF-1 gave rise to a
robust VP16-induced complex (Fig. 6A, lane 3, labeled HCF-1
mini-VIC), while P134S HCF failed to support complex for-
mation (lane 4). HCF-2 was also able to support VP16-induced
complex formation (lane 5), giving rise to a complex (labeled
HCF-2 mini-VIC) with a gel mobility slightly faster than that of
the complex formed by HCF-1. The distinctive mobility of the
HCF-2-containing complex may reflect a slightly different

shape, as the HCF-1 and HCF-2 b-propeller domains differ in
length by only seven amino acids and migrate with the same
mobility in a denaturing gel (Fig. 6B). This result demonstrates
that HCF-2 is capable of interacting with VP16 and promoting
the assembly of a VP16-induced complex that includes the
Oct-1 POU domain and DNA. The most striking difference
between HCF-1 and HCF-2 was in the relative abundance of
the VP16-induced complex (compare lanes 3 and 5). Although
equivalent amounts of HCF-1 and HCF-2 proteins were
present in these extracts (as determined by immunoblotting
[data not shown]), HCF-1 produced an approximately 10-fold-
stronger shift. This result suggests that HCF-2 may associate
with VP16 less efficiently or may be compromised in a subse-
quent step of VP16-induced complex assembly.

VP16 selectively recruits HCF-1 rather than HCF-2. To de-
termine whether HCF-1 and HCF-2 differ in the ability to
associate with VP16, we used a coimmunoprecipitation assay
to determine the relative affinity of each b-propeller domain
for VP16. Human 293T cells were cotransfected with increas-
ing amounts of VP16 expression vector (10 ng, 100 ng, and 1
mg) together with a constant amount of HCF-1, HCF-1, P134S,
and HCF-2 expression plasmids. A representative experiment
is shown in Fig. 6B. The HCF polypeptides were tagged with an
influenza virus HA epitope, and VP16 was tagged with the T7
epitope. HA-tagged HCF polypeptides were recovered by im-
munoprecipitation using an anti-HA monoclonal antibody
linked to agarose beads. As we have described previously (40),
VP16 could be readily recovered with the wild-type HCF-1
b-propeller (Fig. 6B, lanes 1 to 3) but not by a version of
HCF-1 carrying the tsBN67 point mutation (lanes 4 to 6).
Recovery by HCF-1 was proportional to VP16 expression and
was detectable at 10 ng of VP16 expression plasmid (lane 1).

Coimmunoprecipitation of VP16 by HCF-2 was detected
only at the highest level of VP16 expression (1.0 mg of VP16

FIG. 5. HCF-2 cannot complement the tsBN67 cell proliferation defect. Hamster tsBN67 cells were stably transfected with the HCF-1 or HCF-2 expression plasmids
indicated. Following transfection, the cells were incubated at 39.5°C with G418 for 1.5 to 2 weeks, and complementation was scored as the number of colonies of
proliferating cells. (A) Numbers of rescued colonies resulting from transfection with 5 mg of pCGNHCF-1N1011, 5 mg of pCGNHCF-1N1011P134S, and either 5 or 10
mg of pCGNHCF-2FL. The results from two independent experiments, (1) and (2), are given. (B) Expression of the HA-tagged proteins was monitored by
immunoblotting. Extracts were prepared from duplicate cultures maintained at 33.5°C with G418, resolved on an SDS–7% polyacrylamide gel, and probed with an
antibody against the HA epitope tag. The relative mobility of prestained molecular weight markers (Bio-Rad), given in kilodaltons, is indicated on the left. Two
nonspecific cross-hybridizing bands are indicated with asterisks. (C) Coexpression of HCF-2FL severely inhibits complementation by wild-type HCF-1. tsBN67 cells were
transfected with 1 mg of pCGNHCF-1N902 alone (dish i) or together with 2.5 mg (dish ii), 5 mg (dish iii), or 10 mg (dish iv) of pCGTHCF-2FL. The total amount of
expression vector was normalized to 20 mg, using pCMV-lacZ. Representative plates are shown, and proliferating colonies were stained with 0.5% crystal violet.
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plasmid [lane 9]), and recovery was similar to that of HCF-1
with 100 ng of VP16 expression plasmid, indicating at least a
10-fold-lower relative affinity. The same extracts were assayed
for VP16-induced complex assembly in an electrophoretic mo-
bility shift assay (Fig. 6C). Consistent with the coimmunopre-
cipitation results, complex formation by HCF-2 was detected
only in the presence of maximum levels of VP16 (lane 10) and
at a level similar to that seen at the midpoint of the HCF-1
titration (lane 3). These results indicate that the reduced level
of VP16-induced complex formation by HCF-2 is likely a con-
sequence of a lower relative affinity for VP16.

