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ABSTRACT OF DISSERTATION

TAX ABOLISHES HISTONE H1 REPRESSION OF p300
ACETYLTRANSFERASE ACTIVITY AT THE HTLV-1 PROMOTER

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

repression, we have discovered a previously undefined function of Tax, which is
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to overcome the repressive effects of H1-chromatin. Tax specifically abrogates
the H1 repression of p300 enzymatic activity in a manner independent of p300

recruitment and without displacement of H1 from the promoter.

Kasey L. Konesky

Department of Biochemistry and Molecular Biology
Colorado State University

Fort Collins, CO 80523

Spring 2006

iv

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



ACKNOWLEDGEMENTS

| am indebted to those who have contributed to my success as a graduate
student. It is impossible to obtain a Ph.D. without the help of others. Fortunately,
| have been influenced by people with a true and infectious passion for science. |
would like to thank my advisor, Dr. Paul Laybourn, for teaching me to keep an
open mind. Data is what it is. My thesis spawned from a fortuitous collaboration
between Dr. Laybourn and Dr. Nyborg, which has been instrumental to the
success of my project. | am also thankful for the support from my committee
members, Drs. Jennifer Nyborg, Norm Curthoys, Karolin Luger, and Alan Van
Orden. | want to thank Stephanie Abernathy and Dr. Sara (Georges) Hanson for
teaching me the tricks of the trade and for their friendship. | am also glad to have
had the chance to work with Dr. Nicholas Polakowski. His humor, well, it speaks
for itself, while his “theories” kept me on my toes. Finally, | sincerely appreciate
the encouragement from those near and dear to me — Mom, Dad, Kelly, Uncle

Jim, and my fiancé, Matt. | am especially grateful to Matt.

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



Title Page

TABLE OF CONTENTS

Signature Page
Abstract of Dissertation
Acknowledgments
Table of Contents

Chapter 1:

P NG (L UL WL .
OGN WN =

1.7
1.8
1.9
1.1

0

INtrodUCHION. ...

HTLV-1

HTLV-1 Associated Diseases

HTLV-1 Replication

Genomic Organization of HTLV-1
Transcriptional Activation of the Provirus
The Role of Coactivators in HTLV-1 Transcriptional
Regulation

Chromatin: The Major and Minor Players
Linker Histone Structure and Function
Histone H1: A Mediator of Gene Regulation
Statement of Purpose

Chapter 1 Figures

Figure 1.1 HTLV-1 genome

Figure 1.2 Tax and CREB domains

Figure 1.3 Transcriptional regulatory elements
Figure 1.4 CBP/p300 domains

Figure 1.5 From nucleosome to chromosome
Figure 1.6 H1 binding models

Chapter 2:

21
2.2
2.3
24

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

Materialsand Methods................ooii .

Baculovirus Maintenance

Protein Expression and Purification
Recombinant Chromatin Methods

In Vitro Assays on Chromatin Templates

vi



Chapter 2 Figures

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

Figure 2.1 Plaque visualization 28
Figure 2.2 Purified histones 31
Figure 2.3 Purified dNAP-1 33
Figure 2.4 Purified ACF 34
Figure 2.5 Purified p300 35
Figure 2.6 Purified Tax and CREB 36
Figure 2.7 Promoter schematic 37
Chapter 3: Recombinant Chromatin: Optimization of Chromatin
Containing Histone H1.................. e, 48
3.1 Abstract 49
3.2 Introduction 50
3.3 Results 52
3.4 Discussion 61
Chapter 3 Figures
Figure 3.1 H1 sequence anaylsis 53
Figure 3.2 Topological assay 55
Figure 3.3 Micrococcal nuclease assay (MNase) with H1 57
Figure 3.4 MNase with CEM H1 58
Figure 3.5 Sucrose gradient with dNAP-1 60
Figure 3.6 Sucrose gradient with truncated yNAP-1 61
Chapter 4: Tax Abolishes Histone H1 Repression of p300
Acetyltransferase Activity at the HTLV-1 Promoter.......................... 65
4.1 Abstract 66
4.2 Introduction 67
4.3 Results 70
4.4 Discussion 93
Chapter 4 Figures
Figure 4.1 Histone H1 is properly incorporated into chromatin 71
Figure 4.2 Histone H1 represses transcriptional activation 74
Figure 4.3 Tax counteracts the H1-chromatin repression 78
Figure 4.4 CREB binding is not inhibited by H1 chromatin 82
Figure 4.5 H1 chromatin inhibits p300 acetyltransferase activity 83"

vii



Figure 4.6 Tax completely overcomes H1 repression of p300
activity

Figure 4.7 Recruitment of p300 is not affected by H1

Figure 4.8 Model for HTLV-1 regulation in a chromatin context

Figure 4.9 H1 addition to naked DNA transcription

Figure 4.10 CREB DNase | footprinting on naked DNA

Figure 4.11 CREB DNase | footprinting on chromatin AA vs. DA

Figure 4.12 Tax and CREB DNase I footprinting on chromatin DA

Figure 4.13 Tax and CREB addition during assembly in MNase

Figure 4.14 Free H1 does not inhibit p300 acetyltransferase
activity

Figure 4.15 H1 binding to immobilized template

Chapter 5: Future Directions......................oi i,
5.1 How does Tax Affect p300 in Overcoming H1 Repression?
5.2 CREB Binding /n Vitro Versus In Vivo?
5.3 Can We Correlate H1 Structure With Function?

Appendix A: Histone Variant H2ABbd..................................
A.1 Abstract
A.2 Introduction
A.3 Results and Discussion
Appendix A Figures
Figure A.1 MNase of H2A.Bbd nucleosomes

Figure A.2 H2A.Bbd nucleosomes are less repressive in
transcription

Appendix B: Mass Spectrometry Analysis of Drosophila Histones.....

RO OO S ... ... e e e

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

87
91
98
100
101
102
103
104

105

107
108
110
111
112
113

113
114

116

117

118

viii



Chapter 1

Introduction
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1.1 HUMAN T-CELL LEUKEMIA VIRUS TYPE-1 (HTLV-1)

The first human retrovirus was discovered in 1979. Poiesz et al. (1980)
reported the presence of reverse transcriptase in a T-cell line established from a
patient infected with adult T-cell leukemia (ATL) (125). Identification of reverse
transcriptase confirmed retroviral infection and the virus was designated HTLV-1
(125). Roughly 10-20 million people worldwide are infected with HTLV-1 and
infection is considered endemic in Southern Japan, the Caribbean and Africa
(39). HTLV-1 varies from other transforming retroviruses in that it does not
activate expression of a cellular proto-oncogene through integration and
activation of downstream genes. Instead, production of the viral protein Tax
contributes to malignant transformation (53, 54). Viral infection is linked to the
pathogenesis of two distinct illnesses - ATL and HTLV-1 associated
myelopathy/tropical spastic paraparesis (HAM/TSP). Transmission of HTLV-1 is
thought to require the transfer of infected T-cells and can occur through several
modes including breast feeding, sexual intercourse, and blood transfusions, of
which the most common route is from a mother to her unborn child (114, 144,
148). There is currently no vaccine for humans, and therefore, no method for
preventing new cases of HTLV-1. However, increased awareness of and testing
for the virus has decreased the occurrence of viral infection from mother to child

(66) and donated blood is now screened against HTLV-1.
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1.2 HTLV-1 ASSOCIATED DISEASES

1.2a ATL

ATL was discovered in 1976 in Japan prior to identification of HTLV-1 (154).
As more cases of ATL were confirmed, the search for the etiology of the
leukemia began. The connection between ATL and HTLV-1 was established by
detecting unique serum antibodies from ATL patients and identifying HTLV-1
antigens that reacted with these antibodies (67, 166).

The cumulative risk of developing ATL upon HTLV-1 infection is
approximately 4%, as most individuals remain lifetime asymptomatic carriers of
the virus (146). Typically, the onset of ATL occurs decades after the initial
infection. Diagnosis of ATL is dependent upon identification of abnormal T-cells
that have hyperlobulated, flower-shaped nuclei, malignant cells harboring
monoclonal proviral integration sites and HTLV-1 antibodies (149).

There are four subtypes of ATL - acute, chronic, smoldering and lymphoma
that have been classified according to their clinical features (141). Acute ATL
occurs in 55-75% of those persons with ATL, and is the most advanced form, as
patients are typically resistant to chemotherapy and die within a year of onset
(66, 159). Chronic and smoldering ATL are lesser degrees of disease but are
capable of progressing to the acute stage after a long period. The fourth subtype
is lymphoma ATL, which is characterized by the formation of tumors within the
lymph system. While the exact symptoms of ATL vary, skin lesions, enlarged

lymph nodes and infiltration of leukemic cells into various organs are common.
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1.2b HAM/TSP

Infection of HTLV-1 has also been associated with a neurological disorder -
HAM/TSP (48, 116). This disease is characterized by demyelination of the long
motor neuron tracts within the spinal cord and can ultimately lead to paralysis.
The clinical features of HAM/TSP are similar to multiple sclerosis; therefore,
confirmation of this disorder requires the presence of antibodies against HTLV-1
antigens. Like ATL, individuals often develop HAM/TSP long after the initial
infection with HTLV-1 and have a 4% chance of disease progression (115).

Interestingly, individuals with HAM/TSP have a different antibody response to
infection than those with ATL or who are asymptomatic carriers of the virus (12).
Specifically, HAM/TSP patients have a greater immunological response and have
certain types of human leukocyte antigens. Despite increased antibodies, these
individuals have greater populations of infected T-cells that are able to infiltrate
the spinal cord and cerebrospinal fluid (104). From there, the infected cells
mediate destruction of neuronal tissue, which contributes to the clinical features

of HAM/TSP (75).

1.3 HTLV-1 REPLICATION

HTLV-1 primarily infects CD4+ T-cells and to a lesser degree CD8+
lymphocytes (161). After endocytosis of the virion and uncoating, the two copies
of single-stranded RNA are transcribed using reverse transcriptase from the virus
into double-stranded DNA. The resulting DNA is randomly integrated into the

host genome (113). More recently, data indicate that sites of proviral integration
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are not random with respect to the nucleotide sequence, as A/T-rich regions are
preferred by the virus (90). Because HTLV-1 integrates into the host genome,
the virus is able to escape destruction by the host, another characteristic of
retroviruses. Subsequent to infection, HTLV-1 is replicated using the host cell
DNA polymerase and not the viral reverse transcriptase. Interestingly, the
mechanism for HTLV-1 propagation occurs through cell-to-cell contact,
explaining the lack of virions in the serum of infected individuals (71).

The persistence of clinical latency and the low incidences of ATL and
HAM/TSP are attributed, in part, to the continual cellular immune response to
HTLV-1 infection (13). This steadfast response suggests that the virus does not
enter a latent state but is continually producing proteins, and therefore, viral
antigens. The anomaly with HTLV-1 infection has been the near undectable
level of viral proteins like Tax (109) and verification of viral mRNA in only small
populations of infected cells (49). A possible explanation for low protein and
mRNA levels is through a Tax-specific cytotoxic T lymphocyte (CTL) response.
When HTLV-1 infected cells are removed from patients and cultured in vitro, the
percentage of CD4+ cells expressing Tax rises dramatically (11). In addition,
CTLs have been shown to reduce the frequency of Tax-expressing cells in vitro,
as the approximate half-life of these cells is less than one day (11). Since the
CTL response is robust in vivo, these data suggest the mechanism behind
clinical latency and reduced viral protein and mRNA levels is partly through the

selected destruction of Tax expressing cells.
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1.4 GENOMIC ORGANIZATION OF HTLV-1

Housed between 5 and 3’ long terminal repeats (LTRs) are the typical
retroviral genes — gag, pol and env. These genes encode viral core proteins,
reverse transcriptase and envelope proteins, respectively. The genome of
HTLV-1 differs from most retroviruses in that it contains an additional sequence
3’ of the env gene, referred to as pX (Figure 1.1) (134, 136). Multiple proteins,
including Tax and Rex, are encoded by the pX region and are produced by
alternate splicing and multiple reading frames.

Each LTR can be further divided into three regions that are characteristic
of retroviruses, the U3, R and U5 regions. Further, the U3 region contains the
polyadenylation signal, the TATA box and viral promoter, while the U3/R
boundary is the RNA transcription initiation site. Three 21 base pair repeats
within the U3 region, termed viral cyclic AMP-response elements (VCRES), act as
cis-acting regulatory sequences that are necessary for transcriptional activation

of the virus (140).

1.5 TRANSCRIPTIONAL ACTIVATION OF THE PROVIRUS
Regulation of transcription is critical to viral replication. Coincidentally,
HTLV-1 has a defined feedback system that relies on the functions of Tax and

Rex. While Tax is a potent frans-activator of viral transcription, HTLV-1 down-
regulates Tax-mediated activation through the effects of Rex (135). Rex does

not repress transcription directly, but leads to increased translation of the viral
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structural genes (64). As a consequence, Rex inhibits expression of tax/rex

mRNA and ultimately down-regulates transcriptional activation.

HTLV-1 provirus

5'LTR 3 LTR
a ol en X
[u3[ R [us 22— * P Tu3[R]us]
] env

I gp46, gp21
p19, p24, p15
protease
E—— Tax (p40), Rex (p27),
& additional accessory
proteins

Figure 1.1. Schematic of the HTLV-1 genome. HTLV-1 contains typical
retroviral elements including 5' & 3' LTRs and the gag, pol, and env gene
products, which are listed. HTLV-1 differs from other retroviruses in that it
contains an additional sequence termed pX. Transcriptional regulatory
proteins Tax and Rex are encoded by the pX region in addition to other non-
structural proteins, and are produced from alternative splicing of mRNA
encoded by different open reading frames.

1.5a Tax and CREB-Mediated Transcriptional Activation

Activation of HTLV-1 transcription is not mediated by Tax alone. Rather,
Tax interacts with transcription factors from the CREB/ATF (cyclic AMP-response
element binding protein/activating transcription factor) family in stimulating viral
transcription from each LTR (2, 44, 168). Efficient Tax transactivation requires
both protein-protein as well as protein-DNA contacts.

A well-studied role for Tax is increasing the affinity of CREB to vCRE DNA

(6, 22, 168). Tax also augments the stability of CREB dimers (15). As expected,
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these functions of Tax are directed through protein-protein contacts. Specifically,
residues in the N-terminus of Tax are critical for CREB interactions, and the basic
segment within the CREB b-ZIP domain is required for Tax binding (Figure 1.2)
(2, 15, 52, 124). Together, Tax and CREB bind the three cis-acting vCREs within
the U3 region of the HTLV-1 promoter, forming a ternary complex (Figure 1.3).
Not only do they bind the 5’ LTR to activate transcription of viral proteins, but Tax
and CREB also bind the 3’ LTR and potentially activate transcription of cellular
genes that are positioned downstream of the integration site (96).

The vCREs are critical for Tax-mediated transcriptional activation (42,
128). At minimum, two VvCREs are required for Tax transactivation (21).
Although there are only one to two nucleotide differences between a cellular CRE
and VCRE, formation of the ternary complex is highly specific to VCRE DNA
(117). CREB binds as a dimer (or heterodimer with other CREB/ATF members)
to the 8-nucleotide VCRE core within each 21 base pair element. And, Tax
preferentially interacts with the GC-rich sequences immediately flanking the core
CRE within the DNA minor groove (Figure 1.3) (77, 82, 97, 103, 117).

In addition to the effects on HTLV-1 gene activation, it is important to note
that Tax regulates transcription of numerous cellular genes, both positively and

negatively (reviewed in 164).
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Tax

1 62 81 95 287 336 353
CREB CBP/p300 dimerization activation
binding  pinding domain

DNA CREB
contact binding
133 CREB

®

transactivation CBP/ TFHID Tax & DNA
p300 & (TAF11130) binding
Tax binding

88 101 41 160 _253 283 341

transactivation dimerization

Figure 1.2. Critical domains within Tax and CREB. Tax is a
40kDa protein containing 353 amino acids. CREB is 341 amino
acids in length and encodes a 42 kDa protein. Approximate amino
acid positions are illustrated for the various functional domains
within each protein.
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5'& 3'LTRs
[U3| R [US |

— vCRE1 [ vCRE2

-250 -200

GTCCGCACTGCTGTTGGGGT

5' proximal 3
flank vCRE core flank

Figure 1.3. Transcriptional regulatory elements of the HTLV-1
promoter. The viral promoter is contained within the U3 region of
each LTR. Approximate nucleotide positions for the vCREs and
TATA box are indicated relative to the transcription start site (+1). A
model of the Tax/CREB/DNA ternary complex is illustrated using the
VCRE core and flanking sequences from the promoter proximal 21 bp
element.
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1.6 THE ROLE OF COACTIVATORS IN HTLV-1 TRANSCRIPTIONAL

ACTIVATION

1.6a The Coactivators CBP/p300

CBP (CREB binding protein) and p300, often referred to as CBP/p300, are
considered paralogues. These large proteins exhibit a high degree of sequence
similarity (63%), which suggests a functional overlap between these two proteins.
However, while CBP and p300 do perform related functions, they also have
distinct roles (reviewed in 80). Gene knockout studies in mice have
demonstrated unique properties of each coactivator in development (160).
Additionally, these studies confirmed the pleiotropic functions of CBP/p300, as
homozygous and heterozygous CBP or p300 knockout mice are embryonic
lethals (160). Therefore, it is no surprise that CBP/p300 are involved in biological
processes that affect cell growth, transformation and development of multicellular
organisms from worms to humans (reviewed in 51). Central to the various
functions of CBP/p300 are their roles as transcriptional coactivators through

recruitment by numerous nuclear proteins, including Tax and CREB.

