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ABSTRACT: Template Activating Factor (TAF) I remodels the adenovirus (Ad) core structure composed
of the Ad genome DNA and basic viral core proteins and stimulates in vitro DNA replication and
transcription of the Ad core. We have recently reported that TAF-I binds to major core protein VII and
forms DNA-protein VII-TAF-I ternary complexes in vitro and in vivo. Further to understand the
mechanism of remodeling of the Ad core, we characterized the interaction mode between the precursor
of protein VII (pre-VII) and either DNA or TAF-I by means of biochemical and biophysicochemical
methods. We found that a major binding region of pre-VII with both DNA and the acidic carboxyl-
terminal region of TAF-I lies in the arginine-rich region of pre-VII. Both amino-terminal and carboxyl-
terminal regions of pre-VII without the arginine-rich region directly bound to DNA and supported the
DNA binding activity of the arginine-rich region. A TAF-I mutant protein lacking the acidic carboxyl-
terminal region bound preferentially to the carboxyl-terminal region of pre-VII containing the arginine-
rich region rather than the amino-terminal region of pre-VII. Thus, DNA interacted with the entire region
of pre-VII, while TAF-I bound preferentially to the carboxyl-terminal region of pre-VII. This binding
mode suggests the formation of the ternary complexes among DNA, protein VII, and TAF-I. On the basis
of the binding modes in binary systems, we discussed the remodeling mechanism of the Ad core in early
phases of infection.

Compaction of the eukaryotic genome DNA is mediated
by its tight interaction with basic proteins such as histones
and sperm-specific basic proteins in somatic and sperm
nuclei, respectively. Chromatin regulation factors are in-
volved in remodeling and maintenance of the nucleoprotein
complex structure and regulation of events related to DNA.
Such factors are categorized into three families, histone-
modifying enzymes (1), multisubunit ATP-dependent chro-
matin remodeling factors (2), and histone chaperones (3).
Histone chaperones bind to histones and dissociate and
deposit histones from and to DNA, respectively. Rapid and
global decondensation of sperm chromatin of invertebrates
and some vertebrates is mediated through removal of sperm-

specific basic proteins from sperm chromatin by direct
interaction with histone chaperones such as nucleoplasmin
and TAF-I (4-6) immediately after fertilization.

Adenovirus (Ad)1 contains the double-stranded DNA
genome, which is condensed and forms the Ad core structure
with virus-encoded basic core proteins V and VII and
polypeptide X (7). In Ad-infected cells, DNA complexed
with core protein VII functions as template for early gene
transcription and presumably the first round of replication
of the Ad DNA (8-10). By dissecting and reconstituting in
vitro systems of replication and transcription using the Ad
core as template, we have identified host factors designated
Template Activating Factor (TAF) I/SET (11-14), TAF-II/
NAP-1 (15), and TAF-III/nucleophosmin/B23 (16). These
remodel the Ad core and stimulate replication and transcrip-
tion of the Ad genome DNA in vitro. TAF-I, TAF-II, and
TAF-III contain one or more of the characteristic acidic
cluster composed of aspartic acid and glutamic acid. All three
proteins possess both histone chaperone activity and decon-
densation activity ofXenopussperm nuclei (6, 17).
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Recently, we showed that TAF-I binds to core protein VII
and facilitates to form nuclease-accessible ternary nucleo-
protein complexes in vitro (18). The ternary complex is also
found in early phases of infection (18). TAF-I consists of a
homo- or heterodimer between TAF-IR and TAF-Iâ through
the coiled-coil structure common to both proteins (19). TAF-
IR and TAF-Iâ differ only at the short amino-terminal region.
The characteristic structure of TAF-I is a highly acidic cluster
of ∼55 amino acids (aa) at its carboxyl-terminal region,
designated “acidic tail”. Both the acidic tail and dimerization
through the coiled-coil structure are required for remodeling
of the Ad core (13, 19). On the other hand, protein VII is a
highly basic arginine-rich DNA binding protein (8, 20, 21).
Protein VII is synthesized as a precursor of protein VII (pre-
VII) in late phases of infection (22). The 24 aa precursor
portion at the amino-terminal region is highly conserved
among different Ad species (23). It is cleaved by Ad-encoded
protease at the final stage of virion maturation (22). Pre-VII
of human Ad type 2 and type 5 contains the highly arginine-
rich region (RRR) of about 20 aa in the middle region, which
has significant similarity with an arginine cluster of a
protamine, one of sperm basic proteins. In addition to RRR,
both amino-terminal and carboxyl-terminal regions are also
basic, pI values of which are about 10.5 and 12.5, respec-
tively. DNA-protein VII complexes once formed are
extremely stable (20). DNA binding sites of protein VII and
pre-VII in virus particles are roughly mapped with protease
digestion and UV light-induced cross-linking assays (24, 25).
It is suggested that RRR binds to the phosphate backbone
of DNA, while R-helices in the carboxyl-terminal portion
of protein VII dock with the major groove of DNA (25).

In this report, to gain better insight into the mechanism
of remodeling of the Ad nucleoprotein complexes by TAF-
I, we studied the binding mode between pre-VII and either
DNA or TAF-I. We found that TAF-I interacts with pre-VII
in late phases of infection and protein VII in early phases of
infection. We determined binding regions in binary systems
either between pre-VII and DNA or between pre-VII and
TAF-I using recombinant pre-VII and TAF-I proteins includ-
ing their mutant proteins. The interaction mode was analyzed
by means of nitrocellulose filter binding, fluorescence
anisotropy, pull-down, and protease sensitivity assays. We
found that the major binding region of pre-VII with both
DNA and TAF-I contains RRR of pre-VII. RRR strongly
interacts with the negatively charged DNA and the acidic
tail of TAF-I. Both amino-terminal and carboxyl-terminal
regions of pre-VII supported DNA binding of pre-VII by
their direct interaction with DNA. We showed that a TAF-I
mutant protein lacking the acidic tail binds to the carboxyl-
terminal region of pre-VII containing RRR. Thus, DNA
interacts with the entire region of pre-VII, while TAF-I binds
to the carboxyl-terminal region and RRR of pre-VII. This
binding mode in binary systems is discussed in relation with
the possible mechanism of remodeling of the Ad DNA-
protein VII complex in early phases of infection.

