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Upon infection of human T-cell leukemia virus type 1 (HTLV-1), the provirus is integrated into the host cell
genome and subsequently packaged into chromatin that contains histone H1. Consequently, transcriptional
activation of the virus requires overcoming the environment of chromatin and H1. To efficiently activate
transcription, HTLV-1 requires the virally encoded protein Tax and cellular transcription factor CREB.
Together Tax and CREB interact with three cis-acting promoter elements called viral cyclic-AMP response
elements (VCREs). Binding of Tax and CREB to the vCREs promotes association of p300/CBP into the complex
and leads to transcriptional activation. Therefore, to fully understand the mechanism of Tax transactivation,
it is necessary to examine transcriptional activation from chromatin assembled with H1. Using a DNA template
harboring the complete HTLV-1 promoter sequence and a highly defined recombinant assembly system, we
demonstrate proper incorporation of histone H1 into chromatin. Addition of H1 to the chromatin template
reduces HTLV-1 transcriptional activation through a novel mechanism. Specifically, H1 does not inhibit CREB
or Tax binding to the vCREs or p300 recruitment to the promoter. Rather, H1 directly targets p300 acetyl-
transferase activity. Interestingly, in determining the mechanism of H1 repression, we have discovered a
previously undefined function of Tax, overcoming the repressive effects of Hl-chromatin. Tax specifically
abrogates the H1 repression of p300 enzymatic activity in a manner independent of p300 recruitment and

without displacement of H1 from the promoter.

Human T-cell leukemia virus type 1 (HTLV-1) was first
isolated in 1979 (51) and has since been identified as the
etiologic agent of adult T-cell leukemia and HTLV-1-associ-
ated myelopathy/tropical spastic paraparesis (17, 49, 55, 59).
Upon infection, the provirus is randomly integrated into the
host cell chromosome and subsequently packaged into chro-
matin (37). Of the estimated 12 million worldwide carriers,
roughly 4% eventually develop adult T-cell leukemia or
HTLV-1-associated myelopathy/tropical spastic paraparesis,
often decades after the initial infection (58). The events that
mediate transformation remain largely unknown. However, ac-
tivation of transcription from the integrated provirus assem-
bled into chromatin is a necessary step for the production of
virally encoded proteins, including Tax. Tax is essential for
efficient transcription of the viral genome (4, 5, 61-64) and
contributes to malignant transformation through effects on
other genes and cell components (21, 22).

Tax associates with the HTLV-1 promoter through protein-
protein interactions between CREB (or other ATF/CREB
family members) and protein-DNA contacts. The Tax/CREB
complex interacts with three cis-acting DNA elements called
viral cyclic AMP-response elements (VCREs) located within
the U3 region of the HTLV-1 long terminal repeat (LTR) (1,
12, 20). Specifically, CREB binds as a dimer to the §-nucleo-
tide, off-consensus CRE core within each 21-bp vCRE (26).
Tax interacts with CREB and the GC-rich sequences flanking
the core CRE within the DNA minor groove, forming a ternary
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complex on the promoter (30, 42, 46). Several studies have
shown that Tax and CREB binding to viral DNA promotes
association of the pleiotropic coactivators p300 and CBP,
forming a quaternary complex (18, 29, 33, 35).

CBP and p300 are cellular coactivators that likely regulate
transcription in all metazoans (reviewed in reference 19).
Their effect on transcription is, at least in part, through their
intrinsic acetyltransferase activity that targets lysine residues
within each of the four core histone proteins (48) as well as
nonhistone targets (15). Chromatin regions enriched with
acetylated nucleosomes correlate with areas of active chroma-
tin (25). In vivo studies of the HTLV-1 LTR provide direct
evidence for p300 and CBP promoter occupancy contributing
to increased levels of histone H3 and H4 acetylation (40).
Furthermore, inhibition of histone deacetylase complexes re-
sults in greater levels of histone acetylation and a concomitant
increase in viral RNA transcripts (40, 41, 44). Therefore, it is
no surprise that we and others have previously observed a
requirement for p300 and acetyl coenzyme A (AcCoA) in
potentiating the effects of Tax transactivation on chromatin
templates in vitro (16, 43).

Nucleosomes form the basic repeating unit of chromatin and
consist of a core histone octamer (two H2B/H2A dimers and
one H3/H3 tetramer) wrapped by 146 bp of DNA (45). In
addition to the core histones, a fifth or “linker” histone, H1,
also contributes to the structure and function of chromatin.
Approximately one histone H1 is associated per nucleosome in
vivo (3); however, the precise location of H1 on the nucleo-
some remains to be determined. The linker histone acts, in
part, to stabilize higher order chromatin structure but is not
required for chromatin condensation (54). Functionally, H1 is
classified as a transcriptional repressor, but no general mech-
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anism for H1 repression has emerged from the literature.
Rather, chromatin containing histone H1 has been shown to
inhibit various steps associated with transcriptional activation
and even initiation (7, 23, 27, 28, 60).

Prior to Tax activation in cells, nucleosomes on the HTLV-1
promoter contain histone H1 (39). Therefore, when examining
the mechanism of Tax activation biochemically, it is critical to
do so using chromatin containing H1. In this study, we inves-
tigated the effects of Hl-containing chromatin on HTLV-1
transcriptional activation through the use of a defined, recom-
binant assembly system, extending previous work examining
viral activation in the context of chromatin (15, 16, 43). Upon
optimization of H1 incorporation into chromatin, we observed
a twofold reduction in HTLV-1 transcriptional activation. We
demonstrated that H1 represses transcription through inhibi-
tion of p300 activity. Furthermore, we determined that H1
repression is not mediated through interference with p300
recruitment but directly through an effect on p300 acetyltrans-
ferase activity. In determining the mechanism behind H1 re-
pression, we uncovered a previously undefined function of Tax.
Specifically, Tax abrogated Hl-mediated inhibition of p300
enzymatic activity in a manner independent of p300 recruit-
ment and without displacing H1 from the promoter. We pro-
pose a model wherein transcriptional activation at the HTLV-1
promoter is tightly regulated through the opposing effects of
Tax and H1 on p300 acetyltransferase activity.

MATERIALS AND METHODS

Protein purification. Native Drosophila core histones (6) and histone H1 (8)
were purified from Drosophila embryos. Sf9 cells were infected with Drosophila
nucleosome assembly protein 1 (ANAP-1yy;,) baculovirus at a multiplicity of
infection (MOI) of 5 and purified as described previously (14). Recombinant
ATP-utilizing chromatin assembly and remodeling factor (ACF) was produced in
Sf9 cells by coinfection of Acfl and ISWIg, 4 baculoviruses at MOIs of 10 and
5, respectively, and purified as described previously (14). Recombinant CREB
(13) and Tax (65) were expressed and purified, respectively, from Escherichia coli
according to published procedures (18, 24). Recombinant p300yy;,, was purified
from Sf9 cells infected at a MOI of 5 (32).

Chromatin assembly. Core histones were deposited onto the p-306/G-less
template (2) that contains HTLV-1 LTR sequence encompassing the three viral
CRE:s and core promoter regions through the use of the NAP/ACF recombinant
chromatin assembly system previously described (14). Briefly, core histones were
preincubated with ANAP-1 (1:6 [wt/wt]) on ice for 30 min in 25 mM HEPES (K™,
pH 7.6), 0.05 mM EDTA, 5% glycerol. ACF (25 ng per 150 ng DNA) was added
to the core histone/dNAP-1 mix, followed by the addition of an ATP-regener-
ating system (3 mM ATP, 30 mM phosphocreatine, 1 ng/ml creatine phosphoki-
nase). Supercoiled plasmid DNA was added to the assembly reactions and
incubated for 4 to 18 h at 27°C under final conditions of 10 mM HEPES (pH 7.6),
50 mM KCI, 5 mM MgCl,, 5% glycerol, 1% polyethylene glycol, and 0.01%
NP-40. Histone H1 was added 1.5 h postassembly to the chromatin template
where indicated at a 1:25 Hl:octamer molar ratio. Reactions were adjusted to
assemble 150 ng (67 fmol) of DNA in a 7 pl volume (amount added to a single
in vitro transcription reaction); however, actual assembly volumes ranged from
50 to 600 pl when larger amounts of DNA template were assembled.