1.6b Tax-Mediated Coactivator Recruitment

Classically, stimulation of the cyclic-AMP (cAMP) pathway leads to
activation of protein kinase A (PKA) and subsequent phosphorylation of CREB at
serine 133 within the KID domain (kinase inducible domain) (108). The

phosphorylated form of CREB (P-CREB) specifically recruits the coactivator

11
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CBP/p300, resulting in enhanced transcriptional activation of genes harboring
cellular CREs (10, 87). Interestingly, Tax bypasses the requirement for P-CREB
in recruiting CBP/p300 to the vCREs, providing an alternative to cAMP-
dependent transcriptional activation of the HTLV-1 promoter (86).

Tax interacts with three functionally distinct regions of CBP/p300 - C/H1,
KiX, and SRC-1 (steroid receptor cofactor-1) (18, 50, 93, 133). Figure 1.4
illustrates the main functional domains of CBP/p300 and the approximate binding
sites for various proteins. The KIX domain of CBP/p300 has been well studied,
as this region also interacts with the KID domain of P-CREB (127). The
interactions between Tax and KIX are mediated through a KID-like domain within
Tax, encompassing amino acids 81-95 (Figure 1.2) (61). Tax recruits KIX in the
presence of either CREB or P-CREB to vVCRE DNA, forming a quaternary
complex (18, 50). Interestingly, the KID domain of CREB is dispensable for
complex formation and subsequent transcriptional activation, demonstrating the
dependence on Tax for KIX recruitment to vVCREs in the absence of CREB
phosphorylation (50). Additionally, the role of CBP/p300 in Tax transactivation
was demonstrated in vivo, as transfection of a KIX expression plasmid abrogated
Tax transcriptional activation (50).

The interactions between Tax and SRC-1 of CBP/p300 have been less
studied, but revealed Tax transactivation was also dependent on interactions with
this C-terminal region within CBP/p300 (133). Additionally, the binding of Tax
and the p53 family member p73 to the N-terminal C/H1 region of CBP is mutually

exclusive (93). The ability of Tax to interact with both the N and C-terminal

12
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CBP/p300

acetyltransferase
activity

[ ]
302 588 683 1500 1800 2003 2212 2441

Tax  Tax lysine E1A Tax
TBP P-CREB residues of NAP p53
p65 ATF-1/4 core histongs p53
p53 SREBP in chromatin TFIB
Mdm2 c-myb Tat
c-jun E2F
BRCA1 P/CAF
Myo D
FOS
TBP

Figure 1.4. Conserved domains of CBP/p300. The approximate amino acid
residues of functional regions within CBP/p300 are indicated and various proteins
associated with each domain are illustrated.

regions of CBP/p300 suggest a mechanism in which two Tax/CREB complexes
bind the coactivator simultaneously during transcriptional activation. Currently,
how many molecules of CBP/p300 that are tethered to the HTLV-1 promoter via

interactions with Tax remain unknown.

1.6¢ Transcriptional Regulation by CBP/p300
As coactivators, CBP/p300 function in augmenting transcriptional
activation by stimulating RNA polymerase |l recruitment to promoter elements.

There are three main mechanisms for transcriptional regulation by CBP/p300

13

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



(reviewed in 31). The first is a bridging model in which the coactivators interact
with transcription factors and the basal transcription machinery. Secondly,
CBP/p300 have been shown to act as scaffolds, nucleating formation of a
multiprotein complex that function in recruiting the polymerase. Additionally,
these coactivators rely on their intrinsic histone acetyltransferase activity (HAT) in
promoting transcriptional activation.

Importantly, in vivo studies using chromatin immunoprecipitation (ChliP)
assays detected the presence of both CBP and p300 on the HTLV-1 promoter of
infected cells (95). Similar studies also demonstrated increased promoter
occupancy of p300 upon transfection of a Tax expression plasmid into cells
containing an HTLV-1 LTR luciferase construct (94). Furthermore, the presence
of RNA polymerase |l at the promoter increased four-fold upon Tax expression
(94). Given the known interactions between Tax and CBP/p300 and the fact that
the coactivators interact with various subunits of RNA polymerase |l including
TBP, TFIIB, TFIIE, and TFHF (51), the data support a model in which CBP/p300
bridges Tax/CREB to the transcription machinery and promotes transcriptional

activation.

1.6d The Intrinsic Histone Acetyltransferase Activity of CBP/p300
Interestingly, Tax directly contacts TFIIA, TBP (TATA binding protein) and

the TAFII28 subunit of TFIID, which correlates with increased transcriptional

activation (26, 34). Because Tax interacts with the RNA polymerase transcription

machinery, CBP/p300 may not stimulate transcription solely through its apparent

14

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



bridging function at the HTLV-1 promoter. However, specific protein-protein
contacts between Tax and the transcription machinery in the presence of
CBP/p300 remain to be determined. Alternatively, the intrinsic acetyltransferase
activity of CBP/p300 is a widely accepted mechanism for the action of these
coactivators at the HTLV-1 promoter (47, 99).

The HAT activity of CBP/p300 specifically functions to acetylate lysine
residues within the core histone amino-terminal tails (112). This modification is
proposed to “open” the chromatin structure, rendering nucleosomal DNA more
accessible to transcription factor binding (58-60). Additionally, regions of
hyperacetylated chromatin have been correlated with actively transcribed genes
(110). Consistent with these results are the presence of CBP and p300 at active
HTLV-1 promoters in vivo and the corresponding acetylation of histones H3 and
H4, as compared to the lack of coactivators and modified histones on an inactive
promoter (95). Further, the HAT activity of p300 is essential for strong
transcriptional activation from a chromatin context in vitro (47, 99).

While the HAT activity of CBP/p300 contributes to activation of the
HTLV-1 provirus that is assembled into chromatin, it is important to note that
previous data demonstrated an additional requirement for transcriptional
activation involving p300-mediated acetylation of non-histone substrates (46).
The other targets of p300 acetyltransferase activity at the HTLV-1 promoter have
yet to be identified. However, this factor acetyltransferase (FAT) activity of p300
is not uncharacteristic, as others have shown CBP/p300 to acetylate transcription

factors and components of RNA polymerase Il (143).

15
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1.7 CHROMATIN: THE MAJOR AND MINOR PLAYERS

To fully understand Tax-mediated activation of HTLV-1, studies must be
performed in the context of chromatin, as the provirus is integrated into
chromosomal DNA upon infection. Nucleosomes form the fundamental repeating
unit of chromatin. They consist of a core histone octamer, which is composed of
two H2B/H2A dimers and one H3/H4 tetramer wrapped by 146 base pairs of
DNA in a 1.65 superhelical turn (102). In addition to the four major core histones,
a fifth or linker histone, H1 contributes to the structure and function of chromatin.
Incorporation of histone H1 increases the DNA associated with each nucleosome
to two full superhelical turns, forming the chromatosome (152).

The initial deposition of nucleosomes onto DNA results in the formation of
chromatin fibers that are often referred to as “beads on a string” (25). These 11
nM fibers further condense to 30 nM fibers in chromosomes (25). Less is known
about the higher order structures that develop in subsequent levels of
chromosome compaction (Figure 1.5). The core histone tails are vital to
formation of the 30 nM chromatin fiber (132). Interestingly, histone H1 is not
required for chromatin compaction but serves to stabilize the higher order

structures (132).
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-~ linker histones (H1)

30 nM
fibers

©7 11 nM
gt fibers

Figure 1.5. From nucleosome to chromosome - an illustration of
the levels of chromatin structure. Nucleosomes form the
fundamental unit of chromatin, allowing condensation of the genome.
Linker histones function to stabilize higher order chromatin formations.
(Figure courtesy of K. Luger)

Generally, organization of the DNA into chromatin represses cellular
processes like transcription, replication, repair and recombination. To mediate
these functions in the context of chromatin, cells have evolved mechanisms that
alter the relationship between chromatin structure and function. Typically, what
comes to mind is the ability of the core histone tails to be post-translationally

modified or the presence of chromatin remodeling complexes. However, the

17
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structure of chromatin can also be modified through the incorporation or
presence of histone variants.

The best-characterized variants include those for H3, H2A and histone H1.
H3 has four variants — H3.1, H3.2, H3.3, and CENP-A, whereas H2A has four
variants — H2A.Z, H2A.X, macroH2A, and H2A.Bbd (reviewed in 126). Research
on the core histone variants has quickly progressed since the structure of the
nucleosome was solved in 1997, as both structural and functional data have
been obtained for several core histone variants (3, 8, 9, 14, 145). The roles of
individual histone H1 isoforms are more ambiguous, since the general function of
histone H1 is not nearly as defined as that of the core histones. In mammals the

eight different H1 isoforms include the following: somatic linker histones (H15-1,

H15-2, H15-3 and H1%-4), oocyte specific (H1”), testis specific (H1t),

differentiation specific (H1°) and a thymus/spleen/testis specific linker histone
(H1a) (119). There is preliminary evidence that certain H1 isoforms (H15-2 &
H1S-4) are depleted from regions of active chromatin, suggesting a role for linker
histone variants in differential gene regulation (121). Additionally, knockout
studies in mice demonstrated the importance of histone H1 as homozygous

deletions in three H1 isoform genes led to embryonic lethality (40).

1.8 LINKER HISTONE STRUCTURE AND LOCATION
Early data collected on H1 revealed a tripartite structure composed of an
N-terminal tail (~40 aa), a central globular domain (~80 aa) and a C-terminal tail

(~100 aa) (62). The globular domain is responsible for making direct contacts
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with nucleosomal DNA, while the tails are important for positioning H1 on the
nucleosome and function during chromatin folding (5). Binding of linker histones
to nucleosomes is easily detected upon digestion with micrococcal nuclease,
since H1 protects 10-20 additional base pairs from nuclease digestion as
compared to that from nucleosomes lacking H1. The globular domain alone is
sufficient in conferring protection of extra base pairs (4). In 1993, the crystal
structure of the globular domain of H5 (avian erythrocyte H1) was solved,
providing insights into the mechanism of DNA binding by H1 (55). These studies
revealed that the globular domain forms a winged-helix motif that is similar in |
structure to the E. coli CAP (catabolic activator protein) and Drosophila HNF3
(hepatic nuclear factor-3) proteins, which interact with the DNA major groove (33,
105).

Despite over 30 years of research, the exact location of H1 on the
nucleosome has not been determined. Studies from the late 1970's proposed a
model in which H1 interacted close to the nucleosomal dyad where DNA enters
and exits the nucleosome (151, 152). Today’s model is somewhat refined in that
it places H1 on the dyad axis of the nucleosome, with H1 either protecting
additional base pairs from nuclease digestion in a symmetric or asymmetric
fashion (Figure 1.6) (153). Additionally, there is another model that is specific to
58S rDNA, which places H1 inside of the DNA gyres in direct contact with the core
histones (Figure 1.6) (153).

One molecule of H1 typically binds per nucleosome (16). Regardless of

where histone H1 is located, H1 binding to chromatin is a dynamic process. The
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first in vivo binding studies used GFP-tagged H1 and photobleaching in
determining that nearly all of the transfected H1-GFP was bound to chromatin at
any given time (107). These researchers and others also found H1-GFP was
continuously exchanged in both euchromatic and heterochromatic regions, and
that H1-GFP had a residency time of several minutes (98, 107). A “stop and go”
model for H1 interactions has emerged from these data (24). Specifically, the
time H1 stays bound to chromatin is much longer than the time H1 spends
finding another location on the chromatin fiber, supporting the fact that most
nucleosomes contain linker histone at any give moment. Interestingly, the “stop”
stage at the single nucleosome level can be influenced and shortened due to
post-translational modifications of H1 (specifically phosphorylation) and from
competition with other nuclear proteins like HMGs, which also interact with

chromatin (28, 98).
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X =dyad

Symmetric extension

Asymmetric extension

Figure 1.6. H1 binding models. (A)
The “bulk chromatin” model places
H1 at the nucleosomal dyad. The
globular domain of H1 interacts with
the DNA equally (symmetric
extenstion) or unequally (asymmetric
extension) in protecting additional
base pairs from nuclease digestion.
(B). The 5S rDNA model places H1
insides the DNA gyres.

Adapted from: Travers, A. 1999. The
location of the linker histone on the
nucleosome. TIBS. 24:4-7.

58 rDNA model (Wolffe-Hayes)
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1.9 HISTONE H1: A MEDIATOR OF GENE REGULATION

1.9a The Role of Linker Histones in Transcriptional Repression

Chromatin assembled with only core histones is sufficient in repressing
transcriptional activation. Incorporation of H1 into chromatin further represses
transcription beyond that of the core histones (89). Therefore, H1 is classified as
a transcriptional repressor. This function of histone H1 has been evident since
the early 1980’s, however, no general mechanism for H1 repression has come
forth. In fact, the effects of H1 seem to be promoter specific. These findings,
coupled with the contributions of H1 isoforms (although poorly understood)
suggest a complex role for H1 in fine-tuning the aspects of gene regulation.

Early studies on the 5S RNA genes demonstrated chromatin containing
H1 inhibited transcription factors from binding the DNA (131). Conversely, the
assembly of transcription complexes onto chromatin stripped of H1 protected the
58S RNA genes from H1-mediated inactivation (139). Later research determined
that H1 blocked transcription factors from binding to the oocyte-specific genes,
but had no affect on TFIIIA binding to the somatic 5S RNA genes (137).
Additionally, Juan et al. (1994) observed H1 inhibited a different transcription
factor, USF (upstream stimulatory factor), from interacting with nucleosomal DNA
(78, 79). More recently, a histone H1 isoform, H1b (H15-3), was found to interact
with the transcription factor Msx1 to inhibit transcription of the MyoD promoter
(91). In contrast, other researchers found no effect on estrogen receptor-a

binding in the presence of chromatin containing H1 (32), and in one case, H1
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actually enhanced the interactions of the progesterone receptor to the MMTV
promoter (83).

The effects of H1 extend beyond transcription factor binding, as H1-
chromatin has been shown to selectively inhibit initiation of estrogen receptor
transcriptional activation (32). Linker histones also inhibit the non-targeted
histone acetyltransferase activity of PCAF (p300/CBP associated factor) to
repress transcription (63). Yet another role for histone H1 in repressing
transcription is through effects on chromatin remodeling complexes. H1
specifically inhibited SWI/SNF activity on a mononucleosome and an array, but
failed to affect the ATP-dependent activity of ISWI along a nucleosomal array
(65, 69, 156). However, in a different study with SWI/SNF, the authors observed
no effect on chromatin remodeling in the presence of linker histone (155).
Collectively, these studies confirm the lack of a general mechanism for H1

repression of transcriptional activation.

1.9b Histone H1 Phosphorylation

Histone H1 is phosphorylated during the cell cycle and also in response to
transcriptional activation (19, 20). Interestingly, the levels of linker histone
phosphorylation peak during mitosis when the chromosomes are condensing
(130, 150). In contrast, phosphorylation of H1 on the MMTV promoter during
transcription promotes activation, presumably through the disruption of
H1/nucleosome interactions (19), while dephosphorylation leads to inactivation

(92). Additionally, cyclin E/CDK2 (cyclin-dependent kinase 2) phosphorylation of
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H1 promotes H1 dissociation in vivo, increasing linker histone mobility (35). The
effect of phosphorylation on histone H1 has very different consequences, and
can be explained, in part, by a global versus localized effect. Phosphorylation
during mitosis is most likely genome wide and clearly serves an important role in
chromosome condensation, whereas histone H1 phosphorylation during
transcriptional activation is probably confined to the promoter region.

While the extent and function of H1 modifications like phosphorylation,
acetylation and ADP-ribosylation are poorly understood, new evidence
demonstrated histone H1 becomes methylated at lysine 26 (85). With this
finding, it is interesting to think of extending the “histone code” to linker histones.
Despite the efforts by many, we are only beginning to scratch the surface of

understanding histone H1 and its contributions to gene regulation.