EXPERIMENTAL PROCEDURES

Co-immunoprecipitation Assay.HeLa cells were infected
with CsCl-purified human Ad type 5 at the multiplicity of
infection of 20. At indicated time points postinfection, cells
were washed with phosphate-buffered saline and collected
in test tubes. Cells [(1-2) × 107] were suspended in a lysis

buffer (10 mM Tris-HCl, pH 7.9, 50 mM NaCl, 1 mM
EDTA, 0.1% BSA, and 0.5% NP40) and disrupted by
sonication. After sonicated extracts were clarified by cen-
trifugation, supernatant fractions were incubated with rat anti-
protein VII antibody (18) or mouse anti-TAF-Iâ antibody
(KM1721) (26). Then, protein A-Sepharose beads (Amer-
sham Bioscience) were added. After incubation for 1 h, the
beads were washed twice with the lysis buffer without BSA
and boiled in an SDS sample buffer (60 mM Tris-HCl, pH
6.8, 10% glycerol, and 2% SDS). Proteins were separated
by 12.5% SDS-PAGE and immunoblotted with either anti-
TAF-Iâ antibody or anti-protein VII antibody.

Preparation of the Proteins.Hexahistidine- (His-) tagged
TAF-Iâ, TAF-Iâ∆C (lacking the acidic carboxyl-terminal
region), and TAF-IâPME (containing point mutations in the
coiled-coil region to prevent dimer formation) were prepared
as previously described (13, 19). Recombinant His-pre-VII
and protein VII were prepared as described (18). For
preparation of recombinant pre-VII without the His tag, we
utilized the Glu-C digestion site of His-pre-VII located just
one amino acid before the first methionine of pre-VII [-G-
S-H-M-L-E (Glu-C digestion)-M (first methionine of pre-
VII)-S-I-L-I-]. His tag was removed by partial digestion of
His-pre-VII with Glu-C (Promega). Briefly, His-pre-VII (150
ng/µL) was incubated at 37°C for 1 h with Glu-C (0.025
ng/µL) in 50 mM ammonium bicarbonate. After addition of
1/50 volume of 0.5 M diisopropyl fluorophosphates in
2-propanol, final concentrations of Tris-HCl, pH 7.9, urea,
and NaCl were adjusted to 20 mM, 6 M, and 0.2 M,
respectively. The mixture was loaded on an Uno-S column
(Bio-Rad), and pre-VII was eluted with 30 mL of a linear
gradient of 0.5-1.5 M NaCl in buffer A (20 mM Tris-HCl,
pH 7.9, and 6 M urea). His-pre-VII deletion mutant proteins
were prepared as follows: DNA fragments corresponding
to pre-VII(1-92) (numbers indicate aa positions, where the
amino-terminal aa of pre-VII is designated as 1), pre-VII-
(1-115), and the amino-terminal region of pre-VII(∆93-
115) were amplified by PCR using plasmid pET14b-pre-
VII ( 18) as template and a set of primers, a common amino-
terminal primer, 5′-GCCTCGAGATGTCCATCCTTATATC-
GCCC-3′, and one of primers 5′-CGGGATCCCTAGGCTC-
CGCGCACCACGG-3′, 5′-CGGGATCCCTAAGTGCCGG-
GTCGGCGGC-3′, and 5′-CGCGCGTTGGGCGGCGGCT-
CCGCGCACCACGG-3′, respectively. DNA fragments cor-
responding to pre-VII(93-198), pre-VII(116-198), and the
carboxyl-terminal region of pre-VII(∆93-115) were ampli-
fied by PCR using pET14b-pre-VII as template and using a
set of primers, a common T7 terminator primer, 5′-
GCTAGTTATTGCTCAGCGG-3′, and one of primers 5′-
GCCTCGAGCGGCGCTATGCTAAAATGAAGAG-3′, 5′-
GCCTCGAGGCCGCCCAACGCGCG-3′, and 5′-GCC-
GCCCAACGCGCG-3′, respectively. A DNA fragment cor-
responding to the full-sized pre-VII(∆93-115) was prepared
by overlapping PCR using DNA fragments of amino- and
carboxyl-terminal regions of pre-VII(∆93-115), the common
amino-terminal primer, and the common T7 terminator
primer. The resultant DNA fragments were digested with
XhoI [pre-VII(1-198), pre-VII(∆93-115), pre-VII(93-198),
and pre-VII(116-198) fragments] andXhoI andBamHI [pre-
VII(1-92) and pre-VII(1-115) fragments] and cloned into
the XhoI and XhoI/BamHI digested pET14b, respectively.
Sequences were confirmed by the dideoxy sequencing
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method. Proteins were expressed in bacteria and purified by
Ni2+ affinity chromatography as described (18). Affinity-
purified proteins were loaded on an Uno-S column and eluted
with 30 mL of a linear gradient of 0.2-1 M NaCl in buffer
A. Peak fractions were collected and dialyzed against water.
The protein concentration was calculated from absorbance
of proteins at 280 nm using its estimated extinction coef-
ficient (27).

Solid-Phase Synthesis of the Short Peptides.Fmoc-Gly-
OH, Fmoc-Glu(OtBu)-OH, Fmoc-Asp(OtBu)-OH, and Fmoc-
Met-OH were used for TAF-Iâ(224-244), NH2-DMDDEE-
GEGEEDDDDDEEEEG-CONH2. Peptide synthesis was
initiated on 0.06 mmol of Rink amide resin [4-(2′,4′-
dimethoxyphenyl-Fmoc-aminomethyl)phenoxy resin]. Reac-
tions were carried out in 1-methyl-2-pyrrolidone (NMP) in
a batch form under a manual control. Cleavage of Fmoc was
performed by 20% piperidine in NMP. After repeated washes
with NMP, amino acid coupling was performed using a
3-fold molar excess of an appropriate Fmoc-amino acid
dissolved in NMP to the resin. A 3-fold molar excess of
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexaflu-
orophosphate andN-hydroxybenzotriazole hydrate was added
to this solution. A 6-fold molar excess of diisopropylethyl-
amine was added immediately before the solution was loaded
onto the resin. The coupling reaction was performed for 15-
30 min followed by the Kaiser test (28) after each coupling
step. After the final deprotection step, the resin was washed
by NMP and chloroform and dried under vacuum. The
cleavage of the peptide from the resin was performed at room
temperature for 1 h with slow stirring of the slurry in the
mixture of 10 mL of trifluoroacetic acid, 0.25 mL of
m-cresol, 0.75 mL of ethanedithiol, and 0.75 mL of thio-
anisole. After filtering, the peptide was precipitated and
washed by diethyl ether. The crude peptides were purified
with reverse-phase HPLC on a ODS A-323 column (10×
250 mm) (YMC) using a linear gradient of 5-40% aceto-
nitrile/0.1% trifluoroacetic acid. The fluorescent probe-
labeled peptides with 5- (and 6-) carboxyfluorescein suc-
cinimidyl ester [5(6)-FAM SE] fluorescent probe attached
to their amino termini were prepared by the same method
as above. The product was identified by reverse-phase HPLC
and MALDI-TOF-MS.