The cellular bZIP protein LZIP also discriminates between
HCF-1 and HCF-2. In addition to VP16, HCF-1 has been
shown to associate with a ubiquitous cellular bZIP protein
known as LZIP or Luman (7, 23). This interaction is mediated
by the b-propeller domain of HCF-1 and a tetrapeptide se-
quence known as the HBM present in both VP16 and LZIP (7,
24). Point mutagenesis studies have revealed a strong parallel
in the way that LZIP and VP16 recognize HCF-1 and suggest
that LZIP may also interact less effectively with HCF-2. We
addressed this question by using a yeast two-hybrid assay in
which the HCF-1 and HCF-2 b-propeller domains were ex-
pressed as Gal4 DBD fusion proteins, while VP16 and LZIP
were expressed as Gal4 AD fusions. Interaction was measured
by activation of a GAL1-HIS3 reporter gene, allowing growth
in the absence of histidine. These results are summarized in

Fig. 7A. Wild-type VP16 and LZIP both interacted with wild-
type HCF-1N380, as indicated by growth on both plates. In
contrast, HCF-2 did not interact with VP16 or LZIP in this
assay. As a control, a mutant version of VP16 (VP16-E361A/
385Ala3) failed to interact with either bait, confirming that the
interaction is specific and that neither Gal4 DBD fusion acti-
vated the GAL1-HIS3 reporter on its own. This result indicates
that LZIP can also clearly discriminate between the similar
b-propeller domains of HCF-1 and HCF-2, interacting strongly
with HCF-1 and not at all with HCF-2.

In addition to the yeast two-hybrid assay, we examined the
interaction between HCF-2 and LZIP by using an one-hybrid
assay in transfected mammalian cells. In this assay, either the
amino terminus of LZIP or full-length VP16 is recruited to a
reporter promoter through association with the HCF-1 or
HCF-2 b-propeller domain fused to residues 1 to 94 of the
Gal4 DBD. 293T cells were transfected by electroporation and
after 30 h assayed for luciferase activity. These results are
shown in Fig. 7B. Cotransfection of Gal4–HCF-1N380 with ei-
ther VP16 or LZIP resulted in strong activation of the reporter
gene. In contrast, cotransfection of Gal4–HCF-2N373 with
VP16 gave a more modest level of activation, consistent with
the reduced affinity measured by immunoprecipitation, while
LZIP barely activated above background levels. Gal4–HCF-
1N380 and Gal4–HCF-2N373 alone did not activate the reporter

