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ABSTRACT OF DISSERTATION
CHROMATIN-DEPENDENT MECHANISMS OF CBP/p300 COACTIVATOR
FUNCTION IN HTLV-I TAX TRANSACTIVATION

Efficient transcription of the human T-cell leukemia virus (HTLV-I) genome
requires Tax, a virally encoded oncogenic transcription factor, complexed with
the cellular transcription factor CREB and the coactivators p300/CBP. To
examine the role of Tax transactivation in a chromatin context, we used
chromatin assembled with recombinant core histones. Using this chromatin-
based transcription system, we typically saw greater than 100-fold activation of
transcription in the presence of Tax, CREB and p300. We found that
transcription from chromatin templates was dependent on acetyl CoA. To test
the hypothesis that this effect was due to the role of acetyl CoA in histone tail
acetylation, we generated chromatin templates selectively lacking amino terminal
histone tails. Compared with wild type chromatin, these tailless chromatin
templates demonstrated enhanced transcriptional activation by Tax and CREB,
with significantly reduced dependence on acetyl CoA. However, Tax/CREB
activation from tailless chromatin templates retained a substantial requirement for
acetyl CoA. Additionally, Tax transactivation from tailless templates was
refractory to stimulation by endogenous p300, suggesting that tail deletion and

acetylation are functionally equivalent. importantly, p300 did not stimulate
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transcription from unassembled DNA templates, indicating that p300 functions by
a chromatin-dependent mechanism in Tax-transactivation.

We also investigated the mechanism of CBP/p300 recruitment to the
HTLV-I promoter. Tax has been characterized previously to interact with the KIX
domain of CBP/p300, but this interaction has not been dissected in a functional
context. Using polypeptides to inhibit CBP/p300 recruitment to the DNA-bound
Tax/CREB complex, we found that the KIX domain is a primary mediator of
CBP/p300 coactivator function on the HTLV-I promoter. Additionally, we found
that Tax/CREB transcription strongly requires CBP/p300, since the polypeptides
potently inhibited the function of CBP/p300 endogenous to the nuclear extract
used in these studies.

We used Lys-CoA, a selective inhibitor of CBP/p300 acetyltransferase
function, to further investigate the contribution of endogenous CBP/p300 in Tax-
transactivation. Our data suggest that CBP/p300 may act in concert with other
acetyltransferases to acetylate histone tails during Tax- transactivation.
Furthermore, we discovered that CBP/p300 acetyltransferase activity is required
on tailless chromatin templates, and is targeted at an unknown substrate whose

acetylation is critical to Tax-transactivation.

Sara A. Georges

Department of Biochemistry
and Molecular Biology

Colorado State University

Fort Collins, CO 80523

Fall 2002
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CHAPTER 1
INTRODUCTION TO HTLV-l TRANSCRIPTIONAL
REGULATION

1.1 HUMAN T-CELL LEUKEMIA VIRUS TYPE |

Human T-cell leukemia virus, type | (HTLV-I) was discovered in 1980, and
is the first human retrovirus to be identified (173). It is estimated that 10-20
million people worldwide are infected with the virus, with heavy distribution in
endemic areas including Japan and the Caribbean basin. Although the majority
of persons infected with HTLV-I will be lifelong, asymptomatic carriers of the
virus, viral infection is strongly associated with the pathogenesis of two distinct
diseases: adult T-cell leukemia (ATL) and tropical spastic paraperesis/HTLV-I-
associated myelopathy (TSP/HAM). HTLV-Il is considered to be an exogenous
virus, as it is not transmitted to the children of infected people through the
germline. The transmission of HTLV-I requires direct cell-cell contact; HTLV-|
can be transmitted through sexual contact and contact with contaminated blood,

but the major route of transmission appears to be mother-to-child either in utero

or through breast feeding.
1.1a VIRAL GENOME AND LIFE CYCLE

HTLV-l is a member of the retrovirus family, which includes lentiviruses

such as HIV-1, and betaretroviruses such as mouse mammary tumor virus.
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HTLV-I has recently been classified as a member of the deltaretrovirus genus
within the retrovirus family, and is closely related to HTLV-II (which is not
associated with disease), as well as Simian T-cell lymphotropic virus and Bovine
leukemia virus (reviewed in 26). HTLV-l infects mature CD4" and CD8"* T-cells,
via interaction with an unknown cell surface receptor. The HTLV-I virion contains
two copies of the single stranded viral RNA genome, which direct the production
of proteins necessary to the life cycle of the virus (34, 188, 190). As with other
prototypical retroviruses, the HTLV-l genome encodes for structural proteins
including the nucleocapsid (NC), capsid (CA), and matrix (MA) proteins in the
gag region, and the transmembrane (TM/gp 21) and surface (SU/gp 46)
glycoproteins within the env region (Fig. 1.1). The pol region of the genome
encodes for reverse transcriptase (RT), integrase (IN) required for integration of
the viral DNA into the host genome, and protease (which cleaves polycistronic
viral proteins). The viral genome also encodes for a unique transcriptional
activator Tax (123, 198), and Rex, a protein involved in mRNA trafficking (191).
The viral genome features identical long terminal repeat (LTR) regions at
each end of the genome that contain promoter sequences important for the
regulation of viral transcription (34, 95, 169, 188, 190). The U3 region of the LTR
contains three 21 bp repeat sequences that are highly conserved relative to each
other and among various isolates of the virus (95, 169). These sequences are
called viral CREs, because they resemble cellular CRE (cyclic AMP response
element) enhancers within their core sequences. The viral CREs are responsive

to the viral transcription factor Tax, and are critical for the expression of viral
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Figure 1.1. The HTLV-l genome. Proteins encoded by the viral genome, arranged
relative to the coordinates of their respective coding sequences, are illustrated. This
figure has been modified from Grant et al. 2002 (66).



genes. Mutagenesis studies have revealed that at least two of the three viral
CREs must be intact in order to mediate activated viral transcription (169).

Once inside the cell, the viral RNA genome is reverse transcribed, and the
resulting double stranded DNA inserts randomly into the chromosomal DNA of
the host (189, 234). Following integration, the virus is thought to undergo an
extended period of latent infection, with viral propagation achieved mostly via a
passive mechanism through mitotic division of the infected cell. The second
phase of the HTLV-| life cycle, involving the activation of viral gene expression
leading to production of infectious virions, is triggered by an ill-defined cellular

stimulus, and may be associated with the development of ATL or TSP/HAM.

1.1b HTLV-I AND ADULT T-CELL LEUKEMIA

HTLV-I was originally isolated from cell lines derived from a person
incorrectly diagnosed with cutaneous T-cell lymphoma/mycosis fungiodes (173).
Since that discovery, evidence of viral infection has been found repeatedly in
people diagnosed with adult T-cell leukemia (ATL) and in people living in areas
endemic for HTLV-I infection that are asymptomatic carriers of the virus (81, 98,
174, 178, 181, 234). Evidence of monoclonal integration of the viral genome in
ATL transformed cells demonstrates unequivocally that HTLV-I is the causative
agent of the leukemia (235). ATL develops in only a very small percentage (1-
3%) of people infected with HTLV-I. This observation, and the finding that
development of the disease typically follows decades of latent viral infection,

suggests that HTLV-I infection per se is insufficient for initiating malignant
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transformation. The mechanism by which HTLV-| causes ATL is unclear, but is
believed to involve widespread Tax-mediated disruption of cellular regulatory
processes, including signal transduction, DNA repair, and apoptosis, leading to
cellular transformation (reviewed in 233). ATL is characterized by uncontrolled
proliferation of transformed T-lymphocytes having lobulated or flower shaped
nuclei, and the infiltration of leukemic cells to produce skin and bone lesions.
ATL is a highly aggressive and fatal leukemia subtype that is unresponsive to
most chemotherapy regimens, although there has been some progress in

chemotherapy development in recent years (19).

1.1c  HTLV-I AND TROPICAL SPASTIC PARAPERESIS

A second disease, tropical spastic paraperesis/HTLV-| associated
myelopathy (TSP/HAM) has been strongly correlated with HTLV-I infection
(reviewed in 66). Unlike ATL, this disease involves progressive degeneration of
motor function as a result of demyelination of the central nervous system. The
precise mechanism by which HTLV-I causes TSP/HAM is unclear. Clinical
observations suggest that TSP/HAM is not caused directly by the
overproliferation of infected T-cells, but rather by a strong immune response to
infected cells that causes chronic inflammation in the central nervous system.
For example, TSP/HAM patients develop autoantibodies directed against
neurons, but asymptomatic people infected with HTLV-I and uninfected people
do not (130). A recent study demonstrated that the HTLV-i-related autoimmune

response observed in TSP/HAM patients is directed against hnRNP-A1, a
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cellular protein involved in mMRNA transport (131). Interestingly, anti-Tax
antibodies recognize hnRNP-A1, despite the two proteins having no obvious
amino acid sequence similarity. Autoantibodies against \nRNP-A1 were shown
to inhibit neuron firing in vitro, suggesting a correlation between HTLV-| infection,
autoimmunity and neurological damage. It is likely that additional autoantibodies,
with cross-reactivity to HTLV-I proteins, will be discovered which play a role in
TSP/HAM pathology. However, at the present time it is not known what factors
determine whether a person infected with HTLV-I will develop TSP/HAM, ATL, or

be a lifelong, asymptomatic carrier of the virus.

1.2 TAX-MEDIATED ACTIVATION OF HTLV-l TRANSCRIPTION

The mechanism by which HTLV-I mediates leukemogenesis differs from
those of other oncogenic viruses. HTLV-I integrates randomly into the host cell's
genome; as a result the virus does not consistently disrupt any particular gene
that would directly cause ATL development. Unlike other transforming viruses,
HTLV-I does not encode any proteins that resembie cellular oncogenes. Instead,
the HTLV-I Tax protein is responsible for the development of ATL, as several in
vitro and in vivo studies demonstrate that the Tax gene alone is sufficient to
immortalize cells, induce the development of a variety of tumors, and cause
leukemia (39, 67, 68, 158).

The 353 amino acid Tax protein is essential for transactivation of the
HTLV-I LTR, leading to the expression of viral genes (27, 33, 46, 49, 200, 201).

However, Tax alone cannot interact with the LTR to stimulate viral transcription
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(105, 239). Instead, Tax participates in specific protein-protein and protein-DNA
interactions to build a complex of cellular and viral proteins that will direct the

high level expression of the viral genome.

1.2a TAX-CREB INTERACTIONS

Early studies of the HTLV-I LTR showed that it contains multiple viral CRE
enhancer elements that bind several cellular proteins. These proteins were later
characterized to be members of the ATF/CREB family of transcription factors (5,
48, 89, 148, 160). Of the ATF/CREB family members, the role of CREB in HTLV-
| transcriptional regulation has been studied in the greatest detail. CREB is a 43
kDa protein that recognizes and binds CRE enhancer sequences of genes
involved in the cAMP signaling pathway. The transcriptional activity of CREB is
regulated by protein kinase A through phosphorylation at serine 133 (149). In
addition to the kinase-inducible domain, CREB has several other functional
domains that are important for DNA binding, dimerization, and interaction with
general transcription factors (reviewed in 195).

In HTLV-| gene activation, CREB dimers recognize and bind an 8 bp
sequence located within the core of each viral CRE, which represents an off-
consensus CRE site (7, 239). The binding affinity of CREB for the viral CRE is
much weaker than for the consensus CRE, due to single base pair changes
within one of the half sites of the viral CRE core (25). However, Tax strongly
increases the binding affinity of CREB for the viral CRE, through direct protein-

protein interactions with CREB (7, 25, 48, 230, 231, 239, 240). Quantitative
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electrophoretic mobility shift assays have demonstrated that Tax enhances
CREB binding to the viral CRE by stimulating CREB dimerization, presumably
through interactions with the basic leucine zipper domain of CREB (2, 7, 18, 48,
58, 207, 220, 231, 232, 239). Tax does not appear to interact with the DNA
binding domain of CREB (207). The amino terminus of Tax, as well as amino
acids within the carboxy terminus, appears to be critical for mediating Tax-CREB
interactions (1, 65, 231). Interestingly, phosphorylation of amino acids 300 and
301 within the carboxy-terminal CREB-interacting domain of Tax has been
shown to be critical for HTL.V-| activation in vivo, but the kinase responsible for
Tax phosphorylation has not been identified (21). A schematic illustrating the
functional domains of Tax and CREB is presented in figure 1.2.

Although Tax stimulates CREB binding to the viral CRE, it has no effect on
the affinity of CREB for cellular CRE sequences, and does not stably interact with
the CREB-celiular CRE complex (25, 117, 230, 232). This indicates that the
protein-protein interactions between Tax and CREB are necessary, but not
sufficient, for the formation of the high affinity ternary complex on the HTLV-I
promoter. Instead, direct interactions between Tax and GC-rich DNA sequences
flanking the viral CRE core appear to be important for stabilizing the ternary
complex, and are critical for Tax function in vitro and in vivo (7, 25, 50, 127, 148,

166, 232).
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Figure 1.2. Functional domains of Tax and CREB. The approximate amino acid coordinates of the functional
domains of Tax and CREB are illustrated, together with sites of phosphorylation®.



1.2b TAX-DNA INTERACTIONS

Within the viral CRE, the GC residues flanking the 8 bp viral CRE core
sequence are necessary for Tax-mediated formation of the ternary complex and
Tax-activated transcription. The Tax protein directly binds the viral CREs at
these GC residues, but does not bind within the CRE core (104, 105, 126, 127,
142). Tax binding is inhibited using sequence-specific minor groove binding
drugs, indicating that unlike CREB, which binds the CRE sequence in the major
groove, Tax contacts the viral CRE flanking sequences within the minor groove
of the DNA (126, 127, 142). Tax contacts flanking sequences both upstream and
downstream of the CRE core, indicating that Tax may bind the viral CRE as a
dimer (105, 126, 127). This hypothesis is strengthened by observations that Tax
can dimerize in solution, and that dimerization is important for Tax-dependent
complex formation and transcriptional activation (93, 94, 208). However, Tax
activation apparently requires only one of the two flanking sequences (50, 126,
127, 148). Lacking structural data, the question of whether a single molecule of
Tax recognizes both flanks of the viral CRE, or whether Tax binds the DNA as a
dimer, is unresolved.

Tax participates in protein-protein interactions with CREB, and protein-
DNA interactions with the viral CRE to form a ternary complex that binds the
HTLV-I promoter with high affinity. However, formation of this complex alone is
insufficient for mediating high levels of viral transcription. Instead, the cellular
coactivators CBP/p300 are implicated as required factors for the activation of

Tax/CREB transcription.

10
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1.3 THE CBP/p300 COACTIVATORS

The 2,414 amino acid protein p300 was originally identified by co-
immunoprecipitation to be a binding partner for the viral oncoprotein E1A (45,
203). The 2,441 amino acid protein CBP was later independently identified
through interaction with CREB (37). Soon after these initial characterizations, it
became apparent that CBP and p300 have highly homologous amino acid
sequences, exhibit a significant degree of evolutionary conservation, and share a
number of functional motifs (11). These observations have resulted in CBP and
p300 being considered functionally interchangeable in the literature. However,
despite their high degree of sequence homology, CBP and p300 are not
absolutely functionally identical. This is particularly apparent in studies of CBP
and p300 knockout mice, which exhibit distinct phenotypes according to the
relative dose of each protein (115).

CBP/p300 participate in the regulation of a number of genes through direct
binding of a multitude of transcriptional activators (Fig. 1.3). The promoters that
utilize CBP/p300 are involved in diverse cellular processes; therefore, it is not
surprising that CBP/p300 have important roles in regulating embryonic
development, cellular proliferation and differentiation, DNA damage repair and
apoptosis (78, 109, 115, 135, 163, 177, 180, 209, 228, 236). Additionally,
mutations of CBP/p300 have been strongly linked to certain leukemia subtypes
(59, 82, 107, 108, 120, 167, 184, 199), and to Rubinstein-Taybi syndrome, a

CBP/p300 haploinsufficiency disorder in which affected persons are not only

11
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Figure 1.3. Functional interactions of CBP/p300. Due to the high degree of homology between CBP
and p300, only the amino acid coordinates of the functional domains of CBP are represented.



developmentally abnormal, but also highly susceptible to tumor development (60,
153, 162, 172).

CBP/p300 are coactivators, as they activate transcription at a diverse
number of promoters through interactions with DNA-bound transcription factors,
rather than directly binding enhancer elements at target promoters (10, 45, 118,
141). The following sections summarize the details of CBP/p300 interactions
with Tax and CREB, and the known functions of CBP/p300 that may contribute to

robust Tax transactivation of the HTLV-I genome.