Pull-Down Assays.His-TAF-Iâ, His-TAF-IâPME, and
His-TAF-Iâ∆C were immobilized on protein A-Sepharose
beads by incubating with anti-TAF-Iâ antibody (KM1721)
and each TAF-I mutant protein in IP buffer (40 mM Tris-
HCl, pH 7.9, 0.5 mg/mL BSA, and 0.5% NP-40) containing
150 mM NaCl. Then, beads were washed extensively with
IP buffer. The amount of each TAF-I protein immobilized
on the beads was estimated by SDS-PAGE followed by
staining with Coomassie Brilliant Blue (CBB). Each TAF-I
mutant protein (250 ng) immobilized on the beads was
incubated at 4°C for 1.5 h with the indicated amount of
pre-VII or its mutant proteins in 0.5 mL of IP buffer
containing 150, 300, or 500 mM NaCl with constant rotating.
Then, the beads were washed twice with the same buffer
and once with IP buffer containing 150 mM NaCl without
BSA and boiled at 98°C for 2 min in the SDS sample buffer.
Proteins were separated by 12.5% SDS-PAGE and visual-
ized with CBB staining.

Filter Binding Assays.Radiolabeled DNA was prepared
by digestion of pUC119 plasmid DNA withMspI followed

by endo labeling with Klenow fragment in the presence of
[R-32P]dCTP. DNA (25µL) in a 2× binding buffer (50 mM
Tris-HCl, pH 7.9, and various concentrations of NaCl)
containing 10 ng of radiolabeled dsDNA (10000-20000
counts/min) and 200 ng/mL BSA was mixed with 25µL of
a pre-VII mutant protein in water. The reaction mixture was
incubated at room temperature for 30 min and filtered
through a nitrocellulose membrane (Hybond ECL; Amer-
sham Bioscience) that had been soaked in the binding buffer.
The filter was washed once with 0.4 mL of the binding
buffer. The filter was cut in pieces, and the radioactivity was
counted by Cerenkov radiation.

Fluorescence Anisotropy Measurements.All spectroscopic
measurements were carried out at 25°C in a solution
containing 20 mM Tris-HCl, pH 7.4, and 150 mM NaCl.
The fluorescence measurement was performed with a RF-
5300PC fluorescence spectrophotometer (Shimadzu) using
a 1 cm path-length quartz cell. Fluorescence anisotropy was
calculated by the intensities at 520 nm excited at 490 nm
using the equation:

whereG ) I90°,0°/I90°,90° and Ii,j indicates the fluorescence
intensity when the excitation side and the emission side
polarizers are set ati and j degrees, respectively, whileG
stands for the polarization characteristics of the instrument.

Protease SensitiVity Assays.His-pre-VII (1.2µg, 49 pmol)
was incubated at 37°C for 15 min in the absence or presence
of the equal amount of plasmid DNA (1µg) or a 2-fold molar
excess of TAF-I (3µg, 93 pmol) to allow complex formation
in 14 µL of digestion buffer (10 mM Tris-HCl, pH 7.9, and
150 mM NaCl). One microliter (1 ng/µL) of R-chymotrypsin
(Sigma) was added, and the mixture was further incubated
for 5 min. The digestion was stopped by adding 5µL of 4
× SDS sample buffer. The proteins were boiled at 98°C
for 2 min, separated by 15% SDS-PAGE, and visualized
with CBB staining. Identification of the peptide fragments
in Figure 7 was performed as follows. His-pre-VII partially
digested with chymotrypsin was subjected to MALDI-MS.
By comparison with predicted digestion sites of pre-VII with
R-chymotrypsin, molecular masses of the digested peptides
corresponded to those of aa 14-198, aa 41- and 45-198,
aa-22-124 or-137, aa 96- and 99-198, and aa-22-
95 and -98 of pre-VII (where the region between aa
positions-22 and-1 is derived from the His tag).

RESULTS

Interaction of TAF-I with Pre-VII in Late Phases of
Infection. The infecting Ad DNA in the nucleus remains
associated with protein VII in early phases of infection. In
late phases of infection, pre-VII is synthesized and ac-
cumulates in the nucleus to assemble progeny virions. We
have shown that TAF-I binds to a DNA-protein VII
complex and forms a ternary structure among DNA, protein
VII, and TAF-I in early phases of infection (18). Immuno-
precipitation assays using extracts prepared from cells in
early phases of infection showed that TAF-I interacts with
protein VII (unpublished observations). It is possible that
TAF-I interacts with pre-VII in late phases of infection. To

A )
I0°,0° - I0°,90°G

I0°,0° + 2I0°,90°G
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examine the interaction between TAF-I and pre-VII, we
performed immunoprecipitation assays (Figure 1). HeLa cells
were infected with human Ad type 5 at the multiplicity of
infection of 20 and collected at indicated time points
postinfection as shown in Figure 1. Western blot analyses
of these extracts with anti-protein VII antibody revealed that
pre-VII begins to accumulate as early as 14 h postinfection
(lane 2), and protein VII appears at 26 h postinfection (lane
3). Incoming protein VII was not detected because its amount
was below the detection limit by western blotting. Immu-
noprecipitation assays using these extracts showed that TAF-I
is coprecipitated with pre-VII (lanes 9-12) and pre-VII is
coprecipitated with TAF-I (lanes 13-16). These results
indicate that TAF-I interacts with pre-VII in late phases of
infection as well as with protein VII in early phases of
infection (unpublished observations). Thus, it is assumed that
TAF-I plays a role(s) during late phases of infection. To
understand the binding property of pre-VII-TAF-I com-
plexes compared with that of protein VII-TAF-I complexes
(18), we performed biochemical analyses hereafter focusing
on the interaction of pre-VII with either DNA or TAF-I.

