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ABSTRACT
Gene expression can be influenced by the structure of cbromatin.

Histones associated with chromatin can undergo a variety of pst-translational
modifications. Acetylation of the core histone lysines is an example of one such
chernical modification. The acetylation state is governed by the net activities of
histone acetyltransferases (HAT) and histone deacetylases (HDAC).
Histone deacetytases are integral components of transcriptionally
repressive complexes. The substrates for such complexes containing human
HDAC1, HDAC2, and HDAC3 have not been identified. We examined the ability

of these complexes to deaœtylate total free histones, individual core histones,
H2A-H2B dimers, H3-H4 tetramers, polynucleosomes, rnononucleosomes, and
non-histone substrates. We also identified several complexes which utilize
HDAC towards transcriptional repressionThe regulation of HDAC activity was also investigated. In particular, we

found that a phosphorylation event influences HDAC activity. Addition of
phosphatase inhibitors alone greatly increases HDAC activity. In vitro labeling

experiments demonstrate that HDAC can be phosphorylated by casein kinase 2.
The predominant chicken immature erythrocyte histone deacetylase is
CHDAC 1, the hHDAC1 homolog. We investigated the possibility that another

form of HDAC exists in these cells. Gel-filtration chromatography of the nuclear
extract suggests that another HDAC may be responsible for the observed HDAC

activity. Biochemical properties of this nudear extract HDAC activity in a variety
of buffers were also examined.

xiv

Histone deacetylases share significant homology to the prokaryotic
enzymes acetylpolyarnine amidohydroiase (APH) and histone deacetylase like
protein (HDLPJ. 80th of these enzymes bind an atom of zinc that is required for

activity. We investigated if chicken immature erythrocyte histone deacetylases
are also zinc-requiring enzymes. Incubation with zinc chelators significantly
reduces activity, suggesting that these deacetylases are metalloenzymes.

1.O INTRODUCTION

DNA is organized in the nucleus with histones and non-histone proteins,
and packaged into a higher-order structure to f o m chromatin. The repeating
structural subunit of chromatin is the nudeosome, consisting of approximately
146 base pairs of DNA wrapped around an octamer of histones (Figure 1). This

core octarner is arranged as a tetramer of two histones H3 and two histones H4,
flanked on each side by a histone H2A

- histone H2B dimer.

The DNA entry and

exit point around the nudeosorne is sealed by a linker histone H l or H5
(Kornberg et al., 1999) which also rnakes contacts with histones H2A and H4.
The histones possess a conserved, central hydrophobie core containing a
structural motif known as the 'histone fold" (Arents et al., 1995) (Figure 2). This
histone fold consists of a central, 27 amino acid (aa) a-helix flanked between two
shorter 11 aa a-helices, which is the dimerization site of the histones- These
helix-strand-helix-strand-helix motifs are connected &y extended loops that

establish DNA contacts.
Histones also have an unstructured, basic N-terminal tail and a shorter Cterminal tail (Figure 2). The histone tails contain a variety of reversible, posttranslational modification sites such as acetylation, methylation, phosphorylation.
ubiquitination, glycosylation, and ADP-ribosylation. The majority of these
modifications occur on the extended N-terminal tail of the histones. It has been
shown that certain post-translational modifications of histones lead to the

f

2 nm
DNA double helix
11 nm
'beads on a stringn
chromatin

I

1400 nm

metaphase
chromosome

Figure 1. A) Model of DNA compaction within the eukaryotic nucleus. The DNA
double helix binds histones and non-histone proteins to form chrornotin fibres.
The 30 nrn chromatin structure is represented as the solenoid modei.
Scaffolding proteins establish chromatin fibre loops, which condense to fonn the
metaphase chromosome. 6) Structure of the nucleosome core particle. The
core consists of an octamer of histones H2A, H26, H3, and H4. Approximately 2
tums of DNA is wound around the core. which is sealed by linker histones Hl or
H5. Modified from Alberts et al., 1994.

alteration of chrornatin structure. Acetylation of lysines in the N-terminal tails of
the nucleosomal core histones is an example of one such modification.
The level of histone acetylation is the result of the net activities of histone

acetyltransferases (HATs) and histone deacetylases (HDAC). The activities of
these enzymes display varying specificities towards individual histones and/or

lysine residues of the histones. Histone acetyltransferases catalyze the addition
of acetate from its natural substrate acetyl-CoA ont0 specific core histone E-NH~+

lysine groups (Figure 2). Histone deacetylase is responsible for the hydrolysis of
these acetyl moieties. The research presented in this thesis centers around
histone deacetylases and will subsequently be the focus of discussion.

1.1 Classification of HDACs

Histone deacetylases belong to the deacetylase superfamily of proteins. It
is hypothesized that histone deacetylases stem from a common prokaryotic
ancestral enzyme (Leipe et al.. 1997). In prokaryotes, two enzymes belonging to
this group not only display sequence similanties to eukaryotic histone
deacetylases, but also functional similarities. The acetoin utilization protein
(acuC) is thought to function within the acuABC operon to remove acetyl groups
from acetoin andlor its intermediates during metabolism, although the exact
reaction catalyzed by the enzyme is not known (Leipe et al.. 1997).
Acetylpolyamine amidohydrolase (APH) deacetylate polyamines, ubiquitous
polycationic cornpounds whose metabolites are required for normal cell growth.

Polyamines electrostatically interad with DNA, and have been suggested to act
in wnjunction with histone acetylation in modulating chromatin structure
(Matthews, 1993). The actions of this enzyme parallel histone deacetylase in its
recognition of an acetylaminopropyl group, subsequent removal of the acetyl
group by cleavage of a non-peptide amide bond, and restoration of a positive
charge on the residue (Leipe et al., 1997; Ladomery et al., 1997; Khochbin et ai.,
1997). Since prokaryotes do not have histones, it is hypothesized that a gene

regulatory rnechanism relying on reversible acetylation and deacetylation of DNA
binding proteins existed pn'or to the evolution of histones (Leipe et al., 1997;
Ladomery et al., f 997; Khochbin et al., 1997).

1.1.1 Histone deacetvlases in veast

The yeast histone deacetylase Rpd3 (also known as rpd3p) was first
identified as a corepressor of transcription.

Six deacetylases have so far been

identified in yeast: Rpd3, Hosl, Hos2, Hos3, which comprise the class I
deacetylases (Rundlett et al., 1996; Grozinger et al., 1999); Hdai (also known as
hdal p), a class IIdeacetylase (Rundlett et al., 1996; Grozinger et al., 1999) and
Sirî (Imai et ai., 2000). Rpd3 and Hdal are related enzymes, displaying 24.5%
identity and 48.6% similarity over 498 aa (Rundlett et al., 1996). These
deacetylases are found in distinct complexes and display differential sensitivities
to histone deacetylase inhibitors. The 600 kDa HDB yeast cornplex contains
Rpd3, which is mildly sensitive to trichostatin A (TSA), a noncornpetitive histone

0

HDAC

II
H-N-C-CH,
I

acetyl
lysine

HAT

lysine

acetate

Figure 2. A) Schematic drawing of histones H l , H2A. H2B, H3. and H4. The
globular, apolar region (i
is)
highly consewed; the unstnictured N-terminal tails
(---) contain basic residues. Histone acetylation sites at lysine residues are
denoted as Ac. B) Reactions catalyzed by histone deacetylase (HDAC) and
histone acetyltransferase (HAT) on lysine residues. Addition of acetate to lysine
neutralizes the overall positive charge.

deacetylase-spe«fic inhibitor (Cannen et ai., 1996). Hdal is a component of the
300 kDa HDA complex which is awtely sensitive to TSA (Carmen et al.. 1996).

Originally, the Silent !nforrnation Regulator 2 (SiR) was characterized as
an essential component of complexes responsible for silencing heterochromatin
at telomeric regions, silent mating type loci. and ribosomal DNA repeats (Tanny

et ai., 1999; Guarente, 1999). An additional copy of the SIR2 allele lengthens
yeast cell life span by 2fold; mutation of SIR2 significantly reduces lifespan

(Kaeberlein et al., 1999). Establishment of heterochromatin at rDNA loci is
essential for yeast cell longevity (reviewed in Guarente, 1999), which is thought
to occur through the intrinsic Sir2 histone deacetylase activity (Imai et al., 2000).
Sir2 is unique from any characterized histone deacetylase in that (1) it is not

affected by TSA, (2) requires NAD for activity, and (3) also wntains ADP-ribosyl
transferase activity (Imai et al.. 2000). Since the Sir2 counterpart in mouse
(mSir2u) also wntains this deacetylase activity, this may be an important
enzyme goveming transcriptional

silencing and aging in higher eukaryotes (Irnai

et al., 2000;Strauss, 2000).

1.1.2 Histone deaœtvlases in mammals

To date, there are two main groups of mammalian histone deacetylases.
Class I histone deacetylases inciude hHDAC1 (Taunton et al.. 1996). hHDAC2 or

mRPD3 (Yang et al.. 1996). hHDAC3 (Yang ef al-, 1997). and hHDAC8 (Hu et
al.. 2000). These HDACs are ubiquitously expressed, and display high similarity

to yeast rpd3. hHDACl (55 kDa) is 52% identical to hHDAC2 (53 kDa) and 50%
identical to hHDAC3 (49 kDa) (Yang et al., 1997; Dangond et al., 1998). The Nterminal portion of these HDACs contain the conserved deacetylase core (Finnin
et al., 1999; Fishle et al., 1999; Wang et al.. 1999; Kadosh et al., 1998). The C-

terminus is divergent in these HDACs. HDACl and HDAC2 are associated in
vivo, but do not associate with hHDAC3 (Hassig et al., 1998). HDAC8 (45 kDa)

diverges in sequence similarity from hHDAC1 (37% similar), hHDAC2, and
hHDAC3 (37% similar) (Hu et al., 2000).

The second group of histone deacetylases are the Ciass II deacetylases.

These HDACs are larger than 80 kDa and exhibit extensive similarity to the yeast
hdal. Members of this group include hHDAC4 (Wang et al., 1999; Miska et al.,
1999) or hHDAC-A (Fischle et al., 1999), hHDAC5 or mHDA1 (Grozinger et al.,
1999; Verdel et al., 1999), hHDAC6 or mHDA2 (Grozinger et al., 1999; Verdel et
al, 1999). and hHDAC7 (Kao et al., 2000; Wang et al., 1999). Each of these
class il HDACs possess a unique N-terminus (Grozinger et al., 1999; Verdel et
al, 1999; Miska et al., 1999). HDAC4 and HDAC 5 CO-immunoprecipitatewith
HDAC3; however, no other class I HDAC was found to associate with class II
HDACs in vivo in Jurkat cells (Grozinger et a/.,1999). HDAC4 is distinct from al1
other known HDACs by its apparent shuttling between the cytoplasm and
nucleus in HeLa cetls (Miska et al., 1999). Unlike class 1, class II deacetylases
are expressed in specific tissue cells andfor states of differentiation (Fischle et

al., 1999; Grozinger et al., 1999; Verdel et al., 1999; Kao et al., 2000). Given that
yeast Rpd3 (class I homolog) and Hdal (class II homolog) are in distinct

complexes, these mammalian dass I and II HOACs may also have distinct
biological roles.

Recently, the aystal structure of a histone deacetylase-like protein
(HDLP) in Aquifex aeolicus has been detennined (Finnin et al., 1999). HDLP is
35.1% identical to hHDAC1 and is able to deacetylate histones in a TSA

sensitive manner (Finnin et al., 1999). HDLP is 375 aa in length and wnsists of
a central eight-stranded parallel 0-sheet and sixteen a-helices belonging to the

open d B class of folds (Finnin et al., 1999). Within this arrangement, a deep
pocket and an adjacent narrow cavity is forrned. The pocket is the binding site of
the histone deacetylase inhibitors TSA and suberoylanilide hydroxamic acid,
(SAHA) (Finnin et ai., 1999). The HDLP ernbodies the deaœtylase core
conserved in both class ! and II HDACs (approximately 390 aa in HDACs). This
conserved catalytic core domain is contained in the N-terminal portion of class I
HDACs, and is found towards the C-terminus in dass II HDACs. HDACG is the
exception where it contains 2 such catalytic domains (Fischle et ai., 1999;
Grozinger et ai., 1999; Verdel et ai., 1999).
The HDACs contain 19 invariant residues that are absolutely conserved
throughout the deacetylase family. Three of these residues (asp168, hisl70,
asp258) coordinate a single zinc atom in HDCP. Mutation of aspl 76 in hHDAC1

(same as asp168 in HDLP) completely disnipts its adivity as well as binding to
HDAC-associated proteins RpAp48 and mSin3A (Hassig et al,, 1998). Similarly,
mutation of his188 in yeast Rpd3 (his170 in HDLP) reduœs adivity to
background levels (Kadosh et al., 1998). There are other histone deacetylases

which apparently do not show any similarities to the dass I or class II HDACs.
The NAD-dependent yeast Sir2 deacetylase (Imai et al., 2000) and the rnaize

nucleolar HD2 (Lusser et al., 1997) do not have significant hornology to the
known HDACs thus do not contain these invariant residues.

1.2 Transcri~tionalrepression bv class I HDAC corn~lexes

A general correlation between acetylation of the core histones and
increased transcription has been long observed. It is speculated that acetylation
removes the positive charge of the lysine residue of the histone tails thus
weakening the affinity for DNA andlor intemucleosomal interactions. Acetylation
may also affect binding to other proteins involved in maintaining chromatin

structure. As a result, the DNA template is thought to be more accessibe to
transcriptional factors and machinery. This model has gained biochernical
support after several transcriptional coactivators (such as p300/CBP, TAF,i250)
were found to contain histone acetyltransferase activity. Conversely,

deacetylation of histones is thought to repress transcription, either by promoting
a more condensed chrornatin structure which hinders transcription factor binding,

or removing an acetylated target for transcription factor binding to occur (Ng and
Bird, 2000). Association of deacetylated histones with transcriptionally silent
regions has also been supported upon the identification of repressive complexes
containing HDAC. In fact, al1 characterized HDACs to date are subunits in
complexes that negatively regulate transcription.

DNA packaged in nucieosornal arrays creates an environment that is
repressive towards transcription. There are disparate HDAC-containing
complexes identified to date that are capable of modulating chromatin structure
either through 1) binding to mSin3 and RbAp46/48, 2) association of ATPdependent chromatin remodeling activities, or 3) direct association with
regulatory proteins.