1.10 Statement of Purpose

The established collaboration between Dr. Laybourn and Dr. Nyborg has
provided insight into the mechanism of HTLV-1 gene regulation by examining
contributions of the core histones and chromatin in transcriptional activation. To
continue in furthering our understanding of HTLV-1 activation, we wanted to
expand our studies by assembling chromatin containing linker histone.
Therefore, the goal of my Ph.D. project was to define the role of histone H1 at the
HTLV-1 promoter, which hinged upon successful incorporation of histone H1 into

chromatin using a recombinant assembly system.
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To accomplish this task, we first optimized incorporation of histone H1 into
chromatin using a recombinant assembly system, allowing us to examine the
effects of H1 on transcriptional activation of HTLV-1. Specifically, we designed
experiments to test whether chromatin containing H1 repressed transcriptional
activation by Tax, and, if so, what step in activation is affected by H1.
Biochemical approaches like in vitro transcription and histone acetyltransferase
assays were used to verify histone H1 repressed activation and directly inhibited
the acetyltransferase activity of p300. The data within this dissertation
demonstrate the importance of histone H1 and provide a new platform from

which to examine HTLV-1 transcriptional activation.
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Chapter 2

Materials and Methods

This chapter defines all of the experimental procedures described throughout this
dissertation and compliments certain protocols with the addition of details often
omitted in manuscripts. Also, this section serves as a comprehensive guide for
maintenance of baculovirus stocks and subsequent protein expression and

purification from Sf9 cells.
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2.1 BACULOVIRUS MAINTENENCE

2.1a Generating Baculovirus Clones

When expressing proteins from baculovirus, special care must be taken to
ensure minimal passaging of each viral stock. If this guideline is not followed,
mutations can occur in the baculovirus that ultimately cause a significant loss of
protein expression. The first step in maintaining a low passage viral stock is to
isolate new baculovirus clones from plaque assays. A detailed protocol
explained in Baculovirus Expression Vectors: A Laboratory Manual (111) was
followed for the plaque assays and picking of individual, isolated clones (pages
125-126). Clones were generated for all of our baculoviruses, which included
dNAP-14is6, Acf1l, ISWIrag and p3004iss. Because these baculoviruses were
kind gifts, we assumed the viruses had previously undergone several rounds of
plague purification. Therefore, we only performed one round of plaque assays

for acquiring each clone.

2.1b Amplification of Viral Clones: Passage One Viral Stock

Passage one viral stocks were generated as described (111) (pages 128-
129) with the following modification. Typically, viral supernatant was collected 7-
9 days post infection as the cells began to lyse, instead of collecting at 4 days
post infection. After harvesting the viral supernatant, there should be 1.5 to 2 mi
of passage one virus. At this time, small-scale infections (described later) can be

performed to select for one or two clones that produce high levels of the target
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protein. ldeally, the passage one virus is further amplified to a passage two

stock before expression testing.

2.1c Amplification of Viral Clones: Passage Two Virus and Working Stocks

Generation of a second passage viral stock is necessary to further amplify
the virus, both in titer and volume. The amplification was performed as described
(pages 129-130) (111), but the infection was allowed to proceed until the cells
began to lyse. After collecting the viral supernatant, plaque assays were
performed to determine the titer of each virus. To better visualize and count
plaques, the viable stain, neutral red, can be overlayed as described (111).
However, neutral red should not be used when initially picking clones from which
to generate new baculovirus stocks, as neutral red can potentially mutate the
virus. Results from a typical plaque assay are shown in Figure 2.1.

The best time to perform small-scale infections is after calculating the titer

Figure 2.1. Plaque visualization is
enhanced by neutral red staining.
Serial dilutions of recombinant hSNF
(RSF subunit) baculovirus were
used in this plaque assay to
calculate virus titer. Virus dilutions
are indicated to the left of each
plate. The titer was calculated from
plaque counts at virus dilutions of 1
X107 and 1 X 108,
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of each passage two clone. Because the titer is known, cells can be infected
with equivalent plaque forming units (pfu) of virus. For the small-scale infections,
seed cells in log phase growth at a density of 1.0 X 10° cells/ml onto 6-well plates
in a final volume of 2 ml of serum-free TNM-FH medium. Let the cells attach for
30 minutes to 1 hour in the serum-free medium and then aspirate the medium
containing any cells that did not attach. Infect the cells with virus to a multiplicity
of infection (MOI) of 5-10 and rock the plates at room temperature for 1 hour to
ensure even infection. The virus may need to be diluted, as the cells should be
covered with 0.5 — 1 ml of virus. After 1 hour, add complete TNM-FH media to 5
ml and place the cells at 27°C until they start to show signs of infection (typically
2-5 days, depending on the virus). The cells should appear visibly swollen and
larger than control (uninfected) cells. Harvest the cells by scraping them off of
each plate and collecting them into 15-ml conicals. Centrifuge 1000 x g for 5
minutes to pellet the cells, aspirate the supernatant, resuspend the cells in 50 ul
SDS-PAGE loading dye and analyze protein expression by Western blot.
Importantly, if small-scale infections are performed with passage one
virus, use 0.2 ml of virus to infect the cells. Since there is not enough passage
one virus for both titer determination and amplification, the infections may not be
of equal pfu. In addition, because passage one virus is very low in titer,

visualizing cell growth is more difficult. Therefore, it is best to use passage two

virus for these initial infections.
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After expression testing, select only the best clone from each virus to
further amplify, and infect the cells at a low MOI of 0.1 to 1 to produce the
working baculovirus stock as described (page 130) (111). It is important to infect
working stocks at very low MOls of 0.1 to 1 and infect for protein expression at
high MOls of 5 to 10. With our viruses, we found it necessary to carry this
infection until the cells began to lyse (often days 7 to 9) before harvesting the
viral supernatant for the working stock. Take special care in storing working
stocks, as they must be protected from light to avoid compromising the viral titer
(76). After working stocks are generated, perform another round of plague
assays to determine the virus titer. Working stocks are stable for six months,
after which, a plaque assay should again be performed to determine any loss in
viral titer. After a year, a new working stock can easily be made from an aliquot
of passage two virus that is stored in liquid nitrogen. It is critical at this stage to
store aliquots of the passage two clones that yielded the most protein in both -
80°C and liquid nitrogen. This step is vital in maintaining low passage working
stocks over several years and bypasses the need to isolate clones every year.

To further characterize each virus for optimal protein expression, cells
should be infected at various MOIls between 5 and 10. This is readily
accomplished using 100 ml spinners containing 50 ml of log phase cells at 1 X
108 cells/ml for each MOI. Allow the infections to proceed until the cells show
signs of lysis. In the meantime, remove 1 ml of cells everyday until the cells
begin to lyse. These cells will be used to determine the hours of infection

required for optimal protein production and the best MOI. After removing the
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cells, pellet them, aspirate the media, resuspend in 50 ul SDS-PAGE dye and

store at -20°C. When the last sample has been collected, analyze for maximum

protein expression via western blot.

Congratulations!

You have finally

determined the best MOI and infection time for optimal protein expression of one

virus. Continue this process for every baculovirus in the laboratory.

2.2 PROTEIN EXPRESSION AND PURIFICATION

2.2a Native Drosophila Histones

Drosophila core histones (Figure
2.2) were purified from Drosophila embryos
as described (23). Histone H1 (Figure 2.2)
was also isolated and purified from
Drosophila embryos as described by
Croston et al. 1991 (36). We chose to use
Drosophila H1 because they only have a
single histone H1 isoform, unlike

mammalian cells, which can contain as

many as seven different isoforms (119).

MW
97.4 poa—
66.2 —
45 ——_—
dH1 —>| o
31 A———
H3
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#s » |1
14.4 - H2B
H4

Figure 2.2. Purified native
core histones and histone H1
from Drosophila embryos.
Histones were resolved using
15% SDS-PAGE and visualized
with coomassie brilliant blue.
Positions of each histone are
indicated and the sizes of
molecular weight markers (MW)
in kilodaltons are labeled on the
left. The actual molecular weight
of Drosophila H1 is 26343
kilodaltons. This histone runs
higher than expected due to its
high lysine content.
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2.2b Drosophila NAP-1 Expression and Purification

For dNAP-1 expression, one liter of Sf9 insect cells in log phase growth at
1 X 10° cells/ml was infected with dNAP-14iss baculovirus to a MOI of five (the
MOI will vary between 5-10, depending on the virus). The infection was allowed
to proceed in spinner culture for 60-72 hours, upon which the cells were
harvested by centrifugation at 1000 x g. Each cell pellet was washed with 30 ml
1X PBS, re-centrifuged, and either used immediately or frozen in liquid nitrogen
and stored at -80°C for later use. To purify dNAP-1, we follow the protocol
described by Fyodorov and Kadonaga 2003 (45) exactly (be certain to pH the
buffers containing imidazole to pH 7.6). After isolating a new dNAP-1
baculovirus clone, typical yields were 5-6 mg of purified dNAP-1 per liter of Sf9
cells. The expected Source 15Q elution profile and purified dNAP-1 protein are

shown in Figure 2.3.

2.2c ACF Expression and Purification

For ACF expression, log phase Sf9 cells were seeded at a density of 2 X
107 cells/plate and four plates were seeded per infection. Alternatively, log
phase cells from spinner culture were diluted to 1 X 10° cells/ml and a total of 8 X
107 cells were infected in spinner culture. Cells were co-infected with Acf1 (w+)
and ISWIrag baculoviruses. Typically cells were infected with Acf1 at a MOI of 5
and ISWIrag at an MOI of 10. To ensure stoichiometry of the purified ACF
complex, the MOlIs of each virus were adjusted accordingly and depended on the

clones. Celis were infected for 44-46 hours and harvested by centrifugation at
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1000 x g, washed with 30 ml 1X PBS and usually frozen for later purification.

ACF purification was performed as described (45) and our typical yields were 2-5

ug ACF per 2 X 107 cells (Figure 2.4).

dNAP-1 Source 15Q Column

mAU

1500 -

1oou

s00 peak 1

peak 2
¥

soo b e e it 0 g0 41 se ss dade 68 laa g de 83 86 89 97 Wase
) 20 44 [1]) 1]

ml

pooled fractions

Figure 2.3. Recombinant dNAP-14;s
purification. A typical elution profile from
Source 15Q column purification (top).
Fractions in peak two of the elution step
were pooled and concentrated. While
peak one contains dNAP-1, some of the
fractions also contain contaminating
bands and were not pooled with the other
fractions. The resulting dNAP-1 protein
was resolved using 10% SDS-PAGE
and visualized with coomassie brilliant
blue. Molecular weight markers (MW) in
kilodaltons are indicated to the left.
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22d p300 Expression and

MW
e 250 |~
Purification 150 | e == <« Acf1 (p170/185)
- | <— |SWI (p140)
p300 was expressed and 75|~
50 |-
purified using a protocol defined by
37 |-
Kraus and Kadonaga, 1998 (84). For
p300 expression, four 15 cm plates Figure 2.4. Recombinant ACF
_ _ purification. Acf1 and ISWikiac
were seeded with cells at a density of were co-expressed in Sf9 cells
; and the resulting ACF complex
2 X 10" cells/plate. The cells were was affinity purified. ACF was
_ _ _ resolved using 6.5% SDS-PAGE
infected with p3OOHi56 baculovirus to a and visualized with coomassie
brilliant blue. = Molecular weight
MOI of 5-10 and incubated at 27°C for markers (MW) in kilodaltons are

indicated to the left.
about 72 hours. The cells were

harvested by removing them from the plates into a 50-ml conical and pelleted by
centrifugation at 1000 x g for 5 minutes. The cells were then washed with 30 mi
1X PBS and pelleted to remove the PBS. Cells pellets were either used
immediately or flash frozen and stored at -80°C for later use.

The cell pellet was resuspended in 1 ml of homogenization buffer per 15
cm plate (10 mM Tris-HCI, pH 7.5, 500 mM NaCl, 10 % glycerol, 0.1 % NP-40,
15 mM imidazole, 2 mM p-mercaptoethanol, 2 mM PMSF, 20 ug/ml leupeptin,
and 20 ug/ml aprotinin). The cells were transferred to a homogenizer and
dounced 10 times using a tight pestle on ice. The lysate was incubated 15
minutes on ice followed by clarification by centrifugation for 10 minutes at 4°C.
The supernatant was transferred to a 15-ml conical containing 30 ul of a 50%

Ni-NTA resin slurry per 15 cm plate that was previously washed with H,O and

34

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



equilibrated in homogenization buffer. The lysate was incubated with the
equilibrated Ni-NTA resin for 2 hours on a rotator at 4°C. The resin was pelleted
by centrifugation at 1000 x g and the flow through was removed. Four
successive washes were performed, each with 1 ml wash buffer per 15 cm plate
(10 mM Tris-HCI, pH 7.5, 200 mM NaCl, 10 % glycerol, 0.2 % NP-40, 15 mM
imidazole, 2 mM B-mercaptoethanol, 2 mM PMSF). As much of the last wash as
possible was aspirated before eluting the purified p300. The p300 was eluted
with 100 ul elution buffer per 15 cm plate (10 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 10 % glycerol, 0.1 % NP-40, 250 mM imidazole, 2 mM B-mercaptoethanol,
2 mM PMSF), incubated on ice for 10 minutes and the elution was repeated.
The purified p300 was divided into 5-10 ul aliquots, frozen in liquid N2 and stored

at — 80°C. A 4-plate infection produced 10-50 ug of purified p300 (Figure 2.5).

Figure 2.5. Purified recombinant MW

p300. Sf9 cells were infected with 250 - W= <«—p300
p300kriss baculovirus and purified 150
using Ni-NTA resin. p300 was
resolved using 6.5% SDS-PAGE /0

and visualized with coomassie 50 | s
brilliant blue. Molecular weight
markers (MW) in kilodaltons are 37 | e

indicated to the left.
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2.2f Topoisomerase | Expression and Purification

The topoisomerase | catalytic domain (ND423) that contains a C-terminal
His6 tag and N-terminal truncation (138) was expressed and purified as
described (45). The amount of topoisomerase | required to relax a supercoiled

plasmid DNA template was empirically determined for each preparation.

2.2g Tax and CREB Expression and Purification
Tax and CREB

were kind gifts from the

Nyborg laboratory, MW MW
prepared by Jeanne Mick 07.4 | e 97.4 | =
66.2 | w—— 66.2 | -
and Dinaida Lopez. 45
— | «—Tax
Recombinant CREB 45| ww — |<—CREB
31|
(Figure 2.6) (44) was
31 ————
expressed and purified
from E. coli as previously Figure 2.6. Recombinant CREB and Tax
preparations. CREB (left) and Tax (right)
described using the were each resolved on 10% SDS-PAGE
and visualized with coomassie brilliant
“boiling method” (68). Tax blue. Molecular weight markers (MW) in
kilodaltons are indicated to the left of each
(Figure 2.6) (169) was gel.
expressed and purified as
previously described (50).
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2.3 RECOMBINANT CHROMATIN METHODS

2.3a Recombinant Chromatin Assembly

Core histones were deposited onto a p-306/G-less template (7) that
contains HTLV-1 LTR sequence encompassing the three viral CREs and core
promoter regions (Figure 2.7) using the NAP-1/ACF recombinant chromatin

assembly system (45).

HTLV-1 provirus

(3] R us |22 ——bo—en—BX{u3T R [us]

— veRer | veRE2 |— veREs | h

-306 -250 -200 -100 -52 -25 G-less cassette (380 nt)

Figure 2.7. Promoter schematic. The p-306/G-less template is
derived from the HTLV-1 genome and cloned into pUC13.

We used a 6:1 dNAP-1:core histone (wt/wt) ratio and 25 ng of ACF (Acf1/ISWI)
per 150 ng plasmid DNA. To begin the assembly, core histones were pre-
incubated with dNAP-1 on ice for 30 minutes in 25 mM HEPES (K+, pH 7.6), 0.05
mM EDTA and 5% glycerol. ACF was added to the core histone/dNAP-1 mix
and mixed immediately, followed by the addition of an ATP-regenerating system
(3 mM ATP, 30 mM phosphocreatine, 1 ug/ml creatine phosphokinase). Either
supefcoiled or relaxed plasmid DNA was added to the assembly reactions and

incubated for 4-18 hours at 27°C under final conditions of 10 mM HEPES pH 7.6,
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50 mM KCI, 5 mM MgCly, 5% (v/v) glycerol, 1 % (wt/v) polyethylene glycol and
0.01% (v/v) NP-40. Histone H1 was added 1.5 hours post-assembly to the
chromatin template where indicated at a 1.25 H1:octamer molar ratio. The order
of factor addition is crucial for proper assembly, as is thorough mixing after each
addition. Reactions were adjusted for assembling 150 ng (67 fmol) of DNAina 7
ul volume (amount added to a single in vitro transcription reaction), however
actual assembly volumes ranged from 50 to 600 ul. When necessary, ACF and
CPK were freshly diluted in assembly buffer (10 mM HEPES pH 7.6, 50 mM KClI,
5 mM MgCl,, 5% v/v glycerol, 1 % wt/v polyethylene glycol) and histones and
dNAP-1 were diluted in buffer R (10 mM HEPES K+ pH 7.6, 10 mM KCI, 1.5 mM

MgCl, 10% glycerol, 10 mM p-glycerophosphate, 1 mM DTT, 0.2 mM PMSF).