MNase digestion. Micrococcal nuclease (MNase) digestion was performed on
2.1 pg of assembled DNA (98 wl assembled chromatin). First, 135 pl of MNase
buffer (1.74 mM HEPES [pH 7.6], 121 mM KCl, 12% [vol/vol] glycerol, 2.4%
[wt/vol] polyethylene glycol, 11.2 mM CaCl,) were added to chromatin samples
and incubated at 37°C for 5 min. Digestion was initiated by addition of 0.12 U
MNase (Worthington) to templates lacking histone H1 and 0.48 U MNase to
H1-containing templates at 37°C. After 1, 2, 4, and 8 min, 60 wl aliquots were
removed and digestion was stopped with 12 pl Tris-EDTA (6 pl T;oE;—6 pl 0.5
M EDTA). Samples were deproteinized with 9.6 pl 2.5 mg/ml proteinase K and
96 pl chromatin stop (20 mM EDTA, 200 mM NaCl, 1% [wt/vol] sodium dodecyl
sulfate [SDS], 0.25 mg/ml glycogen) at 37°C for 30 min. The DNA was extracted
with phenol-chloroform followed by ethanol precipitation. Nucleic acids were
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analyzed on a 1.2% Tris-borate-EDTA agarose gel and visualized with SYBR
gold. Gene ruler 100 bp plus markers (Fermentas) were used as DNA size
standards.

Sucrose gradients. For sucrose gradient analysis, 4.2 wg of DNA was assem-
bled into chromatin with various Hl:octamer molar ratios. Chromatin samples
were resolved using 13 ml 15% to 40% sucrose gradients (10 mM Tris-HCI [pH
7.8], 0.1 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride,
0.1 mM benzamidine). Gradients were centrifuged at 4°C in an SW41Ti (Beckman)
rotor at 40,000 rpm for 4 h. Gradient fractions were collected (1.2 ml) from top
to bottom. Proteins were trichloroacetic acid-deoxycholate precipitated using
800 w1 of each fraction, resolved on 15% SDS-polyacrylamide gel electrophoresis
(PAGE), and visualized with SYPRO ruby. DNA was deproteinized and precip-
itated from 200 w1 of each gradient fraction, resolved on a 1% Tris-borate-EDTA
agarose gel, and visualized with SYBR gold.

In vitro transcription assays. Following chromatin assembly, 150 ng (67 fmol)
of assembled DNA in a 7 pl volume was added to transcription reaction mixtures
containing TM buffer (1 mM dithiothreitol, 25 mM Tris-HCI [pH 7.9], 50 mM
KCl, 6.25 mM MgCl,, 0.5 mM EDTA, 10% glycerol) and 50 uM AcCoA in a 30
to 40 pl final volume. Exogenous Tax and CREB (1.6 pmol each) were added
after or during the chromatin assembly where indicated. p300 (0.3 pmol) was also
added to transcription reactions where indicated. Preinitiation complexes were
formed with the addition of 40 ug CEM (HTLV-1-negative T-cell line) nuclear
extract (10), and samples were incubated for 60 min at 30°C. RNA synthesis was
initiated with addition of 250 uM ATP, 250 pM CTP, 12 pM UTP, and 0.8 pM
[a-*?PJUTP (3,000 Ci/mmol) and incubated for 30 min at 30°C. Following RNA
synthesis, 100 U of RNase T1 were added and samples were incubated for 30 min
at 37°C. Proteins were digested for 30 min at 50°C with 8.5 pl 10 mg/ml pro-
teinase K and 10 pl transcription stop (250 mM NaCl, 1% SDS, 20 mM Tris-HCl
[pH 7.5], 5 mM EDTA). A 622-bp DNA fragment, isolated from an Hpall digest
of pBR322 and end labeled, was added for a recovery standard. RNA products
and labeled DNA recovery standards were precipitated and resolved on 6.5%
sequencing urea-PAGE. Radiolabeled Hpall-digested pBR322 served as molec-
ular weight size markers. All radioactive experiments were imaged using
STORM phosphorimaging and quantified with Image Quant 5.1 software. Ex-
periments were performed a minimum of three times.

In vitro acetylation assays. For in vitro acetylation assays, 2 wg of core histones
were assembled into chromatin (1.26 pmol DNA). Tax, CREB, and P-CREB (30
pmol each) were included in the chromatin assembly reaction where indicated. A
slight excess (8.4 pmol) of p300 was used compared to that used in transcription
studies. Final reaction volumes varied from 100 to 150 wl and contained 75 pM
14C-labeled AcCoA (56 mCi/mmol specific activity) under final conditions that
included TM buffer with 10 mM sodium butyrate and 1 mM phenylmethyl-
sulfonyl fluoride. Samples were incubated for 60 min at 30°C. Proteins were
methanol-chloroform precipitated and resolved on 18% SDS-PAGE. Free
(unassembled) core histones were acetylated for a marker. Experiments were
performed at least three times.

DNase I primer extension footprinting. Experiments were performed as de-
scribed previously (50) with the following modifications. Briefly, p-306/G-less
plasmid DNA (56 fmol) was assembled into chromatin in a 25 pl volume. CREB
was titrated (1.3, 2.7, 6.7, and 13.4 pmol) and added after chromatin assembly
where indicated in a final volume of 50 pl in TM buffer. Binding reactions were
incubated for 1 h at 30°C. Digestion was performed as described previously (50),
except digestion was stopped by placing samples in a dry ice-EtOH bath for 10
min. Digested DNA (10 fmol) was incubated with 50 fmol of [y-*>P]ATP-labeled
primer, and primer extension was performed as described previously (50). To
footprint the distal and middle vCREs, we used the primer 5'-TCGATAAGCT
TCTAGACCTCCCAGTG-3', which binds ~70 bp upstream of the distal vVCRE
within pUC13. To footprint the proximal vCRE we used the primer 5'-TCAG
CCATATGCGTGCCATGAA-3', which anneals to the promoter at position
—47 relative to the transcription start site. Following primer extension, the DNA
was precipitated and resolved on a 6.5% sequencing gel. Experiments were
performed a minimum of three times. Percent accessibility is only shown for the
distal vCRE, as the degrees of CREB binding for all of the vCREs are similar.

Immobilized chromatin templates. Biotinylated DNA fragments from —288 to
+408 and —69 to +408 of the HTLV-1 LTR were prepared by standard PCR
using biotinylated forward primers. PCR products were purified using prepara-
tive-cell electrophoresis (Bio-Rad) and bound to M 280 streptavidin Dynabeads
(Dynal Biotech ASA) (10 pl beads/pmol DNA) as described by the manufac-
turer. Chromatin templates were assembled using 2 pmol biotinylated DNA. Tax
(18 pmol), CREB or phospho-CREB (12 pmol), and H1 (1.25 molar excess per
octamer) were added to the assembly reactions where indicated in a final volume
of 50 pl in TM buffer. Chromatin was assembled for 4 h at 27°C. After assembly,
factors were added as indicated (0.75 pmol p300) and the volume was adjusted
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FIG. 1. Histone H1 is properly incorporated into chromatin through use of a recombinant assembly system. (A) Histone H1 incorporation (1.25
molar excess to octamer) increases nucleosome repeat length from ~170 to ~190 bp. Chromatin was assembled on the p-306/G-less template (0.94
pmol) through use of recombinant NAP-1 and ACF assembly factors in the absence or presence of histone H1 as indicated and digested with
MNase for 1, 2, 4, and 8 min. Nucleosomal DNA was resolved on a native 1.2% agarose gel and visualized by SYBR gold staining. The numbers
and positions of nucleosomes for each template are labeled numerically. Base pair size markers are indicated to the right. (B) Histone H1 is stably
incorporated into chromatin. Chromatin containing H1 was purified over 15% to 40% sucrose gradients. Proteins from each fraction were resolved
on 15% SDS-PAGE and visualized with SYPRO ruby (top). Molecular weight markers (M) are shown on the left. Positions of H1, core histones,
and the major chromatin peak fractions are also indicated. DNA from each fraction was also resolved using agarose gel electrophoresis and SYBR

gold (bottom).

to 100 pl in TM buffer. Binding reactions were performed for 45 min at 27°C.
Immobilized templates were washed twice with 100 wl TM buffer containing 100
mM KClI, resuspended in SDS-PAGE loading dye, and processed by Western
blotting. Experiments were performed a minimum of three times. Antibodies
against CREB (SC-186), P-CREB (SC-7978-R), and p300 (SC-584) were pur-
chased from Santa-Cruz Biotechnology. H3 (Ab 1791) and H1 (V7013) antibodies
were purchased from Abcam and Biomeda, respectively. A monoclonal Tax
antibody (Hybridoma 168B17-46-92) was obtained from the National Institutes
of Health Aids Research and Reference Reagent Program.