1-2.1 mSin3-RbA~46/48repressor com~lexes

Genetic studies in yeast demonstrate that the yeast Sin3p is functionally
related to the yeast histone deacetylase Rpd3. Both Sin3p and Rpd3 negatively
regulate a variety of genes, and mutations in either gene causes transcriptional
derepression. The effect of mutating both SIN3 and RPD3 genes are not
additive; the resulting phenotype is no more severe than a mutation of either
single gene. This suggests Sin3p and rpd3p function within the same pathway
(Vidal et al., 1994 ; Kasten et al., 1997). The mammalian homolog, mSin3, has
also been found to be a corepressor of transcription. It is not wnsidered a
transcriptional repressor as it does not itself bind DNA. There are two orthologs
of mSin3 identified to date: mSin3A (1219 aa) and a shorter fom, mSin3B (954
aa). mSin3B has several variants that al1 have a cornmon N-terminus, but a

divergent, truncated C-terminus (Alland et al., 1997; Koipally et al., 1999). The
ubiquitously expressed mSin3A and mSin3B wntain four wnserved imperfect
paired amphipathic helix domains (PAH) which are thought to wntain sites of

protein-protein interactions (Wang et al., 199û). Because mSin3 itseif does not
have DNA binding ability, targeting to promoter regions occur through
intermediary proteins. HDACl and 2 can bind mSin3A and mSin3B (long fom)
in vivo at the HDAC jnteraction @main (HID) between PAH3 and PAH4 (Laherty
et al. 1997; Alland et al., 1997). This interaction is likely mediated by stabilizing

proteins as direct HDAC2 binding to mSin3A was not observed in vitro (Laherty
et ai., 1997). The C-terminal region of HDAC7 can interact with mSin3A at PAH7
(Kao et al, 2000). HDAC1 and 2 have been found to be the enzymatically active

component of the mSin3A corepressor wmplex (Laherty et al., 1998), although
repression by mSin3 does not require the presence of HDAC. Addition of HDAC
inhibitors do not fully negate mSin3-driven repression, suggesting mSin3 is still
able to mediate repression independently of HDAC. The absence of yeast rpd3

also does not abolish SIN3 directed repression (Kadosh et al., 1997). There is a
report that suggests mSin3A may act to prevent formation of the preinitiation

cornplex by binding to TFlfB (Wong et al., 1998).
The mSin3-HDAC multisubunit complex has been estimated to be as large
as 1-2 MDa. Sorne proteins associated with this cornplex have been identified.
The Retinoblastoma Bsociated Proteins 46 and 48 (RbAp46 and RbAp48), a

subunit of CAF1 (chromatin assembly factor 1), are found in mSin3-HDAC
complexes. RbAp46 and RbAp48 copurified with HDAC1 during the initial
purification of the enzyme (Taunton et al., 1996). RbAp46 and RbAp48 can
directly bind histones H2A and H4 in vitro, and may aid in tethering the HDAC
complex to the histones (Verreault et al., 1997).

Sin3 Associated Proteins 18 and 30 (SAP 18 and 30) are in vivo
constituents of the mSin3-HDAC complex (Zhang et al., 1997; Laherty et al.,

1998). Although the function of SAP18 has not been elucidated, it enhances
transcriptional repression by the mSin3 complex, and can target a repressive
complex when tethered to a promoter (Zhang et al., 1997). SAP30 associates

with mSin3 at PAH3, and also makes direct contacts with HDACl (Zhang et al.,
1998b). it t w directs the formation of a repressor complex when tethered to a

promoter (Zhang et al., 1998b). SAP30 is required for antagonist-bound,
estrogen reœptor-mediated transcriptional repression (Laherty et al., 1998). The
SAPs may serve to stabilize interactions between mSin3, HDAC, and other
components of the cornplex.
HDAC-mSin3 complexes are directed to its target region via sequence
specific DNA binding proteins that interact directly with rnSin3. Some examples
of DNA binding proteins that recniit mSin3-HDAC indude the Mad-family proteins

(Laherty et al., 1997), NCoRISMRf-binding unliganded hormone receptors
(Alland et al., 1997; Heinzel et al., 1997; Nagy et al., 1997), MeCP2 (Jones et al.,
1998; Nan et al., 1998), p53 (Murphy et al., 1999), and the Ikaros-farnily proteins

(Koipally et al., 1999).

i) Mad-mediated repression bv mSin3-HDAC

The Max family proteins are transcription factors containing basic regionhelix loop-helix-zipper domains that play a central role in transcriptional activation

and repression. The outcorne is dependent on the protein it dimerizes with.
When Max heterodimerizes with the Myc family of proto-oncoproteins during
proliferation, transcriptional

activation of Myc-responsive genes occur. During

differentiation, Mad-family protein (the antagonist to Myc) levels substantially
increase and Myc levels drop, essentially leading to a Myc:Max to Mad:Max
switch. M e n Max heterodimerizes with the Mad family proteins, transcription is
repressed and cell growviltransformation by Myc and Ras iç inhibited (reviewed
in McArthur et al., 1998). Therefore, Mad and its related proteins (such as mxil )

are dassified as tumor suppressors (Nomura et al., 1999; Schreiber-Agus et al.,
1998). The Mad family proteins bind mSin3AIB at PAHZ, thereby recruiting

HDACs to the myc promoter (Laherty et al., 1997). This interaction is required
for Mad-mediated transcriptional repression (Laherty et a/., 1997).

ii) N-CoRISMRT mediated remession bv mSin3-HDAC

Retinoic Acid and Thyroid Hormone Receptors are transcription factors
that activate expression upon binding of their respective ligand, retinoic acid or
thyroid hormone. In the absence of ligand, two types of wrepressor proteins
may bind to these receptors: N-COR (Nudear Receptor CoRepressor) or its
related protein SMRT (Silencing Mediator for Betinoid and Lhyroid homone
Receptors). N-COR(270 kDa) or SMRT binding to the unliganded receptor
prevents transcription. N-COR binds both mSin3A and mSin3B; SMRT binds
only mSin3A at PAHl (Heinzel et al.. 1997; Ailand et al., 1997; Nagy et al.,

1997). In addition, mSin3 and SAP30 are essential for N-CORmediated

repression (Heinzel et al, 1997. Laherty et al., 1998). Through microinjedion
studies, it is suggested that much of the cellular mSin3 is associated with N-COR
(Heinzel et al., 1997).
The mSin3 associated with NCoWSMRT was found ta contain
enzymatically active HDACl or HDACP (Heinzel et al.. 1997; Afland et al., 1997).
Not al1 N-CORor SMRT mediated repression occurs through mSin3-HDACl. N-

COR can bind HDAC4 and HDACS independently of M i n 3 (Huang et al., 2000).
SMRT can also directly interact with HDAC4 (Huang et al.. 2000), HDACS and
HDAC7 (Kao et al., 2000) in vitro and in vivo. However, HDAC7 is also able to

bind mSin3A in addition to SMRT (Kao et al., 2000). This shows that there are
several non-competing N-CoRtSMRT complexes that are able to recruit different
HDACs in nuciear hormone receptor repression (Huang et al., 2000; Kao et al.,
2000). N-CORand SMRT not only mediate transcriptional repression of

unliganded retinoic acid and thyroid hormone receptors, but other hormone
receptors and DNA binding proteins such as antagonist-bound ER (Laherty et al.,

1998;Lavinsky et al., 1998). antagonist-bound PR, TR, Pitl (Xu et al., l998),and
leukemic fusion proteins PML-RAR and PLZF-RAR.

iii) Silencina bv MeCP2

The genomes of higher organisms are subject to rnethylation, which is
correlated to gene silencing. Particulariy, methylation of S'cytosine residues in

CpG dinucieotide repeats within promoter regions is often associated with
repressed transcription. Transcription can be dom-regulated by preventing
transcription machinery andlor factor binding to the 5'-methylated cytosine
residues within the recognition sequence. Silencing c m also achieved by
recruitment of HDAC corepressor complexes via proteins that specifically interact
with methylated DNA sequenœs. The methyl-CpG-binding protein MeCP2 can

recognize a symmetrically methylated CpG residue in naked DNA or chromath
through its methylcytosine binding domain (MBD). MeCP2 has been found in
abundance at regions known to wntain hypennethylated DNA sequences (Nan

et al.. 1996). MeCP2 also contains a transcription repression domain (TRD)
which can interact with mSin3A. recmiting HDAC1 and HDACP (Jones et al.,
1998; Nan et al., 1998). It is estimated that approximately 90% of the cellular

MeCP2 cofractionates with Sin3 in X. laevis oocytes (Jones et al., 1998).
Transcriptional repression by the TRD could not be completely alleviated by TSA,

suggesting altemate HDAC-independent repressors are involved (Nan et al.,
1998; Jones et al., 1998). The mechanistic link between DNA methylation and

histone acetylation state is also supported by several observations tying the two
processes together. The rnammalian inactive X chromosome is highly
condensed, enriched in methylated domains and hypoacetylated H3 and H4.
where the active X chromosome is associated with acetylated histones

(Jeppesen et al., 1993, and references therein). In addition, treating Neurospora

crassa and Brassica napus with TSA leads to demethylation and derepression of
methylated genes (Selker, 1998; Chen et al., 1997). MeCP2 may also have a

role in organizing nuclear architecture, as the chicken matrix attachment region
binding protein (ARBP) is homologous to the rat MeCP2 (Weitzel et al., 1997).

iv) Transmi~tionalre~ression
bv p53-mSin3A

The turnor suppresor p53 is considered both a transcriptional activator and
repressor. When activated, p53 stimulates expression of genes involved in cell
cycle control and downregulates some of those involved in cell growth. In some

cases, p53 initiates apoptosis in response to severe cellular damage. Recently,
a mechanism for transcriptional repression in the apoptotic pathway by p53 has
been suggested. Wild type p53 can associate with mSin3A and HDACl in vivo
and repress transcription of the p53 target genes Map4 and stathmin (Murphy et

al., 1999). TSA can not only inhibit the repression of these genes, but can also
inhibit apoptosis by p53 (Murphy et al., 1999).

1.2.2 HDAC in ATP-de~endentchromatin remodellin~
com~lexes

In recent years, it has been demonstrated that ATP-dependent chromatin
remodeling complexes have a significant role in regulating transcription. Initiation
of transcription is severely hindered on nucleosomal templates, which c m be
disrupted by ATP-dependent remodeling complexes to allow access for

transcription factor binding. As expected, many of these identified complexes are
involved in transcriptional

initiation (for review, see Kingston et al., 1999).

Recently, a complex containing ATPdependent nucleosomal remodelling activity
has been irnplicated in transcriptional silencing. This multiprotein complex,
terrned the Nucleosome cernodelling and beacetylating complex (NuRD) was
found to contain histone deacetylase activity, as well as ATP-dependent
remodeling activity (Xue et ai., 1998, Tong et ai., 1998, Zhang et al., 1998a). An
integral part of this large complex is the core unit wnsisting of HDACI, HDAC2,
RbAp46, and RbAp48. No other cornponents of the mSin3 complex are

apparently found in the NuRD complex. Most of the cellular HDACl and HDAC2
are found in the NuRD complex (Xue et al., 1998, Tong et al., 1998, Zhang et al.,

l998a).
The NuRD also contains CHD3 and CHD4 (also known as Mi-2a and Mi2p respectively), members of the CHD family of proteins. The CHD family of

proteins al1 contain two chromodomains, an ATPaseIhelicase domain, and a
DNA binding domain. This ATPaseIhelicase motif is found exclusively in switch
2/sucrose non-fermentable 2 (SW12/SNF) remodelling complexes (Xue et al.,
1998, Zhang et al., 1998a). Originally, CHD3 and CHD4 were identified as self-

antigens found in dermatomyositis patients (Seelig et al., 1995).
Another component of the NuRD complex is metastasis-associated
protein 2, MTA2. MTA2 is 65% identical to MTAI, which is found at elevated
levels in several metastatic cell Iines and tissues. MTA2 expression was also
increased in cervical cancer tissue. MTA2 modulates the HDAC activity found in
the core unit (HDAClR, RbAp46/48), but its exact function within the NuRD

remains elusive. The identity of another NuRD subunit, p32, has not been
elucidated.
The nudeosome remodelling complex is also tied to methylated DNA
domains, as with the mSin3-HDAC complex. The MBD family of proteins (which
includes MBD14, MeCP2) shares a wellconserved methyl-CpG binding domain.
Some members, MBD3a and an in-frame splice variant major form MBD3b. have
been identified as subunits in the NuRD complex. In X. laevis, MBD3 selectively

bound methyl CpG sequences in vitro (Wade et al, 1999).

MBD 2 is hghly related to MBD 3 (72% identical). but is a constituent of a
different repressor complex. MBD2 is found in the 400-800 kDa MeCPl
repressor complex wntaining HDACI, HDACP, RbAp46, RbAp48 (Ng et al.,
1999). MBDP has not been identified as a wmponent of the NuRD complex, but

is able to bind the complex in vitro and stabilize its binding to methylated DNA

sequences (Zhang et al, 1999). A report suggests MBD2 may wntain
demethylase activity, implicating its role in activating genes targeted by
methylation (Bhattacharya et al., 1999). MBD2 may play a dual role in initiating
and repressing transai-ption. However, Wade et al. (1999) and Ng et al. (1 999)
were unable to demonstrate such dernethylase activity with MBD2.
In previous experiments, HDAC1 could not deacetylate nucleosomes in
the context of minichromosome templates (Hassig et al., 1998). It has been
demonstrated that ATP c m stimulate HDAC activity in the NuRD complex to
deacetylate nucleosomal templates, presumably by disrupting nucleosomes and

exposing the substrate to HDAC (Xue et al., 1998; Tong et al., 1998; Zhang et

al., 1998). However, the true function of this complex has not yet been
etucidated.

1.3 Association of lkaros familv proteins in both mSin3 and NuRD complexes

Ikaros and Aiolos are zinc finger DNA binding proteins. These members
of the Ikaros farnily of proteins are essential determinants in lymphoid ceil

lineage. lkaros behaves much like YYI or UME6 in that it can act as an initiator
or repressor of transcription, depending on the cantext of the recniitment to the
promoter regions. Direct binding of Ikaros to promoters containing the lkaros
consensus binding sequence (GGGA) drives t r a n ~ ~ p t i o nHowever,
.
when
lkaros and Aiolos are tethered to a promoter through a heterologous DNA
binding domain, the expression of the reporter gene is repressed. This
repression is dependent on ce11 type (Koipally et al., 1999). lkaros involvement in
gene repression is further suggested by its preferential colocalization to
transcriptionally silent heterochromatin in proliferating lymphocytes (Kim et al.,
1999). Recently, it has been discovered that lkaros binds mSin3A between

PAH3 and PAH4, and can also bind mSin3B and a mSin3B isoform at a region
spanning PAH1 and PAH2 (Koipally et al., 1999). It has been further established
that lkaros can not only bind mSin3A and mSin3B, but it also interacts with

SAP18, HDAC1, and HDACZ, but not with HDAC3 or SMRT (Koipally et al.,

1999).

