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ABSTRACT. The human cellular factor (HCF) is a multidomain protein that is implicated in processes of
cell cycle progression, and it is recruited into a multicomponent assembly that triggers the expression of
the herpes simplex virus genome. The amino-terminal domain of HCF has been proposed to form a “kelch”
type 3-propeller fold, and the carboxy-terminal domain contains a repeat of a fibronectin-like motif. We
describe the expression, purification, and characterization of the domains from the human HCF and of
the full-length HCF frontCaenorhabditis elegan¥he purified recombinar€. elegandHCF can substitute

for the human HCF in efficiently forming a multiprotein complex on a herpes simplex virus promoter
element. As noted in earlier studies, a segment of human HCF encompassing the human kelch domain
forms a stable complex on a viral promoter element. The purified fibronectin domain can also be recruited
into this complex, but not into the stable complex formed with the minimal kelch domain. These results
suggest that the fibronectin domain can interact with HCF in the transcriptional activating complex and
that the association requires a region outside the putAtpepeller.

The human nuclear protein HCF-1 was originally “blades” of the propeller are made of at least four antiparallel
identified as a transcriptional coactivator involved in p-strands, and six such blades form a self-closing barrel-
gene expression of the herpes simplex virus (HSV). like architecture (reviewed in ref).

After viral infection, the viral transcriptional activator VP16 The domain organization of HCF-1 is shown in Figure 1.
(also termed Vmw65 antiTIF) forms a heteromeric  HCF-1 is synthesized as a large polypeptide of 2035 amino
complex with HCF-1 (also called C1, VCAF, and CFF). acids and is subsequently processed by proteolytic cleavage
The complex then recruits the cellular DNA-binding at a series of six HCFrko repeats located near the center
protein, Oct-1, on the TAATGA(G/A)AT element in the  of the protein 8—10). This processing generates two domains
upstream promoter of the HSV viral immediate-early genes, that are associated noncovalently through the interaction of
and activates transcription (reviewed in &f In addition  two sets of “self-association sequence” SASI1N pairs with
to its role in the activation of viral genes, HCF-1 acts as a SAS1C, and SAS2N pairs with SAS2@1). The SAS1C
vehicle for nuclear import of VP16. This activity requires a gomain corresponds to a pair of fibronectin type 3 (Fnlll)
nuclear localization signal (NLS) located at the C-terminus sequence motifs, and this domain interacts with a 43-residue

of HCF-1 @). _ _ sequence (SASIN) outside the kelch domain at the N-
The 380 amino-terminal residues of HCF-1 were shown terminus. The Fnlll motif is predicted to form a globular

to be sufficient to bind VP16, stabilize the VP16-induced gomain with layered3-sheets, like that found repetitively
complex, and activate transcription in vivd, 6). Examina-  in fipronectin and other cell surface proteins. The
tion of the sequence of these amino-terminal residues revealssas2 domains are located in basic and acidic regions
six copies of a sequence motif that was first defined in the and have been mapped with less precision. Predictive

Drosophilaprotein kelch 6). This kelch-like region has been  methods indicate that these SAS2 regions may not be
proposed to have #-propeller structure, whereby the structured.
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Ficure 1: Domain organization of human HCF-1 aBdelegandHCF. (A) Full-length HCF-1 an€. elegansHCF (CeHCF) are illustrated
with structural and functional domains indicated. (B) Summary of HCF constructs studied here: HCF-1(N380), HCF-1(N411), HCF-
1(C1772), and full-length CeHCF. The affinity tags, SV5 and poly-His, are indicated at either the N-terminus or the C-terminus.

modulation of chromatin structur@2). The precise role of EXPERIMENTAL PROCEDURES

these myriad interactions in the cellular function of HCF _ _ )
remains unclear. Construction of Expression Plasmids

Although information about HCF-1 cellular function_ may An Kpnl/Xbal fragment from the mammalian expression
be incomplete, HCF-1 has been shown to be required forvector, pSM8 encoding full-lengtd. elegan$CF (CeHCF)

normgl cel! .prolliferation. In particular, a |_ooint mutation _has with an SV5 tag at the N-terminal end, was inserted into the
been identified in the HCF-1 kelch domain that is associated Drosophila expression plasmid, pMT/V5-His (Invitrogen).