2.3b Topological (1-D) Supercoiling Assays

Chromatin was assembled as previously described with the following
modifications. Supercoiled plasmid DNA (700 ng) was relaxed using
recombinant topoisomerase | (clone ND423) in a 70 ul reaction volume with
topoisomerase buffer (60 mM Tris-Cl pH 7.5, 50 mM KCI, 10 mM MgCl;, 1 mM
DTT, 0.5 mM EDTA, 30 ug/ml BSA). Typically, each reaction contained 3.5 ul of
diluted topoisomerase |. The dilution of topoisomerase | varied between 1:10 to
1:100 depending on each enzyme preparation. The 70 ul relaxation reactions
were incubated for 1 hour at 37°C. Immediately before adding relaxed DNA to
the assembly, the DNA was “spiked” with an additional 20 ul of the appropriate

topoisomerase | dilution. After chromatin assembly, the degree of supercoiling
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was measured by 1% TBE agarose gel electrophoresis, SYBR gold staining and
STORM imaging. Relaxed DNA was only used in supercoiling assays and all

subsequent assembly reactions were performed with supercoiled plasmid DNA.

2.3c Micrococcal Nuclease Digestion

Micrococcal nuclease (MNase) digestion was performed on 2.1 ug of
assembled DNA (98 pl assembled chromatin). First, 135 pl of MNase buffer
(1.74 mM HEPES pH 7.6, 121 mM KCI, 12 % v/v glycerol, 2.4 % wt/v PEG, 11.2
mM CaCl;) were added to chromatin samples and incubated for 5 minutes at
37°C. Digestion was initiated by addition of 0.12 U MNase (Worthington) in a 7
ul volume to templates lacking histone H1 and 0.48 U MNase to H1-containing
templates at 37°C. After 1, 2, 4, & 8 minutes, 60 pl aliquots were removed and
digestion was stopped with 12 pl TE/EDTA (6 pl ToEqs / 6 yl 0.5 M EDTA).
Samples were deproteinized with 9.6 pl 2.5 mg/ml proteinase K and 96 ul
chromatin stop (20 mM EDTA, 200 mM NaCl, 1 % wt/v SDS, 0.25 mg/ml
glycogen) for 30 minutes at 37°C. The DNA was extracted with
phenol/chloroform followed by ethanol precipitation. Nucleic acids were analyzed
on 1.2 % TBE agarose gels and visualized with SYBR gold. Gene ruler 100 bp
plus markers (Fermentas) were used as DNA size standards. The nucleosome

repeat length was calculated using Image Quant 5.1 software. Briefly, mobilities

were measured for each standard and plotted against the corresponding base
pair size. The data were fit to a logarithmic curve and nucleosome repeat

lengths were extrapolated from the logarithmic equation. The positions of marker
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and nucleosomal DNA were determined from the number of pixels corresponding
to the peak from each band. The nucleosome repeat lengths were calculated
using DNA digested for 4 min. (3rd lane from the left in each set of 4) and data
corresponding to mononucleosomes was omitted in the calculations. Three
independent experiments were performed to determine the repeat length for

chromatin assembled in the absence and presence of H1.

2.3d Sucrose Gradients

For sucrose gradient analysis, 4.2 pg of DNA was assembled into
chromatin with varying H1:octamer molar ratios. Chromatin samples were
resolved using 13 ml 15-40 % sucrose gradients (10 mM Tris-Cl pH 7.8, 0.1 mM
EDTA, 1mM DTT, 0.1 mM PMSF, 0.1 mM benzamidine). Gradients were
centrifuged at 4°C in an SWA41Ti rotor (Beckman) at 40,000 rpm for 4 hours.
Gradient fractions (11 tubes, each containing 1.2 ml) were collected from top to
bottom. Proteins were TCA/DOC precipitated using 800 pl of each fraction,
resolved on 15% SDS-PAGE and visualized with SYPRO ruby and STORM
imaging or silver staining. DNA was deproteinized and precipitated from 200 pl
of each gradient fraction, resolved on a 1% TBE agarose gel and visualized with

SYBR gold.

2.3e Histone Extractions for Mass Spectrometry
Chromatin was assembled as previously described with or without H1 and

the histones (including H1) were extracted using H,SO4 and TCA. Upon complete
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assembly, an equal volume of 0.4 M H,SO, was added to the chromatin
samples. The samples were placed on a rotator to mix for 1 hour at 4°C,
typically in 15-ml conicals that were treated with silicone. After the extraction, the
non-soluble proteins were precipitated by spinning in 1.7 ml siliconized eppendorf
tubes at 4°C for 10 minutes at 14,000 rom. The supernatant was transferred to
glass corex tubes and TCA was added to a final concentration of 30% and mixed
well by inversion. The samples were incubated on ice for 1 hour and centrifuged
in the SS-34 rotor (Sorvall) at 4°C for 15 minutes at 12,000 rpm. The histone-
containing pellets were washed once with 15 ml of acetone. The acetone was
incubated with the pellets at room temperature for 10 minutes to help dissolve
the TCA. The pellets were centrifuged again as described using the SS-34 rotor.
The supernatant was carefully removed and the histone pellets were allowed to
dry briefly on the bench top. They were resuspended in 200 ul H,O and
transferred to siliconized eppendorfs for -80°C storage. Our samples were
analyzed by mass spectrometry in collaboration with Natalie Ahn at the
University of Colorado in Boulder. Note: It might work better to leave the sample
in pellet form and dissolve it immediately before use in the appropriate solvent for
mass spectrometry analysis. | also experienced difficulty in extracting the
histones from chromatin assembled with H1. For unknown reasons, these

extractions were never as efficient as those from chromatin lacking linker histone.
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2.3f Preparation of Histone H1 for Mass Spectrometry Analysis

Drosophila histone H1 was treated with A-phosphatase protein as
described by the manufacturer (NEB - P0753S) and compared to the native form
of H1 by mass spectrometry. Additionally H1 was phosphorylated using PKA
(SIGMA P-2645) following the approach used for PKA treatment of CREB
(described in section 2.4b). H1 protein (26 pg) was prepared for mass
spectrometry after the appropriate enzymatic treatment by TCA/DOC
precipitation as follows. TCA/DOC (1/4 of sample volume) was added to the
sample, vortexed and incubated on ice for 30 minutes. The proteins were
precipitated by centrifugation at 4°C for 20 minutes at 14,000 rom. Siliconized
eppendorfs were always used for precipitating H1. After centrifuging, the
supernatant was removed and acetone was added (3-4 times the sample
volume) and incubated at room temperature for 10 minutes. The sample was
centrifuged as described and the resulting pellets were dried on ice and taken to
the MRF (Macromolecular Resources Facility) at Colorado State University and
analyzed by Drs. Phil Ryan and Jessica Prenni. Note: | found the TCA/DOC
precipitations to work the best for mass spectrometry analysis of H1, as using
perchloric acid to isolate and precipitate H1 interfered with the mass

spectrometry analysis.
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2.4 IN VITRO ASSAYS ON CHROMATIN TEMPLATES

2.4a In Vitro Transcription

Following chromatin assembly, 150 ng (67 fmol) of DNA in a 7 ul volume
were added to transcription reactions containing TM buffer (25 mM Tris-Ci pH7.9,
50 mM KCI, 6.25 mM MgCl,, 0.5 mM EDTA, 10% glycerol, 1 mM DTT) and 50
MM acetyl-coenzyme A (AcCoA) in a 30-40 pl final volume. Exogenous Tax and
CREB (1.6 pmol each) were added after or during the chromatin assembly where
indicated. p300 (0.3 pmol) was also added to transcription reactions where
indicated. Pre-initiation complexes were formed with the addition of 40 yg CEM
(HTLV-1 negative T-cell line) nuclear extract (38) and samples were incubated
for 60 minutes at 30°C. RNA synthesis was initiated with addition of 2.4 ul NTP
mix (250 uM ATP, 250 uM CTP, 12 uM UTP & 0.8 uM [a-*P] UTP 3000Ci/mmol)
and incubated for 30 minutes at 30°C. Following RNA synthesis, 4 ul of RNase
T1 (25U/ul) were added and samples were incubated for 30 minutes at 37°C.
Proteins were digested for 30 minutes at 50°C with 8.5 pl proteinase K (10
mg/ml) and 10 pl transcription stop (250 mM NaCl, 1 % SDS, 20 mM Tris-Cl pH
7.5, 5 mM EDTA). A 622-bp DNA fragment, isolated from an Hpall digest of
pBR322 was end-labeled and added for a recovery standard. The amount of
recovery standard added varied upon isotope decay and the number of
reactions. RNA products and labeled DNA recovery standards were precipitated
with 165 pl of a salt, ethanol and tRNA mix (140 ul 100% EtOH, 20 ul 4M

NH4OAc, 5 ul 10 mg/ml tRNA). The addition of tRNA helps prevent the loss of
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pellets. After precipitation and a 70% EtOH wash, the pellets were briefly dried
on the bench top, resuspended in 7 pl formamide loading dye, and resolved on
6.5% sequencing urea-PAGE. Radiolabeled Hpall-digested pBR322 served as
molecular weight size markers. All radioactive data were imaged using STORM
phosphorimaging and quantified with Image Quant 5.1 software. Experiments

were performed a minimum of three times.

2.4b In vitro Histone Acetyltransferase (HAT) Assays

For in vitro acetylation assays, 2 ug of core histones were assembled into
chromatin as described previously at an emperically determined core histone to
DNA ratio that was properly assembled and responsive to transcriptional
activation. Most reactions consisted of 2.8 ug of assembled DNA in a 40-60 pl
volume. Tax and CREB (typically 30 pmol each) were included in the chromatin
assembly reaction where indicated and were adjusted to the same levels used in
transcription experiments, relative to the total DNA. A slight excess of p300 was
used (8.4 pmol), compared to that used in transcription studies, relative to the
DNA. Final reaction volumes varied from 100-150 pl and contained 75 uM 'C-
labeled AcCoA (66 mCi/mmol specific acitivity) under final conditions of TM
buffer (25 mM Tris-Cl pH7.9, 50 mM KCI, 6.25 mM MgCl, 0.5 mM EDTA, 10%
glycerol, 1 mM DTT) with 10 mM sodium butyrate and 1 mM PMSF. Samples
were incubated for 60 minutes at 30°C. Proteins were methanol-chloroform
precipitated and resolved on 18% SDS-PAGE. Free (unassembled) core

histones were acetylated for a marker in a final volume of 20 pl.
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Phosphorylated CREB was added where indicated and was
phosphorylated using the PKA catalytic subunit (SIGMA P-2645). Briefly, the
final conditions for the phosphorylation reaction were as follows: 1 pmol/ul CREB,
8 mM DTT, 20 mM Tris-Cl pH 7.5, 1 mM NaF, 10 mM MgCl,, 5 units of PKA/100
pmols CREB (PKA was dissolved according to the manufacturer), and 20 yM
ATP. The reaction was incubated at 30°C for 1 hour and the PKA was
inactivated by a 65°C incubation for 10 minutes. The resulting phosphorylated
CREB was concentrated and the new concentration was determined via SDS-

PAGE with BSA standards. Experiments were performed at least three times.

2.4c Deoxyribonuclease | (DNasel) Primer Extension Footprinting
Experiments were performed as described (123) with the following
modifications. Supercoiled plasmid DNA (p-306/G-less) was separated from
nicked DNA using preparative-cell electrophoresis. The resulting purely
supercoiled DNA (56 fmol) was assembled into chromatin in a 25 pl volume.
CREB and Tax were added as indicated, either during or after chromatin
assembly in a final volume of 50 pl in TM buffer. Binding reactions were
incubated for 1 hour at 30°C. Digestion was performed as described (123),
except digestion was stopped by placing samples in a dry ice/EtOH bath for 10
min. Digested DNA (10 fmol) was incubated with 50 fmol of [y-2P] ATP-labeled

primer and primer extension was performed as described (123). To footprint the
distal and middle vCREs, we used the following primer 5'-

TCGATAAGCTTCTAGACCTCCCAGTG-3', which binds ~70 bp upstream of the
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distal vCRE within pUC13. To footprint the proximal vCRE we used the following
primer 5'-TCAGCCATATGCGTGCCATGAA-3', which anneals to the promoter at
position -47 relative to the transcription start site. Following primer extension, the
DNA was precipitated and resolved on a 8% sequencing gel. The percent
accessibility was quantified using the main band that disappears within each core

VvCRE region. Experiments were performed a minimum of three times.

2.4d Immobilized Chromatin Template Assays

Biotinylated DNA fragments from -288 to +408 (P) and -69 to +408 (C) of
the HTLV-1 LTR were prepared by standard PCR using biotinylated forward
primers. PCR products were purified using preparative-cell electrophoresis and
bound to M 280 streptavidin Dynabeads (Dynal Biotech ASA, 10 ul beads/pmol
DNA) as described by the manufacturer. Chromatin templates were assembled
using 2 pmol biotinylated DNA. Tax (18 pmol), CREB or phospho-CREB (12
pmol), and H1 (1.25 molar excess per octamer) were added to the assembly
reactions where indicated in a final volume of 50 ul in TM buffer. Chromatin was
assembled for 4 hours at 27°C with constant rotation. After assembly, additional
factors were added as indicated (0.75 pmol p300) and the volume was adjusted
to 100 ul in TM buffer. Binding reactions were performed for 45 minutes at 27°C
with constant rotation. Immobilized templates were washed twice with 100 ui TM
buffer containing 100 mM KCI, resuspended in SDS- PAGE loading dye and
processed by Western blotting. Experiments were performed at least three

times. Antibodies against CREB (SC-186), P-CREB (SC-7978-R) and p300 (SC-
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584) were purchased from Santa-Cruz Biotechnology. H3 (Ab 1791) and H1
(V7013) antibodies were purchased from Abcam and Biomeda, respectively. A
monoclonal Tax antibody (Hybridoma 168B17-46-92) was obtained from the NIH

Aids Research and Reference Reagent Program.
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Chapter 3

Recombinant Chromatin: Optimization of Chromatin
Containing Histone H1

This chapter focuses on the experiments required to optimize incorporation of
histone H1 using a recombinant assembly system and contains negative results
that cannot be published but are important to our understanding of proper H1
incorporation into chromatin. However, Figures 3.3 and 3.5 from this section
appear in Chapter 4, which has been submitted for publication to the Journal of

Virology.
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3.1 ABSTRACT

A recombinant chromatin assembly system was used to demonstrate that
the single histone H1 isoform from Drosophila is properly incorporated into a
chromatin template containing natural HTLV-1 promoter sequence. The degree
of chromatin assembly in the absence and presence of histone H1 was
measured using topological analysis. Assembly with H1 occurred at a lower core
histone to DNA ratio compared to that lacking linker histone. Micrococcal
nuclease digestion experiments were performed to confirm H1 incorporation and
determine the quality of our in vitro chromatin templates. A 10-base pair
increase in the nucleosome repeat length was observed, suggesting proper H1
incorporation. Micrococcal nuclease digestion experiments also demonstrated
addition of H1 isolated from a mammalian T-cell line to the chromatin template,
which contains at least four H1 isoforms. To verify H1 was stoichiometrically
incorporated into chromatin, H1-containing chromatin samples were purified
using sucrose gradients and ultracentrifugation. A slight molar excess of H1 to
core histone octamer was required for stoichiometric incorporation of histone H1.
Additionally, both yeast and Drosophila NAP-1 (yNAP-1 and dNAP-1,
respectively) promoted association of H1 with chromatin. Specifically, only a
truncated form of yNAP-1 lacking amino acids from both the N- and C-terminal
tails was effective in H1 incorporation. Functional assays revealed that H1-
chromatin assembled with truncated yNAP-1 did not repress Tax-mediated
transcriptional activation like that observed from H1-chromatin assembled with

dNAP-1. Therefore, subsequent experiments were performed using dNAP-1 as
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the histone chaperone. Together, these experiments confirm proper addition of
H1 to the chromatin template using a recombinant assembly system, which
provides an important tool for furthering our understanding of linker histone

function.