In addition to binding mSin3-HDAC, lkaros is also a component of the
ATP-dependent chromatin remodeiiing complex (Kim et ai., 1999). In cyding Tcells, lkaros is found in a large 2 MDa immunopurifiedcomplex wntaining Mi-2,
HDACI, HDAC2, and RbAp48 (Kim et al., 1999). This complex is capable of

remodelling chromatin in an ATP-dependent fashion (Kim et ai., 1999). There is

also some evidence that a small proportion of lkaros and Aiolos interacts with
Brg-1, hSWI-3, and BAF430, wmponents of the homologous SWIISNF complex

in higher eukaryotes (Kim et ai., 1999).

1-4 Other HDAC containina com~lexes

Histone deacetylases may exist in complexes not containing mSin3 or
ATP-dependent remodelling activities. HDACs may interact directly with
regulatory proteins to exert their effects on a subset of genes. Some examples
are described below.

1-4.1 Transcriptional re~ression
bv Rb

The Retinoblastoma protein (Rb) and related "pocket proteinnfamily
members p l 07 and p l 30 regulate the cell cycle by repressing entry into S phase.

The Rb family proteins bind and sequester the transcription factor E2F. The E2F
family comprises of five members (E2F1-E2F5), which, when dimerized to
differentiation-regulatedtranscription factor polypeptide (DP) family of

transcription factors, target genes mtrolling cell growth and DNA replication. In
late G1, Rb becames hyperphosphorylated by cydin-dependent kinases and is
released from E2F, allowing the cells to progress into S phase (reviewed in
Dyson, 1998; Brehm et al., 1999).
Growth arrest is thought to be largely due to the formation of Rb-E2F.
Binding of Rb to E2F prevents access to the transcriptional machinery to the
activation dornain of E2F. It was aiso fwnd that hypophosphorylated Rb can act
as a powerful repressor by directly binding HDAC1 or HDAC2 (Brehm et al.,
1998; Magnaghi-Jaulin et al.. 1998; Luo et al., 1998). The Rb related proteins

pl 07 and p i 30 a n also interact with HDAC1 to repress E2F (Ferreira et al.,
1998;Stiegler et al., 1998). RbAp48 is a component of the Rb-HDAC1 complex
in vivo, and can also physically interact with E2F1 (Nicolas et al-.2000). The
functional importance of this interaction is demonstrated when Gal4-Rb is
recruited to the promoter, the local diromatin was found to contain significantly
decreased levels of acetylated H3 histones as detemined by the diromatin
immunoprecipitation(ChlP) assay, demonstrating Rb may deacetylate histones
in vivo (Luo et al., 1998). Another Rb-associated protein, RBP1, was found to

associate with Flag-HDAC1, Flag-HDAC2, and Flag-HDAC3 in vivo (Lai et al.,

1999).
Rb-HDAC may also repress transcription by influencing E2F1 activity.
E2F1, a member of the E2F family, was found to be acetylated by the histone
acetyltransferase PICAF leading to an inaeased potential to activate

transcription (Martinez-Balbas et a/., 2 0 ) . Rb-HDAC can deacetylate E2F1
and reduce its ability to activate transcription (Martinez-Balbas et al.. 2000).
1-4.2 Transcri~tionalreaulation bv HDAC-YY1

The zinc finger transcriptional factor yin & m g 1 (W1) is able to positively

and negatively regulate transcription. YYl is able to partition to the nucleolus
and the nuclear matrk (McNeil et al., 1998). Its capacity to activate transcription

is repressed when in direct association with HDAC1, HDACP, or HDAC3 (Yang

et al., 1996; Yang et al., 1997).

1.4.3 BRCAl

lnherited mutations of BRCA1 have been implicated in increased
susceptibility to breast and ovarian cancers. The molecular role of the 220 kDa
protein BRCAI is not cleariy understood, but it is suspected to function as a
tumor suppressor. Recently, BRCAl has been found to establish contacts with
RbAp46 and RbAp48 in vitro and in vivo with HDACl andlor HDACP (Yarden et

a/., 1999). Expression of BRCAl can also lead to suppressed cell growth.
BRCAl c m lead to dephosphotyiation of Rb and deaease cyclin dependent

kinase activity. In addition. BRCAl can bind p53 and together can induce
apoptosis (Yarden et al., 1999). Furthermore, BRCA1 can induce p21WAFllClPI
expression, wtrich is a potent cell cycle suppressor.

The DNA rnethyltransferase Dnmtl is responsible for the addition of

methyl groups on cytosine residues in mammalian DNA. As discussed earlier,
gene silencing can occur by recruitment of methyl-DNA binding proteins which in
turn recruit HDAC. In the case of Dnmtl , HDAC1 is directly bound in vitro and in
vivo, and represses transcription in a TSA sensitive manner (Fuks et al., 2000).

Interestingly, Dmntl contains a CxxCxxC motif found in MBD1, a subunit in the
MeCPl repressor complex (Cross et a/., 1997). Dnmtl may act in concert with

the other methyl-DNA binding proteins to maintain unacetylated histones within
target chromatin regions containing methylated DNA.
It is evident that HDACs can be directly targeted to specific gene
sequences through DNA binding proteins, leading to transcriptional silencing
(Figure 3). However, the direct target and substrate specificity of these HDACs
in such repressive complexes has not been directly dernonstrated. Although the
assumption that HDACs deacetylate histone/nucieosomal substrates is attractive.
one cannot rule out nonhistone targets like transcription factors that may be

regulated by HDAC and in turn, influence the transcriptional state.

1.5 Possible HDAC involvement in previouslv characterized repressive svstems

Through the discovery of chromatin structure goveming the state of gene
expression, it is no longer assumed repression is solely the action of proteins 1)

1lkaros

Figure 3. HDAC-interacting proteins characterized to date that are involved in
transcriptional repression. HDACl and HDAC2, together with RbAp46/48, are
components of two large multiprotein complexes containing mSin3AiB or
CHD3/CHD4. Note that some proteins associate with HDAC and/or HDAC
binding proteins only in certain cell types. Direct binding between proteins are
indicated by arrows. MEF, myocyte enhancer factor 2; ' denotes receptors are
bound to their respective antagonist.

directly binding to DNA to actively block transcription, or 2) binding to other
protein factors required for transcription.

T b involvement of HDAC in gene

expression downregulation is an important mechanism that is being identified in
diverse repressive systems at a rapid rate. Some complexes described below
may involve the recruitment of a histone deacetylase to achieve transcriptional

repression.

1.5.1 AML-ET0

Acute myeloid leukemia (AML) is a condition where abnomal
hematopoietic precursors fail to differentiate into granulocytes. These numerous
immature blasts are found in large quantities within the bone marrow and can
circulate systemically. Normal production of red and white blood cells, as well as
platelets is disnipted. AML is classified into several subgroups, depending on
the cell morphology and cytogenetics. One common translocation associated

with AML is t(8:21), estimated to account for 10-15% of AML cases caused by
translocations (Lutterbach et al., 1998; Fenrïck et al., f 998). As a result of this
translocation, the AML1 transcription factor fuses with ETO, a protein whose
function is not clearly defined. AMLl is essential for erythroid and myeloid
differentiation (Fenrick et al., 1998). The AMLl /ET0 fusion protein represses
transcription but does not compete with AML1 for enhancer binding sites.
Therefore, AM11IETO rnay r e m i t histone deacetylase to repress transcription.

1.52 Smads

The Smad-family proteins are evolutionarilyconserved mediators of
transcriptional activation by members of the TGF-j3 superfamily of cytokines.
Upon activation, Smads directly translocate to the nucleus where they may

recruit coactivators (such as p300lCBP) to activate transcription (reviewed in
Massagué and Chen, 2000; Massagué and Wotton, 2000). Recentjy, it was
found that Smads might also act as transcn-ptionalrepressors. Overexpression
of Smad2, Smad3, or Smad4 repress transcription of the c-Myc promoter in

murine keratinocyte cells (Liberati et al., manuscript in preparation). In a twohybrid screen, Smad3 was able to associate with hHDACl (Liberati et al.,
manuscript in preparation). Association of enzymatically active HDAC with
Smads were determined.

The NF-E2 wmplex is an erythroid specific transcription factor belonging
to the basic region-leucine zipper (bZIP) family.

It consists of two subunits: p45

NF-E2 and the DNA-binding p l 8, a member of the chicken oncoprotein v-Maf

family (Andrews et al., 1993; lgarashi et al., 1994). NF-E2 can both positively
and negatively regulate transcription. NF-€2 acts as a repressor of transcription

when associated with NF-€2 Interacting Polyeeptide 1 (NIPP1). NlPPl is a
hornolog of Pexl4p. a protein that is required for peroxisomal protein import

(Fransen et al., 1998). The corepressor function of NlPP1 was investigated to
detemine if histone deaœtylase activity is present.

The Drosophila C-terminal binding protein (dCtBP) and Groucho are

corepressors of Hairy-mediated transcriptional repression in Drosophila
embryogenesis. Hairy is a prirnary pair-nile gene product, whose repressive
function is required for proper embryonic segmentation. The actions of Groucho
and dCtBP differ towards hairyfunction. Deaeased Groucho activity enhances
the hairy mutant phenotype; however, decreased dCtBP activity reduces the
phenotype (Phippen et al., 2000). The basis of this repression was investigated

to determine if histone deacetylase interacts with these corepressors.

1.6 Requlation of HDAC activity

1.6.1 HDAC levels in ceHular proliferation and differentiation

It appears that an equilibrium between acetylation and deacetylated

histone states is critical for normal cell cycle progression. Yeast H4 N-terminal
deletion mutants which block acetylation have a prolonged G2 phase (Kayne et

al., 1988). Similar observations were made in plant cells (Belyaev et al., 1997).
This suggests HDAC plays a vital role in cell cyde regulation. The normal mRNA
expression pattern of murine HDAC1 in 3T3 cells does not appear to Vary

throughout the cell cycle (Bad et aï., 1997). However, when mHDACl is
overexpressed, G2 and M phases are prolonged and the growth rate is reduced
(Bartl et a!., 1997). Accumulation at G2/M is also observed with overexpressed
HDAC3 in human myeloid leukemic cells (Dangond et al., 1998).

Overexpression of yeast Sir2 leads to general growth disruption and decreased
viability (Holmes et al., 1997).
It also appears that inhibiting HDAC activity affects ceIl growth and
differentiation. Fibroblasts arrest in early G1 and G2 upon addition of TSA
(Yoshida et a/., 1988) or trapoxin, an irrevenible HDAC inhibitor (Kijima et al.,
1993). However, TSA also upregulates expression of mHDA1 (the mouse

homolog of hHDAC5) and mHDA2 (hHDAC6 homolog) in mouse rnammary
tumor cells (Verdel et al., 1999). When cells were induced to differentiate,
expression of mHDAl and mHDA2 was also upregulated (Verdel et al., 1999).
This is expected since TSA induces differentiation (Yoshida et a/., 1988). It

appears a balanœd level of HDAC andor HDAC complexes is required to
maintain a normal state. In breast cancer cells quinidine-induced differentiation
leads to HDAC1 degradation via the 26s proteasome pathway (Zhou et al.,

2000).

1.6.2 Potential recrulation of HDAC activitv bv Casein Kinase 2

The serinelthreonine protein kinase casein kinase 2 (CK2) is a

heterotetramer composed of two a (44 kDa) andlor a' (38 kDa) catalytic subunits,

and two p (26 KDa) regulatory subunits. It can utilize both ATP and GTP as
phosphoryl donors with similar Kmvalues (10 p M for ATP and 30 pM for GTP).
The minimum CK2 consensus sequence is Sm-X-X-DIUphosphoserine. CK2 is

localized both in the cytoplasm and nucleus, but exists predominantly in the
nucleus and nucleolus in growing celk undergoing synchronous G1 to S
transition following stimulation (Krek et al, 1992).

CK2 has been implicated in a variety of cellular fundions induding celt
growth and proliferation. Known CK2 substrates include several proteins
involved in transcription and nucleic acid synthesis (such as RNA polyrnerase I
and II, DNA topoisornerase I and II,and DNA ligase) as well as several
transcription factors (such as c-Myc, p53, Rb, E1A adenovirus protein, Large T
antigen of SV40) and other nudear and nucleolar proteins (such as HMG 1 and
14, nucleolin, nucleolar protein B23). Interestingly, CK2 has been found to
copurify with a X. laevis RNA polyrnerase I holoenzyme complex wntaining

histone acetyltransferase adivity, which fulher irnplicates the enzyme's
involvement in chromatin modification and transcription (Albert et al., 1999). CK2
is also localized to the nuclear matrix (Tawfic et al., 1994; Tawfic et al., 1999).

Because histone deacetylase activity is also found in the nudear matrix (Hendzel
et al., 1991), and the maize histone deacetylase HD1 is phosphorylated (Brosch

et al., 1992), and HD2 is a nudeolar phosphoprotein (Lusser et al., 1997) HDACs
may be phosphorylated. Two potential CK2 sites and one cAMPdependent

kinase phosphorylation site have been identifiecl in hHDAC8 (Hu et al., 2000).
HDAC3 contains a putative tyrosine kinase phosphorylation site which is

conserved among the class I HDACs (Dangond et al., 1998). Sequence analysis
of cHOACl reveals several candidate CK2 phosphorylation sites residing mainly
in the C-terminal region.

1.7 Histone deacetvlases in chicken ervthrocvtes

Chicken erythrocytes offer an excellent model to investîgate the influence
of chromatin structure towards the state of gene expression. Transcriptionally

active, competent, or inactive domains have been well characterized in the
erythroid cells in reference to degree of chromatin condensation. This is
determined by its DNase I sensitivity; DNase I sensitive regions are thought to
represent nucleosome free andlor disrupted chromatin regions. The association
of such domains ( e - g . the globin genes) with the erythroid nuclear matrix has also

been characterized. The nuclear matrix serves not only as the architectural
scaffold of the nucleus, but is thought to be the site of transcription (for review
see Stein et a/.,2000). Nuclear DNA is thought establish loop domains by
attachment at the nuclear matrix via matrix associated region (MAR) binding
proteins. Some of the proteins involved in mediating dynamic attachments with
the DNA to the nuclear matrix have been identified. So far, many proteins
involved in transcription have been localized to the chicken erythroid (and
mammalian) nuclear rnatrix. Among these proteins, chicken erythrocyte histone
deacetylase (cHDAC) is a component of the nuclear matrix (Hendzel et al.,
1991). There is also suggestive evidence that cHDAC is a MAR-binding protein

which implicates the enzyme's involvement in mediating dynamic attachments

with DNA and the nuclear rnatrix (Sun et al., 1999). It is thought that the chicken
attachment region binding protein (ARBP), the homolog of MeCP2, may interact
with the cHDAC.