with cell cycle arrest at GO/G1 with elevated temperature,
suggesting that HCF-1 is likely to play an important role in
cell cycle progressior2@, 24). Further analysis of this mutant

implicates the kelch domain in the entry into the cell cycle,

and the fibronectin domain in the cytokinesis required for reverse primers: 'STTCGAATTCACCATGGCTTCGGC-
exit from the cycle £5). CGTGTCGCCCGC-3and 8-CCGCTCGAGCAGGGAGT-
Human cells contain a shorter paralogue Of_HCF'l’ known TGGTGTTGGCGCGTAC-3(restriction enzyme sites, EcoRl
as:Clé—Z. Th!s plr(;telllr: ('js aIS(.) C(meohsed of S'XI kelqh relpeli‘tsand Xhol, are underlined; the start codon is shown in italics).
‘1” I—?C -termina nh orr]nam, qtt ﬁégga _Ifﬁg'oHanc S The amplified fragments were treated with the restriction
the HCRerorepeats that characterize | \ The enzymes and ligated into pMT/V5-His containing the C-
counterpart in Fhe yvornCaenorhgbdltB eI_ege}nS:eHCF) terminal SV5 epitope. Human HCF{amino acids 2411
IS very similar in size and dqmaln orgamzaﬂon to HCF-2, [HCF-1(N411)} was constructed by the same procedure
and it too lacks the HGlroregion en. N_e|ther HCF-2nor — gescribed above, substituting for the reverse primer the
CeHCF undergoes proteolytic processing. Both HCF-2 and 5 ACTGAGCTCTCAGTGGTGGTGGTGGTGGTG-

CeHCF can support VP16-induced complex formation in CTCGAGGGAGGTGGCAGTAGCAGCCG Dligonucle-
vitro (27, 28). However, the VP16-induced complex contain- ofide (a restriction enzyme site, Xhol, is underlined).

ing CeHCF can activate transcription, whereas HCF-2 To create the expression vector for the C-terminal fi-
supports comparatively little transcriptio?§, 28). Like bronectin type IlI-like domain of human HCF-1, the coding

232?:;Tocéz;iiéiihoenz;rgl]zlgfl region of CeHCF contains a sequencd amino acids 17722005 [HCF-l(C1_772}] was
To study the structure and function of HCF, we produced generated_by PCR from PCGNHCF that c_ontame_d fuII-Ilength
the kelch domain of HCF-1 and the full-length CeHCF in HCF-1 using the following oligonucleotides primers:- 5
) : ; . GGATCCCATATGCCAGCCAAGCTGCAGGCTGCA-3
soluble form using @&rosophilaembryo cell line. A series and B-CTCGAGCATATGTCATTTACTGGTTTCCTGC-

of chromatographic separations was performed, and we o ;
o AGCCACCTCAC-3 (restriction enzyme sites, Ndel, are
demonstrate that the purified CeHCF can support VP16- underlined; the start codon is shown in italics; the stop codon

induced complex formation in the presence of bacterially is shown in bold). The product was subcloned into an
expressed VP16 and Oct-1 proteins. We also describe hereEscherichia coliT7 expression vector, pET28a (Novagen)

tr}etﬁxplr:eslﬁlon, pu?flca}tloHrggnld b|ozhy3|ga_l crl;ara}[ct(_anzgrt;]on with the N-terminal His tag. All constructs were confirmed
of the Fnlll repeats o -1 produced in bacteria. The by DNA sequencing.

purified Fnlll domain is co-recruited in a VP16-dependent
complex on viral DNA together with a segment of HCF-1 ¢ culture

encompassing both the kelch domain and the SAS1 region.

These results suggest that the interdomain interactions of Plasmids (12:g) encoding the full-length CeHCF and 1
HCF-1 may be maintained in the transcriptional activating g of selective vectors (pCoHYGRO) (Invitrogen) were
complex. cotransfected into Schneider cells (S2x 3. cells) by the

The gene encoding the N-terminal kelch domain (amino
acids 2-380) of human HCF-1 [HCF-1(N380)] was gener-
ated by PCR from the plasmid pTH2Q), encoding human
HCF-1 (residues 2491) using the following forward and
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calcium phosphate transfection method (Invitrogen). Stable of HCF activity were combined and concentrated to-l5
transfectants were selected in the presence of hygromycin-BmL using vivaspin 20 concentrators [30 000 molecular
(Sigma) at 30Qug/mL for approximately 3 weeks. Selected weight cutoff (MWCO), Vivascience] at 5090and 4°C.
cells were maintained in complef@rosophila expression Step 3 Size-Exclusion Chromatographyhe concentrated
medium [10% heat-inactivated FBS (Sigma) and 1% penicil- samples from step 2 were loaded onto a Superdex 200
lin and streptomycin (Sigma) in Schneidei3rosophila column pre-equilibrated with buffer C [25 mM HEPES (pH
medium (Gibco)] at a density of-410 x 1 cells/mL at 7.6), 0.2 MM EDTA, 100 mM KClI, 0.5 mM DTT, 5% (v/v)
22—24°C. For large-scale expression<& L), the cells were glycerol, and protease inhibitors]. The samples were eluted
grown in an Erlenmeyer shaker flask (Corning) in complete with the same buffer at a flow rate of 0.5 mL/min.
Drosophila expression medium with 0.1% Pluronic F-68 Step 4. Affinity ColumnThe eluants from step 3 were
(Sigma) at 25-27 °C. Protein expression was induced with combined and incubated for 422 h with anti-V5 agarose
0.5 mM CuSQ for 24—48 h at a cell density of 510 x affinity gel (Sigma) prewashed with buffer D [20 mM
10° cells/mL. HEPES (pH 7.6), 20% (v/v) glycerol, 0.2 mM EDTA, 0.1%