RESULTS

Proper incorporation of histone H1 into in vitro-assembled
chromatin templates. H1-containing chromatin was assembled
with purified H1 and core histones by the use of a well-char-
acterized, highly defined assembly system (14). Histones were
deposited onto a plasmid harboring natural HTLV-1 promoter
sequence (see Fig. 2A) through the use of NAP-1 and ACF.
Typically, one molecule of H1 binds per core histone octamer
in vivo (3); therefore, it is critical to assemble chromatin with
the appropriate ratio of histone H1 to core histones. Chroma-
tin samples were assembled at different H1-to-core histone
octamer ratios. Since a nucleosome containing histone H1
protects 10 to 20 additional base pairs from micrococcal nu-
clease digestion (36, 57), we used increased nucleosome repeat
length to verify proper and stoichiometric H1 incorporation.
The nucleosomal repeat length increased from 169 bp in the
absence of H1 to 186 bp upon H1 addition, confirming linker
histone incorporation (Fig. 1A). We found that a slight molar

excess of histone H1 (1.25:1) to histone octamer was needed to
achieve a uniform increase in repeat length.

We tested directly for any unincorporated linker histone by
separation from assembled chromatin templates on 15% to
40% sucrose gradients (Fig. 1B). At Hl-to-octamer molar ra-
tios up to and including 1:25, no free H1 protein was observed
(H1 runs between the second and third largest major proteins
at the top of the sucrose gradient). As the H1-to-octamer ratios
were increased past 1:25, we observed significant levels of free,
unassembled H1 (data not shown). Therefore, we chose tem-
plates assembled with an H1-to-octamer ratio of 1.25 for sub-
sequent experiments. Together, these experiments confirm
proper incorporation of histone H1 to the chromatin template
by use of a recombinant assembly system.

H1-chromatin represses HTLV-1 transcriptional activation.
Having optimized H1 incorporation, we next examined the
effects of chromatin containing linker histone on HTLV-1
transcriptional activation. Plasmid templates containing the
HTLV-1 viral promoter upstream of a G-less cassette (Fig. 2A)
were assembled into chromatin in both the absence and the
presence of histone H1. Exogenous Tax, CREB, and p300 were
added to the transcription reactions after chromatin assembly
and HI1 incorporation, where indicated. All reactions con-
tained AcCoA and nuclear extract prepared from an unin-
fected T-cell line (CEM), which contains the RNA polymerase
II transcription machinery.

H1-chromatin reduced relative transcription from the HTLV-1
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FIG. 2. Incorporation of histone H1 into chromatin represses HTLV-1 transcriptional activation. (A) Promoter schematic of the p-306/G-less
construct relative to the HTLV-1 genome. The approximate positions of the TATA box and vCREs are indicated relative to the transcription start
site at +1. (B) In vitro transcriptional analysis of chromatin containing histone H1. Chromatin (67 fmol p-306/G-less DNA) was assembled without
or with H1 and transcription was assayed in the presence (+) or absence (—) of recombinant CREB (1.6 pmol), Tax (1.6 pmol), and p300 (0.3
pmol) as indicated. CREB, Tax, and p300 were added to transcription reaction mixtures after chromatin assembly (see Fig. 3A). All reaction
volumes contained 50 puM AcCoA and ~40 ug CEM T-cell (uninfected) nuclear extract. Transcript levels were averaged between duplicate lanes
and are expressed relative to the results seen with the maximally activated Tax/CREB/p300-dependent transcript, which is set to 100 (lane 4). The
positions of RNA transcript and labeled DNA recovery standard are indicated to the right, while labeled DNA size markers (in nucleotides) are
indicated to the left of the gel. (C) Graphical representation of quantitation data from five independent experiments measuring transcription from
chromatin either lacking (open bars) or containing (gray bars) histone H1. The severalfold activation values were calculated relative to basal
transcription from chromatin assembled in the absence of H1, which is set to 1.

promoter compared to that from chromatin lacking the linker
histone (Fig. 2B, lanes 2 to 4 versus 5 to 7). Basal and Tax/CREB-
mediated transcription levels were reduced about threefold (Fig.
2B, lane 2 versus 5 and 3 versus 6), while Tax/CREB/p300-medi-
ated transcription was reduced twofold (Fig. 2B, lane 4 versus
lane 7). The effects of H1 were chromatin specific, as H1 addition
to free (unassembled) DNA at levels used in chromatin assembly

had no significant impact on the levels of transcription (data not
shown).

Tax counteracts H1-chromatin repression of transcriptional
activation. As a primary step in elucidating the mechanism of
H1 repression at the HTLV-1 promoter, we examined the
ability of Tax and CREB to compete with H1. For these ex-
periments, chromatin was assembled without or with H1. In

1sanb Aq T20z ‘TT AeN uo /610 wse IAl//:dny wol) papeojumoq


http://jvi.asm.org/

10546 KONESKY ET AL. J. VIROL.

A. Tax/CREB (AA)
ACF (p300)
NAP-1 Tax/CREB (DA) acetyl CoA
core histones H1 CEM NE NTPs
Time (hrs) 0 1.5 4 5 5.5
l Il Il |
CHROMATIN ASSEMBLY PRE- TXN
INITIATION
B. - H1 Chlromatir! + H1 Ctllromatin
' AA paA M AA DA !
Tax: - - 00 b o T Tyl
CREB: - + + + + - + + + +
1 | I | 110 11 11 L | | | 11 11 L 1 U
- * L %
622 —— e — — — e — — i - i Recovery
527 v o ---‘ - e g standard :O_S
oA JETEEmEe=RE s wore e oo mmam [ Transcript 8_
309 -] " v o D
L J L ] 1 ] L J L J L J L J L J L ] L J 9;
Relati 2 3 4 5 6 7 8 9 10 3
elative
Transcription: 10 52 100 79 158 24 24 47 43 175 i
C. - H1 Chromatin + H1 Chromatin .g
T ! 1T I 1 =
p300: - + - o+ - o+ - 4 S
DA DA %
Tax: - - 4+ o+ - - + 4+ 3
CREB: + + + + + + + + o
L L) L) LI LI L) L) L L) Recovery 6
P . — e N — o~ oy o — T ‘_standard 8
e —— e q—— e g o g = | ¢ Transcript ]
5
<
1 =
ROV 4y &' df 4 34 67 140 3
Transcription: 100 8
N
D. 9 1 =
O- H1 g
8 1 =+ H1 KC:
71 o)
28
6 .
5 p

Fold Activation (relative to CREB)

i

CREB  CREB/p300 Tax/CREB  Tax/CREB/
p300

FIG. 3. Tax counteracts the Hl-chromatin repression of transcriptional activation. (A) Timeline of chromatin assembly and factor addition for in vitro
transcription reactions. (B) Tax and CREB, but not CREB alone, overcome H1 repression of transcriptional activation. Chromatin (67 fmol p-306/G-less
DNA) was assembled without or with histone H1. Equivalent amounts of Tax and CREB (1.6 pmol each) were added either after chromatin assembly
(AA) or during chromatin assembly (DA) as indicated for each chromatin template. Transcript levels were averaged between duplicate lanes and
calculated relative to lane 3, which is set to 100. (C) Addition of p300 does not overcome H1 repression of CREB-mediated transcriptional activation.
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addition, we were concerned that Tax function may require an
as-yet-unidentified chromatin-remodeling component or that
Tax be present during S phase of the cell cycle. The addition of
Tax with CREB during assembly would bypass these potential
early chromatin-remodeling steps. Linker histone addition
1.5 h into the assembly reaction resulted in the most consistent
incorporation. Tax and CREB (or CREB alone) were added
either after the 4-h chromatin assembly or during assembly at
1.5 h along with H1 (for a schematic of the experimental
timeline, see Fig. 3A). Upon complete assembly (4 h), chro-
matin templates were incubated with AcCoA and nuclear ex-
tract, and transcription was initiated with the addition of NTPs
(Fig. 3A). Where indicated, exogenous p300 was added to the
transcription reactions after chromatin assembly.