1.3a CBP/p300 INTERACTIONS WITH TAX AND CREB

Tax directly interacts with several domains of CBP/p300. The Tax-KIX
interaction, involving amino acids 588-683 of CBP (aa566-663 of p300), was the
first to be identified and remains the best characterized of all the Tax-CBP/p300
interactions (22, 58, 77, 117). The isolated KIX domain of CBP/p300 binds to
Tax/CREB complexes on the viral CRE and acts to stabilize the ternary complex
(58, 77, 117, 207, 225). Several lines of evidence suggest that direct Tax-KIX
interactions mediate the binding of CBP/p300 to the Tax/CREB/viral CRE DNA
complex. Purified Tax specifically binds KIX in solution (22, 117, 225).
Additionally, amino acid substitutions in Tax (K88A and V89A), which do not
affect Tax-CREB interactions, abolish the ability of Tax to bind KIX and to
activate Tax-dependent transcription in vitro and vivo (77, 116, 126). CBP/p300-
CREB interactions require phosphorylation of CREB at ser-133 by protein kinase

A, while KIX binding to the ternary complex is CREB phosphorylation-

13
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independent (58, 117, 225). Similarly, while activation of CREB-responsive
genes by CBP/p300 is dependent on CREB phosphorylation (12), activation of
the HTLV-I genome by Tax does not require CREB phosphorylation (117, 118).

Direct CREB-KIX interactions may also be invoived in Tax’CREB
transactivation, however. For example, transcription from the HTLV-I LTR is
activated upon stimulation of the cAMP-response pathway, which resulits in
CREB phosphorylation (50, 89, 212). In addition, KIX binds to the ser-133
phosphorylated CREB/Tax complex with >10-fold-higher affinity than to the
CREB/Tax complex (58). These observations suggest that CREB and Tax may
interact with KIX simultaneously, or that the phosphorylation of CREB somehow
alters the conformation of the complex to enhance the interaction between Tax
and KIX. The question of whether Tax and ser-133 phosphorylated CREB co-
occupy the KIX binding site is unresolved. Interestingly, Tax also strongly
interacts with the C/H1 domain of CBP/p300, which is located immediately
adjacent to KiIX at amino acids 302-451 of CBP (124). Perhaps an extended
region consisting of the contiguous C/H1 and KIX domains allows for
simultaneous, direct interactions of both ser-133 phosphorylated CREB and Tax
with CBP/p300 at the HTLV-I promoter.

In addition to the interactions with the C/H1 and KIX domains, Tax also
directly binds a carboxy-terminal region of CBP/p300 called CR2 (aa1892-2212).
This interaction appears to be distinct from the interaction between Tax and KiX,
since a point mutant of Tax (K88A) that does not bind KIX binds CR2 with an

affinity comparable to wild type Tax. Conversely, a Tax point mutant (Y312E)
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that does not bind CR2 binds the contiguous C/H1-KIX domains of CBP with
wild-type affinity (187). It is unclear whether a single molecule of Tax can form
muitiple simultaneous contacts with full-length CBP/p300. However, it is
intriguing to consider that multiple interaction domains within CBP/p300 may
allow the coactivators to act as bridging factors between the repeated viral CREs

on the HTLV-I promoter by contacting Tax/CREB in more than one viral CRE-
bound complex (Fig. 1.4).

1.3b INTERACTIONS BETWEEN CBP/p300 AND THE GENERAL
TRANSCRIPTION MACHINERY

Recruitment of CBP/p300 by transcription factors to target promoters
results in high levels of transcriptional activation. CBP/p300 may stimulate
transcription via several mechanisms, including recruitment of components of the
basal transcription apparatus. Interactions between CBP/p300 and RNA
polymerase Il have been demonstrated by a number of methods, including
chromatographic co-fractionation, co-immunoprecipitation, and in vivo co-
localization (36, 99, 155, 157, 219, 229). A region of the carboxy terminus of
CBP, composed of amino acids 1805-1890, is responsible for polymerase
binding (36, 155, 157). Interestingly, CBP/p300 interact specifically with the
hypophosphorylated, or nonelongating, form of the polymerase (36, 219). The
interactions between CBP/p300 and RNA polymerase |l appear to occur in the
context of the large RNA polymerase |l holoenzyme complex; CBP/p300 make

additional contacts with other components of this complex, including TFIIE and
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Figure 1.4. Model for bipartite binding of CBP/p300 to the HTLV-I LTR. Potential interactions between
Tax/CREB complexes, bound to their respective sequences on the viral CREs, with distinct domains of
CBP/p300.



SRB7 (103, 155, 229). While one group has reported a direct interaction
between CBP and TFIIB by GST-pulldown assay (118), other groups have not
observed an interaction between the two proteins (99, 103). Several studies
have suggested that the interactions between CBP/p300 and the holoenzyme
result in enhanced recruitment of RNA polymerase |l, and efficient assembly of
preinitiation complexes, at target promoters (112, 155, 229). In this way,
CBP/p300 may act as “bridging factors” to allow communication between
transcriptional activators bound to upstream enhancer elements and the basal

apparatus assembled at the core promoter.

1.3c CBP/p300 ACETYLTRANSFERASE ACTIVITY

The intrinsic acetyltransferase activity of CBP/p300 is extremely well
characterized, and is thought to contribute significantly to CBP/p300 coactivator
function on promoters. CBP/p300 were initially discovered to be histone-specific
acetyltransferases (or HATSs) that target muitiple residues on the amino terminal
regions of the core histone proteins H2A, H2B, H3 and H4. CBP/p300 acetylate
histones both free in solution, and when complexed with DNA in the form of
nucleosomes (16, 161, 185). In addition, CBP/p300 directly bind other
acetyltransferase proteins including P/CAF (p300/CBP-associated factor) (226)
and SRC-1 (steroid receptor coactivator-1) (202) and thereby possess
associated as well as intrinsic enzymatic activity.

The acetyitransferase activity of CBP/p300 is integral to its coactivator

function in many transcription systems, including ser-133 phosphorylated CREB
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(13), thyroid hormone receptor (132, 133), the pituitary-specific factor Pit-1 (224),
and estrogen receptor (113), among others. However, not all promoters that
utilize CBP/p300 require acetyltransferase function, perhaps suggesting that
CBP/p300 recruitment of RNA polymerase Il holoenzyme is the primary role of
CBP/p300 in those contexts (see for example 113, 132, 144).

Several studies have shown that CBP/p300 acetyltransferase activity is
directly targeted to promoters by DNA-bound transcription factors, and that this
recruitment is correlated with increased levels of histone acetylation (31, 102,
114, 137). In addition, Martinez-Balbas et al. (144) demonstrated that tethering
the isolated acetyltransferase domain of CBP to a promoter (via a Gal4-CBP
HAT fusion) was sufficient to mediate transcriptional activation. Interestingly, a
recent study reported a direct interaction between the bromodomain of p300 and
promoter templates, suggesting that binding of transcriptional activators may not
be the only mechanism by which CBP/p300 acetyltransferase activity is targeted
to genes (143).

In addition to the well-characterized HAT activity of CBP/p300, there is a
growing list of CBP/p300 “FAT" (factor acetyltransferase) substrates, including,
EKLF (237), HMG(I)Y (152), HIV-1 Tat (101),the p50 subunit of NF-kB (51), p53
(69), and the general transcription factors TFIIER and TFIIF (84), among others.
Acetylation can aiter the DNA-binding and protein-protein interaction properties
of targeted factors. However, in many cases, the functional consequences of
factor acetylation are unknown. Because CBP/p300 can modify both histones

and transcription factors, one open question is whether the coactivators are
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primarily HATs or FATs. The answer will likely vary according to whether the
acetylation of transcription factors is required for activation at a given promoter,
which might give primacy to the FAT function of CBP/p300 in that context.
Interestingly, several studies have demonstrated that CBP/p300 have no
coactivator function on naked DNA (13, 112, 114, 119, 137, 154). This suggests
that unique components of the physiological chromatin DNA template, such as

histones, are required for CBP/p300 activity.

14 ROLE OF CHROMATIN IN GENE EXPRESSION

The eukaryotic genome is hierarchically packaged into highly compact
DNA-protein complexes that are ultimately organized to form chromosomes (Fig.
1.5A). The characteristics of higher order chromatin structures, and their roles in
the regulation of gene expression, are poorly understood. However, the
fundamental unit of DNA packaging, the nucleosome, has been studied in great
detail. The nucleosome is composed of two dimers of the core histones H2A and
H2B, complexed with a tetramer of the core histones H3 and H4; the resulting
octamer assembles with approximately 146 bp of DNA to form a nucleosome
core particle (Fig. 1.5B). When nucleosomes are arrayed on a DNA template,
linker DNA exists between tandem nucleosomes that generates a repeat length
of approximately 200 bp of DNA per nucleosome (aithough this exact repeat
length varies among species). This conformation is often referred to as an “11

nm fiber". In addition to the four core histones, linker histones (such as histone
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H1) associate with the linker DNA, and are thought to be critical for mediating the
packaging transition from an extended 11 nm fiber to a more

compact 30 nm chromatin fiber. The following sections will focus on the impact
of nucleosomes on transcriptional activation in the context of regulatory

processes involving the amino termini of the core histone proteins.

1.4a ROLE OF HISTONE TAILS IN CHROMATIN STRUCTURE AND
TRANSCRIPTIONAL REGULATION

Each of the four ccre histone proteins is composed of two domains: a
highly-structured histone fold domain, or core globular domain, and the amino
terminal histone tail, an unstructured region that extends beyond the nucleosome
core (138) and is defined by susceptibility to trypsin digestion (23) (Fig. 1.5B). It
is hypothesized that the major contribution of the core globular domain is to
maintain the structural integrity of the nucleosome core particle. The amino
terminal tails appear to play important roles in regulating transitions between the
11 nm nucleosomal array and higher order chromatin structures that may be
important for the regulation of gene expression.

Chromatin is generally repressive to transcription. Several in vitro studies
have shown that as nucleosomes are deposited onto a DNA template, the
transcriptional activity of the template decreases dramatically relative to naked
DNA (74, 75, 121, 165, 213). This decrease in transcription is not due to the
inability of an elongating RNA polymerase to negotiate the chromatin template,

but rather appears to be the result of decreased initiation and decreased rate of
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Figure 1.5. Chromatin organization and structure. A. Schematic representation of the hierarchical packaging of
cellular DNA into chromatin. This illustration was taken from Hansen, 2002 (72). B. Crystal structure of the
nucleosome core particle, as published in Luger et al., 1997 (138).




elongation, leading to lower overall processivity of the enzyme (74, 165, 179). A
possible basis for transcriptional inhibition by chromatin is that histones limit the
accessibility of the promoter DNA for binding by transcriptional activators.
Nucleosomes have repeatedly been shown to inhibit the binding of transcription
factors to target genes, including TBP (62, 83, 193), TFIIA (62), and TFIIIA (122).
For example, nucleosomes inhibit the binding of TBP and TFIIA to the TATA
element even when the sequence is located in the linker region of the DNA (62).
Specifically, the histone tails appear to play a key regulatory role in
transcriptional activation. For example, removal of the amino terminal histone
tails (by trypsinization) increases the processivity and elongation rate of RNA
polymerase (179). Additionally, trypsinization of the histone tails leads to greater
accessibility of the DNA flanking the core particle, and facilitates transcription
factor binding (62, 122, 175, 179, 217). Importantly, these effects are not due to
dissociation of nucleosomes from the DNA template, since tail removal does not
affect nucleosome structure, nor does it affect the stability of protein-DNA
interactions or protein-protein interactions within the nucleosome core (14, 96,
151, 222).

Transcriptional activation from chromatin templates is facilitated by a
process called chromatin remodeling. Chromatin remodeling is thought to play a
role in transcriptional initiation by allowing for the transient exposure of
nucleosome-free DNA sequences that can then bind transcriptional activators
(156). Chromatin remodeling enzymes use ATP to catalyze the movement of

nucleosomes on DNA, and are usually components of large, multisubunit
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complexes. Multiple chromatin remodeling complexes have been identified in
various organisms, including humans (hRSWI/SNF, NURD and RSF), yeast
(ySWI/SNF and RSC), and Drosophila (ACF, CHRAC, NURF), among others
(reviewed in 106). Interestingly, the activities of some, but not all, chromatin
remodeling complexes appear to require direct interactions with histone amino
terminal tails. For example, the ACF, CHRAC and NURF complexes, which all
share the ISWI ATPase as a catalytic subunit, have reduced remodeling activity
on trypsinized chromatin templates and appear to require specific interaction with
the histone H4 tail in order to catalyze nucleosome sliding (24, 38, 44, 56). In
contrast, the RSC (yeast) and SWI/SNF (yeast and human) complexes, which do
not contain ISWI, demonstrate equivalent remodeling activity on trypsinized and
intact chromatin (24, 70). Together these studies suggest that histone tails may
play important roles in chromatin remodeling processes. Interestingly, the
proteolytic removal of the histone H2B allows uncatalyzed nucleosome sliding in
vitro, suggesting potentially differential roles for particular histone tails on
chromatin templates (71).

Histone tails also play important structural roles in DNA packaging (for
review, see 72). The movement from an 11 nm nucleosomal array to a 30 nm
fiber species is thought to reflect the transition from an open chromatin
conformation in which linker DNA is accessible to a highly compacted chromatin
template that is not permissive to access by the general transcription machinery.
In fact, when the transition from the 11 nm array to the 30 nm fiber is

recapitulated in vitro using high concentrations of magnesium chloride, high
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levels of transcriptional repression are observed (75). The amino terminal
histone tails appear to mediate internucleosomal contacts that are thought to be
essential for the formation of the 30 nm fiber, since trypsinized nucleosomal
arrays are unable to form highly compacted structures as measured by analytical
ultracentrifugation (28, 47, 54, 150, 186, 210).

Overall, these studies demonstrate that histone tails play significant roles
in mediating the structural transitions of the chromatin fiber and facilitating
access of the transcriptional machinery to the DNA template. In the physiological
ervironment, however, there is no mechanism for selectively and reversibly
removing the histone tails in order to regulate these processes. Instead, the
current evidence supports a model for the regulation of histone function through

specific post-transiational modification of the core histone tails.

1.4b REGULATION OF GENE EXPRESSION THROUGH HISTONE TAIL
ACETYLATION

The histone tails in vivo are subject to a complex array of post-
translational modifications, including acetylation, phosphorylation, methylation
and ubiquitination (reviewed in 63) (Fig. 1.6). These modifications have direct
consequences on histone function, and may work in a combinatorial fashion to
alter the transcriptional or structural properties of a chromatin template (90, 205).
Among these modifications, histone acetylation has been studied in the greatest

detail, and is the most closely associated with transcriptional activation.
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Since 1964, histone acetylation has been strongly correlated with
activated transcription (4). Since this original observation, there has been a
significant amount of evidence demonstrating that reversible histone acetylation
is a fundamental mechanism for transcriptional regulation. In addition to the
large number of acetyltransferase enzymes (such as CBP/p300) that have been
characterized as transcriptional coactivators (reviewed in 183), several histone
deacetylases have been identified that act as transcriptional repressors by
removing acetyl groups from histone amino terminal tails (reviewed in 159).

Interestingly, recent evidence suggests that highly acetylated chromatin
templates may have properties similar to templates assembled with tailless
histones. For example, templates containing hyperacetylated nucleosomes are
more transcriptionally active than hypoacetylated nucleosomal templates in vitro
(136, 147, 179, 211, 213). Like trypsinization of histones, hyperacetylation
specifically enhances the elongation rate of RNA polymerase, and increases
polymerase processivity (179). Additionally, hyperacetylated chromatin is more
transcriptionally active than hypoacetylated chromatin in vivo (4).

Several factors may contribute to the increased transcriptional activity
observed on hyperacetylated chromatin. Biophysical studies have revealed that
hyperacetylated nucleosomal arrays are incapable of achieving the states of
higher order folding and compaction that are correlated with transcriptional
repression (55, 211, 221). Additionally, histone acetylation increases the ability
of transcriptional activators to bind DNA (122, 193, 216). Like histone tail

removal, acetylation does not appear to affect nucleosome stability or structure
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(15, 134, 151, 164), and does not alter the positioning of nucleosomes on DNA
(71, 122, 134, 147, 213). Furthermore, histone acetylation is not required for
chromatin assembly (129). This suggests that histone acetylation may affect
protein-protein interactions that are critical for transcriptional activation. This may
specifically affect the transcriptional apparatus, since histone acetylation neither
increases nor decreases the activity of a number of chromatin remodeling
enzymes tested in vitro (24, 129). A possible exception is the human chromatin
remodeling factor RSF, since histone acetylation has been shown to improve the
ability of RSF to catalyze the formation of nucleosomal arrays (136).