(v/v) Triton X-100, and protease inhibitors]. After incubation,
Purification of Recombinant C. elegans HCF Expressed  the gel was washed five times with buffer D containing 100
in Drosophila Cell Culture mM KCI and five times with buffer D containing 10% (v/v)
glycerol and 100 mM NaCl. The CeHCF was eluted by
incubating the beads with buffer D containing 10% (v/v)
glycerol, 100 mM NacCl, and 0.2 mg/mL V5 peptide (Sigma).
This elution step was carried out at room temperature, and
each incubation step was performed for 20 min. The eluants
were combined, concentrated with a vivaspin 0.5 mL
concentrator (30 000 MWCO PES, Vivascience), and ana-
lyzed by SDS-PAGE and immunoblotting. Protein activity
was monitored by the mobility shift assay.

S2 cell nuclear extracts were prepared following the
procedure of Gay et al3(). S2 cell culture was harvested
at a density of 510 x 10° cells/mL. All purification
procedures were performed at’@. The cells were resus-
pended in 1/80 volume of ice-cold buffer A [15 mM HEPES
(pH 7.6), 10 mM KCI, 5 mM MgC}, 0.1 mM EDTA, 1 mM
DTT, and protease inhibitors (Roche)] and then spun at
100@y for 10 min. The cell pellets were resuspended in buffer
A and lysed with 25 strokes of a Dounce type B pestle. The
nuclei were collected by spinning, and the supernatant, Production and Purification of the C-Terminal
corresponding to cytoplasm portions, was storeet&d °C Fibronectin Type lll-like Domain of Human HCF-1
for further purification. The nuclear pellets were resuspended
in buffer A, adjusted to 150 mM KCI, and lysed by the
addition of ammonium sulfate to a final concentration of 400
mM. The nuclear lysates were centrifuged at 12@D@0 1
h, and the soluble proteins in the supernatant were precipi-
tated by the addition of 60% saturated ammonium sulfate.
The precipitate was redissolved in 25 mM HEPES (pH 7.6),
100 mM KCI, 5 mM MgC}, 0.1 mM EDTA, 1 mM DTT,

Expression constructs were transformed iBte@oli strain
codon bias-adjusted BL21(DE3). The bacterial culture was
grown in LB medium to am\sqo 0f 0.6—-0.8 at 37°C, induced
with 0.5 mM IPTG, and then continuously incubated fer®
h at 37°C before being harvested. Cells were pelleted and
frozen at—80 °C. After thawing on ice, cell pellets were
resuspended in 1/20 culture volume of ice-cold buffer E [50
= mM NaHPO, (pH 7.4), 300 mM NacCl, 20% (v/v) glycerol,
(Zlg)ggrg\é/)v)%lgcsel:glérig?az?ryvzlszt;cﬁ?;fggeoénh|b|tor tablets 10 mM imidazole (pH 7.5), and protease inhibitors] and

4 X ' ) sonicated with four applications of 15 s pulses on ice

Proteins were isolated from a large-scale preparation of (XL2020 Ultrasonic Liquid Processor, Misonix). Cell debris
S2 cell nuclear extracts and cytoplasm by the following 45 pelleted at 300@0for 30 min at 4 °C, and the
purification procedures. supernatant was collected for further purification. The

Step 1Immobilized Heparin Chromatograph#.HiTrap following procedures were performed at room temperature.
heparin column (5 mL; Amersham) was pre-equilibrated with  Step 1 Immobilized Metal ChromatographyA HiTrap
buffer B [25 mM HEPES (pH 7.6), 1 mM EDTA, 50 mM  Chelating column (5 mL; Amersham) was charged with 0.1
NaCl, 1 mM DTT, 10% (v/v) glycerol, and protease M Ni,SO,and then pre-equilibrated with buffer E. Bacterial
inhibitors] and loaded with nuclear extract (480 mg of  |ysates from a 0.51 L culture were applied. The column

protein). The column was washed with 5 column volumes was washed with 5 column volumes of buffer E, and then
of buffer B, and then HCF was eluted with 25 mL of alinear the HCF fibronectin-like domain was eluted with 50 mL of

gradient from 0.05d 2 M NacCl at a flow rate of 1 mL/min. 3 linear gradient from 0.01 to 0.5 M imidizole at pH 7.5.
All eluants were analyzed by immunoblot analysis and All eluants were analyzed by SB$AGE, and the peak
mobility shift assay (see below). The peak fractions (ap- fractions were desalted using a HiPrep 26/10 desalting
proximately 10 mL) were desalted using HiPrep 26/10 column equilibrated with buffer F [20 mM K#PQ, (6.6), 1
desalting columns (Amersham) equilibrated with buffer. mM EDTA, 1 mM DTT, and 5% (v/v) glycerol].