As described above, Hl-chromatin repressed Tax/CREB-
mediated transcriptional activation twofold when added after
assembly (Fig. 3B, lane 3 versus 8). When CREB alone was
added after chromatin assembly, transcription also decreased
twofold in the presence of H1l-chromatin (Fig. 3B, lane 2 ver-
sus 7). Even when CREB was added during chromatin assem-
bly, CREB-alone activation was repressed twofold by chroma-
tin containing H1 (Fig. 3B, lane 4 versus 9). However, addition
of Tax together with CREB during chromatin assembly com-
pletely counteracted the Hl-chromatin repression of CREB
transcriptional activation (Fig. 3B, lane 5 versus 10). We per-
formed micrococcal nuclease digestion analysis to verify that
Tax and CREB addition during assembly did not compromise
the integrity of our chromatin templates. We obtained ladders
of the same quality as those seen when chromatin was assem-
bled in the absence of transcription factors (data not shown).

We next tested the effect of exogenous p300 addition on
transcriptional repression by H1. The addition of exogenous
p300 after assembly (see schematic in Fig. 3A) on both chro-
matin templates increased the relative level of transcription in
the presence of both CREB and Tax/CREB (Fig. 3C and D).
However, H1 incorporation still produced about a twofold
reduction in CREB/p300-mediated transcription (Fig. 3C, lane
2 versus 6, and Fig. 3D), indicating that p300 cannot counteract
H1 repression and that Hl-chromatin may function through
inhibition of CREB binding. While p300 addition to chromatin
templates assembled with Tax/CREB augmented transcrip-
tional activation in the presence of H1 (Fig. 3C, lane 7 versus
8, and Fig. 3D), exogenous p300 was not required for Tax and
CREB to completely counteract Hl-chromatin repression
(Fig. 3C, lane 3 versus 7, and Fig. 3D).

CREB binding to the vCREs is not reduced in the context of
Hl1-chromatin. To directly test the hypothesis that H1-chro-
matin represses transcription through an inhibition of CREB
binding to the vCREs, we performed DNase I primer exten-
sion footprinting analysis. CREB binding was determined us-
ing the same templates and salt concentrations as in transcrip-
tion studies. Chromatin was assembled without or with histone
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H1 followed by incubation with increasing concentrations of
CREB. The templates were digested with DNase I, and DNA
cleavage was analyzed by primer extension.

Surprisingly, incorporation of H1 into chromatin produced
no measurable decrease in CREB binding at the vCREs. At
the lowest ratio of CREB per vCRE binding site (the same
fourfold molar excess as that used in transcription reactions),
CREB addition after chromatin assembly resulted in similar
DNase I protection on either chromatin template (Fig. 4 lane
3 versus 10). As CREB concentrations were increased to a
40-fold molar excess relative to binding sites, DNase I protec-
tion continued to increase by essentially equal levels on both
chromatin templates (Fig. 4, lane 6 versus 13). We have also
footprinted the promoter proximal vCRE and found no change
in the ability of CREB to bind upon H1 incorporation (data
not shown). Based on these data, we concluded that the mech-
anism by which H1-chromatin represses transcriptional activa-
tion is not through an effect on CREB binding.

As would be expected, when CREB was added during chro-
matin assembly, H1 incorporation had no effect on CREB
binding and addition of Tax during assembly did not increase
CREB binding to H1-chromatin (data not shown). Therefore,
Tax functions at a step downstream of CREB binding in coun-
teracting H1-chromatin repression.

Chromatin containing histone H1 inhibits p300 activity.
Both in vitro and in vivo studies have demonstrated the im-
portance of p300 in HTLV-1 transcriptional activation (Fig. 2B
and 3C; see also references 15, 16, 40, and 43). In vitro, the
Tax/CREB complex has been shown to directly recruit p300
and stimulate the intrinsic acetyltransferase activity of this co-
activator (15, 44). Therefore, we tested whether H1-chromatin
affected Tax/CREB stimulation of p300 activity by use of his-
tone acetyltransferase (HAT) assays. The same plasmid tem-
plate (Fig. 2A) used in transcription and footprinting studies
was assembled into chromatin containing or lacking linker
histone. Upon assembly, chromatin was incubated with Tax,
CREB, p300, and *C-labeled AcCoA. The core histone pro-
teins were resolved using SDS-PAGE, and '*C incorporation
was analyzed as described in Materials and Methods.

Addition of Tax/CREB after chromatin assembly increased
relative acetylation above basal levels from both chromatin
templates (Fig. SA, lane 2 versus 3, and Fig. 5B). However,
incorporation of H1 decreased basal histone acetylation (Fig.
5A, lane 2 versus 4, and Fig. 5B). H1 also decreased Tax/
CREB-stimulated acetylation about threefold when these ac-
tivators were added after chromatin assembly (Fig. 5A, lane 3
versus 5, and Fig. 5B). Repression of p300 histone acetylation
paralleled the reduction in transcription observed for chroma-
tin containing H1 when Tax and CREB were added after
assembly (Fig. 2B, lane 4 versus 7, and Fig. 2C). Free H1 (not
incorporated into nucleosomes during assembly) had no effect
on p300 HAT activity (data not shown). To verify that the

Chromatin was assembled as described above. Tax and CREB (1.6 pmol each) were added during chromatin assembly (DA), while p300 (0.3 pmol) was
added after chromatin assembly (AA) to the transcription reaction volumes as indicated. Transcript levels were averaged between duplicate lanes and
calculated relative to lane 4, which is set to 100. (D) Graphical representation of three independent transcription experiments from chromatin lacking
(open bars) or containing (gray bars) histone H1 assembled with factors added during chromatin assembly (DA). The severalfold activation values were
calculated relative to CREB-alone transcription from chromatin assembled without H1, which is set to 1.
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FIG. 4. Hl-chromatin repression does not result from inhibition of
CREB binding. The results of DNase I primer extension footprinting
analysis of CREB binding on chromatin templates (56 fmol p-306/G-
less DNA) assembled in the absence and presence of histone H1 are
shown. CREB was added after chromatin assembly to each template
and titrated from a 4- to 40-fold molar excess as indicated by triangles
(1.3, 2.7, 6.7 and 13.4 pmol of CREB). Undigested DNA (UN) and
no-protein (—) lanes are labeled for both chromatin templates. *2P-
labeled DNA products from the primer extension reaction were re-
solved on an 8% sequencing gel. Protection was observed at both the
middle and distal vCRE core regions as CREB was titrated onto the
DNA. Protein binding was measured as a percentage of DNA acces-
sibility, with the digested, no-protein (—) lanes set as 100 percent
accessible. The percentages of accessibility were calculated for the
distal vCRE, although similar levels of protection were calculated for
the middle and proximal vCREs.

increase in acetylation required vCRE-mediated recruitment
of Tax and CREB, we assembled a plasmid carrying the
HTLV-1 promoter deleted to —52 (see schematic promoter
diagram in Fig. 2A). This construct, which lacks the vCREs,
was assembled into chromatin in the absence or presence of
linker histone. The results obtained demonstrated that p300-
mediated histone acetylation requires Tax/CREB binding to
the vCREs (data not shown).

These data indicate that Hl-chromatin reduces Tax/
CREB-mediated transcriptional activation through an effect
on p300 recruited to the HTLV-1 promoter. The data sup-
port a model in which H1 inhibits p300 recruitment and/or
enzymatic activity.

Tax completely overcomes the H1-chromatin repression of
p300 activity. Having determined that incorporation of linker
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FIG. 5. Hl-chromatin repression operates through an effect on
p300. (A) In vitro histone acetyltransferase activity of p300 was mea-
sured by C-labeled AcCoA incorporation into histones present on
chromatin templates (1.26 pmol p-306/G-less DNA) assembled in the
absence or presence of linker histone. Acetylation reactions were per-
formed with recombinant p300 (8.4 pmol) in the presence (+) or
absence (—) of Tax and CREB (30 pmol each) added after chromatin
assembly (AA). Histones were resolved via 18% SDS-PAGE. Free
histones were acetylated by p300 for size markers, and positions of
each core histone are indicated on the left. Acetylation levels were
calculated relative to chromatin lacking H1 in the absence of Tax and
CREB (set to 1) and are displayed as the average values between
duplicate lanes. (B) Tax/CREB-mediated acetylation by p300 is vVCRE
dependent. The p-52/G-less construct (Fig. 2A, 1.26 pmol DNA) was
assembled into chromatin without or with histone H1, and acetylation
reactions were performed as above. (C) Graphical representation of
acetylation levels on chromatin assembled without (open bars) or with
(gray bars) linker histone. Tax and CREB were added after chromatin
assembly (AA). Data were calculated from three independent exper-
iments, and acetylation levels are relative to basal from templates
lacking H1, which is set to 1.

histone into our chromatin templates affects p300 function, we
turned our focus to the mechanism of Tax in overcoming
H1-chromatin transcriptional repression. This function of
Tax is most pronounced when it is added together with
CREB during chromatin assembly. Therefore, we examined
the ability of Tax and CREB to stimulate p300 HAT activity
when added during chromatin assembly either in the ab-
sence or presence of histone H1 (see schematic of experi-
mental time line in Fig. 3A).