Together, these studies demonstrate that histone tail acetylation may act
in several ways to alter the transcriptionally repressive properties of chromatin
and facilitate gene activation, and that these effects may be mechanistically
similar to the consequences of removing histone amino terminal tails. For my
thesis research, | set out to compare the effects of histone tail acetylation and
histone tail removal on transcription in order to gain an understanding of the
mechanisms of CBP/p300 coactivator function in Tax-transactivation on
chromatin templates. To achieve this objective, | have utilized a fully
recombinant chromatin assembly system that includes recombinant core
histones expressed both as wild-type and amino terminal tail deletion mutants.
The data presented herein demonstrate that transcriptional activation by Tax and
p300 on wild type chromatin templates correlates with histone tail acetylation;
however, tailless templates are also responsive to Tax. This supports the

findings of previous studies, summarized above, which suggest that histone tail
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deletion and acetylation may be functionally equivalent. Tax-mediated
recruitment of the CBP/p300 via the KIX domain is required for high levels of
Tax-transactivation in vitro. Furthermore, CBP/p300 acetylation of an unknown
substrate, in addition to histone tail acetylation, is required for Tax-activated
transcription. Further characterization of this CBP/p300 acetylation substrate,
and investigation into the role of histone tails in the formation of transcriptionally
active complexes at the HTLV-| promoter, will extend our fundamental knowledge

of mechanisms of regulated gene expression on chromatin templates.
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CHAPTER 2
P300-MEDIATED TAX TRANSACTIVATION FROM
RECOMBINANT CHROMATIN: HISTONE TAIL DELETION
MIMICS COACTIVATOR FUNCTION

Chapter two describes a study of the coactivator function of p300 in Tax/CREB
transcriptional activation, examined on recombinant chromatin templates
assembled with wild type core histones and histone tail deletion mutants. This
work reflects a collaboration between the Luger, Laybourn and Nyborg
laboratories. | performed all of the experiments shown in this chapter. W.L.
Kraus provided the p300 and p300MutAT2 baculoviruses, and Karolin Luger
provided all purified recombinant histone octamers. This work has been
published in the journal Molecular and Cellular Biology, and is presented here
exactly as it appeared in the journal. However, data cited as “data not shown" in

the publication are provided here as supplemental figures. The citation for the

publication is:

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

Efficient transcription of the human T-cell leukemia virus (HTLV-1) genome
requires Tax, a virally encoded oncogenic transcription factor, in complex with
the cellular transcription factor CREB and the coactivators p300/CBP. To
examine Tax transactivation in vitro, we used a chromatin assembly system that
included recombinant core histones. The addition of Tax, CREB, and p300 to the
HTLV-I promoter assembled into chromatin activated transcription several
hundred-fold. Chromatin templates selectively lacking amino terminal histone
tails demonstrated enhanced transcriptional activation by Tax and CREB, with
significantly reduced dependence on p300 and acetyl CoA. Interestingly,
Tax/CREB activation from the tailless chromatin templates retained a substantial
requirement for acetyl CoA, indicating a role for acetyl CoA beyond histone
acetylation. These data indicate that during Tax transcriptional activation, the
amino terminal histone tails are the major targets of p300 and that tail deletion

and acetylation are functionally equivalent.

2.2 INTRODUCTION

Tax is a regulatory oncoprotein produced by the human T-cell leukemia
virus type-l (HTLV-I) that is required for high level expression of the viral
genome. The mechanism of Tax activation of HTLV-I transcription has been
intensely studied over the past several years, and many of the molecular events
that lead to Tax transactivation have recently been characterized (128). The

HTLV-l promoter carries three highly conserved 21 bp enhancer elements, called
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viral CREs, which are critical to Tax-activated transcription. The cellular
transcription factor CREB binds to the core viral CRE sequence, and Tax
associates with CREB through protein-protein interactions (1, 48, 65, 239). Tax
also forms protein-DNA interactions with GC-rich minor groove DNA sequences
that immediately flank the CREB binding site, further stabilizing the nucleoprotein
complex (105, 127, 142). The Tax-containing ternary complex serves as a high
affinity binding site for the recruitment of the multifunctional cellular coactivator
p300/CBP (58, 117). Tax recruits the coactivator through multiple interactions
with both the amino and carboxy terminal regions of p300/CBP (58, 77, 97, 117,
124, 187). The interaction between Tax and p300/CBP likely tethers the
coactivator to the HTLV-1 promoter, leading to high level transcription of the viral
genome.

CBP and its paralog p300 are very large, highly conserved coactivator
proteins that serve as central mediators in the regulation of gene expression in
metazoans (64, 215). p300/CBP are conserved from C. elegans to humans, and
appear to be involved in essentially all known pathways regulating gene
expression. These include signal dependent and independent activation, cellular
differentiation programs, and the execution of programmed cell death (61, 64).
p300/CBP are utilized by many structurally distinct transcription factors, such as
c-fos, MyoD and YY1, that represent nearly all known classes of DNA binding

proteins (17, 53, 180).

The p300/CBP coactivators may function in a variety of ways to activate

transcription. There is evidence that both p300 and CBP are intrinsic
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components of the RNA polymerase |l holoenzyme complex and are therefore
brought to target promoters simuitaneous with polymerase recruitment (103, 157,
229). Perhaps consistent with these observations, several studies have
demonstrated that p300 acts to enhance the formation of productive
transcriptional initiation complexes (41, 112, 133). Recent studies have aiso
suggested that p300/CBP may stabilize components of the general transcription
machinery, including TFIiIB and TBP (40, 118). Perhaps the best characterized
coactivation property of p300 and CBP is their intrinsic histone acetylitransferase
(HAT) activity (16, 161). Both p300 and CBP have been shown to acetylate
lysine residues in the amino terminal tails of all four core histones (H2A, H2B, H3
and H4), both free in solution, and assembled into chromatin (113, 161).
Following recruitment to a promoter, these coactivators have been shown to
locally hyperacetylate the amino terminal tails of nucleosomal histones
assembled on the target promoter (114, 168). Although all four histones are
acetylated by p300/CBP, studies have suggested that the H3 and H4 amino-

terminal tails are the preferred substrates (16, 161).

Each of the four core histones consists of two structural and functional
domains. The first is an a-helical “histone fold" domain that participates in
formation of the histone octamer, the protein core of nucleosome. The second
domain is the apparently unstructured, lysine rich amino-terminal tail. In native
chromatin, these tails interact with DNA and a-helical regions of histones located

outside of their nucleosome of origin. Histone tails also participate in determining

nucleosome structure and DNA sequence accessibility, however removal or

32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



acetylation of the N-terminal tails does not significantly affect histone octamer
stability or nucleosome formation (14, 15, 134, 164, 197, 222). It appears that
the primary structural role of the histone tails is the formation of higher order
folding of the chromatin fiber, which compacts and organizes the DNA in
chromosomes (28, 55, 73, 146, 197, 210). It is through their role in chromatin
compaction that the histone tails exert their greatest repressive effect on
transcription factor access and transcriptional activation (73-75, 211). This
repression is believed to be reversed through coactivator acetylation of histone
tails. This nucleosomal modification is believed to increase the accessibility of
the promoter DNA to binding by regulatory proteins and/or components of the
basal transcription machinery; a critical and perhaps rate-limiting step in gene
activation (62, 122, 216).

The HTLV-I genome is naturally integrated into chromatin following
retroviral infection, and thus transcriptional activation by Tax requires interaction
with the viral CRE enhancer elements as they exist in a chromatin environment.
We designed this study to analyze the mechanistic role of p300 in Tax/CREB-
mediated transcriptional activation, in a chromatin context. We wished to
distinguish between the functions of p300 as an acetyltransferase and as a
mediator of basal factor recruitment. We also investigated the acetyl CoA
requirement in Tax transcriptional activation. Furthermore, we wanted to define
the point in the HTLV-I transcription process at which histone tails exert their
greatest regulatory effect. To address these questions, we utilized chromatin

templates assembled with recombinant core histones. This system provides a
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powerful means to examine activator-coactivator interactions in a biochemically
defined chromatin context. The recombinant histones in our system lack post-
translational modifications, and can be manipulated to form chromatin templates
lacking any or all of the histone amino terminal tails.

We found that nucleosome assembly strongly repressed transcription from
the HTLV-I promoter, however, the addition of Tax/CREB countered the
repression in an acetyl CoA dependent fashion, leading to a ~100-fold increase
in RNA synthesis. The addition of exogenous p300 further increased
transcriptional activation to a level greater than 300-fold over basal. Removal of
the amino terminal histone tails enhanced Tax/CREB transcriptional activation,
however, the mutant chromatin templates exhibited a reduced dependence on
p300 HAT activity. This suggests that histone tail deletion functionally mimics
acetylation in the transactivation process. We also examined the role of acetyl
CoA in transcriptional activation from the wild type and tail mutant chromatin
templates. Although tailless templates displayed decreased sensitivity to acetyl
CoA when compared to wild type chromatin, transcriptional activation remained
significantly dependent on the cofactor. Together, these results indicate that
robust Tax transactivation is dependent upon the presence of chromatin and
acetyl CoA, and is potentiated by the addition of the coactivator p300. These
studies reveal the critical role of the histone tails in coactivator-mediated
transcriptional activation, and suggest that the primary role for p300 in Tax/CREB

transcriptional activation is the acetylation of the core histone tails.
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2.3 RESULTS

2.3a TRANSCRIPTIONAL ACTIVATION BY TAX/CREB AND p300 ON
UNASSEMBLED TEMPLATES IN VITRO

Several previous studies have suggested that the HTLV-l Tax protein
utilizes the coactivators p300/CBP to mediate transcriptional activation from the
viral promoter (58, 77, 97, 117, 124, 187). We were interested determining the
mechanistic role of p300 in Tax/CREB-mediated transcriptional activation.
Figure 2.1 shows the purified recombinant Tax, CREB, and p300 proteins used in
this study (panels A-C). We tested the transcriptional activity of these proteins
on unassembled DNA templates. We used the p4TxRE/G-less circular plasmid
DNA template (Fig. 2.1D, schematic), which carries four copies of the Tax-
responsive viral CRE driving synthesis of a 380 nt guanine-less transcript (8).
Transcription was examined in the presence of nuclear extracts prepared from
the CEM cell line (HTLV-I negative human T-lymphocyte). Figure 2.1D shows
that the addition of Tax and CREB stimulated transcription from the p4TxRE/G-
less template 4.5-fold. We analyzed p300 activity on a wide range of Tax/CREB
levels, and found that the coactivator produced only modest effects on activated
transcription (an average of 1.6-fold above that of Tax/CREB alone) (Fig. 2.1D,
lane 4; Fig. 2.6). The addition of exogenous p300 had no effect on basal
transcription (Fig. 2.7). Consistent with other studies, these results suggest that

p300 may not function in the absence of chromatin (112, 114).
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2.3b RECOMBINANT CHROMATIN ASSEMBLY SYSTEM

To test whether p300/CBP utilization by Tax might require a chromatin
context, we developed a biochemically defined system for assembling chromatin
templates from purified, recombinant proteins. The recombinant Drosophila
chromatin assembly proteins NAP-1 and ACF (88), together with recombinant
Xenopus (rXenopus) core histones (140), provide the foundation for this system.
NAP-1 is an H2A-H2B histone chaperone (85), and ACF is a two-subunit
complex containing Acf1 and ISWI. The ACF complex acts catalytically in
chromatin assembly and in the nucleosome remodeling that accompanies
transcriptional activation (86). These assembly proteins are sufficient for the
ATP-dependent formation of evenly spaced nucleosomal arrays (86, 88).
Although these histone assembly/remodeling proteins are of Drosophila origin,
they can be used with histones from several sources due to the evoiutionary
conservation of the histone proteins (P.J. Laybourn, unpublished observations).
In addition, the Drosophila assembly system is compatible with transcriptional
activators and nuclear extracts derived from human cells (112, 113, 145, 154,
170, 196). As a source of nucleosomes in the assembly reaction, we have
chosen to use recombinant Xenopus core histones. These histones are
expressed in E. coli and are therefore unmodified and better suited than native
histones for studies examining the HAT activity of p300 in Tax-activated
transcription. Furthermore, a recombinant chromatin assembly system enables
characterization of the role of the core histone tails in transcriptional repression,

activation and coactivator function, through selective histone tail deletions.
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Finally, the templates are free of histone variants that are known to be present in
native core histone preparations (223). The purified chromatin assembly factors
Acf1, ISWI and NAP-1, and the rXenopus core histones, are shown in figure 2.2

(panels A-C).

We used DNA topological analysis to determine whether our recombinant
assembly factors efficiently deposit rXenopus histone octamers onto the HTLV-I
transcription template. Figure 2.2D compares the ability of native Drosophila
core histones versus rXenopus core histones to assemble chromatin onto the
p4TxRE/G-less template (lanes 3-10). In the presence of the assembly factors,
increasing ratios (w/w) of the core histones to the DNA produced a concomitant
increase in DNA supercoiling, indicating that nucleosomes were deposited onto
the template. Figure 2.2D shows that at a rXenopus histone/DNA ratio of 1.2:1
(w/w), the DNA template was fully assembled into chromatin (lane 9). The
highest rXenopus histone/DNA ratio, 1.6:1, produces an inhibition of the apparent

supercoiling by interfering with DNA topoisomerase | activity (Fig. 2.2D, lane 10).

We were next interested in determining whether increasing nucleosome
density produced an associated increase in repression of basal transcription. An
in vitro transcription assay was performed following chromatin assembly with the
rXenopus core histones (Fig. 2.2E). The core histone/DNA ratio that gave
complete nucleosome assembly in the supercoiling assay (1.2:1; Fig. 2.2D, lane
9) produced strong repression of basal HTLV-I transcription (Fig. 2.2E, lane 5).
These results indicate that our recombinant system efficiently forms chromatin

and is functional for repression of basal transcription in vitro.
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Figure 2.2A-C. Analysis of the purified proteins used in the chromatin assembly assay. Purified
recombinant ACF (consisting of Acf1 and ISWI) (A), purified recombinant dNAP-1 (B), and purified
recombinant rXenopus core histones (C) were analyzed by SDS-polyacrylamide gel electrophoresis and
stained with Coomassie Brilliant Blue. The sizes of molecular mass markers (in kilodaltons) are indicated.
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Figure 2.2 D-E. Analysis of chromatin assembly and transcription. (D) One-dimensional DNA topological
assays comparing chromatin templates assembled with native Drosophila and recombinant Xenopus core
histones, in the presence of ACF and NAP-1. The DNA topoisomers were resolved on an agarose gel, and
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to —2 supercoils) that resolve as multiple bands. A negative image of the ethidium-stained gel is shown to
enhance visibility of the bands. Topoisomerase I-treated p4TxRE/G-less plasmid DNA was assembled with
increasing amounts of purified, native Drosophila core histones (lanes 3-6), or recombinant Xenopus core
histones (lanes 7-10). (E) Basal transcription from the p4TxRE/G-less template was assayed in the presence
of increasing amounts of rXenopus core histones. Naked (unassembled) DNA was assayed as a positive
control for basal transcription (lane 2). Molecular weight size markers, recovery standard, and full length G-

less transcripts are indicated.



2.3c TRANSCRIPTIONAL ACTIVATION BY TAX AND p300 IN A
CHROMATIN CONTEXT

We next tested whether the p4TxRE/G-less template, assembled into
chromatin with the unmodified rXenopus histones, could support Tax/CREB and
p300-mediated transcriptional activation. Figure 2.3 shows that the addition of
Tax and ser133-phosphorylated CREB (pCREB) together strongly activated
transcription ~100-fold (lane 7). Transcription was also stimulated by Tax and
acetyl CoA alone, presumably through interactions with endogenous CREB
present in the nuclear extract (Fig. 2.3, lane 5). Exogenous p300 addition
enhanced activated transcription by Tax/pCREB an additional 3-fold, leading to
an overall activation level of ~300-fold over basal transcription (Fig. 2.3, lane 9).
This fold activation by p300 is consistent with other studies (41, 112-114). We
did not detect p300 stimulation of transcription in the absence of added
Tax/pCREB (Fig 2.7). Comparable Tax/pCREB and p300 stimulatory effects
were observed on transcription templates assembled with native Drosophila core
histones (Fig. 2.8). Transcriptional stimulation in the presence of the activators
and coactivator was absolutely dependent upon the presence of acetyl CoA in
the reactions (Fig. 2.3, lanes 4-9); however, acetyl CoA had no detectable effect
on basal transcription (Fig. 2.3, lanes 2-3). These results are in agreement with
several other studies showing that acetyl CoA is required for transcriptional
activation within a chromatin context (41, 92, 114). The overall degree of
Tax/CREB/p300 activation is far greater than that observed on unassembled

templates. This result, in a recombinant chromatin environment, is similar to the
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Figure 2.3. Transcriptional activation
from recombinant chromatin
templates is dependent on acetyl
CoA. Transcriptional activation on
p4TxRE/G-less chromatin templates
was analyzed in the presence of
ser133-phosphorylated CREB (pCREB),
Tax, and p300, in the presence and
absence of acetyl CoA. Molecular
weight size markers, recovery standard,
and full length G-less transcripts are
indicated. Basal transcription levels,
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experiment, protein kinase A-
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However, we have found essentially no
difference in the transcriptional activity
of Tax in the presence of CREB versus
pCREB. We have therefore used only
unmodified CREB in subsequent
experiments.



strong Tax/CREB-dependent activation of HTLV-I transcription and p300-

mediated coactivation that is seen in vivo (27, 46, 110, 192, 200).