FIG. 6. The b-propeller domain of HCF-2 is capable of supporting VP16-induced complex formation. (A) HCF polypeptides were coexpressed with VP16DC by
transfection of 293T cells. Whole-cell extracts were prepared after 40 h and assayed for stabilization of the VP16-induced complex in an electrophoretic mobility shift
assay. Lane 1 contains probe alone, and lanes 2 to 5 contain probe with Oct-1 POU domain proteins and the following cell extracts: mock transfection (lane 2), wild-type
HCF-1N380 and VP16DC (lane 3), HCF-1N380 P134S and VP16DC (lane 4), HCF-2N373 and VP16DC (lane 5), wild-type HCF-1N380 alone (lane 6), HCF-1N380P134S
alone (lane 7), and HCF-2N373 alone (lane 8). The positions of the free probe, Oct-1 POU domain complex, and VP16-induced complex containing native human HCF-1
(endog. VIC) or truncated HCF (HCF-1 or HCF-2 mini-VIC) are indicated. mut., mutant. (B) Immunoblot of extracts used for panel A. Extracts were resolved on
an SDS–10% polyacrylamide gel, transferred to nitrocellulose, and immunoblotted with a monoclonal antibody against HA (12CA5). The size of a molecular weight
marker is indicated on the left, and a nonspecific cross-reacting protein is indicated with an asterisk. (C) HCF-VP16 coimmunoprecipitation. Direct interaction between
HCF-2 and VP16DC was examined by coimmunoprecipitation assay. Extracts were prepared from 293T cells transfected with 10 ng, 100 ng, and 1.0 mg of T7-tagged
VP16DC expression plasmid together with a constant 3 mg of expression plasmids encoding HA-tagged wild-type HCF-1N380 (lanes 1 to 3), P134S HCF-1N380 (lanes
4 to 6), and HCF-2N373 (lanes 7 to 9). Extracts were precipitated with an anti-HA antibody, and VP16 was detected by immunoblotting with the anti-T7 epitope tag
antibody. Direct immunoblotting of the extracts (lower two panels) showed that all HA-tagged HCF polypeptides were expressed at equivalent levels and that the
expression of T7-tagged VP16 was proportional to amount of input plasmid. (D) Transfected cells extracts used for panel C were assayed for VP16-induced complex
formation by electrophoretic mobility shift assay. Labeled TAATGARAT-containing probe and the Oct-1 POU domain were mixed with the following transfected cell
extracts: mock transfection (lane 1), HCF-1N380 with 10 ng (lane 2), with 100 ng (lane 3), and with 1.0 mg of VP16DC expression plasmid (lane 4), HCF-1N380P134S
with 10 ng (lane 5), with 100 ng (lane 6), and with 1.0 mg of VP16DC expression plasmid (lane 7), and HCF-2 with 10 ng (lane 8), with 100 ng (lane 9), and with 1.0
mg of VP16DC expression plasmid (lane 10). For clarity, only the VP16-induced complexes produced by recombinant HCF (labeled HCF-1 and HCF-2 mini-VIC) are
shown. A nonspecific complex is indicated with an asterisk.
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(data not shown). These results show that HCF-2 interacts
weakly with VP16 and essentially fails to interact with LZIP.

Sequences within HCFKEL repeats 4 and 5 determine the
differential recognition of VP16 and LZIP. To probe the mech-
anism of selective recruitment in more detail, we generated a
pair of exchanges within the HCF-1 and HCF-2 b-propellers:
swapping the more divergent HCFKEL5 and HCFKEL6 repeats
(Fig. 2B). These chimeric proteins are shown schematically in
Fig. 8A. A precise exchange was achieved by engineering a
unique BglII restriction site at a conserved Arg-Ser dipeptide
near the beginning of HCFKEL5 (indicated with an asterisk in
Fig. 2B). The modified parental HCF-1(Bgl) and HCF-2(Bgl)
proteins, together with the reciprocal swaps HCF-1/2(Bgl) and
HCF-2/1(Bgl), were coexpressed in transiently transfected
293T cells together with increasing amounts of VP16 expres-
sion plasmid. Extracts were prepared and tested for VP16-
induced complex formation by gel mobility shift assay (Fig.
8B). Expression of each epitope-tagged polypeptide was con-
firmed by immunoblotting of the same extracts (Fig. 8C). As
shown already, the HCF-1 b-propeller (Fig. 8B, lanes 5 to 8)
gave rise to a robust VP16-induced complex (mini-VIC) that

was detectable even at the lowest concentration of VP16 (Fig.
8B, lane 5). In contrast, HCF-2 promoted very weak VP16-
induced complex formation with a characteristic small increase
in gel mobility (lanes 9 to 12). Less HCF-2 than HCF-1 was
expressed (Fig. 8C; compare lanes 5 to 8 with lanes 9 to 12),
slightly overemphasizing the difference in complex-forming
ability. The two chimeric proteins showed markedly different
complex-forming activities. The HCF-1/2 chimera was essen-
tially inactive (lanes 13 to 16), while the HCF-2/1 chimera
formed a strong complex similar to that formed by HCF-1
(compare lanes 5 to 8 and 17 to 20) and was detectable at the
lowest concentration of VP16 (lane 17). Interestingly, the
VP16-induced complex formed by the HCF-2/1 chimera mi-
grated with the characteristic faster mobility of HCF-2. These
results show that important determinants for VP16-induced
complex formation lie in the fifth and sixth kelch repeats.