Step 2 lon-Exchange Chromatographyhe appropriate Step 2 lon-Exchange ChromatographyThe pooled,
fractions from step 1 were pooled and loaded onto a Mono enriched eluant from step 1 was applied onto a HiTrap SP
Q column (HR 5/5, Amersham) pre-equilibrated with buffer HP column (5 mL; Amersham) pre-equilibrated with buffer
B, washed with 510 column volumes of buffer B, and then E, washed with 3 column volumes of buffer F, and then
eluted with 50 mL of a linear gradient from 0.05 to 1 M eluted with 50 mL of a linear gradient from 0 to 0.60 M
NacCl followed by 5 mL & 1 M NaCl. The flow-through NacCl followed by 5 mL of a sharp linear gradient from 0.6
fractions from nuclear extracts were applied onto a Mono S to 2 M NaCl. Fractions containing HCF were combined and
column (HR 5/5, Amersham) and followed by the same concentrated to 24 mL using vivaspin 20 concentrators
procedure described above. Fractions containing the peak’5000 MWCO) at 5000 and 4°C.
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Step 3. Size-Exclusion Chromatographije concentrated
proteins from step 2 were further fractionated using a
Superdex 75 column (Amersham) pre-equilibrated with
buffer G [20 mM KH,PO, (pH 6.6) and 200 mM NacCl].
Protein purity was monitored by SB$AGE. Typically,
~2—3 mg of fusion protein was obtained per liter of induced Ed

- 66

culture.
o |

HCF Localization 123 4

. . Ficure 2: Expression of HCF irDrosophila S2 cells. Western
All of following steps were carried out at room temper- o analysis of two truncated HCF-1 kelch domains and full-length
ature. The overnight-inducedrosophilaS2 cells ata density  CeHCF. Cells were transfected with plasmids expressing the-SV5
of 2 x 10° cells/mL were settled to a chamber slide that HCF protein, and stable transfectants were selected. The cell lysates

was treated with 0.01% (V/V) poiy_lysine_ The attached cells from induced cultures were analyzed with SV5 antibodies.

hyde, and 0.1% (v/v) Nonidet P-40] for 15 min. After the gomain, and test HCF samples in binding buffer [25 mM
fixative had been removed, the cells were rinsed with PBN HEPES (pH 7.9), 50 mM NaCl, 10% (v/v) glycerol, 200
(PBS and_O.l% Nonlde.t !3—40). The chamber slides Were ,g/mL bovine serum albumin, 0.05% (v/v) NP40, 1 mM
blocked with PBN containing 10% (w/v) dried nonfat milk pTT 1 mM EDTA, and 1ug of poly(di-dC)]. After a 10

gift of R. Randall, University of St. Andrews, St. Andrews, gjigonucleotide probe 'SCCATGGAGATCTCGTGCAT-
U.K.) was used as a primary antibody and diluted 1:10000 GCTAATGATATTCTT-3 was added to the mixture and
in PBN containing 1% nonfat milk. The cells were incubated  jncupation continued for a further 30 min. Samples were then
with 500uL of the diluted antibody fol h and then rinsed  |paded onto 8% nondenaturing acrylamide gels (39:1 acry-
three times with PBN for 5 min each. Secondary antibodies, |amide:bisacrylamide ratio). Electrophoresis was performed
fluorescently labeled with Alexa 488 (Molecular Probes), gt room temperature fat h at 200 V in abuffer containing
were also diluted 1:200 in PBN containing 1% (w/v) milk, o 5% TBE buffer. After being dried, the gels were exposed

and 500uL was applied to a chamber slide for 1 h. The on phosphor screens overnight and the signal was detected
cells were washed three times with PBN. Chamber slides ysjng the FX molecular imager (Bio-Rad).

were mounted with Mowiol 40-88 (Aldrich) in the presence
of 0.1 mg/mL propidium iodide (Sigma). Dual-channel RESULTS
fluorescence images were acquired on a Zeiss LSM410 laser
scanning confocal microscope with separate sequential
scanning for each channel.