2.3d DELETION OF HISTONE TAILS ABOLISHES p300 FUNCTION

The amino terminal histone tails are thought to play a prominent role in the
formation of higher order chromatin structure. Post-transiational modification of
the histone tails has been hypothesized to participate in the conversion of
transcriptionally silent, highly compacted chromatin to a more relaxed chromatin
that is accessible to the transcriptional machinery. We investigated whether the
histone tails would be required for transcriptional repression as well as for the
high levels of transcriptional activation mediated by Tax/CREB and p300. We
expressed and purified each of the four rXenopus histones carrying amino
terminal deletions. The sites of proteolytic cleavage on nucleosomal histones
have been previously characterized (23); we used these sites to define our
deletion mutants. We then combined our histone tail mutants to generate the two
types of histone octamers used in this study. The first, which we call "AH3/H4",
contains wild-type H2A and H2B assembled together with the H3 and H4 tail
deletion mutants (H3A1-27 and H4A1-19) (see Fig. 2.2C, lane 2). The second,
which we call "tailless”, contains deletion mutations in all four core histones

(H2AA1-12,119-128, H2BA1-23, H3A1-27, H4A1-19) (see Fig. 2.2C, lane 3).

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uolssiuad noypm payqiyosd uononpoidal sayung “Jaumo WBUAdoo sy} Jo uoissiuad yum paonpoiday

144

AH3/H4 rXenopus histones

I
l

I
1.2 Histone/

S R 02 04 06 08 10

o
L - & e A
: H
- e %
i

DNA ratio

<— Nicked

[ righi S
e Relaxed

<4— Supercoiled

1 2 3 4 5

tailless rXenopus histones
l
l

I rm
6 7

8

S R 02 04 06 08 10

|
1.2 Histone/

.
.
i - M
R
Iy a2 ~
. 7% g Btrak 4 ‘u‘"‘.‘:
- L BT
W 317 b
.
v

DNA ratio

<4— Nicked

]— Relaxed
W <4— Supercoiled

6

2 3 4 5

Figure 2.4. One-dimensional DNA
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DNA topological analysis demonstrated that both mutant octamers
assembled onto the p4TxRE/G-less plasmid template, with a degree of assembly
comparable to that observed with wild-type octamer (Fig. 2.4). This is consistent
with previous studies using both native, proteolyzed and recombinant histone tail
deletion mutants that have demonstrated that removing the histone tails does not
adversely affect nucleosome assembly, structure or stability (14, 15, 38, 79, 134,
151).

We tested whether the mutant histones affected Tax’CREB and p300-
mediated transcriptional activation. Nucleosomal templates formed with wild-
type, AH3/H4 and tailless histone octamers each strongly repress basal
transcription relative to transcription from naked DNA templates (Fig. 2.5A, lanes
2, 3, 8, 13). Thus, the levels of transcriptional repression were not significantly
affected by the deletion of the H3/H4 tails or of all four histone tails (Fig. 2.5A,
compare lanes 3, 8, 13). The addition of Tax/CREB produced robust
transcriptional activation from both chromatin templates carrying the histone tail
deletions, with a 1.7-fold increase in activation relative to wild-type chromatin
(Fig. 2.5A, lanes 4, 9, 14). The level of Tax/CREB activation from fully tailless
templates was still 30-fold greater than that on free DNA templates (see Fig. 2.1).
We then compared the role of p300 in Tax/CREB activated transcription using
these mutant chromatin templates. Exogenous p300 activated Tax/CREB
transcription approximately 4-fold from the wild type templates (Fig. 2.5A, lanes
4-5). In contrast, chromatin formed with histones carrying the H3/H4 tail

deletions supported less than a 2-fold enhancement by p300, and the fully
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Figure 2.5A. Analysis of transcriptional activity of chromatin templates assembled with rXenopus
histone tail deletion mutants. In vitro transcription assay of tail mutant chromatin templates. The
p4TxRE/G-less template was assembled into chromatin using wild-type, AH3/H4, or tailless rXenopus
histone octamers in the presence of NAP-1 and ACF. Transcriptional repression and activation on the
assembled templates was analyzed in the presence of CREB, Tax, wild-type p300 and the HAT-defective
p300 mutant p300MutAT2, as indicated. Transcription was assayed in the presence and absence of acetyl
CoA. Molecular weight size markers, recovery standard, and full length G-less transcripts are indicated.
*Fold activation calculated within each chromatin type. #Fold activation calculated relative to basal
transcription from wild-type chromatin.
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Figure 2.5B. Analysis of acetylation states of chromatin templates assembled with rXenopus
histone tail deletion mutants. In vitro acetylation assay of recombinant histones. Wild-type (lanes
1, 2), AH3/H4 (lanes 3, 4), or tailless histones (lanes 5, 6) were assembled into chromatin on the
p4TxRE/G-less template in the presence of NAP-1 and ACF. Both assembled chromatin templates
and free core histones (lanes 7-9) were acetylated in vitro in the presence of p300 and '“C-acetyl
CoA. Tax and CREB were added to the acetylation reactions, as indicated.



tailless histones were essentially unaffected by p300 addition (Fig. 2.5A, lanes 9-
10 and lanes 14-15). The ~2-fold p300 stimulation from the AH3/H4 chromatin
may be mediated through p300 acetylation of the intact H2A and H2B tails on
these templates (see Fig. 2.5B, lane 4).

To distinguish the role of acetylation from the role of basal factor
recruitment by p300 in transcriptional activation, we tested a p300 mutant that is
compromised for acetyltransferase function. This protein, called p300MutAT2,
carries six point mutations located within the acetyltransferase domain and has
been found to have <1% of the acetyltransferase activity of the wild-type p300
(113). An SDS-PAGE of the purified p300MutAT2 is shown in figure 2.1C (lane
3). We tested the transcriptional activation by p300MutAT2 in the presence of
Tax and CREB on wild-type, AH3/H4 and tailless chromatin templates. Relative
to wild-type p300, transcriptional coactivation by p300MutAT2 is reduced on all
templates (Fig. 2.5A, compare lanes 5, 10, and 15 with lanes 7, 12, and 17).
RNA synthesis levels produced by Tax/CREB/p300MutAT2 are approximately
equal to that observed with Tax/CREB in the absence of added coactivator (Fig.
2.5A, compare lanes 4, 9 and 14 with lanes 7, 12 and 17). This data further
supports the idea that the transcriptional stimulation by p300 is largely due to the

intrinsic histone acetyitransferase activity of the coactivator.
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2.3e AN ACETYL COA REQUIREMENT BEYOND HISTONE TAIL
ACETYLATION

We have already established a strong dependence on acetyl CoA for
Tax/CREB and p300-mediated transcriptional activation from wild-type chromatin
templates (see Fig. 2.3). Since we have observed that p300 functions primarily
through its intrinsic HAT activity in Tax transactivation, we were interested in
assessing the requirement for acetyl CoA in transcription from the mutant
chromatin templates. As shown in figure 2.5A, we find a strong, but not
complete, dependence on the addition of acetyl CoA for Tax/CREB and p300
transcriptional activation on the wild-type, AH3/H4 and tailless templates.
However, when the histone tails are progressively deleted, there is a concomitant
decrease in the dependence on acetyl CoA for transcriptional activation on these
templates (Fig. 2.5A, compare lanes 6, 11, 16). For example, on wild type
templates, transcription appears to be 95% dependent on acetyl CoA (Fig. 2.5A,
compare lanes 5 and 6), whereas on tailless templates transcription is 60%
dependent on acetyl CoA (Fig. 2.5A, compare lanes 15 and 16). This
observation demonstrates that histone tail acetylation promotes transcriptional
activation and that acetylation becomes less important as the histone tails are
removed. It is noteworthy that there is a significant acetyl CoA requirement for

transcriptional activation even in the absence of tails.
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2.3f TAX/CREB STIMULATION OF p300 HAT ACTIVITY

Recent studies have demonstrated that histone acetylation by p300
requires targeted recruitment by activators at promoter elements (114, 168). To
directly measure the level and specificity of p300-dependent acetylation of the
histones assembled into the chromatin templates and to determine the
dependence upon Tax and CREB, we performed p300 acetylation assays on
chromatin templates using '“C-labeled acetyl CoA. Figure 2.5B shows that the
addition of Tax/CREB strongly enhanced acetylation of ali four core histones by
p300, as assembled into chromatin (lanes 1, 2). However Tax and CREB do not
stimulate p300-mediated acetylation of free histones (Fig. 2.9).

As expected, acetylation of H3 and H4 was significantly reduced on
chromatin formed with the AH3/H4 histones, without affecting H2A and H2B
acetylation (Fig. 2.5B, lanes 3, 4). We did not detect significant acetylation of
chromatin formed with the fully tailless histones (Fig. 2.5B, lanes 5, 6). As a
positive control for p300 activity and histone acetylation, we also assayed free
wild type, AH3/H4 and tailless histones in the absence of Tax and CREB (Fig.
2.5B, lanes 7-9). Our results confirm that p300 acetylates the amino terminal
tails of the rXenopus core histones assembled into chromatin. Additionally, p300
acetylation of histone tails on chromatin is strongly stimulated by Tax and CREB.
This result, together with Figure 2.5A, directly correlates core histone acetylation

with p300 function in Tax/CREB-mediated activation of the HTLV-| promoter.
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2.4 DISCUSSION

The HTLV-I viral genome is naturally integrated into chromatin following
retroviral infection, and thus transcriptional activation by Tax requires interaction
with the viral CREs and stimulation of preinitiation complex formation in a
chromatin environment. In this study, we have developed a biochemically-
defined chromatin template to examine the functional role of p300 in Tax
transcriptional activation. To generate this template, we assembled recombinant
core histones into nucleosomes on a Tax-responsive HTLV-I template DNA. We
selected recombinant Xenopus core histones as our source of nucleosomes, as
these histones are expressed in E. coli, and therefore do not carry post-
translational modifications that might obscure or aiter coactivator
acetyltransferase function in the transcription assay. In addition, we can readily
examine the role of histone tails in transcriptional regulation by forming octamers
that selectively lack any or all of the tails. Finally, since the template is
assembled in a defined system, it is free of histone variants that are known to be
present in native core histone preparations (223). Our results indicate that the
primary function of p300 in Tax/CREB activated transcription from the HTLV-I
promoter is to counteract repression by the core histone tails through acetylation.
By examining the activity of chromatin templates selectively lacking core histone
tails, we observe that tail deletion functionally mimics acetylation, and in fact
abrogates the requirement for p300 for maximal transcriptional activation.

We found that the recombinant histones efficiently assemble into

nucleosomes on the template DNA, resuiting in strong repression of basal
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transcription. This is consistent with numerous studies demonstrating that
nucleosomes are repressive to basal transcription in vitro (223). The addition of
Tax and CREB reversed nucleosomal repression in an acetyl CoA-dependent
fashion, and strongly stimulated RNA synthesis. This derepression and
activation combined to increase RNA synthesis nearly 100-fold, which was
further augmented 3 to 4-fold by the addition of the coactivator p300. Together,
the activator/coactivator complex gave a greater than 300-fold activation, relative
to transcription observed in the absence of activators from the chromatin
assembled HTLV-I promoter. This degree of activation is far greater than that
observed on unassembled templates, and is comparable to the level of HTLV-|
Tax transactivation observed in vivo (27, 46, 110, 192, 200), suggesting that our
chromatin-based transcription system accurately recapitulates critical aspects of
viral gene regulation within the environment of an infected T-cell. Using a p300
mutant, we demonstrate that p300 primarily functions as a histone
acetyltransferase in HTLV-I transcription, as mutations in the HAT domain
abrogate the ability of p300 to augment Tax transactivation. This result is in
agreement with previous work showing that p300 HAT mutants fail to activate
Tax-dependent transcription from the HTLV-I promoter in vivo (91). Consistent
with this observation, wild-type p300-mediated activation is strongly dependent
on the presence of acetyl CoA in the transcription reactions. Finally, our in vitro
HAT assay on the assembled templates reveals a strong dependence on Tax
and CREB for efficient p300 acetylation of the four core histone tails. This effect

is likely due to the targeted recruitment of p300 to the chromatin template by the
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Tax/CREB complex. Overall, we observe that maximal transcriptional activity
(360-fold activation) from the wild type chromatin template is p300 and acetyl
CoA dependent. Furthermore, Tax and CREB strongly stimulate the HAT activity
of p300. Together, these data provide direct functional evidence supporting a
role for p300 HAT activity in mediating Tax transactivation.

We also examined the role of the core histone tails in Tax/CREB and
p300-mediated activation of the HTLV-I promoter. We generated mutant
chromatin templates lacking either the H3/H4, or all four, core histone tails. We
found that progressive removal of the amino terminal histone tails resuited in
modest derepression of basal transcription and enhanced activation by the
Tax/CREB complex. The level of Tax/CREB activation from fully tailless
templates was 30-fold greater than that on free DNA templates. This effect is
primarily due to the tailless nucleosomes still retaining significant ability to
repress basal transcription while lacking any ability to inhibit Tax’CREB
transcriptional activation. We found that Tax/CREB activation from tail deletion
templates was refractory to stimulation by p300. Specifically, p300 addition
modestly enhanced transcription from the AH3/H4 chromatin templates, and had
essentially no effect on the fully tailless chromatin templates. The ~2-fold p300
stimulation on the AH3/H4 chromatin was likely mediated through acetylation of
the H2A and H2B tails, which were present (and acetylated) on the AH3/H4
chromatin templates. It is interesting to note that the absolute levels of
Tax/CREB activation from the AH3/H4 and tailless chromatin templates were

comparable to that observed from the wild type templates in the presence of
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Tax/CREB and p300. This suggests that tail removal obviates the requirement
for the coactivator. Together these observations suggest that all four histone
tails serve as p300 acetylation targets in transcriptional activation.

Acetyl CoA has previously been shown to be required for transcriptional
activation from chromatin, however, its exact function in this process remains to
be fully characterized (41, 92, 114). It has been widely speculated that acetyl
CoA is primarily utilized for histone tail acetylation during transcriptional
activation. Yet, here we show that transcription in the absence of histone tails
still exhibits a substantial requirement for acetyl CoA. This result suggests the
involvement of other acetyitransferases in HTLV-I transcription, since addition of
p300 had no effect on transcriptional activation from tailless templates. The
basis for the acetyl CoA requirement remains to be characterized, but could
reflect a number of recent observations concerning the role of acetyl CoA during
the transactivation process. Acetyl CoA has been shown to enhance basal
transcription on non-chromatin templates through a mechanism not involving
acetyltransferase activity (62). Components of the RNA polymerase | and Il
general transcription machinery, such as UBF, TFIE and TFIIF, can also be
acetylated, but the functional consequences of acetylation are unknown (32, 84,
171). Acetylation can increase the protein-DNA and protein-protein binding
affinities of a variety of transcription factors, including EKLF, MyoD and c-Myb
(32, 176, 238). Unfortunately, we have found no evidence that Tax and CREB
are acetylated. In summary, this is the first study to separate the requirement for

acetyl CoA in histone tail acetylation from other acetylation targets in Tax

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transcriptional activation. Our observations have significant implications for the
role of acetyl CoA as a critical cofactor in transcription, beyond the process of
histone tail acetylation.

The primary consequence of core histone tail deletion, which functionally
mimics tail acetylation, during Tax/CREB transcriptional activation may be to
reduce the chromatin barrier to activator function. It is possible that deletion of
the histone tails increases the accessibility of the core promoter to preinitiation
complex formation. It is also possible that deletion of histone tails serves to
facilitate elongation by RNA polymerase Il. For example, histone tail removal
has been shown to enhance the elongation rate of T7 RNA polymerase through
nucleosomes (179). However, the primary effect we observed is on activator
function. The degree to which histone tail deletion contributes to enhanced
regulatory protein binding, enhanced RNA polymerase recruitment, or enhanced
rates of elongation, remains to be elucidated.

Although p300 functions primarily to acetylate core histone tails in Tax
activated transcription, this does not appear to be generally true for all activators
that utilize p300/CBP. For example, investigation of a panel of transcription
factors demonstrated a differential requirement for p300 HAT activity during
transcriptional activation (113). Because of the multifunctional nature of the
p300/CBP coactivators, we have considered the possibility that p300 may have
additional, HAT-independent functions in mediating Tax transcriptional activation
that cannot be detected in our system. A recent study indicates that p300 forms

a stable, template committed complex with chromatin, perhaps through
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interaction with histone H3 (143). This association of p300 with chromatin may
serve to bring the coactivator into the vicinity of target genes, with promoter
localization achieved following stable association with promoter-bound activators.
Our AH3/H4 and tailless chromatin may be unable to carry out this first step in
p300 recruitment, and therefore the additional activation functions of p300, such
as recruitment and/or stabilization of the general transcription machinery, would
not be detected using the mutant chromatin templates. A second possibility is
that p300 is present in the RNA polymerase |l holoenzyme complex, and that
specific p300 activation functions, distinct from histone acetylation, accompany
the RNA polymerase Il holoenzyme that is supplied by the nuclear extract (103,
157, 229). The contribution of endogenous p300 in the nuclear extract used in
these studies remains to be fully characterized.