As shown above, LZIP exhibits an even stronger preference
for HCF-1 than does VP16. Using the mammalian one-hybrid
assay, we examined whether the addition of HCFKEL5 and
HCFKEL6 to the HCF-2 b-propeller would allow LZIP to in-
teract with the HCF-2 b-propeller. This experiment is shown in
Fig. 8D. As before, LZIP functioned as a very potent activator
(2,600-fold stimulation) when tethered to the reporter pro-
moter through association with Gal4–HCF-1 and did not acti-
vate when coexpressed with Gal4–HCF-2, indicating an inabil-
ity to interact with the HCF-2 b-propeller. The specificity of
the assay was confirmed by using the tsBN67 point mutant
Gal4–HCF-1 P134S, which also failed to support transactiva-
tion. Consistent with the restored association with VP16, LZIP
interacted strongly with the HCF-2/1 chimeric b-propeller
(1,600-fold activation), activating to a level that was approxi-
mately half that of Gal4–HCF-1. Expression of each Gal4
fusion protein was confirmed by immunoblotting (data not
shown). These results show that LZIP also discriminates be-
tween HCF-1 and HCF-2 by recognizing differences in the fifth
and sixth kelch repeats and that LZIP can interact efficiently
with an HCF-2-derived b-propeller that contains HCF-1 ver-
sions of HCFKEL5 and HCFKEL6.

DISCUSSION

HCF (now HCF-1) was first purified and cloned by virtue of
its association with the HSV transactivator VP16 (19, 20, 41).
Subsequent analysis of cDNA clones and characterization of
the genomic locus of HCF-1 in both humans and mice did not
uncover evidence for other closely related genes (5, 6, 17, 42).
In this study, we describe a new HCF protein, designated
HCF-2, which we identified by database searching using the
amino acid sequence of a functionally defined domain. This
represents the first evidence that HCF-1 belongs to a family of
related proteins. Based on size and organization, the human
HCF-2 protein appears more similar to C. elegans HCF than to
HCF-1. Both HCF-2 and nematode HCF lack HCFPRO re-
peats and contain a relatively short nonconserved sequence
separating the two self-association domains. Within the con-
served domains, however, nematode HCF exhibits equivalent
homology to HCF-1 and HCF-2, suggesting the mammalian
proteins arose from a comparatively recent gene duplication
event. The HCFPRO repeats, which so far are known only for
HCF-1, may thus represent a recent addition to a more ancient
basic HCF architecture.

Northern blotting showed that the HCF-2 gene is tran-
scribed at low levels in many tissues, and a number of different
transcripts were detected. Most strikingly, there is a marked
accumulation of the 3.2-kb transcript in the testis. This finding
was corroborated through dot blot analysis of poly(A)1 RNA

FIG. 7. LZIP interacts with HCF-1 but not HCF-2. (A) Yeast two-hybrid
interaction assays with the b-propeller domains of HCF-1 and HCF-2. A yeast
GAL1-HIS3 reporter strain was transformed with expression plasmids encoding
the HCF-1 or HCF-2 b-propeller domain fused to the Gal4 DBD together with
a plasmid encoding either wild-type (wt) VP16, mutant VP16 (VP16 E361A/
385Ala3), or human LZIP (LZIPFL) each fused to the Gal4 AD. Transformants
were incubated for 3 days at 30°C in both the presence and the absence of
histidine. Growth without histidine (2 His) demonstrates activation of the
GAL1-HIS3 reporter gene, and growth with histidine (1 His) demonstrates that
the expression plasmids were not toxic to the cells; 20 mM 3-amino-1,2,4-triazole
(Sigma) was added to the media to suppress the low-level HIS3 expression
observed in the presence of the Gal4 DBD fusions alone. (B) One-hybrid assay
in transiently transfected 293T cells. A Gal4-responsive luciferase reporter gene
(p53Gal-E1B-luc) was transfected into 293T cells by electroporation together
with 1 mg of pCGNGal(1-94)HCF-1N380 or pCGNGal(1-94)HCF-2N373 and 500
ng of pUC119, pCGTVP161C, or pCGTLZIPN154, as indicated. Values are the
average of duplicate experiments. Fold activation was calculated relative to the
activity of each Gal4 fusion cotransfected with pUC119.
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derived from 50 human tissue sources, in which no other tissue
showed an equivalently strong hybridization signal (data not
shown). In addition, 42% of the unique human HCF-2 EST
clones present in GenBank were from testis-derived cDNA
libraries. The significance of high expression in the testis is
unknown but may reflect a specific role in the specialized series
of cell divisions that take place during spermatogenesis or in
the regulation of meiosis (reviewed in references 4 and 11).