The chicken B cell line DT4O wntains cHDAC1 (93.8% identical to
hHDAC1), cHDAC2 (97.1% identical to hHDAC2), cHDAC3 (97% identical to

hHDAC3) histone deacetylases(Takami etal, 1999). Like hHDAC1 and
hHDAC2, cHDACl and cHDAC2 interacts in vivo with the ctiicken homolog of
RbAp48, chCAF-1p48, a member of the WD protein family and component of the

Chromatin Assembly Factor-: (CAF-1) (Ahmad et al, 1999). Homozygous
deletions of cHDAC1 and cHDAC2 are non-lethal (Takami et al, 1999).
However, cHDAC3 is essential for cell viability (Takami et al, 2000).
Interestingly, cHDAC2 is involved in regulating the switch from membrane bound

IgM to secretory IgM in DT40 cells (Takami et al, 1999). However, the precise
roles of cHOACl and cHDAC3 have not been elucidated.
The predominant form of histone deacetylase in transcriptionally-active

immature chicken erythrocytes appears to be CHDACI,the hHDACl homolog.
In early embryonic reticulocytes, there is some evidence of cHDAC1 variants

(Sun, J.-M., unpublished observations). The cHDACl can be purified to a single
66 kDa band (Sun et al., 1999). As with the yeast Sir2 deacetylase (Imai et al.,

2000), recombinant Hos3 (Carrnen et al., 1999), and recombinant hHDAC8 (Hu
et al., 2000), this purified histone deacetylase contains intrinsic HDAC activity.
The properties of this purified cHDAC have been investigated, finding that its pH

optimum in MOPS buffer is 7.5 and in sodium phosphatelcitric acid buffer and

optimum of 7.0 (Sun et al.,l 999). lnaeasing amounts of NaCl reduce its adivity
(Sun et al.,t 999).
Biochernical properties of the HDAC activity in the context of the complex
have been investigated. In chicken erythrocyte cellular extrads (Figure 24),

histone deacetylase adivity can partition in 220 kDa and 55 kDa complexes (Li et

al., 1996). The cellular extract cHDAC complex prefers H3-H4 tetramers over
H2A-H2B dimers as a substrate, but the nuclear matrix HDAC strongiy prefers

H2A-H2B dimers and were able to deacetlyate oligonucJeosomes, unlike cellular
extract cHDAC (Li et al., 1996). However, the possibility of an additional HDAC
responsible for the activity profile exists. Charaderization of the chicken histone
deacetylase complex may provide additional insights to HDAC complex
constituents that may or may not have been previously identified.

1.7.1 cHDAC is a possible metalloenzvme

As mentioned earlier, sequence analysis suggests HDACs, APH, and
AcuC originate from a deacetylase superfamily of proteins. This supports the
notion of an ancient gene regulatory mechanism that relied on reversible

acetylationfdeacetylation of DNA binding proteins before histones evolved.

APH from mymphana ramosa contains zinc binding sites within the
acuC1APH homology region that is required for activity (Fujishiro, K. et al., 1988;

Sakurada et al.. 1996). The aystal structure of the prokaryotic HDLP shows a
single zn2+atom bound to the structure (Finnin et al., 1999). There is a

suggestion that hHDAC1 is a metalloenzyrne since its adivity is abolished in the
presence of zinc chelators (Hassig et a/., 1998). Therefore, it is conceivable that
cHDAC also contains zinc binding sites and possibly requires zinc binding for
activity. lt is also possible that other divalent cations may supplement HDAC to
obtain activity.

2.0 RESEARCH AlMS AND HYPOTHESIS

Histone deacetylases are found in numerous complexes which are able to
dom-regulate transcription. However, the substrate(s) of these complexes has
not been established. Total free histones, individual core histones, histone H2AH2B dimers, histone H3-H4 tetramers, mononucleosomes, polynucleosornes,

and non-histone protein substrates were labeled with [3~]-acetate
and purified.
The substratels) targeted by Flag-HDACl , Flag-HDAC2, and Flag-HDAC3
immunoprecipitated complexes will be detennined.
Several complexes that play a role in transcriptional

repression have been

identified: AML1-ETO, Smads, NIPP1, and dCtBP. However, the mechanism of
repression has not been clarified. To identify whether or not repression occurs
via the action of histone deacetylases, activity assays will be performed on

imrnunoprecipitates containing these proteins to detemine if histone deacetylase
is an enzymatically active component of such complexes.

Histone deacetylase reguiation is essential for proper cellular function.

Therefore, identification of regulatory modifications that can influence histone
deacetylase activity is of interest. Phosphorylation is an example of a posttranslational modification which has been shown in numerous systems to be a
strong determinant in regulating enzyme activity. We will demonstrate whether
Flag-HDAC1, GST-HDAC1, Flag-HDAC2, FlagHDAC3 can be phosphorylated in
an in vitro kinase assay using the candidate kinase Casein Kinase 2.

The chicken erythrocyte genome is well characterized in terms of
chromatin structure and its functional state, organization, and biochemical
properties. Involvement of the nuclear matrix and its associated proteins in
maintaining such chromatin domains has also been extensively investigated.
Previous work in our lab identified cHDAC1 as the predominant histone
deacetylase in immature chicken erythrocytes. The composition of the histone
deacetylase complexes in the chicken erythrocyte has not been determined. It is
known that the chicken erythrocyte histone deacetylase is localized to the

nuclear matrix. It is conceivable that the histone deacetylase complex wntains
nuclear matrix associated proteins involved in transcriptional regulation.
Therefore, the composition, namely the histone deacetylase(s), found in such
complexes must be identified. We sought to identify if cHDACl is solely
responsible for histone deacetylase activity in the complexes. Further
characterization of the avian wmplex may lead to identification of novel human
histone deacetylase complex constituents.
Histone deacetylase activity can be influenced solely by its environment.
An attempt was made to characterize the optimal histone deacetylase activity

conditions. Evidenœ frorn a sirnilar prokaryotic enzyme suggests histone
deacetylase is a metalloenzyme. We will determine the influence of cationic
chelators on histone deacetylase activity, and whether activity can be restored
upon incubation with divalent cations.

There were five hypotheses tested in this research. First, we postulate
that HDACs within transcriptionally repressive complexes indiscriminantly

deacetylate al1 four core histones in vitro. Second, we hypothesize that
AMLlIETO, Smads, NIPPI, and dCtBP recruit corepressor complexes that

contain HDAC activity. Third, aside from other protein factors in the HDAC
cornplex, we hypothesize that HDAC activity is influenced by phosphorylation. It
is Iikely that casein kinase II is responsible for increased HDAC activity. Fourth,

we hypothesize that cHDAC1 is not the only HDAC responsible for activity in

chicken immature erythrocytes. f ifth, we think that cHDAC is a metalloenzyme
that requires zinc for adivity. Incubation with zinc chelators will abolish HDAC
activity.

3.0 EXPERIMENTAL METHODS

3.1 Collection of chicken immature ervthrocvtes

Haemolytic anaemia was induced in adult fernale White Leghorn chickens
(no older than 3 months of age) treated with 2.5% (wlv) l-acetyl-2-

phenylhydrazine (Sigma) in 60% ethanol according to the following schedule: day

-

1 0.7 ml; day 2 - 0.7 ml; day 3

- 0.4 ml; day 4 - 0.6 ml; day 5 - 0.7 ml; day 6 -

0.8 ml. Following this treatrnent, the anaemic blood typically contains 95%
reticulocytes (eariy, mid, and late polychromatic erythrocytes) and 3% mature
erythrocytes (Williams, 1972). On the seventh day, blood cells were harvested by
severing the jugular vein and wllected in approximately an equal volume of icecold blood collection buffer pH 7.4 (75 mM NaCI, 25 mM Tris-CI pH 7.5, 25 mM

EDTA pH 8.0). The blwd was filtered through 8 layers of cheesecloth and the
cells were pelleted by centrifugation at 3500 rpm (SS-34 rotor) for 10 minutes at
4°C. The white buffy-coat layer was removed by vacuum aspiration.

Erythrocytes were washed twice in blood collection buffer, followed by two
washes in Swim's S-77 Media pH 7.2 (Sigma). In some cases, immature
erythrocytes were further treated with sodium butyrate. The erythrocyte pellet
was resuspended in two volumes of Swim's S-77 Media pH 7.2. Sodium

butyrate was then added to a final concentration of 10 mM and incubated at 37°C
for 60 minutes with gentle shaking. Erythrocytes were centrifuged at 500 x g for
10 minutes and the cell pellet stored at -80°C.

3.2 Incorrioration of r3~1-acetate
bv immature ewthrocvtes

Freshly collected immature erythrocytes were washed in collection buffer
and Swim's S-77 Media as described previously. The erythrocyte pellet was

resuspended in two volumes of Swim's S-77 Media pH 7.2 and pretreated with
20 pM cycloheximide for 30 minutes at 37°C. The erythrocytes were then
iabeled with 0.1 mCilml [3~]-acetate,(sodium salt; ICN) at 37OC for 60 minutes.
Following treatment, erythrocytes were centrifuged at 500 x g for 10 minutes.
The supernatant was removed and the cell pellet washed twice with at least four

pellet volumes of Swim's S-77 Media pH 7.2 to remove free [3~]-acetate
before
storing at -80°C.

3.3 Pre~aration
of chromatin fractions SE, PE. 5150.P l 50 from chicken

ervthrocvtes

Immature chicken erythrocytes, previously stored at -ûO°C, were thawed
on ice and resuspended in Reticulocyte Standard BMer (RSB) (10 mM Tris-CI
pH 7.5,10 mM NaCI. 3 mM Mg&, 5 rnM sodium butyrate) containing 0.25%
(vJv) NP-40 and 1 mM PMSF. Cells were homogenized using Potter-Elvehjem

tissue grinders and centrifuged at 3500 rpm (SS-34) for 10 minutes at 4OC.
Pellets were first washed in RSB wntaining 0.25% NP-40 and 1 mM PMSF,

followed by one wash in RSB + 1 mM PMSF. The resulting nudei pellet was
resuspended in W&S buffer (1 M hexylene glycol, 10 rnM PIPES pH 7.0, 2 mM

MqC12, 1% thiodiglycol, 30 mM sodium butyrate) to a final concentration of 50
A m unitdml. CaCI2was added to a final concentration of 1 mM and the
suspension of nuclei was preincubated at 37°C for 10 minutes. Micrococcal
nuclease (Worthington) was added to a final concentration of 15 unitslml at 37°C
for 10 minutes. The digestion was terrninated upon the addition of 10 mM EGTA.

After centrifugation, the pellet was resuspended in 10 mM EDTA / 5 mM sodium

butyrate and incubated on ice for 30 minutes. After centrifugation at 10000 rpm
(SS-34). 10 minutes at 4°C the resulting supernatant (SE) and pellet (PE)

chromatin fractions were stored at 4OC. The SE chromatin fraction was further
fractionated to the SI50 chromatin fraction upon the addition of 150 mM NaCl
and centrifugation at 10000 rpm (SS-34), 10 minutes at 4OC. In some cases, the
low salt soluble Si50 chromatin was further separated to mono- and

polynucleosomes using a BioGel A5M gel exclusion column (100 cm x 2.7 cm
diameter, 500 ml settled bed volume). The Si50 chromatin was first
concentrated to at least 6 Am unitslml by placing the solution in dialysis tubing
(MWCO 3500) covered by a generous amount of dry PEG-8000 at 4°C. The
A5M wlumn was equilibrated in A5M column running buffer (10 mM Tris-CI, 1

mM EDTA, 150 mM NaCl pH 7.5). The wlumn flow rate was set at 0.4 rnllmin

using a peristaltic pump (Bio-Rad).

3.4 Pre~aration
of total free histone substrates

Total free histone substrates were isolated from the PE chromatin fraction.

The PE fraction was resuspended in approximately 5 volumes of 10 mM EDTA 1
5 mM sodium butyrate. The histones were acid-extracted with 0.4 N sulfuric acid

and incubated on ice for 30 minutes. After centrifugation at 8000 rpm (SS-34) for
10 minutes at 4OC, the supernatant was dialyzed against 0.1 N acetic acid for 4
hours at 4°C and then against ddH20 with 2 changes. In some cases, the
supernatant was precipitated with TCA and acetone-washed, and subsequently
resuspended in ddH20.

3.5 Isolation of individual core histones from chicken immature erythrocytes

Chromatin fractions SE or SI 50 were incubated for 60 minutes at 4°C with
hydroxyapatite Bio-Gel HTP (Bio-Rad) at a ratio of 1 mg DNA: 0.25 g
hydroxyapatite. The slurry was packed into a column and washed with 0.63 M
NaCl in O. 1M potassium phosphate pH 6.7 to remove linker histones and nonhistone proteins. A linear gradient of 0.63 M - 2.0 M NaCl in 0.1 M potassium
phosphate pH 6.7 containing 1 mM DTT buffer was applied through the
hydroxyapatite column at a flow rate of 0.4 ml / min. Core histones H2A and H2B
eluted from the column at approximately 0.75 M - 0.9M NaCI; H3 and H4 eluted
from the column at approximately 1.0M - 1.4 M NaCI. The fractions containing
H2A-H2B or ; iS-ri4 were pooted and fun through a P-30 gel filtration column

(Bio-Rad; 10011.6cm) to isolate the individual core histones.

3.6 Isolation and electrophoretic analvsis of DNA from chromatin fractions

To analyze the size of the DNA fragments found in the chromatin
fractions, an aliquot of the chromatin preparation was isolated and RNase A was
added to 40 pg/ml. After incubation for 60 minutes at 37OC,proteinase Kwas
added to 10 &ml

in the presence of 0.5% (wtv) SDS and incubated overnight at

37°C. After several extractions with phenol:chlorofom (1:l
) and addition of 0.6
M sodium acetate pH 4.8, the DNA was precipitated with at least 2 volumes of
95% ethanol for at least 60 minutes at -20°C and centrifuged at 10000 rpm (SS-

34)for 20 minutes. The DNA pellet was washed with 75% ethanol to remove
salts in the preparation and again spun at 1OK for 20 minutes. The DNA pellet
was dried at room temperature and resuspended in TE buffer (10 mM Tris-CI, 1

mM EDTA pH 7.5).
The DNA fragments were resuspended in DNA loading buffer (2% Fiwll.
0.025% bromophenol blue, 0.025% xylene cyanol. 0.04% orange G, 1 mM TrisCI pH 7.5, 5 mM EDTA pH 8) and resolved on a 0.8% agarose gel in 1X TA€ (40

mM Tris-CI, 20 mM acetic acid, 2 mM EDTA pH 8) containing 0.1 pglml ethidium
bromide. The gel was run in 1X TA€ wntaining 0.1 pg/ml ethidium bromide at
50 - 100 volts for 30 - 45 minutes.