HCF-1(N380)
HCF-1(N411)
CeHCF

mock

"3

Expression and Subcellular Localization of HCF in
Drosophila S2 CellsThe isolated N-terminal region [amino
acids 1-380, hereafter HCF-1(N380)] of HCF-1 is sufficient
for formation of a VP16-induced complex)((Figure 1).
As this domain contains the kelch repeats, it might be
Samples were separated by SEFSAGE and electrotrans-  expected to form an autonomously foldingrpropeller
ferred to PVDF membranes. Membranes were soaked instructured domain; however, we found that the production
blocking buffer [0.2% (w/v) dry nonfat milk, 0.1% (v/v)  of HCF-1(N380) was poor or yielded inclusion bodies using
Tween 20, and 2 mM azide] overnight and then washed with bacterial expression systems (data not shown). The slightly
TTBS [100 mM Tris-HCI (pH 7.5), 0.4% (w/v) NaCl, and larger expression constructions encoding the first 411
0.1% (v/v) Tween 20]. The membranes were probed with residues of HCF-1 [HCF-1(N411)] also failed to express
monoclonal anti-SV5 antibody containing horseradish per- soluble proteins irE. coli. Despite exhaustive attempts, we
oxidase conjugate (Invitrogen) and detected using ECL were unable to refold these denatured proteins.
Western blot detection reagents (Amersham Pharmacia). Given the poor yields and insolubility of HCF prepared
with bacterial expression systems, we explored eukaryotic
Pull-Down Assays systems to prepare the functional protein. Our efforts with
Saccharomyces cersiae andPichia pastorisas hosts and
using a variety of inducible vectors did not yield detectable
amounts of protein, but we could successfully express the
p-propeller domain of human HCF-1 and full-length CeHCF
using theDrosophila Schneider S2 cell line. The coding
sequences for HCF-1(N380), HCF-1(N411), and full-length
CeHCF were cloned intBrosophilaS2 expression plasmids
in-frame with an SV5 epitope. Using Western blotting, HCF-
1(N380) and HCF-1(N411) were detected as bands of the
expected mass in cell lysates from stable polyclonal trans-
fectants (Figure 2A, lanes 1 and 2). For CeHCF, a major
band (90 kDa) was observed, consistent with full-length
VP16 and the Oct-1 POU domain were prepared as CeHCF, together with a variable amount of small products,
described by Grossmann et a2 and Chang et al.3Q). likely representing nonspecific breakdown products (Figure
To assay the HCF activity, the reaction mixture (final volume 2A, lane 3).

Western Blotting

The CeHCF fractions from size-exclusion chromatography
were incubated with affinity agarose beads pre-equilibrated
with buffer 20 mM HEPES (pH 7.6), 10% (v/v) glycerol,
0.2 mM EDTA, 100 mM KCI, 0.5 mM DTT, and protease
inhibitors] at 4°C overnight. The beads were then washed
five times in the same buffer, then loaded on a SIPAGE
gel, and analyzed by Western blotting using an anti-V5
antibody.

Analysis of Recombinant HCF Binding Adty Using an
Electrophoretic Mobility Shift Assay
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formed by endogenousrosophilaHCF (lane 4). These gel

5 &
P .ec mobility results suggest that the CeHCF, HCF-1(N380), and
58 Qo HCF-1(N411) proteins produced DrosophilaS2 cells are
3 I
AELH3EY each functionally active.

Large-Scale Expression, Purification, and Functional
Assay of Soluble C. elegans HGFar large-scale expression
of HCF, the transfected S2 cell cultures were prepared as
described in Experimental Procedures. To purify CeHCF,
we used a series of sequential steps involving immobilized
heparin chromatography, followed by ion-exchange, size-
exclusion, and affinity chromatographies. For the first step,
the nuclear extracts and cytoplasmic proteins were separated
from the induced S2 cells and loaded on a heparin column.
The fractionation and activity of CeHCF were analyzed by
Western blotting and a mobility shift assay (Figure 4).
Surprisingly, analysis of the material showed thé&0% of
«Free probe the detectable CeHCF from the nuclear extracts was in the

flow-through of the heparin or ion-exchange columns,

Ficure 3: Recombinant HCF supports VP16-induced complex whereas CeHCF in the cytoplasm W.as mostly retained on
formation. Proteins were expressed in S2 cells and tested for vP16-th€se columns (data not shown). This suggested that there
induced complex forming activity with an electrophoretic mobility might be a difference in the charge states of the nuclear and
shift assay. The first four lanes were controls showing the probe cytoplasmic forms of CeHCF, due to either modification or
alone (lane 1), the Oct-1 POU domain alone (lane 2), the OCt-1 4qqqciation with other molecules. However, both these

POU domain mixed with VP16 (lane 3), and S2 cell lysates mixed | tive in f ina VP16-induced |
with the Oct-1 POU domain and VP16 (lane 4). In the remaining S@MPIE€S Were active in forming -induced complexes

lanes, lysates expressing CeHCF (lane 5), HCF-1(N380) (lane 6), (Figure 4A, lane 15, and Figure 4C, lane 16). This active
and HCF-1(N411) (lane 7) were mixed with the Oct-1 POU domain material was eluted between 0.4 and 0.9 M NaCl. Fractions

2{)‘% \I/gxlsénzostg?”\fpcfg?n% Jrcee% Pcfgﬁ]e’lése(\%g)'lagoiﬁd?coa?eﬂ” containing the peak of VP16-induced complex activity from
Weaﬁ)(er E:omplexes, likely to represent ael OetvVP16 association ' the Cy_toplasm Wer_e pooled and buff_e_r exc_hanged using a
on the DNA, are indicated with a triangle. desalting column without a loss of activity (Figure 4B, lanes