Tax/CREB addition during chromatin assembly abrogated
H1-chromatin repression of p300 histone tail acetylation (Fig.
6A, lanes 3 and 5, and Fig. 6C). The degree to which these
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FIG. 6. Tax completely overcomes H1 repression of p300 activity.
(A) Addition of Tax and CREB during chromatin assembly (DA) (Fig.
3A) reverses the effect of histone H1 on p300 activity. In vitro histone
acetyltransferase activity of p300 was measured by *C-labeled AcCoA
incorporation onto chromatin templates (1.26 pmol p-306/G-less
DNA). Acetylation reactions were performed with recombinant p300
(8.4 pmol) in the presence (+) or absence (—) of Tax and CREB (30
pmol each) added during chromatin assembly (DA) on chromatin
templates containing (+) or lacking histone H1 (—) where indicated.
Free histones were acetylated by p300 for size markers, and positions
of each histone are labeled on the left. Acetylation levels were calcu-
lated relative to chromatin lacking H1 in the absence of Tax and
CREB (lane 2, set to 1). (B) Chromatin containing H1 represses
P-CREB-mediated p300 HAT activity. Acetylation reactions were per-
formed as described above except that either P-CREB or CREB (30
pmol each) was added without Tax to each reaction mixture during
chromatin assembly (DA) on chromatin templates assembled without
or with histone H1. The positions of acetylated free histones are
labeled on the left. Acetylation levels were calculated relative to chro-
matin lacking H1 in the absence of CREB and P-CREB (lane 2, set to
1). (C) Graphical representation of acetylation levels from factor ad-
dition during chromatin assembly (DA) on templates lacking (open
bars) or containing (gray bars) histone H1. Data were calculated from
two independent experiments for P-CREB and from three indepen-
dent experiments for Tax/CREB. Acetylation levels are relative to
basal from chromatin lacking H1, which is set to 1.
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results mirror the derepression observed in transcriptional ac-
tivation with Tax/CREB addition during chromatin assembly is
striking (Fig. 3C, lane 4 versus 8, and Fig. 3D), suggesting that
Tax functions through an effect on p300 activity in counteract-
ing H1 repression of transcription. Unlike transcription reac-
tions, HAT assays were performed using only purified proteins
(no nuclear extract). Therefore, we can be certain that only
Tax is required (together with CREB) to overcome the repres-
sive effects of H1-chromatin.

Phosphorylation of CREB at Ser133 is a necessary step in the
recruitment of p300 and subsequent transcriptional activation of
cellular promoters (34, 47). Tax is thought to bypass the need for
CREB phosphorylation in p300 recruitment (33). By extension,
CREB phosphorylation may have the same effect as Tax in coun-
teracting H1-chromatin repression of p300. To test the ability of
phosphorylated-CREB (P-CREB) alone to overcome the effects
of H1-chromatin, P-CREB was added during chromatin assembly
without and with H1 and p300 HAT activity was assayed as
before. We observed a twofold reduction in P-CREB-mediated
p300 HAT activity caused by the presence of H1 (Fig. 6B, lane 4
versus 7, and Fig. 6C), demonstrating that P-CREB is not suffi-
cient for counteracting the repressive effects of Hl-chromatin on
p300 even when added during assembly.

p300 acetyltransferase activity, not recruitment, is inhibited
by chromatin containing H1. To further define the mechanism
of H1 repression, we used immobilized chromatin templates
containing HTLV-1 DNA. The promoter fragment carries the
three viral CREs, while the control fragment lacks viral CREs
(Fig. 2A). First, each fragment was bound through a 5’ biotin
moiety to magnetic streptavidin beads. These bead-bound frag-
ments were then assembled into chromatin without or with H1
using the recombinant assembly system. Tax and P-CREB
were added either after or during chromatin assembly, and
p300 was added after chromatin assembly where indicated.
The templates were isolated using magnetic separation and
washed, and the remaining bound proteins were resolved by
SDS-PAGE and quantified by Western blot analysis. The dif-
ferences in Tax, P-CREB, and p300 binding to the promoter
fragment versus the control fragment demonstrated that their
binding is vCRE specific (Fig. 7A).

We compared p300 promoter occupancy in the presence of
P-CREB alone or P-CREB plus Tax added during or after
assembly on chromatin templates without and with histone H1.
In the absence of Tax and P-CREB, there was no significant
binding of p300 to the promoter (Fig. 7B, lanes 1 and 2). A
significant increase in p300 recruitment was observed in the
presence of P-CREB (Fig. 7B, lanes 3 to 6). Addition of Tax
together with P-CREB further enhanced p300 promoter occu-
pancy above that seen with P-CREB alone (Fig. 7B; compare
lanes 3 to 6 to lanes 7 to 10). Despite the differences in the
amounts of p300 recruited to the promoter by P-CREB and
Tax/P-CREB, p300 promoter occupancy was unaffected by
chromatin assembly with H1 (Fig. 7B and C). These results
clearly demonstrate that assembly of chromatin with H1 does
not inhibit p300 recruitment to the promoter. Therefore, our
data strongly support a model wherein H1 carries out its re-
pressive effects via inhibition of p300 acetyltransferase activity.
In addition, Tax/CREB, but not CREB alone, reverses this
inhibition, resulting in a high degree of HTLV-1 transcrip-
tional activation.
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FIG. 7. Recruitment of p300 is not affected by chromatin containing H1. (A) Factor binding is vVCRE dependent. Chromatin was assembled in
the absence of linker histone on promoter (P; three vCRESs) or control (C; no vVCREs) DNA (2 pmol biotinylated fragment DNA). Recombinant
Tax (18 pmol), P-CREB (12 pmol), and p300 (0.75 pmol) were added to the assembled chromatin templates. Upon isolation and washing of each
template, the bound proteins were analyzed by Western blotting. Antibodies are indicated to the left of each blot. (B) Factor binding to the
promoter fragment assembled into chromatin either in the absence (—) or presence (+) of histone H1. Tax and P-CREB were added during (DA)
or after (AA) chromatin assembly, as indicated. All reaction mixtures contained p300, which was added after chromatin assembly. Bound proteins
were detected using Western blot analysis with the indicated antibodies. (C) Graphical representation of p300 binding from either Tax/P-CREB
or P-CREB-mediated recruitment in the context of chromatin lacking (open bars) or containing (gray bars) linker histone. Data were averaged
between three independent experiments, and p300 binding is relative to chromatin assembled without H1 for each condition (set to 1).

Tax and CREB do not displace histone H1 from the pro-
moter. We tested the hypothesis that Tax functions in coun-
teracting H1 repression by displacing H1 from the promoter
during chromatin assembly. Although micrococcal nuclease
digestion experiments verified that global H1 incorporation
was preserved, this assay could not detect a highly localized
loss of H1 molecules at the promoter (data not shown). In
contrast, approximately 3 chromatosomes form on each 700-bp
bead-bound promoter fragment. Therefore, if Tax caused lo-
calized H1 displacement, the reduction would be detected
by Western blotting. Surprisingly, the amount of linker his-

tone assembled into chromatin does not change when Tax is
added together with P-CREB either during or after chro-
matin assembly (Fig. 7B, lane 8 versus 10). Thus, Tax does
not function in counteracting H1 repression through dis-
placement of histone HI1.

DISCUSSION

Despite the general characterization of histone H1 as a
transcriptional repressor (36), there is no clearly defined mech-
anism for H1 repression. Rather, the data presented to date
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FIG. 8. Model for HTLV-1 transcriptional regulation in a chromatin context. H1 incorporation into nucleosomes inhibits p300 acetyltransferase
activity, and Tax functions to abolish H1-chromatin repression, providing a means for tighter regulation of HTLV-1 transcription.

suggest that the effects of chromatin containing histone H1 are,
to some degree, promoter specific (7, 9, 27, 31, 38, 53). Addi-
tionally, recent microarray data collected from mice embryonic
stem cells null for three H1 isoforms demonstrated that mam-
malian H1 acts both negatively and positively in gene regula-
tion (11).