In summary, these studies represent a major advance in our
understanding of Tax and p300-mediated transcriptional activation function, and
have the clear potential to extend our fundamental knowledge of coactivator-
mediated transcription in a chromatin environment. The observation that
progressive deletion of the histone tails is inversely proportional to coactivator
utilization and acetyl CoA dependence is a direct demonstration of the
connection between p300 acetyitransferase activity, histone tail acetylation and
transcriptional activation. This supports the idea that histone tail deletion and
acetylation are functionally equivalent during the transcriptional activation
process. Finally, we uncover a prominent role for acetyl CoA beyond histone

acetylation during the transactivation process.
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2.5 MATERIALS AND METHODS

2.5a PURIFICATION OF RECOMBINANT PROTEINS.

The four core histones, both as wild-type and deletion mutant proteins,
were individually expressed in E. coli and purified to homogeneity as previously
described (139). Histone octamers were prepared by denaturation, then
renaturation in high salt, followed by purification of the octamers by gel filtration
and ion exchange chromatography. Drosophila NAP-1 (ANAP-1) (Hise-tagged)
was expressed from recombinant baculovirus (85) in Sf9 cells cultured in spinner
flasks. The protein was purified by Ni**-agarose batch binding and elution
followed by Source 15Q column chromatography (87). We co-expressed FLAG-
tagged ISWI and Acf1 from baculovirus in Sf9 cells, and purified the complex by
anti-FLAG affinity batch binding and elution as previously described (88). Full
length, recombinant CREB (48) was expressed and purified as previously
described (568). Tax was expressed from the pTaxHg expression plasmid (240),
and purified as previously described (58). Hiss-tagged p300 wild-type and
p300MutAT2 proteins were expressed from recombinant baculoviruses in Sf9

cells and purified as previously described (113).

2.5b CHROMATIN ASSEMBLY AND TOPOLOGICAL ASSAYS.
Chromatin templates were assembled as previously described (87).
Briefly, histone octamers were incubated with an 8-fold (w/w) excess of dNAP-1

on ice for 30 min. The core histone/dNAP-1 mixture was then added together
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with ACF (Acf1/1ISWI; 0.87 fmol per ng of core histone octamer) and DNA to
provide the empirically determined optimal! core histone to DNA ratio. The
p4TxRE-G-less plasmid DNA used in the assembly reactions carried 4 tandem
copies of the HTLV-I promoter proximal, viral CRE, cloned upstream of the
HTLV-| core promoter (8). Following the addition of the DNA, ATP (3 mM),
creatine phosphokinase (1 pug/ml), and phosphocreatine (30 mM) were added in
a 70 pl reaction containing 10 mM HEPES (K*), pH 7.6, 50 mM KCI, 5 mM
MgCl,, 5% (v/v) glycerol, and 1% (w/v) polyethylene glycol. Assembly reactions
were incubated for 4-18 hours at 27°C. For topological assays, the pdTXxRE-G-
less plasmid DNA template was relaxed prior to assembly with 0.05 units of
topoisomerase | (purified recombinant Drosophila topoisomerase |) per pug of
DNA for 60 min at 37°C in the presence of 50 mM Tris-HCI, pH 7.5, 50 mM KCl,
5 mM MgCl, 1 mM DTT, 0.5 mM EDTA, and 30 ug/ml bovine serum albumin.
Immediately prior to assembly into chromatin an additional 0.29 units of
topoisomerase | per ug of DNA was added to the DNA template. Assembly
reactions were stopped by the addition of 2 mM Na-EDTA, pH 8, 100 mM Tris-
HCI pH 7.5, 1% SDS, 2 mM CaCl; and 16 yg proteinase K, and the samples
were incubated at 45°C for 30 min. The samples were extracted, precipitated
and analyzed on a 1% agarose gel, and the degree of supercoiling was

visualized by ethidium bromide staining.
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2.5¢ IN VITRO TRANSCRIPTION.

The supercoiled p4TxRE/Gless plasmid template was assembled into
chromatin using NAP-1, ACF and rXenopus histones, at a histone:DNA ratio that
had been empirically determined to give full chromatin assembly. Following
assembly, preinitiation complexes were formed on 75 fmol of the plasmid DNA in
the absence or presence of Tax (8 nM), CREB (8 nM), p300 (3 nM), and p300
MutAT2 (3 nM). All reactions contained 100 pM acetyl CoA unless otherwise
indicated. CEM (HTLV-I negative human T-lymphocyte) nuclear extract (70 ug)
(43) was added immediately following the addition of the transcriptional
activators. Following a 60 minute preincubation reaction, RNA synthesis was
initiated by the addition of 2560 uM ATP and CTP, and 12 yM UTP plus 0.8 uM
32p.o-UTP (3000 Ci/mmol). Transcription from unassembled templates was
performed as described above, but without the chromatin assembly step.
Transcription reactions were processed and analyzed as previously described
(126). Molecular weight markers (radiolabeled Hpa Il digested pBR322) were

used to estimate the size of the RNA products.

2.5d IN VITRO ACETYLATION ASSAY.

The p4TxRE/G-less plasmid template was assembled into chromatin
using rXenopus histones (2 pg), NAP-1, and ACF as described above.
Chromatin assembly was performed at empirically determined histone:DNA mass
ratios. p300 (12 nM) and '*C-acetyl CoA (0.9 mM; 57mCi/mmol) were added

following chromatin assembly, along with 400 nM Tax and CREB where
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applicable, in a solution containing 50 mM Tris, pH 8, 10% glycerol, 10 mM
sodium butyrate, 1 mM DTT, 1 mM PMSF. Samples were incubated at 30°C for
60 minutes and protein was precipitated by methanol/chloroform extraction and

analyzed by 18% SDS-PAGE.
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Figure 2.6. Analysis of p300 function on unassembled DNA templates. Transcriptional activation on
unassembled p4TxRE/G-less templates was analyzed in the presence of CREB, Tax, and p300 as indicated, in
the presence of acetyl CoA. Molecular weight size markers, recovery standard, and full length G-less
transcripts are indicated.
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Figure 2.7. p300 does not activate transcription in the absence of Tax. The p4TxRE/G-less template was
assembled into chromatin using wild-type, AH3/H4, or tailless rXenopus histone octamers in the presence of
NAP-1 and ACF. Unassembled templates were also assayed, as indicated. Repression of basal transcription on
the assembled templates, and transcriptional activation, was analyzed in the presence of wild-type p300, as
indicated. Transcription was assayed in the presence of acetyl CoA. Molecular weight size markers, recovery
standard, and full length G-less transcripts are indicated.
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Figure 2.8. p300 enhances Tax-activated transcription on native Drosophila chromatin templates.
In vitro transcription assay of chromatin templates. The p4TxRE/G-less template was assembled into
chromatin using native Drosophila histone octamers (source: Drosophila embryos), in the presence of
NAP-1 and ACF. Transcriptional repression and activation on the assembled templates was analyzed in
the presence of CREB, Tax and wild-type p300, as indicated. Transcription was assayed in the presence
of acetyl CoA. Molecular weight size markers, recovery standard, and full length G-less transcripts are
indicated.
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Figure 2.9. Tax and CREB do not stimulate p300-mediated acetylation of free histones. In
vitro acetylation assay of wild-type, recombinant Xenopus histones. Free histones were
acetylated in vitro in the presence of p300 and '“C-acetyl CoA. Tax and CREB were added to
the acetylation reactions, as indicated.



CHAPTER 3
TAX RECRUITMENT OF CBP/p300, VIA THE KIX DOMAIN,
REVEALS A POTENT REQUIREMENT FOR
ACETYLTRANSFERASE ACTIVITY THAT IS CHROMATIN-
DEPENDENT AND HISTONE TAIL-INDEPENDENT

Chapter three describes a study of the contribution of the KIX domain to the
recruitment of CBP/p300 in Tax-activated transcription. This study utilizes various
CBP/p300-selective inhibitors to address the important question of exogenous
versus endogenous CBP/p300 activities in our nuclear extract-based in vitro
transcription system. Additionally, this study further investigates the role of
CBP/p300 acetyltransferase activity in Tax-transactivation. This work reflects a
collaboration between the Luger, Laybourn, and Nyborg laboratories. Phil Cole
provided the Lys-CoA reagent, and Karolin Luger provided all purified
recombinant histone octamers. Holli A. Giebler contributed the experiments
shown in figure 3.3D and figure 3.4C. | conducted the remainder of the
experiments presented in this chapter. Data cited as “data not shown” in the
manuscript are provided here as supplemental figures. This work has been
submitted to the journal Molecular and Cellular Biology for publication. The
citation for the manuscript is:

Georges, S.A., H.A. Giebler, P.A. Cole, K. Luger, P.J. Laybourn and J.K.

Nyborg. 2002. Tax recruitment of CBP/p300, via the KIX domain, reveals a

potent requirement for acetyltransferase activity that is chromatin-dependent and
histone tail-independent. Submitted.
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3.1 ABSTRACT

Robust transcription of the human T-cell leukemia virus, type | (HTLV-I)
genome requires the viral transactivator Tax. Although Tax has been shown
previously to interact with the KIX domain of CBP/p300 in vitro, the precise
functional relevance of this interaction remains unclear. Using two distinct
approaches to interrupt the physical interaction between Tax and K!X, we find
that Tax-transactivation from chromatin templates is strongly dependent on
CBP/p300 recruitment via the KIX domain. Additionally, we find that the
functional contribution of CBP/p300 to Tax-transactivation resides, perhaps
exclusively, in the intrinsic acetyltransferase activity of the coactivators. These
studies unexpectedly uncover a specific requirement for CBP/p300
acetyltransferase activity on chromatin templates assembled with nucleosomes
lacking their amino terminal tails. Together, these data indicate that the KIX
domain of CBP/p300 is essential for targeting the acetyltransferase activity of the
coactivator to the Tax/CREB complex. Significantly, these observations reveal
the presence of a CBP/p300 acetyltransferase target that functions specifically
on chromatin templates, is independent of the histone tails, and is critical to Tax-

transactivation.

3.2 INTRODUCTION

The human T-cell leukemia virus type-1 (HTLV-l)-encoded Tax protein is

required for high level transcription of the viral genome (for review, see 233).
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Tax stimulates HTLV-I transcription through interaction with three conserved 21
bp repeat DNA elements, called viral CREs, located in the transcriptional control
region of the virus. These sequences serve as binding sites for Tax in complex
with the cellular transcription factor CREB (or other members of the ATF/CREB
family of transcription factors) (1, 48, 65, 239). Tax binds to the viral CRE
sequences through protein-DNA interactions with GC-rich minor groove
sequences (105, 126, 127, 142), and protein-protein interactions with CRE-
bound CREB (1, 65). The formation of this Tax/CREB promoter-bound complex

is critical for the recruitment of the muitifunctional cellular coactivators CBP/p300

(58, 77, 97, 117, 225).

CBP and p300 are very large paralogous proteins that coordinate highly regu-
lated gene expression in metazoans. Several conserved domains in CBP and p300
serve as binding sites for a wide variety of structurally unrelated cellular and viral tran-
scription factors. These domains in CBP/p300 include two cysteine-histidine rich
domains (CH1 and CH3), the SRC-interacting domain, and the KIX domain (for recent
reviews, see 30, 64). The transcription factor-coactivator interactions mediated by
these domains facilitate recruitment of the coactivators to target promoters.
Subsequent to recruitment by the transcription factors, CBP/p300 appear to stimulate
transcription through multiple, distinct mechanisms. For example, there is evidence that
CBP/p300 may directly stabilize components of the general transcription machinery at
target promoters (40, 118). Additionally, CBP/p300 have intrinsic acetyitransferase
activity that targets multiple lysine residues present on the four core histone tails (16,

161). A significant body of evidence suggests that histone tail acetylation weakens

68

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



internucleosomal interactions, which may lead to a more relaxed chromatin structure,
providing greater transcription factor/RNA polymerase access at target promoters (9,
55, 73). Additionally, combinations of differentially acetylated histone tails may serve as
recognition sites for the assembly of factors that facilitate transitions from
transcriptionally silent to transcriptionally active chromatin (90, 205). Although the
evidence for histone acetylation by CBP/p300 is strong, the precise mechanistic events
that couple transcriptional activation with acetylation of promoter proximal nucleosomes
are unknown.

The HTLV-I Tax protein has previously been shown to bind at three of the
four major transcription factor interaction domains in CBP/p300: CH1, KIX and
the carboxy-terminal SRC-interacting domain (58, 77, 117, 124, 187, 225). The
interaction between Tax and KIX has been studied in the greatest detail, and is
the only Tax-CBP/p300 interaction that has been reported to occur with the Tax-
containing, promoter-bound ternary complex (Tax/CREB/viral CRE DNA) (58, 77,
117, 225). This observation suggests that the ternary complex interaction with
KiIX may play a major role in CBP/p300 recruitment to the HTLV-I promoter.

However, little is known about the functional significance of this protein-protein

interaction.

In this study, we explore the transcriptional relevance of the Tax-KIX
interaction in Tax-transactivation from chromatin-assembled templates in vitro.
Using polypeptides specifically designed to inhibit CBP/p300 association with the
Tax/CREB/viral CRE complex, we demonstrate that the KIX domain of CBP/p300

is critical for mediating coactivator function at the HTLV-| promoter. The
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inhibition is specific to Tax-transactivation on chromatin templates, and,
unexpectedly, is independent of the four core histone amino terminal tails. We
extend these studies to examine the contribution of the acetyltransferase function
of the coactivators on Tax-transactivation from the HTLV-| promoter. We find
that the CBP/p300-selective acetyitransferase inhibitor Lys-CoA inhibits Tax-
transactivation from chromatin templates to the same levels observed with the
polypeptide inhibitors. These observations indicate that CBP/p300 play a
prominent role in Tax-transactivation from chromatin templates, and that the
acetyltransferase activity of the coactivators provides the major functional
contribution to transcriptional activation in vitro. Interestingly, a strong
CBP/p300-specific acetyltransferase requirement was also observed on
chromatin templates prepared from tailless histones. These data indicate that
CBP/p300 participate in additional chromatin-specific, tail-independent

acetylation events during transcriptional activation by Tax.

3.3 RESULTS

3.3a THE KIX DOMAIN OF CBP/p300 MEDIATES COACTIVATOR

FUNCTION IN TAX-TRANSACTIVATION FROM CHROMATIN TEMPLATES
High level transcription of the HTLV-I genome requires the binding of the

virally-encoded Tax protein, in complex with the cellular transcription factor

CREB, to the viral CRE promoter elements. This promoter-bound complex is
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believed to recruit the cellular coactivators CBP/p300 via interactions with the
KIX domain. The physical interaction between the KIX domain, of both CBP and
p300, and the Tax/CREB complex has been well characterized (22, 58, 77, 117,
225). However, the precise functional relevance of this interaction in Tax-
transactivation remains unclear.

In this study, we utilized a chromatin-based transcription system that
includes recombinant core histones (6, 57) to characterize the mechanisms of
Tax-activated transcription. Transcription reactions were performed in the
presence of acetyl CoA and nuclear extract prepared from CEM cells (HTLV-I
negative human T-lymphocyte). We used the p4 TxRE/G-less template, which
carries four copies of the Tax-responsive viral CRE driving synthesis of a 380 nt
guanine-less transcript (8). This template was chosen because the four viral
CREs are the only known activator binding sites in the promoter region of the
plasmid. Therefore, the transcriptional read-out should be fully dependent upon
the addition of Tax/CREB. This template was responsive to Tax/CREB, both as
free DNA and assembled into recombinant chromatin (Fig. 3.1A, lanes 9, 10, and
12, 13). Exogenous p300 further activated Tax/CREB transcription only from the
p4TxRE/G-less template, in a chromatin-specific manner (Fig. 3.1A, compare
lanes 10, 11 with lanes 13, 14). In contrast, a template containing only the
HTLV-I core promoter sequence (-52 to +1, relative to the transcription start site;
designated p-52/G-less) and lacking the viral CREs, was minimally responsive to
Tax/CREB and Tax/CREB/p300 (Fig. 3.1A, lanes 1-5). Additionally, this core

promoter template was unresponsive to Tax’CREB and
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Figure 3.1. p300 coactivator function requires the viral CREs and Tax/CREB for HTLV-| transcription. The p-52/G-
less and p4TXRE/G-less cassette templates were assayed both as free DNA, and as DNA assembled into chromatin using
recombinant Xenopus histones. Transcription reactions contained CEM nuclear extract, and purified recombinant p300,
Tax, CREB, Tax/CREB, or Tax/CREB/p300 as indicated. Recovery standard, size markers, and the position of the full-
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(B) p300 coactivator function requires Tax/CREB for HTLV-| transcriptional activation.