3.7 Pre~arationof cellular extract. nuclear matrix. and nuclear extract
preci~itate
fractions from immature chicken ervthrowtes
The immature chicken erythrocyte cellular extract, nuclear matrix, and

41

nuclear extract precipitate fractions were prepared from frozen chicken
erythrocyte cell stocks. Cell pellets were thawed on ice and resuspended in RSB
buffer containing 0.25% N P 4 0 and 1 mM PMSF. Cells were homogenized using

Potter-Elvehjem tissue grinders and centrifuged at 3500 rprn (SS-34) for 10
minutes at 4°C. The supernatant (cellular extract fraction, CE) was used
imrnediately for HDAC activity assays, or stored at -80°C. The pellet was washed
once in RSB containing 0.25% NP-40 and 1 mM PMSF, followed by a second
wash in RSB and 1 mM PMSF. The nuclei were resuspended to 40

A260 unitslml

in Penman Digestion Buffer (10 mM PIPES pH 6.8, 50 mM NaCI, 300 mM
sucrose, 3 mM MgCl*, 1 mM EGTA, 0.5% Triton X-100). DNase I (Sigma) was
subsequently added to the resuspended nuclei at 200 pg/mi and incubated for 30
minutes at roorn temperature. Following digestion, (NH&S04 was added to a
final concentration of 0.25 M and spun at 2500 rpm (SS-34) for 10 minutes at

4°C. The petlet (nuclear matrix fraction, NM) was resuspended in 15 mM TrisHCI. pH 7.5.+ 1 mM PMSF. The supernatant was kept and (NH&S04 was
added to a final concentration of 1.7 M. The resulting precipitate (nuclear extract
precipitate, NEP) was collected as described above and resuspended in 15 mM
Tris-HCI pH 7.5and 1 mM PMSF. The NM and NEP were used immediately for

HDAC assays or stored at -80°C-

3.8 Preparation of nuclear extract from chicken immature ervthrocvtes

Five ml of thawed immature chicken erythrocytes were resuspended in 30

ml RSB containing 1 mM PMSF. The cells were colleded by centrifugation at

3000 rpm (SS-34) for 10 minutes at 4°C. The pellet was resuspended in 20 ml

RSB and 0.25% NP40 and homogenized using a Potter-Elvehjem tissue gnnder.
The homogenate was centrifuged at 3000 rprn (SS-34) for 10 minutes at 4°C.

The pellet was resuspended in 10 ml 0.25 M sucrose-RSB buffer and carefully
placed on top of 20 ml 0.7 M sucrose-RSB and centrifuged at 4000 rpm (SS-34)

for 10 minutes at 4°C.

The pellet, containing nuclei, was diluted to 200 A2w

unitslml with RSB buffer containing 1 pglml leupeptin and 1 pglml aprotinin and
incubated at 37°C for 10 minutes. A stock solution of 4 M NaCl was added

dropwise to the nuclei suspension ta a final concentration of 0.3 M, and the
suspension was further incubated at 37°C for 1O minutes with gentle agitation.
The preparation was centrifuged at 10000 rpm (SS-34) for 1O minutes at 4°C.

The supernatant (nuclear extract, NE) was dialyzed ovemight at 4°C in at least
100 volumes of Buffer D (20 mM HEPES, pH 7.9. 20% glycerol. 100 mM KCI, 0.2

mM EDTA, 0.5 mM PMSF,0.5 mM DTT). The NE fraction was immediately used
for HDAC activity assays or stored at -80°C.

3.9 Purification of chicken ervthrocvte histone deacetvlase cornplex

A Superdex 200 gel exclusion wlurnn (HR 10130, Pharmacia) was used to

isolate histone deacetylase wntaining complexes from various chicken
erythrocyte fractions. The colurnn was equilibrated with 25 mM sodium
phosphatelcitric acid, pH 7.0,buffer at a constant flow rate of 0.6 ml1min. The

absorbance was monitored at 279 nm using the UVimrd monitor (Pharmacia).
Sample runs through the column were pre-programmed using FPLCmanagerR*
software. Protein molecular mass was estimated from the elution profile of the
Gel Filtration protein standards (Bio-Rad) containing bovine thyroglobulin (670
kDa), bovine gamma globulin (159 kDa), chicken ovalbumin (44 kDa), horse

myoglobin (17 kDa), and vitamin 6-12 (1-35kDa).

3.10 Histone Deacetvlase Assavs

Samples containing histone deacetylase were incubated 30-60minutes at
37°C in the indicated buffers with acid-soluble histones isolated from [ 3 ~ ]
acetate-labeled chicken erythrocytes. Incubation was terminated by adding
acetic acid I HCI to final concentrations of 0.12 N 10.72 N respectively. The i 3 ~ ] acetate that was released during the incubation was extracted using ethyl
acetate, and quantitated by liquid scintillation wunting. Samples were assayed
three times unless otherwise noted, and the non-enzymatic release of label from
control assays was subtracted to obtain the reported values.

3.11 Protein concentration determination

Protein concentrations were determined using the Bio-Rad protein assay.
Bovine senim albumin standard (1 mglml) was used to generate a standard
curve (O - 20 pg). The volume of each standard tube was diluted to 800 pl with

H20. TWOhundred microlitres of Bio-Rad Protein Concentration Dye Reagent

was added and mixed. Each tube absorbance was immediately measured at
595 nm with a spectrophotometer.

3.12 SDS ~olvacrylamideael electro~horesis

Proteins were separated based on apparent rnolecular weight as
described by Laemmli (1970). Either 8 cm x 10 cm or 10 cm x 10 cm gels of 0.76

mm thidviess were prepared. SDSacrylamide resolving gels of varying
acrylamide concentrations were prepared as follows:

Percentage of polyacrylamide:
Hz0

29.2% acrylamide /
0.8% bis-acrylamide
1.5 M Tris-HCI pH 8.8

1.O M Tris-HCI pH 6.8
10% SDS

10% APS
TEMED

Total volume

The resolving gel was poured to approximately 415 of the gel sandwich. A 5%

-

SDS polyacrylamide stacking gel was layered over the resolving gel. Samples

were made up to l x SDS loading buffer from a 4X SDS loading buffer stock (62.5
mM Tris-CI pH 6.8, 10% glycerol. 2% SDS, 5% j3mercaptoethanol. 0.125%
bromophenol blue). The samples were boiled for five minutes before loading into
the wells of the gel. The samples were separated by electrophoresis at 100 170 volts in 1x SDS mnniog buffer (25 mM Tris base, 0.2 M glycine, 0.5% SOS).

3.13 Acetic acid - Urea - Triton X-100 (AUT) ~olvacwlamideciel
electrophoresis
Protein separation using AUT electrophoresis is based on rnolecular
weight, charge, and hydrophobicity. Either 10 cm x 10 cm or 10 cm x 15 cm gels
of 0.76 mm thickness were prepared. A stock solution of the AUT resolving gel

wntaining 15% acrylamide was prepared as follows:

64 g urea
80 ml 29.2Oh acrylamide 1 0.8% bis-acrylamide solution

20 ml 4% TEMED / 43.1% acetic acid solution
3.2 ml 0.3 M Triton X-100
1.6 ml thiodiglycol

3.2 ml 0.02% riboflavin
ddH20 to 160 ml total volume

The resolving gel was poured to approximately 415 of the gel sandwich. The gel
was polymerized upon exposure to a white light source for at least 2 hours at

room temperature. A 4% AUT stacking gel was layered over the resolving gel.
The stock solution of the 4% AUT stadcing gel was prepared as follows:

32 g urea
20 ml 29.2% acrylamide 1 0.8% bis-acrylamide solution
10 ml 3.0 M potassium acetate pH 4.0
1.6 ml 0.3 M Triton X-100

0.8 mt thiodiglycol

0.8 ml 4% TEMED 1 43.1% acetic acid solution
1.6 ml 0.02% riboflavin

ddH20 to 80 ml total volume

The AUT stacking gel was polymerized upon exposure to a white light source for

at least 2 hours at room temperature. The samples were mixed with 4X AUT

loading buffer (1-5 M potassium acetate, 1.75 M sucrose, 0.1 % pyronin Y) to a
final concentration of 1X and loaded into the wells of the gel. Gels were run at
200 V at 4°C in 0.1 M acetic acid. Medium sized gels (10 cm x 10 cm) were run
for 4.5 hours. Long gels (10 cm x 15 cm) were fun for 18 hours.

3.14 Coomassie Blue stainin~and fluoro~ra~hy
of ~olvacrylamidecaels

Proteins separated on SDS- or AUT-polyaaylarnide gels were detected by
Coomassie Blue staining. Gels were immersed in Coomassie Blue stain (9%
glacial acetic acid. 45% methanol, 46% ddH20. 0.04% Coomassie Blue powder)

for at least 3 hrs at room temperature with gentle shaking. Gels were then
destained in either weak destain (5Oh glacial acetic acid, 10%methanol, 85%

ddH20) or strong destain solution (1O0Aglacial acetic acid, 40% methanol, 50%

ddH20). In some cases, gels were further prepared for fluorography by
incubation in ~ n ~ ~ a (NEN)
n c efor~30 minutes at room temperature with gentle
agitation, followed by fixation in ddHIO for 1 hour at room temperature with
shaking. Gels were dried for at least 1.5 hrs at 80°C using a gel dryer and
exposed to film for the tirnes indicated.

3.15 lmrnunochemical detection usina ECL

SDS polyacrylamide gels of varying polyacrylamide concentrations were
prepared and run as described in section 3.12. Following electrophoresis, the
proteins were transferred electrophoretically ont0 a nitrocellulose membrane in
1X SDS ninning buffer containing 2056 methanol at 4°C for either 60 minutes at
100 volts, or ovemight at 50 volts. The nitrocellulose membrane was then

stained in lT6S (TBS + 0.2% Tween-20) containing india ink for one hour with
gentle agitation. Afterwards, the membrane was bfocked with 7.5% non-fat milk
in TTBS for one hour. The membrane was incubated with the primary antibody
at varying dilutions in TTBS for 3 hours or overnight with rotation. The

membranes were washed in U B S with at least 3 buffer changes, and the HRPconjugated secondary antibody in l'TBS was added for 20 minutes at 4°C. The
membrane was washed in T i B S with at least 3 changes. and incubated with

cherniluminescence solution for one minute before exposure to film for various
times.

3.16 Casein Kinase 2 assay

To determine if HDAC is a substrate for Casein Kinase 2 (CW),FlagHDAC11-Z-3 and GST-HDAC11-21-3 were tested as potential substrates. The
reaction medium consisted of 50 mM Tris-HCI pH 7.5, 10 mM MgC12, 1 mM DTT,

25 mM p-glycerophosphate, 1 mM sodium fluoride, 1 mM sodium orthovanadate,
1 mM PMSF, HDAC substrate, and 100 PM of an ATP solution containing ( v _ 3 2 ~ ]

ATP at a final concentration of 1 &ilpl.

The reaction tubes were pre-incubated

at 30°C for 10 minutes before the addition of purified CK2 (from bovine testis;
geoerously provided by Dr. David Litchfield, University of Western Ontario). The
reaction was carried out for an additional 10 minutes at 30°C before termination
upon the addition of 4X SDS sample buffer. The samples were boiled for 5
minutes, and loaded into the wells of a 15% SDS-polyacrylamide gel. The gels
were fun, stained, and dried as described previously, and exposed to film in a
cassette containing an intensifying screen for at least 48 hours at room

temperature.

4.1 Cell and immuno~reci~itate
source

Erythrocytes from adult fernale white Leghorn chickens were used
throughout the study.

Chickens were maintained on standard poultry feed

and tap water in a light and temperature wntrolled room. Treatrnent of
animais wnformed to the Guidelines of the Canadian Council on Animal Care
and the Bannatyne Campus Protocol Management and Review Cornmittee.

lmmunoprecipitated Flag-HDAC1, Flag-HDAC2, Flag-HDAC3, GSTflDAC1, GST-HDAC2, GST-HDAC3 were generously provided by Dr. WenMing Yang and Dr. Ed Set0 (H. Lee Moffitt Cancer Center at USF, Tampa,
Florida). AML-ET0 immunoprecipitates were provided by Bart Lutterbach
and Dr. Scott Hiebert (Vanderbilt University). Smad immunoprecipitates were
provided by Nicole Liberati and Dr. Xiao-Fan Wang (Duke University). dCtBP
irnmunoprecipitateswere provided by Dr. Susan ParWiurst (Fred Hutchinson
Cancer Research Center). NlPP1 immunoprecipitates were provided by
Narender Gawa and Dr. James Shen (UC Davis).

4.2 Antibodies

The rabbit polyclonal antibody against chicken HDACl (amino acids 319334) antibody was generated by National Biological Laboratory Ltd. (Dugald,

MB). The rabbit polycional antibody to human HDACl (amino acids 53

-

482) was obtained from Upstate Biotech (Lake Placid, NY, USA). Goat antirabbit horse radish peroxidase conjugated secondary antibody was obtained
from Bio-Rad (Mississauga, ON). The chemiluminescent detection kit (ECL)
was obtained from Amersharn Pharmacia (Baie d'Urté, PQ).

4-3 Radiochemicals and Related Reaqents
[ 3 ~ acetic
]

acid (sodium salt. 7.6 - 8.4 Cifmmol), [ v - 3 2 ~ ]adenosine 5'-

triphosphate (tetra-triethylammonium salt, 800 Cifmmol), and EcoLite Liquid
Scintillation Cocktail were from ICN Biomedicals fnc. (Costa Mesa, CA, USA).

4.4 Chemicals

All chernicals and solvents were of reagent or analytical grade, and were
obtained from one of the following sources: Amersharn Pharmacia Biotech
(Baie dlUrté, PQ), Bio-Rad Laboratones (Mississauga, ON), Boehringer-

Mannheim (Laval, PQ), Commercial Alcohofs Inc. (Montreal, PQ), Fisher
Scientific (Edmonton, AB), Gibco-BRL (Burlington, ON), ICN Biomedicals Inc.
(Costa Mesa, CA, USA), Mallinckrodt/Anachemia Science (Montreal, PQ),
Sigma-Aldrich (Oakville, ON), VWR Canlab (Mississauga, ON), Worthington
Biochemical Corporation (Freehold, NJ, USA). Al1 solutions were made with
distilled deionized water, conductance 14-18
purification system).

(Milli Q Plus water

The following equipment was used for the research camed out in this
research: Phannacia Biotech Ultrospec 3000 UV 1 visible spectrophotometer,
LS3801 Liquid Scintillation System (Beckman), Radiometer Copenhagen pH

meter model28, Accumet pH Meter 915 (Fisher Scientific), Model TRâ03D

Pan Balance (Denver Instrument Company), Mode1583 Gel Dryer (Bio Rad),
Model JZMC Centrifuge (Beckman), Model RC-5 Superspeed Refrigerated
Centrifuge (Sorvall), IEC Micrornax Microcentrifuge, UV transilluminator
(Ultraviolet Products, Inc), Models PSSOOXT and PSSOOX Power Supply
(Hoeffer), Model EC250-90 Power Pack (E-C Apparatus Corporation), ldea
Scientific Company electrophoresis units, Bio-Rad Transblot apparatus, BioRad Ewno Peristaltic purnp, Cygnet automated fraction collector (ISCO),
Polaroid photography camera and equipment, Pharmacia LKB FPLC system

with LCC-500CI Controller, FRACIOO fraction collector, P-500 pump, UVicord
monitor and FPLC flow cell.