8 and 17). The CeHCF was further purified by anion-

To determine the location of HCF DrosophilaS2 cells, ~ exchange chromatography on a Mono Q column. While
the induced cells were analyzed by immunofluorescence. InCeHCF in nuclear extract eluted from the column directly
all cells that expressed full-length CeHCF, the fluorescence (Figure 4A, lanes 8 and 16), in contrast the cytoplasmic
was located predominantly in the nucleus, whereas two CEHCF bound to the column and eluted between 0.15 and

truncated HCF-1 proteins were located in the cytoplasm 0.25 M NaCl (Figure 4B, lanes 9 and 18). The flow-through

-

|I|lu1“

»>

«—QOct-1 POU

12 34567

(results not shown). of CeHCF from the nuclear extract was loaded on a cation-
Recombinant C. elegans HCF from the Drosophila Cell €xchange column (Mono ), and the CeHCF activity was
Culture Is Able To Form a VP16-Induced Compl&o also present in the flow-through (data not shown). After

determine whether truncated recombinant HCF-1 proteins concentration, the materials were subjected to gel filtration
and full-length CeHCF produced BrosophilaS2 cells were 0N Superdex HR-200. CeHCF from the nuclear extract or
capable of supporting VP16-induced complex formation, the cytoplasm migrated in a similar size range between 90
these proteins were tested in electrophoretic mobility shift @nd 150 kDa (Figure 4A, lanes 9 and 17, Figure 4B, lanes
assays. Equal amounts of whole cell extracts from cells 10 and 19, and data not shown). Finally, affinity chroma-
expressing the HCFs were incubated with recombinant VP16t0graphy on an anti-V5 agarose affinity gel resulted in further
and Oct-1 POU domain proteins, both synthesize®.inoli, effective separation of CeHCF from other proteins. Analysis
and a®P-labeled oligonucleotide probe containing a TAAT- Dy SDS-PAGE showed that one major band migrated as
GAAAT motif. Complexes were separated by electrophoresis the full-length CeHCF (Figure 4A, lane 5, and Figure 4B,
on nondenaturing gels (Figure 3). lane 5), and this band reacted with the anti-SV5 antibody in
The independent binding of the POU domain to the DNA a Western blot (Figure 4A, lane 10, and Figure 4B, lane 11).
probe is shown in lane 2 of Figure 3. The POU domain and Three minor species with molecular masses between 45 and

VP16 did not form a complex in the absence of HCF (lane 70 kDa were also detected using anti-SV5 antibodies (Figure

3). (Note that an additional band seen in lanes7amost ~ 4A lane 10, and Figure 4B, lane 11).

likely represents a weaker Oct-VYP16 complex on the The final affinity-purified CeHCF was capable of forming
DNA.) In the presence of whole cell extracts from cells the VP16-induced complex (Figure 4A, lane 18, and Figure
expressing CeHCF, HCF-1(N380), and HCF-1(N411) (lanes 4B, lane 20). The identity of the purified CeHCF was
5—7), supershifted species were observed which we will call confirmed by MALDI mass spectrometry analysis of pro-
“VP16-induced complexes” (VICs). Additional controls teolytic digestion fragments. Mock cell lysates also followed
showed that the VICs were not formed when either the POU the same purification procedure, but there were no detectable
domain or VP16 was omitted (data not shown). The addition bands on the Western blot or VP16-induced complex activity
of control Drosophila S2 cell extracts to VP16 and POU in the gel retardation assay (Figure 4B, lane 21). Thus, our
domain resulted in a low level of VIC that is most likely procedure was successful in the purification of CeHCF.
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Ficure 4: Enrichment and activity of the CeHCF during different purification steps. (A) Proteins from each step of purification were
analyzed by SDSPAGE (gel stained with Coomassie blue), by Western blotting, and by electrophoretic mobility shift assays for VP16-
induced complex formation. The S2 cell nuclear extracts expressing CeHCF were isolated and tested (lanes 1, 6, and 14). The samples from
immobilized heparin chromatography were in lanes 2, 7, and 15; ion-exchange chromatography on Mono Q (lanes 3, 8, and 16); size-
exclusion chromatography on Superdex 200 (lanes 4, 9, and 17); and affinity column on an anti-V5 affinity gel (lanes 5, 10, and 18). The
controls for the activity assay are shown in lanes-13, as described in the legend of Figure 2. (B) Cytoplasmic proteins of the S2 cell

line stably expressing CeHCF were purified using procedures similar to those described for panel A. Samples were arsaly/zed 2%
SDS-PAGE gel (left panels), immunoblotted (middle panels), and tested via a gel retardation assay (right panels). The truncated CeHCF
and nonspecific complex are indicated with asterisks and a triangle.