Regions of Pre-VII Responsible for Binding with DNA.
To identify a DNA binding region(s) of pre-VII, we carried
out filter binding assays using recombinant pre-VII proteins
including various deletion mutant proteins (Figures 2 and
3). First, we tried to compare the DNA binding activity of
protein VII with that of pre-VII. Simultaneously, we
examined the DNA binding activity of pre-VII compared
with that of His-pre-VII to see whether it is appropriate to
use His-tagged proteins for convenience. All proteins gener-
ated in bacteria were purified to the apparent homogeneity
(Figure 2B). The DNA binding activity of His-pre-VII, pre-
VII, and protein VII was examined by the filter binding assay
in the presence of 150 and 300 mM NaCl (Figure 3A). All
of these proteins bound to DNA with similar affinity under
both conditions. Since the difference of DNA binding
activity, if any, was a little among three proteins, we designed
deletion mutant proteins based on pre-VII containing a His
tag (Figure 2A). Pre-VII contains a highly positively charged
region between amino acid (aa) positions 95 and 113. We
designated this region as arginine-rich region (RRR). RRR
is one of the candidate regions involved in binding to the
negatively charged molecules such as DNA and TAF-I. Pre-
VII deletion mutant proteins were prepared as shown in
Figure 2. Filter binding assays showed that in a buffer

containing 50 mM NaCl (Figure 3B, upper panel) all deletion
mutant proteins bound to DNA but with less binding
efficiency than the full-length pre-VII. A pre-VII deletion
mutant protein lacking only RRR bound to DNA to a similar
extent as mutant proteins lacking either one of the amino-
terminal region or the carboxyl-terminal region. These results
suggest that amino-terminal and carboxyl-terminal regions
as well as RRR possess the DNA binding activity. In fact,
the amino-terminal region or the carboxyl-terminal region
itself bound to DNA (shown by closed symbols), although
the binding efficiency was much less than proteins consisting
of both regions. In the presence of 150 mM NaCl (middle
panel), the DNA binding activity of the pre-VII mutant
proteins consisting of only either the amino-terminal region
or the carboxyl-terminal region was completely abolished.
The DNA binding activity of pre-VII(∆93-115) was sig-
nificantly less than that of the other two proteins lacking
only one region of pre-VII. Therefore, we assumed that
amino-terminal and carboxyl-terminal regions would increase
the DNA binding activity of RRR. In the presence of 300

FIGURE 1: Co-immunoprecipitation analysis. HeLa cells were
infected with human Ad type 5 at a multiplicity of infection of 20
and collected at indicated times postinfection. Extracts were
prepared and subjected to immunoprecipitation assays with control
antibody (lanes 5-8), anti-protein VII antibody (lanes 9-12), and
anti-TAF-Iâ antibody (lanes 13-16). Input (4%, lanes 1-4) and
immunoprecipitated (IP) proteins were separated by 12.5% SDS-
PAGE and immunoblotted with anti-TAF-Iâ antibody (upper
panels) and anti-protein VII antibody (lower panels). The asterisk
indicates the bands derived from the heavy chain of immunoglobulin
G of the anti-TAF-Iâ antibody.

FIGURE 2: Pre-VII mutant proteins used in this study. (A) Schematic
representation of pre-VII and its mutant proteins. The sites of
arginine and lysine are indicated by the vertical bar on the schematic
diagram of His-pre-VII(1-198). His-pre-VII(1-92) is the amino-
terminal fragment that does not contain RRR and the carboxyl-
terminal region. His-pre-VII(1-115) contains the amino-terminal
region and RRR (dark shaded rectangle) but not the carboxyl-
terminal region. His-pre-VII(∆93-115) lacks RRR. His-pre-VII-
(93-198) lacks the amino-terminal region. His-pre-VII(116-198)
does not contain the amino-terminal region and RRR. (B) Purified
recombinant proteins. Proteins were separated by 15% SDS-PAGE
and visualized by staining with CBB: lane 1, CsCl-purified virus
particles prepared from human Ad type 2 ts1 infected cells
maintained at 33°C (22); lanes 2, 3, and 5-10, recombinant
proteins.
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mM NaCl (lower panel), amino-terminal and carboxyl-
terminal regions equipped with RRR bound to DNA but with
less efficiency than the full-length pre-VII, while pre-VII-
(∆93-115) completely lost the DNA binding activity. These
results suggest that a major DNA binding region is RRR,
and amino-terminal and carboxyl-terminal regions, each of
which has the potential DNA binding activity, enhance the
DNA binding activity of pre-VII.

Binding Stoichiometry between Pre-VII and TAF-I.In the
previous report, we showed by stoichiometry analyses of the
protein VII-TAF-I complex that one dimer of TAF-I binds
to one protein VII in the presence of excess amounts of TAF-
I, and two protein VII molecules bind to one dimer of TAF-I
when these proteins are mixed at an equimolar ratio (18).
To compare the binding stoichiometry between TAF-I and
pre-VII to that between TAF-I and protein VII, we performed
native PAGE assays to detect His-TAF-I-protein VII
complexes and His-TAF-I-pre-VII complexes (Figure 4A).
The assays were performed in the presence of 150 mM NaCl.
Pre-VII formed stoichiometric complexes with His-TAF-I
(complex A) in a similar manner with protein VII when either
pre-VII or protein VII was mixed with TAF-I dimer at a

ratio of 0.5:1, 1:1, and 1:2 (lanes 2-4 and lanes 6-8). The
band of complex B containing pre-VII was obscure in terms
of its composition. In the presence of more basic proteins
above this level, proteins were aggregated and did not enter
a polyacrylamide gel (lanes 5 and 9) as previously described
(18). To confirm the stoichiometry of the complex of either
TAF-I and protein VII or TAF-I and pre-VII, we performed
native PAGE assays with a TAF-Iâ monomer mutant, His-
TAF-IâPME (19). His-TAF-IâPME migrated much faster
than His-TAF-I (lane 10). When His-TAF-IâPME was mixed
with either protein VII or pre-VII at a molar ratio of 1:1, a
complex with mobility similar to that of complex A was
dominant (lanes 13 and 17). This result suggests that one
TAF-I monomer mutant binds to one protein VII or one pre-
VII. However, we could not exclude the possibility that two
TAF-I monomer mutants bind to one protein VII or one pre-
VII, since the band containing the complex of His-TAF-
IâPME and either protein VII or pre-VII has mobility similar
to that of complex A (TAF-I:basic protein) 2:1). To address
this point, complexes cross-linked with glutaraldehyde were
examined through SDS-PAGE (Figure 4B). Mock-treated
His-TAF-I and His-TAF-IâPME migrated as a band with