5.0 RESULTS

5.1 Preoaration of f3~1-acetate-labeled
histone and non-histone substrates

At the time these experiments were conducted, the only known
mammalian HDACs were the class I HDAC1, HDAC2, and HDAC3 enzymes. To
analyze the abilities of hHDAC1, hHDAC2, and hHDAC3 complexes to
deacetylate specific substrates, individual nudeosomal core histones, H2A-H2B
dimers, H3-H4 tetramers, mononucleosomes, polynudeosomes, total free
histones, and non-histone protein substrates were isolated frorn immature
chicken erythrocytes. The immature chicken erythrocytes were labeled with
PH]-acetic acid which can be cwiverted to P ~ l - a c e t ~ lwithin
- ~ o the
~ cell, thus
becoming the substrate for histone acetyltransferases (HATs). The HATs
groups ont0 lysine residues in N-terminal tails of the
transfer the [3~]-acetate
core histones, or ont0 other lysine residues in the case of non-histone proteins
groups from the
(Figure 28). Histone deacetylases remove these r3~]-acetate
labeled substrates. The quantity of [3~]-acetate
(dpms) liberated into solution
from the substrate upon incubation with the HDAC is a measure of its activity.

The [3~]-acetate
labeled chromatin was fractionated into transcriptionallly
activekompetent PE and S I 50 fractions to ennch for [3~]-acetate
labeled
histones (Figure 4). These fractions contain highly [3~]-aœtylated
species as
- ~ ~was used to
demonstrated by fluorography (Figure 5). The [ 3 ~ ]fraction
isolate total free histone substrates by acid-extraction and TCA precipitation.

'H-acetate incubated
with freshly collected
immature chicken
erythrocytes
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Figure 4. Schematic drawing of the proœdure used to fractionate chromatin from
chicken immature erythrocytes labeled with [3~]-acetate.yielding PE, S I 50,
polynucleosornes (FI)and mononucleosomes (Flv).

Figure 5. Fluorogram of acid extracted, [3~]-acetate
labeled chicken immature
erythrocyte histones (30pg) separated by 15% AUT gel electrophoresis.
Triaoetylated (3),Tetraacet lated (4), and
Monoacetylated (1 ). Diacetylated (2),
Pentaacetylated histones are shown. A) Histones isolated from ( Hl-acetate
labeled PE chromatin. 6 )Histones isolated from [3~]-acetate
labeled S150
chromatin. Note: Histone H4 band 5 may represent tetraacetylated and
phosphorylated H4.

4'

[ 3 ~ ] -50
~ chromatin
1
was used to isolate sequentially al1 other PH]-labeled
substrates. First, Iinker histones and non-histone proteins (such as HMG
proteins) were removed from chromatin by incubation with CM Sephadex (Figure
6). This "strippednSI50 chromatin fraction was then bound to hydroxyapatite

(HTP) and subjected to HTP column chromatography (Figure 7 ) . Histone H M H2B dimers and H3-H4 tetramers can be seleciively recovered from the HTP

column upon elution with a gradient of NaCI. The H2A-H2B dimers elute from
chromatin at approximately 0.9 M NaCl (fractions 9-35); the H3-H4 tetramers
then dissociate from the chromatin fibre at approximately 1.4 M NaCl (fractions
4747). Acetylated histones dissociated from chromatin at slightly lower NaCl

concentrations, presumably due ta their altered association with the chromatin
fibre. This is in accordance with observations made by Li et al. (1993). The
! a P30 gel
pooled fractions containing H2A-H2B or H3-H4 were applied O

filtration column (Figure 8 and 9), and the individual core histones were isolated
(Figure 1O). [3~]-labeled
mononucleosomes and polynucieosomes were isolated
from stripped [ 3 ~ ] -SO
~ by
1 gel filtration through an A5M column (Figure 4 and
11). Polynucleosomes elute first from the column, peaking at fraction 52,

followed by a pool of mononucleosomes in fractions 91-1 05.
The specific activities of the isolated [3~]-acetate
labeled substrates were
calculated by determining

cpm (measured by liquid scintillation counting) per

pg of protein in each substrate preparation (Table 1). The differences in

substrate specific activity can be attributed to the variable number of histone
acetylation sites (Figure 24. Histone H2A, with only one (possibly two) site(s) of

acetylation has the lowest specific activity (29 cpmlpg) of al1 the substrates. The
polynucleosome substrate has the highest specific activity (178 cprn/pg). This

high specific activity is expected since the polynucleosornes originate from the
S150 fraction that is enriched in transcriptionally active/mmpetent chromatin.

Figure 6.15% SDS-PAGE of histones from A) unstripped and B) CM Sepadex
stripped S I 5 0 chromatin. C) Linker histones and non-histone proteins removed
by CM Sephadex beads.
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Figure 7. A) Hydroxyapatite column chromatography of stripped [3~]-acetate
labeled S150 chromatin. A NaCl gradient was applied to selectively elute H2AH2B dimers from H3-H4 tetramers. B) Proteins from each column fraction were
precipitated with TCA and separated on 15% SDS-PAGE and stained with
Coomassie Blue. H3 ox. denotes the presence of oxidized histone H3.
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Figure 8. P30 column separation of HWH2B. A) Profile of the protein elution,
monitored by 230 nm absorbance. B) Histones from the column fractions w r e
separated on 15% SDS-PAGE and stained in Coomassie Blue.

60

Fraction number

Figure 9. P30 colurnn separation of H3lH4. A) Profile of the protein elution,
monitored by 230 nm absorbance. B) Histones from the column fractions were
separated on 15% SDS-PAGE and stained in Coomassie Blue.

61

Figure 10. Individual [3~]-labeledcore histones isolated from P30 gel filtration
chromatography, separated on 15% SDS-PAGE and stained in Coomassie Blue.

6.

Fraction number

Figure 1 1. A5M gel filtration of [ 3 ~ ] ~ a b e l SI50
e d chromatin. A) Profile of
]
(cpm) for eluted chromatin fragments. B)
absorbance (260 nm) and [ 3 ~ label
0.8% agarose gel electrophoresis of DNA fragments for selected A5M column
fractions.

H3

H2AIH2B dimers
H3lH4 tetramers
Mononucleosomes
Polynucleosomes
HMGINHP

1

36 cpmlpg

1

34 cpmlpg
77 cpmlpg
39 cpmlpg
178 cpm/pg
50 cpmlpg

Table 1. [3~]-specific
activities of the isolated [3~]-labeled
substrates.

5.2 Oeacetvlation of histone and non-histone substrates bv hHDAC1. hHDAC2.
and hHDAC3 comolexes.

The actual substrate(s) of hHDAC1, hHDAC2, and hHDAC3 found in
transcriptionally repressive complexes have not been identified. The objective of
this experiment was to investigate whether or not certain substrates could be

deacetylated and if so, which was the preferred substrate. Flag-HDAC1, FlagHDAC2, and Flag-HDAC3 complexes immunoprecipitatedfrom transfected cells
using low stringency conditions were used for these studies (provided by Dr.
Wen-Ming Yang and Dr. Ed Seto, H. Lee Moffitt Cancer Center at USF). These
complexes were immunoprecipitated using the anti-Flag M2 antibody (Sigma).
Equal amounts (800 pg) of the [3~]-labeled
substrates were added to
immunoprecipitated Flag-HDACI, Flag-HDAC2, or Flag-HDAC3 wmplexes (20
pg) in 25 mM sodium phosphatelcitric acid pH 7.0 buffer. The HDAC assays

were performed in triplicate. Under these conditions, Flag-HDAC1, Flag-HDAC2,
and Flag-HDAC3 complexes were al1 able to deacetylate al1 substrates except

mononucleosomes and polynucleosomes (Figure 12). To determine the
substrate preference, the percentage of ~ ~ ~ l - a c e tlabel
a t e released was
calculated for each reaction (Table 2).

It appears that histone H4 may be the

preferred substrate for hHDAC1, hHDAC2, and hHDAC3, although this
preference is slight. Although equal amounts of immunoprecipitated protein were
added to each reaction, Western blot detection shows varying amounts of Flag-

HDAC in the immunoprecipitates (Figure 13). Therefore, the activity data may
not be comparable between the HDACs tested. In any case, it is dear that the

Figure 12. Deacetylation by A) Flag-HDAC1 IP, B) Flag-HDAC2 IP, C) FlagHDAC3 IP towards the specified PH]-labeled substrates. The standard enor
value from three assays are shown.

SUBSTRAT€
Total PE histones
1 Histone H2A
( Histone H2B
1 Histone H3
1 Histone H4
H3IH4 tetramers

Mononucleosornes
Polynucleosomes
Non-histone ~roteins

1 Flag-HDACl IP
f

1

1

1
1

1.6Oh
3.6%
2.5%
2.5%
4.5Oh

,

1

1

1
1

Flag-HDAC2 IP
1-2%
2.3%
2.3%
2.3%
-

4.2%

Flag-HDAC3 IP
1

1

1
I

O-2%
0.4%
- -

0.5%
0.6%
0.9%

1.3%

1-4%

-

-

-

1-2%

O-4%

-

1.4%

-

0.2%

Table 2. Percentage of ~ ~ ~ l - a c e treleased
ate
in each Flag-HDAC 1, Flag-HDAC2,
or Flag-HDAC3 assay with the indicated substrate. The HDAC assays were
performed in triplicate in 25 mM sodium phosphatelcittic acid buffer and
incubated at 37°C for 1 hour.

Figure 13. lrnmunoblot of Flag-HDAC1, Flag-HDAC2, and Flag-HDAC3 in Flagimmunoprecipitated complexes. Equal arnounts (10 pg) of the
immunoprecipitates were separated by 12% SDS-PAGE, transferred ont0
nitrocellulose and probed using an anti-Flag antibody (Santa Cruz).

hHDAC1, hHDAC2, and hHDAC3 deacetylate the aire histones and the nonhistone chromosomal proteins.
The inability of the HDACs to deacetylate polynucleosomes was
unexpected, as this substrate represents the true in vivo substrate. To address
this issue, the SA50 chromatin starting material was labeled with an increased

amount of [3~]-acetate
such that the specific activity of the polynucleosomes was
increased to 500 cprnlpg. With this "hor polynucleosomai substrate,
deacetylation by Flag-HDACI, Flag-HDAC2, and Flag-HDAC3 was observed
(Figure 14). Thus, it appears that when the chromatin substrate is sufficiently
labeled, deacetylation can be observed. It was later discavered by several
research groups that HDAC is found in ATP4ependent chromatin remodelling

complexes (Tong et al., 1998; Zhang et al., 1998a). Therefore, it would be
interesting to see if Flag-HDAC1, Flag-HDAC2, and Flag-HDAC3 wmplex
activity is increased in the presence of ATP using chromatin substrates.

.

Figure 14. Deacetylation of PH]-labeled polyn ucleosomes (high specific activity)
by Flag-HDAC1 Flag-HDAC2, Flag-HDAC3 immunoprecipitates. The HDAC
assay was perfomed once in 25 mM sodium phosphate/citric acid pH 7.0 buffer
at 37°C for 1 hour.

5.3 Identification of HDAC adivitv in ~reviouslvcharaderized transcri~tionally

repressive com~lexes

Hemagglutinin tagged (HA)-ET0 was expressed in 293 cells; Flag tagged
AML1 -ET0 fusion protein as expressed in both 293 cells and Cos-7 cells. Low

stringency HA immunoprecipitates (ETO) or Flag immunoprecipitates (AMLI ETO) from their respective cell lysates were provided by Bart Lutterbach and Dr.
Scott Hiebert (Vanderbilt). The IPs were assayed for HDAC activity in 25 mM
sodium phosphatelcitric acid pH 7 buffer using [~HJ-acetate
labeled free histones

as substrate as described in the Methods section. HA-ET0 IPs contains

significant amounts of HDAC activity (Figure 15). The fusion protein AMLl -ET0
also contained large amounts of HDAC activity. In Cos7 expressed Flag-AMLI

-

ETO, the activity exceeded the transcription factor Mad IP positive control.

Subsequent imrnunoprecipitation experiments show that ET0 can associate with
hHDAC1, hHDAC2, N-COR and mSin3A. When ET0 is fused to AML1, it is still
able to interact with mSin3A, N-COR.and hHDAC1 (Lutterbach et al.. 1998).

5.3.2 Smads
Flag-tagged Smadl , SmadZ, Smad3, and Smad4 transfected in 293T
cells in the presence or absence of TSA were immunoprecipitatedunder low

stringency conditions. The IPs were assayed for HDAC activity with or without
TSA in 25 mM sodium phosphatelcitric acid pH 7 buffer using [3~]-acetate
labeled free histones as substrate as desm-bedpreviously. Smad2, Smad3,

Smad4 wntained HDAC activity which is reduced in the presence of TSA (Figure
16). Smadl may contain a slight amount of HDAC activity. Subsequent
analysis showed that Smads could associate with hHDAC1 and mSin3A. While

these experiments were in progress, Wotton et al. (1999) confirmed the
association of Smad2 with HDAC1 and TGIF, a ubiquitous homeodomain protein,
following TGFP receptor activation. This complex was able to repress TGFPinduced transcription. dernonstrating for the first tirne that Srnads are involved in

transcriptional inactivation.

Low stringency immunoprecipitates of GST-NIPP1 (full length), GSTNIPP1 (1-203 aa), GST-NIPP1 (203-377 aa), and GST alone were provided by
Narender Gawa and Dr. James Shen (U. C. Davis). The immunoprecipitates

were then incubated with or without K562 cell lysates, a human erythroid cell line.
The resulting complexes were assayed in triplkate in 25 rnM sodium
phosphate/citric aud pH 7 buffer using i3~]-acetate
labeled free histones as
substrate as described in the Methods section. GST-NIPPI (full length) and
GST-NIPP1 (1-203) pull-ûowns from the K562 cell extracts contained high
activity (Figure 17). GST-NIPP1 (203-377) with K562 extracts contained
moderate levels of activity. GST-NIPP1 precipitates (both full length and
truncated forms) had very low levels of activity when the incubation with the K562
cell lysates was omitted. Subsequent Western blot analysis confirmed that

hHDAC1, but not hHDAC2 or hHDAC3 interact with NfPP1 (Gawa et al.,
manuscript in preparation).