In this study, we examined the effect of histone H1 on Tax-
mediated activation of HTLV-1 transcription. Incorporation of
H1 into the chromatin template repressed HTLV-1 transcrip-
tional activation. The reduction in transcription was not attrib-
utable to decreased transcription factor binding, as we ob-
served no change in either CREB or Tax promoter occupancy
upon H1 incorporation. Rather, chromatin containing H1 in-
hibited p300 acetyltransferase activity directly without affecting
p300 recruitment to the promoter. Additionally, we have dis-
covered a previously undefined function of Tax, which is to
overcome Hl-mediated inhibition of p300 enzymatic activity.

H1 represses CREB transcriptional activation but not
CREB binding. Although the histones, including HI1, are
evicted from the HTLV-1 promoter region upon Tax transac-
tivation, Tax must first interact with chromatin that contains
linker histone (39). Therefore, we examined steps prior to
transcription initiation and RNA polymerase II recruitment in
determining the role of H1 at the HTLV-1 promoter. Since
H1-chromatin reduced transcriptional activation, we per-
formed competition studies between CREB, Tax, and H1 and
indirectly assayed factor binding by use of transcription assays.
When Tax and CREB were added at the same time as histone
H1 during chromatin assembly, the activators completely coun-
teracted the repressive effects of Hl-chromatin on transcrip-
tional activation. However, CREB, in the absence of Tax, was
not capable of overcoming H1 repression (Fig. 3B). Addition-
ally, exogenous p300 failed to reverse the repressive effects of
histone H1 on CREB-mediated activation (Fig. 3C). It is in-
teresting that Tax must be present during chromatin assembly
to abrogate H1 repression. This requirement may reflect the
need for an additional remodeling activity or the need for Tax
to be present during chromatin assembly in the cell cycle S
phase.

Previous studies have shown that H1 interferes with tran-
scription factor binding to the DNA (27, 56). We directly
tested this possibility and found, through DNase I footprinting,

that the repressive effects of H1 do not result from inhibition
of CREBNVCRE interactions (Fig. 4). Additionally, we found
no change in CREB or Tax binding to the vCREs on immo-
bilized chromatin templates assembled in the absence or pres-
ence of H1 (Fig. 7B). These data are in agreement with Cheung
et al., who demonstrated that estrogen receptor a binding is not
affected by chromatin containing histone H1 (7). Further, Koop
et al. found that H1 did not inhibit progesterone receptor binding
to the mouse mammary tumor virus promoter. Instead, H1 in-
creased the efficiency of progesterone receptor binding (31).

H1 represses transcription through inhibition of p300 ac-
tivity. Additional mechanisms for H1 transcriptional repres-
sion include effects on factors with HAT activity (23). Given
the presence of p300/CBP on the HTLV-1 promoter in vivo
and the role of these coactivators in transcriptional activation,
we examined the effects of H1-containing chromatin on p300
enzymatic activity and recruitment (16, 40, 43). While we have
shown that the histone tails are not the primary targets of p300
in HTLV-1 activation, the nonhistone target(s) remains to be
identified (15). Therefore, we used HAT assays as a general
measure of p300 enzymatic activity. We found that H1-chro-
matin inhibited both Tax/CREB-mediated (targeted) and basal
(nontargeted) p300 HAT activity (Fig. SA). Thus, the twofold
reduction in transcriptional activation observed could be at-
tributed to the effects of Hl-chromatin on p300 acetyltrans-
ferase activity (Fig. 2B). In agreement with our HAT data,
others have previously demonstrated linker histone repression
of nontargeted, recombinant PCAF (p300/CBP-associated fac-
tor) HAT activity (23). In contrast, Cheung et al. found no
affect of H1 on estrogen receptor a-mediated stimulation of
p300 HAT activity (7).

Intriguingly, we discovered that Tax and CREB addition
during chromatin assembly abolished the repressive effects of
H1-chromatin on p300 HAT activity (Fig. 6A), consistent with
the derepression of transcription observed using H1-chromatin
in this context (Fig. 3B and C). These data indicate that the
function of Tax in counteracting histone H1 is attributable to
an effect on p300 and suggest that Tax antagonizes H1 repres-
sion of HTLV-1 transcription via modulation of p300 function.

H1-chromatin directly represses p300 acetyltransferase ac-
tivity. Herrera et al. attributed H1 repression of PCAF activity
to steric hindrance of H3 N-terminal tail accessibility by the
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H1 tails, but they did not examine whether PCAF interactions
with the chromatin template were altered by H1 incorporation
(23). To determine whether H1l-chromatin directly inhibited
p300 acetyltransferase activity or whether the observed repres-
sion was indirect and operated through an effect on p300
recruitment, we used immobilized chromatin templates. H1
incorporation into chromatin did not decrease P-CREB-medi-
ated or Tax/P-CREB-mediated p300 recruitment, confirming
that histone H1 inhibits p300 acetyltransferase activity at the
HTLV-1 promoter.

Tax counteracts Hl-chromatin repression of p300 enzy-
matic activity. Having defined the step in HTLV-1 transcrip-
tional activation that H1 represses, we further probed the
mechanism of Tax function in this process. Using immobilized
chromatin templates, we demonstrated that Tax does not sim-
ply function through displacement of histone H1 at the pro-
moter (Fig. 7B). Intriguingly, we observed a threefold increase
in Tax promoter occupancy with addition during chromatin
assembly relative to the level of Tax occupancy when added
after chromatin assembly (Fig. 7B). However, we did not ob-
serve a concomitant increase in p300 binding. In fact, the level
of p300 recruitment remained constant, regardless of when Tax
and P-CREB were added to the assembly reaction mixtures.
Furthermore, the increase in p300 recruitment observed with
Tax/P-CREB over that seen with P-CREB alone, when added
after chromatin assembly, did not correlate with counteracting
H1 repression of p300 activity or transcriptional activation.
The simplest interpretation of our findings is that Tax directly
targets the inhibition of p300 enzymatic activity to abrogate
H1-chromatin repression of HTLV-1 transcription.

H1 and Tax regulation of the HTLV-1 promoter. We pro-
pose a model that defines a role for histone H1 in regulation of
the HTLV-1 promoter during early events in transcriptional
activation (Fig. 8). Incorporation of linker histone into chro-
matin does not affect CREB, Tax, or p300 association with the
promoter. Rather, H1 inhibits p300 directly through reduction
of acetyltransferase activity, correlating well with the same
degree of transcriptional repression of HTLV-1 transcription.
In addition, when Tax is present with CREB during chro-
matin assembly, the effects of H1 on p300 acetyltransferase
activity are alleviated (Fig. 8). While the exact mechanism
has yet to be elucidated, we propose several models for Tax
function in overcoming H1 repression of p300 HAT activity.
Tax may alter p300 substrate accessibility. Addition of Tax
during assembly could also affect higher-order chromatin
structure, which, in turn, could lead to effects on protein-
protein and protein-DNA interactions. Additionally or al-
ternatively, Tax could disrupt H1 interactions that alloste-
rically inhibit p300 activity, as AcCoA has been shown to
allosterically regulate p300 inhibitory activity (52). Either
mechanism is consistent with previous findings that the glob-
ular domain of H1/HS is not sufficient for inhibition of HAT
activity. Rather, the tails of H1 are responsible for mediat-
ing decreased acetylation (23). Coupled with our finding
that histone H1 is not displaced, these data suggest that
p300 repression is mediated by the H1 tails rather than the
globular domain. Future experiments will be directed at
differentiating between these possible mechanisms.

J. VIROL.

ACKNOWLEDGMENTS

We are grateful to J. Kadonaga, D. Fyodorov, M. Levenstein, and T.
Ito for providing Acf1, ISWI, and dNAP-1 baculoviruses and for advice
on optimizing chromatin assembly. We also thank W. L. Kraus for p300
baculovirus. Additionally, we thank J. Mick and D. Lopez for providing
purified Tax and CREB proteins. We also thank N. Polakowski and N.
Curthoys for critical reading of the manuscript.

The research presented in the manuscript was supported by grants
from the National Institutes of Health (NCI CA87540) to P.J.L. and
J.K.N,, the American Heart Association (0355432Z) to P.J.L., and the
W. M. Keck Foundation to J.K.N. and P.J.L.

REFERENCES

1. Adya, N., and C. Z. Giam. 1995. Distinct regions in human T-cell lympho-
tropic virus type I Tax mediate interactions with activator protein CREB and
basal transcription factors. J. Virol. 69:1834-1841.