3.2 INTRODUCTION

Eukaryotes package their DNA into chromatin to accommodate the tiny
environment within a cell's nucleus. Structurally, the core histones combine with
DNA to form the basic repeating unit of chromatin, the nucleosome (102). While
the four core histones are vital to the structure and function of chromatin, so is
the linker histone - H1. Histone H1 interacts with the nucleosome and functions
to stabilize higher order structures within the chromosome (27). How cells
manage to perform biological functions in the complex but organized nature of
chromatin remains a central enigma in the field of molecular biology.

While much has been done to understand the role of the core histones,
less is known about histone H1. Development of a recombinant system for
assembling chromatin has further increased our understanding of the core
histones, as the possibilities for octamer combinations and modifications are
numerous (72, 73). Recently, this recombinant system has been used to
incorporate histone H1 into a chromatin template (45). Prior to this development,
H1 was typically incorporated into chromatin using either salt dialysis or crude
extracts that contain chromatin assembly factors from Drosophila (S-190

extracts). There are limitations with both of these procedures. Specifically, salt
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dialysis is not very efficient when using large templates that are kilobases in
length. The use of extracts overcomes the limitations of salt deposition but
imposes additional obstacles. For example, after assembly, the chromatin
template must be purified from the factors in the extract before performing
functional studies such as transcription. Obviously, use of a recombinant system
to assemble chromatin containing histone H1 would allow more studies on H1
and the ability to better correlate structure with function.

The protocol for recombinant assembly of H1-containing chromatin was
not published until 2003. Our study originated in 2001. Therefore, to examine
the functional role of histone H1 at the HTLV-1 promoter, we first optimized H1
incorporation into chromatin using the recombinant assembly factors dNAP-1 and
ACF. We found H1 addition to chromatin templates increased the nucleosome
repeat length about 10 base pairs, a characteristic associated with
chromatosome formation. Further optimization revealed a slight molar excess of
histone H1 relative to core histone octamer was necessary to achieve
stoichiometric incorporation at roughly one molecule of H1 per nucleosome.
Additionally, we compared the ability of y-NAP-1 to dNAP-1 for assembling
chromatin containing H1. While dNAP-1 readily promoted incorporation of linker
histone, only a truncated form of yNAP-1 produced chromatin containing H1.
Unfortunately, chromatin assembled with truncated yNAP-1 failed to repress Tax-
mediated transcriptional activation of HTLV-1, a functional characteristic of
chromatin assembled using dNAP-1. Therefore, subsequent experiments were

performed using dNAP-1 as the histone chaperone in assembling chromatin.
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The ability to successfully incorporate histone H1 into chromatin using
recombinant assembly factors elevates our understanding of linker histone

function and provides a new platform from which to study gene regulation.

3.3 RESULTS

3.3a H1 Sequence Comparison

Since mammalian cells possess as many as seven different H1 isoforms,
Drosophila H1, which has only one type, was selected for incorporation into
chromatin (120). Drosophila H1 is most like that of the mammalian H1 isoform —
H1%-4. Sequence analysis of H1°-4 compared to Drosophila H1 revealed a 46%
similarity in amino acid composition, with 36% of the sequence being identical
(Figure 3.1). Additionally, H1°-4 represents at least 60% of the total H1 content
in mammalian T-cell lines that are not infected with HTLV-1 and comprises 67%
of total H1 isolated from the T-cells of uninfected human blood (J. Bogenberger,

personal communication).

3.3b Topological 1-D Supercoiling Assays

Core histones (23) and histone H1 (36) were purified from Drosophila
embryos (Figure 2.2) and were assembled into chromatin using dNAP-1 (Figure
2.3) (72) and ACF (Figure 2.4) (73, 74). Since H1 is not as conserved as the
core histones, the same species of linker and core histones were initially used to

optimize our system. Additionally, Drosophila histones were readily accessible.
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To determine how to add histone H1 such that it would be incorporated into the

chromatin template, topological supercoiling assays were performed.
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Figure 3.1. Sequence alignment of Drosophila H1 compared to mammalian
H1°-4. The top sequence is H1°-4 and the bottom sequence represents
Drosophila H1. The consensus amino acids are indicated below the aligned
sequences. There is a 46% similarity in amino acid composition with 36% being
identical between species.
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The degree of chromatin assembly is measured by a change from relaxed
plasmid DNA to assembled supercoiled DNA (123). As the core histone to DNA
mass ratio is increased, nucleosomes form on the relaxed plasmid template. The
addition of each nucleosome puts one negative supercoil in the relaxed DNA,
which subsequently alters its migration in electrophoresis. Therefore, the
presence of mostly supercoiled DNA suggests the template is assembled into
chromatin.

Histone H1 could be added to the assembly reaction either at the
beginning of assembly or two hours post-assembly and not interfere with
chromatin assembly, as measured by topological analysis. However,
supercoiling occurred at a lower core histone to DNA ratio in the presence of H1
as compared to that from templates without H1 (Figure 3.2, compare top &
bottom panel). This experiment merely suggests incorporation of H1, as binding
of the linker histone increases the DNA associated with each nucleosome (4, 89).
In the presence of H1, we would expect fewer nucleosomes to occupy the
plasmid DNA template. Therefore, the core histone to DNA ratio at which
templates are best assembled in the presence of linker histone should be less

than the ratio from chromatin assembled in the absence of H1.
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Figure 3.2. Chromatin assembles at a lower core histone to DNA ratio upon
addition of histone H1. Relaxed plasmid DNA was assembled into chromatin
without (-) or with (+) histone H1. Core histones were titrated onto the DNA
template to form nucleosomes. The core histone to DNA (CH/DNA) mass ratios
are indicated. The resulting change in DNA topology was resolved using 1%TBE
agarose gel electrophoresis. Nucleic acids were visualized with SYBR gold
staining and STORM imaging. The positions of nicked, relaxed and supercoiled
(SC) DNA are illustrated.
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3.3¢c Micrococcal Nuclease Digestion Assays

Topological assays only assess the extent to which chromatin assembly
occurs. Therefore, micrococcal nuclease (MNase) digestion assays were
performed to examine the quality of the in vifro assembled chromatin and to
confirm H1 incorporation (123). Since a nucleosome containing H1 protects 10-
20 additional base pairs from micrococcal nuclease digestion (89), increased
nucleosome repeat length was used to verify proper addition of linker histone.
The repeat length increased from 149 (+/- 6) base pairs in the absence of H1 to
160 (+/-4) base pairs upon H1 incorporation (Figure 3.3). In this assay, the
increased nucleosome repeat length only occurred if H1 was added 1.5-2 hours
post-assembly to the reactions, establishing that the time H1 was added to the
assembly is crucial for proper incorporation. Furthermore, the presence of
several nucleosomes (greater than six) on each chromatin template confirmed
the quality of chromatin formed using this system (Figure 3.3).

Additionally, we tested if mammalian H1 isolated from an uninfected T-cell
line (CEM) could be incorporated into chromatin using this protocol. Figure 3.4
demonstrates CEM H1 is incorporated into the chromatin template, producing a
nucleosome repeat length similar to that observed with incorporation of

Drosophila H1.
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Figure 3.3. Incorporation of histone H1 into chromatin using a recombinant
assembly system. Chromatin was assembled in the absence (-) or presence
(+) of histone H1 and digested with micrococcal nuclease for 1, 2, 4 & 8 minutes.
DNA was extracted, precipitated and resolved on a 1.2% agarose gel. The
positions of nucleosomes are numerically indicated for each chromatin template
(1=mononucleosome, 2=dinucleosome, etc.). Chromatin assembled without
histone H1 has a nucleosome repeat length of 149 (+/- 6 bp) compared to a
repeat length of 160 (+/- 4 bp) for H1 chromatin. The calculations were based on
three independent experiments and determined as described in Chapter 2
(Materials & Methods). Base pair markers from Fermentas (100 bp DNA ladder
plus) are indicated to the right.

57

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



dH1  CEMH1
H1 o - + +

Time el il el

—_-'!% =" Wes 300060
- & -
-— "

1500

1200

-

-y

~150bp ~166 bp ~160 bp

¢

1300

. = - «

, o . |100

Figure 3.4. Mammalian H1 is incorporated into chromatin using a
recombinant assembly system. Chromatin was assembled in the absence (-)
or presence (+) of histone H1 and digested with micrococcal nuclease as
described previously. The nucleosome repeat lengths have been calculated for
each assembly and are as follows: no H1 - 150 (+/- 9 bp), dH1 - 166 (+/- 8 bp),
and CEM H1 — 159 (+/- 10 bp). Base pair markers from Fermentas (100 bp DNA
ladder plus) are indicated to the right.
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3.3d Stoichiometric Incorporation of Histone H1

One molecule of H1 typically binds per core histone octamer in vivo (16);
therefore, it is critical to assemble chromatin with stoichiometric levels of histone
H1. H1 incorporation was further optimized by assembling chromatin samples at
different H1 to core histone octamer ratios. The resulting samples were purified
using 15-40% sucrose gradients and ultracentrifugation. A slight molar excess of
histone H1 (1.25) relative to core histone octamer was needed to achieve
stoichiometric incorporation of H1 (Figure 3.5). Proteins were visualized using
SYPRO ruby, which allowed quantification of H1 relative to the core histones
more accurately than detection with coomassie brilliant blue. The addition of too
much H1 at ratios of 1.75 or greater resulted in an aggregate of chromatin that
sedimented to the very bottom of the gradient. Therefore, templates were

assembled with an H1 to octamer ratio of 1.25 for subsequent experiments.

3.3e Comparison of the Histone Chaperones — yNAP-1 and dNAP-1 in
Chromatin Assembly

Because yNAP-1 is much easier to purify than dNAP-1, the ability of
yNAP-1 to assemble chromatin that contains linker histone was compared to
dNAP-1. Interestingly, full-length yNAP-1 failed to form H1-chromatin with an
increased nucleosome repeat length. Non-specific interactions between full-
length yNAP-1 and the core histones are minimized upon truncation of yNAP-1
by deletion of amino acids within the N- and C-terminal regions (truncated

yNAP-1 74-365 aa was engineered by Dr. Steven McBryant) (106). Therefore,
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truncated yNAP-1 was tested for its ability to assemble chromatin containing
linker histone. While there appeared to be no difference between dNAP-1 and
truncated yNAP-1 in their ability to assemble chromatin containing H1 as
measured by MNase and sucrose gradient analysis (Figure 3.6), there were
functional differences between templates assembled with these histone
chaperones. Specifically, H1-chromatin assembled with yNAP-1 failed to repress
Tax-mediated transcriptional activation, an observed characteristic of H1-
chromatin assembled with dNAP-1. Thus dNAP-1 was used as the histone

chaperone protein.
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Figure 3.5. Histone H1 is stoichiometrically incorporated into chromatin.
Chromatin was assembled with an H1 to core histone octamer ratio of 1.25. The
chromatin sample was purified over a 13 ml 15-40% sucrose gradient. Proteins
were precipitated using TCA/DOC and resolved on 15% SDS-PAGE. Following
staining with SYPRO ruby, proteins were quantified using Image Quant 5.1
software. DNA was extracted, precipitated and resolved on a 1% agarose gel.
Molecular weight markers (M) are indicated in kilodaltons on the left.
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Figure 3.6. Truncated yNAP-1 (74-365 aa) assembles chromatin containing
H1. Chromatin was assembled with histone H1 using the truncated histone
chaperone yNAP-1 and purified using 15-40% sucrose gradients as previously
described. Proteins were TCA/DOC precipitated and visualized by silver-
staining. The DNA was extracted, precipitated and resolved using agarose gel
electrophoreisis. Molecular weight markers (M) in kilodaltons are indicated, as
are the positions of H1, core histones and supercoiled DNA. The fractions
corresponding to the chromatin peak are illustrated.

3.4 DISCUSSION

When this project began in 2001, histone H1 had only been incorporated
into chromatin using salt dialysis (89) or S-190 cell extracts from Drosophila (23).
While these methods are still widely used today, we wanted to take advantage of
a recombinant system for assembling chromatin. However, use of this system to

incorporate histone H1 had yet to be defined. Therefore, we tested whether the
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recombinant assembly factors, dNAP-1 and ACF, could properly assemble
chromatin that contained linker histones.

We found the time histone H1 was added to the assembly reaction to be a
crucial step for H1 incorporation. During our optimization of H1 incorporation
using dNAP-1 and ACF, the Kadonaga laboratory published a method for
assembling chromatin containing H1 using the recombinant assembly system
(45). They added histone H1 to the initial assembly reaction when forming
chromatin containing linker histone. We attribute this difference, in part, to the
activities of ACF and dNAP-1, and believe our assembly factors are not as active
as those in the Kadonaga laboratory. As a result, we only observed evenly
spaced nucleosomes and increased repeat length if the assembly was allowed to
proceed, at first, in the absence of histone H1. Also, we were able to use this
system to incorporate H1 isolated from mammalian T-cells. Interestingly, NAP-1
was recently identified as a linker histone chaperone in Xenopus, depositing H1
onto the linker DNA at physiological pH and ionic strengths (142), which supports
a role for dNAP-1 as an H1 chaperone in our system.

Since dNAP-1 is expressed and purified from Sf9 cells, we wanted to test
yNAP-1, which is expressed and more easily purified from bacteria, in
assembling chromatin with histone H1. We found truncated yNAP-1 as effective

as dNAP-1 for assembling histone H1 into chromatin, even though yeast only
contain a putative H1 (122). However, H1-chromatin assembled with yNAP-1 did
not repress Tax-mediated transcriptional activation, where as we observed

repression from H1-chromatin assembled with dNAP-1. We attribute the
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difference seen with yNAP-1 to its ability to exchange histone H2A/H2B dimers
(118). We propose this function of yNAP-1 increases the off-rate of histone H1,
thereby alleviating the transcriptional repression observed with dNAP-1. As a
result, extensive optimization of H1 incorporation using yNAP-1 was not
performed, and dNAP-1 served as the sole histone chaperone for our studies.
Additionally, comparison of the sequences for yYNAP-1 and dNAP-1 revealed only
a 30% similarity, suggesting that their functions may be different.

A concern with using a recombinant assembly system to form chromatin
containing H1 was whether H1 could be properly incorporated. Not only did
MNase experiments confirm an increase in the nucleosome repeat length, but we
also found H1 could be incorporated stoichiometrically when added in slight
molar excess compared to histone octamer. At this ratio, the final concentration
of H1 in our assembly reactions was approximately 170nM, which is higher than
the optimal concentration of 50-100nM found by other researchers (32).
However, in their study, chromatin containing linker histone was formed using
Drosophila S-190 extracts, which are very crude and also contain endogenous
H1. Therefore the endogenous H1 could skew the amount of exogenously
added H1 required for apparent saturation of the chromatin template. Thus, we
are confident that despite having a higher concentration of histone H1 in our
assembly reactions, we have formed chromatin containing in vivo levels of H1
with approximately one histone H1 per nucleosome.

The necessity for adding excess histone H1 to core histone octamer for

stoichiometric H1 incorporation may be, in part, due to slight differences in the
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concentration of each protein. Additionally, the dynamic behavior of H1 may play
a role, and addition of extra H1 could help ensure that most of the nucleosomes
contain a molecule of linker histone at any given time. Also, the concentration of
proteins within a cell is much greater than that in vifro. Regardless, these
experiments confirm use of a recombinant assembly system in the formation of
chromatin containing linker histones, and upon optimization, produce chromatin
templates that better resemble those found in vivo as compared to chromatin

assembled in the absence of linker histone.
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Chapter 4

Tax Abolishes Histone H1 Repression of p300
Acetyltransferase Activity at the HTLV-1 Promoter

This work has been submitted for publication to the Journal of Virology. The
results cited as “data not shown” in the text are provided here as supplemental
figures. The Materials and Methods for this section have been included in

Chapter 2. The citation for the manuscript is as follows:

Konesky, K., Nyborg, J.K. & Laybourn, P.J. 2006. Tax abolishes histone H1

repression of p300 acetyltransferase activity at the HTLV-1 promoter.
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4.1 ABSTRACT

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

recruitment and without displacement of H1 from the promoter.
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4.2 INTRODUCTION

Human T-cell leukemia virus type-1 (HTLV-1) was first isolated in 1979
(125), and since has been identified as the etiologic agent of adult T-cell
leukemia (ATL) and HTLV-1 associated myelopathy/tropical spastic paraparesis
(HAM/TSP) (48, 116, 154, 166). Upon infection, the provirus is nearly randomly
integrated into the host cell chromosome and subsequently packaged into
chromatin (90). Of the estimated 12 million worldwide carriers, roughly 4%
eventually develop ATL or HAM/TSP often decades after the initial infection
(147). The events that mediate transformation remain largely unknown.
However, activation of transcription from the integrated provirus assembled into
chromatin is a necessary step for the production of virally-encoded proteins,
including Tax. Tax is essential for efficient transcription of the viral genome (17,
162, 163, 165, 167), and contributes to malignant transformation through effects
on other genes and cell components (53, 54).