Tax/CREB/p300 when assembled into chromatin (Fig. 3.1A, lanes 6-8).
Importantly, p300 coactivator function required Tax/CREB, suggesting that p300
cannot function independently of promoter-bound activators in this system (Fig.
3.1B).

In this study, we were interested in evaluating the role of CBP/p300, and
specifically the contribution of the KIX domain, in Tax-mediated transcriptional
activation from chromatin templates in vitro. To biochemically characterize the
role of KIX in CBP/p300 recruitment by the Tax/CREB complex, we expressed
and purified two polypeptides designed to specifically block the physical
interaction between promoter-bound Tax and CBP/p300. A schematic showing
the relevant polypeptide interactions predicted to block coactivator recruitment is
shown in figure 3.2. The first polypeptide, KIX, carries CBP amino acids 588-683
(CBP and p300 share 93% homology within the KIX domain). This represents
the minimal region of KIX required for high affinity binding to Tax (225). We
hypothesized that the binding of KIX to the Tax/CREB/viral CRE complex would
block CBP/p300 recruitment to the HTLV-I promoter (Fig. 3.2A). The second
polypeptide, SREBP-1a, carries the first 50 amino acids of SREBP-1 (sterol
regulatory element binding protein-1), and has previously been shown to bind to
the KIX domain of CBP (154). We hypothesized that SREBP-1a would bind to

the KIX domain of CBP/p300, thus preventing association of CBP/p300 with the
Tax/CREB/viral CRE complex (Fig. 3.2B).
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Figure 3.2. Strategies for the disruption of CBP/p300 recruitment to the Tax-
responsive HTLV-l promoter. (A) KIX binding to the promoter-bound Tax/CREB
complex blocks the recruitment of full-length CBP/p300. (B) SREBP-1a binding to

the KIX domain of full-length CBP/p300 prevents binding of the coactivators to the
Tax/CREB/viral CRE DNA complex.
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We first asked whether addition of the KIX domain to in vitro chromatin
transcription reactions would inhibit Tax/CREB/p300-mediated transcriptional
activation. Figure 3.3A shows that the addition of recombinant, purified
Tax/CREB and Tax/CREB/p300 strongly activated HTLV-I transcription (lanes 2-
4). As hypothesized, the addition of purified GST-KIX to the transcription
reactions significantly diminished Tax-transactivation in a dose-dependent
manner (Fig. 3.3A, lanes 4-6). As a negative control, we tested a KIX mutant
(GST-KIXmut), carrying CBP amino acids 597-719. We have previously shown
that deletion of amino acids 588-597 abolishes KiIX interaction with Tax (225).
The addition of GST-KIXmut to the transcription reactions had only a modest
effect on Tax/CREB/p300 transcriptional activation (Fig. 3.3A, lanes 7, 8).

Because the addition of KIX reduced activated transcription to levels
below that observed with Tax/CREB alone, we were interested in testing the
effect of KIX on Tax/CREB-activated transcription in the absence of exogenous
p300. Figure 3.3B shows that GST-KIX strongly inhibited transcription in the
absence of the recombinant coactivator, suggesting that endogenous CBP/p300
present in the CEM nuclear extract participates in Tax-activated transcription
from the chromatin template. Interestingly, the addition of GST-KIX or GST-
KiIXmut to non-chromatin, or naked, p4TxRE/G-less templates had minimal effect
on Tax/CREB-activated transcription (Fig. 3.3C). These data are consistent with
previous studies showing that p300 does not activate transcription on naked DNA

(13, 57, 112, 114, 137) (Fig 3.3C, lane 3).
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Figure 3.3A-B. The KIX peptide inhibits Tax-activated transcription on chromatin templates. (A) KIX
inhibits Tax/CREB/p300-mediated transcription. The p4TxRE-G-less cassette template was assembled into
chromatin using recombinant Xenopus histones. Transcription reaction mixtures contained CEM nuclear
extract, and purified recombinant Tax/CREB, or Tax/CREB/p300, as indicated. GST-KIX (aa 588-683) and
GST-KIXmut (aa597-719) were added to the transcription reactions at equimolar (+), or five-fold molar excess
(++), relative to the Tax/CREB complex (see Materials and Methods). Recovery standard, size markers, and
the position of the full-length transcript are indicated. (B) KiX inhibits Tax/CREB transcriptional activation in the
absence of exogenous p300. Transcription reactions were performed as described in panel A, except in the

absence of exogenous p300.
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] Giebler. (E) Analysis of purified proteins. Purified recombinant GST-KIX and GST-
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Coomassie brifliant blue. The sizes of molecular mass markers (in kilodaltons) are
indicated.



To test directly whether KIX blocks p300 recruitment to Tax/CREB/viral
CRE complexes, we performed a biotin-streptavidin agarose DNA pull-down
assay using an immobilized DNA fragment carrying a single virali CRE binding
site for the Tax/CREB complex. We used a naked DNA fragment in this assay,
since p300 has previously been shown to interact directly with chromatin (143).
As shown in figure 3.3D, full-length p300 forms a quaternary complex with Tax
and CREB on the viral CRE DNA (lane 3). Addition of GST-KIX to the binding
reaction displaced p300 from the complex in a dose-dependent fashion (Fig.
3.3D, lanes 3-5). Displacement of p300 from the Tax/CREB/DNA complex likely
occurred as a consequence of GST-KIX binding, as GST-KIX association with
the DNA-bound fraction correlated directly with p300 dissociation (Fig. 3.3D,
lanes 3-5). As expected, GST-KIXmut was unable to compete with p300 for
binding to the Tax/CREB/DNA complex (Fig. 3.3D, lanes 6-7). An SDS-PAGE
showing purified GST-KIX and GST-KIXmut used in these assays is presented in
figure 3.3E. Together, these data support a model where KIX inhibits
Tax/CREB/p300-mediated transcription via disruption of CBP/p300 binding to the
Tax/CREB/viral CRE DNA complex (Fig. 3.2A).

Although the KIX peptide repression data shown above are consistent with
inhibition of CBP/p300 recruitment, it is also possible that the tight binding of KIX
to the Tax’CREB complex simply blocks access of another coactivator or
ancillary factor to the HTLV-| promoter. To more specifically define a role for
CBP/p300 in Tax-transactivation, we next tested whether the addition of purified

GST-SREBP-1a could similarly repress activated transcription from the
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chromatin-assembled HTLV-I promoter. Since SREBP-1a binds directly to the
CBP/p300 KIX domain, it is a highly specific inhibitor of KIX function (154).
Figure 3.4A shows that addition of GST-SREBP-1a to the chromatin-based
transcription reactions inhibited both Tax/CREB-activated transcription (lanes 2-
4) and Tax/CREB/p300-activated transcription (lanes 6-8). GST-SREBP-1a-
mediated transcriptional inhibition was weaker in the presence of exogenously
added p300 (Fig. 3.4A, lanes 6-8), consistent with the idea that saturation of
CBP/p300 KIX domain is required. Since SREBP-1a was expressed as a GST
fusion, we used GST alone as a negative control. GST had no effect on
Tax/CREB, or Tax/CREB/p300-activated transcription (Fig. 3.4A, lanes 5 and 9).
Similar to our observation with the GST-KIX polypeptide, addition of GST-
SREBP-1a, or GST alone, had minimal effect on Tax/CREB-activated
transcription on naked templates (Fig. 3.4B). Finally, the addition of GST-
SREBP-1a to immobilized biotin-streptavidin DNA pull-down reactions containing
Tax, CREB, p300, and the viral CRE DNA, inhibited p300 association with the
Tax/CREB/DNA complex in a dose-dependent fashion (Fig. 3.4C). Unlike KIX,
SREBP-1a did not replace p300 in the Tax/CREB/viral CRE DNA complex (Fig.
3.9), consistent with our model for SREBP-1a inhibition (Fig. 3.2B). The purified
GST-SREBP-1a and GST used in these experiments are shown in figure 3.4D.
The SREBP-1a used in these experiments was functional for binding to full-
length p300, as shown by a GST pull-down assay (Fig. 3.4E). Together, these
data suggest that KIX and SREBP-1a similarly inhibit Tax-transactivation by

physically blocking coactivator access to the Tax/CREB compiex bound to the
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Figure 3.4A-B. The SREBP-1a peptide inhibits Tax-activated transcription on chromatin templates. (A)
SREBP-1a inhibits Tax/CREB/p300-mediated transcription. Transcription reactions contained the chromatin-
assembled p4TxRE-G-less template, CEM nuclear extract, and Tax/CREB, or Tax/CREB/p300, as indicated. GST-
SREBP-1a and GST alone were added to the transcription reactions at equimolar (+), or five-fold molar excess (++),
relative to the Tax/CREB complex, as indicated. Recovery standard, size markers, and the position of the full-length
transcript are indicated. (B) SREBP-1a does not affect Tax/CREB transcriptional activation on naked DNA
templates. Transcription reactions contained the unassembled p4TxRE-G-less template, CEM nuclear extract,

Tax/CREB, SREBP-1a or GST, as indicated.
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Figure 3.4C-E. The SREBP-1a peptide inhibits p300 binding to the Tax/CREB/viral CRE DNA complex.

(C) SREBP-1a inhibits p300 binding to the Tax/CREB/viral CRE DNA complex. Streptavidin-agarose DNA pull-
down reactions were performed as described in figure 3.2D. GST-SREBP-1a or GST were added at equimolar molar
(+) or 5X molar excess (++), relative to the Tax/CREB complex, as indicated. Reactions were analyzed by Western
blot. This experiment was contributed by Holli A. Giebler. (D) Analysis of purified proteins used in the transcription
and DNA binding reactions. Purified recombinant GST-SREBP-1a and GST were analyzed by SDS-polyacrylamide
gel electrophoresis and staining with Coomassie brilliant blue. The sizes of molecular mass markers (in kilodaltons)
are indicated. (E) GST-SREBP-1a interacts with p300. The GST pull-down assay contained purified recombinant
p300, and GST or GST-SREBP-1-a bound to glutathione agarose, as indicated. p300 onput (10%) is shown in lane
1. Reactions were analyzed by Western Blot.



HTLV-l promoter. Furthermore, the strong transcriptional inhibition produced by
KiIX and SREBP-1a in the absence of exogenous p300 strongly suggests that
Tax-activated transcription in a chromatin context in vitro is highly dependent
upon CBP/p300 provided by the nuclear extract. Western blot analysis of the
CEM nuclear extracts reveals the presence of approximately 0.7 pmol of
CBP/p300 in each transcription reaction (Fig. 3.10). This level of CBP/p300 in
the nuclear extract is likely sufficient for the strong Tax-transactivation observed
in these assays, and may account for the relatively modest stimulation observed
in the presence of exogenous p300.

Next, we examined the specificity of KIX and SREBP-1a function by
performing a p300 “add-back” experiment. We reasoned that if KIX and SREBP-
1a inhibited transcription by blocking Tax/CREB access to the coactivator, then
addition of exogenous p300 would overcome the observed effect. Figure 3.5
shows that the GST-KIX inhibition was modestly relieved by the addition of
recombinant p300 (lanes 5-6). However, GST-SREBP-1a inhibition was fully
reversed in the presence of the highest amount of added coactivator (Fig. 3.5,
lane 9). This difference in the degree of transcriptional response to exogenous
p300 in the presence of KIX and SREBP-1a is not unexpected, as the two
polypeptides mediate transcriptional inhibition via distinct mechanisms (see Fig.
3.2). ltis possible that a slow off-rate of GST-KIX from the Tax’/CREB complex
inhibits access to the exogenous p300. Alternatively, SREBP-1a transcriptional

inhibition likely occurs via direct stoichiometric binding to endogenous CBP/p300,
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Figure 3.5. Exogenous p300 relieves KIX and SREBP-1a-mediated inhibition of Tax-
activated transcription. Transcription reactions contained the chromatin-assembled p4TxRE-
G-less template, CEM nuclear extract, and Tax/CREB, as indicated. GST-KIX and GST-
SREBP-1a were added to the indicated transcription reactions at five-fold molar excess (++),
relative to the Tax/CREB complex. Recombinant p300 was added at 0.05 pmol and 0.1 pmol.
Size markers and the position of the full-length transcript are indicated. Full-length G-less
transcripts are indicated.



therefore, the excess p300 should be available for recruitment to the

Tax/CREB/viral CRE complex.

3.3b THE CBP/p300-SELECTIVE ACETYLTRANSFERASE INHIBITOR LYS-
COA INHIBITS TAX-TRANSACTIVATION ON CHROMATIN TEMPLATES

The experiments presented above support a prominent role for CBP/p300 in
Tax/CREB-activated transcription from Tax-responsive chromatin templates.
Since these experiments reveal a significant contribution of endogenous
CBP/p300 present in our transcription system, we were interested in selectively
testing whether the acetyltransferase function of endogenous CBP/p300 was
responsible for Tax/CREB transcriptional activation. We have previously
observed that activation of Tax transcription by exogenous p300 required intact
acetyltransferase activity, as a p300 acetyltransferase mutant was inactive for
transcriptional stimulation relative to wild type p300 (57). However, these
experiments did not address the contribution of endogenous CBP/p300
acetyitransferases in mediating Tax function.

To specifically evaluate the contribution of endogenous acetyltransferase
activity in our transcription system, we tested the effect of the selective
CBP/p300 inhibitor Lys-CoA on Tax/CREB-activated transcription. Lys-CoA has
previously been shown to inhibit p300 (and by extension CBP) both in vitro and in
vivo, with a greater than 100-fold selectivity for p300 relative to P/CAF (13, 114,
119, 137, 177). Figure 3.6A shows that the addition of 50 uM Lys-CoA to Tax-

activated chromatin transcription reactions containing 10 pM acetyl CoA

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



‘uoissiuuad inoyum paqiyosd uononpoudai Jeyung 1oumo JybuAdoo ay jo uoissiwad yim paonpoiday
G8

Chromatin ChrO{natln
l | |
I | AcetylCoA: + + + + + -
Lys-CoA: = - + + Lys-CoA: = = - + H -
Tax/CREB: - 4+ + + p300: - - + + + +
Recovery—» —— Tax/CREB: - + + + <+
standard Recovery— | 622
standard 527
Transcript —» ﬁ — ’ ) 404
S Transcript —» o \
309
Relative 1.2 3 4 Relative 1
transcription: 1.0 68 22 24 transcription;: 1.0 76 280 45 24 1.2

Figure 3.6A-B. The CBP/p300-selective HAT inhibitor Lys-CoA inhibits Tax-activated transcription on
chromatin templates. (A) Transcription reactions contained the chromatin-assembled p4TxRE-G-less
template, CEM nuclear extract, and Tax/CREB, as indicated. Lys-CoA was added to the transcription
reactions at final concentrations of 10 uM (+) and 50 uM (++), as indicated. Acetyl CoA was added to a final
concentration of 10 uM in all samples. Recovery standard and the position of the full-length transcript are
indicated. (B) Lys-CoA inhibits Tax-activated transcription in the presence of exogenous p300. Transcription
reactions were performed as described in panel A, except in the presence of exogenous p300, as indicated.
Lane 6 shows Tax/CREB-activated transcription in the absence of acetyl CoA.
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transcription on naked DNA templates. Transcription reactions were performed on the unassembled
p4TxRE-G-less template. Transcriptional activation was analyzed in the presence of Tax/CREB, 10 uM
acetyl CoA, and 10 uM (+) or 50 uM (++) Lys-CoA, as indicated.



reduced RNA synthesis by greater than 90% (lane 4), consistent with a previous
observation (46). The concentrations of Lys-CoA used in these experiments
have previously been shown to selectively inhibit p300 acetyltransferase activity
by >90% (119). We next tested Lys-CoA inhibition in the presence of Tax/CREB
and exogenous p300 and found that Lys-CoA inhibited transcription to a degree
similar to that observed with Tax/CREB alone (Fig. 3.6B, lanes 4-5). As
expected, Tax/CREB/p300-activated transcription was essentially abolished in
the absence of acetyl CoA (Fig. 6B, lane 6). Lys-CoA had minimal effect on
Tax/CREB-activated transcription from naked DNA templates (Fig. 3.6C).

The Lys-CoA inhibition data strongly suggest that Tax’CREB transcriptional
activation associated with CBP/p300 recruitment results primarily from the
intrinsic acetyltransferase activity associated with the coactivator(s). If this is
correct, then it would follow that the transcriptional inhibition observed in the
presence of the KIX and SREBP-1a polypeptides results from an inhibition of
targeted p300 histone acetyltransferase (HAT) activity. To test this idea directly,
we performed an in vitro HAT assay in the presence of Tax/CREB and KIX.
Figure 3.7 shows that, as expected, Tax/CREB addition increased the p300-
dependent acetylation of histones assembled on the Tax-responsive p4TxRE/G-
less template (lanes 1, 2). However, Tax/CREB did not increase p300-
dependent acetylation of histones assembled on the p-52/G-less plasmid
template lacking the Tax-responsive viral CRE enhancer elements (Fig. 3.11).
The addition of GST-KIX reduced histone acetylation to levels observed in the

absence of added activators, presumably through inhibition of p300 recruitment
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Figure 3.7. KIX disrupts the recruitment of p300 HAT activity to chromatin templates in a
Tax-dependent manner. In vitro acetylation assay. Both chromatin- assembled templates and
free histones were acetylated in vitro in the presence of p300 and '“C-acetyl CoA. Tax/CREB,
GST-KIX and GST-KIXmut were added to the indicated acetylation reactions. The CBP/p300
specific HAT inhibitor lysyl CoA was added to a final concentration of 50 pM, as indicated. GST-KIX
and GST-KIXmut were each added at five-fold molar excess relative to the Tax/CREB complex.