We also attempted to purify HCF-1(N380) and HCF- HCF-1 and its interacting factors can be isolated from cell
1(N411) expressed iDrosophib S2 cells using the same extracts using immobilized wheat germ agglutinin (WGA)
purification procedure. However, the HCF fractions from the (22), which interacts with proteins modified by O-linked
heparin column gradually lost their complex forming activity N-acetylglucosamine residues. The CeHCF fraction was
(data not shown). tested for interaction with WGAagarose beads (Figure 5A).
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FIGURE 5: Interaction of CeHCF with wheat germ agglutinin and Volume (mi) 123

VP16. (A) Partially purified CeHCF was mixed with affinity agarose
beads. A control extract was prepared by the same purification
procedure from nonexpressing cells. After being washed, these
beads and flow-through (FT) were analyzed by Western blotting
using an anti-SV5HRP antibody. The inputs were loaded in lanes
1 and 2 and samples of the beads in lanes 3, 5, 7, and 9; the flow-
through was loaded in lanes 4, 6, 8, and 10. The proteins were
incubated with anti-V5 agarose affinity gel shown in lanes63
wheat germ agglutinin (WGA)agarose beads were in lanesIO.

(B) Partially purified CeHCF and control extract were incubated
with the immobilized GSTVP16 fusion protein on glutathiore
Sepharose (lanesB) or with glutathione-Sepharose alone as a
control (lanes 9-12). The prebead samples were loaded in lanes 3
and 4 and the binding beads in lanes 5, 7, 9, and 11; the flow-
through was loaded in lanes 6, 8, 10, and 12. The purified GST
and GST-VP16 fusion proteins were loaded in lanes 1 and 2. The
bands corresponding to CeHCF are indicated with arrows.

FiGURE 6: Expression and purification of the HCF-1 fibronectin
domain (Fnlll). (A) Time course of protein expression. The HCF-
1(C1772) fusion protein was expresseddncoli, and whole cell
lysates from pre- and indicated post-induction were analyzed by
SDS-PAGE (12% bisacrylamide gel). Aftea 2 hinduction, the
cells were harvested, sonicated, and clarified by centrifugation. The
supernatant and pellet were applied in lanes 4 and 5, respectively.
(B) Scheme for the purification of the HCF-1 Fnlll domain. (C)
HCF-1 Fnlll domain separated into two peaks via ion-exchange
chromatography. Whole cell lysates were first applied to im-
mobilized metal chromatography and eluted with imidazole. The
pooled fractions enriched in the HCF-1 Fnlll domain were
fractionated further with a HiTrap SP column into two species, peak
1 and peak 2. (D) Purity of the isolated HCF-1 Fnlll domain as
established by SDSPAGE (lanes 1 and 3). The Fnlll domain is
indicated with arrowheads. Protein markers are in lane 2.

the CeHCF produced from insect cells can interact directly

After being incubated and washed, the beads were analyzedyith VP16.
by Western blotting, and a band with molecular mass of  Expression and Purification of the C-Terminal Fibronectin
roughly 97 kDa was observed (lane 7). For comparison, the Type llI-like Domain of Human HCF-MWilson et al. (1)
partially purified CeHCF, from the Superdex 200 fraction- reported that the smallest fragment of the C-terminal domain
ation of nuclear extracts, was purified with anti-SV5 agarose capable of HCF-1 self-association consisted of amino acid
gels, and the beads and flow-through were probed with an1812-2002 (Figure 1). However, recombinant proteins
anti-SV5-HRP antibody (Figure 5A). A major band corre-  encoding this smallest region were predominantly insoluble
sponding to CeHCF was observed on the affinity beads (lanewhen expressed i&. coli (data not shown). An alternative
3), while no detectable signal was in S2 cell lysates or its construction was designed by considering the predicted
beads (lanes 5 and 6), or on beads mixed with the S2 cellsecondary structure. A putatiyestrand extends to residue
lysates from mock expression controls (lanes 9 and 10). 1772 toward the amino terminus, and residue 2005 is a lysine

To test if CeHCF can interact directly with VP16, pull- that is highly conserved in the HCF family. Therefore, we
down assays were performed. CeHCF samples were incu-constructed a plasmid encompassing both these boundaries
bated with glutathioneSepharose that had bound the [residues 17722005, HCF-1(C1772)] (Figure 1B). Roughly
bacterially expressed GSVP16 fusion protein. After being  50% of HCF-1(C1772) was soluble in cell extracts (Figure
washed, the affinity beads and flow-through were analyzed 6A, lanes 4 and 5), which represents a significant improve-
via Western blotting using an anti-S¥HRP antibody ment compared with the complete insolubility of the shorter
(Figure 5B), and a small amount of CeHCF was detected construct (residues 1812002) (data not shown).
on the beads (lane 5). No band was seen using extracts from The soluble HCF-1(C1772) protein was extracted from a
control S2 cells (lanes 4, 7, and 8). There was also no large-scale expression trial by metal affinity (Figure 6B) and
interaction between CeHCF and immobilized GST-bound cation-exchange chromatographies, which resulted in the
glutathione-Sepharose (lane 9). These results indicate that fractionation of HCF-1(C1772) into two peaks [peak 1 and
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peak 2 (Figure 6C)]. While the basis for the separation of
C1772 into two peaks was not clear, the majority of the
protein, whether from peak 1 or peak 2, further eluted during (A)
Superdex HR 75 column fractionation as a single peak at