Tax associates with the HTLV-1 promoter through protein-protein
interactions between CREB (or other ATF/CREB family members) and protein-
DNA contacts. The Tax/CREB complex interacts with three cis-acting DNA
elements called viral cyclic AMP-response elements (VCREs) located within the
U3 region of the HTLV-1 LTR (1, 43, 52). Specifically, CREB binds as a dimer to
the 8 nucleotide, off-consensus CRE core within each 21 base pair vCRE (77).
Tax interacts with CREB and the GC-rich sequences flanking the core CRE
within the DNA minor groove, forming a ternary complex on the promoter (82, 97,

103). Several studies have shown Tax and CREB binding to viral DNA promotes
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association of the pleiotropic coactivators p300 and CBP, forming a quaternary
complex (50, 81, 86, 88).

CBP and p300 are cellular coactivators that likely regulate transcription in
all metazoans (reviewed in 51). Their effect on transcription is, at least in part,
through their intrinsic acetyltransferase activity that targets lysine residues within
each of the four core histone proteins (112), as well as non-histone targets (46).
Chromatin regions enriched with acetylated nucleosomes correlate with areas of
active chromatin (70). /n vivo studies on the HTLV-1 LTR provide direct
evidence for p300 and CBP promoter occupancy contributing to increased levels
of histone H3 and H4 acetylation (95). Furthermore, inhibition of histone
deacetylase complexes (HDACS) led to even greater levels of histone acetylation
and increased viral RNA transcripts (95, 96, 100). Therefore, it is no surprise
that we and others observe a requirement for p300 and acetyl CoA in
potentiating the effects of Tax transactivation from chromatin templates in vitro
(47, 99).

Nucleosomes form the basic repeating unit of chromatin and consist of a
core histone octamer (two H2B/H2A dimers and one H3/H3 tetramer) wrapped
by 146 base pairs of DNA (102). In addition to the core histones, a fifth or “linker”
histone, H1 also contributes to the structure and function of chromatin.
Approximately one histone H1 is associated per nucleosome in vivo (16),
however, the precise location of H1 on the nucleosome remains to be
determined. The linker histone acts, in part, to stabilize higher order chromatin

structure, but is not required for chromatin condensation (27). Functionally, H1 is
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classified as a transcriptional repressor, but no general mechanism for H1
repression has emerged from the literature. Rather, chromatin containing
histone H1 has been shown to inhibit various steps associated with
transcriptional activation and even initiation (32, 63, 78, 79, 157, 158).

In cells, nucleosomes on the HTLV-1 promoter contain histone H1 (94).
Therefore, it is critical to examine the mechanism of Tax activation biochemically
on chromatin containing H1. In this study, we investigated the effects of H1-
containing chromatin on HTLV-1 transcriptional activation using a defined,
recombinant assembly system, extending previous work examining Vviral
activation in the context of chromatin (46, 47, 99). Upon optimization of H1
incorporation into chromatin, we observed a two-fold reduction in HTLV-1
transcriptional activation. We demonstrated that H1 represses transcription
through inhibition of p300 activity. Furthermore, we determined H1-chromatin
directly represses p300 acetyltransferase activity, as p300 recruitment was not
affected by linker histone. In determining the mechanism behind H1 repression,
we uncovered a previously undefined function of Tax. Specifically, Tax
abrogated H1-mediated inhibition of p300 enzymatic activity in a manner
independent of p300 recruitment and without displacing H1 from the promoter.
We propose a model where transcriptional activation at the HTLV-1 promoter is
tightly regulated through the opposing effects of Tax and H1 on p300

acetyltransferase activity.
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4.3 RESULTS

4.3a Proper and Stoichiometric Incorporation of Histone H1 Into in vitro
Assembled Chromatin Templates

H1-containing chromatin was assembled with purified H1 and core
histones (Figure 4.1A) using a well-characterized, highly defined assembly
system (45). Histones were deposited onto a plasmid harboring natural HTLV-1
promoter sequence (Figure 4.2A) using nucleosome assembly protein-1 (NAP-1)
and ATP-utilizing chromatin assembly and remodeling factor (ACF). Since a
nucleosome containing histone H1 protects 10-20 additional base pairs from
micrococcal nuclease digestion (89), we used increased nucleosome repeat
length to verify proper H1 incorporation. The nucleosomal repeat length
increased from 149 (+/- 6) base pairs in the absence of H1 to 160 (+/- 4) base
pairs upon H1 addition, confirming linker histone incorporation (Figure 4.1B).

Typically, one molecule of H1 binds per core histone octamer in vivo (16);
therefore, it is critical to assemble chromatin with stoichiometric levels of histone
H1. Chromatin samples were assembled at different H1 to core histone octamer
ratios, and unincorporated linker histone was separated from assembled
chromatin templates using 15-40% sucrose gradients. Proteins from sucrose
gradient purified chromatin were visualized using SYPRO ruby, which
quantitatively stains proteins. H1 was quantified relative to the core histones,
and we found a slight molar excess of histone H1 (1.25) to histone octamer was

needed to achieve stoichiometric incorporation (Figure 4.1C, lanes 4-8). As the
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Figure 4.1. Histone H1 is properly incorporated into chromatin using a
recombinant assembly system. (A) Purified H1 and core histones isolated from
Drosophila embryos were analyzed by 15% SDS-PAGE and visualized by
staining with coomassie blue. The positions of each histone are labeled, while
the masses of molecular weight markers (M) in kilodaltons, are indicated to the
left. (B) Histone H1 incorporation increases nucleosome repeat length from 149
(+/- 6 bp) to 160 (+/- 4 bp) base pairs. Chromatin was assembled on the p-
306/G-less template (0.94 pmol) using recombinant NAP-1 and ACF assembly
factors in the absence or presence of histone H1 as indicated and digested with
MNase for 1, 2, 4, & 8 minutes. Nucleosomal DNA was resolved on a 1.2%
agarose gel and visualized by SYBR gold staining. Number and position of
nucleosomes for each template are labeled numerically. Base pair size markers
are indicated to the right. (C) Histone H1 is stoichiometrically incorporated into
chromatin. Chromatin containing H1 (1.25 molar excess to octamer) was purified
over 15-40% sucrose gradients. Proteins from each fraction were resolved on
15% SDS-PAGE and visualized with SYPRO ruby (top). Molecular weight
markers, (M), are shown on the left. Positions of H1, core histones and the major
chromatin peak are also indicated. Relative H1 and core histone protein levels
from each fraction were quantified using Image Quant. DNA from each fraction
was also resolved using agarose gel electrophoresis and SYBR gold (bottom).

72

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



H1 to octamer ratios were increased past 1.25, we observed significant levels of
free, unassembled H1 (data not shown). Therefore, we chose templates
assembled with an H1 to octamer ratio of 1.25 for subsequent experiments.
Together, these experiments confirm proper and stoichiometric incorporation of

histone H1 into the chromatin template using a recombinant assembly system.

4.3b H1-Chromatin Represses HTLV-1 Transcriptional Activation

Having optimized H1 incorporation, we next examined the effects of
chromatin containing linker histone on HTLV-1 transcriptional activation. Plasmid
templates containing the HTLV-1 viral promoter upstream of a G-less cassette
(Figure 4.2A) were assembled into chromatin both in the absence and presence
of histone H1. Exogenous Tax, CREB and p300 were added after chromatin
assembly and H1 incorporation to the transcription reactions where indicated. All
reactions contained AcCoA and nuclear extract prepared from an uninfected T-
cell line (CEM), which contains the RNA polymerase Il transcription machinery.

H1-chromatin reduced relative transcription from the HTLV-1 promoter as
compared to that from chromatin lacking the linker histone (Figure 4.2B, lanes 2-
4 vs. 5-7, Figure 4.2C). Basal and Tax/CREB-mediated transcription were
reduced about 3-fold (Figure 4.2B, lanes 2 vs. 5 & 3 vs. 6, Figure 4.2C), while
Tax/CREB/p300-mediated transcription was reduced two-fold (Figure 4.2B, lanes
4 vs. 7, Figure 4.2C). The effects of H1 were chromatin-specific, as H1 addition
to free (unassembled) DNA at levels used in chromatin assembly had no

significant impact on transcription (data not shown).
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Figure 4.2. Incorporation of histone H1 into chromatin represses HTLV-1
transcriptional activation. (A) Promoter schematic of the p-306/G-less
construct relative to the HTLV-1 genome. The approximate positions of the
TATA box and vCREs are indicated relative to the transcription start site at +1.
(B) In vitro transcriptional analysis of chromatin containing histone H1.
Chromatin (67 fmol p-306/G-less DNA) was assembled without or with H1 and
transcription was assayed in the presence (+) or absence (-) of recombinant
CREB (1.6 pmol), Tax (1.6 pmol) and p300 (0.3 pmol) as indicated. CREB, Tax
and p300 were added to transcription reactions after chromatin assembly. All
reactions contained 50 uM AcCoA and ~40 ug CEM T-cell (uninfected) nuclear
extract. Transcription reactions were performed in duplicate and the values
shown are averages of transcript levels measured for the duplicate lanes.
Transcription was expressed relative to the maximally activated Tax/CREB/p300-
dependent transcripts, which are set to 100 (lane 4). The positions of RNA
transcript and labeled DNA recovery standard are indicated to the right, while
labeled DNA size markers (in nucleotides) are indicated to the left of the gel. (C)
Graphical representation of five independent transcription experiments from
chromatin either lacking (open bars) or containing (gray bars) histone H1. The
fold activation was calculated relative to basal transcription from chromatin
assembled in the absence of H1, which is set to 1.
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4.3c Tax Counteracts H1-chromatin Repression of Transcriptional
Activation

As a primary step in elucidating the mechanism of H1 repression at the
HTLV-1 promoter, we examined the ability of Tax and CREB to compete with H1.
For these experiments, chromatin was either assembled without or with H1. Tax
and CREB (or CREB alone) were added either after the 4-hour chromatin
assembly (AA) or during assembly (DA) after 1.5 hours along with H1 (Figure
4.3A). H1 was added at 1.5 hours to achieve proper incorporation. Upon
complete assembly (4 hrs), chromatin templates were incubated with AcCoA and
nuclear extract, and transcription was initiated with the addition of NTPs (Figure
4.3A). Where indicated, exogenous p300 was added to the transcription
reactions after chromatin assembly.

As before, H1-chromatin repressed Tax/CREB-mediated transcriptional
activation two-fold when added after assembly (AA) (Figure 4.3B, lanes 3 vs. 8).
When CREB alone was added after chromatin assembly (AA), transcription also
decreased two-fold in the presence H1-chromatin (Figure 4.3B, lanes 2 vs. 7).
Even when added during chromatin assembly (DA), CREB-alone activation was
repressed two-fold by chromatin containing H1 (Figure 4.3B, lanes 4 vs. 9).
However, addition of Tax together with CREB during chromatin assembly (DA)
completely counteracted the H1-chromatin repression of CREB transcriptional
activation (Figure 4.3B, lanes 5 vs. 10, Figure 4.3D).

The relative level of transcription from templates assembled with CREB or

Tax/CREB increased with the addition of exogenous p300 (after assembly,
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Figure 4.3A) on both chromatin templates (Figure 4.3C). However, H1
incorporation still produced a two-fold reduction in CREB/p300-mediated
transcription (Figure 4.3C, lanes 2 vs. 6, Figure 4.3D), indicating that p300
cannot counteract H1 repression and that the effects of H1-chromatin may be
through inhibition of CREB binding. While p300 addition to chromatin tempiates
assembled with Tax/CREB augmented transcriptional activation in the presence
of H1 (Figure 4.3C, lanes 7 vs. 8), exogenous p300 was not required for Tax and
CREB to completely counteract H1-chromatin repression (Figure 4.3C, lanes 3
vs. 7, Figure 4.3D).

We performed micrococcal nuclease digestion analysis to verify Tax and
CREB addition during assembly did not compromise the integrity of our
chromatin templates, and obtained the same quality ladders as seen from

chromatin assembled in the absence of transcription factors (data not shown).
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Figure 4.3. Tax counteracts the H1-chromatin repression of transcriptional
activation. (A) Timeline of chromatin assembly and factor addition for in vitro
transcription reactions. (B) Tax and CREB but not CREB alone overcome H1
repression of transcriptional activation. Chromatin (67 fmol p-306/G-less DNA)
was assembled without or with histone H1. Equivalent amounts of Tax and
CREB (1.6 pmol each) were added either after (AA) or during chromatin
assembly (DA) as indicated for each chromatin template. Transcript levels are an
average of duplicate lanes and were calculated relative to lane 3, which was set
to 100. (C) Addition of p300 does not overcome H1 repression of CREB-
mediated transcriptional activation. Chromatin was assembled as described
above. Tax and CREB (1.6 pmol each) were added during chromatin assembly
(DA), while p300 (0.3 pmol) was added after chromatin assembly (AA) to the
transcription reactions as indicated. Transcript levels are an average of duplicate
lanes and were calculated relative to lane 4, which was set to 100. (D) Graphical
representation of three independent transcription experiments from chromatin
lacking (open bars) or containing (gray bars) histone H1 assembled with factors
added during chromatin assembly. The fold activation was calculated relative to
CREB-alone transcription from chromatin assembled without H1, which is set to
1.
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4.3d CREB Binding to the vCREs is Not Reduced in the Context of H1-
Chromatin

To directly test the hypothesis that H1-chromatin represses transcription
through an inhibition of CREB binding to the vCREs, DNase | primer extension
footprinting analysis was performed. CREB binding was determined using the
same templates and salt conditions as in transcription studies. Chromatin was
assembled without or with histone H1, followed by incubation with increasing
concentrations of CREB. The templates were digested with DNase |, and DNA
cleavage was analyzed by primer extension.

Surprisingly, incorporation of H1 into chromatin produced no measurable
decrease in CREB binding at the vCREs. At the lowest ratio of CREB per vVCRE
binding site (same four-fold molar excess as that used in transcription reactions),
CREB addition after chromatin assembly resulted in similar DNase | protection
on either chromatin template (Figure 4.4 lanes 3 vs. 10). As CREB
concentrations were increased to a 40-fold molar excess relative to binding sites,
DNase | protection continued to increase by essentially equal levels on both
chromatin templates (Figure 4.4 lanes 6 vs. 13). We have also footprinted the
promoter proximal vCRE and found no change in the ability of CREB to bind
upon H1 incorporation (data not shown). Based on these data, we concluded the
mechanism by which H1-chromatin represses transcriptional activation is not
through an effect on CREB binding.

As would be expected, when CREB was added during chromatin

assembly, H1 incorporation had no effect on CREB binding. Also, addition of
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Tax during assembly did not increase CREB binding to H1-chromatin (data not
shown). Therefore, Tax functions at a step downstream of CREB binding in

counteracting H1-chromatin repression.

4.3e Chromatin Containing Histone H1 Inhibits p300 Activity

Previous in vitro and in vivo studies have demonstrated the importance of
p300 in HTLV-1 transcriptional activation (46, 47, 95, 99). Therefore, we tested if
H1-chromatin affected Tax/CREB stimulation of p300 activity using histone
acetyltransferase (HAT) assays. The same plasmid template (Figure 4.2A) used
in transcription and footprinting studies was assembled into chromatin containing
or lacking linker histone. Upon assembly, chromatin was incubated with Tax,
CREB, p300 and '“C-labeled AcCoA. The core histone proteins were resolved
using SDS-PAGE and 'C incorporation was analyzed as described in the
Materials and Methods.