HCF-2 shows a more complex pattern of subcellular local-
ization than HCF-1. Using an unsynchronized population of
cells, we found that exogenously expressed HCF-2 distributed
dynamically between the nuclear and cytoplasmic compart-
ments. The striking heterogeneity did not correlate with the
level of expression and instead may have resulted from the
asynchrony of the population, with individual transfected cells
caught at different points in the cell cycle. Analysis of synchro-
nized cells will address this interesting possibility. Shuttling
between compartments could provide a general mechanism for
regulating the transcriptional activity of HCF-2. For example,
studies of the E2F family have shown that while E2F-1, -2, and
-3 are predominantly nuclear throughout the cell cycle, E2F-4
and -5 are nuclear from G0 until mid-G1 and then relocate to
the cytoplasm in late G1, S, and G2 phases. This coincides with
reduced transactivation by E2F-4 as cells pass the restriction
point (25, 37). Two mechanisms that could account for the
cytoplasmic localization of HCF-2 are the lack of a conven-

tional basic nuclear localization signal and the presence of a
weak nuclear export signal. We have no evidence for the latter
and favor a model in which nuclear localization of HCF-2 is
achieved through regulated association with other cellular pro-
teins that are specifically targeted to the nucleus. Coexpression
of HCF-2FL with either the amino or carboxy terminus of
HCF-1 did not alter its localization, suggesting that HCF-1
does not provide this function (data not shown).

The association of VP16 and LZIP with HCF is mediated by
a short tetrapeptide, the HBM. This motif recognizes a less-
well defined but evolutionarily conserved interaction surface
provided by the b-propeller domain of HCF-1 (7, 24). Al-
though the HCF-2 b-propeller supports VP16-induced com-
plex assembly in vitro, it is inefficient compared to the HCF-1
b-propeller. This strong preference for HCF-1 was also ob-
served for full-length VP16 and HCF proteins (data not
shown). With LZIP, the difference in association is even more
marked, suggesting that HCF-2 cannot interact with LZIP un-
der physiological conditions. We have exploited this sharp
functional difference to begin to map critical residues within
the b-propeller domain involved in recognition of the HBM.
This analysis has shown that important determinants lie to-
wards the carboxy-terminal end of the HCF b-propeller.
Transfer of HCFKEL5 and HCFKEL6 from HCF-1 to the
HCF-2 b-propeller confers an HCF-1 like specificity.
HCFKEL5 is notable in being the least conserved of the six

FIG. 8. Sequences near the carboxy terminus of the HCF-1 b-propeller are required for high-affinity interactions with VP16 and LZIP. (A) Schematic represen-
tation of the parental and chimeric versions of the HCF-1 and HCF-2 b-propeller domains generated by using an engineered BglII site at analogous positions in HCF-1
(residues Arg-255/Ser-256) and HCF-2 (residues Arg-245/Ser-246). (B) 293T cells were transiently transfected with 3 mg of each HA-tagged b-propeller domain
expression plasmid together with 10 ng, 100 ng, 500 ng, or 1.0 mg of T7-tagged VP16DC expression plasmid. The HCF expression plasmids were pCGNHCF-1N380 (lanes
5 to 8), pCGNHCF-2N373 (lanes 9 to 12), pCGNHCF-2/1 (lanes 13 to 16), and pCGNHCF-2/1 (lanes 17 to 20). Lanes 3 and 4 are extracts from mock-transfected cells
or cells transfected with 1 mg of pCGTVP16DC. Extracts were prepared after 30 h and assayed by gel mobility shift assay using a labeled ICP0 probe and bacterial Oct-1
POU domain. The positions of the free probe, Oct-1 POU domain complex, and VP16-induced complex containing native human HCF-1 (endog. VIC) or truncated
HCFs (HCF-1 or HCF-2 mini-VIC) are indicated. (C) The extracts shown in panel B were resolved on an SDS–10% polyacrylamide gel and immunoblotted with anti-T7
and anti-HA antibodies (upper and lower panels, respectively). For simplicity, numbering corresponds to the lanes in panel B. A nonspecific cross-reacting band is
indicated with an asterisk. (D) Mammalian cell one-hybrid assay. Human 293T cells were transfected by electroporation with 500 ng of Gal4-responsive luciferase
reporter gene (p5xGal-E1B-luc), 500 ng of pCGTLZIPN154 and 750 ng of pCGNGal(1-94)HCF-1N380, pCGNGal(1-94)HCF-2N373, pCGNGal(1-94)HCF-1N380P134S,
pCGNGal(1-94)HCF-1/2, or pCGNGal(1-94)HCF-2/1. Luciferase activity was determined 24 h after transfection and plotted in terms of relative activation compared
to the reporter cotransfected with pCGTLZIPN154 alone. Values are the average of duplicate experiments.