2. Anderson, M. G., K. E. Scoggin, C. M. Simbulan-Rosenthal, and J. A.
Steadman. 2000. Identification of poly(ADP-ribose) polymerase as a tran-
scriptional coactivator of the human T-cell leukemia virus type 1 Tax protein.
J. Virol. 74:2169-2177.

3. Bates, D. L., and J. O. Thomas. 1981. Histones H1 and H5: one or two
molecules per nucleosome? Nucleic Acids Res. 9:5883-5894.

4. Bex, F., and R. B. Gaynor. 1998. Regulation of gene expression by HTLV-I
Tax protein. Methods 16:83-94.

5. Brady, J., K. T. Jeang, J. Duvall, and G. Khoury. 1987. Identification of
p40x-responsive regulatory sequences within the human T-cell leukemia
virus type I long terminal repeat. J. Virol. 61:2175-2181.

6. Bulger, M., and J. T. Kadonaga. 1994. Biochemical reconstitution of chro-
matin with physiological nucleosome spacing, p. 241-262. In K.W. Adolph
(ed.), Methods in molecular genetics, vol. 5. Academic Press, San Diego,
Calif.

7. Cheung, E., A. S. Zarifyan, and W. L. Kraus. 2002. Histone H1 represses
estrogen receptor « transcriptional activity by selectively inhibiting receptor-
mediated transcription initiation. Mol. Cell. Biol. 22:2463-2471.

8. Croston, G. E., L. A. Kerrigan, L. M. Lira, D. R. Marshak, and J. T.
Kadonaga. 1991. Sequence-specific antirepression of histone Hl-mediated
inhibition of basal RNA polymerase II transcription. Science 251:643-649.

9. Dusserre, Y., and N. Mermod. 1992. Purified cofactors and histone H1
mediate transcriptional regulation by CTF/NF-1. Mol. Cell Biol. 12:5228-
5237.

10. Dynan, W. S. 1987. DNase I footprinting as an assay for mammalian gene
regulatory proteins. Genet. Eng. 9:75-87.

11. Fan, Y., T. Nikitina, J. Zhao, T. J. Fleury, R. Bhattacharyya, E. E. Bouhassira,
A. Stein, C. L. Woodcock, and A. I. Skoultchi. 2005. Histone H1 depletion in
mammals alters global chromatin structure but causes specific changes in gene
regulation. Cell 123:1199-1212.

12. Franklin, A. A., and J. K. Nyborg. 1995. Mechanisms of Tax regulation of
human T-cell leukemia virus type I gene expression. J. Biomed. Sci. 2:17-29.

13. Franklin, A. A., M. F. Kubik, M. N. Uittenbogaard, A. Brauweiler, P.
Utaisincharoen, M. A. Matthews, W. S. Dynan, J. P. Hoeffler, and J. K.
Nyborg. 1993. Transactivation by the human T-cell leukemia virus Tax pro-
tein is mediated through enhanced binding of activating transcription fac-
tor-2 (ATF-2) ATF-2 response and cAMP element-binding protein (CREB).
J. Biol. Chem. 268:21225-21231.

14. Fyodorov, D. V., and J. T. Kadonaga. 2003. Chromatin assembly in vitro with
purified recombinant ACF and NAP-1. Methods Enzymol. 371:499-515.

15. Georges, S. A., H. A. Giebler, P. A. Cole, K. Luger, P. J. Laybourn, and J. K.
Nyborg. 2003. Tax recruitment of CBP/p300, via the KIX domain, reveals a
potent requirement for acetyltransferase activity that is chromatin-depen-
dent and histone tail-independent. Mol. Cell. Biol. 23:3392-3404.

16. Georges, S. A., W. L. Kraus, K. Luger, J. K. Nyborg, and P. J. Laybourn.
2002. p300-mediated Tax transactivation from recombinant chromatin: his-
tone tail deletion mimics coactivator function. Mol. Cell. Biol. 22:127-137.

17. Gessain, A., F. Barin, J. C. Vernant, O. Gout, L. Maurs, A. Calender, and G.
de The. 1985. Antibodies to human T-lymphotropic virus type I in patients
with tropical spastic paraparesis. Lancet ii:407-410.

18. Giebler, H. A., J. E. Loring, K. Van Orden, M. A. Colgin, J. E. Garrus, K. W.
Escudero, A. Brauweiler, and J. K. Nyborg. 1997. Anchoring of CREB
binding protein to the human T-cell leukemia virus type 1 promoter: a
molecular mechanism of Tax transactivation. Mol. Cell. Biol. 17:5156-5164.

19. Goodman, R. H., and S. Smolik. 2000. CBP/p300 in cell growth, transfor-
mation, and development. Genes Dev. 14:1553-1577.

20. Goren, L, O. J. Semmes, K. T. Jeang, and K. Moelling. 1995. The amino
terminus of Tax is required for interaction with the cyclic AMP response
element binding protein. J. Virol. 69:5806-5811.

21. Grassmann, R., S. Berchtold, I. Radant, M. Alt, B. Fleckenstein, J. G.
Sodroski, W. A. Haseltine, and U. Ramstedt. 1992. Role of human T-cell
leukemia virus type 1 X region proteins in immortalization of primary human
lymphocytes in culture. J. Virol. 66:4570-4575.

22. Grassmann, R., C. Dengler, I. Muller-Fleckenstein, B. Fleckenstein, K.

1sanb Aq T20z ‘TT AeN uo /610 wse IAl//:dny wol) papeojumoq


http://jvi.asm.org/

VoL. 80, 2006

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

McGuire, M. C. Dokhelar, J. G. Sodroski, and W. A. Haseltine. 1989. Trans-
formation to continuous growth of primary human T lymphocytes by human
T-cell leukemia virus type I X-region genes transduced by a herpesvirus
saimiri vector. Proc. Natl. Acad. Sci. USA 86:3351-3355.

Herrera, J. E., K. L. West, R. L. Schiltz, Y. Nakatani, and M. Bustin. 2000.
Histone H1 is a specific repressor of core histone acetylation in chromatin.
Mol. Cell. Biol. 20:523-529.

Hoeffler, J. P., J. W. Lustbader, and C.-Y. Chen. 1991. Identification of
multiple nuclear factors that inter-act with cyclic adenosine 3',5’-monophos-
phate response element-binding protein and activating transcription factor-2
by protein-protein interactions. Mol. Endocrinol. 5:256-266.

Horn, P. J., and C. L. Peterson. 2002. Chromatin higher order folding:
wrapping up transcription. Science 297:1824-1827.

Jeang, K. T., I. Boros, J. Brady, M. Radonovich, and G. Khoury. 1988.
Characterization of cellular factors that interact with the human T-cell leu-
kemia virus type I p40*-responsive 21-base-pair sequence. J. Virol. 62:4499—
4509.

Juan, L. J., R. T. Utley, C. C. Adams, M. Vettese-Dadey, and J. L. Workman.
1994. Difterential repression of transcription factor binding by histone H1 is
regulated by the core histone amino termini. EMBO J. 13:6031-6040.
Juan, L. J., R. T. Utley, M. Vignali, L. Bohm, and J. L. Workman. 1997.
H1-mediated repression of transcription factor binding to a stably positioned
nucleosome. J. Biol. Chem. 272:3635-3640.

Kashanchi, F., J. F. Duvall, R. P. Kwok, J. R. Lundblad, R. H. Goodman, and
J. N. Brady. 1998. The coactivator CBP stimulates human T-cell lymphotro-
phic virus type I Tax transactivation in vitro. J. Biol. Chem. 273:34646-34652.
Kimzey, A. L., and W. S. Dynan. 1998. Specific regions of contact between
human T-cell leukemia virus type I Tax protein and DNA identified by
photocross-linking. J. Biol. Chem. 273:13768-13775.

Koop, R., L. Di Croce, and M. Beato. 2003. Histone H1 enhances synergistic
activation of the MMTYV promoter in chromatin. EMBO J. 22:588-599.
Kraus, W. L., and J. T. Kadonaga. 1998. p300 and estrogen receptor coop-
eratively activate transcription via differential enhancement of initiation and
reinitiation. Genes Dev. 12:331-342.

Kwok, R. P., M. E. Laurance, J. R. Lundblad, P. S. Gold H. Shih, L. M.
Connor, S. J. Marriott, and R. H. Goodman. 1996. Control of cAMP-
regulated enhancers by the viral transactivator Tax through CREB and the
co-activator CBP. Nature 380:642-646.