Addition of Tax/CREB after chromatin assembly (AA) increased relative
acetylation above basal levels from both chromatin templates (Figure 4.5A).
However, incorporation of H1 decreased basal histone acetylation (Figure 4.5A,
lanes 2 vs. 4), as well as Tax/CREB-stimulated acetylation about three-fold
(Figure 4.5A, lanes 3 vs. 5). Repression of p300 histone acetylation parallels the
reduction in transcription observed from chromatin containing H1 (Figure 4.2B,
lanes 4 vs. 7). We found H1 that was not incorporated into nucleosomes had no

effect on p300 HAT activity (data not shown).
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Figure 4.4. H1-chromatin repression is not through inhibition of CREB
binding. DNase | primer extension footprinting analysis of CREB binding on
chromatin templates (56 fmol p-306/G-less DNA) assembled in the absence and
presence of histone H1. CREB was added after chromatin assembly to each
template and titrated from a 4 to 40-fold molar excess as indicated by triangles
(1.3, 2.7, 6.7 & 13.4 pmol of CREB respectively). Undigested DNA (UN) and no
protein (-) lanes are labeled for both chromatin templates. Digested, 2p_|abeled
DNA products from the primer extension reaction were resolved on an 8%
sequencing gel. Protection was observed at both the middle and distal vCRE
core regions as CREB was titrated onto the DNA. Protein binding was measured
as a percent of DNA accessibility with the digested, no-protein lanes set as 100
percent accessible. The percent accessibility was calculated for the distal vCRE,
although similar levels of protection were calculated for the middle and proximal
vCREs.
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Figure 4.5. H1-chromatin repression is through an effect on p300 activity.
(A) In vitro histone acetyltransferase activity of p300 was measured by '*C-
labeled AcCoA incorporation into histones present on chromatin templates (1.26
pmol p-306/G-less DNA) assembled in the absence or presence of linker histone.
Acetylation reactions were performed with recombinant p300 (8.4 pmol) in the
presence (+) or absence (-) of Tax and CREB (30 pmol each) added after
chromatin assembly. Histones were resolved via 18% SDS-PAGE. Free
histones were acetylated by p300 for size markers and positions of each core
histone are indicated on the left. Acetylation levels are calculated relative to
chromatin lacking H1 in the absence of Tax and CREB (set to 1) and displayed
as the average values between duplicate lanes. (B) Tax/CREB-mediated
acetylation by p300 is vCRE dependent. The p-52/G-less construct (Figure 4.2A,
1.26 pmol DNA) was assembled into chromatin without or with histone H1 and
acetylation reactions were performed as above. (C) Graphical representation of
acetylation levels on chromatin assembled without (open bars) or with (gray bars)
linker histone. Tax and CREB were added after chromatin assembly (AA). Data
were calculated from three independent experiments and acetylation levels are
relative to basal from templates lacking H1, which is set to 1.

84

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



To verify that the increase in acetylation required VCRE-mediated
recruitment of Tax and CREB, we assembled a plasmid carrying the HTLV-1
promoter deleted to -52 (Figure 4.2A). This construct, which lacks the vCREs,
was assembled into chromatin in the absence or presence of linker histone. The
results obtained demonstrated that p300-mediated histone acetylation requires
Tax/CREB binding to the vCREs (Figure 4.5B). These data indicate H1-
chromatin reduces Tax/CREB-mediated transcriptional activation through an
effect on p300 at the HTLV-1 promoter. Furthermore, the data support a model

where H1 inhibits either p300 recruitment and/or enzymatic activity.

4.3f Tax Completely Overcomes the H1-Chromatin Repression of p300
Activity

Having determined incorporation of linker histone into our chromatin
templates affects p300 function, we turned our focus to the mechanism of Tax in
overcoming H1-chromatin transcriptional repression. This ability of Tax is most
pronounced when it is added together with CREB during chromatin assembly.
Therefore, we examined the ability of Tax and CREB to stimulate p300 HAT
activity when added during chromatin assembly (DA) either in the absence or
presence of histone H1 (Figure 4.3A).

In this context, Tax/CREB addition abrogated H1-chromatin repression of
p300 histone tail acetylation (Figure 4.6A, lanes 3 & 5). The degree to which
these results mirror the derepression observed in transcriptional activation with

Tax/CREB addition during chromatin assembly is striking (Figure 4.3C, lanes 4
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vs. 8), suggesting Tax functions through effects on p300 in counteracting H1-
repression. Unlike transcription reactions, HAT assays were performed using
only purified proteins (no nuclear extract). Therefore, we can be certain that only
Tax is required together with CREB to overcome the repressive effects of H1-
chromatin.

Phosphorylation of CREB at Ser133 is a necessary step in the recruitment
of p300 and subsequent transcriptional activation of cellular promoters (87, 108).
Recently, we have determined that CREB is phosphorylated in our transcription
nuclear extract, potentially recruiting p300 independently of Tax (N. Sharma,
personal communication). Tax is thought to bypass the need for CREB
phosphorylation in p300 recruitment (86). By extension, CREB phosphorylation
may have the same effect as Tax in counteracting H1-chromatin repression of
p300. To test the ability of phosphorylated-CREB (P-CREB) alone to overcome
the effects of H1-chromatin, P-CREB was added during chromatin assembly
(DA) without and with H1 and p300 HAT activity was assayed as before. We
observed a two-fold reduction in p300 HAT activity mediated by P-CREB in the
presence of H1 (Figure 4.6B, lanes 4 vs. 7), demonstrating P-CREB is not

sufficient for counteracting the repressive effects of H1-chromatin on p300.
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Figure 4.6. Tax completely overcomes H1-repression of p300. (A) Addition
of Tax and CREB during chromatin assembly (DA) reverses the effect of histone
H1 on p300. /n vitro histone acetyltransferase activity of p300 was measured by
4C-labeled AcCoA incorporation onto chromatin templates (1.26 pmol p-306/G-
less DNA). Acetylation reactions were performed with recombinant p300 (8.4
pmol) in the presence (+) or absence (-) of Tax and CREB (30 pmol each) added
during chromatin assembly on chromatin templates containing (+) or lacking
histone H1 (-) where indicated. Free histones were acetylated by p300 for size
markers and positions of each histone are labeled on the left. Acetylation levels
were calculated relative to chromatin lacking H1 in the absence of Tax and
CREB (lane 2, set to 1). (B) Chromatin containing H1 represses P-CREB-
mediated p300 HAT activity. Acetylation reactions were performed as above
except that either P-CREB or CREB (30 pmol each) were added without Tax to
each reaction during chromatin assembly (DA) on chromatin templates
assembled without or with histone H1. The positions of acetylated free histones
are labeled on the left. Acetylation levels were calculated relative to chromatin
lacking H1 in the absence of CREB and P-CREB (lane 2, set to 1). (C) Graphical
representation of acetylation levels from factor addition during chromatin
assembly (DA) on templates lacking (open bars) or containing (gray bars) histone
H1. Data was calculated from two independent experiments for P-CREB and
from three independent experiments for Tax/CREB. Acetylation levels are
relative to basal from chromatin lacking H1, which is set to 1.
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4.3g p300 Acetyltransferase Activity, Not Recruitment, Is Inhibited By
Chromatin Containing H1

To further define the mechanism of H1 repression, we used immobilized
chromatin templates containing HTLV-1 DNA. The promoter fragment (P) carries
the three viral CREs, while the control fragment (C) lacks viral CREs (Figure
4.2A). First, each fragment was bound through a 5’ biotin moiety to magnetic
streptavidin beads. These bead-bound fragments were then assembled into
chromatin without or with H1 using the recombinant assembly system. Tax and
P-CREB were added either after (AA) or during (DA) chromatin assembly and
p300 was added after chromatin assembly where indicated. The templates were
isolated using magnetic separation, washed, and the remaining bound proteins
were resolved by SDS-PAGE and quantified by western blot analysis. The
difference in Tax, P-CREB and p300 binding to the promoter fragment (P) versus
the control fragment (C) demonstrated that their binding is vCRE specific (Figure
4.7A).

To determine the effects of H1, we compared p300 promoter occupancy in
the presence of P-CREB alone or P-CREB plus Tax added during (DA) or after
(AA) assembly on chromatin templates without and with histone H1. [n the
absence of Tax and P-CREB, there was no significant binding of p300 to the
promoter (Figure 4.7B, lanes 1 & 2). A significant increase in p300 recruitment
was observed in the presence P-CREB (Figure 4.7B, lanes 3-6). Addition of Tax
together with P-CREB further enhanced p300 promoter occupancy above that of

P-CREB alone (Figure 4.7B, compare lanes 3-6 to 7-10). Despite the differences
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in the amounts of p300 recruited to the promoter by P-CREB and Tax/P-CREB,
p300 promoter occupancy was unaffected by chromatin assembled with H1
(Figure 4.7B). These results clearly demonstrate that assembly of chromatin with
H1 does not inhibit p300 recruitment to the promoter. Therefore, our data
strongly support a model where H1 carries out its repressive effects via inhibition
of p300 acetyltransferase activity. And, Tax/CREB, but not CREB alone,
reverses this inhibition resulting in a high degree of HTLV-1 transcriptional

activation.

4.3h Tax and CREB Do Not displace Histone H1 From the Promoter

We tested the hypothesis that Tax functions in counteracting H1
repression by displacing H1 from the promoter during chromatin assembly.
Although micrococcal nuclease digestion experiments verified that global H1
incorporation was preserved, this assay could not detect a highly localized loss of
H1 molecules at the promoter (data not shown). In contrast, approximately 3
chromatosomes form on each 700 base pair bead-bound promoter fragment.
Therefore, if Tax caused localized H1 displacement, the reduction would be
detected by western blot. Surprisingly, the amount of linker histone assembled
into chromatin does not change when Tax is added together with P-CREB either
during (DA) or after (AA) chromatin assembly (Figure 4.7B, lanes 8 vs. 10).
Thus, Tax does not function in counteracting H1-repression through

displacement of histone H1.
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Figure 4.7. Recruitment of p300 is not affected by chromatin containing H1.
(A) Factor binding is VCRE-dependent. Chromatin was assembled in the
absence of linker histone on promoter (P, three vCRESs) or control (C, no vCREs)
DNA (2 pmol biotinylated fragment DNA). Recombinant Tax (18 pmol), P-CREB
(12 pmol) and p300 (0.75 pmol) were added to the assembled chromatin
templates. Upon isolation and washing of each template, the bound proteins
were analyzed by western blot. Antibodies are indicated to the left of each blot.
(B) Factor binding to the promoter fragment assembled into chromatin either in
the absence (-) or presence (+) of histone H1. Tax and P-CREB were added
during (DA) or after (AA) chromatin assembly, as indicated. All reactions
contained p300, which was added after chromatin assembly. Bound proteins
were detected using western blot analysis with the indicated antibodies. (C)
Graphical representation of p300 binding from either Tax/P-CREB or P-CREB-
mediated recruitment in the context of chromatin lacking (open bars) or
containing linker histone (gray bars). Data was averaged between three
independent experiments and p300 binding is relative to chromatin assembled
without H1 for each condition, which are set to 1.
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4.4 DISCUSSION

Despite the general characterization of histone H1 as a transcriptional
repressor (89, 139), there is no clearly defined mechanism for H1 repression.
Rather, the data presented to date suggest the effects of chromatin containing
histone H1 are, to some degree, promoter-specific (32, 37, 78, 83, 92, 131).
Additionally, recent microarray data collected from mice embryonic stem cells
null for three H1 isoforms demonstrated mammalian H1 acts both negatively and
positively in gene regulation (41).

In this study, we examined the effect of histone H1 on Tax-mediated
activation of HTLV-1 transcription. Incorporation of H1 into the chromatin
template repressed HTLV-1 transcriptional activation. The reduction in
transcription was not attributable to decreased transcription factor binding, as we
observed no change in either CREB or Tax promoter occupancy upon H1
incorporation. Rather, chromatin containing H1 inhibited p300 acetyltransferase
activity directly without affecting p300 recruitment to the promoter. Additionally,
we have discovered a previously undefined function of Tax, which is to overcome

H1-mediated inhibition of p300 enzymatic activity.

4.4a H1 Represses CREB Transcriptional Activation but Not CREB Binding

Although the histones, including H1, are evicted from the HTLV-1
promoter region upon Tax transactivation, Tax must first interact with chromatin
that contains linker histone (94). Therefore, we examined steps prior to

transcription initiation and RNA polymerase Il recruitment in determining the role
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of H1 at the HTLV-1 promoter. Since H1-chromatin reduced transcriptional
activation, we performed competition studies between CREB, Tax and H1 and
indirectly assayed factor binding using transcription assays. When Tax and
CREB were added at the same time as histone H1 during chromatin assembly,
the activators completely counteracted the repressive effects of H1-chromatin on
transcriptional activation. However, CREB, in the absence of Tax, was not_
capable of overcoming H1-repression (Figure 4.3B). Additionally, exogenous
p300 failed to reverse the repressive effects of histone H1 on CREB-mediated
activation (Figure 4.3C).

Previous studies have shown that H1 interferes with transcription factor
binding to the DNA (78, 137). We directly tested this possibility and found,
through DNase | footprinting, that the repressive effects of H1 do not result from
inhibition of CREB/VCRE interactions (Figure 4.4). Additionally, we found no
change in CREB or Tax binding to the VCREs on immobilized chromatin
templates assembled in the absence or presence H1 (Figure 4.7B). These data
are in agreement with Cheung et al. (2002), where it was demonstrated that
estrogen receptor-a (ER-a) binding is not affected by chromatin containing
histone H1 (32). Further, Koop et al. (2003) found that H1 did not inhibit
progesterone receptor (PR) binding to the MMTV promoter. Instead, H1

increased the efficiency of PR binding (83).
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4.4b H1 Represses Transcription Through Inhibition of p300 Activity
Additional mechanisms for H1-transcriptional repression include effects on
factors with HAT activity (63). Given the presence of p300/CBP on the HTLV-1
promoter in vivo and the role of these coactivators in transcriptional activation,
we examined the effects of H1-containing chromatin on p300 enzymatic activity
and recruitment (47, 95, 99). While we have shown that the histone tails are not
the primary target of p300 in HTLV-1 activation, the non-histone target(s)
remains to be identified (46). Therefore, we used HAT assays as a general
measure of p300 enzymatic activity. We found H1-chromatin inhibited both
Tax/CREB-mediated (targeted) and basal (non-targeted) p300 HAT activity
(Figure 4.5A). Thus, the two-fold reduction in transcriptional activation observed
could be attributed to the effects of H1-chromatin on p300 acetyltransferase
activity (Figure 4.2B). |n agreement with our HAT data, others have previously
demonstrated linker histone repression of non-targeted, recombinant PCAF
(p300/CBP-associated factor) HAT activity (63). In contrast, Cheung et al. (2002)
found no affect of H1 on ERa-mediated stimulation of p300 HAT activity (32).
Intriguingly, we discovered that Tax and CREB addition during chromatin
assembly abolished the repressive effects of H1-chromatin on p300 HAT activity
(Figure 4.6A), consistent with the derepression of transcription observed from
H1-chromatin in this context (Figure 4.3B & C). These data pinpoint the function
of Tax in counteracting histone H1 to an effect on p300, and suggest that Tax
antagonizes H1 repression of HTLV-1 transcription via modulation of p300

function.
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4.4c H1-Chromatin Directly Represses p300 Acetyltransferase Activity
Herrera et al. (2000) attributed H1 repression of PCAF activity to steric
hindrance of H3 accessibility by the H1 tails, but they did not examine if PCAF
interactions with the chromatin template were altered by H1 incorporation. To
determine if H1-chromatin directly inhibited p300 acetyltransferase activity, or if
the observed repression was through an indirect affect on p300 recruitment, we
used immobilized chromatin templates. H1 incorporation into chromatin did not
decrease P-CREB-mediated or Tax/P-CREB-mediated p300 recruitment,
confirming histone H1 inhibits p300 acetyltransferase activity at the HTLV-1

promoter.

4.4d Tax Counteracts H1-Chromatin Repression of p300 Enzymatic Activity

Having defined the step in HTLV-1 transcriptional activation that H1
represses, we further probed the mechanism of Tax function in this process.
Using immobilized chromatin templates, we demonstrated that Tax does not
simply function through displacement of histone H1 at the promoter (Figure
4.7B). Intriguingly, we observed a three-fold increase in Tax promoter
occupancy with addition during chromatin assembly (DA) relative to Tax
occupancy when added after chromatin assembly (AA) (Figure 4.7B). However,
we did not observe a concomitant increase in p300 binding. In fact, the level of
p300 recruited remained constant, regardiess of when Tax and P-CREB were
added to the assembly reactions. Furthermore, the increase in p300 recruitment

observed with Tax/P-CREB over that of P-CREB alone, is not sufficient to

96

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



counteract H1 repression of p300 activity or transcriptional activation. Therefore,
the simplest interpretation is that Tax directly targets the inhibition of p300

enzymatic activity to abrogate H1-chromatin repression of HTLV-1 transcription.

4.4e H1 and Tax Regulation of the HTLV-1 Promoter

We propose a model that defines a role for histone H1 in regulation of the
HTLV-1 promoter during early events in transcriptional activation (Figure 4.8).
Incorporation of linker histone into chromatin does not affect CREB, Tax or p300
association with the promoter. Rather, H1 inhibits p300 directly through
reduction of acetyltransferase activity, apparently resulting in the 2-fold
repression of HTLV-1 transcription. In addition, when Tax is present with CREB
during chromatin assembly, the effects of H1 on p300 acetyltransferase activity
are alleviated (Figure 4.8). While the exact mechanism has yet to be elucidated,
we propose several models for Tax function in overcoming H1-repression of
p300 HAT activity. Tax may alter p300 substrate accessibility. Addition of Tax
during assembly could also affect higher order chromatin structure, which, in
turn, could lead to effects on protein-protein and protein-DNA interactions.
Additionally or alternatively, Tax could disrupt H1 interactions that allosterically
inhibit p300 activity, as acetyl CoA has been shown to allosterically regulate p300
inhibitory activity (129). Either mechanism is consistent with previous finding that
the globular domain of H1/HS is not sufficient for inhibition of HAT activity, rather
the tails of H1 are responsible for mediating decreased acetylation (63).