FIGURE 3: DNA binding activity of His-pre-VII mutant proteins. (A) Filter binding assays with protein VII, pre-VII, and His-pre-VII. The
reaction mixture (50µL) containing 10 ng of radiolabeledMspI-digested pUC119 plasmid DNA, 100 ng/µL BSA, 150 or 300 mM NaCl,
and increasing amounts of proteins was incubated at room temperature for 30 min. The mixture was filtered through a nitrocellulose
membrane and washed once with a buffer containing 25 mM Tris-HCl, pH 7.9, and 150 or 300 mM NaCl. The radioactivity retained on
the filter was determined by Cerenkov counting. Results with triplicate assays are indicated with bars of SD. Note that approximately 20%
of DNA was lost due to the nonspecific binding of protein VII-DNA complexes to test tubes and others. (B) Filter binding assays using
pre-VII mutant proteins. Filter binding assays were performed as described above using His-pre-VII deletion mutant proteins in the presence
of the indicated concentrations of NaCl. The average of duplicate assays is indicated.
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the molecular mass of 45 kDa (lanes a and b). Cross-linked
His-TAF-I was shown to have a molecular mass of 80 kDa
(lane 1), while cross-linked His-TAF-IâPME migrated faster
than the band with a molecular mass of 45 kDa as previously
reported (19) (lane 10). When the aliquot rich in complex A
(Figure 4A, lanes 3 and 7) was subjected to cross-linking,
the band with a molecular mass of∼110 kDa became
dominant in a denatured SDS-polyacrylamide gel (Figure
4B, lanes 3 and 7). This result confirmed the formation of a
complex consisting of one TAF-I dimer and one protein VII
or one pre-VII as previously reported (18). From the aliquot
rich in His-TAF-IâPME-protein VII complexes (Figure 4A,
lane 13), the band with a molecular mass of∼60 kDa
appeared (Figure 4B, lane 13), suggesting the formation of
a complex consisting of one TAF-IâPME and one protein
VII. From these experiments, we concluded that the binding
stoichiometry of the TAF-I-protein VII complex is the same
as that of the TAF-I-pre-VII complex: that is, one TAF-I
dimer binds to one pre-VII (complex A) and possibly two
pre-VIIs (complex B).

Effect of Dimerization and the Acidic Tail of TAF-I on
Binding of TAF-I with Pre-VII and Protein VII.Next, we
tried to compare the TAF-I binding activity among protein
VII, His-tagged pre-VII, and pre-VII without the tag by pull-
down assays. Pull-down assays were performed in the
presence of 500 mM NaCl using His-TAF-Iâ-immobilized

beads (250 ng of TAF-I) as described in Experimental
Procedures. When the amount of input basic proteins was
less than 400 ng (i.e., during initial binding phases), all three
proteins bound to TAF-I with similar efficiency (Figure 5A).
His-pre-VII bound more efficiently to TAF-Iâ-bound beads
than pre-VII, when the amount of input basic proteins was
more than 400 ng (data not shown). It is possible that the
His tag of His-pre-VII tends to oligomerize at higher
concentrations as previously reported (29, 30). Next, to
determine a binding region(s) of TAF-I that is responsible
for binding with pre-VII and protein VII, pull-down assays
were performed in the presence of 500 mM NaCl using TAF-
IâPME mutant- and TAF-Iâ∆C mutant-bound beads in
addition to full-length TAF-Iâ-bound beads (Figure 5C).
Neither TAF-IâPME, a dimerization-deficient mutant, nor
TAF-Iâ∆C, an acidic tail deletion mutant (Figure 5B), can
remodel the Ad core (13, 19). The amount of input basic
proteins used in this assay was set to 200 ng, where the full-
length TAF-I bound to pre-VII and protein VII within the
linear range as shown in Figure 5A. The upper panel of
Figure 5C shows one of the typical results used for
quantitative measurement, and the lower panel of Figure 5C
is the summary of the repeated experiments. The amount of
TAF-I monomer mutant bound to pre-VII or protein VII was
about 2-fold less than that of the full-length TAF-I. This
result suggests that dimerization of TAF-I is not essential
for binding of TAF-I with pre-VII or protein VII but is
required for the maximal binding activity. The deletion of
the acidic tail from TAF-I had only a small effect on binding
of TAF-I with pre-VII or protein VII.

The Amino-Terminal Region of TAF-I without the Acidic
Tail Binds to the Carboxyl-Terminal Region of Pre-VII
Containing RRR.To more precisely determine the TAF-I
binding region of pre-VII, pull-down assays were performed
using pre-VII deletion mutant proteins by essentially the same
method used for Figure 5C (Figure 6, the upper three panels).
The lower panels of Figure 6 show the summary of the
binding efficiency of pre-VII mutant proteins to each TAF-I
protein. Among the five pre-VII deletion mutants, only His-
pre-VII(93-198) in addition to the full-length His-pre-VII-
(1-198) bound to the full-length TAF-Iâ even in the
presence of 500 mM NaCl, indicating that His-pre-VII(93-
198) contains a major TAF-Iâ binding region. Under the
same ionic condition, TAF-I monomer mutant and TAF-I
mutant lacking the acidic tail were also capable of binding
to His-pre-VII(93-198), indicating that the acidic tail and
dimerization of TAF-I are not essential for binding of TAF-I
to His-pre-VII(93-198) as well as the full-length pre-VII
in the presence of 500 mM NaCl. The amount of TAF-
IâPME bound to His-pre-VII(93-198) was less compared
with the full-length pre-VII. The binding efficiency of TAF-
Iâ∆C to His-pre-VII(93-198) was a little higher than that
to the full-length pre-VII. A reason for this result is not
known at present. The pre-VII mutant proteins lacking either
the carboxyl-terminal region or RRR did not interact with
TAF-I in the presence of 500 mM NaCl, suggesting that both
the carboxyl-terminal region and RRR are important for
binding to TAF-I. In the presence of 300 mM NaCl, in
addition to His-pre-VII(1-198) and His-pre-VII(93-198)
(data not shown), His-pre-VII(1-115) and His-pre-VII-
(∆93-115) bound to TAF-I (the middle summary panel),
suggesting that at lower ionic strength the amino-terminal