3938 JOHNSON ET AL. J. VIROL.



repeats, especially within the 2-3 and 4-1 loops. Mutagenesis
studies have already shown that residues in HCFKEL2,
HCFKEL3, and HCFKEL4 are important for association with
both VP16 and LZIP (7), indicating that HCFKEL5 and
HCFKEL6 do not alone constitute the interaction surface. In-
stead, we suspect that these repeats or more precisely the
hypervariable loops within HCFKEL5, function as the determi-
nant of specificity, possibly by recognizing the equally variable
sequences flanking the core HBM tetrapeptide. The further
reduced activity of the HCF-1/2 chimera compared to HCF-2
may indicate additional differences in HCFKEL1 through 4 that
partially compensate for the deficiency in HCFKEL5 and -6.
The availability of two functionally distinct HCF proteins will
allow us to address this further. Additional swaps within
HCFKEL5 and HCFKEL6 should identify the amino acid dif-
ferences responsible for the selective association and, when
combined with targeted mutagenesis, ultimately define a dock-
ing surface for the HBM.

We suspect that there are additional cellular HBM-contain-
ing transcription factors, analogous to LZIP, that preferen-
tially associate with HCF-2 rather than HCF-1. Although the
functional significance of recruiting an HCF molecule to a
site-specific activator is not fully understood, the existence of a
family of proteins with slightly different specificity offers an
opportunity for regulation. For example, it may allow cells in
the testis to use HCF-2 for a specific task without compromis-
ing the housekeeping function of HCF-1 in regulating cell
proliferation. Screens to identify HBM-containing proteins
that associate with HCF-2 are in progress. Our observation
that HCF-2 functions as an inhibitor of tsBN67 complementa-
tion by HCF-1 suggests the two proteins share at least one
common target. It is conceivable that HCF-2 uses its conserved
carboxy terminus to sequester proteins used by HCF-1. Once
recruited to HCF-2, these factors would become unavailable
for use by site-specific activators such as LZIP. Accumulation
of HCF-2 in the cytoplasm would enhance any inhibitory effect,
by sequestering associated proteins in a separate compartment
of the cell. Measuring the relative abundance of endogenous
HCF-2 protein in a given cell type must await the generation of
specific antibodies, but in principle, simple fluctuations in the
relative levels of HCF-1 and HCF-2 could provide a mode of
regulation.

In summary, our results indicate that HSVs have evolved a
mechanism to preferentially target one member of an emerg-
ing family of HCF proteins. This association may be very sig-
nificant for the viral life cycle and is strongly reminiscent of the
preferential recruitment of Oct-1 to the VP16-induced com-
plex rather than the closely related Oct-2 protein (8, 18, 33).
Discrimination is achieved in the case of Oct-1 through recog-
nition of a single glutamic acid residue on the solvent-exposed
surface of the Oct-1 homeodomain (22, 27). VP16 plays a key
role in launching the lytic cycle during natural infections (2,
31), and a lack of VP16 function may act as a signal for the
virus to establish a latent or quiescent infection (16). HCF-1
may be the favored target because of its role in promoting G1
progression. Many DNA viruses require G1- or S-phase-spe-
cific components of the host cell for their replication (15), and
although HSV can infect resting cells, there is growing evi-
dence that cellular G1- and S-phase functions are induced early
in infection (13, 14, 29, 38). HCF-1 activity may be required for
the synthesis of these essential G1/S factors.

We favor the view that the VP16-induced complex functions
as both a sensor and a switch, first gauging the physiological
status of the infected cell and then, through activation of the
viral IE genes, selecting the lytic pathway. This hypothesis is
now strengthened by the fact that VP16 selectively recruits not

one but two members of multiprotein families, HCF-1 and
Oct-1, both of which have been implicated in the control of cell
proliferation. The combined presence of functional HCF-1 and
Oct-1 proteins may indicate to the virus that the cellular envi-
ronment is favorable for lytic growth.
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