(Fig. 3.7, lane 3). This inhibition was specific to chromatin, as free histone
acetylation and p300 autoacetylation were unaffected by GST-KIX (Fig. 3.7, lane
3, and Fig. 3.12). GST-KIXmut, which is defective for Tax/CREB binding, had
minimal effect on p300 HAT activity (Fig. 3.7, lane 4). As expected, 50 yM Lys-
CoA completely inhibited p300 acetyltransferase activity (Fig. 3.7, lane 5).
Together, these data indicate that the primary mechanism of CBP/p300
transcriptional co-activation on the HTLV-I promoter is through the

acetyltransferase activity of the coactivators.

3.3c HISTONE TAIL DELETION REVEALS AN UNKNOWN TARGET FOR
CBP/p300 ACETYLTRANSFERASE FUNCTION

The data presented thus far support a role for the KIX domain in
Tax/CREB recruitment of CBP/p300 to the HTLV-I promoter. We also show data
indicating that CBP/p300 cooperate with Tax to activate transcription of the
p4TxRE/G-less chromatin template via their intrinsic acetyltransferase activity.
Since the histone tails are established targets of coactivator acetylation during
transcriptional activation, we reasoned that deletion of the histone tails would
render the transcription system insensitive to CBP/p300. To test this hypothesis,
we used “tailless” histones carrying amino terminal deletions (H2A A1-12, and
119-128; H2B A1-23; H3 A1-26; H4 A1-19) to assemble chromatin on the
p4TxRE/G-less template as previously described (57). All of the previously
identified targets of CBP/p300 acetylation are deleted in our tailless histones

(185). We tested whether chromatin composed of tailless histones was sensitive
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to KIX/SREBP-1a inhibition of Tax/CREB-mediated transcriptional activation. As
shown before, nucleosomal templates formed with tailless histones were strongly
activated by Tax/CREB, and insensitive to exogenous p300 (Fig. 3.8A, lanes 1-3)
(see 57). Unexpectedly, the addition of GST-KIX, but not GST-KIXmut, inhibited
Tax/CREB transcriptional activation over 80% on the tailless templates (Fig.
3.8A, lanes 4-7). Similar transcriptional inhibition was observed with GST-
SREBP-13a, both in the presence and absence of exogenous p300 (Fig. 3.8B).
These results were surprising, as the tailless histones carry deletions of the
regions encompassing the previously characterized sites of acetylation. We
confirmed the specificity of the effects of KIX and SREBP-1a on tailless
chromatin by performing a p300 “add-back” experiment (Fig. 3.8C). Consistent
with the results on wild type chromatin templates (Fig. 3.5), we found that
inhibition by GST-KIX is highly stable and not responsive to exogenous p300,
while inhibition by GST-SREBP-1a was reversed by exogenous p300. To
determine if KIX and SREBP-1a-mediated transcriptional inhibition was
associated with disrupted recruitment of the acetyitransferase activity of
CBP/p300, we tested the effect of Lys-CoA on Tax-activated transcription from
the tailless chromatin templates. Figure 3.8D shows that 50 uM Lys-CoA
inhibited transcription by up to 80%. Interestingly, this effect was
indistinguishable from the level of inhibition observed in the absence of acetyl
CoA, suggesting that acetyl CoA is utilized exclusively by CBP/p300 on these
templates. Together, these data strongly support a role for CBP/p300

acetyltransferase activity in Tax/CREB-dependent activation of transcription
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Figure 3.8A-B. Inhibition of p300 function on chromatin templates lacking histone amino-terminal tails.
Transcription reactions contained the p4TxRE-G-less template assembled into chromatin using tailless
histones, CEM nuclear extract, and Tax/CREB, as indicated. Recovery standard and full-length G-less
transcripts are indicated. (A) The KIX polypeptide specifically inhibits Tax/CREB transcription on tailless
chromatin. GST-KIX or GST-KIXmut were added at equimolar (+), or five-fold molar excess (++), relative to
the Tax/CREB complex, as indicated. (B) SREBP-1a specifically inhibits Tax/CREB transcription on tailless
chromatin. GST-SREBP-1a and GST were added at equimolar (+), or five fold molar excess (++), relative to
the Tax/CREB complex, as indicated.
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Figure 3.8C-D. Inhibition of p300 function on chromatin templates lacking histone amino-terminal tails.
In vitro transcription assay. Transcription reactions contained the p4TxRE-G-less template assembled into
chromatin using tailless histones, CEM nuclear extract, and Tax/CREB, as indicated. (C) Exogenous p300
relieves SREBP-1a-mediated inhibition of Tax/CREB transcription on tailless chromatin. GST-KIX and GST-
SREBP-1a were added to the indicated transcription reactions at five-fold molar
excess (++), relative to the Tax/CREB complex. Recombinant p300 was added at 0.05 pmol and 0.1 pmol. (D)
Lys-CoA inhibits Tax-activated transcription on chromatin templates lacking histone amino-terminal tails. For
this experiment, acetyl CoA was added to a final concentration of 10 uM in samples 1-5; acetyl CoA was not
added to sample 6. Lys-CoA was added to samples at final concentrations of 10 uM (+) and 50 uM (++).
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from tailless nucleosomal templates. Since the CBP/p300 inhibitors had a
minimal effect on transcription from naked DNA templates, these data suggest
that chromatin-related acetylation substrates, distinct from the histone tails, may

be targeted by CBP/p300 to promote transcriptional activation from the HTLV-I

promoter in vitro.

3.4 DISCUSSION

Several previous studies have characterized a physical interaction
between the KIX domain of CBP/p300 and the viral transcriptional activator
protein Tax (58, 77, 117, 225). Here, we provide the first direct evidence that
KiX-mediated Tax recruitment of CBP/p300 promotes strong Tax-transactivation
from chromatin templates. Using specific polypeptide inhibitors of the Tax-KIX
interaction (GST-KIX and GST-SREBP-1a), we find that Tax recruitment of
CBP/p300 present in the nuclear extract is a critical step in mediating Tax-
transactivation in a chromatin context, accounting for greater than 80% of the
observed Tax stimulation in this system. The SREBP-1a inhibition is counter-
acted by the addition of recombinant p300 to the transcription reactions,
providing strong evidence that CBP/p300 are the primary endogenous
coactivators that mediate Tax-transactivation. The effect of the coactivators is
absolutely dependent on chromatin, as Tax-transactivation from unassembled

(naked) templates is refractory to the stimulatory effects of acetyl CoA and p300,

and is not inhibited by the polypeptides.
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We also investigated the specific role of the intrinsic acetyltransferase
activity of CBP/p300 in Tax-transactivation. As previously shown, we find that
Tax enhances nucleosomal histone acetylation by recruiting p300 to chromatin
templates (57, 137). We find that the addition of KIX peptide dramatically inhibits
this effect, directly coupling Tax recruitment of CBP/p300, via the KIX domain,
with nucleosome acetylation and transcriptional activation. We find that the
p300-selective inhibitor Lys-CoA significantly inhibits Tax-activated transcription,
reducing transcription to the same levels observed with the KIX-specific
polypeptide inhibitors. This observation is consistent with a prominent role for a
CBP/p300 acetyltransferase activity in transcriptional initiation, as previously
suggested (112, 114). These data provide further evidence showing that
CBP/p300 are the prominent coactivators mediating Tax transcription function,
and importantly, that the acetyltransferase activity intrinsic to CBP/p300 provides
the dominant transcriptional stimulatory activity associated with coactivator
recruitment to the Tax-responsive promoter.

Although we observe residual Tax-transactivation in the presence of Lys-
CoA, transcription is abolished in the absence of acetyl CoA. While this may
represent incomplete Lys-CoA inhibition of endogenous CBP/p300, it is also
possible that acetyltransferases unrelated to CBP/p300 participate in Tax-
transactivation from chromatin templates. This observation is not surprising, as a
broad range of coactivators and ancillary factors utilize acetyl CoA to activate
transcription (204). The most likely candidates for these additional coactivators

are proteins that acetylate lysine residues on the amino terminal histone tails that
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are distinct from those lysines targeted by CBP/p300. For example, SRC-1
acetylates lysine 9 of histone H3, while Tip60 and MORF acetylate lysines 12
and 16 of histone H4 (29, 204). Acetylation of these lysine residues, in addition
to CBP/p300-specific acetylation, may be required for optimal transcriptional
activation by Tax. Although SRC-1 forms a complex with CBP/p300 at certain
promoters (102, 227), a role for SRC-1 in HTLV-I transcription has not been
described. It is also possible that additional acetyltransferases having
overlapping substrate specificity with CBP/p300 cooperate to acetylate key lysine
residues on the amino terminal histone tails. For example, lysine 14 of histone
H3 is acetylated not only by CBP/p300, but also by GCN5, P/CAF, SRC-1, and
TAF1250 (204). Of these acetyltransferases, P/CAF has been shown to interact
with Tax in both vitro and in vivo, and to activate HTLV-I transcription in transient
transfection assays (76, 91). Based on these data, it is conceivable that P/CAF
cooperates with CBP/p300 in histone tail acetylation, and thus participates in
Tax-transactivation of HTLV-| transcription.

We previously reported that the amino terminal histone tails are required for
Tax-transactivation in response to exogenously added p300, and that tail deletion
rendered the chromatin templates insensitive to recombinant p300 addition, while
remaining moderately sensitive to acetyl CoA (57). In the previous study,
however, the role of endogenous CBP/p300 in Tax-transactivation was not
addressed. In the present study, we make the unexpected observation that the
acetyltransferase activity required for Tax-transactivation on the tailless

chromatin templates is contributed by CBP/p300 that is present in the nuclear

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



extract. As with wild type chromatin templates, we observe potent inhibition of
Tax-activated transcription from the tailless chromatin templates with both
CBP/p300-selective Lys-CoA and the polypeptide inhibitors. Interestingly, Lys-
CoA inhibits transcription to the same level as that observed in the absence of
acetyl CoA. These data indicate that CBP/p300 play a prominent and perhaps
exclusive role in Tax-transactivation from tailless chromatin templates, and that
the acetyltransferase activity provides the coactivator function in this context.

It seems paradoxical that tailless chromatin templates require CBP/p300
acetyltransferase activity and yet are unresponsive to exogenous p300.
However, responsiveness to exogenous p300 may be a function of the number of
potential acetylation sites present in the transcription system. For example,
previous characterization of CBP/p300 suggests that wild-type chromatin
templates contain up to 22 CBP/p300 acetylation targets per nucleosome, in
addition to other potential CBP/p300 acetyltransferase targets present in the
nuclear extract (185). Although we have found a substantial concentration of
endogenous CBP/p300 in our CEM nuclear extract, it appears that the
endogenous CBP/p300 may be limiting. Therefore, Tax-transactivation from
wild-type chromatin templates is enhanced by exogenous p300. However, in the
absence of histone tails, the number of potential CBP/p300 acetylation
substrates present in the transcription system is dramatically reduced.
Therefore, endogenous CBP/p300 acetyltransferase activity may be saturating
for strong Tax-transactivation from tailless chromatin templates; consequently,

exogenous p300 has no effect. Consistent with the idea that a reduced number
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of acetylation substrates leads to a reduced requirement for acetyitransferase
enzyme, we have previously observed that tailless chromatin templates have a
reduced requirement for acetyl CoA in Tax-transactivation compared with wild
type chromatin templates (see 57, and data herein).

In contrast to our findings on both wild type and tailless chromatin
templates, the inhibitors of CBP/p300 (GST-KIX, GST-SREBP-1a, and Lys-CoA)
did not significantly affect transcription from the naked DNA templates. These
observations reveal the presence of a CBP/p300 acetyltransferase target that
functions specifically on chromatin templates, is independent of the histone tails,
and is critical to Tax-transactivation. This unknown acetylation target of
CBP/p300 may be a component of the general transcription machinery and/or
chromatin remodeling factor that is acetylated to facilitate negotiation of
chromatin templates during transcriptional activation. Although it is possible that
Tax, and/or CREB, may be the acetylation target in this context, we have found
no evidence for p300 acetylation of the free proteins (Fig. 3.12). Since the
p4TxRE/G-less transcription template used in these assays carries, in addition to
the viral CREs, only the minimal HTLV-I promoter (-52 to +1), it is also unlikely
that the acetylation target is an uncharacterized transcription factor that binds to
this simplified promoter. Based on these observations, the evidence indicates
that the acetylation target of CBP/p300 is a chromatin-affiliated protein, or
chromatin itself. An intriguing possibility is that the nucleosomal core is itself
acetylated by CBP/p300. In the experiments presented herein, we used a

histone H3 deletion mutant that carried a lysine residue at the amino terminal end
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may in turn promote stable association of the general transcription machinery
with the promoter DNA, and the initiation of HTLV-I transcription.

The role of the histone amino terminal tails in p300-mediated
transcriptional activation has recently been investigated using Gal4-VP16 and
recombinant core histones (6). Similar to the HTLV-I Tax chromatin transcription
system, GAL4-VP16 displayed acetyl CoA-dependent and p300-dependent
activation. However, deletion of the histone tails potently attenuated GAL4-VP16
transcriptional activation (6), in sharp contrast to our observations with Tax (57),
and data herein). This apparent dichotomy in the behavior of tailless
nucleosomes may be attributable to differences in the activators used in the
assay (Gal4-VP16 vs. Tax), or differences in DNA template design. The GAL4-
responsive promoter is flanked by multiple 5S repeats, whereas the construct
used in our assays is not. The disparity between our data and that of An et. al.
(6) is likely due to uncharacterized chromatin-based processes by which different
transcriptional activators require histone tails, or histone tail modifications, to
promote activated transcription.

The discrepancy in transcriptional activities on the tailless chromatin
templates discussed above raises fundamental questions as to the precise
function of the histone tails during transcriptional activation. Several previous
studies have shown that templates containing tailless histones are more
accessible to binding by transcriptional activators (62, 175, 218), and are
generally more transcriptionally active than intact chromatin templates (35, 80,

179, 218). This may reflect the ability of tailless chromatin to adopt a less
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condensed structure than intact chromatin (28, 47, 111, 210; reviewed in 72).
However, in vivo, histone tails are subject to a complex array of highly conserved
post-translational modifications, in addition to acetylation, that appear to be
intimately involved in regulated gene expression (20). These distinct histone tail
modifications apparently serve as an epigenetic code to signal the binding of
transcriptional regulatory proteins that are involved in transitions between active
and silent chromatin states (90, 205). Based on the complexity of the histone
code, it appears paradoxical that our tailless chromatin templates are functionally
indistinguishable from wild type chromatin templates with respect to
transcriptional activation by Tax. One explanation for this paradox is that, in our
in vitro chromatin system, wild type and tailless templates exist in a fully relaxed
chromatin state and therefore are permissive to activators, especially strong
activators such as Tax. If histone tail modifications function primarily to regulate
transitions between higher-ordered structures in vivo, it is not unexpected that
the chromatin templates used in these assays are exempt from regulation
according to the “histone code’. Therefore, histone tail deletion may represent
the “ultimate” activating modification of chromatin.

In summary, the data presented in this study demonstrate a prominent
and perhaps exclusive role for the KIX domain in CBP/p300 recruitment by the
HTLV-1 Tax protein. We find that Tax-transactivation from chromatin templates is
largely dependent upon CBP/p300 present in the nuclear extract, and that the
acetyltransferase activity is the prominent functional property of the coactivators

responsible for mediating transcriptional activation. By specifically inhibiting

100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CBP/p300 enzymatic activity, we have discovered a mode of CBP/p300
transcriptional regulatory function that is acetyl CoA-dependent and histone tail-
independent. We find that CBP/p300 acetyltransferase activity is directed not
only at the histone tails, but also at an undefined target whose acetylation is
critical to the activation of viral gene expression in a chromatin context. Our data
provides insight into novel mechanisms of HTLV-| transcriptional regulation
through CBP/p300, and may also have significant implications for CBP/p300

function in a broad range of promoter contexts.

3.5 MATERIALS AND METHODS

3.5a PURIFICATION OF RECOMBINANT PROTEINS.