5.3.4 dCtBP

Low stringency dCtBP immunoprecipitates from 293 or NIH 3T3 cells were
tested for HDAC activity in 25 mM sodium phosphatefcitric acid pH 7.0 buffer

using [3~]-acetate
labeled free histones as substrate. No HDAC activity was

found associated with dCtBP (Figure 18). Western blot analysis revealed

HDACI or HDAC2 were not found in these immunoprecipitates (Phippen et al.,
2000). The positive control rnSin3A immunoprecipitates showed significant

amounts of activity. However, when mSin3A and dCtBP were present together in
the IFS,mSin3A loses HDAC activity. The mSin3A associated HDAC activity is

regained when decreased amounts of dCtBP are present. Further analysis

showed dCtBP interferes with mSin3A-HDAC complexes and disrupts Mad- and
Groucho- mediated transcriptional repression.
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Figure 15. HDAC activity associated with ET0 and AMLl /ET0
immunoprecipitates (IP) prepared from transfected 293 cells or Cos-7 cells.
Untransfected cells were immunoprecipitated with the corresponding epitope tag
Ab (Control lanes). Transfected cells were also imrnunoprecipitated with normal
rabbit serum (NRS) as a control. HDAC assays were performed in 25 rnM
sodium phosphatelcitric acid pH 7.0buffer at 37°Cfor 1 hour, using [3~]-labeled
free histones as substrate. The standard error of three assays is shown.

Figure 16. HDAC activity associated with Smadl, Smadî, Srnad3, and Smad4
imrnunoprecipitates in the presence or absence of TSA. HDAC assays were
performed in 25 mM sodium phosphatelcitric acid pH 7.0 buffer at 37°C for 1
hour, using [3~]-labeled
free histones as substrate. The standard error of three
assays is shown.
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Figure 17. HDAC activity of GST-NIPP1. GST-NIPP1 (1-203 aa). GST-NIPPA
(203-377 aa). HDAC assays were performed in 25 mM sodium ~hos~hate/citric
free histones as
acid pH 7.0 buffer at 37°C for 1 ho&, using [3~]-labeled
substrate. The standard error of three assays is shown.

Figure 18. HDAC activity associated with dCtBP, mSin3A. and dCtBP + mSin3A
at various ratios. HDAC assays were performed in 25 mM sodium
phosphatelcitric acid pH 7.0 buffer at 37°C for 1 hour, using [3~]-labeled
free
histones as substrate. The standard error of three assays is shown.

5.4 Effect of phosphatase inhibitors on HDAC activitv

To date, it appears that the primary deteminant goveming HDAC activity
is accessibility to its substrate. As mentioned earlier, CK2 is a candidate enzyme

that may be involved in regulating HDAC activity. It has also been reported that
the action of sodium butyrate on HDAC activity appears to be mediated by a
protein phosphatase (Cuisset et aL, 1997). To test whether the presence of
phosphatase inhibitors affect HDAC activity, chicken erythrocyte nuclear extracts

were used. The phosphatase inhibitor mixture used in the assay indudes the
serine/threonine phosphatase inhibitor sodium fluoride, as well as the tyrosine
phosphatase inhibitor sodium (0rtho)vanadate. Interestingly, the standard
HDAC assay buffer, sodium phosphate, is also an inhibitor of most phosphatases
as well. CK2 assay buffer (50 mM Tris-CI pH 7.5, 5 mM MgCI2,1 mM D m ) and

[3~]-labeled
free histone substrate were used in the HDAC assay. Figure 19

shows an increase in chicken erythrocyte nuclear extract HDAC activity when
phosphatase inhibitors were present with or without CK2. Thus, the presence of
phosphatase inhibitors appears to increase HDAC activity. However,
suppression of the nuclear extract histone acetyltransferase activity by
phosphorylation might also be a possible rnechanism which an increase in HDAC
activity is obsewed. It is possible that the m d e nuclear extract preparation may
contain active HATs and its required substrate acetyl-CoA. Phosphorylation by
DNA-dependent protein kinase of Gcn5 inhibits its in vitro and endogenous
activity (Barlev et al., 1998). Furthemore, the HAT activity of CBP is wntrolled

sodium butyrate
phosphatase

Figure 19. Effect of casein kinase 2 (CK2), alkaline phosphatase (AP), and
phosphatase inhibitors (25 mM P-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 1 mM PMSF) on chicken immature
erythrocyte nuclear extract HDAC activity. The HDAC assay was perfomed in
CK2 assay buffer (50 mM Tris-CI pH 7.5, 5 mM MgC12, 1 mM D m ) at 37OC for 1
hour, using [3~]-labeled
free histones as substrate. Sodium butyrate was used
as a negative control. The standard error bars are shown from three
independent assays perfomed.

by cycle dependent kinases and the oncoprotein E lA (Ait-Si-Ait et al., 1998). To

investigate the possibility of a phosphorylation event diredly regulating HDAC
activity by CK2, immunoprecipitatedFlag-HDAC1, Flag-HDAC2, and FlagHDAC3 were assayed for HDAC activity upon incubation with alkaline

phosphatase and CK2 wntaining phosphatase inhibitors. As s h o w in Figure 20,
incubation with phosphatase inhibitors alone increases Flag-HDAC1 and FlagHDAC2 activity. The addition of CK2 alone, with or without ATP doubles Flag-

HDACP and Flag-HDAC3 activity. Very little effect of Flag-HDAC1 adivity
following CK2 addition is observed. Treatment of Flag-HDACI , Flag-HDAC2.
and Flag-HDAC3 with alkaline phosphatase reduces activity. However, pretreatment of the Flag-HDACs with alkaline phosphatase prior to addition of CK2
addition significantly increases HDAC activity levels by 3-4 fold as compared to
untreated controls. Therefore, it is possible that phosphorylation of HDAC by
CK2 may increase HDAC activity.
To address the possibility that the phosphatase inhibitors upregulate
activity in a non-specific manner, a time course of phosphatase inhibitor
incubation was performed. lncreasing incubation time with the phosphatase
inhibitors gradually increased HDAC activity (Figure 21); activity did not remain at
a constant activity level as would be predicted if the inhibitors enhanced activity
in an indirect manner not involving phosphorylation. This suggests that a

phosphorylation event is involveâ in regulating activity of complex-associated
HDAC.

Casein Kinase 2
Aikaline Phosphatase
Sodium butyrate

Phosphatase inhibitors
ATP

Figure 20. Effect of Casein Kinase 2 ( C W ) ,alkaline phosphatase (AP) and
phosphatase inhibitors (25 mM B-glycerophosphate, 1 mM sodium
orthovanadate, 1 mM sodium fluoride, 1 mM PMSF) on A) Flag-HDAC1 IP
activity; B) Flag-HDAC2 IP activity; C) Flag-HDAC3 IP activity. The HDAC assay
was perfomed in CK2 assay buffer (50 mM Tris-CI pH 7 . 5 , s mM MgCI2, 1 mM
D U )at 37°C for 1 hour, using [3~]-labeled
free histones as substrate. For one
set of assays, Flag-HDAC IPs were first treated with AP for 30 minutes. followed
by addition of CK2, ATP, and phosphatase inhibitors for an additional 30 minutes
(far right bar). Sodium butyrate was used as a negative control. The standard
error bars are shown from three independent assays perfomed.
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Figure 21. Effect of phosphatase inhibitors (25 rnM P-glycerophosphate, 1 mM
sodium orthovanadate, 1 mM sodium fluoride, 1 mM PMSF) on Flag-HDACI IP,
Flag-HDAC2 IP, and Flag-HDAC3 IP activity at increasing incubation times. The
HDAC assay was performed in CK2 assay buffer (50 mM Tris-CI pH 7.5, 5 mM
MgCl*, 1 mM DIT) at 37OC for 1 hour. The [3~]-labeled
free histone substrate
was added 30 min. into the incubation to al1 tubes. The standard error bars are
shown from three independent assays performed.

5.4.1 ln vitro ~hos~horvlation
of HDAC bv CK2

To investigate whether or not HDAC is a substrate for CK2, in vitro kinase
assays were performed using Flag-HDACI , Flag-HDAC2, Flag-HDAC3 (provided

by Dr. Wen-Ming Yang and Dr. Ed Seto). As show in Figure 22, it appears that

Flag-HDAC1 and Flag-HDAC2 were phosphorylated by CK2. It is unclear

whether Flag-HDAC3 was phosphorylated by CK2 as a corresponding labeled
band is observed in the Flag vector m t r o l . The kinase assay was repeated

using GST-HDACI, GST-HDAC2, GST-HDAC3 (also provided by Dr. WenMing
Yang and Dr. Ed Seto) in an effort to get a "cleanef result with a more purified
substrate. CK2 was able to phosphorylate GST-HDACI , GST-HDAC2, and
GST-HDAC3 (Figure 22). The same result was observed with GST-hHDAC1

synthesized independently in our lab (provided by Jeannette LeBlanc) (Figure

23). Therefore, CK2 is able to phosphorylate hHDAC1, hHDAC2, and hHDAC3
in vitro.

Figure 22. Autoradiographs of in vitro casein kinase 2 assays using A) FlagHDACI, Flag-HDAC2, Flag-HDAC3 IP substrates; 6) GST-HDAC1. GSTHDACZ, GST-HDAC3 substrates. The assays containing 50 mM Tris-CI pH 7.5,
5 mM MgCI2, 1 mM DIT, HDAC, 100 pM [ V - P(1 pCi/pl)
~ ~ ~and~phosphatase
inhibitors (25 mM p-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
sodium fluoride, 1 mM PMSF) w r e incubated for 10 minutes at 30°C. Reactions
were terminated upon the addition of 4X SDS sample buffer and boiled 5
minutes. Samples were loaded immediately onto 15% SOS-PAGE, nin at 170V
for 75 minutes, and dried. The gels were exposed to film for 3 days. Casein was
used as a positive control; the Flag- or GST-vectors served as the negative
control.

Figure 23. In vitro casein kinase 2 assay using GST-hHDAC1 as substrate. The
GST-hHDAC1 (90kDa) sample contained tvm smaller protein bands (top). The
assay containing 50 mM Tris-CI pH 7.5, 5 mM MgCI2, 1 mM DTT, GST-hHDAC1,
1O0 pM [ y - 3 2 ~ (1
] ~@/pl)
~ ~
and phosphatase inhibitors (25 mM Pglycerophosphate, 1 mM sodium arthovanadate, 1 mM sodium fluoride, 1 mM
PMSF) was incubated for 10 minutes at 30°C. Reactions were teminated upon
the addition of 4X SDS sample buffer and boiled 5 minutes. Samples were
loaded immediately ont0 15Oh SDS-PAGE, run at 170V for 90 minutes,
Coomassie Blue stained and dried. The gel was exposed to film for 3 days. The
autoradiograph (bottom) shows labeling of the same three bands in the GSThHDACl sample. Casein was used as a positive control.

5.5 Nucfear extract from chicken immature ervthrocvtes mav contain
unidentified histone deacetvlases
Histone deacetylase activities in the chicken immature erythrocyte can be
found in several fractions: cellular extract (CE), nuclear matrix (NM), nuclear
extract precipitate (NEP), and the total nudear extract (NE) (Figure 24). The CE
contains histone deacetylases in the cytosol fraction andior those that have
"leaked"from the nuclei. The nuclear matrix (NMI fraction) and the residual 1.7

M (NH&SOcprecipitated nuclear extract also contain strong HDAC adivity. The
nuclear extract (NE) contains the unpartitioned nuclear histone deacetylase.
Figure 25 shows the amount of HDAC activity found in equal quantities of protein
per preparation. The nuclear extract was found to contain roughly 7.6 times, 9
times, and 23 times more activity than the NEP. NM, and CE fractions
respectively. Greater than 99% of the total erythrocyte HDAC activity was found

in the nuclear extract fraction (Figure 25).
Previous studies identified two prominent HDAC activity peaks eluting
from a Superdex 200 colurnn at 220 kDa and 55 kDa from the CE preparation (Li
et al., i 996). However. the HDAC(s) responsible for these activity peaks was not

identified. To investigate the possible existence of another cHDAC in chicken
immature erythrocytes, histone deacetylase containing preparations were
separated through a gel exclusion column and the fractions tested for HDAC
activity. These HDAC activity-containing fractions were then probed for the

presence of cHDACl and the chicken homolog of hHDAC2 with an antibody
generated to the wnserved interna1region to detemine if these HDACs are
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Figure 24. Isolation procedure of chicken immature erythrocyte cellular extract
(CE), nuclear matrix (NM), nuclear extract precipitate (NEP), and nuclear extract
(NE). For details, see Matenals and Methods.
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Figure 25. HDAC activity found in chicken immature erythrocyte cellular extract
(CE), nuclear matrix (NM). nuclear extract precipitate (NEP). and nuclear extract
(NE). Equal amounts of protein (120pg) were assayed for HDAC activity in 25
mM sodium phosphate/citric acid pH 7.0 buffer at 37OC for 1 hour using f ' ~ ] labeled free histones as substrate. The assays were perfonned in duplicate and
the standard error bars shown.

present in the corresponding activity peaks.

The nuciear extract fraction was separated through a Superdex 200 gel
filtration column (Figure 26). The Superdex 200 column profile exhibits one
broad peak of HDAC activity at approximately 150 kDa and a smaller peak at 40
kDa, as estimated from the elution profile of known gel filtration standards.

Western blot analysis using an anti-cHDAC antibody recognizicg both cHDAC1
and cHDAC2 was perfomed on the fractions. A strong band at 66 kDa is

observed within the broad peak of activity from fractions 24-29, corresponding to
cHDAC1. Another band, migrating at approxirnately 64 kDa is detected in

fractions 19-26.A strong peak of HDAC activity coelutes in these fractions. Very
little cHDAC1 is detected in the early fractions contairiing this strong activity
peak. This peak may correspond to the cHDAC2 identified in DT4O chicken
erythroid cells (Ahmad et al., 1999). However, evidence accumulated in our lab
suggests that very Iittle cHDAC2 is present in chicken immature erythrocytes (J.M. Sun. unpublished observations). Therefore, this peak of activity may be due to

another HDAC, perhaps a homolog of human HDAC3-8. Because we do not
know how our antibody reacts with the various possible HDACs, the results are
inconclusive.
The nuclear extract precipitate (NEP) was subjected to Superdex 200 gel
filtration under identical conditions, and the HDAC activity was monitored (Figure
27). This preparation appears to contain only one HOAC as only one activity
peak is observed corresponding to the single 66 kDa band detected in Western

blots spanning these fractions (Figure 28). There was no evidenœ of another

form of HDAC in this preparation.
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Figure 26. Superdex 200 gel filtration of chicken immature erythrocyte nuclear
extract (NE) in 25 mM sodium phosphatelcitric acid pH 7.0 bufFer. A)
absorbance
and HDAC activity profile (O) were monitored. HDAC assays
were performed in duplicate, and the standard errors s h o w . B) Western
immunodetection of the column fractions probed with anticHDAC 112 Ab.
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Figure 27. Superdex 200 fractionation of chicken immature erythrocyte nuclear
extract precipitate in 25 mM sodium phosphatelcitnc acid pH 7.0 buffer.
Absorbance (*) and HDAC activity ( O ) were monitored for the indicated fractions.
HDAC assays were perfoned in duplicate, and the standard errors shown.
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Figure 28. lmmunoblot detection of cHDAC1/2 in the nuclear extract precipitate
(NEP) separated by Superdex 200 gel exclusion chromatography. AnticHDAC112 Ab was used to probe the blot.