Coupled with our finding that histone H1 is not displaced, these data suggest
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p300 repression is mediated by the H1 tails, rather than the globular domain.

Future experiments will be directed at differentiating between these possible

mechanisms.

<2\

acetyltransferase
activity

~, Tax/CREB
\ complex

Figure 4.8. Model for HTLV-1 transcriptional regulation in a chromatin
context. H1 incorporation into nucleosomes inhibits p300 enzymatic activity and
Tax functions to abolish the H1-chromatin repression, providing a means for
tighter control of HTLV-1 transcription.
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Figure 4.9. Addition of free histone H1 does not repress transcription of

naked HTLV-1 DNA templates.

The same level of linker histone added to

previous transcription experiments with chromatin containing H1 was added to
unassembled DNA. Tax and CREB were added as indicated. Transcription
levels are averages of duplicate lanes and were calculated relative to lane 1,

which is set to 1.
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Figure 4.10. CREB binds to all three vCREs. CREB was titrated onto naked

DNA (50, 100, 250, 500 1000 ng) starting with a 20-fold molar excess of CREB to
vCRE binding site. The positions of each vCRE are indicated.
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CREB binds similarly to both chromatin templates when

added either after (AA) or during (DA) chromatin assembly. CREB was
added as indicated and titrated from a 4 to 40-fold molar excess per binding site.
Only the distal vCRE is shown and the percent accessibility was calculated
relative to the no protein (-) lane for each chromatin template, which is set to 100.
At the lowest molar ratio (4-fold) for each condition, the accessibility of CREB is

similar when added either AA or DA on both chromatin templates.

As the

concentration of CREB is increased to the 40-fold molar excess, CREB binding
DA is twice that added AA.
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Figure 4.12. Tax does not aid CREB binding in the presence of H1-
chromatin. Tax was added during assembly (DA) and titrated from a 4-fold to
40-fold molar excess (triangles) on chromatin assembled without or with H1 as
indicated. CREB was either absent (-) or added during assembly in a four-fold
excess (+) where indicated. Tax was either absent (-) from the reactions or
added in a 40-fold molar excess (+) as labeled. Undigested DNA (UN) is labeled.
Digested, *P-labeled DNA product from the primer extension reaction was
resolved on a 8% sequencing gel. Protein binding was measured as a percent of
DNA accessibility with the digested, no-protein lanes being 100 percent
accessible. The percent accessibility corresponds to that from the distal vCRE.
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Figure 4.13. Tax and CREB addition during chromatin assembly (DA) does
not interfere with chromatin formation or H1 incorporation. Chromatin was
assembled with Tax/CREB as indicated (performed in duplicate) on templates
lacking or containing histone H1 and digested with MNase. The approximate
nucleosome repeat length in base pairs is given for each template. DNA was
extracted and resolved using 1.2% TBE agarose gel electrophoresis and
visualized with SYBR gold staining and STORM imaging. Base pair markers are
indicated to the right (Fermentas 100 base pair DNA ladder plus).
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Figure 4.14. Addition of free H1 does not inhibit p300 activity. /n vitro
histone acetyltransferase activity of p300 was measured by '“C-labeled AcCoA
incorporation onto chromatin templates (1.26 pmol p-306/G-less DNA).
Acetylation reactions were performed with recombinant p300 (8.4 pmol) in the
presence (+) or absence (-) of Tax and CREB (30 pmol each) added during
chromatin assembly (DA) where indicated or otherwise after assembly on
chromatin templates lacking histone H1. Free (unassembled H1) was added
after chromatin assembly to acetylation reactions as illustrated. H1 was added at
the same amount used for H1-chromatin (+) or twice that normally used (++).
Free histones were acetylated by p300 for size markers and positions of each
histone are labeled on the left. Acetylation levels were calculated relative to
chromatin lacking H1 in the absence of Tax and CREB (lane 2, set to 1).
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Figure 4.15. Histone H1 incorporation into chromatin assembled on an
immobilized bead-bound DNA fragment. Linker histone was titrated (120,
150, 180, 210 to 240 ng) into chromatin assembled with 500 ng core histones
and 700 ng bead-bound promoter DNA fragment. After assembly, the chromatin
was washed and resolved on 15% SDS-PAGE and visualized using SYPRO
ruby. Quantification of lanes 1-5 reveal a 1.2 stoichiometry between H1 and H3,
suggesting H1 is binding to the chromatin and not non-specifically. Lanes 7 & 8
are histone markers. The streptavidin bead dissociates into monomers upon
boiling and runs at 13 kilodaltons (dark black band).
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CHAPTER 5

FUTURE DIRECTIONS
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We have optimized a recombinant assembly system to properly
incorporate histone H1 into a chromatin template harboring natural HTLV-1
promoter DNA. Use of this template better mimics the environment within the
cell. In addition, we have discovered a new function of Tax that is only apparent
in the context of chromatin containing histone H1. We observed a typical effect
of H1, which was to repress transcriptional activation. Unexpectedly, we found
the H1-mediated repression could be alleviated by the addition of Tax together
with CREB during chromatin assembly. Furthermore, CREB, in the absence of
Tax, failed to overcome the repressive effects of H1-chromatin, demonstrating
the strong Tax requirement. The data presented within this dissertation reveal
that transcriptional activation at the HTLV-1 promoter is tightly regulated through
the opposing effects of Tax and H1 on p300 acetyltransferase activity. To better
understand the ability of Tax to overcome histone H1 repression, a series of
intricate experiments is needed. Here we discuss several hypotheses and

suggest approaches to test them.

5.1 How Does Tax Affect p300 in Overcoming H1 Repression?

First, we propose Tax could affect p300 allosterically. Previous data
suggest that AcCoA allosterically regulates an inhibitory activity of p300 that is
chromatin dependent (129). Therefore, it is reasonable to hypothesize Tax could
function in this manner, allowing p300 to overcome H1-mediated repression.
Proving Tax affects p300 allosterically would be a definite challenge and would

require examination of specific protein-protein contacts between Tax and p300.
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But, the real challenge with these experiments would be performing them in the
context of chromatin and comparing the effects of Tax on p300 with Tax and
CREB addition both during and after chromatin assembly.

Second, perhaps Tax acts to alter the tail positions of histone H1, since it
is possible that linker histone tails are responsible for the inhibition of p300
enzymatic activity. This hypothesis could be tested using only the globular
domain of histone H1. Incorporation of the globular domain of H1 is required for
increased nucleosome repeat length and it would be interesting to see if this
tailless form of H1 could repress transcription similarly to wild type. As a more
conservative approach, gradual H1 tail deletions could be engineered and tested
functionally.

In addition, Tax could increase the chance for core histone tail acetylation.
This could be tested using tailless chromatin and histones mutated at specific
lysine residues. Perhaps mass spectrometry analysis could be used to verify a
change in the acetylation levels when Tax and CREB are added either after or
during chromatin assembly and the chromatin template is subsequently
incubated with p300. Alternatively, nucleosomes could be formed that are
preacetylated with p300.

The Tax mutant M47 has been shown to interact with both CREB and
p300 but is defective in transactivation. The steps in transcriptional activation
M47 affects are currently unknown. Use of this mutant with our system could

further define the mechanism of Tax transcriptional activation in the context of

109

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



H1-chromatin. For example, does M47 function like wild-type Tax in overcoming
the repressive effects of H1-containing chromatin?

Tax addition during chromatin assembly could also affect the higher order
structure of chromatin. Again, tailless templates would be useful since tail
deletion abolishes the ability of the core histones to form higher order structures
(567). Additionally, analytical ultracentrifugation could also be employed to

examine the effects on higher order chromatin structure.

5.2 Is There a Difference in the Ability of CREB to Bind Chromatin in vitro
Versus in vivo?

Recent studies observe minimal CREB binding to the promoter region in
cells in the absence of Tax, and CREB binding increases significantly upon Tax
transfection (94). In contrast, we observe CREB binding to the vCREs
assembled into chromatin in our in vitro experiments. Further, we do not see an
increase in CREB binding with Tax addition. Given the in vivo evidence that
CREB is not constitutively bound at CRE regions (29), we propose CREB is
“actively displaced” in vivo. In the absence of Tax, we hypothesize that the
presence of SWI/SNF at the promoter functions, in part, to keep factors from
interacting with the promoter. When Tax is present, SWI/SNF leaves the
promoter and CREB binding increases. Interestingly, M47 does not displace
SWI/SNF but does increase CREB binding (94).

In my experiments, we lack this “active displacement” function of factors

present within the cell. Therefore, we propose CREB is not inhibited from
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binding nucleosomal DNA in this context, explaining the lack of a Tax effect in
stabilizing CREB binding. To address these quandaries a fully defined
transcription system is needed with purified transcription factors. As a
complimentary approach, an inducible Tax expression system would allow factor
binding to be measured in discreet time intervals, providing a better picture of the

order of events prior to transcriptional activation in cells.

5.3 Can We Correlate H1 Structure With Function?

We have H1 mutants readily available in the department from the Hansen
laboratory. They have correlated regions of linker histone with the ability to
stabilize higher order chromatin structures (101). | think it would be interesting to
test these mutants functionally with our model transcription system. Are there
certain regions of H1 that are involved in stabilizing higher order structures that
also contribute to transcriptional repression? Of course, these mutants could
also be used to test our hypothesis that H1 and Tax function allosterically in

regulating p300 acetyltransferase activity.
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APPENDIX A

Histone Variant H2A.Bbd

This section was possible through collaboration with Yunhe Bao and Karolin
Luger, which resulted in a co-author publication. The citation for the manuscript
is as follows. | performed the experiments presented in Figure 8, which are

shown here.

Bao, Y., Konesky, K., Park, Y-J., Rosu, S., Dyer, P.N., Rangasamy, D.,
Tremethick, D.J., Laybourn, P.J., & Luger, K.L. 2004. Nucleosomes
containing the histone variant H2A.Bbd organize only 118 base pairs of DNA.
The EMBO Journal. 23, 3314-3324.
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A.1 ABSTRACT

In addition to the major core histones, histone variants contribute to the
structure and function of chromatin. Using a defined recombinant assembly
system, chromatin was assembled with the histone variant, H2A.Bbd.
Micrococcal nuclease digestion of nucleosomal arrays assembled with H2A.Bbd
protected less DNA than canonical nucleosomes. The nucleosomal repeat
length decreased from ~150 base pairs to ~120 base pairs upon H2A.Bbd
substitution. Additional studies revealed that the distance between the DNA
ends of H2A.Bbd nucleosomes was significantly increased over wild type
nucleosomes, suggesting a more relaxed structure. To determine a functional
significance of this confirmation, transcription studies were performed using
nucleosomal arrays containing H2A.Bbd. Using our model HTLV-1 transcription
system, we found H2A.Bbd arrays to repress transcription, which could be
alleviated upon addition of the transcriptional activators Tax and CREB and the
coactivator p300. These findings support a model where H2A.Bbd plays a role in

transcriptionally active chromatin.

A.2 INTRODUCTION

How cells manage to perform biological functions in the complex but
organized nature of chromatin remains a central question in molecular biology. A
method for overcoming chromatin repression is through exchange of the major
core histones for histone variants. Interestingly, the H2A variant, H2A.Bbd, has

been found to overlap regions of chromatin that are acetylated, giving rise to the
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possibility that this variant localizes to transcriptionally active areas within the
genome (30). H2A.Bbd is largely excluded from the inactive X chromosome,
and is therefore labeled Barr-body deficient (Bbd) (30). Interestingly, this variant
is only 48% identical to the major type H2A, which suggests H2A.Bbd function
may not overlap with major H2A.

To better understand H2A.Bbd both structurally and functionally Dr. Yunhe
Bao and Dr. Karolin Luger collaborated with Dr. Paul Laybourn and myself. My
focus in this effort involved optimizing our recombinant assembly system to
incorporate the core histone variant H2A.Bbd into nucleosomal arrays. After
which, we examined arrays containing the variant functionally using our model
transcription system.

H2A.Bbd that was incorporated into arrays protected only ~120 base pairs
of DNA, consistent with Yunhe's studies at the mononucleosome level.
Additionally, nucleosomes containing H2A.Bbd repressed transcription of the
natural HTLV-1 promoter, and the repression was alleviated upon addition of
transcriptional activators Tax, CREB and p300. Our findings support a model
where H2A.Bbd plays a role in transcriptionally active chromatin and the loose

structure of H2A.Bbd nucleosomes may contribute to this function.

A.3 RESULTS & DISCUSSION
A.3a Chromatin Containing H2A.Bbd Protects Less DNA
Nucleosomal arrays were formed on a plasmid template harboring

complete HTLV-1 promoter sequence (Figure 2.7) as previously described in the
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Materials and Methods section of Chapter 2. However, H2A.Bbd was substituted
for major H2A. Micrococcal nuclease digestion of templates assembled with the
variant histone produced nucleosomal repeat lengths of only ~120 base pairs,
significantly shorter than the typical repeat lengths of ~150 base pairs we
observed using major histones (Figure A.1). These results strongly supported
Yunhe’s findings at the mononucleosome level, which demonstrated only 118
base pairs of DNA were associated with H2A.Bbd nucleosomes. Additionally, he
found the DNA ends were farther apart than with wild-type mononucleosomes,
suggesting a looser confirmation, which could explain the decreased

nucleosomal repeat length.

A.3b H2A.Bbd Nucleosomal Arrays Repress Transcription of a Natural
Promoter

Previous data demonstrated H2A.Bbd localized to regions of
transcriptionally active chromatin (30). Therefore, we tested nucleosomal arrays
containing H2A.Bbd in transcriptional activation of the HTLV-1 promoter. While
these arrays repressed transcriptional activation, they were not as effective as
wild-type arrays in repressing basal transcription (Figure A.2). Additionally, the
templates assembled with H2A.Bbd were less responsive to addition of the
transcription factors Tax and CREB and coactivator p300, supporting a model in

which H2A.Bbd functions in actively transcribed regions.
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Figure A.1. Nucleosomes containing H2A.Bbd have a shorter repeat length
than major type nucleosomes. Chromatin was assembled using native
Drosophila (major histones) or recombinant mouse histones with H2A.Bbd as
indicated and digested with MNase. Calculation of each nucleosome repeat
length, based on the migration of DNA size markers, confirmed the much shorter
repeat length of H2A.Bbd containing nucleosomes at ~120 base pairs.
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Figure A.2. Templates assembled with H2A.Bbd are less repressive.
Chromatin was assembled and transcribed as previously described. Tax, CREB,
and p300 were added as indicated. Transcript levels are relative to basal for
each template, which is set to one. Duplicate lanes were averaged.
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APPENDIX B

Mass Spectrometry Analysis of Drosophila Histones
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Upon formation of chromatin containing H1, we initiated a collaboration
with Natalie Ahn at the University of Colorado in Boulder. The purpose of this
collaboration was to examine whether incorporation of H1 resulted in preferential
selection of core histone variants using mass spectrometry. Mass spectrometry
analysis revealed that the core histone variants present in Drosophila that were
assembled into chromatin were insignificantly represented compared to the major
types, as no peaks were observed that corresponded to any variants. However,
we did learn that a portion of the H3 within our core histones was methylated,
which generally corresponds with a repressive modification. No other
modifications were present in quantities such that they could be detected.
Because there is no data to show for this project, this section is only being briefly
mentioned. Perhaps the most important aspect of this collaboration was
optimizing the extraction of the histones, including histone H1 from our
recombinant assembled chromatin before performing mass spectrometry. These
protocols have been outlined in Chapter 2, section 2.3e.

We also performed mass spectrometry analysis on our purified, native
Drosophila histone H1 using the MRF facilities here at CSU. While Drosophila
contain only one H1 isoform, we determined some of the protein is
phosphorylated. Additionally, we confirmed by mass spectrometry that H1 could
be treated with A-phosphatase to remove the phosphate groups. Interestingly,
we found no difference in our functional assays between the phosphatased or
untreated forms of H1, suggesting an equilibrium is reached in transcription

studies between the actions of kinases and phosphatases. Again, the most
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important aspect of these experiments was determining a method for
precipitating H1 that was compatible with mass spectrometry, which is explained

in great detail in Chapter 2, section 2.3f.
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