The four Xenopus laevis core histones, both as wild-type and amino
terminal deletion mutant proteins, were individually expressed in E. coli and
purified to homogeneity as previously described (139, 140). The amino acid co-
ordinates of the histone deletion mutants are: H2A (A1-12 and 119-128), H2B
(A1-23), H3 (A1-26), and H4 (A1-19). Drosophila NAP-1 (85), ISWI and Acf1 (88)
were expressed and purified as previously described (57). Full-length,
recombinant CREB (48) and Tax (240) were expressed and purified as
previously described (68). Hisgs-tagged p300 was expressed and purified as
previously described (113). Recombinant glutathione-S-transferase (GST), and

the GST fusion proteins GST-KIX (CBP aa588-683) (58), GST-KIXmut (CBP
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aab97-719) (225), and GST-SREBP-1a (SREBP-1 aa1-50) (154), were

expressed and purified as previously described.

3.5b CHROMATIN ASSEMBLY AND /N VITRO TRANSCRIPTION.

Chromatin templates were assembled as previously described, at core
histone to DNA ratios that were empirically determined to give complete
chromatin assembly (57). The 3.2 kbp p4TxRE/G-less plasmid DNA used in the
transcription assays carried 4 tandem copies of the HTLV-I promoter proximal
viral CRE cloned upstream of the HTLV-| core promoter, and drove the synthesis
of a 380 nt transcript (8). The p-52/G-less plasmid DNA carried 52 to +1 (rela-
tive to the transcription start site) of the natural HTLV-I core promoter, and drove
the synthesis of a 190 nt transcript. This plasmid contained a TATA box, but no
Tax-responsive viral CRE sequences. Following chromatin assembly, 75 fmol of
the chromatin-assembled template were incubated in the absence or presence of
8 nM purified recombinant Tax, 8 nM CREB, and 3 nM p300, as previously
described (57, 126). For experiments using unassembled, or naked DNA
templates, samples were prepared as above, but without the chromatin assembly
step. All reactions contained 100 uM acetyl CoA unless otherwise indicated.
Molecular weight markers (radiolabeled Hpa |l digested pBR322) were used to

estimate the size of the RNA products.

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.5¢c BIOTIN-STREPTAVIDIN DNA PULL-DOWN ASSAY.

Double stranded DNA fragments containing a single viral CRE (and
biotinylated at the 5'-end of one strand, [Integrated DNA Technologies]) were
annealed and bound to streptavidin agarose (Novagen) in TM buffer (50 mM Tris,
100 mM KCI, 12.5 mM MgCl;, 1 mM EDTA, 20% glycerol, 0.1% Tween-20, 2 mM
DTT, and 1 mM PMSF). The HTLV-| promoter-proximal viral CRE sequence
used in this assay was modified to contain a consensus CRE site to enhance
CREB binding. The sequence of the DNA fragment is:

5-GAAGATCTCTCAGGCGTTGACGTCAACCCCTCACCAGATCTT-3'
The core CRE region is indicated in bold, and the conserved GC-rich flanks are
underlined. The immobilized viral CRE DNA (2 pmol) was incubated with Tax
(10 pmol), protein kinase A-phosphorylated CREB (10 pmol), p300 (10 pmol),
GST-KIX or GST-KIXmut (5 or 10 pmol), GST-SREBP-1a or GST (10 or 50 pmol)
as indicated in the relevant figures. The reactions were incubated in binding
buffer (25 mM Tris, 50 mM KCI, 6.25 mM MgCl, 0.5 mM EDTA, 10% glycerol,
0.05% Tween-20, 50 mM NaCl, 2 mM DTT, and 1 mM PMSF) for 1 hour at 4°C,
washed three times in binding buffer, resuspended in SDS sample dyes, boiled,
and analyzed by 5-20% SDS-PAGE. Bound proteins were detected by Western
blot analysis, using an antibody mixture of anti-GST (to detect GST-KIX, GST-
KiIXmut, GST and GST-SREBP-1a; Sigma), anti-Hiss (to detect Tax and p300;
Santa Cruz), and anti-CREB (Santa Cruz):
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3.5d GSTPULL-DOWN ASSAY.

The GST pull-down assay was performed by incubating 10 pmol of GST
or GST-SREBP-1a with 15 ul of swollen glutathione agarose (Sigma) in 400 ul of
0.5X Superdex buffer (12.5 mM HEPES pH 7.9, 6.25 mM MgCl,, 75 mM KCI, 5
uM ZnSo,4, 0.5 mM EDTA, 10% glycerol, 0.05% NP-40) at 4°C for 2 h. The
beads were then washed twice with 0.5X Superdex buffer and incubated with 2
pmol p300 (in a total volume of 400 pl of 0.5X Superdex buffer) at 4°C for 18 h.
After washing twice with 0.5X Superdex, the beads were resuspended in SDS
sample dyes, boiled, and analyzed by 5-20% SDS-PAGE. Bound protein was

detected by Western Blot analysis, using an antibody against p300 (N-15, Santa
Cruz).

3.5e IN VITRO ACETYLATION ASSAY.

The p4TxRE/G-less plasmid template was assembled into chromatin
using Xenopus histones (2 ug), NAP-1, and ACF as previously described (57).
Chromatin assembly was performed at empirically determined histone to DNA
mass ratios. p300 (12 nM) and '*C-acetyl CoA (0.9 mM; 57 mCi/mmol) were
added following chromatin assembly, together with 400 nM Tax and CREB where
applicable, in a solution containing 50 mM Tris, pH 8, 10% glycerol, 10 mM
sodium butyrate, 1 mM DTT, 1 mM PMSF. Samples were incubated at 30°C for

60 minutes and protein was precipitated by methanol/chiloroform extraction and

analyzed by 18% SDS-PAGE.
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Figure 3.9. The SREBP-1a peptide does not bind the Tax/CREB/viral CRE DNA complex.
SREBP-1a inhibits p300 binding to the Tax/CREB/viral CRE DNA complex, but does not itself
bind to the complex. Streptavidin-agarose DNA pull-down reactions were performed as described
in figure 3.3D. GST-SREBP-1a or GST were added at equimolar molar (+) or 5X molar excess
(++), relative to the Tax/CREB complex, as indicated. Reactions were analyzed by Western blot.
Shown is an expanded version of the same experiment that is presented in figure 3.4C. This
experiment was contributed by Holli A. Giebler.
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Figure 3.10. Quantitative estimation of
endogenous p300/CBP in CEM nuclear
extract. (A) Western blot of CEM nuclear
extract and purified, recombinant p300.
Proteins were resolved by 5% SDS-PAGE,
and detected using an antibody that
recognizes both CBP and p300 («-CBP-451,
Santa Cruz). (B) p300 standard curve.
Western blot band intensities were
measured using Image Quant software, and
the values for the recombinant p300 bands
were used to generate a standard curve.
The best fit equation for the curve was:

band intensity = [126805(ng p300)] -390839

The Image Quant values for CBP/p300
bands in the CEM nuclear extract (A) were
used to in the above equation to solve for
the quantity of CBP/p300 present in those
samples. Although CBP and p300 do not
have the same molecular weight (265 kDa
vs. 300 kDa, they did not resolve on this gel.
Only the upper band in the CEM NE
samples was quantitated, as this band
reflects the specific CBP/p300 proteins.
These values were averaged to give ng
p300/ul extract. This value in turn was used
to estimate that each transcription reaction
(see Results) contains approximately 0.7
pmol of endogenous CBP/p300.
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the indicated acetylation reactions.
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Figure 3.12. Free histone acetylation is unaffected by GST-KIX or
Tax/CREB. In vitro acetylation assay. Free histones were acetylated in
vitro in the presence of p300 and '4C-acetyl CoA. Tax/CREB, GST-KIX,
and GST-KIXmut were added to the indicated acetylation reactions.

The CBP/p300 specific HAT inhibitor lysyl CoA was added to a final
concentration of 50 uM, as indicated. GST-KIX and GST-KIXmut were
each added at five-fold molar excess relative to the Tax’/CREB complex.
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CHAPTER 4
FUTURE DIRECTIONS

The data presented here reveal that Tax-transactivation from chromatin
templates requires the acetyltransferase activities of the CBP/p300 coactivators.
Unlike previous studies of Tax function, we have used recombinant chromatin
templates to investigate the role of histone amino terminal tails in the regulation
of Tax-transactivation. We show that transcriptional activation by Tax and p300
correlates with histone amino-terminal tail acetylation. However, we find that the
acetyltransferase activity of CBP/p300 is also required for Tax-transactivation on
tailless chromatin templates. This observation suggests that one or more
additional CBP/p300 acetylation targets may be relevant to HTLV-I transcription.

Histone tails have been well characterized to regulate the binding of
transcriptional activators to DNA sequences. For example, several studies have
shown that deletion of histone tails facilitates the association of transcription
factors with DNA (62, 122, 175, 179, 217). In agreement with these
observations, we have found that tailless chromatin templates are highly
responsive to Tax and promote high levels of transcription. However, it is
possible that histone tails are required for the binding of certain transcription

factors to their cognate sequences. For example, a group using the GAL4-VP16
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activator has found that tailless recombinant chromatin, as well as recombinant
chromatin in which lysine residues of the histone tails have been mutated, are
refractory to transcriptional activation (6). In addition, another study found that
proteolytic removal of histone tails from chromatin templates inhibited histone
tail-acetylation dependent TBP recruitment to the IFNB enhancer (3). Together,
these studies suggest that acetylated histone tails may function as “docking
sites” for the binding of transcription factors in certain promoter systems.
Although our transcriptional data on tailless chromatin suggests that Tax does
not require histone amino terminal tails in order to bind the HTLV-I promoter, this
has not yet been tested directly.

Here, we have used polypeptide inhibitors to disrupt the recruitment of
CBP/p300 by Tax. We find that these polypeptides inhibit endogenous
CBP/p300 as well as exogenous p300, suggesting that nearly all Tax-
transactivation is CBP/p300 dependent. However, these inhibitors do not
distinguish between CBP and p300. CBP and p300 share a high degree of
amino acid sequence similarity, and also exhibit a substantial redundancy in
function. Both CBP and p300 have been shown to interact with Tax and function
as coactivators in HTLV-I transcription. For example, both CBP and p300 have
been localized to HTLV-| promoter-bound complexes in infected cells in vivo
(125). However, CBP and p300 may also have distinct roles in Tax-
transactivation. For example, a Tax mutant that interacts with p300, but not
CBP, was found to be defective for Tax-transactivation in vivo (22). In contrast,

we find that p300 strongly stimulates Tax-transactivation in vitro. Since both
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CBP and p300 are endogenous to the nuclear extract used in these transcription
studies, it is possible that both coactivators are available for Tax-transactivation.
it is therefore unclear whether both CBP and p300 are involved in HTLV-|
transcription, or whether one of the coactivators plays a more prominent, or
perhaps exclusive, role in this process.

In future work, we would like to address the issues presented above, as
they raise important questions regarding the regulation of HTLV-I transcription.
Here, we submit initial strategies for future studies of the mechanisms of Tax-

transactivation from chromatin templates.

4.1 WHAT ARE THE CHROMATIN-DEPENDENT, HISTONE TAIL-
INDEPENDENT CBP/p300 ACETYLATION TARGETS IN TAX-
TRANSACTIVATION?

We have found that Tax-transactivation from tailless chromatin templates
requires CBP/p300 acetyltransferase activity and acetyl CoA, albeit to a lesser
degree compared to transcription from wild type chromatin templates. Since
these templates are lacking the histone amino terminal tails that have previously
been characterized to be major substrates for CBP/p300 acetyitransferase
activity, our observations raise the possibility that other CBP/p300-specific
acetylation targets are relevant to HTLV-I transcription. We have not found any
evidence that Tax or CREB are acetylated by p300. However, the globular
domains of the core histones are intriguing candidates for acetylation by

CBP/p300 acetylation. We have performed in vitro acetylation experiments on
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the tailless recombinant histones and have seen apparent acetylation by p300,
although the relative level of acetylation is substantially lower compared to wild
type histones (see Fig 2.5B and Fig. 4.1). In addition, preliminary mass
spectrometry analysis of free tailless histones incubated with p300 and acety!
CoA reveals chemical shifts consistent with acetylation on histones H2A, H2B
and H4. Itis not known, however, which residues might be acetylated on tailless
histones, and whether this acetylation has consequences for HTLV-I
transcriptional regulation. Future work on this question will include mass
spectrometry analysis of tailless chromatin, which may identify whether one or
more histones are acetylated in that context. If acetylation is found, then
experiments will be conducted to determine amino acid sites of acetylation, to
mutate the acetylated residues, and to test whether the resulting mutant
chromatin can support Tax-transactivation.

It is also possible that the acetylation of a nonhistone protein by CBP/p300
is required for activation from chromatin templates. This protein may be a factor
involved in the remodeling of nucleosomes, or a component of the general
transcription machinery that must be acetylated in order to facilitate derepression
of chromatin-assembled genes. The identification of such a target would be
considerably difficult, since many there are many CBP/p300 acetylation
substrates endogenous to the nuclear extract used in our transcription studies,
and these targets may not be involved in Tax-transactivation. One initial
approach might be to assemble a fragment of the HTLV-I promoter into

chromatin, immobilize the template on a bead, incubate this template with '*C-
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acetyl CoA, Tax/CREB, p300 and nuclear extract, and analyze bound proteins for
acetylation by CBP/p300. This strategy might enable us to identify a novel

CBP/p300 acetylation substrate involved in HTLV-I transcriptional regulation.

4.2 DO HISTONE TAILS DIRECT THE ASSEMBLY OF
TRANSCRIPTIONAL INITIATION COMPLEXES?

The deletion of histone amino terminal tails has been shown previously to
facilitate the binding of certain transcriptional activators to their target DNA
sequences. However, other evidence suggests that histone tails are required for
transcription factor function. We have found that tailless chromatin templates are
highly responsive to Tax-transactivation. We hypothesize that histone amino
terminal tail deletion, and histone acetylation, facilitates binding of the Tax/CREB
complex to the viral CREs. We would like to test this hypothesis using in vitro
chromatin immunoprecipitation assays to compare factor binding to wild type
versus tailless HTLV-I promoter templates. If the Tax/ CREB complex can be
precipitated from tailless chromatin templates, this will indicate that histone tails
are not required for the binding of Tax/CREB to the viral CREs. It would also be
interesting to test whether Tax/CREB can bind to unacetylated, wild type
chromatin templates, or whether preacetylation of histones enhances access of
Tax/CREB to the viral CREs. Additionally, it would be interesting to evaluate the
binding of other proteins, such as CBP/p300, TBP, and RNA polymerase I,

under the template conditions described above to determine whether the state of
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the histone tails directs the assembly of additional factors on the HTLV-I
promoter.

In a recent study, it was suggested that the GAL4-VP16 activator required
chromatin containing intact, acetylated histone tails in order to promote
transcriptional activation (6). Since GAL4-VP16 protein and plasmid DNA
containing GAL4- response elements are available in the laboratory, it would be
interesting to test the ability of GAL4-VP16 to associate with wild type versus
tailless chromatin templates. If GAL4-VP16 is found to have a different mode
than Tax/CREB for binding to chromatin templates, this result may illuminate
important distinctions in the ways histone tails regulate transcriptional activation

from diverse promoters.

4.3 DO CBP AND p300 HAVE DISTINCT ROLES IN MEDIATING TAX-
ACTIVATED TRANSCRIPTION?

Although CBP and p300 have both been shown to interact with Tax and
activate HTLV-I transcription in vitro and in vivo, it is not clear whether the
coactivators have redundant or distinct functions in Tax-transactivation. One
interesting possibility is that either CBP or p300 may play a dominant or
exclusive role in the transcription of viral genes. Alternatively, the coactivators
may have unique functions in the transcription process. For example, a time-
course study of transcriptional activation from the cathepsin D promoter suggests
that while p300 is involved in transcriptional initiation, CBP is primarily involved in

the reinitiation of active genes (194). Although we have found that exogenous
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p300 strongly stimulates Tax-transactivation from chromatin templates, previous
attempts in the laboratory to use recombinant CBP to activate Tax-dependent
transcription have been unsuccessful. However, these experiments have always
been carried out using nuclear extract that already contains a substantial amount
of endogenous CBP and p300. It is therefore possible that these Tax-activated
templates are unresponsive to exogenously added CBP, but utilize endogenous
CBP. To more clearly define a role for CBP in transcriptional activation, we
would like to deplete nuclear extract of endogenous CBP/p300, and then use this
extract to assay transcription in the absence and presence of recombinant CBP.
It is possible that depletion of CBP/p300 might also deplete the nuclear extract of
basal transcription factors known to associate with the coactivators as part of the
RNA polymerase |l holoenzyme. To address this concern, we propose to use an
amino terminal portion of the E1A oncoprotein, fused to GST, to deplete the
extract, since this protein has previously been shown to bind CBP/p300 and
disrupt its interactions with the holoenzyme (155). This should produce a
CBP/p300-depleted extract that is competent for transcriptional activation.
Recombinant CBP, p300, or both coactivators can then be added to this extract
to determine whether CBP and p300 play distinct, or redundant, roles as

coactivators for Tax-transactivation on chromatin templates.
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