FIGURE 4: Stoichiometry of TAF-I-pre-VII binary complexes. (A)
Native PAGE analysis. His-TAF-Iâ (0.5 µg) (lanes 1-9) or His-
TAF-IâPME (0.5µg) (lanes 10-18) was incubated with protein
VII ( 1/4-, 1/2-, 1-, and 2-fold molar ratio to TAF-I for lanes 2-5 or
11-14, respectively) or pre-VII (1/4-, 1/2-, 1-, and 2-fold molar ratio
to TAF-I for lanes 6-9 or 15-18, respectively) in a buffer
containing 5 mM Hepes-NaOH, pH 7.9, 150 mM NaCl, and 10%
glycerol. The samples were subjected to separation on a 7.5%
polyacrylamide gel in 0.5× TBE buffer and CBB staining. (B)
Cross-linking assay. The same aliquots as in (A) were cross-linked
with 0.05% glutaraldehyde at 37°C for 10 min. The cross-linking
reaction was stopped by the addition of the SDS sample buffer.
The proteins were separated by 10% SDS-PAGE and visualized
by staining with CBB. Lanes a and b indicate native His-TAF-Iâ
and His-TAF-IâPME, respectively.
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region of pre-VII in combination with either RRR or the
carboxyl-terminal region gains the ability to bind to TAF-I.

Under the same condition, amino-terminal and carboxyl-
terminal regions of pre-VII without RRR did not show any
TAF-I binding. When examined in the presence of 150 mM
NaCl, the carboxyl-terminal region of pre-VII bound to
TAF-I more efficiently than the amino-terminal region of
pre-VII, supporting the concept that TAF-I preferentially
binds to the carboxyl-terminal region of pre-VII.

Binding of Acidic Peptides DeriVed from TAF-I to RRR
of Pre-VII. Next, we tried to determine a region(s) of pre-
VII to which the acidic tail of TAF-I binds. To this end, we
analyzed the binding efficiency by fluorescence anisotropy
assays using a fluorescent probe-labeled acidic peptide which
is a part of the acidic tail. The fluorescence anisotropy assay
measures the rotational difference between a small molecule
labeled with a fluorochrome at a free state and that
complexed with another molecule. The small fluorescent
probe-labeled molecule rotating randomly at a rapid rate
results in rapid light depolarization, while when complexed
with a large molecule, it rotates more slowly, and thereby
the depolarization rate is reduced. Thus, reduced light
depolarization results in anisotropy of the emitted light, which
can be measured with polarizer equipment attached to a
fluorescence spectrophotometer. The binding efficiency to
the acidic peptide was analyzed using various pre-VII mutant
proteins. The fluorescent probe-labeled acidic peptide was

FIGURE 5: TAF-I binding activity to pre-VII and protein VII. (A)
Pull-down assays with protein VII, pre-VII, and His-pre-VII.
Indicated amounts of input proteins were incubated with His-TAF-
Iâ (250 ng) bound beads in a buffer containing 40 mM Tris-HCl,
pH 7.9, 0.5 mg/mL BSA, 0.5% NP-40, and 500 mM NaCl. After
extensive washing of the beads, proteins retained on the beads and
quantitative standards of both pre-VII and protein VII were
separated by 12.5% SDS-PAGE and visualized by staining with
CBB. The intensity of the bands of each protein was quantified by
NIH image. The quantitative standard was used for conversion from
the intensity of the bands to the amount (ng) of bound proteins.
The average of duplicate assays is indicated. (B) Schematic
representation of the TAF-Iâ mutant proteins. TAF-Iâ∆C lacks the
acidic tail, while TAF-IâPME contains four amino acid substitution
mutations in the dimerization domain. The acidic peptide, designated
TAF-Iâ(224-244), is a part of the acidic tail. (C) Pull-down assays
using TAF-I mutant proteins. Pre-VII (228 ng) (lanes 5-8) or
protein VII (200 ng) (lanes 9-12) was incubated with His-TAF-
I-, His-TAF-Iâ∆C-, and His-TAF-IâPME-bound beads (250 ng of
each TAF-I mutant protein on beads). Proteins retained on the beads
and quantitative standards (lanes 1-4) were separated by 12.5%
SDS-PAGE and visualized by staining with CBB (upper panel).
The amount of proteins bound to beads was quantified as described
in (A). Then, the molar ratios of basic protein to acidic protein on
the beads were calculated. The maximum value was set to 100%.
The value of protein VII and pre-VII bound to His-TAF-Iâ (closed
bar), His-TAF-IâPME (gray bar), and His-TAF-Iâ∆C (open bar)
was indicated with bars of SD from triplicate assays.

FIGURE 6: Pull-down assays for the TAF-I binding activity of His-
pre-VII mutant proteins. His-pre-VII mutant proteins (500 ng) were
incubated with 250 ng of His-TAF-Iâ (lanes 2, 6, 10, 14, 18, 22,
26, 30, 34, 38, 42, and 46), His-TAF-IâPME (lanes 3, 7, 11, 15,
19, 23, 27, 31, 35, 43, and 47) or His-TAF-Iâ∆C (lanes 4, 8, 12,
16, 20, 24, 28, 32, 36, 40, 44, and 48) bound to beads in the presence
of 500 mM (lanes 1-24), 300 mM (lanes 25-40), or 150 mM
(lanes 41-48) NaCl. Pull-down assays and quantitative measure-
ment were essentially as described in Figure 5C.
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titrated with pre-VII mutant proteins, and the fluorescence
anisotropy was measured. The concentrations of pre-VII
mutant proteins at 50% of the maximal fluorescence aniso-
tropy are given in Table 1. The acidic peptide bound to pre-
VII mutant proteins, their binding being in the order of RRR
> carboxyl-terminal region> amino-terminal region. This
order well correlates with the density of the positively
charged amino acid in each region (Figure 2A), suggesting
that electrostatic effects may determine the strength of the
interaction between the acidic peptide and pre-VII.