the expected size for a monomer (Figure 6D, lanes 1 and

3). Analysis by SDSPAGE showed that these two proteins
migrated to the same position, and MALDI fingerprinting
corroborated their identity (data not shown). Electrospray
ionization mass spectrometry analysis yielded a mass for

peak 2 of 27 214.6t 1.5 Da, which is in good agreement

with the expected mass of 27 215 Da for the processed form
without an N-terminal methionine. The loss of the N-terminal
methionine was corroborated by N-terminal sequencing. The

mass of peak 1 was 27 3874 3.7 Da, and this could be
attributed to the Fnlll domain retaining the N-terminal
methionine (expected mass of 27 347.1 Da) and carrying
modifications, such as lysine methylation. We further
characterized the peak 2 specimen, since it corresponds tc

the unmodified protein. Corroborating the observations from
size-exclusion chromatography, we found the purified Fnlll 1293 4 56
protein to be monomeric by analytical ultracentrifugation
(results not shown).

The Fibronectin Type lll-like Domain of Human HCF-1
Is Recruited into a VP16-Induced Complé@x. examine the (B)
activity of the purified fibronectin domain of HCF-1, we B ©
assayed its interaction with the VP16-dependent complex U
formed using HCF-1(N411). The purified Fnlll protein was PO ) e e ]V|C+Fn|||

able to form additional complexes of slower mobility that } 'm

were not present in the controls (Figure 7A, lanes 3 and 4). Muuumm "1 L i
It was previously reported that the HCF N-terminal binding £l | -

region of the Fnlll domain is within residues 36802 and '

that HCF-1(N380) is unable to associate with the C-terminus

(11, 30). Consistent with these findings, we observed no

additional complex formation in the HCF-1(N380) reaction

mixture in the presence of purified Fnlll (Figure 7A, lanes
5 and 6).

Two complexes were observed with the HCF-1(N411)
reaction mixture. To examine whether these complexes were
related, the VP16-induced complex was titrated with purified
Fnlll proteins. However, the two complexes were induced

coincidently, and thus, itis likely that they formed indepen- FIGURE 7: Formation of VP16-induced complexes with the Fnlll
dently and represent different structures or ollgome_rlzat_|on domain of HCF-1. (A) The activity of the HCF-1 Fnlll domain
stages (results not shown). The Fnlll was also recruited into yas tested with an electrophoretic mobility shift assay. The purified
a complex formed using the truncated version of VP16 that Fnlll domain was incubated with whole cell lysates from S2 cells
lacks the acidic C-terminal activation domain, and when expressing HCF-1(N411) (lane 4) or HCF-1(N380) (lane 6), POU

; ; Fi ; _ domain, and VP16. The control assays in the absence of the Fnlll
titrated with Fnlll showed a similar pattern of two indepen domain are shown in lanes 3 and 5. (B) A titration of the VIC with

dent SuPerShifted species (Figy(e 7B)_' These re.sults indiCat‘%he Fnlll domain. Whole lysates of HCF-1(N411) were mixed with
that the negatively charged aC'_d_|9 activation region of VP16 various amounts of the purified Fnlll domain, the POU domain,
does not play any role in stabilizing the recruitment of the and the truncated VP16 (VPAE) in lanes 3-20 (corresponding

N411+Fnlll
MNABO+Friun

POU+VP16
N380

ANd11

PCU

Fnlll

POU+VP16AC

POU

«0ct-1 POU

«—Free probe

1 2. 3:45 6 T:8 5 1011 1213141516 171815 20

fibronectin domain in the VP16-induced complex. to 0, 10, 25, 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, 1000,
1250, 1500, 1750, and 2000 ng of Fnlll, respectively). Lanes 1
DISCUSSION and 2 were controls as described in the legend of Figure 2. The

positions of the VP16-induced complex alone or with the Fnlll
domain are indicated. The triangle marks a putative V\RQ6t1—

HCF plays an important role in activating intermediate 5 complex.

early genes of HSV, and it has been implicated to function

in cell proliferation, cytokinesis, and RNA splicing. However, cols for purifying the CeHCF and Fnlll proteins were
due to the difficulties in the production of soluble materials developed.

on the scale of milligrams, the structures of HCF and of the  C. elegandiCF was observed to localize to tBeosophila
VP16-induced complex are unknown. In this study, we have S2 cell nucleus, whereas two truncated human HCFs [HCF-
overexpressed the full-length HCF protein fr@nelegans 1(N380) and HCF-1(N411)] were entirely in the cytoplasm.
and theg-propeller and fibronectin domains from human Other studies have shown that a nuclear localization signal
HCF-1 for structural and functional characterization. Proto- at the C-terminus of HCF is an important element for the
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entry of protein into the nucleus. This might explain why ACKNOWLEDGMENT
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