Kwok, R. P., J. R. Lundblad, J. C. Chrivia, J. P. Richards, H. P. Bachinger,
R. G. Brennan, S. G. Roberts, M. R. Green, and R. H. Goodman. 1994,
Nuclear protein CBP is a coactivator for the transcription factor CREB.
Nature 370:223-226.

Laurance, M. E., R. P. Kwok, M. S. Huang, J. P. Richards, J. R. Lundblad,
and R. H. Goodman. 1997. Differential activation of viral and cellular pro-
moters by human T-cell lymphotropic virus-1 Tax and cAMP-responsive
element modulator isoforms. J. Biol. Chem. 272:2646-2651.

Laybourn, P. J., and J. T. Kadonaga. 1991. Role of nucleosomal cores and
histone H1 in regulation of transcription by RNA polymerase II. Science
254:238-245.

Leclercq, L., F. Mortreux, M. Cavrois, A. Leroy, A. Gessain, S. Wain-Hobson,
and E. Wattel. 2000. Host sequences flanking the human T-cell leukemia
virus type 1 provirus in vivo. J. Virol. 74:2305-2312.

Lee, H. L., and T. K. Archer. 1998. Prolonged glucocorticoid exposure
dephosphorylates histone H1 and inactivates the MMTYV promoter. EMBO
J. 17:1454-1466.

Lemasson, I., N. J. Polakowski, P. J. Laybourn, and J. K. Nyborg. 2006.
Tax-dependent displacement of nucleosomes during transcriptional activa-
tion of human T-cell leukemia virus, type 1. J. Biol. Chem. 281:13075-13082.
Lemasson, I., N. J. Polakowski, P. J. Laybourn, and J. K. Nyborg. 2002.
Transcription factor binding and histone modifications on the integrated
proviral promoter in human T-cell leukemia virus-I-infected T-cells. J. Biol.
Chem. 277:49459-49465.

Lemasson, L., N. J. Polakowski, P. J. Laybourn, and J. K. Nyborg. 2004.
Transcription regulatory complexes bind the human T-cell leukemia virus 5’
and 3’ long terminal repeats to control gene expression. Mol. Cell. Biol.
24:6117-6126.

Lenzmeier, B. A., H. A. Giebler, and J. K. Nyborg. 1998. Human T-cell
leukemia virus type 1 Tax requires direct access to DNA for recruitment of
CREB binding protein to the viral promoter. Mol. Cell. Biol. 18:721-731.
Lu, H,, C. A. Pise-Masison, T. M. Fletcher, R. L. Schiltz, A. K. Nagaich, M.
Radonovich, G. Hager, P. A. Cole, and J. N. Brady. 2002. Acetylation of
nucleosomal histones by p300 facilitates transcription from tax-responsive

Tax ABOLISHED H1 REPRESSION OF p300 ACTIVITY

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

10553

human T-cell leukemia virus type 1 chromatin template. Mol. Cell. Biol.
22:4450-4462.

Lu, H., C. A. Pise-Masison, R. Linton, H. U. Park, R. L. Schiltz, V. Sartorelli,
and J. N. Brady. 2004. Tax relieves transcriptional repression by promoting
histone deacetylase 1 release from the human T-cell leukemia virus type 1
long terminal repeat. J. Virol. 78:6735-6743.

Luger, K., A. W. Mader, R. K. Richmond, D. F. Sargent, and T. J. Richmond.
1997. Crystal structure of the nucleosome core particle at 2.8 A resolution.
Nature 389:251-260.

Lundblad, J. R., R. P. Kwok, M. E. Laurance, M. S. Huang, J. P. Richards,
R. G. Brennan, and R. H. Goodman. 1998. The human T-cell leukemia
virus-1 transcriptional activator Tax enhances cAMP-responsive element-
binding protein (CREB) binding activity through interactions with the DNA
minor groove. J. Biol. Chem. 273:19251-19259.

Montminy, M. R., and L. M. Bilezikjian. 1987. Binding of a nuclear protein
to the cyclic-:AMP response element of the somatostatin gene. Nature 328:
175-178.

Ogryzko, V. V., R. L. Schiltz, V. Russanova, B. H. Howard, and Y. Nakatani.
1996. The transcriptional coactivators p300 and CBP are histone acetyltrans-
ferases. Cell 87:953-959.

Osame, M., K. Usuku, S. Izumo, N. Ijichi, H. Amitani, A. Igata, M. Matsumoto,
and M. Tara. 1986. HTLV-1 associated myelopathy: a new clinical entity. Lancet
i:1031-1032.

Pazin, M. J., and J. T. Kadonaga.1998. Transcriptional and structural analysis of
chromatin assembled in vitro, p. 173-194. In H. Gould (ed.), Chromatin: a
practical approach. Oxford University Press, Oxford, United Kingdom.
Poiesz, B. J., F. W. Ruscetti, A. F. Gazdar, P. A. Bunn, J. D. Minna, and R. C.
Gallo. 1980. Detection and isolation of type C retrovirus particle from fresh
and cultured lymphocytes of a patient with cutaneous T-cell lymphoma.
Proc. Natl. Acad. Sci. USA 77:7415-7419.

Santoso, B., and J. T. Kadonaga. 2006. Reconstitution of chromatin tran-
scription with purified components reveals a chromatin-specific repressive
activity of p300. Nat. Struct. Mol. Biol. 13:131-139.

Schlissel, M. S., and D. D. Brown. 1984. The transcriptional regulation of
Xenopus 5s RNA genes in chromatin: the roles of active stable transcription
complexes and histone H1. Cell 37:903-913.

Schwarz, P. M., A. Felthauser, T. M. Fletcher, and J. C. Hansen. 1996.
Reversible oligonucleosome self-association: dependence on divalent cations
and core histone tail domains. Biochemistry 35:4009-4015.

Seiki, M., S. Hattori, and M. Yoshida. 1982. Human adult T-cell leukemia
virus: molecular cloning of the provirus DNA and the unique terminal
structure. Proc. Natl. Acad. Sci. USA 79:6899-6902.

Sera, T., and A. P. Wolffe. 1998. Role of histone H1 as an architectural
determinant of chromatin structure and as a specific repressor of transcrip-
tion on Xenopus oocyte 5S rRNA genes. Mol. Cell. Biol. 18:3668-3680.
Shimamura, A., M. Sapp, A. Rodriguez-Campos, and A. Worcel. 1989. His-
tone H1 represses transcription from minichromosomes assembled in vitro.
Mol. Cell. Biol. 9:5573-5584.

Tajima, K., and T. Kuroishi. 1985. Estimation of rate of incidence of ATL
among ATLV (HTLV-I) carriers in Kyushu, Japan. Jpn. J. Clin. Oncol.
15:423-430.

Uchiyama, T., J. Yodoi, K. Sagawa, K. Takatsuki, and H. Uchino. 1977.
Adult T-cell leukemia: clinical and hematologic features of 16 cases. Blood
50:481-492.

Wolffe, A. P. 1989. Dominant and specific repression of Xenopus oocyte 58
RNA genes and satellite I DNA by histone H1. EMBO J. 8:527-537.
Yoshida, M. 1995. HTLV-1 oncoprotein Tax deregulates transcription of
cellular genes through multiple mechanisms. J. Cancer Res. Clin. Oncol.
121:521-528.

Yoshida, M. 1994. Mechanism of transcriptional activation of viral and cel-
lular genes by oncogenic protein of HTLV-1. Leukemia 8(Suppl. 1):S51-S53.
Yoshida, M., J. Inoue, J. Fujisawa, and M. Seiki. 1989. Molecular mecha-
nisms of regulation of HTLV-1 gene expression and its association with
leukemogenesis. Genome 31:662-667.

Yoshida, M., M. Seiki, K. Yamaguchi, and K. Takatsuki. 1984. Monoclonal
integration of human T-cell leukemia provirus in all primary tumors of adult
T-cell leukemia suggests causative role of human T-cell leukemia virus in the
disease. Proc. Natl. Acad. Sci. USA 81:2534-2537.

Zhao, L. J., and C. Z. Giam. 1991. Interaction of the human T-cell lympho-
trophic virus type I (HTLV-I) transcriptional activator Tax with cellular
factors that bind specifically to the 21-base-pair repeats in the HTLV-I
enhancer. Proc. Natl. Acad. Sci. USA 88:11445-11449.

1sanb Aq T20z ‘TT AeN uo /610 wse IAl//:dny wol) papeojumoq


http://jvi.asm.org/