Protease SensitiVity Assays.The analyses to determine
binding regions of each TAF-I and pre-VII had been
performed using each deletion mutant protein. Therefore, we
tried to examine the binding region again under the condition
near the physiological one. Thus, to confirm DNA binding
regions and TAF-I binding regions of pre-VII in the presence
of physiological ionic strength, we took advantage of protease
sensitivity assays (Figure 7). Since protease preferentially
attacks a site(s) exposed to the surface of protein and/or
protein complexes, a site(s) located at the surface of the
protein-protein complex could be identified by partial
protease digestion followed by identification of generated
fragments. The protease sensitivity assay could be applied
to estimate a binding region(s) of a protein of interest

complexed with other molecules such that DNase I protection
assay is used to identify a recognition site(s) of a sequence-
specific DNA binding protein. DNA-His-pre-VII complexes
were formed by mixing equal weights of His-pre-VII and
plasmid DNA. TAF-I-His-pre-VII complexes were formed
by mixing TAF-I and His-pre-VII at a molar ratio of 2:1. In
this condition, a dimer of TAF-I binds to a His-pre-VII as
already shown by native PAGE (Figure 4). TAF-I (lane 3),
His-pre-VII (lane 4), a mixture of TAF-I and His-pre-VII
(lane 5), and a mixture of DNA and His-pre-VII (lane 6)
were subjected to partial digestion withR-chymotrypsin.
TAF-I was not digested byR-chymotrypsin in this condition
(lanes 1 and 3). Partial digestion of His-pre-VII gave at least
five specific bands, A-E. However, when His-pre-VII was
mixed with TAF-I, the intensity of bands A and B increased,
whereas that of bands C, D, and E was diminished (lane 5).
DNA inhibited digestion of His-pre-VII at all digestion sites
of His-pre-VII (lane 6). Bands A-E were identified as
described in Experimental Procedures, and possible digestion
products of His-pre-VII are indicated in the right side of the
panel of Figure 7. These fragments would correspond to
bands A-E, respectively, based on their sizes. In addition,
bands C and E were confirmed as fragments aa-22-124
or -22-137 and aa-22-95 and-22-98, respectively,
since bands C and E were shown to contain the His tag by
western blot analyses with anti-polyhistidine antibody. Bands
D and E were confirmed as fragments aa 96-198 and 99-
198 and aa-22-95 and-22-98, since bands D and E were
also generated by digestion of His-pre-VII(93-198) and His-
pre-VII(1-115), respectively (data not shown). Endopro-
teinase Glu-C digested pre-VII at aa 67, and both DNA and
TAF-I inhibited digestion at this site (data not shown). Thus,
identification of digestion sites reveals that TAF-I efficiently
inhibits digestion in the carboxyl-terminal region of His-
pre-VII. As noted, the intensity of bands A and B increased
when His-pre-VII bound with TAF-I. This could be caused
by a conformational change of His-pre-VII induced by
binding of TAF-I to the carboxyl-terminal region of His-
pre-VII. In conclusion, these results strongly suggested that
TAF-I binds to the carboxyl-terminal region of pre-VII
containing RRR, while DNA binds equally to the entire pre-
VII under a physiological condition.

DISCUSSION

We have characterized the binding mode of pre-VII with
DNA and TAF-I. Using pre-VII deletion mutant proteins
(Figure 2A), we found that RRR of pre-VII dominates in
both DNA and TAF-I binding. The amino acid sequence of
RRR consists of two basic amino acid clusters of 6 aa and
two uncharged amino acids between these two clusters. RRR
is also characteristic in protamines, sperm-specific basic
proteins. The arginine residues in the DNA binding domain
of protamine 1 are present in the center of the molecule in
a series of 3-7 arginine clusters connected with one or more
uncharged amino acids. Brewer et al. showed that the
dissociation constant of such multiple arginine clusters is at
least 3 orders of magnitude smaller than that of a single
arginine cluster (31). The arginine clusters of protamine 1
are predicted to wrap around the major groove of DNA helix
and neutralize the negative charge of phosphate groups in
the phosphodiester backbone of double-stranded DNA (32,
33). With this assumption, it is likely that RRR of pre-VII

Table 1: Acidic Peptide Binding Region of Pre-VIIa

protein
concn
(nM) protein

concn
(nM)

pre-VII(1-198) 16 pre-VII(93-198) 16
pre-VII(1-92) 1065 pre-VII(116-198) 250
pre-VII(1-115) 16 RRR 36
pre-VII(∆93-115) 53
a Fluorescent probe-labeled acidic peptide (15 nM) was titrated with

pre-VII mutant proteins, and the fluorescence anisotropy was measured.
The concentrations of pre-VII mutant proteins at 50% of the maximal
fluorescence anisotropy are given.

FIGURE 7: Protease sensitivity of His-pre-VII-DNA and His-pre-
VII -TAF-I complexes. The DNA-His-pre-VII complex was
formed with 1µg of plasmid DNA and 1.2µg of His-pre-VII, while
the TAF-I-His-pre-VII complex was formed by incubating 3.0µg
of TAF-I with 1.2 µg of His-pre-VII at a molar ratio of 2:1. TAF-I
(lane 3), His-pre-VII (lane 4), a mixture of TAF-I and His-pre-VII
(lane 5), and a mixture of DNA and His-pre-VII (lane 6) were
subjected to partial digestion withR-chymotrypsin. The digestion
products were separated by 15% SDS-PAGE and visualized by
staining with CBB. Input TAF-I and His-pre-VII are shown in lanes
1 and 2, respectively. The schematic diagram of digestion products
corresponding to bands is shown in the right side of the panel.

310 Biochemistry, Vol. 45, No. 1, 2006 Gyurcsik et al.



binds to the major groove of DNA. On the basis of UV light-
induced cross-linking assays, Chatterjee et al. suggested that
RRR binds to the phosphate DNA backbone andR-helices
in the carboxyl-terminal portion of protein VII dock with
the major groove of DNA (25).