5.6 Optimal buffer conditions for nuclear extract chicken ewthrocvte histone
deacetvlase activity

Some biochemical properties of the chicken erythrocyte histone
deacetylase have been previously investigated. The HDAC adivity within the
220 kDa high molecular weight cornplex (Li et al., 1996) and the purified cHDAC1

(Sun et al., 1999) have a pH optimum of 7.5. Chicken erythrocyte HDAC has a
temperature optimum of 37°C (Lechner et a/., 19%). The optimal buffer
conditions were detemined for the nuclear extract fraction, which contains the
rnajority of histone deacetylase activity (Figure 25). The standard HDAC assay
bufFer is 25 mM sodium phosphatelcitric acid. pH 7.0, buffer which, as mentioned
earlier, inhibits protein phosphatases. HDAC activities in a Tris-HCI, pH 7.5,

buffer and sodium bicarbonate buffer (probably physiologically closer to the Vue
nuclear environment) were tested. The optimal NaHC03concentration appears
to be 100 mM; the optimal Tris-CI pH 7.5 concentration falls in a much broader

-

range between 15 200 mM (Figure 29).
It appears that increasing concentrations of NaC1 in sodium
phosphatelcitric acid pH 7.0 buffer and sodium bicarbonate buffer greatly
reduces activity (Figure 30). However, inaeasing NaCl does not appear to affect

HDAC activity in 15 mM Tris-CI in the same manner. In fact, it appears that

optimal activity conditions fafl between 50 and 250 rnM NaCl in 15 mM Tris-CI.
The typical mammalian cell contains 12 mM H C O ~12
, mM Na', 139 mM

K,4 mM Cl-, 0.8 mM ~ g ~ <' ,1 pM caZ4(Damell et al., 1986). The optimal
conditions of NE HDAC in NaHC03are well above these typical physiological

levels. In fad, the total ionic concentration for these assays is probably higher as
ions are fikely present within the NE preparation.
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Figure 29. Effect of increasing concentrations of A) NaHC03 or 6) Tris-HCI on
chicken immature erythrocyte nuclear extract HDAC activity. HDAC assays were
perfonned in triplicate at 37°C for 1 hour using PH]-labeled total histone
substrate. Standard error bars are shown for each data set.
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Figure 30. Effect of increasing NaCl concentrations on chicken immature
erythrocyte nuclear extract HDAC activity in A) 25 mM sodium phosphatelcitric
acid pH 7.0 buffer; B) 15 mM Tris-CI pH 7.5 buffer; C) 100 mM NaHC03 buffer.
HDAC assays were performed in triplicate at 37°C for 1 hour using [3~]-labeled
total histone substrate. Standard ermr bars are shown for each data set.

5.7 cHDAC 1 is a possible metalloenzvme

As mentioned earlier, acetylpolyamine amidohydrolase (APH) of

M.

ramosa contains a single zinc atom in each of the two subunits of the native

enzyme (Fujishiro et al., 1988). The crystal structure of another related
prokaryotic enzyme, HDLP, also revealed a single zinc atom associated with the
protein (Finnin et al.. 1999). Sequence analysis shows significant hornofogy of
the prokaryotic APH and HDLP enzymes to HDACs, al1 of which are members of
the deacetylase superfamily of proteins (Leipe et al., 1997; Khochbin et al.,
1997). At the time the following experiments were perfomed, it was not

dernonstrated that eukaryotic HDACs might be zinc binding enzymes. Therefore,

we investigated whether cHDACs require zinc for activity.
Chicken erythrocyte HDACs are present in the cellular extract (CE), but
partitions for the most part in the nuclear extract (NE), nuclear extract precipitate

(NEP) and the nuclear matrix fractions (NM, Hendzel et al., 1991) (Figure 24 and
25). Because these fractions may exhibit different biochemical properties, ali

three fractions were analyzed. Figure 31 shows that incubations including 50
mM of the zinc chelators 1,lO-phenanthroline or dithizone (also known as
diphenylthiocarbazone) showed significantly reduced HDAC activity in al1
fractions tested. Activity was further reduced when concentrations of the zinc
chelators were increased. In the presence of 10 mM 1,1O-phenanthroline or 10

mM dithizone, CE, NM, and NEP HDAC activity was reduced to 20-40% of the
control value (Figure 32). A mild reduction in activity was observed with the

Figure 31 . HDAC activity of A) cellular extract. B) nuclear matrix, C) nuclear
extract precipitate fractions from immature chicken erythrocyte after treatment
with zinc chelators 1, l O-phenanthroline (50 mM) and dithizone (50 mM) and the
non-chelating analog 4.7-phenanthroline (50 mM). HDAC assays were
perfomed in 25 mM sodium phosphate/citnc acid pH 7.0 buffer at 37OC for 1
hour, using PH]-labeled free histone substrate. The standard e n o n of three
independent assays are shown.

Concentration (mM)

Concentration (mM)

O

4
6
8
Concentration (mM)

2

10

12

Figure 32. Effect of varying concentrations of the zinc chelators 1.10phenanthroline (a),dithizone (A),
or the non-chelating analog 4,7phenanthroline (W) on HDAC activity of A) cellular extract, B) nuclear matrix, C)
nuclear extract precipitate fractions of chicken immature erythrocyte. HDAC
assays were performed in 25 mM sodium phosphatdcitric acid pH 7.0 buffer at
37°C for 1 hour, using [3~]-labeled
free histone substrate. The standard enors of
three independent assays are shown.

DMSO wntrol and 4,7-phenanthroline, a non-chelating analog.
Next, the ability to recover HDAC activity in the cell extract was tested
after dithizone treatment and subsequent addition of an excess of divalent
cations. The cellular extract was treated 15 minutes with 30 mM dithizone
before the addition of 100 mM 2n2',

ca2', ~

g ~or+~ e
, " . Although there appears

to be some HDAC activity detected in the dithizone treated CE, HDAC activity

was not detected in any sample containing the added divalent cations, with or
without dithizone treatment (Figure 33). It appears that the addition of the
divalent cations alone at this conœntration completely abolished activity. An
inhibitory effect of metal ions (2nZ', CU*', fez+,~ g ~and
' , ca2+)was observed
with maize, chicken erythrocyte, and Physarum histone deacetylase activities
(Lechner et al., 1996). Determining whether cHDAC is a metalloprotein in this
manner may be difficult, as the enzyme may not correctly fold once the zinc atom

is removed and replaced. Also, dithizone may indirectly affect the HDAC activity
not relating to its ability to chelate zinc. Mass spectroscopy, atornic absorption

spectroscopy, or X-ray crystallography may be required to determine
conclusively whether HDAC is truly a zinc binding enzyme.

( 0CE HDAC activity 1

30 m M dithizone

Figure 33. HDAC activity of immature chicken erythrocyte cellular extract on
dithizone treatment followed by addition of 100 mM 2n2+.100 mM ca2+,100 mM
~g*', or 10 0 mM ~ e ~ HDAC
+ . assays were perfomed in 25 mM sodium
free
phosphate/citric acid pH 7.0 buffer at 37OC for 1 hour, using [3~]-labeled
histone substrate. The standard errors of three independent assays are shown.

6.0 DISCUSSION

Histone deacetytases are critical enzymes in the modulation of chromatin
structure. The conservation of these enzymes from prokaryotes to higher
eukaryotes suggests their importance to biological function. Specifically, it has
been demonstrated that histone deacetylases are critical players in repressing

transcription. It is thought that histone deacetylases promote local condensation
of the chromatin, either by deacetylating histones andfor non-histone proteins.

thereby preventing the template access to factors required for transcription.
However, the direct substrates of these repressive complexes have not been
demonstrated. It has been demonstrated here that hHDAC1, hHDAC2, and
hHDAC3 are able to deacetylate al1 four wre histones, and seem to have little

substrate preference. This is in contrast to the yeast histone acetyltransferase
GCNS, which spec~ficallyacetylates lysine 14 of histone H3, and lysines 8 and 16
of Ji4 (Kuo et al., 1996). ln addition to the a r e histones, hHDACi, hHDAC2,

and hHDAC3 were able to deacetylate non-histone proteins associated with
transcriptionafly activefcompetent S I 50 chromatin. The identities of these
particular proteins remain unknown, although the majority of these proteins are
most likely the high mobility group (HMG) proteins. It is known that histone
acetyltransferases participate in factor acetylation (FAT) of such proteins as p53,
which leads to enhanced DNA sequence binding. Recently, it was discovered
that HDAC1, HDACZ, and HDAC3 are able to directly deacetylate p53 and
contribute to its downregulation (Juan et al.,2000). Similarly, Rb-HDAC can
indirectly contribute to transcriptional repression by deaœtylating E2F1 rather

than deacetylating a r e histones (Martinez-Balbas et al., 2000). It also remains
possible that these HDACs deacetylate transcription factors involved in activating
and repressing transcription, andlor target nonhistone substrates such as

acetylpolyamines.

We have identified several diverse transcription repressors that contain
HDAC within the cornplex: AML1-ET0 (Lutterbach et al., 1998), Smads (Liberati

et al., 2000), and NlPPl (Gavva et al., 2000). We have also shown that dCtBP
does not function in the same manner as most HDAC-bound repressors. It

functions by interfering with existing HDAC-containing complexes such as

mSin3A-HDACi .
Our results provide evidence that phosphorylation affects HDAC activity.
What is not clear is whether phosphorylation directly or indirectly affects HDAC,
or prevention of a dephosphorylation event increases HDAC activity. It appears

that CK2 c m phosphorylate HDAC, although such in vitro labeling experiments
may not reflect the tnie situation in vivo. Metabolically labeling cells with '*P to
test if HDAC is a true in vivo substrate, and locate the site of phosphorylation
would answer this question. With the exception of recombinant hHDAC8 (Hu et
al., 2000) and Flag-hHDACl (Hassig et al., 1998), pure recombinantly expressed

HDACs do not contain any activity on their own. Although it is possible that
factors essential for activity were not present, or the protein may have folded
incorrectly upon synthesis, it also raises the possibility that these recombinant

HDACs may have lacked post-translational modifications such as
phosphorylation that are required for activity.

The identification of histone deacetylase subtypes in chicken immature
erythrocyte complexes is Iirnited. RT-PCR evidence acairnulated in our lab
suggests cHDACl is the predorninant histone deacetylase in these cells (Je-M.

Sun and H. Y. Chen, unpublished observations). The nuclear extract precipitate
fraction appears to contain only cHDAC1 (Figure 27 and 28). It cannot be mled
out that another chicken histone deacetylase coelutes with this single peak of
activity and may contribute to the observed activity. Chromatography of the
nuclear extract suggests it may contain other foms of HDAC (Figure 26).
Particularly, cHDAC1 was not detected in high molecular weight complexes. To
confirm these results, a sucrose gradient sedirnentation analysis should be
performed.
The constituents of the diicken erythroid wmplex have not been fully

elucidated. However, the chicken erythroid factors involved in transcription
andfor those localized to the nuclear matrix have been well studied. It would be

expected that the proteins within the cHDAC complex wntain some of these
previously identified factors. For instance, the chicken ARBP protein (homolog of

MeCP2) is a candidate cHDAC binding protein that may recruit the enzyme to the
nuclear matrix. This rnay lead ta the identification of novel HDAC complexes in
the mammalian system.

We have also further characterized the biochemical properties of the
chicken immature erythrocyte. lncreasing amounts of NaCl in both sodium
phosphatelcitric acid pH 7.0 and NaHC03 buffers significantly decrease activity.
but does not appear to decrease activity in the same manner in 15 mM Tris-HCI

pH 7.5. Furthermore, we provide evidence that chicken immature erythrocyte

histone deaœtylase is a metallaenzyme. Incubation with zinc chelators
decreased activity.

Further understanding HDAC activity conditions may lead to

possible mechanisms of regulation.
The broad spectnim of diseases which HDAC impacts upon demonstrate
the important role it plays in maintaining a normal cellular state. An emerging

theme is the importance of HDAC in cancer. Most malignancies begin when a

cell loses regulation at the G l l S checkpoint. So far, four turnor suppressor gene
products, p53, Rb, Mad, and BRCAl have been directly linked to HDACwntaining complexes. Furthermore, wmponents of the NuRD cornplex are
implicated in the development of dematomyositis in which patients have a high
susceptibility to cancer (Airio et al., 1995). The best documented cases of HDAC
involvement in disease are in acute myelocytic leukemia (AML) and acute
promyelocytic leukemia (APL), This further underscores the importance of
identifying erythroid factors that may be critical towards the progression of
leukemia. As descn'bed earlier, the leukemic fusion protein AMLIIETO

aberrantly recniits HDAC-mSin3-NCoR to AMLl promoter sites, inhibiting AMLl
mediated transcription of myeloid and erythroid differentiation genes. TSA is
able to reduce repression by AMLIIETO and may be a potential therapy for AML
cases caused by AML1/ET0 (Lutterbach et al., 1998). Acute promyeolcytic
leukemia can also be caused by formation of a chimeric protein. The
promyelocytic leukemia (PML) and promyelocytic zinc finger (PLZF) gene
products can fuse with the retinoic acid receptor a (RARa). These fusion

proteins are unresponsive to retinoic acid (RA) at physiological levels, and
disrupt RA-mediated transcription required for proper myeloid differentiation
(Fenrick et al., 1998). Like AMLIETO, PML-RARa and PLZF-RARa are also
able to interact with N-CoWSMRT-rnSin3-HDAC (Grignani et al., 1998; Lin ef a/.,
1998). PML-RARa can dissociate from the HDAC complex at high levels of RA

which restores its transcriptional activation abilities. ln the case of PLZF-RARa,
high levels of RA remain ineffective. Treatment with TSA (and RA) can relieve

P U F - RARa transcriptional repression, thus offering another possibility to treat

this disease.
Curiously, the histone deacetylase inhibitor sodium butyrate also contains
antitumour activity. Butyrate and TSA can induce differentiation or growth arrest.
by upregulating p21 expression. ~

2 1 ~is a~ potent
~ ' cell
~ cycle
~ ~ inhibitor
~ ' by

arresting cells in GI. In dinical treatments, butyrate had protective effects
towards colon cancer. Furthermore, the HDAC inhibitors trapoxin and TSA also
cause G1 cell cycle arrest and induce differentiation. However, it is also known
that p53 and BRCA1 induce p21 expression. It is essential that the rnolecular
mechanism by which HDAC and its inhibitors arrest cell growth via p21 is
identified. This may lead to potential therapies in the variety of diseases HDACs
have already been implicated. It is dear that this particular histone modifying

enzyme is not oniy important in modifjhng chromatin stnidure, but also in
sustaining a normal cellular state.
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