In addition to RRR, amino-terminal and carboxyl-terminal
regions of pre-VII were shown to have potential to bind DNA
directly. These regions showed stronger DNA binding
activity with RRR than each region alone. The DNA binding
activity of both regions was sensitive to increasing concen-
trations of NaCl (Figure 3). This result suggests that ionic
interaction rather than hydrogen bonding is dominant for
DNA binding. The ionic interaction between the acidic tail
of TAF-I and pre-VII was also suggested by fluorescence
anisotropy measurements (Table 1). These results lead to the
assumption that DNA and the acidic tail of TAF-I compete
with each other to bind to pre-VII. By the fluorescence
anisotropy competition assay where pre-VII-acidic peptide
complexes were titrated with DNA, DNA was found to
replace the probe-labeled acidic peptide more efficiently than
the cold acidic peptide (data not shown). Recently, Lee et
al. (34) proposed a DNA binding region of pre-VII by
examining chromosome localization of a pre-VII fragment
fused to GFP in mitotic cells. They reported that GFP-fused
peptides of aa 25-54 and aa 134-198 of pre-VII are
associated to the mitotic chromosome and suggested that
these regions alone are sufficient for retention on DNA. This
is in good agreement with results of our protease sensitivity
assay showing that every digestion site of pre-VII was
protected by DNA. Since the region between aa 25-54
contains the high density of basic amino acids, it is
reasonable that pre-VII(1-92) and pre-VII(116-198) used
in this study containing the highly basic regions of aa 25-
54 and aa 134-198, respectively, are capable of binding to
DNA as shown in the nitrocellulose filter binding assay
(Figure 3).

Pull-down assays (Figure 6) showed that a mutant pre-
VII comprising RRR and the carboxyl-terminal region is a
strong binder for TAF-Iâ∆C as well as TAF-Iâ. Protease
sensitivity assays showed that the amino-terminal region (aa
1-40) of pre-VII is accessible forR-chymotrypsin, even
when complexed with TAF-I. The region between aa 94-
148 of protein VII (aa 118-172 of pre-VII) fused to GST
was shown to bind to TAF-I in cell extracts by Xue et al.
(10). Taken altogether, it is quite likely that the major TAF-I
binding region consists of the carboxyl-terminal region and
RRR.

TAF-I monomer mutants and TAF-I mutants lacking the
acidic tail are not capable of remodeling the Ad core. Pull-
down assays showed that a TAF-I monomer mutant binds
to protein VII with 2-fold less efficiency than the full-length
TAF-I, and a TAF-I mutant lacking the acidic tail binds to
protein VII with almost similar efficiency of the full-length
TAF-I in the presence of 500 mM NaCl. These results
suggest that the amino-terminal region of TAF-I, irrespective
of its involvement in dimerization, binds to protein VII. The
hydrophilic surface of the coiled-coil region is predicted to
be rich in aspartic and glutamic acids (19), so it is possible
that the hydrophilic surface of the coiled-coil region is
directly involved in pre-VII and protein VII binding. We
speculate that the region of TAF-I except for the acidic tail
determines the specificity in binding with protein VII, and a

pair of the acidic tails in a dimer of TAF-I contributes to
the binding by their nonspecific ionic interaction. This
prediction about a role of acidic clusters could be generalized
for acidic histone chaperones containing acidic clusters. An
acidic cluster of NAP-1 is dispensable for nucleosome
assembly in vitro but contributes to binding of NAP-1 to
histones through structure-independent electrostatic interac-
tions (35, 36). Removal of the acidic tail of nucleoplasmin
does not alter the binding property of nucleoplasmin with
histones (37). The acidic tail of nucleoplasmin, while
enhancing the efficiency of protamine removal, is dispensable
for sperm chromatin decondensation in vitro (38, 39). In the
previous report (18), we assumed the structure of protein
VII -TAF-I complexes in the presence of an excess amount
of TAF-I in such a way that each acidic tail in a TAF-I dimer
interacts with each one of two basic regions of protein VII.
From this study, the previous model could be revised as that
one TAF-I dimer lacking the acidic tail binds to one
carboxyl-terminal region containing RRR of protein VII and
each one of the acidic tails may also bind to RRR and the
carboxyl-terminal region of protein VII.

The present study indicates that DNA binding regions and
TAF-I binding regions of pre-VII are partially overlapping
(Figure 8). The amino-terminal region of pre-VII is free from
TAF-I in the TAF-I-pre-VII complex (Figure 7). Thus, we
would propose the mechanism of remodeling of the DNA-
protein VII complex by TAF-I as follows: a TAF-I dimer
binds to protein VII through the carboxyl-terminal region
containing RRR in DNA-protein VII complexes. TAF-I
dissociates the carboxyl-terminal region of protein VII from
DNA, while the amino-terminal region of protein VII remains
bound to DNA. By the formation of this ternary complex,
DNA-protein VII interaction would be reduced because of
loss of the carboxyl-terminal region-mediated DNA binding.

Although we showed that pre-VII binds to DNA or TAF-I
in almost the same manner as protein VII in the binary
complex formation, we cannot exclude the possibility that
pre-VII and protein VII differ from each other when they

FIGURE 8: Summary of the present study. The major interaction
between pre-VII and DNA or TAF-Iâ is mediated through the
positively charged RRR of pre-VII (the thicker the line, the stronger
the binding). The amino-terminal and carboxyl-terminal regions of
pre-VII enhance the DNA binding activity of pre-VII by direct DNA
interaction. TAF-I lacking the acidic tail preferentially binds to the
carboxyl-terminal region of pre-VII containing RRR. Vertical closed
and open arrows indicate protease digestion sites, where digestion
is sensitive or insensitive, respectively, when complexed with DNA
and TAF-I (C and G indicate chymotrypsin and Glu-C, respec-
tively). The secondary structure predicted by HNN (Guermeur
thesis, 1997) is depicted with gray rectangles forR-helix and
horizontal arrows forâ-sheet. Arginine and lysine are indicated by
vertical bars. The arrowhead indicates the cleavage site by
adenovirus protease.
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are complexed with negatively charged molecules. Some
different properties in terms of the DNA binding are found
between protein VII and pre-VII (21, 24). Of interest is that
TAF-I binds to DNA-protein VII complexes forming a
ternary complex, while TAF-I dissociates pre-VII from
DNA-pre-VII complexes (unpublished observation). Pre-
VII -TAF-I and pre-VII-DNA complexes are present in
infected cells in late phases of infection (Figure 1). Experi-
ments are ongoing to understand the molecular mechanism
of complex conversion from pre-VII-TAF-I and pre-VII-
DNA, the latter of which is to be packed in virions.
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